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Regulation of mitochondrial outer membrane (MOM) permeability
has dual importance: in normal metabolite and energy exchange
between mitochondria and cytoplasm and thus in control of respira-
tion, and in apoptosis by release of apoptogenic factors into the
cytosol. However, the mechanism of this regulation, dependent on
the voltage-dependent anion channel (VDAC), the major channel of
MOM, remains controversial. A long-standing puzzle is that in per-
meabilized cells, adenine nucleotide translocase (ANT) is less acces-
sible to cytosolic ADP than in isolated mitochondria. We solve this
puzzle by finding a missing player in the regulation of MOM perme-
ability: the cytoskeletal protein tubulin. We show that nanomolar
concentrations of dimeric tubulin induce voltage-sensitive reversible
closure of VDAC reconstituted into planar phospholipid membranes.
Tubulin strikingly increases VDAC voltage sensitivity and at physio-
logical salt conditions could induce VDAC closure at <10 mV trans-
membrane potentials. Experiments with isolated mitochondria con-
firm these findings. Tubulin added to isolated mitochondria decreases
ADP availability to ANT, partially restoring the low MOM permeability
(high apparent K, for ADP) found in permeabilized cells. Our findings
suggest a previously unknown mechanism of regulation of mitochon-
drial energetics, governed by VDAC and tubulin at the mitochondria-
cytosol interface. This tubulin-VDAC interaction requires tubulin
anionic C-terminal tail (CTT) peptides. The significance of this inter-
action may be reflected in the evolutionary conservation of length
and anionic charge in CTT throughout eukaryotes, despite wide
changes in the exact sequence. Additionally, tubulins that have lost
significant length or anionic character are only found in cells that do
not have mitochondria.

evolution | microtubules | oxidative phosphorylation | VDAC |
tubulin C-terminal

Oxidative phosphorylation requires transport of metabolites,
including cytosolic ADP, ATP, and inorganic phosphate,
across both mitochondrial membranes for F;Fy-ATPase to gener-
ate ATP in the matrix. Voltage-dependent anion channel (VDAC,
also called mitochondrial porin) is the most abundant protein in
mitochondrial outer membrane (MOM) and is known to be pri-
marily responsible for ATP/ADP flux across the outer membrane
(1, 2). Until recently, VDAC was generally viewed as a part of the
pathway for release of cytochrome ¢ and other apoptogenic factors
from the mitochondrial intermembrane space into the cytosol at the
early stage of apoptosis. The recent genetic studies undermined this
view (3) but still left open a lot of questions concerning the role of
VDAC in MOM permeabilization in apoptosis (4—6). A conserved
property of VDAC: in vitro is the ability to adopt a unique fully
open state and multiple states with significantly smaller conduc-
tance (7). It was demonstrated that the latter, so called “closed
states” are impermeable to ATP but still permeable to small ions
(8), including Ca* (9).

In isolated mitochondria, respiration is characterized by an
apparent K, for exogenous ADP that is ~10-fold lower than in
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permeabilized cells with oxidative metabolism (10, 11). The dis-
crepancy is most likely caused by a lower permeability of the MOM
(and hence VDAC) for ADP in the permeabilized cells and may be
the result of the interaction of mitochondria with some cytoskeletal
protein(s). Such a conjecture is supported by the action of mild
trypsin treatment of permeabilized cells, which causes decrease in
apparent Ky, for ADP accompanied by mitochondrial rearrange-
ment, implicating the existence of a protein factor(s) associated
with the cytoskeleton (10). The decreased value of apparent Ky, for
ADP after mild proteolytic treatment was similar to K, in isolated
mitochondria and purified preparations of adenine nucleotide
translocase (ANT) (10), thus showing that the kinetic values of
ANT are similar in all preparations. Therefore, high values of
apparent K,, for ADP in permeabilized cells are related to de-
creased permeability of MOM, possibly because of interaction with
cytosolic proteins.

