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    Chapter 1   
 Function and Regulation of Mitochondrial 
Voltage-Dependent Anion Channel       

       Tatiana     K.     Rostovtseva     and     Sergey     M.     Bezrukov   

    Abstract     The voltage-dependent anion channel (VDAC) is the major protein of the 
mitochondrial outer membrane (MOM). It is now generally accepted that this chan-
nel is responsible for most of the metabolite fl ux in and out of mitochondria. Small 
ions, adenine nucleotides such as ATP and ADP, and other water soluble mitochon-
drial respiratory substrates cross the MOM through VDAC. Therefore, any restric-
tion to metabolite exchange through VDAC is able to lead to an essential disturbance 
of mitochondrial energetic functions and cell metabolism. This review discusses the 
mechanisms of regulation of these fl uxes by VDAC through its ability to “gate” or 
adopt different conducting states. The focus of the fi rst part is on the biophysical 
properties of this evolutionary conserved β-barrel channel reconstituted into its 
“native” lipid environment and especially on the mechanisms of modifi cation of 
VDAC gating by electrical fi eld, medium pH, and membrane lipid composition. The 
second part of this review addresses the novel mechanism of VDAC regulation by 
dimeric tubulin, an abundant cytosolic protein, and the physiological implications 
of the uncovered VDAC-tubulin interaction. One of the intriguing consequences of 
VDAC regulation by tubulin is its coupling with the Warburg-type aerobic glycoly-
sis characteristic of many tumor cells where the VDAC-tubulin complex may play 
a role of “glycolytic switch” moving cells between aerobic glycolysis and oxidative 
phosphorylation. The discussed biophysical insights of VDAC blockage by tubulin, 
obtained from experiments at the single-molecule level, could be also important for 
understanding the molecular mechanisms of functional interactions between water 
soluble and membrane proteins in general.  
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1.1         Introduction 

 The latest research points to the exclusive role of mitochondria in human diseases. 
Cell functioning crucially depends on ATP generated in mitochondria by oxidative 
phosphorylation. Therefore, cells are extremely vulnerable to mitochondria mal-
functioning, and even small reductions in the effi ciency of ATP production in 
some tissues are able to cause pathological symptoms. Mitochondrial dysfunction 
plays a central role in a broad range of disorders and various forms of cancer. 
Regulation of the mitochondrial outer membrane (MOM) permeability is critical 
in normal metabolite exchange between the mitochondria and cytoplasm (thus 
controlling respiration), and in apoptosis, by releasing apoptogenic factors into the 
cytosol. The voltage-dependent anion channel (VDAC), the major channel of the 
MOM, controls a signifi cant portion of the outer membrane function (Colombini 
 2004 ; Lemasters and Holmuhamedov  2006 ; Rostovtseva et al.  2005 ; Shoshan-
Barmatz et al.  2010a ; Shoshan-Barmatz and Gincel  2003 ). As VDAC is being 
shown to be involved in a wide variety of mitochondria-associated pathologies 
such as diabetes, hypertension, cardiovascular diseases, various cancers, and neu-
rodegenerative disorders, such as Parkinson’s, Alzheimer’s, and amyotrophic lat-
eral sclerosis, VDAC is emerging as a promising pharmacological target 
(Shoshan-Barmatz and Ben-Hail  2012 ). This large multifunctional channel could 
be regarded as a conjunction point for a variety of cell signals mediated by its 
association with various cytosolic proteins. Any restriction to metabolite exchange 
through VDAC could lead to an essential disturbance of mitochondrial energetic 
functions and cell metabolism. 

 VDAC is the most abundant protein in the MOM, and it is now generally accepted 
that this evolutionary conserved β-barrel channel is responsible for most of the 
metabolite fl ux in and out of mitochondria. There are three mammalian VDAC 
isoforms from three separate genes, VDAC1, VDAC2, and VDAC3 (Messina et al. 
 2012 ; Raghavan et al.  2012 ) with VDAC1 being the most abundant one in most 
tissues. The uniqueness of VDAC’s role in regulation of mitochondrial metabolism 
mainly arises from its unique location – at the interface between the mitochondria 
and the cytosol (Colombini  2004 ) where it serves as a pathway for numerous mito-
chondrial respiratory substrates. Small ions, such as Ca  2+ , Na + , Cl − , or OH −  as well 
as water soluble mitochondrial metabolites of a relatively high molecular weight, 
such as ATP, ADP, pyruvate, succinate, or inorganic phosphate cross the mitochon-
drial inner membrane through a variety of very specifi c carriers and exchangers. In 
contrast, all small and large ions and metabolites can cross the MOM through one 
channel, VDAC (Maldonado and Lemasters  2014 ). The weak anionic selectivity 
of the VDAC pore favors transport of mostly negatively charged mitochondrial 
metabolites in particular. The key question is how VDAC regulates these fl uxes 
between mitochondria and the cytosol using its conserved ability to “gate” or 
adopt different conducting states (Colombini  2004 ; Hodge and Colombini  1997 ; 
Lemasters and Holmuhamedov  2006 ; Lemasters et al.  2012 ). This review focuses 
on the biophysical properties of the VDAC channel reconstituted into its “native” 
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lipid environment and discusses mechanisms of VDAC gating as modifi ed by elec-
trical fi eld, medium pH, membrane lipid composition and, most importantly, of 
VDAC regulation by cytosolic proteins.  

1.2     VDAC Is a Pathway for ATP Transport 

 VDAC is 32 kDa membrane protein which forms a monomeric channel when recon-
stituted into lipid membranes. The fi rst structural model of VDAC proposed by 
Colombini and coworkers was developed from a massive number of electrophysio-
logical experiments in combination with point-directed mutagenesis (Blachly- 
Dyson et al.  1990 ; Colombini  2004 ; Song et al.  1998a ,  b ; Thomas et al.  1993 ). 
According to this now so-called “functional” model, because it was mostly deduced 
from functional studies, VDAC is formed by 13 β-strands and one transmembrane 
α-helix. Later, the 3D structure of VDAC1 was determined using solution nuclear 
magnetic resonance (NMR) and x-ray crystallographic methods. Structural studies 
revealed that VDAC1 and VDAC2 form β-barrels composed of 19 β-strands with the 
α-helical N-terminus located inside the pore (Bayrhuber et al.  2008 ; Hiller et al. 
 2008 ; Schredelseker et al.  2014 ; Ujwal et al.  2008 ). The loops that connect the 
β-strands are exposed to the membrane surfaces where they form channel entrances 
at the cytosolic and mitochondrial sides of the channel. The internal diameter of the 
pore is ~2.7 nm and the height is ~3 nm (Ujwal et al.  2008 ) making the channel 
somehow embedded into the lipid membrane of ~4–5 nm thickness. Although in 
both models VDAC adopts β-barrels of similar dimensions and charge distribution, 
the “native” model of functional VDAC is still the subject of ongoing debates 
(Colombini  2009 ; Hiller et al.  2010 ). The calculated net overall charge of mouse 
VDAC1 is +3 due to 29 negative Asp and Glu residues and 32 positive Arg and Lys 
residues (Hiller et al.  2008 ). Eleven negatively and 15 positively charged residues 
are located on the β-strands inside the channel lumen while 3 positive and 2 negative 
charges are located on the N-terminus of VDAC (Ujwal et al.  2008 ). 

