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Abstract

The determination of the crystal structure of the Ca2 +-ATPase of sarcoplasmic reticulum (SR) in its Ca2 +-bound [Nature 405 (2000) 647]

and Ca2 +-free forms [Nature 418 (2002) 605] gives the opportunity for an analysis of conformational changes on the Ca2 +-ATPase and of

helix–helix and helix– lipid interactions in the transmembrane (TM) region of the ATPase. The locations of the ends of the TM a-helices on

the cytoplasmic side of the membrane are reasonably well defined by the location of Trp residues and by the location of Lys-262 that snorkels

up to the surface. The locations of the lumenal ends of the helices are less clear. The position of Lys-972 on the lumenal side of helix M9

suggests that the hydrophobic thickness of the protein is only about 21 Å, rather than the normal 30 Å. The experimentally determined TM a-

helices do not agree well with those predicted theoretically. Charged headgroups are required for strong interaction of lipids with the ATPase,

consistent with the large number of charged residues located close to the lipid–water interface. Helix packing appears to be rather irregular.

Packing of helices M8 and M10 is of the 3–4 ridges-into-grooves or knobs-into-holes types. Packing of helices M5 and M7 involves two Gly

residues in M7 and one Gly residue in M5. Packing of the other helices generally involves just one or two residues on each helix at the

crossing point. The irregular packing of the TM a-helices in the Ca2 +-ATPase, combined with the diffuse structure of the ATPase on the

lumenal side of the membrane, is suggested to lead to a relative low activation energy for changing the packing of the TM a-helices, with

changes in TM a-helical packing being important in the process of transfer of Ca2 + ions across the membrane. The inhibitor thapsigargin

binds in a cleft between TM a-helices M3, M5 and M7. It is suggested that this and other similar clefts provide binding sites for a variety of

hydrophobic molecules affecting the activity of the Ca2 +-ATPase.
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1. Introduction: mechanism of the Ca2+-ATPase

Intrinsic membrane proteins must have co-evolved with

the lipid component of the membrane to give optimal

function, within the constraints imposed by the role of lipids

in the general physiology of the cell and by the requirements

of the biosynthetic machinery for translation and insertion of

proteins into membranes. The rules describing the relation-

ships between protein structure and lipid structure are still

being defined. The lipid compositions of biological mem-

branes are complex and this complexity may be necessary

for the proper function of membrane proteins. The lipid

composition of the membrane affects properties of the

membrane such as membrane thickness, the charge on the

membrane, membrane phase (bilayer or gel) and intrinsic

curvature (if it contains lipids such as the phosphatidyletha-

nolamines that prefer a curved hexagonal HII phase rather

than a planar bilayer phase). The importance of these

various properties of a lipid bilayer have been studied for

only a small number of membrane proteins that can be

purified and reconstituted into lipid bilayers of defined

composition. One such protein is the Ca2 +-ATPase from

skeletal muscle sarcoplasmic reticulum (SR). The report of

the crystal structure of the Ca2 +-ATPase of skeletal muscle

SR in its Ca2 +-bound form [1] provides an opportunity to

interpret these data in structural terms.

The ATPase contains 10 transmembrane (TM) a-helices

and three large cytoplasmic domains (Fig. 1). The first of the
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cytoplasmic domains, initially referred to as the transduction

or h-strand domain, is a 125-residue loop connected to TM

a-helices M2 and M3 and is now referred to as the

activation or A domain [1]. A larger loop of about 410

residues, connected to TM a-helices M4 and M5, makes up

the phosphorylation domain P and contains the residue

(Asp-351) phosphorylated by ATP. Inserted into the P

domain is the nucleotide-binding domain N. Two Ca2 + ions

are bound within the TM region, between helices M4, M5,

M6 and M8. The two Ca2 + ions are bound side by side, 5.7

Å apart, at almost the same distance from the membrane

surface. Site I contains oxygen ligands from M5, M6 and

M8 whereas site II contains oxygen ligands predominantly

from M4 (see Fig. 13). The two sites are bridged by Asp-

800 in M6 that contributes carboxyl oxygen to both sites.

Coordination at site I is provided by side chain oxygens of

Asn-768 and Glu-771 from M5, Thr-799 and Asp-800 from

M6, and Glu-908 from M8. Disruption of the helical

structure of M6 around Asp-800 and Gly-801 is required

to allow both Thr-799 and Asp-800 to contribute to the site

[1]. Coordination at site II is provided by side chain oxygens

of Asn-796 and Asp-800 from M6 and Glu-309 from M4

and by backbone oxygens of Val-304, Ala-305 and Ile-307

from M4. Again, this pattern of coordination requires that

the helix mainly contributing ligands to the site (M4) be

unwound between Ile-307 and Gly-310. The unwound

region of M4 contains the PEGL motif found in the P-type

ATPases, where Cys or His replaces the Glu residue in

ATPases that transport heavy metals [2].

The pathway for transport across the membrane is very

obvious in proteins such as the porins and in ion channels

such as the potassium channel KcsA, but this is not the case

Fig. 1. The structure of the Ca2 +-ATPase in its Ca2 +-bound form. Shown are the structures of the Ca2 +-ATPase and of the potassium channel KcsA. The

cytoplasmic domains of the Ca2 +-ATPase are coloured as follows: activation domain A, blue; phosphorylation domain P, yellow; nucleotide binding domain N,

green. The four TM a-helices involved in binding Ca2 + ions are coloured as follows: M4, yellow; M5, lilac; M6, green; M8, blue; the other TM a-helices are

coloured red. Only one of the two bound Ca2 + ions is visible in this view (shown in orange). The Trp residues close to the membrane are shown in space-fill

representation. Also shown in space-fill representation are two Lys residues (K262 and K972) that help to define, respectively, the cytoplasmic and lumenal

surfaces of the membrane. The horizontal lines show possible locations for the hydrocarbon core of bilayers of thickness 30 or 21 Å, as marked. The insert

shows the structure of TM a-helix M1 with the charged residues shown in space-fill representation. KcsA is a tetramer in the membrane; one monomer is

shown in blue and the other three in red. Trp residues are shown in space-fill representation.
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for the Ca2 +-ATPase (Fig. 1). There are no large channels

leading from the cytoplasmic surface of the membrane to the

pair of high affinity Ca2 + binding sites or leading from the

binding sites to the lumenal surface of the membrane. This

implies that significant conformational changes are required

in the ATPase for transport, resulting in a rate of ion

movement for the Ca2 +-ATPase that is very much lower

than the rate of ion movement through an ion channel.

