J Membrane Biol (2011) 242:11-21
DOI 10.1007/s00232-011-9372-8

Functional Refolding and Characterization of Two Tom40

Isoforms from Human Mitochondria

Frauke Mager - Dennis Gessmann *
Stephan Nussberger - Kornelius Zeth

Received: 31 January 2011/ Accepted: 24 May 2011/ Published online: 30 June 2011

© Springer Science+Business Media, LLC 2011

Abstract Tom40 proteins represent an essential class of
molecules which facilitate translocation of unfolded pro-
teins from the cytosol into the mitochondrial intermembrane
space. They are part of a high-molecular mass complex that
forms the protein-conducting channel in outer mitochondrial
membranes. This study concerns the recombinant expres-
sion, purification and folding of amino-terminally truncated
variants of the two human Tom40 isoforms for structural
biology experiments. Both CD and FTIR secondary struc-
ture analysis revealed a dominant beta-sheet structure and a
short alpha-helical part for both proteins together with a high
thermal stability. Two secondary structure elements can be
denatured independently. Reconstitution of the recombinant
protein into planar lipid bilayers demonstrated ion channel
activity similar to Tom40 purified from Neurospora crassa
mitochondrial membranes, but conductivity fingerprints
differ from the structurally closely related VDAC proteins.
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Introduction

The first step in mitochondrial protein import is mediated
by a multisubunit protein-conducting channel (TOM
complex) located in the outer membrane, which comprises
up to seven different subunits (Chacinska et al. 2009; Endo
and Yamano 2009; Endo et al. 2011; Mokranjac and
Neupert 2009; Nussberger and Neupert 2002; Prokisch
et al. 2002). Various receptor proteins selectively recognize
different substrates. Although some subunits differ or are
absent among species (Macasev et al. 2000, 2004; Perry
et al. 2006; Poynor et al. 2008), all TOM complexes
comprise a 40-kDa protein, termed Tom40, as a major
component. Based on single-channel measurements
(Ahting et al. 2001; Hill et al. 1998; Poynor et al. 2008;
Romero-Ruiz et al. 2010) of isolated Tom40, an ion- and
peptide-conducting pore in lipid membranes was demon-
strated. It may thus also function as the actual protein-
conducting channel that facilitates the transfer of virtually
all mitochondrial preproteins synthesized in the cytosol. To
date, most Tom40 homologs involved in this translocation
process have been described for mitochondria of Saccha-
romyces cerevisiae, Neurospora crassa, Arabidopsis tha-
liana, Homo sapiens and Rattus norvegicus (Kinoshita
et al. 2007; Schwartz and Matouschek 1999; Suzuki et al.
2000; Werhahn et al. 2001, 2003; Perry et al. 2006).
Electron microscopy, electrophysiology and biochemi-
cal studies measuring the effect of rigid gold labels intro-
duced into precursor proteins during import into
mitochondria of S. cerevisiae indicated Tom40 pore
diameters of ~20 A (Hill et al. 1998; Kinoshita et al.
2007; Schwartz and Matouschek 1999; Suzuki et al. 2000;
Werhahn et al. 2001, 2003; Ahting et al. 2001). This
diameter is sufficient to accommodate unfolded protein
chains or partially folded domains. Detailed structural and
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functional studies addressing the interaction of preproteins
with purified mammalian Tom40 protein, however, have
been hampered by the considerable complexity to isolate
the protein from higher eukaryotic organisms.

In this report we explored the possibility of expressing
human Tom40 isoforms in Escherichia coli and purifying
these proteins from inclusion bodies under denaturing
conditions. We show that purified, amino-terminally trun-
cated variants of human Tom40A and Tom40B (abbrevi-
ated as hTom40AAN and hTom40BAN) can functionally
be refolded by rapid dilution of denatured protein in dif-
ferent detergent solutions. Secondary structure analyses
demonstrated significant f-barrel architecture for both
proteins. Reconstitution into planar lipid bilayers and
electrophysiology studies showed that both channels are
ion-conducting.

Materials and Methods
Cloning

The genes of human Tom40 isoforms A and B were syn-
thesized in truncated form. hTom40A encoding a gene
product missing amino acids 1-82 and hTom40B missing
amino acids 1-29 were cloned into the Ncol and Xhol
cloning sites of expression vector pET24d (Novagen,
Darmstadt, Germany) under control of a T7 promotor
(Trenyzme Biotechnology, Konstanz, Germany). Both
genes encoded proteins with a carboxy-terminal hexahis-
tidinyl tag.