 Ion channel reconstitution is so far the best available method of direct functional 
studies of organelle channels, such as mitochondrial VDAC. The experimental setup 
for channels reconstitution is schematically shown in Fig.  1.1a . In this confi guration 
the compartment to which VDAC is added is defi ned as the “ cis ” side. When recon-
stituted into planar lipid membranes, VDAC forms large, 4 nS (in 1 M KCl) chan-
nels permeable to non-charged polymers up to a few kDa (Carneiro et al.  2003 ; 
Colombini  1989 ; Gurnev et al.  2011 ) and to ATP (Rostovtseva and Colombini  1996 , 
 1997 ). The characteristic and conserved property of VDAC channels reconstituted 
into lipid bilayers is their ability to move, under applied voltages of >30 mV, from 
the unique high conducting open state to a variety of low-conducting so called 
“closed” states (Colombini  2004 ; Colombini et al.  1996 ; Rostovtseva et al.  2005 ) 
(Fig.  1.2 ). A typical record of ion current through a single VDAC reconstituted into  
a planar lipid membrane is shown in Fig.  1.2 . The voltage gating is seen as  transitions 
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to multiple low conducting states under the ± 50 mV applied voltage. Once moved 
to the closed state, the channel could stay in it for quite a prolonged time, depending 
on experimental conditions, and the application of low (0 mV) voltage is required to 
reopen the channel (Fig.  1.2 ). The VDAC open state is weakly anion selective, char-
acterized by a permeability ratio between Cl −  and K +  of P Cl−  /P K+  ≅ 2 (Blachly-Dyson 
et al.  1990 ; Colombini et al.  1996 ), and its closed states are either cation selective or 
less anion selective than the open state. There is no obvious  connection between the 
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  Fig. 1.1    Experimental setup for VDAC reconstitution. ( a ) The experimental chamber consists of 
two compartments separated by 15-μm-thick Tefl on fi lm. The membrane potential is maintained 
by two Ag/AgCl electrodes with 3 M KCl agarose bridges, a ground electrode in the  cis  compart-
ment and a current-recording electrode in the  trans  compartment connected with the amplifi er in 
the voltage-clamp mode. The potential is defi ned as positive when it is greater at the  cis  side which 
is the side of VDAC addition. For more details see (Bezrukov and Vodyanoy  1993 ; Rostovtseva 
et al.  2006 ). A planar bilayer membrane is formed across an aperture of ~70–90 μm diameter in the 
partition which separates the two compartments by apposition of two lipid monolayers preformed 
on the buffer solution surfaces. ( b ) The cartoon of a planar lipid bilayer with reconstituted VDAC 
shows its orientation in the experimental set up. When tubulin is added to the  cis  compartment, the 
negative voltage applied at the  cis  side induces channel blockage by tubulin       
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conductance of a particular closed state and its selectivity (Colombini  1989 ), which 
suggests a complex nature of VDAC’s closed states.

    Since VDAC’s main function is to conduct and control fl uxes of ATP and ADP, 
the permeability of the channel’s different conducting states to adenine nucleotides 
is the most relevant physiological question to address. The fl uxes of ATP through 
VDAC were directly measured in experiments with multichannel membranes using 
the luciferin/luciferase assay for ATP (Rostovtseva and Colombini  1996 ,  1997 ). The 
calculated ATP 4−  fl ux through a single channel was found to be ~70 times lower than 
Cl −  fl ux (Rostovtseva and Colombini  1997 ). Most importantly, it was shown that 
ATP does not translocate through VDAC’s closed states. Measurements of VDAC 
single-channel conductance in the presence of ATP, ADP, AMP, NADH, and 
NADPH revealed weak, in the range of millimolar, binding of adenine nucleotides 
to the VDAC pore and the ability of VDAC to differentiate between these nucleo-
tides, notwithstanding their very close molecular weights and charge (Rostovtseva 
and Bezrukov  1998 ; Rostovtseva et al.  2002a ). The effective diffusion coeffi cient of 
ATP inside the channel estimated by two independent methods using multichannel 
membranes and single-channel measurements was found to be ~10 times smaller 
than the ATP diffusion coeffi cient in the bulk (Rostovtseva and Colombini  1997 ; 
Rostovtseva and Bezrukov  1998 ). These results suggested the existence of weak 
binding site(s) for ATP inside the VDAC pore. 

 Recently, using a powerful computational technique, umbrella-sampling simu-
lations, a few low-affi nity binding sites for ATP were found in the open state 
of VDAC1 (Noskov et al.  2013 ). The potential of mean force (PMF) for ATP 
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  Fig. 1.2    When reconstituted into planar lipid membranes VDAC forms a large ion channel which 
characteristically gates under the applied voltage. A representative trace of the ion current through 
a single VDAC channel in a planar lipid membrane bathed by 1 M KCl at pH 7.4. Typical voltage 
gating of VDAC is seen at the ± 50 mV applied voltage as channel conductance fl uctuates between 
the unique high conducting “open” state and multiple low conducting “closed” states. Application 
of 0 mV reopens the channel. The  long-dashed line  indicates the zero-current level, the  short-
dashed lines  show open states, and  dotted lines  closed states       
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 translocation across VDAC1 is shown in Fig.  1.3a . Two ATP binding sites of higher 
(state 1) and lower (state 3) affi nity were found separated by a small barrier (state 
2). The most favorable site for ATP is located near the middle of the channel where 
a constriction zone formed by the VDAC N-terminus with its three basic residues, 
R15, K12, and K20, stabilizes four negative charges of ATP (Fig.  1.3b ). MD simu-
lations showed that the helix-break-helix motif of the N-terminus (residues 6–23) 
is very stable, while the unstructured N-terminal tail (residues 1–5) is fl exible and 
was found at either entrance of the channel (Noskov et al.  2013 ). The location of 
the barrier (state 2) coincides with the constriction zone where the pore radius is 
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  Fig. 1.3    ATP translocates through the open VDAC pore. ( a ) The potential of mean force for ATP 
in the VDAC1 pore ( left y  axis) and the pore radius ( right y  axis). The higher-affi nity ATP-binding 
site ( 1 ), the barrier ( 2 ), and the lower affi nity site ( 3 ) are marked. The Z-axis is along the pore. ( b ) 
A graphic representation of ATP positions inside the VDAC1 pore in the three states  1 ,  2 , and  3  
(Adapted from Noskov et al. ( 2013 ))       
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the smallest (Fig.  1.3a ). The calculated binding affi nity of ATP was in the range of 
micromolar to millimolar concentration, which agrees with the binding constant 
obtained in experiments with reconstituted VDAC (Rostovtseva et al.  2002a ). The 
profi le of the potential of mean force of ATP translocation along the pore obtained 
in simulations was used in an analytical approach (Berezhkovskii et al.  2002 ) to 
calculate the probability of ATP translocation through the pore. It appeared that in 
spite of the relatively weak binding affi nity, the attractive interaction found by MD 
simulations increased this probability by ~10 times (Noskov et al.  2013 ). These 
counterintuitive – at fi rst glance – results give new insight into the complex perme-
ation mechanism through large β-barrel channels. Going along with these results, 
by solving the mouse VDAC1 structure in the presence of ATP and combining 
it with MD simulations, Choudhary and coauthors (Choudhary et al.  2014 ) also 
found a weak ATP binding site inside the pore. A Markov state model of perme-
ation used in their calculations gave a prediction that ATP translocates through the 
open VDAC in 10–50 μs timescale. This result is in a reasonable agreement with 
the earlier estimations of the characteristic time of ATP diffusion through the pore, 
obtained from the analysis of the excess of current noise generated in the presence 
of ATP in the fully open VDAC channel (Rostovtseva and Bezrukov  1998 ). Using 
the same approach of current noise analysis on a single channel in the presence 
of relatively high molecular weight negatively charged metabolites, it was found 
that VDAC could discriminate between different adenine mono- and di-nucleotides 
and also between similarly charged molecules, such as ATP and UTP (Rostovtseva 
et al.  2002a ,  b ). These fi ndings confi rm that the electrostatic environment within the 
channel has been evolutionary selected to favor the passage of adenine nucleotides.

