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ABSTRACT The oligomeric organization of the voltage-dependent anion-selective channel (VDAC) and its interactions with
hexokinase play integral roles in mitochondrially mediated apoptotic signaling. Various small to large assemblies of VDAC
are observed in mitochondrial outer membranes, but they do not predominate in detergent-solubilized VDAC samples. In this
study, a cholesterol analog, cholesteryl-hemisuccinate (CHS), was shown to induce the formation of detergent-soluble VDAC
multimers. The various oligomeric states of VDAC induced by the addition of CHS were deciphered through an integrated
biophysics approach using microscale thermophoresis, analytical ultracentrifugation, and size-exclusion chromatography small
angle x-ray scattering. Furthermore, CHS stabilizes the interaction between VDAC and hexokinase (Kd of 275 6 mM), confirm-
ing the biological relevance of oligomers generated. Thus, sterols such as cholesterol in higher eukaryotes or ergosterol in fungi
may regulate the VDAC oligomeric state and may provide a potential target for the modulation of apoptotic signaling by effecting
VDAC-VDAC and VDAC-hexokinase interactions. In addition, the integrated biophysical approach described provides a power-
ful platform for the study of membrane protein complexes in solution.
INTRODUCTION
The characterization of integral membrane proteins in solu-
tion is often difficult relative to soluble proteins because of
the necessity of adding amphipathic detergents to solubilize
and stabilize them in solution (1). Nevertheless, their
immense importance in biotechnology, structure-based
drug design, and medicine is evident from the fact that
59% of drugs approved by the Food and Drug Administra-
tion target transmembrane proteins (2). The potentially
enormous impact of these drugs, coupled with the difficulty
of studying the structure-function relationships of these
membrane-localized drug targets, has created a pressing
need for innovative methods to study integral membrane
proteins. In this study, we used a combination of existing
technologies to probe the oligomeric states of an integral
membrane protein, VDAC.

Voltage-dependent anion-selective channels (VDACs) are
a family of mitochondrial outer membrane proteins ubiqui-
tous in aerobic eukaryotes and have garnered interest as
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possible targets for anticancer drugs (3–5). VDAC family
proteins form large pores in the mitochondrial outer mem-
brane, �1.4 nm in diameter at the narrowest point (6,7).
The primary function of VDAC is the exchange of ions
and metabolites across the mitochondrial outer membrane
(8). VDAC interacts with proteins involved in apoptotic
signaling, specifically through hexokinase dissociation
(9,10), interactions with bcl-2 family proteins (10,11), and
it is possibly involved in the release of cytochrome-c and
apoptosis-inducing factor from mitochondria (11). The reor-
ganization of VDAC into units larger than monomers and
the disassociation of the VDAC-hexokinase complex have
been linked to mitochondrial-mediated apoptosis (11).

Crystal structures of VDACs have provided insights into
possible oligomeric organizations in the form of crystal
packing; however, the biological relevance of these VDAC
organizations is still being debated (7,12,13). Interestingly,
many of the detergent-solubilized VDACs examined to
date seem to adopt a monomeric configuration except for
zebrafish VDAC2 and mouse VDAC1 (at low pH), which
adopted dimeric configurations in detergent solutions
(6,7,14,15). Multimeric VDAC assemblies purified from
native membranes have been observed using electron
microscopy and atomic force microscopy; however, the
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components of the lipid environment that conserved the
native VDAC oligomeric states were not identified (16,17).

Here, we utilized an integrated approach combining 1)
microscale thermophoresis (MST) for the determination of
binding constants and relevant concentrations of proteins
for oligomeric analyses, 2) analytical ultracentrifugation
(AUC) to determine oligomeric state, and 3) size-exclusion
chromatography (SEC) in conjunction with small angle
x-ray scattering (SAXS; SEC-SAXS) to model VDAC-
detergent complexes. We used this pipeline to decipher
the oligomeric organization of this essential integral mem-
brane protein and began to probe VDAC complex formation
with hexokinases. The established MST-AUC-SEC-SAXS
experiments allowed us to validate high-resolution struc-
tures with solution scattering data and to determine the
oligomeric organizations of VDAC in detergent complexes
(18,19).
MATERIALS AND METHODS

Plasmids, strains, and reagents

Native purification of Neurospora crassa VDAC was performed using a

strain in which the VDAC gene was replaced via homologous recombina-

tion with a complementary DNA copy of the gene with a C-terminal 6�
His tag, as described previously (20). The resulting strain was named

Por-His6.
Denaturing purification of the N. crassaVDACwas conducted utilizing a

codon-optimized sequence for expression in Escherichia coli. A 6� His tag

was engineered onto the C-terminus of the protein sequence. The gene was

synthesized and cloned into the vector pET21b via the NdeI and BamHI

sites by GenScript (Piscataway, NJ). The resulting pET21b-VDAC-His6
plasmid was transformed into E. coli strain BL21 (c43) (21) for VDAC

overexpression.

n-decyl-b-d-maltopyranoside (DM, Anagrade) was purchased from Ana-

trace, (Maumee, OH) and cholesteryl-hemisuccinate (CHS) was purchased

from Sigma-Aldrich Canada (Oakville, ON, Canada). All buffer solutions

used in this study were adjusted to pH 7.0 unless otherwise specified.
VDACN purification

Cultivation of N. crassawas conducted as per standard methodologies (22).

20 L of Por-His6 culture was grown at 30
�C for 22 h, and mycelia were har-

vested via filtration using a paper filter. Mitochondria were isolated as pre-

viously described (20,23) and diluted to a total protein concentration of

10 mg/mL. The suspension of mitochondria was mixed 1:1 with a solution

of 20 mM MOPS (3-morpholinopropane-1-sulfonic acid), 300 mM NaCl,

2% DM, and 2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochlo-

ride and mixed at 4�C for 1 h and then applied to 5 mL Ni-NTA resin

(Thermo-Fisher Canada, Mississauga, ON, Canada) and allowed to bind

in batch with mixing overnight at 4�C. The Ni-NTA resin was washed

with four column volumes of 20 mM MOPS, 100 mM NaCl, and 0.3%

DM followed by two column volumes of 20 mM MOPS, 100 mM NaCl,

20 mM imidazole, and 0.3% DM and then was eluted with 20 mM

MOPS, 100 mM NaCl, 300 mM imidazole, and 0.3% DM. VDAC purified

from N. crassa mitochondrial membranes (VDACN) was then concentrated

utilizing a 50 kDa cutoff concentrator and applied to a 24 mL capacity

Superdex 200 increase column (General Electric Healthcare Canada,

Mississauga, ON, Canada) equilibrated with 20 mM MOPS, 100 mM

NaCl, and 0.3% DM. VDAC-containing fractions (Fig. 1 A) were collected

and pooled.
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VDACR overexpression, purification, and
refolding