Bacterial Expression and Preparation of Inclusion
Bodies

Human Tom40 proteins were expressed as inclusion bodies in
E. coli BL21-CodonPlus (DE3) cells (Stratagene, Waldbronn,
Germany). Cells were grown in LB medium using shaking
flasks at 37°C. Tom40 expression was induced with 1 mM
isopropyl-f-p-thiogalactopyranoside (IPTG) at a cell density
corresponding to an ODgq of 0.6. After 6 h of growth, cells
were harvested by centrifugation. The expression of human
Tom40 was confirmed by SDS-PAGE and Western blotting
using mammalian Tom40-specific antibodies.

For purification of Tom40 isoforms, cells were washed
twice with PBS buffer and resuspended in 10 ml PBS/g
cells supplemented with 2 mg/ml DNasel from bovine
pancreas (Sigma-Aldrich, Hamburg, Germany). After
incubation on ice for 20 min, cells were lysed in a French
pressure cell (AMINCO; American Instrument Exchange,
Haverhill, MA). Inclusion bodies were separated from cell
debris by centrifugation at 20,000x g for 20 min at 4°C.
The inclusion body pellet was washed twice with buffer
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containing 50 mM Tris and 100 mM NacCl, pH 8. Inclusion
bodies were subsequently solubilized in 6 M guanidine
hydrochloride, 20 mM Tris, 150 mM NaCl, and 1 mM
p-mercaptoethanol (pH 8), using a glass—glass homoge-
nizer. To remove unsolubilized material the homogenate
was centrifuged at 30,000xg for 30 min at 4°C, and
supernatants were recovered and stored at 4°C for further
use.

Purification and Refolding of Tom40 Isoforms

Human Tom40A and B were isolated from inclusion bodies
under denaturing conditions in 6 M guanidine hydrochlo-
ride, 20 mM Tris (pH 8), 150 mM NaCl, 1 mM f-mercap-
toethanol using an Akta Basic system (GE Healthcare,
Uppsala, Sweden) and 1 or 20 ml Ni-Sepharose HiTrap
columns (GE Healthcare). Then, the purified proteins were
diluted to ~5 mg/ml and kept at 4°C.

For refolding, human Tom40A and B proteins (~5 mg/
ml) in 6 M guanidine hydrochloride were diluted dropwise
10- to 20-fold in different refolding buffer solutions at 4°C.
After 1, 24 and 170 h, the efficiency of protein folding was
assessed by evaluation of the amount of precipitated protein
after centrifugation at 15,000xg for 10 min at 4°C and
determination of the protein concentration in the supernatant
by UV absorption at a wavelength of 280 nm. The buffer
substances used were 50 mM citric acid (pH 5), 50 mM
sodium-phosphate buffer (pH 6), 50 mM Tris buffer (pH 7)
and 50 mM glycine-sodium-hydroxide (pH 10) and con-
tained 1 mM f-mercaptoethanol. The detergents were either
n-dodecyl-f-p-maltoside (DDM; Glycon, Luckenwalde,
Germany), lauryl-dimethylamine-oxide (LDAO, Sigma-
Aldrich), n-octyl-polyoxyethylene (0POE; Bachem, Weil am
Rhein, Germany), Brij35 (Sigma-Aldrich), 3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS;
Merck, Darmstadt, Germany) and n-octyl-f-p-glucopyrano-
side ($-OG, Glycon) at concentrations corresponding to
~5x CMC, respectively.

Optimal refolding of human Tom40A and B was
achieved by a 10-fold dilution of 5 mg/ml protein in 6 M
guanidine hydrochloride into 20 mM Tris (pH 8), 150 mM
NaCl, 1 mM f-mercaptoethanol and 1% (w/v) LDAO at
4°C. For further use the LDAO concentration was reduced
to 0.5% by dropwise addition of the same buffer without
detergent. Final samples were centrifuged at 100,000xg,
and supernatants were subjected to Ni-NTA chromatogra-
phy to concentrate the refolded protein. Residual amounts
of contaminants were removed by gel filtration using a
Superose 12 column (GE Healthcare).

All fractions containing Tom40 were merged and con-
centrated using spin columns with a 30-kDa cut-off
(Vivaspin, GE Healthcare) up to 10 mg/ml. The concen-
trations of hTom40A and hTom40B were determined by
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UV absorbance spectroscopy using extinction coefficients
ew280nm ~ 5,600 M~ ! em™! for tryptophan and &y 280nm ~
1,200 M~" em™" for tyrosine (Pace et al. 1995). All samples
were filtered (Rotilabo® filter, pore size 0.22 um; Carl
Roth, Karlsruhe, Germany) and centrifuged at 16,000x g
for 5 min to remove possible protein aggregates prior to
circular dichroism (CD) and Fourier transform infrared
spectroscopy (FTIR) measurements.