Tubulin, the subunit of microtubules, is a plausible candidate
because this cytoskeletal protein is known to interact with mito-
chondria (12, 13). In addition to mitochondrial membranes, tubulin
has been shown to interact with proteins associated with other
membranes (14, 15). Tubulin is a heterodimer, composed of similar
50-kDa globular « and B subunits. Each subunit possess a negatively
charged, extended C-terminal tail (CTT) that represents ~3% of
the subunit mass and ~40% of the subunit charge (16, 17). Tubulin
shows saturable, high-affinity binding to intact mitochondria (12)
and hence to MOM, although the region of tubulin responsible for
binding has not yet been identified. Immunoprecipitation experi-
ments demonstrated a specific association of VDAC with tubulin
(13), which indicates that VDAC could be a receptor for tubulin
binding to MOM. Exploring this possibility, we studied the func-
tional interaction between VDAC and tubulin to show that nano-
molar concentrations of dimeric* tubulin induce highly voltage-
sensitive reversible closure of VDAC reconstituted into planar
phospholipid membranes.
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Fig. 1. Tubulin at nanomolar concentrations induces reversible partial block-
age of VDAC. (A) Representative current record through a single channel before
and after addition of 50 nM tubulin to the cis side at —25 mV applied voltage.
Addition of tubulin induces time-resolved rapid events of partial channel block-
agestoasingle well-defined conductance level, shown in the Inset at a finer scale.
Here and elsewhere, dashed lines indicate zero-current level; current records
were filtered by using averaging times of 10 ms (except for 1 ms in Inset). (B)
Typical VDAC voltage gating in tubulin-free solution under periodically applied
—50 mV voltage impulses. Under applied voltage, channel conductance moves
fromasingle high-conducting open state to various low-conducting closed states.
Relaxing the voltage to 0 mV reopens the channel. The dashed-and-dotted line
indicates the conductance of the channel in its open state and dotted lines in its
closed states. (C) Tubulin induces a single well-resolved closed state of VDAC,
whereas in control voltage-induced gating a wide variety of closed states is
observed. The distribution of conductances in control was collected from a series
of =50 mV impulses of 30 s duration interrupted by 70 s periods of zero applied
voltage to restore the open state. (D) Statistical analysis of the tubulin-induced
closures of VDAC performed by logarithmic exponential fitting of the open times
(1on) and closed times (7of7). It is seen that open time is described by single
exponent with characteristic time 7on = 198.7 = 3.5 ms. Closed-time histogram
could be fitted by at least 2 exponents with characteristic times of 74 = 2.4 + 0.1
ms and 7% = 30.4 + 5.7 ms. The time histograms were collected from the current
traces presented in A. Bilayer membranes were formed from the mixture of
asolectin and cholesterol (10:1 wt/wt). VDAC was isolated from rat liver mitochon-
dria. The medium consisted of 1 M KCl buffered with 5 mM Hepes at pH 7.4.

Results and Discussion

Tubulin Induces Reversible Blockage of VDAC Reconstituted into
Planar Phospholipid Membranes. A representative experiment is
shown in Fig. 14, where addition of 50 nM tubulin to the cis side
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(the side of VDAC addition) of the membrane induced fast
reversible blockage of VDAC conductance, markedly different
from VDAC gating induced by voltage alone (Fig. 1B). Although
voltage-induced and tubulin-induced VDAC closures are both
voltage-dependent, the properties of these 2 processes are very
different. First, tubulin greatly enhances VDAC voltage sensitivity,
inducing channel closure at potentials as low as 10 mV. Without
tubulin, VDAC remains open at the conditions of Fig. 1.4 for up to
1 h. Typical VDAC voltage gating without tubulin is shown in Fig.
1B, where application of 50 mV switches the channel from the open
to low conducting, “closed” states. Once closed, VDAC will typi-
cally stay closed until the voltage is relaxed to 0 mV. Second, tubulin
induces a single closed state of VDAC (0.4 of open-state conduc-
tance), seen in the distribution of conductances in Fig. 1C. In
contrast, the control “normal” voltage gating exhibits a wide variety
of closed states (Fig. 1 B and C). Open-state conductance is
unaltered by tubulin addition.

