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Abstract

The H+-pyrophosphatase (H+-PPase) consists of a single polypeptide, containing 16 or 17 transmembrane domains. To determine the

higher order oligomeric state of Streptomyces coelicolor H+-PPase, we constructed a series of cysteine substitution mutants and expressed

them in Escherichia coli. Firstly, we analyzed the formation of disulfide bonds, promoted by copper, in mutants with single cysteine

substitutions. 28 of 39 mutants formed disulfide bonds, including S545C, a substitution at the periplasmic side. The formation of

intermolecular disulfide bonds suppressed the enzyme activity of several, where the substituted residues were located in the cytosol. Creating

disulfide links in the cytosol may interfere with the enzyme’s catalytic function. Secondly, we prepared double mutants by introducing second

cysteine substitutions into the S545C mutant. These double-cysteine mutants produced cross-linked complexes, estimated to be at least

tetramers and possibly hexamers. Thirdly, we co-expressed epitope-tagged, wild type, and inactive mutant H+-PPases in E. coli and

confirmed the formation of oligomers by co-purifying one subunit using the epitope tag used to label the other. The enzyme activity of these

oligomers was markedly suppressed. We propose that H+-PPase is present as an oligomer made up of at least two or three sets of dimers.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

H+-translocating inorganic pyrophosphatase (H+-PPase)

uses inorganic pyrophosphate (PPi) as an energy source to

transport protons across biomembranes, generating electro-

chemical proton gradients for active secondary transport

systems [1]. H+-PPases, which consist of single polypep-

tides of about 80 kDa, form a unique protein family distinct

from P-, F-, and V-type H+-ATPases [2–4]. Their primary

sequences differ from other H+-pumps and soluble PPases,

although they share a few functional motifs with the soluble

PPases and P-type ATPases [2,4,5].
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H+-PPases are found in higher plants [4], parasitic and

free-living protozoa [6,7], some eubacteria [8–10], and

archaebacteria [3,11]. In these organisms, H+-PPase acidi-

fies intracellular organelles, such as vacuoles in plants [4],

and acidocalcisomes in protozoa [12] and bacteria [13],

together with V-ATPase. Recently, H+-PPase has been

suggested to exist in the yolk granule membrane of the

insect, Rhodnius prolixu [14]. One of the physiological roles

of H+-PPase is to compensate for V-ATPase under

conditions of energy stress [1]. In the photosynthetic

bacterium Rhodospirillum rubrum, the transcription of H+-

PPase has been shown to increase in anaerobic conditions

and increasing salt stress but decrease in aerobic conditions,

under the control of its promoter [15]. Analysis of a null

mutant in R. rubrum showed that this enzyme is not

essential, but plays an important role in growth under low

energy conditions such as low light intensity [16]. In plants,

salt and osmotic stress are known to enhance the tran-

scription of H+-PPase [17] and its over-expression confers
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salt tolerance in a salt-sensitive yeast mutant [18] and

tolerance to salt and drought in transgenic Arabidopsis

plants [19]. Another function of this enzyme is to scavenge

cytoplasmic PPi, which is produced as a byproduct of

various metabolic processes [1].

As well as the physiological role of H+-PPase, the

coupling mechanism between PPi hydrolysis and active H+

transport has also been studied. H+-PPases strictly require

Mg2+, both for enzyme function and structural stabilization

[20,21], but have been subdivided into two groups according

to their K+ requirements and their amino acid sequences [3].

Type I enzymes require at least 30 mM K+ to be active [1]

whereas Type II enzymes are fully active in the absence of K+

[11,22]. Mutagenesis and antibody studies have identified

functional residues and motifs in both types of H+-PPase

[5,23–30]. The presence of lysine rather than alanine

residues in the conserved GNTT(K/A) motif has been

proposed as a useful criterion to distinguish Type I and II

enzymes, respectively [31]. Recently, Glu197 and Glu202 in R.

rubrum H+-PPase were shown to be involved in substrate

binding, and Glu550 and Glu649 were demonstrated to be

important for the correct folding of the polypeptide [32].

Although many functional residues have been reported,

information about the tertiary structure of H+-PPase is limited

by the general difficulty of crystallizing membrane proteins.

Most H+-PPases contain 16 transmembrane domains with

conserved motifs in their cytoplasmic loops [33]. Several

groups have proposed that the functional unit for H+-PPases

is a dimer [1], on the basis of chemical cross-linking studies

[34], gel filtration chromatography [35,36], radiation inacti-

vation [35–37], inactivation by high hydrostatic pressure

[38], and thermo-inactivation [39] using plant enzymes.

