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Abstract: V-ATPase is a multisubunit membrane complex that functions as nanomotor coupling

ATP hydrolysis with proton translocation across biological membranes. Recently, we uncovered
details of the mechanism of interaction between the N-terminal tail of the V-ATPase a2-subunit

isoform (a2N1–402) and ARNO, a GTP/GDP exchange factor for Arf-family small GTPases. Here, we

describe the development of two methods for preparation of the a2N1–402 recombinant protein in
milligram quantities sufficient for further biochemical, biophysical, and structural studies. We found

two alternative amphiphilic chemicals that were required for protein stability and solubility during

purification: (i) non-detergent sulfobetaine NDSB-256 and (ii) zwitterionic detergent FOS-
CHOLINEVR 12 (FC-12). Moreover, the other factors including mild alkaline pH, the presence of

reducing agents and the absence of salt were beneficial for stabilization and solubilization of the

protein. A preparation of a2N1–402 in NDSB-256 was successfully used in pull-down and BIAcoreTM

protein–protein interaction experiments with ARNO, whereas the purity and quality of the second

preparation in FC-12 was validated by size-exclusion chromatography and CD spectroscopy.

Surprisingly, the detergent requirement for stabilization and solubilization of a2N1–402 and its
cosedimentation with liposomes were different from peripheral domains of other transmembrane

proteins. Thus, our data suggest that in contrast to current models, so called ‘‘cytosolic’’ tail of the

a2-subunit might actually be embedded into and/or closely associated with membrane
phospholipids even in the absence of any obvious predicted transmembrane segments. We

propose that a2N1–402 should be categorized as an integral monotopic domain of the a2-subunit

isoform of the V-ATPase.
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Introduction

The vacuolar-type Hþ-ATPase (V-ATPase) is a multi-

subunit membrane complex that catalyzes ATP hy-

drolysis and couples this reaction with rotation and

proton translocation across biological membranes.1,2

Because of its crucial role in cell function, the V-

ATPase is a protein of considerable interest to physi-

ological, biophysical, biochemical, and structural

researchers. The V-ATPase consists of two sectors:

(i) The V1-sector, which peripherally associates with

the cytoplasmic side of a membrane and hydrolyzes

ATP and (ii) the transmembrane Vo-sector, which is

responsible for proton translocation. Each sector con-

sists of multiple subunits: V1 is composed of eight

different subunits (A, B, C, D, E, F, G, and H),

whereas Vo contains six different subunits (a, c, c0,

c", d, and e). Subunits c, c0, and c" form a proteolipid

ring, whose rotation allows protons to pass through

the membrane. In mammalian cells, several subu-

nits are present in multiple isoforms, and their

expression is tissue and cell specific. There are four

isoforms of the a-subunit (a1, a2, a3, and a4), three

isoforms of subunits C, G, and two isoforms of subu-

nits B, E, H, and d2. Since V-ATPase functions as a

nanomotor with a rotary mechanism, it is also di-

vided into a stationary part (stator), composed of

subunits A, B, C, E, G, H, d, e, a, and a rotating

part (rotor), composed of a proteolipid ring and subu-

nits D and F. The classification of V-ATPase genes

has recently been updated and standardized to take

into account several predicted isoforms based on an

extensive database search.3

The V-ATPase a-subunit is a large 100 kDa

transmembrane protein which, together with the

proteolipid ring, forms a channel for proton trans-

port.2,4 Different isoforms of the a-subunit determine

the subcellular localization of the whole complex, by

targeting it either to the plasma membrane or to in-

tracellular vesicles and organelles.1 From a struc-

tural perspective, the topology of a-subunit is not

understood.4 For the yeast ‘‘a’’ subunit homolog

Vph1, several topology models have been proposed

over the years,5–8 with the most recent model depict-

ing eight transmembrane a-helices with both the N-

terminal and C-terminal ends located on the cyto-

plasmic side of the membrane.8 Although the loca-

tion of the N-terminal region of the protein on the

cytoplasmic site has been experimentally confirmed,

its exact length has not been finally determined.

Most topology prediction programs calculate that it

spans the first 390–410 amino acids, which is almost

half of the protein sequence.4 Since this N-terminal

region does not contain any predicted transmem-

brane segments, it is generally considered to be a pe-

ripheral ‘‘cytosolic’’ tail of the V-ATPase a-subunit.

As a part of the stator, the a-subunit is involved

in multiple protein–protein interactions within the

V-ATPase complex. Crosslinking, two-hybrid screen-

ing, coimmunoprecipitation, and electron microscopy

showed that the a-subunit isoforms directly

interact with A-, E-, H-, C-, and G-subunits of the

V1 sector9–13 as well as with c- and d-subunits of the

Vo sector.
2,14–16 Recently, it has also been shown that

the V-ATPase a-subunit directly assembles with pro-

teins that are not part of the V-ATPase complex

including: (i) aldolase B,17,18 (ii) phosphofrucktoki-

nase-1,19,20 (iii) calmodulin,21 and (iv) t-SNARES

syntaxin and SNAP-25.22 However, the mechanisms

and molecular details of interactions with these pro-

teins remain poorly understood, mainly due to the

lack of a high-resolution structure of the a-subunit

and the absence of studies designed for mapping

interaction sites on both the a-subunit and its asso-

ciated proteins.

Recently, we showed that the N-terminal (1–393

aa) region of the V-ATPase a2-subunit isoform

(a2N1–393) interacts with one of the key regulators of

vesicle trafficking in mammalian cells, the Arf-GEF

ARNO, providing a link between pH regulation

(acidification) and trafficking within the protein deg-

radation pathway.23 This initial study of the interac-

tions was performed by immunoprecipitation and

pull-down assays using low amounts of in vitro

translated and radioactively labeled a2N1–393 pro-

tein.23 However, to characterize the molecular mech-

anisms between the a-subunit and ARNO we devel-

oped two novel protocols for purifying milligram

amounts of a2N1–402 and these methods are pre-

sented here in detail. Using this recombinant pro-

tein, we have recently mapped the interaction sites

on both a2N1–402 and ARNO using pull-down assays

and demonstrated their high affinity binding using a

BIAcoreTM assay.24 Importantly, the biochemical

properties of a2N1–402, especially its instability in

water-based solutions in the absence of amphiphilic

additives and direct binding to azolectin lipid

vesicles, suggest that this region of the V-ATPase

a2-subunit is not a classical cytosolic tail, but an in-

tegral—most likely monotopic—domain that is em-

bedded into and/or associated with the phospholipid

membrane even in the absence of predicted trans-

membrane segments.