Far UV-CD Spectroscopy

CD spectroscopic measurements were performed using a
J-815 spectrometer (Jasco, Tokyo, Japan) in quartz cuvettes
of 0.1 cm path length. Spectra at 20°C were recorded from
185 t0 250 nm with a resolution of 1.0 nm and an acquisition
time of 20 nm/min. To avoid high-voltage output from the
photomultiplier at high temperature measurements, CD
spectra were recorded from 195 to 250 nm. Final CD spectra
were obtained by averaging five consecutive scans and cor-
rected for background by subtraction of spectra of protein-
free samples recorded under the same conditions. Mean
residue ellipticity (®) was calculated based on the molar
protein concentration and the number of amino residues of
the Tom40 isoforms. The protein concentration used for CD
spectroscopy was adjusted to 0.2-0.5 mg/ml.

The secondary structure content was estimated using the
CDpro package, according to Sreerama and Woody (2000,
2003, 2004), namely, CDSSTR, CONTIN/LL and SEL-
CON 3. Melting curves were recorded at constant wave-
length at 216 nm for hTom40AA1-82 and BA1-29 from
20 to 98°C by applying a temperature ramp of 1°C/min.
The percentage of unfolded protein content, f;(T), was
calculated according to

fo(T) = [O(T) — ON(T)]/[Ou(T) — ON(T)]

where Oy(T) = aT + b and ONT) = cT + d represent
the pre- and posttransition baselines, respectively. For
evaluating the protein melting temperature, T, the
resulting data fi;(7) were fitted by the Boltzmann equation,
Ju(D) = (fo — fma)/(1 + exp (T — T)/Ty) + fmax» Where
Jo» fmax and T are the minimum and maximum percentages
of unfolded protein content and the temperature range over
which the transition occurs, respectively (Pace et al. 1998;
Fersht 1999).

FTIR Spectroscopy

Samples for FTIR with a protein concentration of ~5 mg/
ml were dialyzed against 20 mM Tris (pH 8), 150 mM
NaCl, 1 mM f-mercaptoethanol and 0.5% LDAO at 4°C
for 48 h. FTIR spectra were recorded using a Confo-
check TENSOR 27 FTIR spectrometer (Bruker Optics,
Ettlingen, Germany) equipped with a linear, photovoltaic,

mercury—cadmium—telluride detector (Bruker Optics). All
spectra were recorded between 4,000 and 800 cm™! for
25 s with a wave number resolution of 4 cm™'. To avoid
temperature-induced variations of the water signal, the
measurement cell was kept at a constant temperature of
20°C. For each spectrum, 32 interferograms were collected
and averaged. The aperture setting was 6 mm, and the
scanner velocity was at 10 kHz. All procedures were car-
ried out to optimize the quality of the spectrum in the
amide I region, between 1,600 and 1,700 cm™ !, Secondary
structure predictions were calculated from baseline cor-
rected spectra with the multivariant pattern recognition
method (Fabian and Schultz 2000) of the OPUS Quant 2
software supplied by Bruker Optics. Spectral data were
factorized and compared to reference data from a library of
more than 40 proteins with known structure (Bruker
Optics, source: Protein Data Bank, http://www.pdb.org).

Electrophysiology

Human Tom40AA1-82 and BA1-29 in LDAO or o-POE
were reconstituted into black lipid membranes, and channel
currents were recorded according to standard protocols
(Arnold et al. 2007; Poynor et al. 2008; Romero-Ruiz et al.
2010). A 0.5% solution of diphytanoyl phosphatidylcholine
(Avanti Polar Lipids, Alabaster, AL) in n-decane/butanol
(9:1) was spread over a circular hole of 250 um diameter in
the partitioning wall of a cylindrical Delrin cup of a bilayer
chamber BCH-13A (Warner Instruments, Hamden, CT).
The chamber was filled symmetrically with 1 M KCI and
20 mM Hepes (pH 7.2). Protein solution enriched with
cholesterol was added to the cis side of the membrane to a
final concentration of 10-50 pg/ml. Current fluctuations
through single and multiple channels were recorded in
voltage-clamp mode using an EPC-8 patch-clamp amplifier
(HEKA Electronik, Lambrecht, Germany) connected to the
bilayer chambers by a pair of Ag/AgCl pellet electrodes
(WPI, Sarasota, FL). Current signals were low pass—filtered
at 3 kHz using the built-in Bessel-filter of the amplifier and
monitored for channel insertion using an analog oscillo-
scope. Current and voltage signals from the amplifier were
digitized at a sampling rate of 10 kHz per channel using a
NI-USB-6251 interface (National Instruments, Austin, TX)
controlled by a program of the Strathclyde electrophysi-
ology suite (WinEDR 2.8 or WinWCP 3.6, J. Dempster).