To determine which residues in the hydrophilic loops are

involved in oligomerization, we have constructed a series of

mutant enzymes, expressed them in E. coli and analyzed

oligomer formation by cross-linking cysteine residues. In

this study, we have focused on S. coelicolor H+-PPase

(ScPP), which can be functionally expressed in E. coli. We

produced a series of site-directed mutants, substituting

cysteines for single residues within the ScPP protein, and

looked at the formation of disulfide bonds between the

subunits. Studies using site-directed thiol cross-linking have

provided insights into the structure of several other

membrane proteins including the Na+/H+ exchanger

[40,41], the metal-tetracycline/H+ antiporter [42], lactose

permease [43], mannitol permease [44], the multidrug

transporter [45], and P-glycoprotein [46]. We have applied

this method to ScPP to identify neighboring residues within

oligomeric forms and to evaluate the biochemical implica-

tions of oligomerization. In addition, we constructed two

epitope-tagged forms of ScPP, an active wild-type ScPP and

an inactive ScPP mutant. Purification of these hetero-

oligomeric enzyme complexes allowed us to confirm the

association of multiple polypeptides in the bacterial

membrane and to study the effect of oligomerization on

enzyme activity. This study provides insights into the
functional oligomerization and the structure–function rela-

tionship of H+-PPases in membranes.
2. Materials and methods

2.1. Plasmid construction and site-directed mutagenesis

Substitution mutants of ScPP, in which individual

cysteine residues or all cysteine residues were changed,

were generated from a ScPP gene (sScPP), synthesized

previously [33]. The sScPP gene was identical to the native

enzyme (DDBJ/GenBanki/EBI accession number

AB180905) with the exception of the substitution of Phe

for Ser282. ScPP proteins were expressed in plasmid

pYN309 which was constructed from pET23b (Novagen)

by modifying the PstI site. A His6-tagged cysteine-less

ScPP (C-less-His) was generated from the expression

plasmid pYN316, which encodes a His6-tagged ScPP

(ScPP-His), by substituting the four endogenous cysteine

residues as follows: C178S, C179S, C253A, and C621V.

Single cysteine substitutions were generated from a plasmid

containing C-less-His (pHM17). Double cysteine mutants

were generated from a plasmid that already contained the

S545C substitution (pHM45). The plasmid vectors pET-

Duet-1 and pCDFDuet-1 (Novagen) were used to co-

express the native ScPP gene (nScPP) and sScPP. The

original tags in these vectors were exchanged for a His6-tag

(pDuet-M2-His6) and a FLAG epitope (pCDF-M2-FLAG),

respectively, by PCR. The nScPP gene was amplified from

the chromosomal DNA of a laboratory strain of S. coeli-

color by PCR with KOD Dash DNA polymerase (Toyobo

Co., Osaka, Japan) and inserted into the NdeI and XhoI sites

of pCDF-M2-FLAG, to construct the expression plasmid

(pHM99) for FLAG-tagged ScPP (ScPP-FLAG). sScPP was

transferred from pYN316 to the NdeI and XhoI sites of

pDuet-M2-His6 to prepare a plasmid (pHM93) expressing

ScPP-His. The pHM93 plasmid was used as a template to

generate four mutants of ScPP-His (S263Cw, S402Cw,

S609Cw, and S694Cw). Mutagenesis was carried out using

a QuickChange site-directed mutagenesis kit (Stratagene)

using the method of Kirsch and Joly [47]. All PCR-

amplified products were sequenced to confirm the correct

mutations were present.

2.2. Protein expression in E. coli and crude membrane

preparation

Proteins were expressed in E. coli and crude membranes

were prepared as previously described [33], but with slight

modifications. ScPP constructs derived from plasmid

pYN309 were introduced into the E. coli strain BLR(DE3)-

pLysS K128I [33]. Transformants were selected in Luria–

Bertani plates containing 50 Ag/ml ampicillin and 34 Ag/ml

chloramphenicol. Expression vectors derived from pDuet-

M2-His6 and pCDF-M2-FLAG were introduced into the
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E. coli strain BLR(DE3) (Novagene) and selected with 50

Ag/ml ampicillin (pDuet-M2-His6 derivatives) or 50 Ag/ml

spectinomycin (pCDF-M2-FLAG derivatives). Cells

derived from single transformant colonies were grown

for 16 h at 37 -C in Luria–Bertani medium supplemented

with antibiotics and then diluted 50-fold in the same

medium. After a further 4 h at 37 -C, isopropyl-1-thio-h-
d-galactopyranoside was added to a final concentration of

0.4 mM (for the pYN309 derivatives) or 1 mM (for the

pDuet-M2-His6 and pCDF-M2-FLAG derivatives). After 2

h, the cells were disrupted by sonication, centrifuged, and

the crude membranes were suspended in 10 mM Mes/Tris,

pH 7.2, 0.15 M sucrose, 1 mM MgCl2, and 75 mM KCl.

2.3. BM labeling assay

The binding abilities of cysteine-less and single-cysteine

substitution mutants of ScPP-His, expressed in the E. coli

strain BLR(DE3)pLysS K128I, were tested using BM

(Molecular Probes), with intact cells, as described previ-

ously [33]. After labeling with BM, crude membrane

fractions were prepared, the His-tagged proteins were

solubilized from the membrane, purified, separated on

SDS-PAGE in the presence or absence of 5% 2-ME, and

then transferred to polyvinylidene difluoride membranes

(Millipore). Biotinylated proteins were detected using a

streptavidin-biotinylated horseradish peroxidase and ECL

(Amersham Biosciences). Blots were stripped with 100 mM

2-ME and 62.5 mM Tris/HCl (pH 8.0) at 50 -C for 30 min

and then re-probed with anti-H+-PPase antibody [25] for

immunoblotting.