The mechanism of the Ca2 +-ATPase is usually discussed

in terms of the E1–E2 model developed from the Post-

Elbers scheme for (Na+,K+)-ATPase, as shown in Fig. 2 [3].

The model proposes that the Ca2 +-ATPase can exist in one

of two distinct forms, E1 or E2. In the E1 conformation the

ATPase can bind two Ca2 + ions from the cytoplasmic side

of the membrane whereas in the E2 conformation these two

sites are closed. Following binding of ATP, the ATPase is

phosphorylated on Asp-351 to give a phosphorylated inter-

mediate E2PCa2, a state in which the two Ca
2 + binding sites

are of low affinity and face inwards. Following loss of Ca2 +

to the lumen of the SR the ATPase dephosphorylates to E2

and then recycles to E1. The ATPase must also contain a

pair of low affinity binding sites for Ca2 + on the lumenal

side of the membrane to explain the effects of lumenal Ca2 +

ions on the ATPase [4,5]. In the four-site model for transport

by the Ca2 +-ATPase, transport of Ca2 + across the mem-

brane corresponds to transfer of the two bound Ca2 + ions

from the pair of cytoplasmic sites to the pair of lumenal sites

on phosphorylation of the ATPase [4]. In this model, there-

fore, the two bound Ca2 + ions are released from a different

pair of sites (the lumenal pair of sites) to those to which they

initially bound (the cytoplasmic pair of sites). As described

elsewhere [5], mutagenic and structural data do not fit easily

with this form of the four-site model; the experimental data

are more easily interpreted in terms of the alternating, four-

site model for transport shown in Fig. 2. In this model the

transported Ca2 + ions are released directly from the cyto-

plasmic pair of sites, linked to closure of a pair of lumenal

binding sites [5]. Thus, in the alternating four-site model the

pair of lumenal Ca2 + binding sites is available to bind Ca2 +

in the E1 and E2 conformations of the ATPase but not in the

phosphorylated form E2PCa2,, as shown in Fig. 2, and the

pair of transport sites is open to the lumen in the phos-

phorylated intermediate E2PCa2 but is closed to the lumen

in the non-phosphorylated states E1 and E2.

An unexpected feature of the structure of the Ca2 +-

ATPase is that the first TM a-helix (M1) contains four

acidic and one basic residue (Fig. 1). Since one of the acidic

residues (Glu-58) points towards the Ca2 + ion in binding

site II, it has been suggested that helix M1 could be part of

the access pathway to Ca2 + binding site II, with a Ca2 + ion

reaching site I through site II, explaining the cooperativity in

Ca2 + binding and the observation that binding of the second

Ca2 + ion blocks the release of the first Ca2 + ion to bind [5].

Since there is no obvious pathway from the high affinity

sites to the lumenal surface of the membrane, release of

Ca2 + ions from the ATPase must involve a significant

change in the packing of the TM a-helices. This could

involve an opening up of the interface between helical

bundles M1–M4 and M5–M10, allowing access to the

lumen [5].

The link between the phosphorylation domain and the

pair of high affinity Ca2 + binding sites is probably provided

by two small helices P1 and P2 in the phosphorylation

domain that contact the loop between TM a-helices M6 and

Fig. 2. The E1–E2 scheme for the Ca2 +-ATPase. Also shown is a representation of the alternating four-site model for transport, showing the proposed changes

in the cytoplasmic and lumenal binding sites for Ca2 + [5].
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M7 (see Fig. 12) [1]. P1 is close to Asp-351, the residue

phosphorylated by ATP. Since there are large changes in the

conformation of the ATPase on binding ATP and phosphor-

ylation [1] it is likely that P1 moves on phosphorylation of

the ATPase. Movement of P1 relative to the M6–M7 loop

on phosphorylation could move the M6–M7 loop, and so

lead to a change in the packing of the TM a-helices, leading

to conversion of the pair of cytoplasmic binding sites for

Ca2 + from a state of high affinity for Ca2 + to one of low

affinity, followed by release of the two bound Ca2 + ions.

Conversely, binding of Ca2 + to the pair of cytoplasmic sites

on the Ca2 +-ATPase will change the packing of the TM a-

helices, alter the position of the M6–M7 loop and thus alter

the position of P1, signalling to the phosphorylation domain

of the ATPase that Ca2 + is bound; only the Ca2 +-bound

form of the ATPase can be phosphorylated by ATP. Thus,

the pattern of packing of the TM a-helices of the Ca2 +-

ATPase and changes in this pattern of packing on binding

Ca2 + and on phosphorylation are key to the function of the

ATPase. This idea is explored further in Section 5 where the

structure of the Ca2 +-bound ATPase is compared to that of

the Ca2 +-free, E2 form. Since the TM a-helices are embed-

ded in the lipid bilayer, it is not surprising that changes in

the structure of the lipid bilayer lead to changes in the

function of the ATPase [6].

2. Identification of TM A-helices

The crystal structure of the Ca2 +-ATPase contains no

resolved phospholipid molecules so that it is not possible

to identify directly from the crystal structure which regions

of the Ca2 +-ATPase actually span the lipid bilayer. TM a-

helices are usually predicted on the basis of hydropathy

plots, searching for long stretches of hydrophobic amino

acid residues. This definition of a TM a-helix equates the

TM region to the part of a helix required to span the

hydrocarbon core (the fatty acyl chain region) of a lipid

bilayer, which, for a typical phospholipid bilayer such as

dioleoylphosphatidylcholine (di(C18:1)PC), has a thickness

of about 30 Å. Given a helix translation of 1.5 Å/residue in

a perfect a-helix, about 20 residues are required to span

the hydrocarbon core of the bilayer if the helix is untilted

with respect to the bilayer normal; a tilt of about 20j,
typical of that found in many membrane proteins, would

increase this by about 10%. However, a requirement to cap

the ends of a-helices may extend the length of the helix.