Results
Expression and Purification

Tom40 isoforms exhibit sequence identities between
mammalian species of >91% for Tom40A and 96% for
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Tom40B. To obtain large amounts of human Tom40 for
biochemical and structural studies, human Tom40A and B
were cloned as N-terminally truncated proteins (hTo-
m40AA1-82 and hTom40BA1-29, termed hTom40AAN
and hTom40BAN; Fig. 1a). Since the N termini of both
proteins are predicted to be disordered, we rationalized that
they are not essential for formation of the mitochondrial
protein translocation pore (see also supplementary Fig. S1
for the secondary structure prediction of hTom40AAN).
Our construction of hTom40AA1-82 and hTom40BA1-29
was in line with studies on truncated rat Tom40AAN
(Suzuki et al. 2004) and the published mammalian voltage-
dependent anion channel 1 (VDAC1) structures (Bayrhuber
et al. 2008; Hiller et al. 2008; Ujwal et al. 2008; Zeth 2010).
Hexahistidine-tagged hTom40AAN and hTom40BAN were
expressed in E. coli as inclusion bodies. Bacterial cells
grew to a mass of 5 g/l of culture. The wet yield of inclu-
sion bodies ranged between 2 and 3 g/l of culture. Fur-
thermore, testing the functional refolding of recombinant

full-length bovine Tom40A (supplementary Fig. S2)
revealed a yield of ~5 mg protein/l of E. coli
culture, which is insufficient for functional and structural
studies.

Human Tom40A (hTom40AAN) was already highly
enriched in inclusion bodies (Fig. 1b). The first purification
of unfolded protein in chaotropic buffer revealed a rather
pure protein. The yield starting from 11 of culture was
~200 mg of protein. Optimized refolding was achieved
using LDAO detergent containing buffer at pH 8 (see
Table 1). No or little refolded protein was observed at only
slightly decreased pH below 7 or in the presence of
detergents such as DDM, oPOE or n-octyl-f-p-glucoside
(Tables 1, 2). To concentrate refolded human Tom40, the
samples were again applied to Ni-NTA affinity and size
exclusion chromatography (Fig. 1b, c) for further purifi-
cation was performed, if needed. When using affinity
chromatography before and after refolding, unspecifically
bound proteins have been efficiently removed with low
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Fig. 1 Secondary structure prediction and purification of hTom40A
and B. a PSIPRED-predicted secondary structure of full-length
hTom40A and hTom40B. hTom40A and B were truncated by 82 and
29 amino acids, respectively. b, ¢ Purification of human Tom40A and
B. Inclusion bodies isolated from E. coli containing recombinant
hTom40AA1-82 (hTom40AAN) and hTom40BA1-29 (hTom40BAN)
with C-terminal hexahistidinyl tags were solubilized by 6 M guanidine
hydrochloride and loaded onto an Ni-NTA affinity column. hTom40A
and B were eluted under denaturing conditions with 300 mM imidazole
(Ni-NTA I) and refolded by rapid dilution into 0.5% LDAO. Refolded
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proteins were subjected to Ni-NTA chromatography (Ni-NTA II) and
eventually passed over a Superosel2 size-exclusion column (SEC).
Aliquots of the resulting column fractions were analyzed by SDS-
polyacrylamide gel electrophoresis and Coomassie blue staining.
The Ni-NTA II eluate containing hTom40B shows an additional strong
band (*), which has been characterized by mass spectrometry as a
degradation product. Lane 1, E. coli cells expressing hTom40A or B;
lane 2, purified inclusion bodies containing hTom40A or B; lanes 2-5,
Ni-NTA column fractions and imidazole eluates; lane 6, peak fraction
of size exclusion column
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Table 1 Yield of soluble hTom40AAN after refolding
Detergent hTom40AAN 1 h hTom40AAN 24 h hTom40AAN 170 h

pH60 pH70 pH80 pHI100 pH60 pH70 pHB8O pH100 pH60 pH7.0 pHSEO pH10.0
0.05% DDM 75 45 95 100 100 40 45 100 60 25 50 60
0.1% LDAO 100 100 100 100 100 100 100 100 100 85 70 90
0.5% oPOE 80 <5 40 95 65 <5 <5 35 25 <5 <5 15
0.05% Brij35 75 100 90 100 100 100 85 100 95 100 70 85
3% CHAPS 40 20 10 40 10 <5 <5 15 <5 <5 <5 <5
1% (-OG 35 15 10 20 25 <5 10 20 15 <5 <5 <5

hTom40AA1-82, termed hTom40AAN, was refolded in the presence of the detergents DDM, LDAO, oPOE, Brij35, CHAPS and f-OG at
different pH values. The amount of folded protein was estimated 1 h, 1 day and 1 week after centrifugation and determination of protein
concentration in the soluble phase by UV spectroscopy at 280 nm. The detergent concentrations are given as weight per volume; the protein

concentration is given as a percent of total

Table 2 Yield of soluble hTom40BAN after refolding

Detergent hTom40BAN 1 h hTom40BAN 24 h hTom40BAN 170 h
pH60 pH70 pH8O pH100 pH6O PpH70 pHB8O pHI100 pHO6O0 pH7.0 pHSBO pH10.0