1.3        Mechanism of VDAC Gating 

 A crucial experimental fi nding was the demonstration that VDAC’s closed state is 
impermeable for ATP (Rostovtseva and Colombini  1996 ,  1997 ). Therefore, VDAC 
gating could also increase or decrease ATP delivery to the cytosol as well as ADP 
access to the electron transport chain complexes in the mitochondrial inner mem-
brane, thus directly modulating mitochondrial energy conversion. According to this 
model, VDAC closure limits mitochondrial oxidative phosphorylation while VDAC 
opening favors it. Therefore, understanding the precise molecular mechanism of 
VDAC gating is crucial for our understanding of mechanism(s) of mitochondrial 
control and modulation of oxidative phosphorylation. 

1.3.1     pH-Dependence of VDAC Voltage Gating 

 The sensitivity of reconstituted VDAC channels to the applied voltage depends on 
the charged residues that constitute its “voltage sensor”. There are two gating pro-
cesses depending on the sign of the applied voltage (Colombini  1989 ), which is 
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manifested by a pronounced asymmetry of voltage gating of this otherwise rather 
symmetrical channel in what regards its other properties (Rostovtseva et al.  2006 ). 
The role of charged residues in VDAC gating was investigated by manipulating the 
pH of the membrane bathing solutions (Bowen et al.  1985 ; Colombini  1989 ; 
Ermishkin and Mirzabekov  1990 ; Teijido et al.  2014 ), by chemical modifi cation of 
amino acid residues (Colombini  1989 ; Doring and Colombini  1985a ,  b ), and by 
point-directed mutagenesis (Thomas et al.  1993 ). Chemical modifi cation of amino 
groups by succinic anhydride introduced multiple negative charges and resulted in 
a decrease of the voltage sensitivity (Colombini  1989 ; Doring and Colombini 
 1985a ,  b ). An increased pH also reduced the voltage sensitivity of VDAC, which 
means that higher voltages were required to close the channel (Fig.  1.4b ) (Bowen 
et al.  1985 ). High pH reduced the overall net positive charge in the pore by titrating 
the positive charges. Correspondingly, low pH promoted voltage gating, which was 
manifested by a reduction of the characteristic voltage,  V   0  , the voltage at which half 
of the channels are open and half closed (Fig.  1.4b ) (Teijido et al.  2014 ). Low pH 
neutralizes acidic charges and thus increases the net positive charge involved in 
gating. The effective gating charge,  n , of VDAC increases ~4 times when the pH 
decreases from 11 to 3 (Fig.  1.4a ) (Teijido et al.  2014 ). Figures  1.4a, b  provide a 
representative combination of the pH effect studied by two independent groups 
(Bowen et al.  1985 ; Teijido et al.  2014 ). At pH >9.5 where positive charges are 
reduced, gating is decreased, which is shown as a decrease of the gating charge  n  
(Fig.  1.4a ) and an increase of  V   0   (Fig.  1.4b ). At pH <5.5 where acidifi cation leads 
to a reduction of the net negative charge, gating is increased, which is manifested 
by an increase of  n  and a decrease of  V   0  . Both gating parameters,  n  and  V   0  , remain 
constant in the pH region between 6 and 9.5. The voltage-independent component 
of the free energy change,  nFV   0  , is pH independent for the whole range of pH from 
3 to 11 (Fig.  1.4c ). Two other basic channel parameters, ion selectivity and single-
channel conductance also depend on pH with the corresponding increase of both 
parameters with acidifi cation (Rostovtseva et al.  2000 ; Teijido et al.  2014 ). pH titra-
tion of negative charges together with His residues titration result in a total increase 
of the net positive charge inside the pore, which leads to an increase in anion selec-
tivity of the open state. The most dramatic shift in VDAC gating parameters, ion 
selectivity, and single-channel conductance occurs at pH <5, and, most likely, is 
due to titration of Asp and Glu residues. Analysis of the pH dependences of the 
gating and open channel parameters yielded similar  pK   a   values of ~4.0 (Teijido 
et al.  2014 ). All observed effects of pH on VDAC gating were completely revers-
ible, which is in good agreement with the structural CD data (Mannella  1998 ; Shao 
et al.  1996 ).

   Another interesting effect of pH on VDAC gating is a pronounced asymmetry in 
the sensitivity of voltage gating to pH changes with the  cis  side of the channel (see 
Fig.  1.1a ) being highly sensitive to acidifi cation (Teijido et al.  2014 ). The opposite, 
 trans  side of the channel was found to be almost insensitive to pH changes. These 
results were quite unexpected considering a rather symmetrical distribution of 
charges across the VDAC’s β-strands that constitute the channel wall (Ujwal et al. 
 2008 ). MD simulations helped to explain these surprising results. A signifi cant 
asymmetry in the number of stable salt bridges formed by charged residues across 
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the VDAC1 pore between the two sides of the channel was found (Teijido et al. 
 2014 ). MD simulations suggested a higher number of salt bridges clustered at the 
 cis  side of the pore, which are more susceptible to disruption at low pH and, there-
fore, a pH decrease at the  cis  side leads to the preferential closure of the channel. 
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  Fig. 1.4    VDAC voltage 
gating strongly depends on 
pH. pH dependences of 
VDAC gating parameters: 
the effective gating charge, 
 n  ( a ), and the voltage at 
which half of the channels 
are open,  V   0   ( b ). Each data 
point obtained by (Teijido 
et al.  2014 ) ( circles ) and by 
(Bowen et al.  1985 ) 
( squares ) is normalized by 
division by the 
corresponding value at 
pH 6.1. ( c ) The pH 
dependence of the 
voltage-independent 
component of the free 
energy difference between 
the open and closed states, 
 nFV   0   (Adapted from 
Teijido et al. ( 2014 ))       
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 The insertion of VDAC into a planar lipid membrane is a spontaneous process; 
however, the channel inserts directionally and its orientation in the bilayer was 
established based on the asymmetrical responses of phosphorylated VDAC to tubu-
lin addition (Sheldon et al.  2011 ) (see below). The data suggested that the VDAC 
C-terminus is facing the  trans  side of the bilayer (Fig.  1.1 ). Considering that it was 
reported (Tomasello et al.  2013 ) that the C-terminus is not accessible to cleavage by 
cytosolic caspases and therefore faces the mitochondrial side of the MOM, it was 
concluded that the  cis  side of reconstituted VDAC in the planar membrane setup 
(Fig.  1.1 ) most likely corresponds to the cytosolic channel entrance (Rostovtseva 
and Bezrukov  2012 ; Sheldon et al.  2011 ). Therefore, the pronounced sensitivity of 
the cytosolic side of VDAC to acidifi cation could be physiologically relevant by 
responding to the large changes of cytosolic pH during ischemia and reperfusion 
injury (Lemasters et al.  1996 ; Murphy and Steenbergen  2008 ).  