The requirement for capping follows because the initial

four –NH and final four –CMO groups of an a-helix have

no hydrogen bonding partners provided by the peptide

backbone of the a-helix itself, and so suitable hydrogen

bonding partners have to be provided in some other way.

One way is to extend the helix by three or four residues at

each end with polar residues containing suitable hydrogen

bonding partners such as Pro and Asn. For example, in the

Ca2 +-ATPase Asn-810 and Asn-930 at the cytoplasmic

ends of M6 and M9, respectively, and Asn-275, Pro-789

and Pro-952 at the lumenal ends of M3, M6 and M9,

respectively, will serve this role. Alternatively, if hydro-

phobic, nonpolar residues in the TM a-helix extend into

the headgroup region, hydrogen bonds could form with

suitable groups in the glycerol backbone and headgroup

regions of the lipid bilayer. The result is that there is a

degree of uncertainty in where the ends of TM a-helices

should be drawn. In the same way that the lipid–water

interface is not a sharp boundary [7], so there is a degree

of indeterminacy in locating the ends of TM a-helices. If

20 residues are required to span the hydrophobic core of

the bilayer, the total helix length could be up to 28

residues. For example, the average number of residues in

the TM a-helices of the bacterial photoreaction centre is

26, corresponding to a length of about 39 Å. The hydro-

phobic stretches in these helices are, however, about 19

amino acids or about 28.5-Å long [8,9]. This corresponds

closely to the hydrophobic thickness of about 30 Å,

defined experimentally as that part covered by detergent

in the crystal [10,11].

Identification of the ends of TM a-helices is made easier

by the fact that Trp and Tyr residues are often found at the

ends of TM a-helices. This observed preference for Trp and

Tyr residues for the ends of TM a-helices agrees with

measurements of the binding of small peptides at the lipid–

water interface that show that aromatic residues have a

preference for the lipid–water interface [12]. Further, a

number of small tryptophan analogues have been shown

to bind in the glycerol backbone and lipid headgroup region

of a lipid bilayer, stabilised partly by location of the

aromatic ring in the electrostatically complex environment

provided by this region of the bilayer, and partly by

exclusion of the flat, rigid ring system from the hydrocarbon

core of the bilayer for entropic reasons [13]. The aromatic

residues at the ends of TM a-helices probably act as ‘floats’

at the interface, serving to fix the helix within the lipid

bilayer. However, it is at present unclear whether the

aromatic rings prefer the hydrocarbon or the headgroup

region of the bilayer. This uncertainty is also apparent in the

crystal structures of a number of membrane proteins. For

example, the Trp residues in the bacterial potassium channel

KcsA [14] are found clustered at the ends of the TM a-

helices, forming clear bands on the two sides of the

membrane, as shown in Fig. 1. Assuming a hydrophobic

thickness for the membrane of 30 Å, the Trp residues in

KcsA would be located just below the glycerol backbone

region of the bilayer, at the outer edges of the hydrocarbon

core. In the bacterial photosynthetic reaction centre [15], the

majority of the Trp residues are found near the periplasmic

side of the protein, again near the ends of the TM a-helices.

However, the band of Trp residues is more diffuse than in

KcsA and if the hydrocarbon core of the bilayer around the

complex has a thickness of 30 Å, then some Trp residues

will be located in the hydrocarbon core and some will be in

the headgroup regions of the bilayer. Consistent with this
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interpretation, detergent molecules in the crystal structure

are seen to cover some of the Trp residues on the periplasmic

and cytoplasmic sides of the membrane, but not others

[11].

Defining the beginning and ends of the TM regions of

the TM a-helices is particularly difficult for the Ca2 +-

ATPase (Fig. 1). Many of the TM a-helices extend above

the membrane surface to form a central stalk linking the TM

region to the cytoplasmic head of the protein. As a con-

sequence, some of the helices are very long; helix M5 for

example contains 41 residues. Nevertheless, the probable

location of the cytoplasmic surface of the ATPase is rela-

tively well defined by the ring of Trp residues on this side of

the ATPase (Fig. 1). A Lys residue (Lys-262) in TM a-helix

M3 can be seen pointing up from the hydrophobic core of

the bilayer like a snorkel. Since the cost of burying a

charged residue in the hydrophobic core of a bilayer is very

high (about 37 kJ mol� 1 for a Lys residue; [16]), it is likely

that the amino group on Lys-262 will be located at the

hydrophobic interface; the Trp residues in the Ca2 +-ATPase

will then be located in the headgroup region of the bilayer,

as shown in Fig. 1.

The distribution of Trp residues on the lumenal face of the

Ca2 +-ATPase is much more diffuse than on the cytoplasmic

side (Fig. 1). The hydrophobic thickness of the Ca2 +-ATPase

could be expected to be about 30 Å since this is the hydro-

phobic thickness of a bilayer of di(C18:1)PC, the phospho-

lipid that supports highest activity for the ATPase [17].

However, as shown in Fig. 1, this definition locates a Lys

residue in M10 (Lys-972) totally within the hydrocarbon

core, which seems unlikely. The hydrophobic thickness of the

bilayer would have to be about 21 Å to locate the two inter-

helical loops and Lys-972 at the lumenal surface (Fig. 1).

However, this is unusually thin for a membrane protein and is

close to the thickness of a bilayer of dimyristoleoylphospha-

tidylcholine (di(C14:1)PC), which is 22 Å.