0.05% DDM 25 15 10 25 25 10 20 <5 15 <5 <5 20
0.1% LDAO <5 30 10 90 <5 20 <5 45 <5 15 <5 15
0.5% oPOE <5 <5 <5 <5 <5 <5 <5 15 <5 <5 <5 <5
0.05% Brij35 90 60 100 100 85 85 85 75 80 55 55 40
3% CHAPS <5 10 <5 15 <5 10 <5 <5 <5 <5 <5 <5
1% p-0G <5 <5 <5 <5 <5 <5 <5 15 <5 <5 <5 <5

hTom40BA1-29, termed hTom40BAN, was refolded in the presence of different detergents at different pH. The amount of folded protein was
estimated as described in Table 1. Detergent concentrations are given as weight per volume; the protein concentration is given as a percent of

total

imidazole concentrations. After size exclusion chroma-
tography the protein was virtually pure (see Fig. 1b, c).

By contrast, hTom40BAN was expressed at a lower
level (Fig. 1c), and its yield ranged between 20 and 30 mg/
1 of culture. Nevertheless, the amount of protein obtained
was sufficient for electrophysiology, secondary structure
determination experiments like CD and FTIR spectroscopy
and first crystallization trials. The protocol for pure and
refolded protein essentially followed the protocol applied
for the Tom40A version (see Fig. 1b).

Secondary Structure Determination by CD
Spectroscopy

The secondary structure content and thermal stability of
hTom40AAN and hTom40BAN were analyzed in LDAO
by CD spectroscopy and compared to spectra of known
p-barrel proteins. The spectra showed a clear dominance of
beta-sheet content (Fig. 2; Table 3). The minimum of the
spectra consistently clustered around 216 nm, with a
crossover of the baseline at around 203 nm. At wavelengths
>245 nm, the CD spectrum approached ellipticity values
close to zero, indicating that the hTom40AN preparations
were virtually free of any higher-order aggregates which

would cause light-scattering effects and interfere with the
interpretation of the data. Deconvolution of the data points
via CDpro revealed a predominance of f-sheet secondary
structure (>30%) for human Tom40s with low o«-helical
content (<24%) (Table 3). Hence, efficient refolding of
truncated hTom40s can be assumed under the conditions
chosen. This is further supported by the high thermal sta-
bility of hTom40AAN and BAN (T, of 73.1 and 74.1°C;
Fig. 2c, d). Thus, the truncated amino acids of the Tom40
isoforms might not be involved in the overall barrel
structure. In addition, hTom40AAN and BAN exhibit
similar CD spectral characteristics with slightly left-shifted
spectra for hTom40 isoform B.

An interesting observation was obtained during the
analysis of the CD spectra of hTom40s when recorded just
below the melting point of the protein at 70°C. We found
that both CD spectra of hTom40 isoforms underwent a
remarkable right-shift in combination with decreased
ellipticity values in comparison to CD spectra recorded at
20°C (Fig. 2a, b) and 50°C (Fig. 2¢c, d). Determination of
secondary structure content displayed a substantial loss in
the a-helical content with an increase in f-sheet portion
(see supplementary Table 1). For hTom40AAN and BAN
the o-helical content decreased from 20 to 5% and from 24
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Fig. 2 Far UV CD spectra and thermal stability of hTom40AAN and
hTom40BAN. a, b hTom40AAN (~0.2 mg/ml) and hTom40BAN
(~0.2 mg/ml) were solubilized in 0.5% LDAO and 20 mM Tris (pH
8.0). For each CD spectrum, five scans were accumulated at 20°C and
background-corrected. Mean residue ellipticity was calculated based
on the molar protein concentration and the number of amino acid
residues of the according protein. The spectra of hTom40A and B

to 12%, respectively. The corresponding relative f-sheet
content increased from 36 to 43% and from 32 to 37%. The
relative amount of random coil and turn structure did not
change significantly with temperature. Secondary structure
development of hTom40AAN (Fig. 2¢) and BAN (Fig. 2d)
during melting showed that, first, the a-helical portion is
reduced during temperature increase, which indicates that
the N-terminal helix denatures before the barrel portion
follows. Again, hTom40BAN showed small differences,
whereas the overall transition was similar to hTom40AAN
(Fig. 2a, b). This might be due to a higher melting point of
hTom40BAN compared to hTom40AAN. It is noteworthy
that similar observations were gained for Tom40 from
Aspergillus fumigatus in Brij35 and LDAO (data not
shown).