1.3.2     Lipid-Dependence of VDAC Voltage Gating 

 When reconstituted into planar lipid membranes, VDAC exhibits two gating pro-
cesses: one at the positive and the other at the negative sign of the applied voltage. 
The gating could be symmetrical or quite asymmetrical with respect to the sign of 
the applied voltages depending on the salt gradient across the channel (Zizi et al. 
 1998 ) or the lipid composition of the planar membranes (Rostovtseva et al.  2006 ). 
The asymmetry of voltage gating is especially noticeable even at symmetrical salt 
conditions when planar membranes have a high content of a non-lamellar lipid, such 
as phosphatidylethanolamine (PE) or cardiolipin (CL). It was found that in mem-
branes formed from pure dioleoylphosphatidylethanolamine (DOPE) or from a mix-
ture of dioleoylphosphatidylcholine (DOPC) and CL, VDAC closure at  cis - negative  
applied voltages is more pronounced (Rostovtseva et al.  2006 ). Thus, the presence 
of non-lamellar lipids changes VDAC’s conformational equilibrium to promote gat-
ing at  cis -negative voltages, suggesting a coupling between the mechanical pressure 
in the hydrocarbon lipid region and channel gating. However, it turned out that this 
coupling takes place not through a change in the gating charge but mostly through 
a shift in the equilibrium between the open and closed states that could be seen as a 
shift of | V   0  | towards smaller voltages (Rostovtseva et al.  2006 ). When a non-lamellar 
lipid, such as PE, which spontaneously forms an inverted hexagonal phase, is forced 
into the planar bilayer structure, this results in a signifi cant stress of lipid packing 
in the region of acyl chains (Bezrukov  2000 ; Cantor  1999 ; Gruner  1985 ; Keller 
et al.  1993 ; van den Brink-van der Laan et al.  2004 ). The sensitivity of a membrane 
protein conformational transition to the changing pressure in the hydrocarbon area 
of the membrane can be rationalized in a model wherein the transition changes the 
shape of the protein molecule in a way that either relieves or increases the pressure. 
In the case of VDAC gating, one of the possibilities is that the outer surface of the 
β-barrel that is in contact with the hydrocarbon area is shaped as an hourglass in a 
subset of the closed states at negative applied voltages, but is nearly cylindrical in 
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the open state and the closed ones at positive voltages (Rostovtseva and Bezrukov 
 2008 ; Rostovtseva et al.  2006 ). Importantly, this model assumes a rather fl exible 
β-barrel that could be squeezed and stretched under the applied voltage and, prob-
ably, lipid packing stress. This is in contrast with the conventional view of β-barrel 
channels as quite rigid transmembrane structures.  

1.3.3     Models of VDAC Gating 

 VDAC gating involves large conformational changes leading to a substantial 
decrease of the channel volume (Zimmerberg and Parsegian  1986 ) and pore inner 
dimensions, from ~2.5 to 2.7 nm in the open state to ~1.8 nm in the closed states 
(Colombini  1989 ; Colombini et al.  1996 ) as was found in electrophysiological stud-
ies on reconstituted VDAC. Therefore, the transition from the open to the closed 
states creates both steric and electrostatic barriers for the passage of metabolites due 
to the decreased pore size and reversed selectivity of the closed states (Hodge and 
Colombini  1997 ; Rostovtseva and Colombini  1996 ). Colombini and co-authors per-
formed an impressive electrophysiological and biochemical analysis of VDAC 
properties using extensive site-directed mutagenesis and biotin modifi cation 
approaches (Blachly-Dyson et al.  1990 ; Colombini et al.  1996 ; Song et al.  1998b ; 
Thomas et al.  1993 ). This array of data allowed them to develop a model of VDAC 
voltage gating which involves translocation of a large positively charged voltage 
sensor domain towards one of the membrane surfaces, thereby reducing the size of 
the pore and inverting its selectivity (Colombini et al.  1996 ; Song et al.  1998a ). The 
molecular identity of the voltage sensor has not been resolved yet because the 
charged residues affecting voltage gating are spread out through the entire VDAC 
folding pattern including its N-terminus (Colombini et al.  1996 ; Song et al.  1998a ). 

 Although there is a general agreement on the N-terminus location inside the 
VDAC open pore and crucial role in VDAC gating, its position in the closed states is 
still a subject of discussions. Studies on cells suggest accessibility of the N-terminal 
region to VDAC antibodies (McDonald et al.  2009 ; Stanley et al.  1995 ; Tomasello 
et al.  2013 ). Therefore, in several gating models the N-terminal region is considered 
to move independently out of the channel lumen to the cytoplasm (De Pinto et al. 
 2003 ,  2008 ; Geula et al.  2012 ; Shoshan-Barmatz et al.  2010b ) or to reside on the 
membrane surface (Guo et al.  1995 ; Reymann et al.  1995 ). Some models advanced 
the idea of a fl exible N-terminus moving inside the pore, partially obstructing the 
ion fl uxes and thus providing for VDAC gating (Mertins et al.  2012 ; Ujwal et al. 
 2008 ). However, more recent evidence has questioned this idea (Teijido et al.  2012 ) 
and the initially proposed fl exibility of the N-terminus. Recent NMR studies by sev-
eral independent groups reported that the N-terminus was rigid (Eddy et al.  2012 ; 
Schneider et al.  2010 ; Villinger et al.  2010 ) contrary to the initial thoughts. 

 The position of the N-terminus is of considerable interest because of its critical 
role in VDAC gating. Most observations have demonstrated that the N-terminus is 
required for channel gating (Choudhary et al.  2010 ; Mannella  1998 ; Popp 
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et al.  1996 ). Addressing this question, the N-terminal α-helix of mouse VDAC1 was 
cross-linked to the β-barrel by using a double cysteine mutations of Leu10Cys on 
the N-terminus and Ala170Cys on β-strand 11 followed by reconstitution of the 
mutant VDAC1 into planar lipid membranes (Teijido et al.  2012 ). The rational of 
this study was to challenge the available gating models by testing the ability of the 
N-terminus to move independently under applied voltage and affect gating. 
Surprisingly, it was found that VDAC with the N-terminal α-helix covalently bound 
to the channel wall had indistinguishably similar channel properties compared with 
endogenous VDAC1, suggesting that the N-terminal region is either immobile or 
does not move independently of the rest of the voltage sensor (Teijido et al.  2012 ). 
These data also strongly suggest that the α-helix remains inside the VDAC pore 
when the channel is open and that during voltage-induced gating the N-terminus 
either remains inside the pore or moves in a coordinated fashion together with the 
voltage sensor. Based on these data the scenario of the N-terminus independently 
undergoing large structural rearrangements to achieve voltage gating seems unlikely. 

 There is still no clear structural data on VDAC gating, but a new mechanism sug-
gesting a soft β-barrel wall that becomes squeezed and simultaneously elongated 
upon voltage application was proposed recently (Teijido et al.  2012 ) and deserves 
future elaboration. NMR data in combination with MD simulation showed a pro-
nounced dynamics of β-strands 1–6 and 16–19 (Villinger et al.  2010 ), thus support-
ing a model of a fl exible VDAC β-barrel. The analysis of the B-factor of the VDAC 
crystal structure showed that it increased measurably in the region of the wall oppo-
site to β-strands 8–15 reinforced by the adjusted N-terminus and that the α-helix has 
a more rigid structure than the remainder of the pore (Teijido et al.  2012 ). Deletion 
of the N-terminal α-helix caused a sharp increase of the overall motion of the VDAC 
β-barrel and resulted in a pronounced elliptical shape of the β-barrel confi rming its 
intrinsic fl exibility (Zachariae et al.  2012 ). Another piece of evidence of VDAC 
β-barrel fl exibility was obtained on a system of VDAC1 embedded into tethered 
planar lipid membranes using a spectroelectrochemical approach (Kozuch et al. 
 2014 ). Measurements of the electrochemical impedance spectra under applied volt-
age allowed to associate spectral changes with the structural transition upon gating. 
The observed spectral changes were interpreted as alterations of the angle of the tilt 
of the β-strands and could be visualized as expansion of the β-barrel, supporting the 
above “squeezing” β-barrel gating model. 