A 25-mL overnight culture of BL21 (c43) E. coli cells containing the

pET21b-VDAC-His6 vector was added to 500 mL of prewarmed (37�C)
lysogeny broth media. The 500-mL culture was grown with shaking at

37�C for 1 h, after which time VDAC expression was induced with the addi-

tion of isopropyl b-D-1-thiogalactopyranoside to a final concentration of

0.5 mM; the culture was grown for an additional 4 h. Cells were harvested

via centrifugation for 5 min at 8000 rotations per minute (rpm) in a Sorvall

SLA-3000 rotor (Thermo-Fisher Canada). Harvested cells were resus-

pended in 30 mL chilled (4�C) buffer (20 mM Tris, 300 mM NaCl,

1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (pH

8.0)). Resuspended cells were lysed via three passes through a French pres-

sure cell at a pressure of 20,000 psi. VDAC inclusion bodies were harvested

from cell lysate via centrifugation for 15 min at 16,000 rpm in a Sorvall

SS-34 rotor (Thermo-Fisher Canada). The resulting supernatant was dis-

carded, and the pellet was resuspended in 20 mM MOPS, 150 mM NaCl,

6 M guanidine-HCl using a glass homogenizer. Insoluble material was

removed via centrifugation at 20,000 rpm in a Sorvall SS-34 rotor. The

supernatant was applied to 3 mL Ni-NTA resin, and binding of VDAC to

the resin was done in batch with mixing overnight at 4�C. The Ni-NTA resin

was washed with 10 column volumes of 20 mMMOPS, 150 mM NaCl, and

6 M guanidine-HCl followed by four column volumes of 20 mM MOPS,

150 mM NaCl, 20 mM imidazole, and 6 M guanidine-HCl. VDAC was

eluted with 10 mL of 20 mM MOPS, 150 mM NaCl, 600 mM imidazole,

and 6 M guanidine-HCl.

Recombinantly expressed N. crassa VDAC (VDACR) was refolded by

rapid 1/10 dilution of denatured VDACR into 20 mM Tris, 300 mM

NaCl, and 1% DM (pH 8.0) at 4�C. This mixture was dialyzed against

20 mM Tris and 300 mM NaCl (pH 8.0) overnight at 4�C using a dialysis

membrane with a molecular weight (Mw) cutoff less than 10 kDa. Dialyzed

VDACR samples were then concentrated using a concentrator with an Mw

cutoff of 50 kDa. Concentrated samples were loaded onto a 24-mL capacity

Superdex 200 increase column equilibrated with 20 mM MOPS, 100 mM

NaCl, and 0.3% DM to separate aggregates from correctly refolded protein.

For experiments containing CHS, there was an additional SEC step to ex-

change the buffer via a 24-mL capacity Superdex 200 increase column

equilibrated with 20 mM MOPS, 100 mM NaCl, 0.3% DM, and 0.06%

CHS. VDAC-containing fractions were pooled and concentrated with a

50 or 100 kDa Mw cutoff concentrator. Purified VDAC activity was as-

sessed using liposome swelling assays as described previously (24)

(Fig. 1 D).
CD

VDAC samples were exchanged into circular dichroism spectrapolarimetry

(CD) buffer (either 100 mM NaCl and 0.1% DM (pH 7.0) or 20 mM

MOPS, 100 mM NaCl, 0.1% DM, and 0.02% CHS (pH 7.0)) and diluted

to �1 mg/mL in the same buffer. Final protein concentration was measured

by ultraviolet (UV) absorbance at 280 nm (VDAC y0.1%: 0.79, calculated

from sequence). CD measurements were taken with a Jasco J-810 (Jasco,

Easton, MD) spectropolarimeter at 20�C in a 0.01-cm pathlength quartz

cuvette. Raw data were converted to mean residue ellipticity, and secondary

structure deconvolution was done using the CDSSTR algorithm and the

SMP180 reference set on the DichroWeb server (25–27).
AUC

VDAC was diluted to appropriate concentrations in 20 mM MOPS,

100 mM NaCl, 0.3% DM or 20 mM MOPS, 100 mM NaCl, 0.3% DM,

and 0.06% CHS, with the highest concentration of VDAC not exceeding

1 absorbance unit at 280 nm; final protein concentrations were determined

directly from AUC absorbance data. Experiments were conducted using a
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FIGURE 1 VDACR retains structural integrity and functionality relative to VDACN. (A) SEC profiles of VDACN (green) and VDACR (blue) with the Rs

calculated from the elution volumes of both samples displayed above the peaks are shown. The inset depicts the UV spectrum of the small second peak in the

VDACN elution (green) and the UV spectrum of the fungal sterol ergosterol (black). (B) CD spectra of VDACN (green) and VDACR (blue) are shown.

Averages and SDs (error bars) of three measurements are displayed. See Table 1 for secondary structure deconvolution. (C) SDS-PAGE analysis of

VDAC purification is shown with cropped images of three gels displayed for clarity with labeled lanes: 1: inclusion bodies; 2–4: Ni-NTA flow through;

5: denatured VDACR elution; 6: pooled SEC fractions of refolded VDACR; 7: mitochondria; 8: DM-solubilized mitochondrial proteins; 9: Ni-NTA purified

VDACN; 10: pooled SEC fractions of VDACN. Images of the full region of interest of each gel including proteinMw ladders are provided in Fig. S3, A–C. (D)

Liposome reswelling assays of VDACN and VDACR are shown. Pore formation is observed through changes in the amount of scattered light that accompany

reswelling of proteoliposomes. The scattered light is measured by absorbance and is displayed as values normalized to the first absorbance measurement in

each curve. This figure is available in color online. To see this figure in color, go online.

CHS Induces VDAC Multimer Formation
Proteome XL-I analytical ultracentrifuge and an An50Ti rotor from Beck-

man Coulter (Brea, CA).

Sedimentation velocity experiments were conducted at a rotor speed

of 30,000 rpm and a solution of 20 mM MOPS and 100 mM NaCl

(r: 1.004 g/mL, h: 0.01006 mPa) was used as the reference solution.

Other values used in the analysis: VDAC v of 0.733 was determined from

the protein sequence using SEDNTERP (http://www.jphilo.mailway.com/

download.htm#SEDNTERP), 0.187 was used as the VDAC dn/dc (28),

VDAC ε0.1%, 280 of 0.79 was determined from protein sequence, DM v of

0.8 was reported by Zimmer et al. (29), and DM dn/dc of 0.1457 was experi-

mentally determined (data not shown). Rs values were determined by SEC

elution volume relative to a standard curve of proteins with known Rs values.