This answers a long-standing quandary: how could VDAC
voltage gating observed in planar lipid bilayer systems at relatively
high potentials (>30 mV) be relevant to the situation in vivo, and
in isolated mitochondria, where the most probable values of po-
tential difference across MOM were estimated to be smaller than
10-20 mV (18)?

The binding parameters for tubulin-induced closure depend
strongly on tubulin concentration, electrolyte concentration, and
applied voltage (Fig. 2). The distributions of open time (7open) are
satisfactorily described by single exponential fitting (Fig. 1D Left,
continuous lines). As expected for simple bimolecular binding
causing VDAC closure, Topen decreases as tubulin concentration
increases (Fig. 24 a and d). Open time decreases by 1 order of
magnitude as tubulin concentration increases 10 times. Channel
closed time, which is the residence time for the tubulin bound to
VDAC pore, is independent of tubulin concentration, as expected
for first-order dissociation of the tubulin-VDAC complex (Fig. 24
e, b, f, and c). Distributions of closed time require 2 exponentials for
fitting (Fig. 1D Right, continuous line), indicating, most probably,
that there are 2 forms of tubulin that differ in residence time. This
could be the result of differential binding of the a- versus B-tubulin
CTT. The B-CTT contains ~40% more negative charge than
a-CTT and may remain bound longer because of that. Further
experiments will be required to resolve this point.

The involvement of electrostatic interactions in VDAC—tubulin
binding is indicated by the strong dependence of 7open on salt
concentration (Fig. 24). High-salt concentration screens charges
on tubulin and VDAC, decreasing binding. The increased screening
leads to a >100-fold rise in 7open When KCl was increased 4-fold but
does not affect either component of 7¢josca (Fig. 2A4).

With symmetrical tubulin addition, the closed time did not
depend on the polarity of the applied voltage, at least within the
measurement accuracy (Fig. 2B). After asymmetric addition, when
tubulin was added from one side of the membrane only, the
blockage events were observable only when potential on the side of
tubulin addition was more negative than on the other side, with a
strong exponential dependence of the on-rate on the applied
voltage (Fig. 2C). Under these conditions, the closed time did not
depend on the side of tubulin addition if the polarity of the applied
voltage was reversed accordingly (Fig. 2B).

The tubulin dimer of 100-kDa molecular mass and approximate
dimensions of 8§ nm X 4.5 nm X 6.5 nm cannot permeate through
the VDAC pore of 2.5- to 3.0-nm diameter. However, the CTT are
long enough (17) to span the membrane channel and narrow
enough to fit into the lumen of the channel, which permits us to
suggest that the average time of tubulin-induced channel closure
represents the average time of CT T residence in the channel lumen.
Extrapolation of the on-rate and residence time dependencies to 0
voltage gives an estimate for the equilibrium constant of tubulin—
VDAC binding as 0.5 and 2.5 nM~! (for the 2 7¢josea). These results
allow us to suggest that tubulin-binding site(s) are equally accessible
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Fig. 2. The binding parameters for tubulin-induced VDAC closure depend on
tubulin concentration, electrolyte concentration, and applied voltage. (A) (a and
d) VDAC open time between successive blockages, 7on, linearly decreases with
tubulin concentration and depends on salt concentration. The medium consisted
of 1 MKl (a, filled circles) and 0.25 M KCl (d, filled diamonds). Both components
of tubulin residence (closed) time, 75and 7%}, are independent of tubulin or salt
concentration (b, ¢, e, and f, open symbols) and are equal to 2.8 + 0.5 ms and
23.7 = 6.3 ms, respectively. The applied voltage was —20 mV. (B) Voltage depen-
dence of VDAC residence times, 7t%and 7%, in the presence of 50 nM tubulin in
cis (open diamonds), trans (open circles), or both sides (filled squares) of the
membrane. Residence time in extrapolation to 0 voltage does not depend on
1-side (cis or trans) or 2-side tubulin addition. (C) Voltage dependence of the
on-rate, kon, With 50 nM tubulin added to the cis side. The line is an exponential
fit to kon = koexp(nVF/RT) with n = 4.97. Each time value presents the character-
istic time of 9 different log probability fitting procedures = SE. The medium
consisted of 1 MKCI (Band C) and buffered with 5mM Hepes at pH 7.4. VDACwas
isolated from N. crassa mitochondria. Bilayer membranes were formed from
DPhPC.