 Taking together all the above data, it seems reasonable to conclude that the 
β-barrel could undergo partial squeezing with simultaneous elongation along the 
channel axis, which would lead to a decrease of the pore aperture. Importantly, a 
new model does not contradict the original model of VDAC gating suggested by 
Colombini and colleagues where a large part of the β-barrel together with the 
N-terminus moves under the applied electrical fi eld towards the membrane interface 
(Colombini  2009 ; Colombini et al.  1996 ). However, our intuition does not help in 
predicting the effect of the squeezing/elongation structural rearrangement on chan-
nel selectivity. The crucial test of this novel model would be computation of the ion 
selectivity of the squeezed (closed) structure and its permeability for ATP. Further 
evaluations of the MD simulation, and structural and biophysical data are needed to 

T.K. Rostovtseva and S.M. Bezrukov



Author's personal copy
15

reconcile the reliable experimental fi ndings and provide a better understanding of 
the structural basis of gating and the role of the N-terminus, in particular.   

1.4     VDAC Regulation by Dimeric Tubulin 

1.4.1     Tubulin Modulation of VDAC Conductance 

 Tubulin induces the characteristic reversible blockage of VDAC reconstituted into 
planar lipid membranes. A typical experiment is shown in Fig.  1.5a  where tubulin 
added to one side of the membrane ( cis  side), in concentrations as low as 1 nM, 
induced fast time-resolved upward (to zero current) transitions between the high 
conducting open state and low conducting blocked state. The conductance of the 
open state in the presence of tubulin remains the same as in control and the conduc-
tance of the blocked state is ~0.4 of the open state conductance. Note that this is in 
contrast to the wide variety of closed states induced by voltage (Fig.  1.2 ). The char-
acteristic time of the tubulin-blocked state depends on the applied voltage and is in 
the range of 0.1–100 ms (Rostovtseva et al.  2008 ), which is much shorter than the 
seconds to minutes that the channel spends in the closed states induced by voltage 
(Fig.  1.2 ). Tubulin blocks VDAC only when a negative potential is applied from the 
side of tubulin addition. This is illustrated by a typical experiment shown in Fig.  1.5a  
where tubulin was added asymmetrically to the  cis  side of the channel (see Fig.  1.1b ) 
and induced VDAC blockage when a negative potential of −20 mV (as referred to 
the  cis  side) was applied (three upper traces in Fig.  1.5a ). When the polarity of the 
applied voltage was reversed to the positive of +20 mV, no blockage events were 
observed and the channel open state conductance was as steady as in control with-
out tubulin (low trace in Fig.  1.5a ).

   Tubulin induces VDAC blockage in a concentration-dependent manner. The 
number of blockage events increases with tubulin bulk concentration (Fig.  1.5a , 
three upper traces). The on-rate of VDAC-tubulin binding,  τ   on    −1  , where  τ   on   is the 
average time when the channel stays open between closing events, increased lin-
early at low tubulin concentrations <30 nM and saturated at ~50 nM (Fig.  1.5b ). The 
concentration dependence of the on-rate of VDAC blockage could be described by 
a simple ligand binding equation with  K   d   in the range of 10–50 nM depending on 
experimental conditions such as the membrane lipid composition (Rostovtseva et al. 
 2012 ) (see here and in Part 1.4.3 below). The off-rate of VDAC-tubulin binding 
calculated as  τ   off     −1  , where  τ   off   is the average time the channel spends in the blocked 
state, does not depend on the concentration of tubulin (Rostovtseva et al.  2008 ). 
Therefore, at low tubulin concentrations, the blockage could be adequately described 
by a simple fi rst order reaction where the on-rate linearly increases with tubulin 
concentration and the off-rate is concentration independent. 

 VDAC blockage by tubulin is impressively voltage dependent. Figure  1.6a  shows 
current traces of the same single VDAC channel in the presence of 10 nM of tubulin 
in both compartments at different applied voltages. It could be seen that at 15 mV 
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  Fig. 1.5    Tubulin induces rapid 
blockages of VDAC 
conductance in a concentration 
dependent manner. ( a ) 
Representative current records 
of the same single VDAC 
channel after sequential 
additions of 1, 3, and 10 nM of 
tubulin to the  cis  side of the 
membrane (see the schematic 
in Fig.  1.1 ). The channel 
conductance fl uctuates between 
the high conducting, “open”, 
and low conducting or 
“blocked” state. The number of 
blockage events increases with 
tubulin concentration. Tubulin 
induces measurable VDAC 
blockage only when a negative 
potential (−20 mV for the  three 
upper traces ) is applied from 
the side of tubulin addition 
( cis ). At the opposite polarity 
(+20 mV for the  lower trace ), 
the channel stays open without 
any blockage as it occurs in 
typical control records without 
tubulin.  Long-dashed lines  
indicate the zero-current level, 
and  short-dashed lines  show 
open and tubulin-blocked 
states. ( b ) The concentration 
dependence of the on-rate of 
VDAC-tubulin binding. The 
applied potential was – 
20 mV. The medium consisted 
of 1 M KCl buffered with 
5 mM HEPES at pH 7.4       
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there are barely any blockages, at 20 and 25 mV there are plenty of blockages, and 
at 30 mV the channel is blocked most of the time. (It should be noted that the sign 
of positive potential refers to the  cis  side, and therefore the negative potential at the 
 trans  side promotes channel blockage by tubulin added to the  trans  side.) The sta-
tistical analysis of the open probability,  P   open  , in the presence of 10 nM of tubulin is 
shown in Fig.  1.6b . There is a steep dependence of the open probability on the 
applied voltage with a calculated effective gating charge of 10–13 elementary 
charges depending on the salt concentration of the membrane-surrounding buffer 
(Gurnev et al.  2012 ). This means that the blockage reaction is as responsive to the 
applied voltage as the most voltage-sensitive channels studied by electrophysiology 
to date (Swartz  2008 ).

   There is an apparent discrepancy between  in vitro  data, where tubulin could 
block VDAC at nanomolar concentrations, and the fact that there is up to 20 μM free 
tubulin in some cells (Gard and Kirschner  1987 ). Depending on experimental con-
ditions (see below), the on-rate constant of the blockage could be changed by orders 
of magnitude (Rostovtseva et al.  2012 ; Sheldon et al.  2011 ), and at potentials across 
the MOM close to zero, micromoles of tubulin would be required to block VDAC  in 
vivo . The value of the MOM transmembrane potential is a matter of long-standing 
debates (see discussion in (Colombini  2004 ; Rostovtseva and Bezrukov  2012 )) and 
usually believed to be close to 0 mV due to the high abundance of VDACs in the 
MOM. The main source of the potential across the MOM is supposed to be the so 
called Donnan potential, which arises from the high concentration of VDAC- 
impermeable charged macromolecules (e.g., cytochrome c of +9 charges) in the 
mitochondrial intermembrane space and the cytosol (Colombini  2004 ). The esti-
mates of the MOM transmembrane potential range from 10 mV (Lemeshko  2006 ) 
to as high as 46 mV (Porcelli et al.  2005 ) and even higher (Lemeshko  2014a ,  b ). A 
recently published model suggests that a VDAC complex with hexokinase could be 
a generator of the potential across the MOM as high as 50 mV, negative at the cyto-
plasmic side of the MOM, with the Gibbs free energy of kinase reactions as a driv-
ing force (Lemeshko  2014a ,  b ). It should be noted here that a potential, negative 
from the cytosolic side of the MOM, drives cytosolic tubulin into the VDAC pore. 