Sedimentation velocity c(s) distribution analysis and c(s, f/f0) distribution

analyses were conducted using the software SEDFIT (30). Note that c(s)

assumes a single frictional ratio, f/f0, for all species producing an s distribution

ofmeasured intensity, and c(s, f/f0)makes noassumptions about frictional ratio

and produces a two-dimensional (2D) distribution of themeasured signalwith

s and f/f0 dimensions. To gain additional resolution of VDAC species with

similar S values in the VDACR þ CHS samples, 2D c(s, f/f0) distributions

were calculated for the interference data sets (Fig. 2 E). Because of the lower

signal/noise ratio in the corresponding absorbancedata sets of these samples, it

was not possible toproducemeaningful c(s, f/f0) distributions fromabsorbance

data. To produce comparable interference and absorbance distributions

describing VDACR þ CHS samples, which retained the increased resolution

of VDAC species from the c(s, f/f0) distributions, we employed a Bayesian
statistical analysis implemented in SEDFIT (31). This analysis was used to

produce interference and absorbance c(s) distributions of VDACR þ CHS

samples (Fig. 2 F) using the previous knowledge of the distribution of

VDAC species in these samples obtained from the c(s, f/f0) analysis of the

interference data (Fig. 2 E). Four VDAC concentrations were examined in

the absence of CHS and in the presence of CHS so that sedimentation

coefficients could be extrapolated to a protein concentration of 0 mg/mL to

account for concentration-dependent factors and to allow accurate determina-

tion of dn/dcp values for the VDAC-detergent complexes. Before use for

molecular weight determination, experimentally determined sedimentation

coefficients (S20, buffer: 20
�C in sample buffer) were adjusted to standard con-

ditions (S20, water: 20
�C in water).

Experimental theory and analysis of membrane protein samples and

nomenclature are as previously described by Salvay et al. (32). A summary

of the theory is as follows.

The mass of the protein-detergent complex (MPD) can be described by

the following equation:

MPD ¼ 6psNAhRs

1� r
�v�PD

; (1)

where NA is Avogadro’s number, h is the solvent viscosity, Rs is the hydro-

dynamic radius of the protein-detergent complex, s is the sedimentation co-

efficient, r� is the solvent density, and v�PD is the partial specific volume of
Biophysical Journal 116, 847–859, March 5, 2019 849
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FIGURE 2 CHS alters the oligomeric state and

secondary structure of VDACR. (A) SEC of

VDACR (blue) and VDACR þ CHS (red) are

shown, with the calculated Rs values displayed

above each peak. (B) Averaged CD spectra of

VDACR (blue) and VDACR þ CHS (red) with

SDs of three measurements are displayed as error

bars. For secondary structure deconvolution, see

Table 1. (C) A microscale thermophoresis

(MST) isotherm of 10 nM fluorescently labeled

VDACR þ CHS titrated against unlabeled

VDACR þ CHS is shown. The Kd of the change

in behavior is displayed on the plot. (D) c(s)

absorbance and interference distributions of

VDACR at 0.98 mg/mL are shown. Peaks corre-

sponding to free detergent micelles and the

VDACR monomer are indicated on the plot. (E)

The c(s, f/f0) interference distribution of

VDACR þ CHS at 0.99 mg/mL used to resolve

the three VDAC species present in solution is

shown. Peaks corresponding to the free detergent

micelles, VDAC dimer, trimer, and tetramer, and

a peak of unknown composition are indicated on

the plot. (F) Absorbance and interference c(s)

distributions of VDACRþCHS at 0.99 mg/mL

are shown. Peaks corresponding to free

detergent micelles and VDAC dimers, trimers,

and tetramers and a peak of unknown composi-

tion are labeled on the plot. The c(s, f/f0)

distribution in (E) was reduced into a 2D

c(s, *) distribution and was used as prior proba-

bilities to resolve the three VDAC species in

the c(s) fitting procedure displayed in (F). Peaks

corresponding to free detergent micelles and

VDAC dimer, trimer, tetramer and a peak of unknown composition are labeled on the plot. In all AUC distributions, detergent peaks were assigned

using detergent-only control samples (data not shown). This figure is available in color online. To see this figure in color, go online.
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the protein-detergent complex. The v�PD can be determined by the following

equation:

v
�
PD ¼ v�P þ dDv

�
D

1þ dD
; (2)

where v�P and v�D are the partial specific volumes of the protein and deter-

gent, respectively, and dD is the ratio of detergent/protein (g:g) in the pro-

tein-detergent complex. dD can be determined from the refractive index

increment (dn/dcp, change in refractive index relative to protein concentra-

tion) of the protein-detergent complex as follows:�
dn

dcP

�
PD

¼
�
dn

dcP

�
P

þ
�
dn

dcD

�
D

dD; (3)

where (dn/dcp)P is the refractive index increment of the protein, and (dn/

dcD)D is the refractive index increment of the detergent. Finally, the (dn/

dcp)PD can be determined from the absorbance at 280 nm and interference

fringe displacement of the protein-detergent complex as follows:�
dn

dcP

�
PD

¼ Jl

cKl
; (4)

where J is the interference fringe displacement, l is the wavelength of light

used, c is the concentration of protein determined from absorbance at

280 nm, K is the magnification of the lens used, and l is the pathlength of
850 Biophysical Journal 116, 847–859, March 5, 2019
the sample. Interference fringe displacement of a species can be directly

determined from a c(s) distribution of interference fringe displacement by

integrating the area under the peak of the species being examined, and

the same is true for absorbance at 280 nm with the exception that a c(s) dis-

tribution of absorbance data would be used instead.

Once the mass of the protein-detergent complex has been determined

from the previous equations, the mass of the protein and detergent compo-

nents can be determined using dD:

MP ¼ MPD

1þ dD
(5)

MD ¼ MPD �MP; (6)
where MP and MD are the masses of the protein and detergent components,

respectively.
SAXS

SEC-SAXS data were collected at Beamline B21, Diamond Light Source

(Didcot, UK). VDAC-detergent complexes at VDAC concentrations of

�5–10 mg/mL in the presence and absence of CHS were applied to a

2.4mLSuperdex 200 increase columnequilibratedwith the appropriate buffer

(20 mM MOPS and 100 mM NaCl with 0.1% DM or 0.1% DM þ 0.02%

CHS), and the eluatewas examined in-line.Datawere collectedwith exposure

to 1 Åwavelength x-rays. ScÅtter (http://www.bioisis.net/users/sign_in/) and

http://www.bioisis.net/users/sign_in/
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ATSAS (33) software packages were used to process collected SAXS data.