Results

Cloning, expression, and localization of

a2N1–402 recombinant protein in E. coli
The exact position of the first transmembrane helix

of the a-subunit isoforms of V-ATPase is currently

unknown. However, most topology programs predict

its beginning at around 390–410 amino acids from

the N-terminus for mammalian a-subunit isoforms.4

For the a2-isoform, the first transmembrane helix

was predicted to start at T403,
25 and its N-terminal

tail, thus, comprises amino acids 1–402. The
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a2N1–402 domain was, therefore, expected to lack

any significant, hydrophobic transmembrane a-heli-
ces and should be easily obtained in water-soluble

form. The cDNA encoding a2N1–402 was cloned and

used with a conventional pET/BL21(DE3) E. coli

expression system for expression and purification of

recombinant protein. First, we studied the expres-

sion and localization of a2N1–402 in E. coli using

transmission electron microscopy (TEM). We ana-

lyzed the morphology of both untransformed and E.

coli BL21(DE3) cells transformed with the pET28b-

a2N1–402 plasmid (Fig. 1). Surprisingly, in contrast

to the predictions of solubility of this protein, the

electron micrographs of a2N1–402 expressing bacteria

revealed the presence of electron-dense cytosolic

inclusion bodies (IBs) as large as the short axis of

the cell [Fig. 1(B,D)]. They were observed either at

one or both poles of the transformed cells [Fig. 1(B),

arrows] but were absent from control untransformed

cells [Fig. 1(A,C)]. Thus, similar to many other pro-

teins expressed in E. coli, a2N1–402 forms cytosolic

IBs. However, we also found that in untransformed

cells, bacterial ribosomes were distributed uniformly

inside the cell [Fig. 1(C), arrows], whereas in cells

expressing a2N1–402, they were concentrated around

IBs and also along the bacterial membrane [Fig.

1(D), arrows]. This redistribution of ribosomes

results in a significantly lower electron-density of

the cytosol of transformed cells [Fig. 1(B,D)] in com-

parison with the cytosol of untransformed cells [Fig.

1(A,C)]. Thus, we suggest that protein expressed in

E. coli a2N1–402 is initially targeted to the bacterial

membrane and drives relocalization of ribosomes

from the cytosol to the cell perimeter. When all

membrane surfaces apparently become occupied by

the expressed protein associated with ribosomes it

starts to accumulate in the cytosol, forming IBs.

Insolubility of a2N1–402 and a2N1–402-derived

recombinant proteins in aqueous conditions

Recombinant protein expressed in E. coli a2N1–402

was produced at very high levels of about 150 mg

per liter of bacterial culture, but as suggested by

TEM it was found exclusively as an insoluble pro-

tein. To obtain at least part of this region in a

water-soluble form, we also prepared shorter

Figure 1. Transmission electron microscopy of E. coli BL21(DE3) cells followed expression of recombinant a2N1–402. (A, C)

Morphological appearance of untransfected control cells. Arrows in panel (C) indicate uniform distribution of ribosomes in

cytoplasm. (B, D) Morphological appearance of cells after expression of recombinant a2N1–402. Arrows in panel (B) indicate

cytoplasmic inclusion bodies at one or both polar regions. Arrows in (D) indicate ribosomes concentrated at the perimeter of

the cell and around inclusion bodies. In cells expressing a2N1–402 (B, D), the cytosol is less dense and is depleted from

ribosomes compared with untransfected cells (A, C). Bar ¼ 500 nm.

1852 PROTEINSCIENCE.ORG Properties of V-ATPase a2-subunit N-terminus



constructs covering the entire a2N1–402 sequence,

which was expected to produce proteins more water

soluble than the entire a2N1–402. This strategy was

successfully applied to the N-terminal region of

NtpI, the Enterococcus hirae homolog of the mam-

malian a-subunit of V-ATPase.26 However, none of

the following eight shorter constructs: (i) a2N1–58,

(ii) a2N1–360, (iii) a2N1–371, (iv) a2N1–378, (v) a2N1–393,

(vi) a2N134–393, (vii) a2N143–259, and (viii) a2N247–402

were able to produce soluble proteins (data not

shown). Thus, the whole a2N1–402 region was sur-

prisingly insoluble throughout its entire sequence.

Since all a2N1–402-derived recombinant proteins

were insoluble in water-based conditions, the longest

a2N1–402 construct was chosen for further

experiments.

Next, we searched for conditions to purify and

solubilize the a2N1–402 from IBs for the following

reasons: (i) very high expression levels, (ii) relatively

high purity in the IBs, (iii) protection from proteo-

lytic enzymes, and (iv) a relatively simple purifica-

tion procedure.27 On the down-side, however, purifi-

cation from IBs usually requires solubilization with

high concentrations of strong denaturing agents,

which leads to complete protein denaturation and

requires subsequent protein refolding.27 Alterna-

tively, the solubilization of the IBs in the presence of

mild detergents without completely denaturing the

protein could be applied. Here, we describe both

methods for solubilization and purification of bacte-

rially expressed a2N1–402.