Although the hydrophobic thickness of the Ca2 +-bound

ATPase appears to match best a bilayer of di(C14:1)PC, the

conformation of the ATPase actually adopted in a bilayer of

di(C14:1)PC is an abnormal one. For example, the ATPase

in di(C14:1)PC binds only a single Ca2 + ion instead of the

normal two and the activity of the Ca2 +-ATPase in

di(C14:1)PC is much less than that in di(C18:1)PC

[18,19]. The abnormal E1 conformation adopted in

di(C14:1)PC could result from the requirement to tilt the

longer helices to match the thin di(C14:1)PC bilayer;

although a thin bilayer would be favourable for helix M10

because of the favourable location of Lys-972, it would be

less favourable for the longer helices such as M1 that would

have to tilt to locate all their hydrophobic residues within

the hydrophobic core of a thin bilayer. Alternatively, the

structure of the Ca2 +-ATPase crystallised from the detergent

C12E8 and shown in Fig. 1 could be slightly different to that

in a bilayer of a normal lipid such as di(C18:1)PC, partic-

ularly with respect to the organization of the helices on the

lumenal side of the membrane. If the structure of the Ca2 +-

ATPase in a bilayer of di(C18:1)PC is the same as that

shown in Fig. 1, then it would seem to require some

thinning of the bilayer around the ATPase, implying that

the Ca2 +-ATPase would exist in a state of stress within the

native membrane.

Assuming a hydrophobic thickness of 21 Å for the TM

a-helices in the Ca2 +-bound form defines the TM regions of

the TM a-helices as shown in Fig. 3. Helices M1, M2, M3,

M4, M7 and M8 extend beyond the lumenal ends of the

boundaries defined in this way. Assuming a hydrophobic

thickness of 30 Å for the ATPase gives the longer TM

regions defined in Fig. 3. The definition of the TM helices

shown in Fig. 3 gives a length for the TM region of the

Fig. 3. Possible definitions for the TM regions of the TM a-helices of the

Ca2 +-ATPase in its Ca2 +-bound form. Assuming a hydrophobic thickness

for the ATPase of 21 Å in the E1 conformation gives the sequences defined

by the open bars. If the hydrophobic thickness is 30 Å then helices M1, M2,

M3, M4, M7 and M8 are extended on the lumenal side as shown by the

lightly shaded bar. Also shown by the upper darkly shaded bar are the TM

a-helices predicted using the PredictProtein programme.
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helices of between 15 and 20 residues with an average

number of residues of 18.4 if the hydrophobic thickness of

the ATPase is 21 Å. If the hydrophobic thickness of the

ATPase is 30 Å then the average length of the TM a-helices

would be 28.2.

Leu is the most common residue in the TM a-helices

of the Ca2 +-ATPase, as it is in many other membrane

proteins [20,21], making up 19.8% of the residues, but

the helices are also relatively rich in the bulky residues

Ile (11.5%) and Val (12.1%); Ala makes up just 9.3%.

Thus, factors such as residue volume and packing, which

are important in determining helix stability in water

soluble proteins, are not so important for TM a-helices;

effects of large residue volume will, in the membrane, be

balanced by the favourable hydrophobic interactions of a

large side chain with the fatty acyl chains. In water-

soluble proteins, the conformationally flexible Gly residue

is also classed as a helix breaker since it is an intrinsi-

cally flexible residue with the potential to adopt most of

the dihedral angles available in a Ramachandran plot. Gly

is quite common in the TM a-helices of the Ca2 +-ATPase

(6.5%), suggesting that its potential flexibility is con-

strained in the bilayer environment. As Gly possesses

the smallest of all the side chains, it may play a role in

mediating helix–helix interactions and packing in the

membrane, as described later. The polar amino acid most

commonly found within the TM a-helices is Ser (6.0%)

with small amounts of Cys (2.2%) and Thr (2.7%). Of the

aromatic residues, Trp makes up 3.3%, Tyr, 2.2% and Phe

4.9%. Acidic residues Asp (1.6%) and Glu (6.5%) are

more common in the Ca2 +-ATPase than in the TM a-

helices of other membrane proteins, obviously related to

their function in binding Ca2 +. There are also three Lys

residues, one His residue, five Asn residues and three Gln

residues.

The TM a-helices as defined in Fig. 3 can be

compared to the results of prediction programmes such

as the PredictProtein programme available on http://www.

emblheidelberg.de/Services/index.html. The TM a-helices

predicted for the Ca2 +-ATPase are shown in Fig. 3, and

serve to illustrate the problems in identifying TM a-helices

for complex, multi-spanning membrane proteins. First,

PredictProtein predicts nine TM a-helices whereas the X-

ray crystal structure shows that there are ten—M8 is not

predicted. Second, whereas the sequences of some TM a-

helices agree well with experiment, for others the agree-

ment is rather poor. In part this is due to the difficulty in

defining the start and end points for TM a-helices in the

crystal structure as already described. Not surprisingly,

agreement between prediction and experiment is weakest

when the TM a-helices contain charged residues as, for

example, in the first TM a-helix that contains four acidic

residues at the N-terminal end. Better agreement between

predicted TM a-helices and experiment is obtained when

predictions are based on comparisons between members of

the Ca2 +-ATPase family [64].

3. The lipid-exposed surface of the Ca2+-ATPase

In general, residues in contact with lipids are less well

conserved than those that point to the interior of a protein

and, in families of related membrane proteins, lipid-facing

residues have substitution patterns distinctly different to

those for buried residues in water soluble proteins [22–

24]. This is consistent with the idea that interactions

between hydrophobic amino acid side chains and lipid fatty

acyl chains are relatively undemanding structurally whereas

residues involved in protein–protein contact would be

expected to be more highly conserved. The vast majority

of the residues on the Ca2 +-ATPase exposed to the lipid

fatty acyl chains are hydrophobic. An exception is the pair

of charged residues Asp-59 and Arg-63 in M1 that are

exposed to the lipid fatty acyl chains in the Ca2 +-bound

form. However, Asp-59 is stacked against Arg-63 and so

presumably forms a salt bridge with it (Fig. 1). This unusual

feature is conserved in the ER/SR class of Ca2 +-ATPase and

could be important in maintaining the correct conformation

for helix M1. In helix M3, Lys-262 snorkels up to the

cytoplasmic surface and Lys-972 snorkels down to the

lumenal surface in M10. All other residues are hydrophobic.