Modelswere constructed using the crystal structure ofmouseVDAC1(Protein

Data Bank (PDB): 3EMN) (7,13) or the crystal structure of zebrafish VDAC2

(PDB: 4BUM) (12) to describe the protein phase of the protein-detergent com-

plex and theMemprot algorithm (19) tomodel the detergent corona around the

protein. Memprot allows for the geometric modeling of an elliptical detergent

layer around a fixed protein phase input in the formof a PDBfile (protein elec-

tron density 0.42 e�/Å2) using two different types of detergent beads corre-

sponding to detergent headgroups (electron density 0.51e�/Å2 for maltoside

detergents (34)) and detergent tails (electron density 0.28 e�/Å2 for maltoside

detergents (34)).
MST

VDAC was labeled with Alexa Fluor 647 N-hydroxysuccinimide ester dye

(Thermo-Fisher Canada), which labels lysine residues; VDAC samples

were labeled with an efficiency of �1 label per protein molecule as deter-

mined by absorbance measurements. Labeled VDAC was diluted to a

concentration of 100 nM for hexokinase experiments or 20 nM for

VDAC self-association experiments in 20 mM MOPS, 100 mM NaCl,

and 0.3% DM or 20 mM MOPS, 100 mM NaCl, 0.3% DM, and 0.06%

CHS, which served as 2� working concentrations. Separated hexokinase

isoforms were prepared from a mixture of Saccharomyces cerevisiae hexo-

kinases I and II (LS002512) obtained from Worthington Biochemical

(Lakewood, NJ) using a well-established method relying on the different

pIs of the isoforms (35). The hexokinase mixture was immobilized on a

Capto Q anion exchange column (GE Healthcare Canada), and hexokinases
FnðAtotÞ ¼ FB þ
ðFAB � FBÞ

�
Atot þ Btot þ Kd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAtot þ Btot þ KdÞ2 � ð4AtotBtotÞ

q �

2Btot

(12)
were separated by pI using a pH gradient formed by a linear gradient of a

solution of 10 mM piperazine, 10 mM acetate, and 10 mM formate at pH

5.5 and the same buffer solution at pH 4.0 (Fig. 5, A and B). The isoforms

were identified by the pH at which they eluted (Fig. 5 A) (35). Purified HK-I

and HK-II were exchanged into 20 mMMOPS and 100 mM NaCl (pH 7.0)

buffer via dialysis. Twofold serial dilutions (20 mL) of concentrated sepa-

rated hexokinases were prepared, and each dilution was mixed 1:1 with

the 100 nM stock solution of labeled VDAC for a final labeled VDAC con-

centration of 50 nM in each tube. For VDAC self-association experiments,

twofold serial dilutions (20 mL) of concentrated unlabeled VDACR þ CHS

were prepared, and each dilution was mixed 1:1 with the 20 nM labeled

VDACR solution resulting in a final labeled VDAC concentration of

10 nM in each tube. MST experiments were conducted with a Nanotemper

Monolith NT.115 in premium treated capillaries from Nanotemper Tech-

nologies (M€unchen, Germany). MST data were recorded at 40% maximal

infrared laser power. MST analysis was conducted using the MO. Analysis

software from Nanotemper Technologies and Palmist (36) using the Kd

model. A brief description of the model is as follows.

The dissociation constant of a protein-protein complex consisting of two

components, A and B, can be described by the following equation:

Kd ¼ ½A�½B�
½AB� ; (7)

where Kd is the dissociation constant, [A] is the concentration of component

A, [B] is the concentration of component B, and [AB] is the concentration of
the complex. For MST analysis, the fluorescence intensity of a sample after

the activation of a localized heat source (Fhot) relative to the fluorescence

intensity before the activation of the heat source (Fcold) is measured as

follows:

Fn ¼ Fhot

Fcold

� 1000; (8)

where Fn is the resulting relative fluorescence of the sample. The measured

Fn of a sample consisting of protein A, fluorescently labeled protein B, and

complex AB can be described by the following equation:

Fn ¼
� ½B�
Btot

� FB

�
þ
�½AB�
Btot

� FAB

�
; (9)

where Btot is the total concentration of component B (bound and unbound),

FB is the Fn of protein B, and FAB is the Fn of complex AB. The total con-

centrations of proteins A and B can be described by the following equations:

Atot ¼ ½A� þ ½AB� and (10)

Btot ¼ ½B� þ ½AB�: (11)
Using Eqs. 7, 9, 10, and 11, we can describe Fn as a function of Atot,

which can be fitted to a series of MST measurements at different Atot values

(usually a twofold serial dilution) to determine Kd:
Values for Atot and Btot are known because they are equivalent to the total

input concentrations of each component for each measurement. Values for

FB, FAB, and Kd will be determined by fitting the function to the experi-

mental data if a full sigmoidal binding curve is observed over all measured

values of Atot (36). A more thorough examination of the theory and analysis

of MST data on which this brief description was based is presented by

Scheuermann et al. (36).
RESULTS

Evaluation of recombinant N. crassa VDAC

We established an isolation and characterization protocol
for recombinantly expressed N. crassa VDAC (VDACR)
that was folded in DM. To evaluate the validity of VDACR

as a biologically equivalent model protein, we performed
the following experiments on VDACR and VDACN. In a first
step, detergent-solubilized VDAC was assessed through
SEC (Fig. 1, A and B). Both VDACN and VDACR elute as
single symmetrical peaks with identical elution volumes
of 14.2 mL, indicating an Rs value of 4.2 nm from a calibra-
tion curve of proteins with known Rs values. These results
suggest that VDACR and VDACN exist in the same oligo-
meric state when solubilized in DM. In a second step, CD
Biophysical Journal 116, 847–859, March 5, 2019 851
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analysis suggests that VDAC from both sources have
identical secondary structure compositions, which largely
consists of b-strands (Fig. 1 C), as observed previously
(6,7,12). Deconvolution of the CD spectra reveals that the
secondary structure compositions of VDACN and VDACR

agree with the secondary structure present in the crystal
structure of mouse VDAC1 (PDB: 3EMN) (Table 1) (7).
Finally, liposome reswelling assays show that VDACN and
VDACR can both form pores large enough to accommodate
the passage of polyethylene glycol (average Mw 1000 Da)
when reconstituted into lipid vesicles, indicating that they
are functional (Fig. 1 D). In the assay, this is seen as a rela-
tively slow swelling of the liposomes, accompanied by a
decrease in absorbance. In addition, liposomes lacking
any pores (pure lipid) as well as liposomes containing
heat-denatured VDAC were examined as negative controls
(Fig. 1 D). The liposomes containing heat-denatured
VDAC displayed a rapid increase in absorbance relative to
the pure lipid liposomes, indicating that the heat-denatured
VDAC was able to facilitate the rapid transfer of water mol-
ecules across the membrane upon the addition of solute to
the exterior of the liposomes. There was no subsequent
reduction in absorbance in the heat-denatured VDAC lipo-
somes, indicating that any pores formed by the misfolded
VDAC were too small to allow for the passage of polyeth-
ylene glycol (average Mw 1000 Da). In summary, VDACR