Purification of a2N1–402 under denaturing

conditions followed by its subsequent refolding
As expected, a2N1–402 recombinant protein could be

easily solubilized in a denatured state with 6 M

GuHCl (Fig. 2, lanes 5 and 6). Unexpectedly,

a2N1–402 was also more soluble in acetone than in

water (at least in the presence of residual 120 mM

GuHCl), since during preparation of 6 M GuHCl-pro-

tein we observed that much less protein was recov-

ered in the 12,000g pellet after its precipitation

upon dilution in ice-cold acetone (Fig. 2, lane 5),

than in water (Fig. 2, lane 6) at a 1:50 (v/v) ratio in

both cases. In conclusion, after expression in E. coli,

the a2N1–402 recombinant protein is not soluble in

water-based solutions, but it could be solubilized

upon denaturing with 6 M GuHCl or in the organic

solvent acetone. For large-scale purification, the

a2N1–402 protein was expressed, solubilized and

purified on Talon beads in the presence of 6 M

GuHCl as described in Materials and Methods sec-

tion. Since the protein was completely denatured

during this procedure, it was necessary to find opti-

mal refolding conditions. Therefore, we used the

iFOLDTM Protein Refolding System 2 (EMD Bioscien-

ces Novagen), which provides a comprehensive refold-

ing screen in 96-well plate format. The composition of

refolding solutions in this system was designed using

a fractional factorial approach, based on a literature

review of successful refolding experiments and infor-

mation contained in the REFOLD database (http://

refold.med.monash.edu.au). This kit covers different

buffering systems as well as including various combi-

nations of salts, redox agents and refolding additives.

The detailed composition of each well in the refolding

plate can be found on the EMD website (http://

www.emdchemicals.com). It is noteworthy, that the

iFOLDTM Protein Refolding System 2 is mainly

designed for the refolding of water-soluble proteins

and, therefore, it is entirely detergent-free.

Using this approach, the a2N1–402 protein was

refolded by rapid dilution at a 1:50 v/v ratio (final

protein concentration 0.1 mg/mL) into 95 different

refolding buffers. The folding of protein was esti-

mated by measuring the turbidity of each well at

340 nm according to the manufacturer’s instructions

(see Materials and Methods section). While this

assay measures solubility and not necessarily fold-

ing, it has been shown previously that it can be used

for estimation of protein folding with high confi-

dence.28 However, to distinguish between some false-

positive measurements obtained by this approach

(Supporting Information Table S1, in gray) (see also

Materials and Methods section), we visually re-ana-

lyzed each well and found 17 (of 95) visually clear

wells, which indicates proper folding of a2N1–402

Figure 2. Expression and solubility of a2N1–402. Lane 1:

uninduced total cell lysate. Lane 2: induced total cell lysate.

Lane 3: soluble proteins fraction recovered in supernatant

after centrifugation for 15 min at 12,000g. Lane 4: insoluble

proteins fraction recovered in pellet after centrifugation for

15 min at 12,000g. Lane 5: proteins soluble in 6 M GuHCl

and precipitated by acetone. Lane 6: proteins soluble in 6

M GuHCl and precipitated by water. Arrow indicates the

positions of the band corresponding to a2N1–402. Molecular

weight markers are shown on the right.

Merkulova et al. PROTEIN SCIENCE VOL 19:1850—1862 1853

http://refold.med.monash.edu.au
http://refold.med.monash.edu.au
http://www.emdchemicals.com
http://www.emdchemicals.com


under these conditions (Supporting Information Ta-

ble S1, in green). Figure 3 shows a summary of these

experiments. The number of successful refolding

reactions of a2N1–402 increased with increasing pH

(Fig. 3, column 1) with pH 9.0 being the best. The

presence of one of the following reagents was also

required for refolding: (i) 1 M NDSB-201, (ii) 0.5 M

L-arginine, or (iii) 0.5–1 M NDSB-256 (Fig. 3, column

2). The reagent NDSB-256 (Fig. 3, column 2) gave

the best result. Addition of reducing agents also sig-

nificantly improved the solubility of a2N1–402 (Fig. 3,

column 3). Finally, while NaCl and KCl salts were

present in 12 of 17 of the successful refolding reac-

tions (Fig. 3, column 4), the subsequent experiments

showed that presence of salts were not beneficial for

protein stability. Thus, based on these data, the fol-

lowing refolding buffer was chosen for all subsequent

large-scale refoldings of a2N1–402: 1 M NDSB-256,

1 mM DTT, 100 mM CHES, and pH 9.0. Finally, to

test if the refolded protein would be stable in solu-

tion in the absence of NDSB-256, we extensively dia-

lysed it against 1 mM DTT, 100 mM CHES, and pH

9.0. The protein partially precipitated during dialy-

sis. Precipitated material was removed by centrifu-

gation at 12,000g and the cleared solution was

further analyzed by size-exclusion chromatography

(SEC). Protein was eluted in the void volume

(data not shown) suggesting that it formed aggre-

gates that were not completely removed by relatively

low-speed centrifugation. Thus, NDSB-256 was

required not only during protein refolding but also

afterward for stabilization of a2N1–402 protein in the

solution.

Solubilization and purification of a2N1–402

in the presence of detergents
To avoid the denaturation/refolding steps, which are

potentially harmful for the proper folding and func-

tion of the proteins, we next developed a method of

purifying a2N1–402 in the presence of detergents. To

determine which detergent would be the most effi-

cient for solubilization of a2N1–402, we began a sys-

tematic screening of various mild detergents. In

total, 21 nonionic and zwitterionic detergents from

‘‘Popular detergent’’ and ‘‘ANAPOEVR Master’’ kits

from Anatrace were screened as described in Mate-

rials and Methods section. Different detergents pro-

duced slightly different solubility patterns, but

could not quantitatively solubilize a2N1–402 with the

exception of FC-12 (Fig. 4). The extraction of

a2N1–402 by FC-12 was extremely efficient and the

amount of 48 kDa protein (the predicted molecular

weight of a2N1–402) was approximately the same

(Fig. 4, lane 7) as in the initial insoluble protein

fraction (Fig. 4, lane 1). Importantly, FC-12 at a

concentration of 32–64 mM (1–2%) was as potent as

6 M GuHCl (Fig. 2, lane 6) in solubilizing the

a2N1–402 protein expressed in IB of E. coli. Thus,

FC-12 was chosen for all subsequent solubilization

and purification procedures. Initial screening for de-

tergent efficiency was performed for �1 mg/mL

a2N1–402 50% pure protein in 50 mM CHES-NaOH,

pH 9.0; 300 mM NaCl and 10 mM b-mercaptoetha-

nol (b-ME) at 2% FC-12. We performed additional

experiments and found that FC-12 was as efficient

at 1% as at 2% in these conditions [Fig. 5(A)]. Solu-

bilization of a2N1–402 by 1% FC-12 decreased with

decreasing pH [Fig. 5(B)] and increasing NaCl con-

centration [Fig. 5(C)]. Since very high alkaline pH

9.0 is not compatible with our biochemical assays,

we further optimized protein solubilization condi-

tions and found that 50 mM CHES-NaOH, pH 9.0

could be replaced by 10 mM NaPh, pH 8.0 without

affecting a2N1–402 solubilization by 1% FC-12 [Fig.