from both sides of the channel and that anionic CTT are mainly
responsible for VDAC blockage (see Fig. 4).

Role of CTT in Tubulin-VDAC Interaction. To test the CTT-dependent
mechanism, we studied the effect of tubulin with truncated C
termini, tubulin-S, on VDAC conductance. Comparison of VDAC
current traces in the presence of tubulin-S (Fig. 34) and intact
tubulin (viz.“tubulin”) (Fig. 3C), obtained under the same experi-
mental conditions, shows a striking difference. Tubulin-S did not
induce reversible blockage typical for tubulin, but instead generated
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Fig.3. Tubulin interaction with VDAC requires the presence of C-terminal tails
of tubulin. Tubulin (50 nM) with truncated CTT, tubulin-S (A), or a mixture of 10
1M 2 synthetic peptides of mammalian a- and g-brain tubulin CTT (B) does not
induce channel blockage characteristic for intact tubulin (10 nM), with fast
reversible blockage to 1 closed state (C). Representative current traces through
single VDAC were obtained at =25 mV of applied voltage in 1 M KCl solutions
buffered with 5 mM Hepes at pH 7.4. Tubulin, tubulin-S, and CTT peptides were
added to both sides of the membrane. Other experimental conditions were as in
Fig. 2 Band C.

shorter current interruptions with 7osea <1 ms and rather broad
distribution of conductances of the closed states [supporting infor-
mation (SI) Fig. Sla]. An excess of current noise in the presence of
tubulin-S indicates that the tubulin globular body interacts with
VDAC even without CTT. However, these interactions most likely
are of different nature than those with intact tubulin. Accordingly,
experiments on multichannel membranes confirmed that tubulin-S
does not affect VDAC voltage-gating parameters such as gating
charge and the characteristic voltage at which half-channels are
open and half-closed (Fig. S1» and Table S1). Results similar to
tubulin-S (i.e., the absence of reversible channel blockage) were
obtained with actin (Fig. S2), also an acidic protein but lacking
CTT. This agrees with a previous report of actin interaction with
VDAC from Neurospora crassa (19).

It was shown that a number of different synthetic and natural
polyanions nonspecifically increase VDAC voltage gating (7). This
raises a question about specificity of VDAC closure by tubulin,
considering that CTT are highly negatively charged. To address this,
we studied the effect of CTT synthetic peptides on VDAC prop-
erties. Two synthetic peptides with the sequences of mammalian «
and B brain tubulin CTT did not induce detectable channel closure
up to micromolar concentrations. In the experiment presented in
Fig. 3B, a mixture of 2 synthetic peptides (10 uM each) corre-
sponding in sequence to mammalian « and B brain tubulin CTT was
added to both sides of the membrane, but the current traces through
single channels were indistinguishable from control traces. This
suggests that CTT peptides translocate through the channel too
fast, in a <0.1 ms time scale, and do not block it in a time-resolved
manner. Experiments on multichannel membranes confirmed that
VDAC voltage-gating parameters were also not affected by CTT
peptides (Fig. S3). Thus, the results with tubulin-S, actin, and CTT
synthetic peptides support our model of tubulin CTT interaction
with VDAC leading to the voltage-dependent channel closure.