is advantageous for our structural and biophysical studies
because it retains structural integrity and functionality in
comparison to VDACN, whereas the purification and refold-
ing procedure yields significantly higher quantities of
VDAC relative to VDACN. With the methods used, the
only difference noticed between the two VDAC samples
observed was a small second peak that eluted after VDACN

during SEC (Fig. 1 A and inset). This peak absorbed UV
light at 280 nm; however, it did not contain protein as de-
tected by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis (data not shown). The
far UV spectrum of the peak as well as previous evidence
of copurification (16,37) suggests that the compound is
ergosterol, a fungal sterol. Because ergosterol or cholesterol
(38) was known to copurify with VDACs derived from
fungal or higher eukaryotes, respectively, we became inter-
TABLE 1 VDAC Secondary Structure Contributions Obtained

from Deconvolution of CD Data

Sample

a-Helix

(%)

b-Strand

(%)

b-Turn

(%)

Other

(%) NRMSD

VDACN 5 60 7 28 0.017

VDACR 6 63 6 25 0.015

VDACR þ CHS 5 56 9 29 0.029

Mouse VDAC1a 3 62 –b 35b –

NRMSD, normalized root-mean-square deviation.
aValues for mVDAC1 (PDB: 3EMN) were obtained from the Research

Collaboratory for Structural Bioinformatics PDB (7).
bValues for b-turn content are grouped with ‘‘other’’ structural features in

the PDB information.
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ested in investigating the effects that these sterols may have
on VDAC. For this purpose, VDACR seemed to be an ideal
platform because the denaturing purification from bacterial
source would preclude the copurification of any sterols,
which could have interfered with the investigation.
CHS alters the oligomeric state and secondary
structure of VDACR

Attempts to introduce ergosterol or cholesterol to the sterol-
free, DM-solubilized VDACR samples failed because of the
insolubility of these sterols in the detergent DM (data not
shown). Therefore, to study the effects of sterols on
VDAC solubilized in DM, we utilized CHS, a cholesterol
analog soluble in maltoside detergents (39). The addition
of CHS to VDACR drastically altered the behavior of the
protein. Refolded VDAC in the presence of CHS
(VDACR þ CHS) eluted as three overlapping peaks during
SEC. All three VDACR þ CHS peaks eluted at much lower
volumes than the protein in the absence of CHS (Fig. 2 A).
This result suggested the formation of at least three different
VDAC oligomers, all of which had Rs values (5.9, 6.9, and
7.7 nm) significantly greater than that of VDACR in the
absence of CHS (4.2 nm) (Table 2). In addition, the CD
spectrum of VDACR þ CHS was slightly altered relative
to VDACR (Fig. 2 B). Deconvolution of the CD spectrum re-
vealed a reduction of b-strand content by 7% relative to
VDACR (Table 1). The change in VDACR þ CHS oligo-
meric state was observed to be dependent on the concentra-
tion of VDACRþ CHS (Fig. 2 C). The binding was detected
by change in fluorescence intensity of VDACR þ CHS
labeled with Alexa Fluor 647 titrated against unlabeled
VDACR þ CHS; the Kd value of the change in state was
determined to be 0.6 5 0.2 mM using MST (Fig. 2 C). In
the absence of CHS, an increase in fluorescence was also
observed upon the addition of 100 mM VDACR to VDACR

labeled with Alexa Fluor 647; however, an identical shift
in fluorescence intensity also occurred upon the addition
of 100 mM egg white lysozyme (Fig. S3 D), indicating
that this change was due to the loss of fluorescent protein
in the absence of a high overall protein concentration (likely
caused by sticking of the labeled protein to pipette tips or
sample tubes). The addition of 100 mM egg white lysozyme
to VDACR labeled with Alexa Fluor 647 in the presence of
CHS had no effect on fluorescence intensity, indicating that
the change in fluorescence observed upon the addition of
unlabeled VDACR was due to a specific interaction
(Fig. S3 D).

To investigate the composition of the VDAC-detergent
complexes and determine the oligomeric state of VDAC in
the presence and absence of CHS, we employed AUC using
both absorbance and interference optics (Fig. 2, D–F). A
clear difference was observed between the VDACR and
VDACR þ CHS samples. The VDACR sample contained
two species, which can be attributed to the monomeric



TABLE 2 Parameters of VDAC-Detergent Complexes and Detergent Micelles Determined from Sedimentation Velocity Experiments

dn/dcp
a dD (g/g)b v� (mL/g)c S20, water

a Rs (nm)d MPD (kDa)e,f MP (kDa)e,f MD (kDa)e,f

VDACR monomer 0.48 5 0.01 1.99 5 0.04 0.78 5 0.02 4.8 5 0.05 4.2 5 0.3 107 5 7 36 5 3 71 5 5

VDACR þ CHS dimer 0.43 5 0.03 1.7 5 0.1 0.78 5 0.07 5.3 5 0.03 5.9 5 0.3 170 5 30 60 5 10 100 5 20

VDACR þ CHS trimer 0.37 5 0.02 1.32 5 0.07 0.77 5 0.06 6.4 5 0.07 6.9 5 0.4 220 5 20 100 5 10 120 5 20

VDACR þ CHS tetramer 0.42 5 0.02 1.15 5 0.07 0.77 5 0.06 7.3 5 0.06 7.7 5 0.4 290 5 30 130 5 20 150 5 20

DM micelles – – – 2.4 5 0.02 2.8 5 0.2 – – 39 5 3

DM þ CHS micelles – – – 3.0 5 0.1 3.36 5 0.02 – – 59 5 2

adn/dcp and
4S20, water were determined from AUC c(s) distributions (Fig. S2; Table S1).

bdD was determined using Eq. 3.
cv� of the protein-detergent complex was calculated from the protein (v�P) and detergent (v�D) using Eq. 2.
dRs was determined by SEC elution volume relative to elution volumes of proteins with known Rs values for VDAC-detergent complexes and by dynamic

light scattering for detergent micelles.
eMPD,Mp, andMD values were calculated using Eqs. 1, 5, and 6, respectively, for VDAC-detergent complexes.MD for pure detergent micelles was calculated

using Eq. 1.
fThe mass of VDACR monomer from sequence is 30.3 kDa.
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VDAC-detergent complex and free detergent micelles
(Fig. 2D). In contrast, the VDACRþ CHS sample contained
three VDAC species as well as free detergent micelles
(Fig. 2, E and F). We could clearly distinguish three distinct
VDAC-detergent complexes and free detergent micelles in a
c(s, f/f0) distribution (Fig. 2 E) of interference data; however,
we were unable to obtain the same resolution in a c(s, f/f0)
distribution of the corresponding absorbance data. There-
fore, we used the interference c(s, f/f0) distributions as prior
probabilities for the determination of c(s) distributions of
both interference and absorbance data (Fig. 2 F). The sedi-
mentation coefficients of the three VDACR þ CHS species
are all higher than the VDAC-detergent complex in the
VDACR sample (Table 2). These results confirm the SEC
experiments (Fig. 2 A) showing that CHS induces the forma-
tion of three different VDAC species. Determination of the
composition of the VDAC-detergent complexes revealed
that the VDACR sample contained exclusively monomers
of VDAC, whereas the VDACR þ CHS sample contained
a mixture of VDAC dimers, trimers, and tetramers (Table 2).
SEC-SAXS modeling supports previously
proposed VDAC multimeric arrangements