5(D)]. It is noteworthy that slightly alkaline pH

and the presence of reducing agents had already

been identified as conditions favorable for a2N1–402

solubility during our prior refolding study (Fig. 3).

Thus, our final optimized condition for large-scale

protein solubilization in the presence of mild deter-

gent was as follows: 10 mM NaPh, pH 8.0, 1 mM

DTT, and 1% FC-12.

The amount of FC-12 in this buffer could be

reduced to 0.1% without affecting protein solubility

during subsequent protein purification by two-step

IMAC and SEC chromatography. Size-exclusion

chromatography was the last purification step of

a2N1–402 and resulted in �80% pure protein. In

addition, SEC was also used to evaluate the degree

Figure 3. Factors and conditions favorable for a2N1–402

refolding. Distribution of successful refolding conditions

according to pH, refolding additive, salt, and reducing

agents (RA). The successful refolding reactions rise with

increasing of pH (column 1, from bottom to top), in the row

of the following refolding additives: NDSB-201, L-arginine,

and NDSB-256 (column 2, from bottom to top). Also, it was

higher in the presence of reducing agents (column 3, top

vs. bottom) and presence of salt (column 4, top vs.

bottom). Number of successful refolding reactions (N) is

indicated inside the stacked columns in parentheses.
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of monodispersity (size homogeneity) of a2N1–402

protein, purified in the presence of 0.1% FC-12. As

seen from the SEC chromatogram, the main protein

peak 3 is sharp and symmetric, and significantly

larger than the peak 1 of aggregated protein at the

void volume of the column [Fig. 6(A)]. According to

NuPAGE analysis, peak 3 contains the purest frac-

tion of a2N1–402 protein [Fig. 6(B), lane 3]. Addi-

tional right and left peaks 2 and 4 forming shoulders

on the main peak 3 came from copurification of

Figure 5. Optimization of a2N1–402 solubilization in presence of FC-12. (A) Optimization of FC-12 concentration. Consequent

optimization of solubilization was done in the presence of 1% FC-12 and is increased in higher pH (B), decreasing salt

concentration (C) and upon addition of 10 mM b-mercaptoethanol (b-ME) (D). Lower A340 values indicate higher solubility.

Figure 4. Screening of the detergents suitable for extraction of a2N1–402 from water-insoluble proteins of E. coli. Screened

detergents are shown on the top. Lanes 1 and 15 are total water-insoluble fractions. Lanes 2–7 are detergent-soluble

fractions obtained after solubilization for 1 h with 2% of detergent. Lanes 8–14 and 16–23 are detergent-soluble fractions

obtained after solubilization for 1 h with 1% of indicated detergents. Arrow on the left of each gel indicates the positions of

the bands corresponding to a2N1–402. Molecular weight markers are shown on the right of each gel.
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other proteins [Fig. 6(A,B), lanes 2 and 4]. Peak 5

contains mainly lysozyme (Mw, 14.7 kDa), used for

lysis of E. coli cells during the first step of the pro-

tein extraction procedure. Thus, peak 3 contains the

purest (�80% purity) and monodisperse protein,

which strongly suggest that under these conditions

the a2N1–402 is stable in solution.29 Since the column

was precalibrated by application of standard pro-

teins, it was possible to calculate the apparent mo-

lecular mass of the detergent–protein complex from

its elution position as described in Materials and

Methods section.30 An apparent molecular mass of

about 252 kDa was obtained for the detergent–pro-

tein complex eluted in the main peak. This is signifi-

cantly higher than the calculated molecular mass of

a2N1–402 monomer (48.5 kDa) and the molecular

mass of free FC-12 micelles (�17.6 kDa according to

data from the Anatrace website: http://www.anatra-

ce.com). Thus, apparently more than one molecule of

a2N1–402 is inserted into the FC-12 detergent mi-

celle. However, additional experiments, such as SEC

with an FC-12 detergent series31 would be required

to accurately determine the composition of a2N1–402

protein-FC12 detergent micelles.

Physical characterization of a2N1–402

The secondary structure of recombinant a2N1–402

was determined from circular dichroism spectra,

measured between 190 and 260 nm (Fig. 7). The

minima at 220 and 208 nm and the maximum at

192 nm indicate the presence of a-helical structures
in the protein; the overall spectrum is characteristic

for a protein with mixed a/b-structure. Two com-

puter-based methods were used to analyze the CD

spectrum of a2N1–402. The average secondary struc-

ture content was 41% a-helix, 20% b-sheet, and 39%

random coil. This result is consistent with secondary

structure predictions based on the a2N1–402 amino-

acid sequence.

Binding of a2N1–402 to azolectin liposomes

To confirm that a2N1–402 possesses intrinsic mem-

brane binding properties, we performed protein–lipo-

somes cosedimentation experiments. a2N1–402 was

purified in presence of FC-12 detergent as described

above and contained about 1% of FC-12 in its stock

solution. Azolectin liposomes were prepared as

described previously,32 which contain mostly phos-

phatidylcholine (PC) as well as other lipids including

phosphoinositides.32 Our experiments demonstrated

(Fig. 8) that a2N1–402 protein is cosedimented with

the azolectin liposomes and require two consequent

rounds of binding and ultracentrifugation. During

the first round of cosedimentation [Fig. 8(A)], the

a2N1–402 protein does not cosediment with liposomes

[Fig. 8(A), lane 3] and mainly remains in soluble

Figure 6. Purification and analysis of size homogeneity of a2N1–402 by size-exclusion chromatography. A: Elution profile of

partially purified a2N1–402 protein on Superdex 200 HR 10/30 size-exclusion column. Major absorbance peaks are numbered

from 1 to 5. B: NuPAGE analysis of the chromatography peak fractions. Arrow on the left indicates the positions of the bands

corresponding to a2N1–402. Molecular weight markers are shown on the right. The elution volumes are indicated by diamonds

and molecular mass of standard proteins are shown on the top as follows: ferritin, aldolase, albumin, ovalbumin, and

chymotrypsinogen-A.