The hydrophobic surface of the ATPase is molecularly

rough, as shown in Fig. 4, which also shows how parts of

the surface overhang the lipid bilayer. Clearly, most phos-

pholipids will not be bound at distinct ‘sites’ around the

ATPase but rather should be pictured as interacting with the

hydrophobic surface of the ATPase. The interaction between

lipids and this surface is short-lived, as shown by the rapid

rate of lipid exchange on and off the protein [25]. A charged

headgroup is required for strong binding: oleic acid and

oleylamine bind relatively strongly at the lipid–protein

interface, but oleyl alcohol and methyl oleate bind very

weakly [26], consistent with the presence of a wide range of

charged groups in the regions either side of the hydrophobic

surface. Binding of gel phase lipid is a factor of 20 weaker

than binding of lipids in the liquid crystalline phase [17],

presumably as a result of poor van der Waals contact

between rigid chains and the rough protein surface. Weak

binding of cholesterol at the lipid–protein interface [27]

follows both from the lack of a charged headgroup and from

the effect of the rigid ring system; cholesterol hemisuccinate

with its negatively charged ‘headgroup’ binds more strongly

than cholesterol [28] and a phosphatidylcholine in which

one fatty acyl chain has been replaced by the cholesterol

moiety, although it binds less well than a normal phospha-

tidylcholine, does so only by a factor of about 2 [29].

Importantly, the strength of binding of phospholipids to

the Ca2 +-ATPase does not change significantly with chain

length, the binding constants being the same for phospha-

tidylcholines with chain lengths between C14 and C24

[17,30]. Since the cost of exposure of hydrophobic groups

to water (either the lipid chains or the protein) is high, it has

often been suggested that lipids will distort to match the

hydrophobic thickness of the protein. Stretching or com-
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pressing the lipid bilayer will, however, have an energetic

cost that would be expected to be matched by changes in

lipid binding constant with chain length. Since this is not

seen, it seems that the ATPase must, in fact, distort to match

the thickness of the lipid bilayer rather than the lipid bilayer

distorting to match the thickness of the protein. These

changes presumably correspond to changes in the tilt and

in the packing of the TM a-helices, these, in turn, leading to

the observed changes in ATPase activity with changing

bilayer thickness. Tilting of TM a-helices has been sug-

gested for synthetic, model TM a-helices [31,32]. If helices

in the Ca2 +-ATPase do tilt rather easily to match the

thickness of the surrounding lipid bilayer, then the organ-

ization of the helices, particularly helix M10, might be

different in a bilayer of di(C18:1)PC from that in the

Ca2 +-ATPase crystallized from the detergent C12E8, as

suggested above.

The circumference of the hydrophobic surface of the

Ca2 +-ATPase is about 140 Å. Assuming that a lipid in the

liquid crystalline bilayer occupies a surface area of 70 Å2,

the effective diameter of a lipid molecule is 9.4 Å, so that

about 30 lipid molecules will be required to form a bilayer

shell around the ATPase. The number of lipid molecules

forming an annular shell around the Ca2 +-ATPase has been

estimated from ESR experiments to be 32 at low temper-

atures, although the figure drops to 22 at higher temper-

atures, possibly because of errors in the simulations at

higher temperatures where exchange of lipid on and off

the protein affects the spectra [25]. ESR spectra of spin-

labelled lipid in Ca2 +-ATPase-containing membranes show

the presence of two components, a mobile component from

spin-label lipid in bulk lipid bilayer and an ‘immobile’

component due to lipid on the hydrophobic surface of the

protein. The lipid in contact with the surface of the ATPase

appears ‘immobile’ because it is spatially disordered and has

reduced molecular motion because of its contact with the

molecularly rough surface of the protein [25].

The minimum number of phospholipid molecules

required to maintain the activity of the Ca2 +-ATPase is

about 30 per ATPase molecule [25] corresponding closely to

the number estimated above from the size of the TM a-

helical bundle. There has been much discussion in the

literature about the extent to which the annular shells of

lipid around membrane proteins can be shared between

membrane proteins. The observation that the minimum

number of lipids required to maintain activity for the

Ca2 +-ATPase is equal to the number required to cover the

surface of its TM a-helical bundle suggests that the extent

of sharing of annular lipid shells is very limited, even at low

molar ratios of phospholipid to ATPase. This is, of course,

consistent with the bulky nature of the cytoplasmic domains

of the Ca2 +-ATPase, which will prevent extensive close

contact between the TM a-helical regions of the ATPase.

As well as the phospholipid molecules interacting with

the hydrophobic surface of the ATPase, evidence has been

presented for the presence of sites (non-annular sites) to

which a variety of hydrophobic molecules can bind but from

which phospholipids are excluded. Molecules binding to

such non-annular sites include cholesterol and simple alka-

nes [27,29,33]. The location of these sites on the ATPase is

not obvious from the crystal structure but the molecular

roughness of the surface might provide sites too small to

bind phospholipids but able to bind smaller hydrophobic

molecules, including sites between TM a-helices. A binding

site of this type exists for thapsigargin, a hydrophobic

inhibitor of the Ca2 +-ATPase (Section 5).

Phospholamban, a small membrane protein with a single

TM a-helix, has been shown to interact with residues in the

Fig. 4. A view of the TM a-helices of the Ca2 +-ATPase in its Ca2 +-bound form and the corresponding molecular surface.
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region 397KNDKPV402 of skeletal muscle Ca2 +-ATPase

[34]. These residues are located on the underside of the N

domain in a region shown in antibody binding experiments

to be exposed [35]. This region stretches from 29 to 40 Å

above the bilayer surface. The cytoplasmic domain of

phospholamban contains about 30 residues and so is able

to reach up to this region of the ATPase. The TM domain of

phospholamban interacts with helix M6 in the Ca2 +-ATPase

and mutation of Leu-802 and Thr-805 on the lipid-exposed

face of M6 disrupts interaction [36]. M6 lies at the base of a

cleft bounded by M2 and M9 (Fig. 5). M9 contains two

polar residues, Ser-936 and Ser-940, close to Leu-802 and

Thr-805 in M6 that could be involved in hydrogen-bonding

interactions with the TM domain of phospholamban.