SEC-SAXS data collected of VDACR samples revealed only
one VDAC-detergent complex present in solution (Rg of
35 Å) (Fig. 3; Fig. S5 A). The low c2 value for the fit
(c2 ¼ 1.4) of the scattering curve of the monomeric
VDAC model confirms that the crystal structure of mouse
VDAC1 resembles the assembly of VDACR in solution
(7). The best-fitting monomeric VDAC model produced is
displayed in Fig. 3, C and D.

Because of the heterogeneous nature of the VDACR þ
CHS sample (Fig S5, B and C), the collection of data corre-
sponding to specific oligomeric states was more chal-
lenging. Initial SEC-SAXS experiments using a VDAC
sample pre-equilibrated with CHS provided clear separation
of only one VDACR þ CHS complex with an Rg of 70 Å
(Fig. S4 A). This species could be modeled as hexameric
arrangement derived from crystal contacts of the mouse
VDAC1 and produced a model with a c2 of 1.5 (Fig. S4,
B–D). The hexameric arrangement of VDACR þ CHS
used to construct the model is similar to previously observed
organizations of VDAC isolated from native membranes
(16,17) and was previously suggested from the crystal struc-
ture of mVDAC1 as a possible biological assembly (13);
however, because of the antiparallel arrangement of the
molecules in the mVDAC1 crystal structure, the biological
relevance of this arrangement is questionable.

We obtained a clearer separation of the VDAC dimer spe-
cies when CHS was introduced to the VDAC sample during
the SEC step of the SEC-SAXS experiment. This VDACRþ
CHS species had an Rg of 40 Å (Fig. 4 A). The P(r) distri-
bution of the protein-detergent complex clearly demon-
strates a Dmax value of 131 Å (Fig. 4 B). The best-fitting
model (c2 value of 4.7) was a dimeric zebrafish VDAC2
(PDB: 4BUM) (Fig. 4, C and D). Parameters of the deter-
gent layer of each model are summarized in Table 3.
CHS allows for a stable VDAC-hexokinase
interaction

Previous reports link apoptosis to the oligomeric state of
VDAC and to its interactions with hexokinase (9,11). To
gain insight into the onset of apoptosis triggered by the
disassociation of the VDAC-hexokinase complex, we per-
formed MST (Fig. 5). Our established experimental setup
provides an excellent opportunity to study integral mem-
brane protein complexes while also providing novel infor-
mation on the role VDAC plays in apoptosis (10).

To determine the binding behavior, we used full-length
native-source hexokinase isoforms I and II from
S. cerevisiae (HK-I and HK-II, respectively) (Fig. 5, A and
B). Whereas HK-II did not show any binding (Fig. S2), it
was determined that the stable interaction of HK-I with
VDACR is strictly dependent upon addition of CHS to the
sample. VDACR-HK-I mixtures showed signs of aggrega-
tion when the MST infrared laser was activated, and the
Biophysical Journal 116, 847–859, March 5, 2019 853



A

C D

B FIGURE 3 SEC-SAXS model of monomeric

VDACR fits experimental scattering data. (A)

Experimental scattering data of SEC eluted

VDACR in 0.3% DM solution (black) and calcu-

lated scattering curve of monomeric VDAC-deter-

gent complex (red) are shown; error bars represent

the SD of averaged curves. The c2 of the fit of the

calculated curve to the experimental data is dis-

played on the plot. (B) The P(r) plot determined

from experimental scattering data of VDACR is

shown. The determined Dmax value is shown on

the plot. (C) A cross section of the monomeric

VDACR model through the lumen of the VDAC

pore and (D) rotated 90� around the x axis is

shown. Dimensions of the model are shown, and

individual fitted parameters corresponding to the

detergent component of the model are depicted

relative to the total distances. These parameters

(a, b, t, and e) are depicted to aid in visualization

of their relationship to the model of the protein

complex. In both panels, the protein component

of the model is colored in blue, the hydrophobic

layer of the detergent is colored yellow, and the hy-

drophilic layer of the detergent is colored red.

Values for the parameters a, b, t, and e for all

VDAC models are reported in Table 3. This figure

is available in color online. To see this figure in

color, go online.
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rate of aggregation seemed to be dependent on the HK-I
concentration, a behavior which does not occur in the
presence of other proteins such as egg white lysozyme
(Fig. S2 D). Because this behavior was not observed in
the absence of HK-I or in the presence of egg white lyso-
zyme, this result suggests that a thermally unstable
VDAC-HKI complex was formed. In VDACR þ CHS þ
HK-I mixtures, aggregation was not observed. A binding
A B

DC
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constant for VDACR þ CHS þ HK-I of 27 5 6 mM was
determined (Fig. 5 C) from the thermophoresis profiles of
a HK-I titration.
DISCUSSION

The methods discussed in this study were used to gain an
understanding of the self-association of VDAC induced by
FIGURE 4 SEC-SAXS model of dimeric

VDACR þ CHS fits experimental scattering data.

(A) Experimental SAXS data (black) and calcu-

lated scattering curve of a dimeric VDAC-deter-

gent complex (red) are shown; error bars

represent the SD of averaged curves. The c2 of

the fit of the model to the experimental data is

shown on the plot. (B) P(r) function calculated

from experimental data of VDACR þ CHS dimer

is shown. Determined Dmax value is shown on the

plot. (C) A cross section of the dimeric

VDACR þ CHS model through the lumen of the

pore and (D) rotated 90� around the x axis is

shown. Dimensions of the model and the orienta-

tion relative to the real space axes are displayed

in each panel. The protein component of the model

is colored in blue, the hydrophobic layer of the

detergent is colored yellow, and the hydrophilic

layer of detergent is colored in red. Best-fitting pa-

rameters of the detergent layer of the models are

reported in Table 3, and a visualization of how

each parameter relates to the model can be seen

in Fig. 3. This figure is available in color online.