Figure 7. Far UV-CD spectrum of recombinant a2N1–402 of

the V-ATPase.
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state in supernatant [Fig. 8(A), lane 2]. We sug-

gested the interference of free FC-12 detergent,

which is present in this step, and thus, in the second

round of cosedimentation we use the FC-12 depleted

S1-supernatant also containing a2N1–402 protein

[Fig. 8(A), lane 2]. Indeed, in these experiments, we

demonstrated the efficient cosedimentation of the

a2N1–402 protein with azolectin liposomes [Fig. 8(B),

lane 5]. Importantly, the amount of protein associ-

ated with liposomes was comparable to the remain-

ing a2N1–402 protein in solution [Fig. 8(B), lane 4].

Discussion
In this study, we developed two alternative methods

that involve either denaturation/refolding or extrac-

tion with mild detergents for the preparation of

milligram amounts of recombinant a2N1–402 protein.

However, these types of preparations may produce

incorrectly folded and biologically inactive protein.27

Thus, correct refolding should be validated by either:

(i) circular dichroism spectroscopy, (ii) dynamic light

scattering, (iii) SEC, or (iv) functional biochemical

and interaction assays.28 Since first two methods are

not compatible with high concentrations of NDSB-

256 reagent present in our first preparation, we vali-

dated its binding properties after denaturation using

surface-plasmon resonance protein–protein interac-

tion assay. In these ‘‘BIAcoreTM’’ experiments, the

purified and refolded a2N1–402 was immobilized on a

CM4 chip by amine-coupling and the affinity of its

interaction with ARNO was studied.24 These func-

tional protein–protein binding experiments demon-

strated that a2N1–402 is properly folded and could

specifically interact with ARNO.24 Furthermore, the

purity and quality of the second preparation of

a2N1–402 in the presence of FC-12 was successfully

validated with CD spectroscopy and SEC experi-

ments as described above.

Unexpectedly, we found that either the nonde-

tergent sulfobetaine NDSB-256 or the detergent FC-

12 was required to stabilize protein in solution dur-

ing the purification of a2N1–402. Both chemicals are

zwitterionic and both are amphiphilic, that is, they

contain hydrophobic and hydrophilic parts (see Sup-

porting Information Figure S1), but NDSB-256 has a

much shorter hydrophobic region. This probably ren-

ders it less potent, and the effective concentration of

NDSB-256 was indeed much higher (1 M) than that

of FC-12 (up to 64 mM). The detergent FC-12 is a

phospholipid-like molecule that has a phosphocho-

line headgroup but, unlike PC, possesses only one

hydrophobic tail and lacks a complex glycerol ester

chain (Supporting Information Figure S1). Fos-chol-

ine detergents with 8–16 carbon alkyl chain lengths

(FC-8 to FC-16) were previously used in studies of

membrane proteins. In a recent high-throughput

study, FC-12 was found to be the most effective de-

tergent for solubilization of integral membrane pro-

teins.33 Recently, it has been shown that FC-13 to

FC-16 detergents could efficiently solubilize IBs

formed by the human tachykinin G-protein coupled

receptor NK1, expressed in E. coli34 as well as sev-

eral 7-transmembrane G-protein coupled chemokine

receptors (also expressed in E. coli).35 Thus, we pro-

pose that FC-12 (or longer chain FCs) and the proto-

col reported here could also be suitable for bacterial

expression and purification of N-terminal cytosolic

tails of all other a-subunit isoforms of V-ATPase.

How can a relatively mild detergent, such as

FC-12, extract proteins from IBs? The formation of

IBs upon overexpression of heterologous proteins in

E. coli is a well-known phenomenon but only

recently has it been recognized that it is not due to

a passive precipitation of the unfolded protein.36

Rather, it results from an organized aggregation

driven by interactions between hydrophobic

stretches of partially folded protein molecules.37 We

hypothesize that in the case of a2N1–402 protein, its

hydrophobic regions drive the formation of IBs, but

it remains partially folded and, therefore, can be

efficiently and quantitatively solubilized by FC-12.

This finding also led us to conclude that the gener-

ally accepted ‘‘cytosolic’’ N-terminal part of a-subunit

of V-ATPase is not a traditional peripheral mem-

brane domain. Instead, we hypothesize that it is an

integral membrane-bound domain, which penetrates

into the membrane deeply enough to encounter and

interact with the hydrophobic tails of membrane

phospholipids. Thus, PC due to its structural resem-

blance with FC-12 (Supporting Information Figure

S1) would be probably one of the lipids involved in

Figure 8. Purified a2N1–402 binds to azolectin liposomes.

A: First round of protein–liposomes cosedimentation. Lane

1: Purified a2N1–402 protein before ultracentrifugation. Lanes

2 and 3: Supernatant (S1) and pellet (P1) fractions after

a2N1–402 incubation in presence of azolectin liposome and

ultracentrifugation at 100,000g for 1 h. B: Second round of

protein–liposomes cosedimentation. Total a2N1–402 protein

retained in S1-supernatant was used for the second round

of incubation with azolectin liposomes and

cosedimentation. Lanes 4 and 5: Supernatant (S2) and

pellet (P2) fractions contain approximately equal amounts of

a2N1–402 after its incubation in presence of azolectin

liposome and ultracentrifugation at 100,000g. Molecular

weight markers are shown on the right.
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interaction with N-terminal tail of V-ATPase. Indeed

in direct protein–lipid cosedimentation assay, we

showed that a2N1–402 binds to lipid vesicles prepared

from crude PC (azolectin) granules. Additional evi-

dence that a2N1–402 could possess intrinsic integral

membrane properties came from our TEM study of

protein localization in E. coli, which demonstrated

that a small fraction of the protein might be associ-

ated with the bacterial membrane.