4. Packing of TM A-helices

There is now much evidence that specific interactions

between TM a-helices are important factors in determining

the folding of integral membrane proteins. Popot et al. [37]

have described multi-spanning membrane proteins as ‘col-

legial’ structures, built up of prefolded units. Each TM a-

helix firsts folds as a unit, independent of the rest of the

protein, which then packs with the other helices. This can be

illustrated by experiments in which a bacteriorhodopsin

molecule is regenerated from fragments. Chymotrypsin

cleaves bacteriorhodopsin between helices B and C, giving

fragments containing two and five TM a-helices. These, if

refolded separately into lipid-detergent micelles and mixed,

will regenerate bacterio-opsin (the protein without the

retinal chromophore) [38]. Alternatively, the two fragments

can be incorporated into lipid vesicles, where circular

dichroism shows that each fragment contains the expected

number of a-helices: if the vesicles are then fused, the

fragments regenerate bacterio-opsin and, on addition of

retinal, bacteriorhodopsin [39]. Neutron diffraction studies

confirm that the packing of the TM a-helices in the

regenerated bacteriorhodopsin is indistinguishable from that

in the native bacteriorhodopsin molecule [40]. Again, syn-

thetic peptides corresponding to the TM a-helices A and B

of bacteriorhodopsin combined with the five TM a-helix

chymotryptic fragment will also regenerate bacteriorhodop-

sin [41]. Even more surprising, it is possible to regenerate

the seven-helix bundle by combining fragments even when

there are redundant helices, for example by mixing a frag-

ment containing TM a-helices A to E with one containing

TM a-helices C to G [42]. These experiments show that the

helices of bacteriorhodopsin contain all the information

necessary to pack properly in the membrane. The individual

TM a-helices can, in this sense, be considered as separate

folding entities, whose packing is determined by the proper-

ties of the helices themselves. These experiments also show

that the loops between the TM helices are not required for

Fig. 5. The TM a-helices of the Ca2 +-ATPase in its Ca2 +-bound form, viewed from the cytoplasmic and lumenal sides of the membrane. The likely binding site

for the transmembrane domain of phospholamban (PLN) is indicated. The two bound Ca2 + ions are shown in orange.
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the correct assembly of bacteriorhodopsin, although the

loops do contribute to the stability of the molecule;

assembled fragments are more susceptible to denaturation

than is the native protein [42].

It has been estimated that 97% of TM a-helices next to

each other in the sequence of a membrane protein are next to

each other in the three-dimensional structure [43]. Next

helices in the sequence of the Ca2 +-ATPase are next to each

other in the three-dimensional structure of the ATPase,

except for the two helices M3 and M6 (Fig. 5). Thus, M1

and M2 are nearest neighbours as are M3 and M4, and these

pairs are linked by short lumenal loops of about eight

residues, which would be consistent with their insertion

into the membrane as helical hairpins. The relatively long

loop between M2 and M3 (148 residues) would allow a

relocation of the M1/M2 pair relative to the M3/M4 pair to

put M1 close to M4. Similarly, in the pairs M5/M6, M7/M8

and M9/M10 next nearest helices in the sequence are nearest

helices in the structure but M6 is out of position relative to

M7, even though the cytoplasmic loop between M6 and M7

is relatively short (23 residues). This is interesting since the

M6–M7 loop plays a special part in linking phosphorylation

of the ATPase to the movements of the TM helices, as

already described.

In the known crystal structures for membrane proteins,

polar interactions between TM a-helices are rare. For

example, in the photosynthetic reaction centre the only

polar interactions involving the TM a-helices are those of

the four His residues coordinating the heme iron; apart from

these special interactions there are no salt bridges between

TM a-helices and very few hydrogen bonds between helices

[44]. This is also true for the Ca2 +-ATPase where there is

only one direct salt bridge between helices, a salt bridge on

the lumenal side of the membrane between Glu-90 in M2

and Lys-297 in M4; this salt bridge is also present in the

Ca2 +-free form of the ATPase. Clearly the packing of

helices M4, M5, M6 and M8 will be unusual because of

the presence of acidic residues involved in binding the two

Ca2 + ions to be transported. Packing of the other helices

would, however, be expected to conform to the general rules

for helical packing in membrane proteins.

The majority of interactions between helices in the Ca2 +-

ATPase are between nonpolar residues, and thus van der

Waals interactions must be central to interhelical packing.

Relatively weak side-by-side interactions could be enough to

stabilise a specific pattern of packing, particularly if the ends

of the TM a-helices are constrained by short interconnecting

extramembranous loops to be close together. Possible modes

of packing of a-helices have been explored in detail for

globular proteins. If a-helices were smooth cylinders then

the most favourable mode of packing would be with their

long axes packed either parallel or antiparallel. However, the

surfaces of helices are not smooth. For a regular a-helix,

amino acid side chains making up the surface of the a-helix

will form a helical row around the surface, forming sets of

parallel ridges separated by shallow furrows or grooves, as

shown in Fig. 6 [45,46]. One set of ridges and grooves is

formed by the following sets of residues: (4, 8 and 12); (7,

11, 15 and 19); (18 and 22), and so on. In this set, four

residues separate the residues forming the ridges. Another set

of ridges and grooves is formed by the following sets of

residues: (4 and 7); (8 and 11); (12, 15 and 18); (19 and 22),

and so on. One mode of helical packing is the packing of the

ridges on one helix into the grooves of the other helix, and

vice versa. A form of this mode of packing commonly found

in globular proteins is where the ridges formed by side chains

four residues apart pack with the corresponding grooves in

the second helix. This pattern of packing, referred to as 4–4

packing, is illustrated in Fig. 6. The ridges and grooves form

an angle of about 25j to the helical axis so that packing of

ridges on one helix into grooves on the other helix requires

that the two helices be oriented with their long axes making a

right-handed crossing angle of � 50j (25j + 25j). Another
common mode of packing is with the ridges formed by

residues four apart fitting into the grooves formed by

residues three apart, and vice versa, this being referred to

as 3–4 packing. Residues three apart form ridges and

grooves making an angle of 45j with the helical axis,

oriented in the opposite direction to those formed by residues

four apart (Fig. 6). In this case, packing of ridges into

grooves requires a left-handed crossing angle between the

helices of + 20j (45j–25j).
An alternative to the ridges into grooves description of

helix packing has been termed ‘knobs-into-holes’ packing

and emphasises the idea that, to avoid unfavourable gaps at

the interface between two helices, side chains in one helix

(knobs) should pack into the spaces between the side chains

(the holes) in the other [47]. As shown in Fig. 6, knobs-into-

holes packing gives rise to a crossing angle of about 20j,
the same as that in the 3–4 mode of ridges into grooves

packing. However, knobs-into-holes and ridges into grooves

packing differ in a small vertical offset between the two

helices, so that in ridges into grooves packing, a residue

from one helix is located between two others on the

neighbouring helix whereas in knobs-into-holes packing

side chains from one helix (knobs) pack into spaces between

four other residues (holes) on the other helix. The differ-

ences between the two models are rather small but for many

real proteins where the ridges and grooves are very irregular

and difficult to identify, the knobs-into-holes model is a

rather easier description to apply. In general it has been

found that, whereas ridges into grooves packing describes

the packing between short a-helical segments in globular

proteins, packing between longer a-helices matches better

the knobs-into-holes model [45].