When tubulin CTT penetrates into the VDAC lumen (Fig. 4), its
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Fig. 4. Model of tubulin-VDAC interaction. One tubulin CTT partially blocks

channel conductance by entering VDAC pore. This process is voltage-dependent
and could be described by the 1st-order reaction of one-to-one binding of tubulin
to VDAC. Some additional interaction between tubulin globular body and VDAC
may be involved. The model of a tubulin dimer was redrawn from ref. 17.

negative charge changes channel ion selectivity. The residual con-
ductance of the channel during tubulin block was cation-selective
with the permeability ratio of Px/Pc; = 2.4 = 0.7 and reversal
potential of (—14 = 4) mV in 1.0 M cis/0.2 M trans gradient of KCI.
This should be compared with the anion selectivity of VDAC open
state, which is characterized by Px/Pc; = 0.5 = 0.02 and reversal
potential of (12 = 1) mV. The selectivity inversion further supports
the proposed model where VDAC closure arises from interaction
of negatively charged CTT with net positively charged channel
interior (Fig. 4). A similar effect on VDAC selectivity was described
when negatively charged phosphorothioate oligonucleotides
blocked VDAC (20).

The effect of tubulin blockage of VDAC was confirmed with
VDAC isolated from mitochondria from rat liver (see traces in Fig.
1A4) and heart and from N. crassa (see traces in Fig. 3C), and with
tubulin isolated from bovine and rat brain, which gave indistin-
guishable results. Tubulin isolated from Leishmania tarentolae and
Leishmania amazonensis exhibited VDAC blockage qualitatively
similar to mammalian tubulins, but quantitatively there were some
differences, possibly because of the extensive posttranslational
modifications (PTMs) in CTT of Leishmania tubulin.

Tubulin Decreases Respiration Rate of Isolated Mitochondria. Our
results demonstrate that tubulin can induce reversible blockage of
VDAC and hence should be able to regulate ATP/ADP flux across
MOM. Can tubulin do so in the intact mitochondria? To answer this
question, we conducted experiments on isolated mitochondria.
Oxygen consumption of isolated brain and heart mitochondria in
response to successive additions of ADP was measured by using
oxygraph. The value of apparent Ky, for exogenous ADP represents
the availability of ADP for ANT to activate oxidative phosphory-
lation. The classic value of the K;,, for ADP of isolated mitochondria
is =~10-20 uM (21), and the linearization of its kinetic of respiration
is shown in Fig. 54. Addition of 1 uM tubulin resulted in the
appearance of a second component of mitochondria respiration
kinetics with K, of (169 = 52) uM, >20 times higher than the first
component (7 £ 2 uM; Fig. 5B and Table 1). The high K,
component accounts for ~30% of the total ADP flux in mitochon-
dria. Similar results were obtained with mitochondria from heart
(Table 1). Thus, there is tubulin binding to mitochondria as seen
from the second component with high K., Furthermore, the
absence of variation of the maximal rate of respiration, Vmax (Table
1) between the control and the second component of the respiration
kinetics in presence of tubulin, highlights the integrity of the
respiratory chain (22). A possible explanation for the persistence of
the first component (population of VDAC unaffected by tubulin)
could be different affinity of tubulin to VDAC isomers 1, 2, and 3.
There could also be other factors that compete with tubulin for
VDAC binding, like hexokinases, which have been reported to bind

Rostovtseva et al.