2.4. Disulfide intermolecular cross-linking

Crude membranes prepared from BLR(DE3)pLysS

K128I cells expressing ScPP-His cysteine mutants were

suspended at 0.5–1.0 mg/ml protein in a buffer containing

10 mM Mes/Tris (pH 7.2), 0.15 M sucrose, 1 mM MgCl2,

75 mM KCl, and 0.2 mM CuPh. After 20 min at 30 -C, the
reaction was stopped by adding 25 mM Tris/HCl (pH 6.8),

5% SDS, 15% glycerol, 0.2% bromophenol blue, 20 mM

EDTA, and 5 mM N-ethylmaleimide. Samples were

subjected to SDS-PAGE and immunoblotting.

2.5. Immunoblotting

Proteins were separated by SDS-PAGE on 10% gels, and

transferred to polyvinylidene difluoride membranes using a

semidry blotting apparatus (BioRad). Three antibodies were

used for immunoblotting: ScPP was detected with a rabbit

polyclonal antibody against a conserved peptide motif,

DVGADLVGKVEC [25]; His6 tags in the expressed

proteins were detected with polyclonal antibodies to His6-

tag (MBL Co., Nagoya, Japan) and FLAG epitope were

detected with an anti-FLAG monoclonal antibody (Sigma).

Antigens were visualized by the ECL method with an
appropriate secondary antibody or with horseradish perox-

idase-linked protein A (Amersham Biosciences).

2.6. Affinity purification and size-exclusion chromatography

Crude membranes treated with CuPh were washed with

50 mM Tris/HCl (pH 7.5), 20% glycerol, 300 mM KCl, 1

mM MgCl2, 1 mM phenylmethanesulfonyl fluoride and 5

mM N-ethylmaleimide. The membrane vesicles were

suspended in 50 mM Tris/HCl (pH 7.5), 20% glycerol,

300 mM KCl, 1 mM MgCl2, 1% Triton X-100, 10 mM

imidazole, and 5 mM N-ethylmaleimide. After centrifuga-

tion at 100,000�g for 15 min, the supernatant was mixed

with Ni-nitrilotriacetic acid-agarose (Qiagen) and incubated

for 1 h at 4 -C with gentle agitation. The agarose resin was

pelleted and washed with 50 mM Tris/HCl (pH 7.5), 20%

glycerol, 300 mM KCl, 1 mM MgCl2, 1% Triton X-100,

and 50 mM imidazole. Bound proteins were released with

50 mM Tris/HCl (pH 7.5), 20% glycerol, 300 mM KCl, 1

mM MgCl2, 1% Triton X-100, and 200 mM imidazole. 0.1

Ag aliquots of the eluate were mixed with 25 mM Tris/HCl

(pH 6.8), 5% SDS, 15% glycerol, and 0.2% bromophenol

blue, with or without 5% 2-ME, and subjected to SDS-

PAGE. The remaining eluate was concentrated by spin-

filtration with a Vivaspin tube (cutoff size, 50 kDa;

Vivascience) and applied to a Superdex 200 HR 10/30

column (Amersham Biosciences) equilibrated with 20 mM

Tris/HCl (pH 7.5), 10% glycerol, 150 mM KCl, 1 mM

MgCl2, and 0.1% n-dodecyl-h-d-maltoside. The eluate was

collected in 1-ml fractions and subjected to immunoblotting.

2.7. Protein and enzyme assays

Protein concentrations, PPi hydrolytic activity and PPi-

dependent H+-transport activity were measured as described

previously [33], but with slight modifications. In disulfide

cross-linking experiments, the crude membrane fractions

were treated with 0.2 mM CuPh and then diluted 100-fold to

measure the PPi hydrolytic activity. For H
+-transport assays,

cell membranes were washed with 10 mM Mes/Tris (pH

7.2), 0.15 M sucrose, 1 mM MgCl2, and 75 mM KCl and

then incubated with 20 mM DTT in the same buffer for 20

min at 30 -C. As a control, membranes were treated with

CuPh or DTT alone using the same procedure. In experi-

ments co-expressing ScPP-His and ScPP-FLAG, the

enzymes were assayed in the presence of 0.5 mM DTT.
3. Results

3.1. Spontaneous disulfide cross-linking of a single-cysteine

mutant S545C

In our previous analysis of cysteine residues, which

looked at the membrane topology of ScPP, one mutant

enzyme with a single substitution, S545C, was not labeled
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with BM [33], a membrane permeable sulfhydryl reagent.

