
The Role of Phosphatidic Acid and Cardiolipin in Stability
of the Tetrameric Assembly of Potassium Channel KcsA

Mobeen Raja

Received: 31 December 2009 / Accepted: 15 March 2010 / Published online: 30 March 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract In this study, the roles of two anionic phos-

pholipids—phosphatidic acid (PA), which is an important

signaling molecule, and cardiolipin (CL), which plays a

crucial role in the bioenergetics of the cell—in stabilizing

the oligomeric structure of potassium channel KcsA were

determined. The stability of KcsA was drastically increased

as a function of PA or CL content (mol%) in phosphati-

dylcholine (PC) bilayers. Deletion of the membrane-asso-

ciated N terminus significantly reduced channel stability at

high levels of PA content; however, the intrinsic stability

of this protein was marginally affected in the presence of

CL. These studies indicate that the electrostatic-hydrogen

bond switch between PA and N terminus, involving basic

residues, is much stronger than the stabilizing effect of CL.

Furthermore, the unique properties of the PA headgroup

alter protein assembly and folding properties differently

from the CL headgroup, and both lipids stabilize the tet-

rameric assembly via their specific interaction on the extra-

or the intracellular side of KcsA.
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Introduction

To maintain the barrier properties and the functioning of a

biological membrane, a given membrane dynamics is

required. Concerning barrier properties, the dynamics of

membrane lipids and lipid–protein interactions is thought

to be more important. Biological functioning is assured by

the dynamics of the membrane proteins, which also depend

on lipid–protein interactions (Dowhan 1997). The balance

between lipid and protein dynamics and the role of lipid–

protein interaction in maintaining membrane functionality

are still not fully understood.

Biological membranes contain a diversity of phospho-

lipids, which differ in the nature of their headgroups.

Phosphatidic acid (PA) is a unique acidic phospholipid

because of its small, negatively charged headgroup very

close to the acyl chain region of the bilayer; its high affinity

for divalent cations; and its propensity to form intermo-

lecular hydrogen bonds (Demel et al. 1992; Boggs 1987).

PA is not an abundant lipid constituent of any living

organism, but it is extremely important as an intermediate

in the biosynthesis of triacylglycerols and phospholipids

and as a signaling molecule. It is the simplest diacylgly-

cerophospholipid and the only one with a phosphomono-

ester as the headgroup.

The biosynthesis of another unique phospholipid, car-

diolipin (CL), begins with the formation of PA from

glycerol-3-phosphate and activated fatty acids. CL is a

structurally dimeric phospholipid localized in the inner

mitochondrial membrane, where it is required for optimal

mitochondrial function. For instance, in mitochondria, a

certain portion of CL is bound to proteins (Schlame et al.

1990); and in some cases, like the ADP–ATP carrier, CL is

essential for the stability of the quarternary protein struc-

ture (Beyer and Nuscher 1996).
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Electrostatic interactions between anionic lipids and

positively charged residues are essential for protein trans-

location across and insertion into the membrane (Ridder

et al. 2001) and are thus responsible for the positive-inside

rule (Von Heijne 1986). The question arises as to how

negatively charged lipids affect protein oligomerization

once they are bound to the protein surface or incorporated

into protein complexes and which role they play in the

overall intrinsic stability of complex assembly.

The potassium channel KcsA is an oligomeric mem-

brane protein from Streptomyces lividans, which is a con-

venient model protein to study membrane protein

oligomerization (Valiyaveetil et al. 2002). The tetrameric

structure of KcsA is highly stable in a wide range of

detergents, even in SDS (Cortes and Perozo 1997). This

high stability is caused not only by interactions between

protein subunits but also by interactions between the pro-

tein and the surrounding lipid bilayer (Van Dalen et al.

2002; Raja et al. 2007). In the present study, the roles of the

acidic phospholipids PA and CL were investigated, with

special emphasis on the involvement of the N terminus in

determining the tetrameric stability of KcsA. The data

suggest that the lipid headgroup properties of PA and CL

affect channel stability differently, where the N terminus

significantly stabilizes the tetramer via electrostatic and

hydrogen bond interactions between PA and basic residues.