Knobs-into-holes packing has been found to be partic-

ularly useful in describing packing in coiled-coil proteins.

Coiled-coil proteins contain long a-helices with the a-

helices maintaining close contact over most of their length.

Classic examples of coiled-coil proteins include fibrous

proteins such as tropomyosin, and transcription factors such

as the yeast transcriptional activator GCN4. In a coiled-coil
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protein there may be two, three or four a-helices in a

bundle, with the helices either running in the same (parallel)

or in opposite (antiparallel) directions [48]. A regular

meshing of the side chains in a coiled-coil requires that

the side chains occupy equivalent positions around the

helix. An a-helix has a fractional number of residues per

turn (3.6), and thus regular meshing is not possible in an

undistorted a-helix. However, a small left-handed twist of a

regular right-handed a-helix can effectively reduce the

number of residues per turn to 3.5, so that the positions of

side chains will now repeat every two turns, equivalent to

once every seven residues. Thus, coiled-coil proteins show a

seven-residue or heptad repeat in their sequence. The seven

residues in the repeat are given the letters abcdefg and, by

Fig. 6. Ridges and grooves and knobs-into-holes packing of a-helices. (A) 1 and 2 show two helices with the ridges formed by side chains four residues apart;

residues in helix I are shown as blue and green circles and those in helix II as red and pink circles. To pack the helices against each other, helix II has been

turned by 180j out of the plane of the paper and placed on top of helix I, as shown in 3 and then, in 4, the orientation of helix II is shifted by 50j to pack the

ridges of helix II into the grooves of helix I and vice versa. This results in a packing of the two helices with an angle of 50j between their long axes. (B) 1

shows the ridges formed by side chains four residues apart whereas 2 shows the ridges formed by side chains three residues apart. In 3, helix II has been placed

on top of helix I, as in (A). In this case, rotation of helix II by 20j in the direction opposite to that in (A) results in packing of ridges into groves. Knobs-into-

holes packing results when the two helices are offset slightly vertically from each other, as shown in the bottom figure.
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convention, residues a and d are those that provide the

contacts at the helix–helix interface. In soluble proteins the

residues at the a and d positions are hydrophobic residues,

often Leu residues; the structure is therefore often referred to

as a leucine zipper. The formation of the coiled-coil struc-

ture is largely driven by favourable hydrophobic interactions

between the residues at the a and d positions.

An analysis of helix packing in membrane proteins

shows that the most common packing angle between adja-

cent helices is close to 20j [43]. Helix packing with a

crossing angle of about 20j gives a nearly parallel packing

of the helices and thus maximizes the area of the interface

between the helices. The packing has been described both as

ridges into grooves packing of the 3–4 type [15] and as

knobs-into-holes packing [49]. However, given the irregu-

larity of the helix–helix interfaces and the range of crossing

angles observed, it is not always easy to discern discrete

ridges and grooves, and the knobs-into-holes packing model

provides a more natural description of packing.

The potassium channel KcsA shown in Fig. 7 provides an

example of coiled-coil packing of TM a-helices in a mem-

brane protein. Pairing of Ala-29 on helix M1 with its

corresponding residues on helix M2 (Leu-105 and Val-106)

has the appearance of knobs-into-holes packing (Fig. 7).

However, at other positions along the helix–helix interface,

residues on one helix are paired with Gly residues on the

other helix (Leu-36 on helix M1 with Ala-98 and Gly-99 on

helix M2; Gly-43 on helix M1 with Val-91 in helix M2)

allowing a relatively close approach of the two helices. This

illustrates an important point. In a coiled-coil structure in a

soluble protein, the side chains at positions a and d are

hydrophobic to provide the hydrophobic driving force for

dimer formation. In a membrane environment this is no

longer so; hydrophobic interactions cannot be important in

oligomerisation of TM a-helices since hydrophobic interac-

tions are already accounted for in insertion of the helices into

the lipid bilayer. It may then be better to have a small residue

such as Gly at the points of contact between the helices to

Fig. 7. Coiled-coil packing of helices M1 and M2 in the potassium channel KcsA. (A) shows the close contact between helices M1 and M2 along their length.

(B) shows the heptad repeat in M1 and how residues Ala-29, Leu-36 and Gly-43 contact the corresponding residues in helix M2. (C) shows a view down the

long axes of the helices, showing the nature of the packing at the sites of close contact between the helices. Ala-29 packs as knobs-into-holes but packing at the

two other sites involves Gly residues, as shown.
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maximize van der Waals contact between the helices rather

than a hole in one helix aligned with a knob in the other. The

absence of a side chain in Gly produces a flat surface against

which the side chain of another residue can pack. This allows

two helices to come close together, aiding close contact

between the other interfacial side chains. The lack of a side

chain also means that with Gly there will be no loss of side

chain entropy on oligomerisation, whereas other side chains

will suffer a loss of rotomeric freedom when packed at the

interface. Gly is very commonly found in TM a-helices

[20,50]. An analysis of a number of membrane protein

crystal structures has shown that the presence of a Gly

residue does not perturb the structure of a TM a-helix [51].

Packing of TM a-helices in the Ca2 +-ATPase is much

less regular than in KcsA. It is possible that this reflects

functional differences between the two types of protein.