Secondary Structure Determination by FTIR
Spectroscopy

To determine a complementary number for the secondary
structure and to support the CD spectroscopic data, hTo-
m40AAN and BAN were analyzed by FTIR. The amide I
band (1,700-1,600 cmfl) of the IR spectra of both iso-
forms is shown in Fig. 3 as it represents the region in which

@ Springer

Mean residue ellipticity

_hTom40BAN

o]
&

N
o

- a
o o

180 190 200 210 220 230 240 250 260
Wavelength [nm]

[10°*deg*cm*dmol™]
h o o

a
=)
T

HD hTom40BAN
< 120 - )
c L
5 100
T g0
S L
=
£ 80r i
[} e a0 do e w0 a0 20 0
‘6 40} Wavelength [nm]
S
o
- 20}
2
s O .
L2
c L 1 L 1 L 1 L 1 J
: 0
20 30 40 50 60 70 80 90 100

Temperature [°C]

indicate a high ratio of f-sheet with a minimum at 216 nm and a
crossover of the baseline at 203 nm. ¢, d Melting curves of hTom40A
and hTom40B determined from corrected CD signals measured at a
wavelength of 216 nm. The melting temperatures of hTom40AAN
and hTom40BAN were at 73 and 74°C, respectively. Insets represent
spectra recorded at 20°C (solid line), 50°C (dashed line) and 70°C
(dashed line)

a-helical, f-sheets and random coil structures are activated.
The maximum was at 1,632 cm_l, which is indicative of
p-sheet content. The spectra show a clear dominance of
f-sheet contribution, which is comparable to measurements
of other f-barrel proteins like human VDACI1 (Engelhardt
et al. 2007). As calculated from reference data of more than
40 proteins with known 3D structure, the amount of ff-sheet
was calculated to be >55% (Table 3). At wave numbers of
1,650 cm ™" the spectra showed no significant local maxi-
mum. Comparisons with reference spectra indicated an
a-helical content of <10%. The additional maximum at
1,656 cm™ ! indicates antiparallel f-sheet and hints at the

Table 3 Secondary structure of hTom40AAN and hTom40BAN in
comparison with hVDAC1

CD FTIR Psipred”

o-Helix ~ f-Sheet a-Helix f-Sheet a-Helix  [-Sheet
hTom40AAN 20 36 nd 62 8 52
hTom40BAN 24 32 8 57 8 54
hVDACI? 18 40 7 48 0 63

Values are percentages
“ Engelhardt et al. (2007); Malia and Wagner (2007)
® Jones (1999)
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Fig. 3 FTIR spectra of hTom40AAN and hTom40BAN. The IR
spectra of hTom40AAN (~7 mg/ml) and hTom40BAN (~ 5 mg/ml)
represent an average of three independent spectra with 32 consecutive
scans each. Spectral bands assigned to the o-helical structure are
centered at a wave number of about 1,650 cmfl, random components

organization of the f-sheets in the protein. These mea-
surements support the model of a f-barrel protein with an
o-helical elongation at the N terminus. In agreement with
CD spectroscopic data, the content of f-sheet is dominant in
the structure, while the o-helical amount is relatively low.

Pore-Forming Activity of hTom40AAN
and hTom40BAN

To test whether purified hTom40AN is active and capable
of conducting ion flux, the isolated and refolded hTo-
m40AAN was inserted in an artificial planar lipid bilayer.
The channel-forming activity of the protein was tested
upon application of different voltages, and the subsequent
current traces were recorded. The traces were measured
with single channels as well as multiple channels inserted
in the artificial lipid layer. For single-channel character-
ization a planar membrane was reconstituted and the zero
current was measured as baseline. Protein was added to the
cis side of the chamber, while a voltage of 30 mV was
applied and current traces were recorded. Single-channel
insertions have been observed (Fig. 4a). For human
Tom40AAN the channel showed a conductivity of ~1 nS
at 1 M KCI (Fig. 4b). For human Tom40BAN the single-
channel conductivity could not be determined yet.

To test whether the inserted channels show voltage-
dependent gating, several Tom40AAN and Tom40BAN
channels were allowed to reconstitute into planar lipid
membranes and steps of different voltages, starting from
410 mV and ending at 160 mV, were applied. Baseline
currents at 0 mV were always measured in between. For
human Tom40AAN and BAN the recorded currents showed
no voltage-dependent gating at voltages below 120 mV.
The conductivity of multiple channels, which was measured

10 A hTom40B AN
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at 1,645-1,640 cm™! and f-sheet at 1,630-1,625 cm™ . The shoulder
at 1,695 cm™" indicates an antiparallel f-sheet with particularly short
turns. For all spectra, the baseline was subtracted. The main peak at
1,625 cm~ ! for hTom40AAN and hTom40BAN, respectively, indi-
cates high f-sheet content

at different voltages, remained the same. For hTom40AAN
the measurements showed a slight decrease of conductivity
at voltages higher than 120 mV (Fig. 4c). For hTom40BAN
no voltage-dependent gating was observed even at voltages
above 120 mV (Fig. 4d). Predominantly, a voltage-inde-
pendent behavior was observed for both isoforms.