A 0.025 +
o 0020
€
< o
P g
= B c
- 0.015 £
° %
:
S oot0d =
o 2
> b
2z A
= 0.005 + 02 014 00 01 02
1/[ADP], pM-1
-0.01 0.00 0.01 0.02
1/[ADP], um-1
B 0.025 -
.’———1.,"070'2'6’-
g
-E E’ 0.05
c
&
o S
£ £
[=4 )
o
= 3
o 3
> 2
b
o= -0.2 -0.1 0.0 0.1 0.2
b 1/[ADP], M-

-0.01 0.00 0.01 0.02
1/[ADP], pm-1

Fig. 5. Tubulin dramatically increases apparent K, for ADP in regulation of
respiration of isolated brain mitochondria. Shown are double-reciprocal repre-
sentations of the respiration kinetics of brain mitochondria activated by ADP in
control (A) and in the presence of 1 uM tubulin (B). The 2 straight lines represent
2 different respiration kinetics in the presence of tubulin (B). (Insets) Enlarge-
ments of Aand B. Each data pointis a mean of 6-9 independent experiments +SE.

to MOM directly through VDAC or close by (23), possibly ob-
structing tubulin access to VDAC. However, the precise nature of
the 2 components is not clear at this time and needs further careful
studies.

The interaction of other cytosolic proteins with VDAC may be
important for regulation of tubulin-VDAC binding. Tubulin is an
abundant and stable protein, present in many cells at concentrations
higher than those shown here to block VDAC. We suggest that
tubulin—-VDAC interaction may be modulated through competition
with other proteins that bind to VDAC, preventing tubulin binding.
Another possibility is that PTM of VDAC or tubulin may alter this
interaction. This possibility is particularly intriguing because PTMs
of tubulin mostly occur on the CTT (24), the locus of interaction
with VDAC. Under physiological conditions, tubulin concentration
does not change dramatically. However, it is worth mentioning here
that in cells exposed to microtubule-targeting drugs such as col-
chicine or paclitaxel (Taxol), the balance between tubulin dimers
and polymerized tubulin can change. This might affect cytosolic
tubulin dimer concentration and alter tubulin—-VDAC interaction.

Evolutionary Considerations. These results raise interesting evolu-

tionary questions. Tubulin is a very old protein, found in all
eukaryotes (25). This raises the question of whether the interaction
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Table 1. Kinetic parameters of respiration in brain and heart isolated mitochondria with 1 uM

tubulin and without it

Brain mitochondria (n = 6-9)

Apparent Km (ADP), uM

Vimax, Nmol Oz/min/mg

Without tubulin 9*1 55+5
With tubulin

First component 7*2 49 + 15

Second component 169 + 52 61+ 15

Heart mitochondria (n = 4-6)

Without tubulin 1M1 +2 216 = 11
With tubulin

First component 9+5 136 =9

Second component 330 = 47 241 =10
Each value is a mean of n experiments =+ SE.

Conclusions

we show here plays a role throughout the eukaryotic world. In
support of this, we have shown that similar results are obtained with
VDACs from rat or Neurospora, and with tubulin from rat or
Leishmania. We can also approach this question by comparing the
sequences of VDAC and tubulin from many species.

VDAC sequences (nearly 250) are known from plants, animals,
fungi, stramenopiles, alveolates, rhodophyta, and charophyta, and
functional data exist for VDAC from a number of organisms (26).
Functional and structural properties of VDAC are preserved,
although a great deal of sequence variation is found.

Tubulin sequences are known from throughout eukaryotes and
reveal remarkable sequence conservation (27). A notable exception
is the region of tubulin in the CTT, which shows significant
sequence variation, both between isotypes in a given species and
between species.

Although CTT sequences vary significantly, the functional prop-
erties that we found to be involved in VDAC—tubulin interaction
are remarkably conserved throughout eukaryotic a- and B-tubuins,
with a few significant exceptions to be discussed below. This is
shown in alignments of B-CTT in Fig. 64 and in more extensive
alignments of a- and B-CTT in Fig. S4. Our analysis shows that CTT
length and charge are highly conserved in cells that contain
mitochondria. Summary statistics for ~100 «- and B-CTT
sequences from our alignments and from ref. 27 are presented
in Fig. 6B.