In the earlier studies,5–8 it was difficult to deter-

mine the orientation of the N-terminus of a-subunit

isoforms, but it is now generally accepted that this

domain is oriented toward the cytoplasm. Moreover,

according to several recent electron microscopy stud-

ies of V-ATPases from different organisms16,38–40

and small-angle X-ray scattering data of NtpI1–341,
26

it was determined that the N-terminal domain of the

a-subunit forms an elongated 1-shaped structure.

In these studies, it was also suggested that this part

of the a-subunit lies parallel to the membrane, adja-

cent to its cytoplasmic side. However, both its associ-

ation with the lipid bilayer and its orientation to-

ward the membrane is still a controversial issue.

Recent data on protein–protein interactions between

yeast homologues of the a-subunit with subunits A

and d have suggested different model of orientation

of this protein.15

As suggested in this study, the proposed integral

membrane properties of a2N1–402 could be explained

by its amphiphilic character, which is also predicted

by in silico analysis (Supporting Information Figure

S2). According to Blobel’s classification,41 integral

membrane proteins can be divided into three groups:

(i) monotopic proteins that interact with only one

leaflet of the bilayer, (ii) bitopic proteins that cross

the membrane only once, and (iii) polytopic proteins

traversing the membrane various times. We

hypothesize that a2N1–402 can interact with one leaf-

let of the bilayer and could actually be attached to

one side of the membrane exposed to the cytoplasm.

Thus, we propose that the cytosolic tail should be re-

classified as an integral monotopic domain of the

eight transmembrane spanning V-ATPase a2-subunit

isoform. Examples of some of such domains could

be found at http://blanco.biomol.uci.edu/Membrane_

Proteins_xtal.html ‘‘Membrane Proteins of Known

Structure’’ website. However, the complete and clear

answer to questions regarding a-subunit folding and

topology will be forthcoming only after its high-reso-

lution structure has been solved by X-ray crystallog-

raphy or other structural methods. Currently, we

are performing crystallization screening trials for

a2N1–402 protein in the presence of FC-12 (Merku-

lova and Marshansky, unpublished data), since

determination of the high-resolution structure of

a2N1–402 will also be an important step in our stud-

ies of the molecular details of its interaction with

ARNO, which may lead to the development of spe-

cific reagents interfering with the multiple cellular

pathways employing the crucial interplay between

V-ATPase and small GTPases.

Materials and Methods

Reagents

If not otherwise specified, all reagents were from

Sigma (St. Louis, MO). NU-PAGE gels and buffers

were from Invitrogen (Carlsbad, CA). Protease inhib-

itor cocktail tablets (EDTA-free) were from Roche

(Indianapolis, IN). TALON metal affinity resin was

from Clontech (Mountain View, CA). HisTrap HP

5 mL, Superdex
TM

200 HR 10/30 prepacked columns

and Gel filtration calibration kits were from GE

Healthcare (Pitscataway, NJ). iFOLDTM Protein

Refolding System 2 was from EMD Biosciences

Novagen. Popular detergent kit and ANAPOEVR

Master kit were from Anatrace (Maumee, OH).

DNA constructs and protein expression

Constructs corresponding to amino acid residues 1–

58, 1–360, 1–371, 1–378, 1–393, 1–402, 134–393,

143–259, and 247–402 of the mouse V-ATPase a2-

isoform were amplified using Expand High Fidelity

PCR System (Roche, Indianapolis, IN) and subcloned

into NdeI/NotI restriction sites of pET28b vector

(Novagen, Gibbstown, NJ) in frame with a thrombin

cleavable N-terminal 6XHis-tag. The resulting con-

structs contained a modified N-terminal 6XHis-tag

(MSGSHHHHHHSSGLVPRGSH). Recombinant pro-

teins were expressed in E. coli BL21(DE3) cells (Agi-

lent, Santa Clara, CA) according to standard

protocols.

Protein solubilization and purification in

presence of 6M GuHCl

Cell pellets from 1 L of culture were resuspended in

40 mL of ice-cold lysis buffer A (50 mM HEPES-

NaOH, pH 8.0, 50 mM NaCl, 1 mM MgCl2, 1 mM

phenylmethylsulfonyl fluoride (PMSF), protease in-

hibitor cocktail tablets (Roche), 0.5 mg/mL lysozyme,

and 25 U/mL BenzonaseVR Nuclease (Novagen)) and

incubated on ice for 30 min. Then, 1.5 mL of 0.1 mm

glass disruption beads (Research Products Interna-

tional Corp.) were added to cell suspension, and it

was vortexed at maximum speed five times for 30 s,

with 2 min incubations on ice between vortexings.

The lysate was subsequently centrifuged at 4000g

and 15,000g. 15,000g supernatant (soluble fraction)

was discarded, whereas 4000g and 15,000g pellets

(insoluble fraction) were resuspended and combined

together in 20 mL (final volume) of solubilization

buffer B (6 M GuHCl, 50 mM HEPES-NaOH, pH

8.0, 50 mM NaCl) followed by incubation with rota-

tion in this buffer for 1 h at 4�C. The solubilizate

was serially clarified by centrifugation at 4000g and

25,000g followed by filtration of the 25,000g
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supernatant through 0.22 lm MillexVRGP syringe fil-

ter (Millipore). Finally, a2N1–402 recombinant protein

was purified on Talon cobalt-affinity resin (BD Bio-

sciences Clontech) according to manufacture

instructions.