BM covalently binds to cysteine residues in hydrophilic

regions but not in transmembrane domains and the hydro-

phobic space. Since Ser545 is located in the large loop l,

which is exposed to the periplasm in the topological model

of the enzyme (see Fig. 2), the above observation suggests

that Cys545 in the S545C mutant is involved in the formation

of a disulfide bond.

To test this possibility, we expressed the S545C mutant

enzyme with a His6 tag in E. coli, isolated the products from

the cells, and then separated them by 10% SDS-PAGE with

or without the reducing reagent 2-ME. Immunoblotting with

anti-H+-PPase antibodies showed the S545C mutant as a

major band at around 150 kDa in the absence of 2-ME (Fig.

1, left panel), corresponding to the position of a dimer.

Under reducing conditions, most of the 150-kDa band

disappeared and a 72-kDa band appeared. The T552C

mutant enzyme, which was partially biotinylated with BM,

showed a similar pattern to S545C. Two other single-

cysteine mutants, T497C and I605C, were biotinylated with

BM and did not show the migration shift in the presence of

2-ME, indicating an absence of disulfide bonds. From these

results, we concluded that the S545C mutant existed as a

dimer in E. coli membranes, with Cys545 forming disulfide

bonds and consequently, preventing biotinylation. This

spontaneous disulfide cross-linking was not observed in

the other single-cysteine mutants (data not shown), with the

exception of T552C. Thr552 is located in the same loop, l, as
Fig. 1. Spontaneous disulfide bond formation in the single-cysteine ScPP

mutant S545C inhibits biotinylation. E. coli cells expressing the empty

vector (Vector), the cysteine-less ScPP-His (C-less-His), or the single-

cysteine ScPP-His mutants were treated with BM. The reaction was stopped

by adding buffer containing N-ethylmaleimide. ScPP proteins were isolated

from the cells, separated by 10% SDS-PAGE with (+2-ME) or without (�2-
ME) 2-ME, and transferred to a polyvinylidene difluoride membrane. The

incorporated biotin was detected using the streptavidine biotinylated

horseradish peroxidase complex (Biotinylation). The same blot was re-

probed with anti-H+-PPase antibody (ScPP-His). Open arrowheads indicate

72 kDa bands corresponding to monomers of ScPP-His. The black

arrowhead indicates the oligomeric band.
Ser545. It should be noted that all the mutant enzymes tested,

including S545C and T552C, retained enzyme activity. The

wild-type and mutant enzymes were recovered in the E. coli

membrane fraction without aggregation or formation of

inclusion bodies in cells.

3.2. Disulfide intermolecular cross-linking of cysteine

mutants with copper

Observations on the S545C mutant led us to look at

intermolecular disulfide cross-linking by other single-cys-

teine mutants. For this purpose, we made a series of single-

cysteine mutants at 39 positions, covering all of the

extramembrane loops, including the N- and C-termini. The

predicted locations of these cysteine residues are shown in

Fig. 2.

Membranes were prepared from E. coli expressing each

of these mutant enzymes and treated with an oxidizing

reagent, CuPh, to stimulate the formation of disulfide bonds.

The oligomeric forms of the enzymes were analyzed on

immunoblots with anti-H+-PPase antibodies, on which most

mutants showed bands at high molecular masses (Fig. 3A).

ScPP proteins were electrophoresed as diffuse bands on

SDS-PAGE like many other polytopic membrane proteins.

The efficiency of cross-linking and the electrophoretic

mobility of the products varied with the mutant. Disulfide

cross-linking was detected in 28 mutants (S7C, T15C, S52C,

I56C, Q96C, T137C, S151C, I231C, T241C, A253C,

S263C, R308C, S313C, A317C, T352C, S360C, S485C,

T497C, S545C, T552C, I605C, L652C, S694C, T700C,

T705C, S740C, S768C, and S787C), implying that these

residues face each other in the homodimers. The other 11

mutants, such as S101C and D281C, did not form disulfide

bonds.

In one mutant, L652C, the disulfide bond could not be

completely reduced by 2-ME, even at high concentrations.

We found that a hydrophobic reducing reagent, ethanedi-

thiol, reduced the bond at 100 mM (Fig. 3B). These results

indicate that Cys652 is located in a hydrophobic environ-

ment, as suggested from the topology of ScPP (Fig. 2).

Then, we examined a possibility of higher order

oligomerization. For this purpose, we constructed double-

cysteine mutants by introducing 14 of the 28 cysteine

mutations, able to form disulfide bonds (Fig. 3A), into the

S545C mutant. A spontaneous formation of disulfide bond

between Cys545 residues occurred without CuPh as men-

tioned above. Thus, this disulfide bond may affect the

interaction between additionally introduced cysteine resi-

dues. After treatment with CuPh, the corresponding single-

cysteine mutants showed a band at around 150 kDa (Fig.