Tubulins with highly altered length or charge and that are the sole
aor B gene in the organism are found only in organisms that do not
have mitochondria (although not all organisms that lack mitochon-
dria have altered CTT; see Fig. S4). Examples of altered tubulin
CTT are from obligate intracellular eukaryotes that lack functional
mitochondria and contain tubulin CTT much shortened in length
and reduced in charge, including total loss of charge (Fig. 6 and Fig.
S4). In addition, genes for a- and B-tubulins are found in bacteria
(Prosthecobacter species) (28), likely the result of horizontal gene
transfer from an unknown eukaryote (29). Although their function
in the bacterial cell is unclear, these tubulins have essentially the
same 3D structure as mammalian tubulin and exhibit GTP-
dependent polymerization (29). However, the CTT differ radically
from mammalian tubulin, perhaps in part because of the absence of
mitochondria and hence loss of selection to maintain a CTT that
can interact with VDAC. Both length and charge of the CTT,
features that are highly conserved in eukaryotes, seem free to vary
widely in Prosthecobacter, ranging from total loss to significant
extension in length and acquisition of positive charges (Fig. 6A4).

We suggest that the conservation of CTT length and charge in
tubulins from organisms with functional mitochondria is caused in
part to selective pressure to maintain tubulin CTT-VDAC inter-
action and thereby cytoplasmic regulation of mitochondrial ener-
getics [although clearly other factors are also important, such as the
evolutionarily conserved PTM that occur here (30)]. Conversely,
the divergence in length and charge seen in some eukaryotes that
lack functional mitochondria and in bacteria is because of the
absence of this selective pressure.

18750 | www.pnas.org/cgi/doi/10.1073/pnas.0806303105

We find that nanomolar concentrations of tubulin vastly increase
VDAC sensitivity to voltage and could induce VDAC closure at low
transmembrane potentials. Tubulin interaction with VDAC re-
quires the presence of anionic CTT on the intact protein. This
suggests a completely new role for dimeric tubulin and its charged
CTT. Established roles for tubulin CTT have been dominated by
interactions with microtubule-severing proteins (31), motor pro-
teins (32), and plus-end-binding proteins (33), as well as being the

A sequence alignments of beta-tubulin CTT

Eukaryotes with mitochondria
Homo sapiens

Gallus gallus

Danio rerio

Xenopus laevis

Drosophila melanogaster
Homarus americanus

Zea mays
Schizosaccharomyces pombe
Brugia malyi

Tetrahymena thermophila
Leishmania tarentolae

Eukaryotes lacking mitochondri

Guillardia theta axvN] 5

Enterocytozoon bieneusi SQVGGY
Encephalitozoon cuniculi ATIEBABEFLVN

Bacteria

Prosthecobacter dejongeii i
(BTubB)

Prosthecobacter dejongeii sorliaffvolisa AAAA -
(BTubA) cvspialcsvsL RRR

B Summary of alpha and beta CTT properties

Alpha Beta
(n =86) (n=132)
Charge’ 7.2 +1.4 -10.3 1.5
Length (residues) ' 9.9 +1.6 19.2 +2.8

1. Values are mean + s.d.

Fig.6. Analysis of tubulin CTT sequences. (A) Sequence alignments of g-tubulin
CTT. Full sequences were aligned, but only the CTT, defined as the residues from
C-terminal to the last residue in the crystal structure, are shown. Acidic residues
areshown inred, basicresidues in blue. More extensive alignments of both a-and
B-CTT are in Fig. S4. (B) Summary of length and charge values for a- and g-CTT,
taken from our alignments and from the data in ref. 27. Each value is a mean =
SD; n, number of species.
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site of PTM (34). We propose a model for tubulin~-VDAC inter-
action in which the tubulin CTT penetrates into the channel lumen,
potentially reaching through the channel because of the length of
the CTT, interacting with a positively charged domain of VDAC.
Because of this interaction, VDAC has a high affinity for CTT,
which partially blocks channel conductance (Fig. 4). Identification
of which CTT, «, 3, or both, blocks VDAC is a subject of future
research.