Discussion

The TOM complex of the outer mitochondrial membrane is
responsible for the translocation of proteins from the cyto-
sol to the mitochondrial inner membrane space. From
electron microscopic analysis it is well established that
TOM complexes can show up to three pores (Kiinkele et al.
1998; Model et al. 2002, 2008), which are based on the
presence of single Tom40 molecules. We suppose this holo
TOM complex to incorporate three Tom40 monomers to
form a trimer. The core complex may incorporate two
Tom40 monomers to form a dimer (Mager et al. 2010). How
these monomers assemble with the other components of the
holo complex; the receptors Tom70, Tom20 and Tom?22; as
well as the small proteins Tom5, Tom6 and Tom7 to the
high-molecular mass complex of 400-500 kDa (Kiinkele
et al. 1998; Model et al. 2002, 2008) is not yet clear.

The presence of several Tom40 isoforms has been
shown for other mammalian organisms like Rattus nor-
vegicus (Kinoshita et al. 2007) and Bos taurus (unpub-
lished data). The C-terminal part of the proteins, which
forms the barrel walling, shows an identity of >60% for
both human isoforms. Both isoforms can occur in the same
tissue in different amounts and form part of the TOM
complex (Kinoshita et al. 2007). Whether both isoforms
can be present in the same complex is not yet determined.
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Fig. 4 Channel conductance of human Tom40AAN and BAN.
a Purified hTom40AAN was added to both sides of a planar lipid
membrane formed by DiphPC/n-decane/butanol, and single-channel
conductance was measured in 1 M KCI and 50 mM HEPES (pH 7.2)
at a membrane potential of 30 mV. b Histogram of channel
conductance measured at voltages between —50 and +50 mV. A
total of 82 single-channel insertions were analyzed. Most channel

The N-terminus of Tom40 isoforms differs significantly
among several species. In Arabidopsis thaliana, the N-ter-
minus is extended to 50 amino acids and in human Tom40A a
proline-rich region presents a rather unfolded N-terminal
extension. Due to the specific sequence contribution, this
extension may contribute to actin binding (Quinlan and
Kerkhoff 2008). However, it was reported not to be respon-
sible for targeting and subsequent assembly with preexisting
Tom subunits (Humphries et al. 2005). Generally, polypro-
line-rich sequences result in unstructured parts of proteins and
are known to form the basis, e.g., domains known to poly-
merize actin (FH1, WH2 domains) (Quinlan and Kerkhoff
2008). Nevertheless, the function of the N-terminal helix may
take part in the SAM-mediated assembly of the monomer in
the complex (Humpbhries et al. 2005) or may play a role in the
interaction with other components of the TOM complex, like
the Tom?22 receptor (Taylor et al. 2003).
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insertions showed a conductance of 1.2 nS. ¢, d Voltage dependence
of hTom40A and hTom40B channel conductance: hTom40AAN
and hTom40BAN were reconstituted into black lipid membranes, and
current traces were recorded at constant voltage between —160 and
4160 mV at 10-mV increments. The membrane conductance, G, orm,
was calculated according to Ohm’s law and normalized to the mean
conductance at +10 mV

Refolding of the protein was induced by methods which
were already successfully applied to, e.g., hVDAC iso-
forms 1 and 2 (Engelhardt et al. 2007). Several detergents
induced refolding but at differing amounts. As for the
VDAC proteins, LDAO turned out to be the most suc-
cessful detergent in terms of protein remaining in solution.
Another parameter which was clearly important is the pH
of the refolding solution. As for VDAC and, e.g., the
BamA receptor protein from E. coli, the basic pH increased
the refolding excess dramatically, while pH values lower
than 7 did in part not reveal any refolded portion of the
protein (data on BamA are not published). This behavior
may be explained by the close to neutral isoelectric point
(pD) of the protein, which is ~ 6.8 for the truncated version
of hTom40A and ~ 6.4 for the truncated hTom40B protein.

Structural analysis of Tom40 in comparison to VDACI1
with several secondary structure predicting programs
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revealed a similar pattern of f-sheets. A comparison of the
experimentally determined secondary structure of human
Tom40 and human VDAC by CD spectroscopy, FTIR and
prediction by Psipred (Jones 1999) is given in Table 3 and
shows the similarity between the three proteins. This leads
to the hypothesis of a similar structure and therefore a
similar evolutionary origin, as recently suggested (Bayrh-
uber et al. 2008; Pusnik et al. 2009; Zeth 2010). According
to this topological similarity, Tom40 is predicted to form a
p-barrel with 19 strands and an o-helical part at the
N-terminus of the protein facing the cytosol (see Fig. S1).
Previous studies on Tom40 from fungi, plants and mam-
mals did not address the role of the putative N-terminal
o-helical domain of the protein specifically.