3C, left panel). Eight of the double mutants (S52C/S545C,

S151C/S545C, I231C/S545C, S313C/S545C, S360C/

S545C, S485C/S545C, I605C/S545C, and S787C/S545C)

produced larger complexes about 290 and 440 kDa in

addition to the 150-kDa complex (Fig. 3C, right panel),

strongly suggesting that these double-cysteine mutants



Fig. 2. Model showing the membrane topology of ScPP and the locations of introduced cysteines. This model is based on our previous study [33]. Conserved

motifs such as GGIFTKAADVGADLVGKVE are boxed, and the residues common to various H+-PPases are in boldface. The four endogenous cysteines

(Cys178, Cys179, Cys253, and Cys621) are marked with circles. The 39 residues, such as Ser7, Tyr15, and Ser52, which were replaced with cysteine in single-

cysteine mutants, are indicated by black circles. The four residues (Ser263, Ser402, Ser609, and Ser694) replaced with cysteine in inactive ScPP-His mutants,

which were used in the co-expression study, are indicated by gray squares. Six histidine residues shown at the C terminus represent the His6 tag.
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formed homo-dimers, tetramers, and hexamers after treat-

ment with CuPh.

The remaining six double-cysteine mutants (S7C/S545C,

Q96C/S545C, L652C/S545C, T700C/S545C, T705C/

S545C, and S740C/S545C) showed only a single band at

around 150 kDa, suggesting that these mutants formed only

dimers, cross-linked by Cys545 or the other introduced

cysteine residue. If the mutants formed intramolecular

disulfide bonds, they would be expected to migrate as

monomers. Since there was no band at 72 kDa (Fig. 3C,

right panel), it was concluded that intramolecular cross-

linking did not occur in this experiment.

3.3. Determination of the oligomeric state

The number of subunits making up the oligomeric

complexes was estimated for five single-cysteine mutants

(S545C, I605C, T700C, S740C, and S787C) and two

double-cysteine mutants (I605C/S545C and S787C/

S545C). Enzyme purification, using Ni-nitrilotriacetic

acid-agarose, was an essential step for the analysis, because

the enzyme is at a relatively low concentration within E. coli

membranes (Fig. 4A). The purified ScPP preparations

migrated at around 150 kDa in SDS-PAGE in the absence

of 2-ME. In the presence of 2-ME, the 150-kDa bands

disappeared and 72-kDa bands appeared (Fig. 4B), showing

that the 150-kDa bands corresponded to dimeric forms of

the ScPP-His proteins but not to complexes with other

unidentified proteins.

When the purified preparations were subjected to size-

exclusion chromatography on Superdex 200 HR (Fig. 4C),
the wild-type and cysteine-less ScPP-His enzymes were

eluted in fraction 14, which is the same fraction as that of the

marker protein catalase (232 kDa). The detergent used in this

experiment was n-dodecyl-h-d-maltoside with molecular

weight of 510, critical micelle concentration of 0.17 mM,

and aggregation number of 78 to 92 (40 to 47 kDa)

(www.anatrace.com). The size of complex of the dimer of

H+-PPase and n-dodecyl-h-d-maltoside was estimated to be

more than 200 kDa. Thus, we estimated that the size of the

wild-type enzyme in fraction 14 was the H+-PPase dimer

associated with the detergent. All single-cysteine mutants

(S545C, I605C, S740C, and S787C) were recovered in

fractions 12 and 13, suggesting a larger complex of about

440 kDa, which may be a tetramer of ScPP. The double-

cysteine mutants (I605C/S545C and S787C/S545C) eluted

in fractions 10 to 12, equivalent to a still larger molecular

weight of approximately 669 kDa, consistent with a hexamer

of ScPP.

3.4. Effects of intermolecular disulfide cross-linking on the

enzyme activity

We determined the enzyme activity of a series of single-

cysteine mutants to see whether intermolecular cross-linking

affected the enzyme activity of ScPP. Membrane vesicles

containing mutant enzymes were treated with DTT or CuPh

and then assayed for PPi hydrolysis and PPi-dependent H
+

transport. Oligomerization promoted by CuPh did not

increase the activity of any of the mutant enzymes (Fig.

5). The C-less-His mutant retained activity after treatment

with CuPh, indicating that this treatment had no effect on
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Fig. 3. Disulfide cross-linking of the cysteine mutants by CuPh. Crude membranes prepared from E. coli expressing cysteine mutants of ScPP-His were treated

with 0.2 mM CuPh at 30 -C for 20 min. (A) Immunoblot of the E. coli membranes (5 Ag) with anti-H+-PPase antibody. Samples were separated by 10% SDS-

PAGE with (+2-ME) or without (�2-ME) 2-ME. (B) Immunoblot of membranes (5 Ag) containing the L652C mutant. Samples were reduced with 2-ME (+2-

ME) or ethandithiol (Ethandithiol) at the indicated concentrations. (C) Immunoblot of membranes (10 Ag) from ScPP-His mutants containing single (left panel)

and double (right panel) cysteine substitutions with anti-H+-PPase antibody. The double-cysteine mutants were generated by introducing the second cysteine

residue into the S545C mutant at indicated positions. Samples treated with CuPh were separated by SDS-PAGE using 4–10% gradient gels under non-reducing

conditions. The open triangle indicates bands corresponding to ScPP-His monomer. Closed triangles indicate bands corresponding to dimers and the arrow

indicates bands corresponding to large oligomers. The figures on the ordinate indicate the scale used to estimate molecular masses. For further details, see

Materials and methods.
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ScPP enzyme activity in general. CuPh treatment markedly

decreased both the PPi-hydrolysis and H+-transport activ-

ities of seven mutants (S151C, I231C, S313C, T391C,

S485C, I605C, and T700C), although there was a recovery

in activity after subsequent treatment with DTT (Fig. 5,

CuPh + DTT). This result suggested that cross-linking these

residues inhibits a conformational change occurring as part

of the catalytic reaction of ScPP.