The tubulin-induced increase of K, for ADP in isolated mito-
chondria is evidence of a significant drop of the availability of ADP
to ANT and partial restoration of the K, found in permeabilized
cells. Thus, a mechanism for increasing Ky, by decreasing ATP/ADP
permeability through MOM is closure of VDAC by tubulin. By this
type of control, tubulin may selectively regulate metabolic fluxes
between mitochondria and cytoplasm (35, 36).

Conservation of tubulin CTT length and charge and VDAC
folding pattern throughout mitochondria-containing eukaryotes
suggest that this interaction is widespread and ancient. Our exper-
imental results with tubulins and VDAC from distantly related
organisms demonstrate this. The loss of tubulin CTT properties
only in organisms that lack mitochondria reinforces this view. Our
results not only identify a previously unknown mechanism of
regulation of MOM permeability and mitochondria respiration, but
also identify a functional role for the cytoskeletal protein, dimeric
tubulin.

Materials and Methods

Protein Purification. VDAC from rat liver or N. crassa mitochondrial outer mem-
branes was isolated and purified as described in ref. 37 and were a generous gift
of M. Colombini (University of Maryland, College Park, MD). Bovine brain tubulin
and rabbit muscle actin were obtained from Cytoskeleton. Rat brain tubulin was
purified as described in ref. 38 (see S/ Materials and Methods). Tubulin-S was
produced by subtilisin cleavage of rat brain tubulin as described in ref. 39.
Peptides corresponding to the CTT of a- and B-tubulins were obtained from
Sigma-Genosys. The sequence of the synthetic peptide corresponding to the CTT
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is that of the ba-1 isotype, EVGVHSVEGEGEEEGEEY, whereas the B-sequence is
that of the Bl isotype, DATAEEEEDFGEEAEEEA.

Electrophysiological Recordings. Planar lipid membranes were formed from
monolayers made from 1% (wt/vol) of lipids in hexane on 70- to 80-um-diameter
orifices in the 15-um-thick Teflon partition that separated 2 chambers as de-
scribed in ref. 40. The lipid-forming solutions contained diphytanoyl phosphati-
dylcholine (DPhPC) or asolectin and cholesterol (10:1 wt/wt). DPhPC and asolectin
(soybean phospholipids) were purchased from Avanti Polar Lipids, and choles-
terol was purchased from Sigma. VDAC insertion was achieved by adding 0.1-1.5
uL of a 1% Triton X-100 solution of purified VDAC to the 1.2-mL aqueous phase
in the cis compartment while stirring. Potential is defined as positive when it is
greater at the side of VDAC addition (cis). After channels were inserted and their
parameters were monitored, tubulin was added to one or both sides of the
membrane under constant stirring for 2 min. Conductance measurements were
performed as described in ref. 40 (see S/ Materials and Methods). Amplitude,
lifetime, and fluctuation analysis was performed by using Clampfit 9.2 (Axon
Instruments).

Mitochondria Respiration Measurements. Brain and cardiac mitochondria were
isolated as described (11, 41) (see S/ Materials and Methods). All measurements
of respiration rates were performed by using the high-resolution respirometry
(Oroboros Oxygraph) with substrates of 10 mM succinate for brain mitochondria
and 5 mM glutamate and 2 mM malate for heart mitochondria. Oxygen solubility
in the Mitomed solution was taken to be 225 uM at 25 °C. Kinetics of activation
of respiration in mitochondria was studied by increasing successively the final
concentrations of ADP (5-10—20-50-100-200-500-1,000-2,000-3,000 M) in
the absence or in presence of 1 uM tubulin, with 0.2% of BSA and 1 Ul apyrase for
ADP regeneration. Mitochondria were incubated with 1 uM tubulin 30 min at
room temperature (25 °C) before introduction in the oxygraphy chamber. Mito-
chondrial apparent K, for ADP and proportion of each component of respiration
kinetics were calculated as described in ref. 42.
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