To see this figure in color, go online.



TABLE 3 Parameters of Best-Fitting VDAC-Detergent Complex Models from SEC-SAX Analysis

Rg (Å) (Guinier/Model)a Dmax (Å) (P(r)/Model)b a (Å)c b (Å)c t (Å)c e (�)c

VDACR (monomer) 36/35 93/92 29 23 5 1.16

VDACR þ CHS (dimer) 40/40 131/134 27 34 4 1.45

VDACR þ CHS (hexamer) 70/71 243/242 27 77 4 1.35

aExperimental Rg was determined via the Guinier method using the ATSAS software package (33); model Rg was determined with Crysol (33).
bDmax from P(r) distributions was determined using the software GNOM; model Dmax was determined from detergent parameters of models (see Figs. 3 and

4; Fig. S4).
cParameters a, b, t, and e describe the dimensions of the detergent component of the protein-detergent complex and were determined by the software Mem-

prot (19). Visualization of the parameters and their relation to the dimensions of the final model can be seen in Fig. 3.
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the cholesterol analog CHS and to generate a platform for
exploring the formation of the protein-protein complexes
that include integral membrane proteins and drive essential
biological processes. VDAC NMR (6) and crystal structures
(7,12,14) focused on the arrangement of the VDAC poly-
peptide, which was a critical first step in understanding
the structure-function relationships of VDAC and formed
the basis of future work probing the protein function. How-
ever, the isolated protein cannot be studied in aqueous envi-
ronments, and studies of the function of VDAC are carried
out in artificial membranes (8,40) and membrane-mimetic
systems (14,16). Evidence suggests that VDAC interacts
with many proteins, including proteins involved in apoptotic
signaling, and thorough studies of these interactions will be
most readily achieved using refolded VDAC solubilized in
detergent; therefore, a detailed understanding of the com-
plete protein-detergent system is critical to the interpretation
of structure-function relationships (9,11,41).

Previous works have adapted AUC and SAXS to the anal-
ysis of detergent-solubilized membrane proteins (19,32).
AUC provides information pertaining to molecular weight,
shape, composition of oligomers and complexes, and the
relative abundance of distinct species present in a mixture
(42). The analysis of membrane proteins via AUC sedimen-
tation velocity can be achieved via the solubilization of the
membrane protein in detergent; however, the interpretation
of the data obtained from these experiments is complicated
by the presence of detergent bound to the solubilized mem-
brane protein, adding mass and obscuring the shape and
composition of oligomers of the protein (32). SAXS allows
for the low-resolution modeling of macromolecules in solu-
tion from x-ray scattering intensities. The main complica-
tions in the analysis of detergent-solubilized membrane
proteins via SAXS are the presence of free detergent mi-
celles in the solution and the detergent layer surrounding
the membrane protein (19).

To overcome these obstacles, we have established a new,
to our knowledge, combination of 1) MST to investigate the
concentration dependence of VDAC oligomerization and
the interaction of VDAC with hexokinase, 2) AUC sedimen-
tation experiments to investigate the composition of the
VDAC-detergent complexes, and 3) SEC-SAXS studies to
create models of detergent micelles and VDAC-detergent
complexes. Previous studies have shown that VDAC func-
tion is altered by the surrounding lipid environment through
the modulation of its oligomeric state, which can influence
apoptotic signaling (16,43). There is some previous evi-
dence for VDAC multimers in detergent solutions; however,
evidence toward a detailed understanding of the regulation
of these assemblies was not obtained (12). In this study,
the oligomerization of VDAC was shown to be dependent
on VDACR concentration in the presence of CHS via
MST analysis, and a Kd value of 0.6 5 0.2 mM
(�0.02 mg/mL) was determined, implying that the protein
readily forms larger than monomer units in the presence
of CHS. This contrasts with the behavior of the protein in
the absence of CHS in that only monomers of VDAC
were observed. It should be noted that the Kd model used
in this work to describe the self-association of VDAC is
likely too simple of a model to accurately describe the
self-association of an integral membrane protein in deter-
gent solution and also is unlikely to completely represent
the self-association of VDAC in a lipid bilayer. This is
due to several complications, with the main issue being
the confinement of VDAC in the ‘‘detergent micelle phase’’
of the solution, drastically reducing the volume of the solu-
tion that VDAC molecules can possibly occupy. A more
suitable model may be suggested by incorporating the
volume of available detergent micelles into the model; how-
ever, this approach itself would be too simplistic because the
AUC results presented in this work (Table 2) as well as in-
formation presented by others (32,44) have demonstrated
that integral membrane proteins do not associate with the
same mass of detergent as is in a single detergent micelle.
In the case of VDAC, a further complication arises with
different oligomers of VDAC associating with different
quantities of detergent (Table 2). Nevertheless, the Kdmodel
used in this work can describe a relative binding constant for
the comparison of VDAC self-association in the same deter-
gent environment, establishing a baseline for the examina-
tion of the self-association of VDAC mutants or VDAC
sequences from other organisms.

Dimeric organizations of VDAC have been suggested
from previous crystal packing arrangement of mouse
VDAC1 (antiparallel molecules) and zebrafish VDAC2
(parallel molecules) (7,12,13) and furthered by the examina-
tion of these two molecules in solution by electron paramag-
netic resonance (EPR) revealing two different dimeric
Biophysical Journal 116, 847–859, March 5, 2019 855
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FIGURE 5 CHS allows for the formation of a stable VDAC-hexokinase

complex. (A) The separation of yeast HK-I and HK-II isoforms via pH

gradient is shown. Protein elution was monitored by absorbance at

280 nm (black), and the pH of the eluate was monitored in-line with elution

(red). Peaks corresponding to the hexokinase isoforms are indicated on the

plot. (B) SDS-PAGE analysis of pooled HK-I (lane 2) and HK-II (lane 3)

fractions relative to starting mixture (lane 1) is shown. An image of the

full region of interest of the gel including the proteinMw ladder is provided

in the Fig. S3 D. (C) Titration of unlabeled HK-I against a constant concen-

tration of fluorescently labeled VDACR þ CHS resulted in a change in

VDAC motion because of the generated temperature gradient. Experimen-

tally determined average values are shown by black circles with error bars

representing SD. The Kd of the interaction and the fitted curve (red) used to

determine the Kd are shown on the plot. This figure is available in color on-

line. To see this figure in color, go online.
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interfaces (12,15). The previously mentioned EPR experi-
ments revealed that a parallel mouse VDAC1 dimer was
formed at low pH and depended on the protonation state
856 Biophysical Journal 116, 847–859, March 5, 2019
of residue E73 in contrast to the antiparallel mouse
VDAC1 crystal packing arrangement (15). The EPR studies
of zebrafish VDAC2 supported the parallel arrangement
observed in the zebrafish VDAC2 crystal asymmetric unit
(12). In this study, we observed dimers, trimers, tetramers,
and possibly hexamers of VDAC in the presence of CHS
via AUC and collected SEC-SAXS data corresponding to
a VDAC dimer in the presence of CHS. The dimeric
VDAC model produced from SEC-SAXS data in this study
fit best utilizing the dimeric zebrafish VDAC2 organization
for the protein phase of the model, implying that the
N. crassa VDACR dimer is organized in this way in deter-
gent solution in the presence of CHS. The two alternative
models for VDAC dimer arrangements, which come from
mouse VDAC1 data (7,15), are unlikely arrangements of
the N. crassa VDACR dimer observed in this study, consid-
ering that one arrangement contains antiparallel VDAC
molecules, which is likely a crystal packing artifact (7,13),
and the other relies on the protonation state of E73, which
corresponds to a proline residue in the aligned N. crassa
VDAC sequence (8).