Other mutants retained more than 70% of their original

activity after treatment with CuPh. There are two possible

explanations for this result: (i) disulfide cross-linking did

not occur in these mutants (see Fig. 2A; D187C, D281C,

and S443C), or (ii) disulfide cross-linking did not affect the

enzyme function in these other mutants (S7C, S52C, Q96C,

S360C, S545C, L652C, S740C, S787C, and S787C/

S545C).
3.5. Functional interaction of ScPP subunits in the

membrane

To investigate the enzyme activity of heterodimers

composed of active wild-type and non-functional mutant

subunits in E. coli membranes, we co-expressed both

subunits in E. coli using two compatible plasmids, pDuet-

M2-His6 and pCDF-M2-FLAG. We used His6-tagged ScPP

(ScPP-His) and FLAG-tagged ScPP (ScPP-FLAG) to dis-

tinguish the wild type and mutant subunits, and co-trans-

formed E. coli cells with each pair of plasmids (ScPP-His/

pCDF-M2-FLAG, pDuet-M2-His6/ScPP-FLAG, or ScPP-

His/ScPP-FLAG). Fig. 6A shows that anti-His6-tag and anti-

FLAG antibodies specifically distinguished the tagged ScPP

chains in E. coli membranes and that both ScPP-His and

ScPP-FLAG proteins accumulated in the membranes.



Fig. 4. Determination of the oligomeric states of single- and double-cysteine mutants oxidized with CuPh. (A) SDS-PAGE of E. coli membranes (0.1 Ag)
expressing empty vector (Vector) and wild-type ScPP-His (WT-His) on a 4–10% gradient gel under non-reducing (�2-ME) or reducing conditions (+2-ME).

The gel was silver-stained. The open triangle indicates a band corresponding to ScPP-His monomer. (B) Membranes containing the wild-type ScPP-His,

cysteine-less ScPP-His, and single- and double-cysteine ScPP-His proteins were treated with CuPh and solubilized with 1% Triton X-100. The His6-tagged

ScPP proteins were purified as described under the Materials and methods. Affinity-purified His6-tagged proteins (0.1 Ag) were separated by SDS-PAGE on a

4–10% gradient gel under non-reducing (�2-ME) or reducing conditions (+2-ME). Protein bands were visualized by silver staining. The open triangle

indicates bands corresponding to ScPP-His monomer and the closed triangle indicates bands corresponding to the dimer. The arrow indicates bands

corresponding to tetramers and larger complexes. (C) Size-exclusion chromatography of the purified ScPP on a Superdex 200 HR column. Eluted fractions (8

to 18) were analyzed by immunoblotting with anti-H+-PPase antibody. Peak fractions containing molecular size markers (thyroglobulin, 669 kDa; ferritin, 440

kDa; catalase, 232 kDa; aldolase, 158 kDa) are indicated with arrows.
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When the ScPP proteins were affinity purified with Ni-

agarose, using the His6-tag, from E. coli expressing both

ScPP-FLAG and ScPP-His, and then used for immunoblot-

ting, anti-FLAG antibodies labeled a band at the expected

position (Fig. 6B). This co-purification clearly demonstrates

a physical linkage between ScPP-His and ScPP-FLAG. To

further examine the hetero-oligomers under relatively

natural conditions, we substituted four individual residues

(Ser263, Ser402, Ser609, and Ser694) in wild-type ScPP-His

with cysteine; when we substituted these residues with

cysteine in the C-less mutant, the enzyme was completely

inactive [33]. The wild-type ScPP-His, the ScPP-His

inactive mutants such as S263Cw, and the wild-type ScPP-

FLAG were all detectable in E. coli membranes (Fig. 6C,

left half). The co-expression of the ScPP-His inactive

mutant and the ScPP-FLAG subunits was also confirmed

(Fig. 6C, right half).

Two of the expressed mutants, S402Cw and S609Cw, but

not S263Cw and S694Cw, retained both PPi hydrolysis and

H+ transport activities (Figs. 6, D and E). When the wild

type subunit of ScPP was co-expressed with different

mutant subunits, there were no marked differences in the

protein level (Fig. 6C). However, the PPi hydrolysis and H+

transport activities were markedly lower when the wild-type

subunit was co-expressed with mutant subunits S263Cw or

S694Cw compared to ScPP-His (Figs. 6D and E; right half).