 The heterodimer of α- and β-tubulin is 100 kDa acidic water-soluble protein com-
posed of compactly folded α-helices and β-strands with a well-defi ned crystal struc-
ture (Nogales et al.  1998 ). Tubulin C-terminal tails (CTTs) are composed of 
unstructured peptides of 11–15 amino-acids (Westermann and Weber  2003 ) exposed 
out of the protein surface. Both α- and β-tubulin CTTs are highly negatively charged 
and are essentially poly-Glu peptides. The fact that tubulin blocks VDAC only when 
a negative potential is applied from the side of tubulin addition (Fig.  1.5a ) suggests 
that the negatively charged CTTs are responsible for the channel blockage. 
Experimental evidence proving this point has been obtained in experiments with 
tubulin in which CTTs were cleaved off, tubulin-S, which, contrary to tubulin with 
intact CTTs, did not block VDAC (Rostovtseva et al.  2008 ). On the other hand, syn-
thetic peptides of α- and β-tubulin CTTs did not block the channel either, up to 
10 μM concentration (Rostovtseva et al.  2008 ), thus suggesting that CTTs should be 
attached to the main tubulin body to induce the characteristic VDAC blockage. Based 
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on these observations a model of VDAC-tubulin interaction was suggested where the 
negatively charged tubulin CTT partially blocks the positively charged VDAC pore 
(Rostovtseva and Bezrukov  2008 ,  2012 ; Rostovtseva et al.  2008 ) (Fig.  1.6c ). 

 The effective gating charge of the VDAC-tubulin blockage equilibrium increases 
in low salt concentration but the salt dependence is rather weak (Fig.  1.6b ). The 
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charge of the tubulin tail is not screened even at salt concentrations as high as 1.5 M 
KCl. This suggests that ion condensation on the tubulin tail in the pore is negligible. 
The applied electrical fi eld primarily acts on the tubulin tail charges. However, the 
absolute value of the gating charge of 10–13 elementary charges is too high to be 
accounted for by the charges on the tubulin tail alone, which are −7 and −10 ele-
mentary charges in the α- and β-tubulin CTTs, respectively (Rostovtseva et al. 
 2008 ). Surprisingly, the blocked time only weakly increases with salt concentration 
(Gurnev et al.  2012 ). This is in contrast with the strong dependence of blocked time 
on salt concentration found for the interaction of another β-barrel channel, anthrax’s 
protective antigen channel, with positively charged β-cyclodextrins (Nestorovich 
et al.  2010 ). This suggests that the Coulomb interactions between the charges on the 
VDAC interior wall and the tubulin CTT are not predominant, indicating the exis-
tence of some kind of short-range interactions between the tubulin CTT and the 
VDAC pore. 

 Equilibrium and nonequilibrium MD simulations together with a Roseta protein- 
protein docking algorithm allowed to further test the structural rearrangements of the 
VDAC-tubulin complex (Noskov et al.  2013 ). It was found that the unstructured 
α-tubulin CTT in the mouse VDAC1 pore decreases its conductance by >40 % and, 
what is even more important, switches its selectivity from anionic to cationic as was 
shown in experiments with reconstituted channels. MD simulations showed that the 
negatively charged residues of the α-tubulin CTT form stable salt bridges with the 
basic residues of VDAC1 (Fig.  1.6c ). Three of the identifi ed basic residues, R15, 
K12, and K20, are located in the N-terminus of VDAC1 while the other two, K28 
and K32, are located on the adjacent β-strands thus creating a kind of positively 
charged constriction zone around of the N-terminus. These results suggest that the 
negatively charged CTT of tubulin most of the time does not reach beyond the VDAC 
N-terminus located in the middle of the pore (Fig.  1.6c ). Importantly, MD simulation 
results support the suggested model (Rostovtseva and Bezrukov  2008 ,  2012 ; 
Rostovtseva et al.  2008 ) of the VDAC-tubulin interaction where the tubulin CTT 
partially blocks the channel and reverses its ion selectivity.  

  Fig. 1.6    VDAC blockage by tubulin is highly voltage dependent. ( a ) Current records from the 
same single VDAC channel obtained in the presence of 10 nM tubulin in both compartments at 
different potentials. There are almost no blockage events at 15 mV, but when the voltage is increased 
to 30 mV, the blocked state dominates. Positive potential induces channel blockage by tubulin 
added to the  trans  side of the membrane.  Black dashed lines  indicate the zero-current level;  blue 
dashed lines  show the open ( O ) state, and  red dashed lines  show the tubulin-blocked ( B ) states. ( b ) 
The VDAC open probability in the presence of tubulin sharply decreases with the applied voltage 
and is lower in 0.1 M than in 1.5 M KCl.  Solid lines  are drawn according to the Boltzmann equation 
with the effective gating charges of 13e for 0.1 M KCl and 10e for 1.5 M KCl, respectively (Adapted 
from Gurnev et al.  2012 ). ( c ) A model of the restrictive blockage of the VDAC pore by tubulin. One 
of the unstructured negatively charged CTTs of tubulin partially blocks the channel by entering the 
positively charged pore. The molecular image of the VDAC1-α- tubulin complex embedded into a 
lipid bilayer is adapted from (Noskov et al.  2013 ). The ensemble of complexes has been obtained 
using protein-protein docking (ROSETTA-docking). Explicit MD simulations were run with the 
NAMD program for 50 ns in 1 M of KCL and a DOPE lipid bilayer       
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1.4.2     Probing the Tubulin-Blocked VDAC State 

 As mentioned above, it was experimentally shown that the voltage-induced VDAC’s 
closed state is essentially impermeable for ATP (Rostovtseva and Colombini  1996 , 
 1997 ). Correspondingly, it was important to probe the permeability of the tubulin- 
blocked state for ATP. The tubulin-blocked state is still highly ion-conductive (about 
40 % of the open state conductance in 1 M KCl), which suggests that VDAC inhibi-
tion by tubulin is limited by the value of this residual conductance. The functional 
properties of the tubulin-blocked state were assessed using four different experi-
mental approaches (Gurnev et al.  2011 ). 

 First, using the method of non-electrolyte polymer partitioning into the ion chan-
nels (Bezrukov et al.  1994 ,  1996 ; Krasilnikov and Bezrukov  2004 ; Krasilnikov et al. 
 1992 ; Rostovtseva et al.  2002c ), the characteristic radius of the VDAC pore blocked 
by tubulin was estimated to be signifi cantly smaller than the radius of the open state 
(Gurnev et al.  2011 ). Based on the characteristic molecular weight of the polymer 
that separates partitioning from exclusion in VDAC’s open and blocked states, the 
effective cross-sectional area of the channel was estimated as reduced by a factor of 
two (Gurnev et al.  2011 ). Second, the small-ion selectivity of the tubulin-blocked 
state, measured at close to physiological salt concentrations, was shown to be 
reversed. In particular, in 150 mM vs 50 mM gradient of KCl the selectivity of the 
channel changes from predominantly anionic in the open state with the permeability 
ratio of P Cl− /P K+  = 4 to cationic in the tubulin-blocked state with P Cl− /P K+  = 0.3 
(Gurnev et al.  2011 ). Third, ATP partitioning into both the open and tubulin-blocked 
channel was directly measured using an approach similar to the one described for 
non-electrolytes partitioning. It was found that addition of ATP to the membrane- 
bathing solution reduces the conductance of the open-state channel but not the con-
ductance of the tubulin-blocked channel (Gurnev et al.  2011 ), suggesting that ATP 
is excluded from the tubulin-blocked state. Fourth, computations of the one- 
dimensional potential of mean force for the VDAC-tubulin complex demonstrated 
that tubulin blockage of the pore reduces ATP transport down to negligible (Noskov 
et al.  2013 ). The presence of the negatively charged tubulin CTT in the pore creates 
a barrier for ATP translocation of ~2–3 kcal/mol, due to the strong electrostatic 
repulsion between ATP and the negative charges on the CTT. Unlike small anions 
such as Cl − , the bulkier and more negatively charged ATP molecule cannot over-
come the steric and electrostatic barriers created by the CTT inside the pore. 
Moreover, the tubulin CTT in the pore binds to the same VDAC positive residues 
that constitute ATP binding sites (Noskov et al.  2013 ) making them unavailable for 
binding to ATP. 