Screening for refolding conditions

and large-scale refolding
About 95 different refolding conditions were tested

using the iFOLDTM Protein Refolding System 2

(EMD Biosciences Novagen) according to the manu-

facturer’s recommendations with the following modifi-

cations. Briefly, protein was purified as described

above, except that preparation was scaled up so that

we had enough amount of protein for screening (rec-

ommended 2 mL (minimum 960 lL) at concentration

5 mg/mL). It should be noted that IB-PrepTM Buffer

and iFOLDTM Guanidine Denaturation Buffer, which

are components of iFOLDTM Protein Refolding Sys-

tem 2 are not compatible with IMAC chromatography

since they contain EDTA and should not be used if

protein of interest will be purified by IMAC prior to

refolding. Ten microliters of purified protein solution

(at 5 mg/mL) was added to 490 lL of refolding solu-

tion in each well (except water blank well H7) of the

96-well refolding plate and immediately mixed by

pipetting (final protein concentration, 0.1 mg/mL).

The plates were then incubated with shaking at 24�C

and 300 rpm on Thermomixer (Eppendorf) for 18 h.

Then, 100 lL of refolding reaction was transferred

into clear 96-well plate and absorbance of the solution

was measured at 340 nm versus water blank by DTX

880 plate reader (Beckman Coulter). In addition, the

remaining 400 lL of solutions in the wells of the orig-

inal plate were visually reanalyzed for the presence

or absence of the precipitated protein. Visually clear

solutions were considered as successful refolding

reactions and true positives. For large-scale refolding

protein was purified by IMAC in presence of 6 M

GuHCl (as described above), concentrated to 1.5 mL

(at 2 mg/mL), reduced with 1 mM DTT and refolded

by dropwise dilution into 10 mL of 1 M NDSB-256,

100 mM CHES-NaOH, pH 9.0, 1 mM DTT with con-

stant vigorous stirring at RT. Protein was dialyzed

against 100 mM CHES-NaOH, pH 9.0, 1 mM DTT

immediately prior to use in its validation surface

plasmon resonance assay.

Detergent screening and optimization of

solubilization
Insoluble fraction was prepared as described above

and resuspended in 50 mM CHES-NaOH, pH 9.0;

300 mM NaCl and 10 mM b-ME (final total protein

concentration about 2 mg/mL). 80 or 90 lL of insolu-

ble fraction suspension (equivalents of 1.3 and 1.5

mL of bacterial culture) were mixed with 20 lL of

10% detergents from Popular detergent kit (Ana-

trace) (2% final detergent concentration) or 10 lL of

10% detergents from ANAPOEVR Master kit (Ana-

trace) (1% final detergent concentration) and shaked

at 24�C and 1400 rpm on Thermomixer (Eppendorf)

for 1 h. Then, 80 lL of solubilizate was transferred

into clear 96-well plate and absorbance of the solu-

tion was measured at 340 nm versus water blank by

DTX 880 plate reader (Beckman Coulter). Lower ab-

sorbance values would indicate more efficient solubi-

lization. In addition, 10 lL of solubilizate was centri-

fuged at 13,000g RT for 15 min and 13,000g

supernatant (detergent-soluble fraction) was ana-

lyzed by NuPAGE.

Optimization of solubilization conditions was

always done at total protein concentration about 2

mg/mL in total volume of 100 lL after addition of

FC-12. Solubilization and measurement of absorb-

ance at 340 nm was done as above with the follow-

ing modifications. Optimization of FC-12 concentra-

tion was done by resuspension of insoluble fractions

in 50 mM CHES-NaOH, pH 9.0, 300 mM NaCl and

10 mM b-ME and addition of 10% FC-12 solution to

a final concentrations of 0.1%, 0.25%, 0.5%, 1%, and

2%. Optimization of pH was done by resuspension of

insoluble fractions in 50 mM NaPh, pH 7.0, 50 mM

NaPh, pH 7.4, 50 mM NaPh, pH 8.0 or 50 mM

CHES-NaOH, pH 9.0 and addition of 10% FC-12 so-

lution to a final concentration of 1%. Optimization of

NaCl concentration was done by resuspension of in-

soluble fractions in 50 mM CHES-NaOH, pH 9.0, 10

mM b-ME or 50 mM CHES-NaOH, pH 9.0, 150 mM

NaCl, 10 mM b-ME or 50 mM CHES-NaOH, pH 9.0;

300 mM NaCl, 10 mM b-ME and addition of 10%

FC-12 solution to a final concentration of 1%. Opti-

mization of pH in presence of reducing agents was

done by resuspension of insoluble fractions in

50 mM CHES-NaOH, pH 9.0 or 50 mM CHES-

NaOH, pH 9.0, 10 mM b-ME or 50 mM NaPh, pH

8.0 or 50 mM NaPh, pH 8.0, 10 mM b-ME and addition

of 10% FC-12 solution to a final concentration of 1%.

Protein solubilization and purification in
presence of FC-12

Cell pellets from 1 L of culture were resuspended in

40 mL of ice-cold lysis buffer A (20 mM NaPh, pH

8.0, 150 mM NaCl, 1 mM MgCl2, 1 mM PMSF, pro-

tease inhibitor cocktail tablets (Roche), 0.5 mg/mL

lysozyme and 25 U/mL BenzonaseVR Nuclease (Nova-

gen)) and incubated on ice for 30 min. Then, 2 mL of

0.1 mm glass disruption beads (Research Products

International Corp.) were added to cell suspension,

and it was vortexed at maximum speed 5 times for

30 s, with 2 min incubations on ice between vortex-

ings. The resultant lysate was serially centrifuged at

4000g and 15,000g. 15,000g supernatant (soluble

fraction) was discarded, whereas 4000g and 15,000g

pellets (insoluble fraction) were resuspended and

combined together in 20 mL (final volume) of solubi-

lization buffer B (20 mM NaPh, pH 8.0, 1 mM DTT,
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1% b-OG), followed by incubation with rotation in

this buffer for 1 h at 4�C. Solubilizate was serially

clarified by centrifugation at 4000g and 15,000g.