In contrast, the interaction between CL and the N terminus

plays a minor role in channel stability, thus indicating that

CL might stabilize the tetramer via its exclusive interaction

with positively charged residues at protein subunit inter-

faces of tetrameric assembly.

Experimental Procedures

Reagents

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-di-

oleoyl-sn-glycero-3-phosphatidic acid (DOPA) and 1,10,
2,20-tetraoleyl cardiolipin (TOCL) were purchased from

Avanti Polar Lipids (Birmingham, AL). n-Dodecyl-

b-D-maltoside (DDM) was from Anatrace (Maumee, OH).

Ni2+-NTA agarose was obtained from Qiagen (Chatsworth,

CA). 2,2,2-Trifluoroethanol (TFE) was obtained from

Merck (Darmstadt, Germany).

Protein Purification and Reconstitution

into Proteoliposomes

Wild-type (WT) and mutant—lacking the first 18 amino

acids (D1–18), named ‘‘DN-KcsA’’—were expressed with

an N-terminal His-tag from pT7-KcsA in Escherichia coli

strain BL21 according to the method described previously

(Raja et al. 2007). WT and DN-KcsA were purified with

yields of *1 and *0.1 mg/l culture, respectively. Pro-

teins were reconstituted in different lipid mixtures with a

1:1,000 protein:lipid molar ratio, and the resultant prote-

oliposomes were obtained as described previously (Raja

et al. 2007).

Stability Assay of Tetramer Dissociation by TFE

Small aliquots of proteoliposomes were incubated with

variable concentrations of TFE for 1 h at room tempera-

ture, run on 15% SDS gel and analyzed by silver nitrate-

stained SDS-PAGE. The amount of tetramer (%) was

determined and plotted against TFE (vol.%) for the sta-

bility assay, as described previously (Raja et al. 2007).

Results

Interaction of PA and Tetramer Dissociation

Figure 1a illustrates silver-stained gels of WT and

DN-KcsA dissociation in PC:PA (7:3 mol%) lipid bilayer

as a function of TFE (vol.%). Dissociation of WT-KcsA

tetramer, which runs at *68 kDa, required relatively

higher amounts of TFE (vol.%); i.e., 50 vol.% TFE was

required to dissociate tetramer into its monomeric subunits,

which run at *18 kDa, as also reported previously (Raja

et al. 2007). Furthermore, DN-KcsA, which still forms a

stable tetramer upon N-terminal deletion, required almost

similar amounts of TFE to dissociate the tetramer. Sur-

prisingly, tetramer dissociation in DN-KcsA could not be

followed by the appearance of a monomeric population as

observed for WT-KcsA dissociation. This suggests that PA

specifically interacts with the N terminus and might be

required for proper folding of monomeric subunits upon

TFE-induced tetramer dissociation.

Figure 1b summarizes the data from the experiments

illustrated in Fig. 1a. The stability of the tetramer was

found to be similar for both WT and DN-KcsA since

similar amounts of TFE (vol.%) were required to dissociate

the tetramer. However, the amount of tetrameric fraction

(%) of DN-KcsA significantly decreased, in the range of

25–35 vol.% TFE, compared to WT-KcsA. These results

indicate the role of the N terminus in stabilizing the KcsA

tetramer via specific interaction with PA.

Interaction of CL and KcsA Stability

Gel images of TFE-induced tetramer dissociation of WT

and DN-KcsA in PC:CL (7:3 mol%) lipid bilayer are

shown in Fig. 2a, and Fig. 2b summarizes the data from gel

electrophoresis illustrated in Fig. 2a. The amount of TFE
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(vol.%) required to dissociate both tetrameric proteins was

found to be identical, thus exhibiting similar stability.

Furthermore, no significant difference in TFE-induced

remaining tetrameric fraction (%) was observed. It is also

interesting to note that upon tetramer dissociation of both

proteins no monomeric KcsA could be observed on SDS

gel, which could be due to aggregation of the monomeric

KcsA–CL complex.