The hexameric VDACR in the presence of CHS modeled
from SEC-SAXS data was not observed by AUC sedimen-
tation velocity experiments; however, a possible explanation
for this is the low concentrations of VDACR used in AUC
(0.5–1 mg/mL) relative to SEC-SAXS (5–10 mg/mL) exper-
iments. Interestingly, there is a small peak in the AUC c(s)
and c(s, f/f0) distributions of VDAC

R þ CHS samples at a
larger S value than the VDACR tetramer (Fig. 2 d); however,
the concentration of this species was too low to accurately
determine its composition. Ultimately, the data describing
the hexameric species was limited relative to the other spe-
cies examined in this study; in addition, the only available
crystallographic model for a VDAC hexamer arrangement
(mouse VDAC1; PDB: 3EMN) is composed of antiparallel
barrels leading to the suggestion that this is a biologically
irrelevant model. However, it is possible that because of
the low resolution of models produced by SAXS analysis,
the data represent a similarly arranged parallel-barrel hex-
amer as similar VDAC arrangements have been observed
by atomic force microscopy of mitochondrial membranes
(17). The hexamer model has been included in Fig. S4.
Future work in this area should focus on establishing the
orientation of N. crassa VDAC molecules in these oligo-
mers; this could be accomplished using the aforementioned
EPR methods used to analyze the arrangement of mouse
VDAC1 (15) and zebrafish VDAC2 (12) in solution.

The change in oligomeric organization of VDACR

induced by the addition of CHS could be attributed to the
direct binding of the sterol to VDAC. Direct binding of
cholesterol to human VDAC1 has been described using
NMR spectroscopy (6) and is supported by evidence of cop-
urification of VDAC proteins with ergosterol or cholesterol
(16,38). The binding of sterols to VDAC could therefore
be a possible target for drugs that could influence the
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oligomeric state of VDAC if direct binding of CHS to
VDAC is the cause of the change in behavior. Such a drug
could be designed to block or promote the binding of sterols
to VDAC to influence apoptosis. However, biological sys-
tems are more complex, precluding direct extrapolation of
our in vitro results to biological systems. The accumulation
of cholesterol in mitochondria is observed in some cancer
cell lines (45), and the accumulation of cholesterol in
mitochondria has been shown to inhibit the activity of the
proapoptotic protein BAX (46), suggesting that increased
cholesterol content has an anti-apoptotic effect. The ability
of CHS to promote the formation of VDAC oligomers is
interesting as oligomerization is thought to have a pro-
apoptotic effect (11). The relevance of the effect of
cholesterol on mitochondrial-mediated apoptosis is further
enhanced by evidence suggesting that some VDACs also
interact directly with BAX (47). These data suggest an intri-
cate system with many factors at play. Overall, the roles of
VDAC and mitochondrial cholesterol content in apoptotic
signaling warrant future study.

An alternative explanation for the change in VDAC
behavior is that CHS may impact the detergent components
of the system. CHS is known to alter the size and shape of
n-dodecyl-b-D-maltopyranoside micelles, and CHS addi-
tion to maltoside detergents has been shown to stabilize sol-
ubilized G-protein-coupled receptors (GPCRs) (39,48).
CHS has also been shown to be required for the retention
of ligand recognition by detergent solubilized and purified
GPCRs such as the adenosine A2a receptor (48). This con-
trasts with VDAC in that in isolation, this protein showed
no signs of instability in DM solutions. The VDAC-hexoki-
nase complex, however, was stabilized by the presence of
CHS (Fig. 5; Fig. S2). In addition, the restoration of the abil-
ity for VDAC to form oligomers by the introduction of CHS
provides another interesting parallel with the effect of
cholesterol on some GPCRs in that works using molecular
dynamic simulations of the b2-adrenergic receptor (49)
and the chemokine receptor type 4 (50) have shown that
the dimerization of these proteins is modulated by choles-
terol. It is possible that the change in size and shape of
the detergent micelles is affecting the oligomeric reorgani-
zation of VDAC through changes to the structure of the
molecule. Indeed, a change to the secondary structure was
observed by our CD measurements, which could be due to
the change in surrounding detergent environment.

The localization of hexokinase to the surface of mito-
chondria has been observed in mammalian and yeast cells
(51,52). Interestingly, the hexokinase could be detached
from the mitochondrial surface by the introduction of a pep-
tide consisting of the first 15 amino acids of the hexokinase,
identifying the N-terminus as a possible VDAC binding site
(10,51). In this work, the binding of full-length S. cerevisiae
HK-I with VDAC was reported, and an interaction between
S. cerevisiae HK-II and VDAC was not detected. The rele-
vance of this isoform specificity is supported by the upregu-
lation of HK-I and downregulation of HK-II during
respiration relative to fermentative growth in S. cerevisiae
(53). However, because both S. cerevisiae hexokinases
have identical N-termini, the differential binding behavior
of the two isoforms would imply that the N-terminus of
hexokinase is required but not sufficient for binding of
full-length hexokinase to VDAC and that there is likely at
least one other site of contact between the two proteins
that is required for specific binding. Subcellular localization
data for S. cerevisiae HK-I and II under fermentative growth
conditions place both proteins in the cytoplasm; however,
HK-I does associate with the mitochondria after treatment
with rapamycin, which causes an increase in HK-I expres-
sion (52).

A combination of MST, AUC, and SEC-SAXS have re-
vealed the most detailed picture of VDAC-detergent com-
plexes and the effect of CHS on VDAC oligomeric
organization. The identification of CHS as an effector of
VDAC oligomeric organization and the detection of a
VDAC-HK-I binding event will provide a platform for the
further investigation of this system as well as lending the
use of these methods in the examination of other membrane
protein complexes. All data and models presented in this
work are available upon reasonable request to the corre-
sponding author, J.S.
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