 Altogether these results show that due to the electrostatic and steric barriers 
induced by tubulin blockage, ATP is excluded from the tubulin-blocked state of 
VDAC, thus verifying the functional role of the VDAC-tubulin interaction in regu-
lating mitochondrial respiration. More generally, the insights into the nature of 
VDAC blockage by tubulin, obtained in experiments at a single-molecule level, are 
important for our understanding of the molecular mechanisms of functional interac-
tions between water soluble and membrane proteins.  
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1.4.3     Effect of Membrane Lipid Composition on VDAC- 
Tubulin Binding 

 The initially proposed model of VDAC blockage by tubulin (Fig.  1.6c ) considers only 
interactions between the tubulin CTT and the channel lumen and can be described by 
a simple bimolecular reaction between VDAC and tubulin (Rostovtseva et al.  2008 ). 
However, it turned out that the mechanism of VDAC-tubulin binding is more com-
plex and, quite unexpectedly, strongly depends on the specifi c composition of the 
lipid membrane (Rostovtseva et al.  2012 ). It was found that the blockage varies up to 
100-fold depending on the particular lipid used for bilayer formation in reconstitution 
experiments. For example, it increases with the increasing content of DOPE in a 
DOPC bilayer (Fig.  1.7 ). Representative experiments with VDAC single channels 
reconstituted into membranes formed from pure DOPC, DOPE, or a DOPE/DOPC 
mixture demonstrate that at the same applied voltage, 10 nM of tubulin induced sig-
nifi cantly more blockage events in a DOPE membrane than 60 nM of tubulin induced 
in pure DOPC or DOPE/DOPC mixtures (Fig.  1.7a ). The on-rate constant of VDAC-
tubulin binding calculated as  k   on   = 1/( τ   on   [C]),  where  τ   on   is the average time when the 
channel is open between the consecutive blockage events and [ C ] is the tubulin con-
centration in the membrane-surrounding bath, increased gradually with the DOPE 
content and was ~200 times higher in a pure DOPE membrane than in a pure DOPC 
membrane (Fig.  1.7b ). At the same time, the off-rate of VDAC blockage by tubulin 
did not depend on the lipid composition (Rostovtseva et al.  2012 ).

   It turned out that the on-rate of VDAC blockage by tubulin depends on both the 
hydrophobic and polar parts of the phospholipid. The effect of the lipid headgroup 
charge on the on-rate is more pronounced in physiologically relevant low salt than 
in high salt concentration (Rostovtseva et al.  2012 ) suggesting a role of the long- 
range electrostatic components in the VDAC-tubulin interaction. In 0.1 M KCl,  k   on   
was ~100 times higher in neutral diphytanoyl-phosphatidylcholine (DPhPC) mem-
branes than in bilayers containing negatively charged diphytanoyl- phosphatidylserin 
(DPhPS) (Rostovtseva et al.  2012 ). Surprisingly, addition of the positively charged 
synthetic lipid DOTAP to DPhPC also caused a decrease of  k   on  . Another important 
piece of evidence on the role of the non-electrostatic component in VDAC-tubulin 
interaction is that the type of lipid hydrocarbon acyl chains also signifi cantly affects 
the blockage kinetics. When oleoyl chains in DOPC have been replaced with phy-
tanoyl in DPhPC, the on-rate of tubulin blockage increased ~70 times. In addition, 
the striking similarity between the concentration dependence of the on-rate of 
VDAC blockage by tubulin (Fig.  1.5b ) and tubulin binding to the lipid membranes 
obtained earlier using  125 I-labeled tubulin (Bernier-Valentin et al.  1983 ), suggests 
that tubulin binding to the membrane is an important step of the VDAC-tubulin 
interaction. 

 This conjecture was verifi ed in independent experiments using confocal fl uores-
cence microscopy of giant unilamellar vesicles (GUVs) in the presence of 
 fl uorescently labeled tubulin (Rostovtseva et al.  2012 ). The confocal image of 
GUV with bound fl uorescently-labeled tubulin is shown in the inset in Fig.  1.8 . In 

1 Function and Regulation of Mitochondrial Voltage-Dependent Anion Channel



Author's personal copy
22

accord with our expectations, detectable binding of the fl uorescently labeled 
dimeric tubulin to GUV membranes required the presence of DOPE. The apparent 
paradox of association of a soluble protein, such as dimeric tubulin, with neutral 
membranes has been recognized already in 1980’s (Caron and Berlin  1979 ,  1980 ; 
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  Fig. 1.7    The on-rate of 
VDAC blockage by tubulin 
strongly depends on the 
lipid composition of a 
planar membrane. ( a ) A 
comparison of current 
traces from single VDAC 
channels reconstituted in 
planar bilayers of different 
PC/PE ratios. 10 nM of 
tubulin effectively blocks 
VDAC in a pure DOPE 
membrane ( trace a ) while 
60 nM of tubulin blocks 
VDAC less effectively in a 
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mixture ( trace b ) and 
barely blocks VDAC in a 
pure DOPC membrane 
( trace c ). ( b ) The on-rate 
of VDAC-tubulin binding 
increases ~100 times with 
the increase of PE content 
from 0 to 100 %. The 
on-rate is defi ned as  k   on   = 1/
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Klausner et al.  1981 ; Kumar et al.  1981 ). It was suggested that tubulin-membrane 
interaction has a hydrophobic component. It was also shown that CTTs of lipo-
some-associated tubulin were accessible to proteolysis (Hargreaves and McLean 
 1988 ). Therefore, tubulin CTTs are not directly involved in the association with a 
membrane and, as our experiments demonstrate, are available for blocking VDAC 
(Rostovtseva et al.  2008 ).

   The increased association of tubulin with membranes of a specifi c lipid com-
position, such as the presence of PE lipids, increases the effective concentration of 
tubulin on the surface of these membranes, which results in the increased on-rate 
of VDAC blockage by tubulin. Thus, VDAC-tubulin interaction could be described 
by a tentative three-step model (Fig.  1.8 ), where the fi rst step is saturable binding 
of tubulin to the membrane with the effi ciency dependent on the lipid composition. 
The second step is tubulin binding to the cytosolic loops of VDAC that connect 
the membrane-spanning β-strands and form the entrance of the channel. This step 
depends on the level of VDAC posttranslational modifi cations, especially on phos-
phorylation (Sheldon et al.  2011 ). The last step is the voltage-dependent block of the 
VDAC pore by tubulin CTT. The on-rate of this step depends on the effective con-
centration of tubulin in the close vicinity of the channel entrance and therefore on 
tubulin binding to the membrane surface. When the tubulin CTT enters the VDAC 

Step 1

Step 2

Step 3

Lipid sensitive Open VDAC

Open VDAC

Open VDAC

Blocked VDAC

VDAC
phosphorylation

sensitive

Voltage sensitive

  Fig. 1.8    A tentative model of the multistep VDAC blockage by tubulin.  Step 1  is a lipid-sensitive 
step of globular tubulin binding to the membrane surface with  K   d   ~10–50 nM, depending on the 
lipid composition.  Inset  - confocal images of fl uorescently-labeled tubulin binding to DOPE- 
containing GUVs (scale bar is 10 μm).  Step 2  is tubulin binding to the loops forming the channel 
entrance. This step depends on the VDAC phosphorylation level.  Step 3  is voltage-dependent 
reversible blockage of the VDAC pore by the tubulin CTT.  Inset  – current trace illustrating tubulin- 
induced blockage of a single VDAC channel (Adapted from Rostovtseva et al.  2012 )       
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pore, the strength of the binding, in terms of its residence time in the pore, does not 
depend on the lipid composition (Rostovtseva et al.  2012 ) or VDAC phosphoryla-
tion state (Sheldon et al.  2011 ). Thus, at a constant applied voltage the equilibrium 
of VDAC-tubulin binding is predominantly defi ned by the on-rate. Considering a 
substantial lipid homeostasis in mitochondria during morphological changes such 
as fusion and fi ssion (Furt and Moreau  2009 ), under apoptotic stress (Crimi and 
Esposti  2011 ), or lipid oxidation by reactive oxygen species produced by mitochon-
dria (Kagan et al.  2004 ; Pamplona  2008 ; Paradies et al.  2011 ), lipids could be potent 
regulators of the VDAC permeability and therefore MOM permeability  in vivo . 