Influence of PA and CL on the Stability of Tetrameric

Assembly

The interaction of PA and CL with KcsA and their roles in

stabilizing tetrameric structure were further analyzed by

titrating an increasing amount of PA or CL in PC bilayers,

as shown in Figs. 1c and 2c, respectively. The amount of

TFE (vol.%) at which 50% tetramer was stable was

Fig. 1 a Silver-stained gels of TFE-induced tetramer dissociation in

WT and DN-KcsA in PC:PA (7:3 mol%) lipid bilayers. Tetrameric

(T) and monomeric (M) KcsA are indicated, and a protein marker (in

kDa) is shown on the right. b Quantification of silver-stained gels

shown in a. The intensities of tetramer bands were assigned as a

relative value of 100% observed for a TFE untreated (0 vol.% TFE)

sample. c Effect of PA on tetramer stability of WT and DN-KcsA.

Proteins were reconstituted in LUVs containing varying amounts of

PA in PC (mol%). Samples were analyzed as described in b, and the

vol.% TFE required to dissociate the 50% tetramer was calculated.

All data points correspond to the average ± SD of three experiments

Fig. 2 a Silver-stained gels of

TFE-induced tetramer

dissociation in WT and

DN-KcsA in PC:CL (7:3 mol%)

lipid bilayers. Tetrameric (T)

and monomeric (M) KcsA are

indicated, and a protein marker

(in kDa) is shown on the right. b
Quantification of silver-stained

gels shown in a. The % tetramer

was calculated as described for

Fig. 1b. c Influence of CL on

tetrameric stability of WT and

DN-KcsA in PC bilayers. The

amount of 50% tetramer was

calculated as described for

Fig. 1c. All data points

correspond to the average ± SD

of three experiments
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determined as a function of anionic PA or CL present in the

membrane. For WT-KcsA, the tetramer is stabilized in the

range of 20–50 mol% PA in PC compared to pure PC

(0 mol% PA) (Fig. 1c). Increasing PA from 60 to

100 mol% leads to a slight decrease in tetrameric stability,

possibly due to a high charge density in the membrane,

which seems to affect protein–lipid interaction. In case of

DN-KcsA, tetrameric stability was slightly reduced, in the

range of 20–50 mol% PA in PC; however, a significant

reduction was observed at higher PA concentrations com-

pared to WT-KcsA. These results suggest that the N ter-

minus has a specific interaction with PA and this

interaction seems to increase tetrameric stability. It is also

interesting to note that the N terminus significantly com-

pensates for the destabilizing effect of high charge density

in the membrane.

On the other hand, the stability of WT-KcsA signifi-

cantly increased throughout the range of CL, indicating

that saturation or an optimal CL content required to occupy

all binding sites of KcsA could not be reached (Fig. 2c).

However, in the absence of the N terminus, the optimal

CL–KcsA interaction was reached at 50 mol% CL in lipid

bilayers. These results suggest that the two anionic lipids

interact with KcsA differently. PA significantly stabilizes

the tetramer via its interaction with the N terminus. The

interaction of CL with the N terminus does not seem to be

important for stabilizing the tetrameric structure, thus

suggesting that CL might stabilize the tetramer via specific

protein–lipid interactions at protein subunit interfaces (see

‘‘Discussion’’ section).

Discussion

The formation of homo-oligomeric assemblies is a well-

established characteristic of many soluble proteins and

enzymes. Oligomerization has been shown to increase pro-

tein stability, allow allosteric cooperativity and provide

multivalent interaction sites in soluble proteins. In com-

parison, our understanding of the prevalence and the reasons

behind protein oligomerization and stability in oligomeric

membrane proteins is relatively insufficient. The present

study investigated channel stability, with special emphasis

on the role of the N terminus, which forms an alpha-helix

anchored at the membrane–water interface (Cortes et al.

2001). The N terminus contains two arginines, at positions

11 and 19, and one lysine, at position 14. It was interesting to

observe a stronger stabilizing effect of PA than CL. In

addition, the N terminus significantly contributed to the

stabilizing effect of PA. Previous studies also indicated that

PA has a stronger stabilizing effect than anionic phosphat-

idylglycerol (PG) (Raja et al. 2007). However, it should be

noted that the phosphomonoester headgroup of PA has

remarkable H-bonding properties (Kooijman et al. 2003). It

has been demonstrated that the positively charged lysine and

arginine residues on proteins can bind with some specificity

to PA through hydrogen bonding with the phosphate group,

thus distinguishing PA from other phospholipids. An

‘‘electrostatic-hydrogen bond switch model’’ has been pro-

posed in which the headgroup of PA forms a hydrogen bond

to a basic amino acid residue, leading to deprotonation of the

headgroup, increasing its negative charge and thus enabling

stronger interactions with further basic residues (see

schematic model in Fig. 3a) and tight docking with the

membrane interacting protein (Kooijman et al. 2007; Raja

et al. 2007). Furthermore, TFE also strengthens the elec-

trostatic-hydrogen bond switch between the basic residues

and PA since it promotes ionic interactions in soluble

proteins (Raja et al. 2007).