This study underlines the predicted f-sheet structure by
CD spectroscopy and FTIR and demonstrates the formation
of intact channels for both human Tom40 isoforms, which
are capable of conducting an ion flux through a lipid
membrane. Values for secondary structure are supported by
the crystal structure of human VDACI1 and with the sec-
ondary structure prediction of other Tom40 proteins. These
results are in perfect agreement with former studies on
fungal and mammalian Tom40 proteins, suggesting a f-
barrel structure for Tom40 in all species (Becker et al.
2005; Hill et al. 1998; Kinoshita et al. 2007; Ahting et al.
2001; Suzuki et al. 2000) and an N-terminal «-helical
segment adjacent to the f-barrel (Suzuki et al. 2004).
Further, previous studies on mammalian VDACI deter-
mined similar CD spectrum characteristics: a minimum at
~216 nm, a zero-crossing wavelength at 206 nm and
39.7% pf-sheet, together with 17.5% a-helix, 13.3% turn
and 28.4% random coil (Malia and Wagner 2007).

Together, these findings suggest the existence of an
N-terminal o-helical domain in the 3D structure of human
Tom40s that is not necessary for the stabilization of the
overall Tom40 f-barrel structure. This fits perfectly with the
observed decrease in ellipticity values at increased temper-
atures as o-helical structures result in much stronger signals
than f-sheet structures. Taking into account secondary
structure predictions of Tom40 from various organisms, an
N-terminal o-helix is predicted in all species in addition to a
p-sheet-rich core. In addition, Suzuki et al. (2004) have
revealed that the recombinant membrane-embedded C-ter-
minal half of rat Tom40 (Tom40A1-165) constitutes the
preprotein recognition domain with an enriched f-sheet
structure. However, this part of the protein clone consisted
of only 13 f-strands and not 19, as for the constructs used in
this work. Thus, the location of the a-helix at the N-terminus
of the Tom40 protein can be suggested. This is in good
agreement with the crystal/NMR structure of mammalian
VDACI, featuring a flexible N-terminal o-helix located
inside the VDAC channel (Abu-Hamad et al. 2009; Bayrh-
uber et al. 2008; Hiller et al. 2008; Ujwal et al. 2008).

Assessment of the secondary structure of Tom40 from
N. crassa and S. cerevisiae suggested about 16 f-strands
for the formation of a functional pore (Becker et al. 2005).
Studies addressing the location of functional domains in rat
Tom40A indicated that the pore is restricted to the C-ter-
minal segment of the protein, which lacks the first three
putative f-strands (Suzuki et al. 2004). Our results predict
that Tom40 belongs to the “mitochondrial porin” super-
family with 19 f-strands (Pusnik et al. 2009) that incor-
porates both the VDACs and Tom40 proteins from
mitochondrial outer membranes.

The channel conductance of hTom40AAN was in the
same range as the recombinant yeast Tom40 measured at
250 mM KCIl, with states at ~210, ~260, ~440 and
~430 pS (Harsman et al. 2010) as well as native Tom40
from N. crassa investigated in 1 M KCl with +0.4, ~0.8,
~14, ~2.0 and ~2.9 nS (Ahting et al. 2001; Poynor
et al. 2008; Romero-Ruiz et al. 2010). The channel prop-
erties of hTom40AAN could not yet be compared with
those of rat Tom40 (Suzuki et al. 2004) or any other
Tom40 protein as they remain to be described.

The electrophysiologic data of both hTom40 isoforms
showed no significant voltage dependence. For h\Tom40AAN,
channel closure has been observed in some experiments and
only at voltages above 100 mV. This stands in contrast to
electrophysiologic data of hVDAC1, where movement of the
N-terminal helix inside the channel has been predicted to
result in reduced conductivity of >30% at voltages above
50 mV (Engelhardt et al. 2007; Ujwal et al. 2008). Since our
measurements for this publication were performed with pro-
tein from different purifications and therefore several
refolding experiments, it is possible that the orientation of the
flexible N-terminal helix of hTom40 is not definite. If the
N-terminal helix is facing into the barrel, it may affect the ion
flux and show flickering currents similar to hVDAC1. How-
ever, when the N-terminal helix rises out of the barrel, it has
no or limited effect on conductance. This would lead to a
different behavior of the channel conductance regarding
voltage dependence. The channel measurements of isoform B
show only little conducting difference. But overall, isoform
BAN shows similar conducting behavior as isoform A and
underlines the efficient refolding strategy.

More efforts are necessary to characterize the channel
properties of both human Tom40 constructs in more detail.
Nevertheless, our method for the expression, purification and
refolding of mammalian Tom40 isoforms thus provides the
basis for further structural and physiological investigations.
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