These suppressive effects were particularly clear when the
activities were expressed relative to the amount of accumu-

lated WT-FLAG protein (Figs. 6D and E; bottom columns).

In these cases, the PPi hydrolysis and H+ transport activities

were normalized to the amount of ScPP-FLAG. Thus, we

concluded that the enzyme function was suppressed in

hetero-oligomers formed between active and inactive sub-

units, i.e., the oligomerization of ScPP subunits had a

negative effect on the enzyme function.
4. Discussion

The results of the disulfide cross-linking studies

presented here clearly indicate that ScPP exists as

oligomeric units. This study was prompted by the finding

that the mutant enzyme with a single cysteine substitution

at Ser545, located in the periplasmic loop l, did not react

with BM, a membrane permeable cysteine reagent. This

S545C mutant formed homodimers with an efficiency of

almost 100%, as shown by its failure to be biotinylated

(Fig. 1). This result suggested that Cys545 in the S545C

mutant was very close to another Cys545 in the homodimer.

The disulfide bond is a so-called zero-length cross-linker.

Based on the premise that cysteine cross-linking indicates

the distance between two reactive cysteine residues, we

infer that Ser545 faces another Ser545 in the wild-type

oligomer. However, because proteins are subject to consid-



Fig. 5. Effect of disulfide cross-linking on ScPP function. (A) PPi hydrolysis activity of cysteine mutants of ScPP-His. Membrane vesicles were treated with

DTT (DTT) or CuPh (CuPh). In some cases, DTT was added after treatment with CuPh (CuPh+DTT). After chemical treatment, the suspensions were diluted

100-fold with buffer without DTT or CuPh. Enzyme assays were performed in the presence of 0.5 mM DTT unless CuPh treatment was used. (B) PPi-

dependent H+-transport activity of membrane vesicles (250 Ag). After treatment with DTT or CuPh, these reagents were removed by centrifugation of the

vesicles and resuspension in a buffer without reducing and oxidizing agents. The data in A and B are presented as the meanT standard deviation (S.D.) of

triplicate and duplicate assays, respectively. For further details, see Materials and methods.
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erable thermal motion, the interaction between residues and

the stereochemistry of proteins cannot always be simply

deduced from their chemical reactivity.

4.1. Cross-linking at cytoplasmic loops inactivated ScPP

Experiments using an oxidizing agent provided more

detailed information about ScPP oligomerization. The

present results suggest that cysteine substitutions at several

positions in cytoplasmic loops can produce dimeric forms.

Oligomerization of the single-cysteine mutants (S151C,

I231C, S313C, T391C, S485C, I605C, and T700C) in

cytoplasmic loops c, e, g, i, k, m, and o resulted in marked

decrease in the PPi-hydrolysis and H+ transport activities,

although each single-cysteine mutant regained enzyme

activity following subsequent treatment with DTT. This

inhibitory effect cannot be ascribed to chemical modifica-

tion by copper since other mutants, such as S7C and S787C,

were not affected. These results indicated that fixation of the
cytoplasmic loops, especially loops c, e, g, i, k, m, and o,

may have inhibited the binding of the substrate and/or

conformational changes during catalysis.

All of these loops contain sequences conserved among

H+-PPases from various organisms, including GGIFT-

KAADVGADLVGKVE, EDDPRN, and IADNVGD-

NVGDCA (loop e, common residues are underlined),

GPVSDNAQGIAEM and GNTTKAITKG (loop k),

EVRRQ (loop m ), and GGSWDNAKKLVE and

GDTVGDPFKDTAGP (loop o) (2–4, 33). Three of these

motifs (GGIFTKAADVGADLVGKVE, EDDPRN, and

GDTVGDPFKDTAGP) have been demonstrated to form

the catalytic site of H+-PPases (5, 32). Moreover, two

glutamate residues in Glu550-VRRQ (loop m) and

GGAWDNAKKYI-Glu649 (loop o) of the R. rubrum

enzyme have been reported to be essential for folding to

form the tertiary structure [32]. We propose that the H+-

PPase activity involves conformational changes affecting at

least seven cytoplasmic loops; namely, four loops that



Fig. 6. Co-expression of the wild-type and inactive mutant form of ScPP affects the enzyme activity. (A) Immunoblot of membranes (10 Ag) prepared from E.

coli co-expressing wild-type ScPP-FLAG and ScPP-His mutant (WT-FLAG/WT-His) with anti-H+-PPase (ScPP), anti-His-tag (His), and anti-FLAG antibodies

(FLAG). (B) Co-purification of ScPP-FLAG with ScPP-His. Membranes from E. coli co-expressing ScPP-FLAG and ScPP-His mutant were solubilized with

1% Triton X-100 and then purified on Ni-nitrilotriacetic acid-agarose. The purified samples were analyzed by immunoblotting with anti-H+-PPase and anti-

FLAG antibodies. (C) Immunoblot of membranes co-expressing ScPP-FLAG and ScPP-His mutant with anti-H+-PPase, anti-His-tag, and anti-FLAG

antibodies. (D) PPi hydrolysis activity of E. coli membranes. (E) PPi-dependent H
+-transport activity of membrane vesicles (250 Ag) prepared from E. coli.