It is surprising that PA, which contains a net charge of

*1.5 (Demel et al. 1992), still exhibits a stronger stabi-

lizing effect than CL, which potentially carries two neg-

ative charges (LeCocq and Ballou 1964). In this context,

the lipid headgroup properties of PA can be taken into

further consideration. PA behaves as a cone-shaped lipid

similar to the molecular shape of zwitterionic phosphati-

dylethanolamine (PE) (Kooijman et al. 2007). PE has

been shown to increase membrane association and facil-

itate insertion of monomeric KcsA due to its small

headgroup size (Ridder et al. 2001). Similarly, the small

size of the PA headgroup might also allow efficient and

deep insertion of the KcsA subunit and N terminus into

the membrane, thus increasing channel stability via

H-bonding/electrostatic interactions. Furthermore, a slight

stabilizing effect of PG observed in the previous study

(Raja et al. 2007) was found to be specific due to elec-

trostatic interaction between the N-terminal helix dipole

and the acidic PG, and this assumption was supported by

the observation that high salt concentration in the reaction

medium diminished the strength of ionic binding by

providing competing ions for the charged residues, thus

abolishing the PG-dependent stabilizing effect (unpub-

lished data). There is a possibility of binding of His-tag to

acidic phospholipids. Such an effect does not, however,

contribute to the stabilizing differences between the two

proteins. The reason is that channel stability is compared

in the presence or absence of the N-terminal domain and

in both cases the His-tag was present, which facilitates a

more straightforward comparison of the two proteins.

It is clear that the amount of TFE required to dissociate

the KcsA–PG complex, as observed previously (Raja et al.

2007), is relatively less than that required for dissociation

of the KcsA–CL complex, thus indicating that an increase

in net charge promotes strong electrostatic interactions

between basic residues and the CL headgroup. Such

interactions, however, do not seem as powerful as
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electrostatic–hydrogen bond interactions in the PA–KcsA

complex. Furthermore, the N terminus does not have a

significant role in stabilizing the KcsA–CL complex, which

indicates that CL might stabilize the tetrameric structure

differently from PA.

Further insight into the nature of CL–protein interac-

tions may be derived from crystal structures of CL–protein

complexes. Tightly bound CL has been identified in crys-

tals of mitochondrial complex III (Lange et al. 2001) and

the ADP–ATP carrier (Pebay-Peyroula et al. 2003), as well

as in crystallized prokaryotic proteins, such as the trimeric

formate dehydrogenase N (Jormakka et al. 2002) and

succinate dehydrogenase (Yankovskaya et al. 2003). In all

these protein crystals, the headgroup of CL forms strong

hydrophilic interactions with a number of amino acid res-

idues, involving electrostatic forces, hydrogen bonds and

water molecules. The acyl chains, however, remain flexible

and interact with the protein surface by van der Waals

forces at multiple sites. CL has been shown to sit typically

at monomer interfaces of oligomeric assemblies and

appears to mediate the contact between two monomers or

the contact between the protein surface and the bilayer.

It can be assumed that CL also sits at monomer inter-

faces of tetrameric assembly in the close proximity of R64

and R89 (see Fig. 3b), which are known to be potential

binding sites for PG, as suggested from the KcsA–PG

crystal complex (Valiyaveetil et al. 2002). In this regard,

R52 would also be involved in such interactions because its

side chain sticks out toward the membrane interface (Doyle

et al. 1998) and might interact with CL. The importance of

a CL-induced stabilizing effect can also be justified by the

fact that it plays a role in the formation of supercomplexes

because CL deficiency decreases the stability of large

supramolecular aggregates (Zhang et al. 2002; McKenzie

et al. 2006).
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