15,000g supernatant (b-OG soluble fraction) was dis-

carded, whereas 4000g and 15,000g pellets (b-OG in-

soluble fraction) were washed once with 20 mM

NaPh, pH 8.0, 1 mM DTT to remove residual

amounts of b-OG and resuspended in 30 mL (final

volume) of solubilization buffer C (20 mM NaPh, pH

8.0, 1 mM DTT, 1% FC-12), followed by incubation

with rotation in this buffer for 1 h at RT. Final solu-

bilizate was serially clarified by centrifugation at

4000g and filtration of the 4000g supernatant

through 0.22 lm MillexVRGP syringe filter (Milli-

pore). Finally, a2N1–402 recombinant protein was

purified by sequential chromatography on HisTrap

HP 5 mL and Superdex
TM

200 HR 10/30 prepacked

columns using ‘‘AKTA Purifier’’ system (GE Health-

care) according to manufacture instructions. Purified

protein was analyzed by NuPAGE and major protein

peak was concentrated by centrifugation in AmiconVR

Ultra 4 (10,000 MWCO) concentration unit (Milli-

pore) and dialyzed extensively against 10 mM NaPh,

pH 8.0, 1 mM DTT in Spectra/PorVR dialysis tubes

(3500 MWCO) (Spectrum Laboratories).

Estimation of protein–detergent micelles

molecular mass by SEC

Superdex
TM

200 HR 10/30 prepacked column was

calibrated with the following standard proteins: fer-

ritin (molecular mass, 440 kDa), aldolase (158 kDa),

albumin (67 kDa), ovalbumin (43 kDa), and chymo-

trypsinogen A (25 kDa) (GE Healthcare). Blue Dex-

tran 2000 was used to determine the void volume

(Vo). The partition coefficients Kav for standard pro-

teins and major peak 3 were calculated according to

the equation Kav ¼ (Ve � Vo)/(Vt � Vo), where Ve the

elution volume of the protein, Vt the total volume of

the packed bed, and Vo the void volume. There is a

linear relationship between Kav and logarithm of

protein molecular mass (log M),30 thus Kav for each

protein standard was plotted against log M and cali-

bration curve was build in Excel by linear regression

analysis. Molecular mass for Kav of protein peak 3

was estimated from this calibration curve.

Lipid-protein cosedimentation assay
Azolectin (L-a-PC from soybean, Type II-S, 14–23%

choline basis, Sigma) granules were resuspended by

vortexing in water at concentration 15 mg/mL.

Small unilamellar liposomes were generated by soni-

cation of the lipid suspension in a water bath at

room temperature (25�C) for 20 min. Large particles

were removed by filtration through 0.2 lm TuffrynVR

syringe filter (Pall Corporation). In the first round of

cosedimentation, 100 lL of a2N1–402 protein (�2 mg/

mL in 10 mM Na2HPO4-NaH2PO4, pH 8.0, 1 mM

DTT, 1% FC-12) were mixed with 900 lL of azolectin

liposomes and incubated for 1 h at 4�C. Following

incubation, the mixture was dialyzed extensively

against 10 mM HEPES-NaOH, pH 8.0, 1 mM DTT

in Spectra/PorVR dialysis tubes (25,000 MWCO)

(Spectrum Laboratories) to remove excess of FC-12

detergent and ultracentrifuged at 100,000g, 4�C, for

1 h. Proteins in the supernatant (S1) and pellet (P1)

were analyzed by NuPAGE followed by Coomassie

Blue R-250 staining. In the second round, 200 lL of

S1-supernatant were mixed with 200 lL of freshly

prepared azolectin liposomes, incubated overnight at

4�C and also ultracentrifuged at 100,000g, 4�C for

1 h. Proteins in the supernatant (S2) and pellet (P2)

were again analyzed by NuPAGE followed by Coo-

massie Blue R-250 staining.

Transmission electron microscopy
Cells of E. coli BL21(DE3), grown for 17 h at 37�C

(control) and cells of E. coli BL21(DE3) transformed

with pET28b-a2N1–402 plasmid, induced with

0.1 mM IPTG for 4 h at 37�C, were pelleted by cen-

trifugation at 13,000g for 2 min. Cell pellets (about

50 lL each) were washed once with PBS and then

fixed at 1:20 (v/v) ratio in 2.0% glutaraldehyde in

0.1 M sodium cacodylate buffer, pH 7.4 (Electron Mi-

croscopy Sciences, Hatfield, PA) overnight at 4�C.

They were rinsed in buffer, post-fixed in 1.0% os-

mium tetroxide in cacodylate buffer for 1 h at room

temperature, rinsed in buffer again, then in distilled

water and stained, en bloc, in an aqueous solution of

2.0% uranyl acetate for 1 h at room temperature.

They were rinsed in distilled water, embedded in

2.0% agarose for ease of handling and dehydrated

through a graded series of ethanol to 100%. They

were then infiltrated with Epon resin (Ted Pella,

Redding, CA) in a 1:1 solution of Epon:ethanol. The

following day, they were placed in fresh Epon for

several hours and then embedded in Epon overnight

at 60�C. Thin sections were cut on a Reichert Ultra-

cut E ultramicrotome, collected on formvar-coated

grids, stained with uranyl acetate and lead citrate

and examined in a JEOL JEM 1011 transmission

electron microscope at 80 kV. Images were collected

using an AMT (Advanced Microscopy Techniques,

Danvers, MA) digital imaging system.

Circular dichroism spectroscopy
Steady state CD spectra were measured in the far

UV-light (190–260 nm) using a CHIRASCAN spec-

tropolarimeter (Applied Photophysics). Spectra were

collected in a 60 lL quartz cell (Hellma) at 18�C at a

step resolution of 1 nm. CD spectroscopy of recombi-

nant a2N1–402 (1.0 mg/mL) was performed in 10 mM

NaPh, pH 8.0, 1 mM DTT, 50 mM NaCl, 0.1% FC-

12. The spectrum for the buffer was subtracted from

the spectrum of a2N1–402. This baseline corrected

spectrum was used as input for computer methods

to obtain predictions of secondary structure. To
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analyze the CD spectrum the following algorithms

were used: VARSLC,42 SELCON3,43 CONTINLL,44

and K2D.45 All methods as incorporated into the

program Dicroprot46 and NeuralNet.47
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