Activities relative to the amount of ScPP-FLAG are shown in the lower panels of D and E. The data are presented as the meanTS.D. of triplicate and duplicate

assays, respectively. N. D., not determined.
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contain conserved motifs (e, k, m, and o) and three other

loops (c, g, and i).

Other mutations in periplasmic loops (S7C, Q96C,

S360C, S545C, L652C, and S740C) and at the C-terminus

(S787C) produced dimeric forms but had no effect on

function, suggesting that conformational changes do not

occur in periplasmic domains. Recently, difference in the

tertiary structure of Ca2+-ATPase among catalytic states is

clearly demonstrated at atomic level [48]. Ca2+-ATPase

shows drastic structural changes including the rearrange-

ment of transmembrane helices. In contrast to Ca2+-ATPase,

the present study suggests that H+-PPase may not show

drastic rearrangement of periplasmic domains and trans-

membrane helices.

4.2. Negative effect of oligomerization with non-functional

subunits

Co-expression of active subunits with inactive mutant

subunits indicated the biochemical significance of ScPP
oligomerization. Expressing the subunits with specific His6
and FLAG tags confirmed this interaction and the formation

of hetero-oligomers (Fig. 6). Interactions between the active

and inactive subunits of ScPP resulted in decrease in the

activity. Oligomers of the active wild-type subunit (ScPP-

FLAG) with mutant subunits (S263Cw, S402Cw, S609Cw,

and S694Cw) did not have full activity. In oligomers

containing S263Cw and S694Cw, the proton pump activities

were 30% and 23%, respectively, of that of the combined,

tagged wild-type subunits (ScPP-FLAG/WT-His) (Fig. 6E).

These observations indicate that enzyme function is depend-

ent upon subunit-subunit interaction.

Formation of dimers and higher order oligomers may

stabilize the structure in the membranes and alter the

functional properties. The functional significance of oligo-

merization has been discussed for several membrane trans-

porters. In the case of the E. coli Na+/H+ antiporter, which

has been proposed to exist as a homo-oligomer, intermo-

lecular cross-linking changed the pH profile of the activity

[49]. The serotonin transporter, which is a membrane
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protein with 12 transmembrane domains, has been shown to

form a tetramer by the association of dimers [50]. A

functional consequence of this oligomerization has been

demonstrated. Ludewig et al. [51] also reported that co-

expression of wild-type and mutant proteins inhibited the

activity of the tomato ammonium transporter.

Oligomerization of H+-PPases may be related to allos-

teric functions, including the interactions with free magne-

sium and potassium ions, which are known cofactors for the

enzyme [1,52]. The formation of higher order oligomers

may also provide a possibility for scaffolding of the enzyme

in the membrane in living cells.

4.3. Oligomerization and the interface

We suggest that ScPP forms oligomers in E. coli

membranes based on the following findings: (i) the

demonstration of interactions between the ScPP polypep-

tides in situ by the cross-linking of cysteine substitution

mutants and the co-purification of nScPP-FLAG and His6-

tagged ScPP subunits; (ii) the detection of functional

interactions between ScPP proteins. This study suggests

the association of ScPP dimers into higher order com-

plexes, based on the identification of cross-linked com-

plexes from double-cysteine substitution mutants, migrating

with molecular masses over 250 kDa in SDS-PAGE, where

dimers migrated with a mass of 150 kDa (Fig. 3C). In

addition, the cross-linked products from the mutants eluted

as large complexes of 400 to 550 kDa in size-exclusion

column chromatography, in which dimers behaved as about

230-kDa molecules (Fig. 4C), reflecting the size of

oligomer–detergent complexes. Finally, we propose that

ScPP has the potential to form tetramers and possibly

hexamers, through the association of two dimers, in the

membranes. We believe that stable dimers form the basic

functional unit for this enzyme and that the individual

dimer, within larger oligomers, functions independently.

This idea is in agreement with previous findings that plant

H+-PPases also form oligomers and that their functional

units are dimers [34–39].

In this study, we have identified some of the residues

located in the interface between oligomers. Residue Ser545,

located in the periplasmic space, is strongly implicated as

forming part of the interface between the subunits, since the

S545C mutant formed a dimer without CuPh treatment and

retained enzyme activity. The results obtained using double-

cysteine substitution mutants (Fig. 3) suggested that

residues Ser52, Ser151, Ser313, Ser485, Ile605, and Ser787 are

also located at this interface. However, only two (S52C and

S787C) of these mutants retained the enzyme activities.

Therefore, residues Ser52 and Ser787 are the most likely

candidates, in addition to Ser545, for being at the interface

between individual subunits. We need to perform high-

resolution crystallographic studies, especially two-dimen-

sional crystallography, to confirm the tertiary structure of

H+-PPases in the membrane.
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