 Overall, these fi ndings provide an example of lipid-controlled protein-protein 
interactions where the choice of lipid species is able to change the equilibrium bind-
ing constant by orders of magnitude. They also suggest a new regulatory role of 
mitochondrial lipids in the control of MOM permeability, and hence mitochondria 
respiration, by modulating VDAC sensitivity to blockage by tubulin. 

 The remaining open question is why tubulin binds more effectively to DOPE 
than to DOPC membranes. One of the possible explanations is that tubulin- 
membrane binding is affected by the lipid packing stress. For example, the reduced 
repulsive forces between DOPE headgroups in comparison with those between 
DOPC headgroups (Keller et al.  1993 ) could provide more “fl exibility” for PE head-
groups, thus making hydrophobic grooves more available for tubulin binding. The 
answer to this question is a subject of future research.  

1.4.4     Physiological Relevance of VDAC Modulation 
by Tubulin 

 To summarize, using  in vitro  experiments with reconstituted VDAC, it was shown 
that depending on the choice of lipid species, VDAC phosphorylation state, and the 
applied voltage, nanomolar to micromolar concentrations of dimeric tubulin induce 
functionally important reversible blockage of VDAC. These results suggest a novel 
mechanism of regulation of MOM permeability where tubulin selectively modu-
lates the fl uxes of metabolites between mitochondria and the cytosol. The key ques-
tion is what is the physiological relevance of this new role for tubulin? Could 
mitochondria sense the presence of free tubulin in living cells? Experiments with 
isolated mitochondria (Monge et al.  2008 ; Rostovtseva et al.  2008 ) and human hep-
atoma HepG2 cells (Maldonado et al.  2010 ,  2011 ) confi rmed that VDAC–tubulin 
interaction is functionally important for regulating mitochondrial respiration. 

 Saks and coauthors in experiments with mitochondria isolated from mouse brain 
or heart demonstrated that dimeric tubulin reduces the isolated mitochondria respi-
ration rate (Guzun et al.  2012 ; Monge et al.  2008 ; Rostovtseva et al.  2008 ), thus con-
fi rming that tubulin could control mitochondria respiration by modulating VDAC 
permeability for adenine nucleotides. There is a dynamic equilibrium exchange 
in cells between dimeric and polymerized tubulin with tubulin  concentration not 
changing dramatically under physiological conditions. However, microtubule (MT) 
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targeting agents, such as anticancer drugs colchicine and paclitaxel can shift this 
balance to higher or lower levels of free cytosolic tubulin by promoting or inhibiting 
MT depolymerization, respectively. It was shown that VDAC blockage by tubulin 
increases with tubulin concentration (Fig.  1.5 ). Therefore, one could predict that 
the increased pool of dimeric tubulin in the cytosol would result in an increase 
of VDAC blockage and, consequently, in a depletion of cytosolic ADP available 
for the respiratory chain leading to a decrease of the mitochondrial potential, ΔΨ, 
across the inner membrane (Rostovtseva and Bezrukov  2012 ). Quite remarkably, 
Maldonado and coauthors (Maldonado et al.  2011 ) had confi rmed this hypothesis 
in experiments where they treated intact HepG2 human hepatoma cells with MT 
destabilizing or stabilizing agents, such as colchicine or paclitaxel, respectively, and 
monitored the mitochondrial membrane potential using potential- sensitive fl uoro-
phore, tetramethylrhodamine methylester (TMRM). Treatment of HepG2 cells by 
colchicine resulted in an increase of the ratio between free and polymerized tubu-
lin in the cytosol measured by immunoblotting and in a loss of the mitochondrial 
potential assessed by TMRM fl uorescence (Maldonado et al.  2011 ). Accordingly, 
treatment with paclitaxel resulted in a decrease of free cytosolic tubulin and a rise 
of ΔΨ. These effects of MT-targeting drugs on the mitochondrial potential could 
be suffi ciently explained by the modulation of VDAC permeability by free tubulin, 
thus confi rming the results obtained  in vitro  with reconstituted VDAC. 

 The effect of MT-targeting drugs on mitochondria is well-known (Andre et al. 
 2000 ; Esteve et al.  2007 ; Karbowski et al.  2001 ; Saetersdal et al.  1990 ) but, appar-
ently, the mitochondrial potential could be modulated by MT-targeting drugs 
through a number of pathways other than VDAC-related. Therefore, without a direct 
genetic evidence of VDAC involvement in the modulation of the mitochondrial 
potential by MT-targeting drugs the proposed model wouldn’t be entirely convinc-
ing. Maldonado and coauthors (Maldonado et al.  2013 ) using siRNA to knockdown 
individual VDAC isoforms in HepG2 cells unambiguously demonstrated that VDAC 
contributes to maintaining the mitochondrial membrane potential. They showed that 
the knockdown of VDAC decreased ΔΨ with a magnitude dependent on which of 
the three VDAC’s isoforms was knockdown (Maldonado et al.  2013 ). Quite unex-
pectedly, these authors had found that the most signifi cant impact on ΔΨ occurred 
with a knockdown of the VDAC3 isoform, in spite of VDAC3 being a minor isoform 
among all three (De Pinto et al.  2010 ; Messina et al.  2012 ; Raghavan et al.  2012 ). In 
HepG2 cells the expression ratio between VDAC1, VDAC2, and VDAC3 isoforms 
was found to be 0.4: 0.49: 0.11, respectively (Maldonado et al.  2013 ). The knock-
down of VDAC3 resulted in a signifi cant, compared to the knockdown of the other 
two isoforms, decrease of the total adenine nucleotides and the NAD(P)H/NAD(P) +  
ratio, thus conforming a crucial role of VDAC3 in maintaining MOM permeability 
in cancer cells. The authors offered an interesting interpretation of these surprising 
results suggesting that in HepG2 cells, VDAC1 and VDAC2 are mostly blocked by 
tubulin, whereas the less abundant VDAC3 remains open, which explains the pre-
vailing impact of its knockdown on mitochondrial energetics. 

 The results discussed above unveil a previously unknown mechanism of regula-
tion of mitochondrial energetics, governed by VDAC interaction with tubulin at 
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the mitochondria–cytosol interface. Immediate physiological implications include 
new insights into the serine/threonine kinase signaling pathways, Ca 2+  homeosta-
sis, and cytoskeleton/microtubule activity in health and disease, especially in the 
case of the highly dynamic microtubule network which is characteristic of can-
cerogenesis and cell proliferation. One of the intriguing implication of VDAC 
modulation by tubulin is its coupling with the Warburg-type aerobic glycolysis 
characteristic of many tumor cells (Mathupala et al.  2010 ), where the VDAC-
tubulin complex may play a role of “glycolytic switch” in cells towards aerobic 
glycolysis or oxidative phosphorylation (Maldonado and Lemasters  2012 ; 
Rostovtseva and Bezrukov  2012 ). These fi ndings may help to identify new mecha-
nisms of mitochondria-associated action of chemotherapeutic MT-targeting drugs 
via VDAC/tubulin interaction, and also to understand why and how cancer cells 
preferentially use ineffi cient glycolysis rather than oxidative phosphorylation 
(Warburg effect).      
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