KcsA, as an ion channel, is required to be relatively rigid,

acting as a simple channel once opened. The presence of

surface Trp residues in KcsA could help to lock KcsA firmly

into the lipid bilayer and regular packing of the TM a-

helices would also help to generate a rigid structure. In

contrast, the TM a-helices in the Ca2 +-ATPase have to

undergo major conformational changes as part of the trans-

port process (Section 5). Strong interactions between all the

TM a-helices in the Ca2 +-ATPase would result in a high

activation energy for any process requiring a change in helix

packing, leading to a slow rate for transport.

Fig. 8 shows an example of two helices (M8 and M10) in

the Ca2 +-ATPase with a packing angle of about 20j.
Packing appears to be of the 3–4 class as shown in Fig.

8A and B. However, packing also fits well into the expect-

ations of knobs-into-holes packing, with Ser-974 in M8

packing into the hole between Thr-906 and Ile-907 in M10

and Val-977 in M8 packing into the hole between Cys-9120

and Asn-911, as shown in Fig. 8C and D. This illustrates the

difficulty in distinguishing between the two modes of

Fig. 8. Packing of helices M8 and M10 in the Ca2 +-ATPase in its Ca2 +-bound form. Packing can de described as either ridges into grooves of the 3–4 pattern

(A, B) or knobs-into-holes (C, D). In A and B the ridges in helix M8 are shown in purple (Ser-902, Thr-906, Cys-910, Asn-914) and blue (Met-899, Val-903,

Ile-907, Asn-911) and the ridge in M10 that packs between these two ridges is shown in green (Ser-974, Val-977). (A) shows a view normal to the bilayer

surface and (B) shows a view down the long axis of helix M10. (C) and (D) show how packing of Ser-974 and Val-977 in M8 can also be described as knobs-

into-holes packing. The views shown in (C) and (D) are down the long axis of helix M10.
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packing when the ridges and grooves are irregular. Helix–

helix packing of most of the other helices in the Ca2 +-

ATPase is rather irregular, neighbouring helices coming into

contact at just one point, often involving just one or two

residues on each helix at the crossing point. The one

exception is the packing of helices M5 and M7, involving

Gly-770 in M5 and Gly-841 and Gly-845 in M7 (Fig. 9).

The motif GxxxG in the TM a-helix of glycophorin has

been shown to drive dimerisation [52,53] and the motif

VVxxGAxxGI has been shown to drive dimerisation of the

M13 coat protein [54]. Again, the association of the a and h
chains of MHC class II to form the ah heterodimer has been

suggested to involve several Gly residues on one face of the

a-helical TM domain [55]. Further, an analysis of predicted

TM a-helices found that the GxxxG motif occurs more

often than would have been expected by chance [56].

Although there are a number of GxxxG sequences in the

Ca2 +-ATPase, only one occurs within the TM region, the

Gly-841/Gly-845 sequence in M7. This packs against Gly-

770 in M5 allowing helices M5 and M7 to cross at an angle

of 20j with close packing at the crossing point (Fig. 9).

Since M5 is involved in binding Ca2 + this close packing

could be important for functioning of the Ca2 +-ATPase, as

described in Section 5.

The free energy of association of two helices in a lipid

bilayer DGa can be written as:

DGa ¼ DGHH þ n=2DGLL � nDGHL

where DGHH, DGLL and DGHL are the free energies of

helix–helix, lipid– lipid and helix– lipid interactions,

respectively, and it is assumed that formation of a helix–

helix pair displaces n molecules of lipid from around the

two helices. Dimerisation could be driven by a favourable

value for DGHH, arising, for example, from salt bridge or

hydrogen bonding interactions between the two helices,

although, in practice, this turns out to be rare. Good packing

at the helix–helix interface with strong van der Waals

interactions could also contribute to a favourable value for

DGHH. Weak interactions between the polar headgroups of

the lipids and the helices and poor packing between the lipid

fatty acyl chains and the rough surface of the TM a-helices

would also drive dimerisation since then DGHL will be small

compared to DGHH and DGLL. Any decrease in motional

freedom for the lipid fatty acyl chains due to the presence of

the relatively rigid TM a-helix will lead to increased order

for the chains and a decrease in chain entropy, also leading

to an unfavourable DGHL. The final free energy of dimer-

isation will be a balance between all these terms. For

example, unfavourable losses of side-chain rotomer freedom

and steric clashes in one part of the structure could be offset

by favourable van der Waals contacts elsewhere in the

dimer.

An estimate of helix–helix interaction energy within the

membrane can be made from the experiments in which

bacteriorhodopsin is regenerated from fragments. The effi-

ciency of regeneration of bacteriorhodopsin was found to

decrease with an increase in the lipid/protein ratio in the

membrane [41,57]. Helices A and B reassembled with the

fragment CDEFG with high efficiency at molar ratios of

protein/lipid of 1:30 or 1:60, forming a stable lattice of

trimers. However, at a molar ratio of protein/lipid of 1:300,

the fragments still reassembled but to form what was

apparently an abnormal conformation of the bacteriorho-

Fig. 9. Packing of helices M5 and M7 in the Ca2 +-ATPase in its Ca2 +-bound form. (A) shows that the helices pack with a crossing angle of about 20j. The
view in (B) shows how Gly-770 in M5 packs closely to Gly-841 and Gly-845 in M7.
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dopsin molecule. At a molar ratio of protein/lipid of 1:3000,

no reassembly was observed [41,57]. A highly simplified

model for the aggregation process gives an estimate for the

energetics of the process [58]. For simplicity, consider a

single peptide molecule (P) associating with a pre-formed

six-peptide fragment (F) to give a bacteriorhodopsin mole-

cule (B), described by an association constant Ka

Pþ Ff
Ka

B:

With the association constant expressed in mole fraction

units, 90% formation of B at a mole fraction of F of 0.017

(corresponding to a molar ratio of protein/lipid of 1:60) and

a twofold excess of P would require a Ka value of about 500,

corresponding to a unitary free energy of association DGj of
about 15 kJ mol� 1. This estimate for the free energy of

association can be compared with that that could arise from

poor packing between lipid and protein, as described by

White and Wimley [58]. The free energy cost of creating a

cavity in the hydrophobic core of a soluble protein has been

estimated to be about 125 J mol� 1 Å� 3 [59]. The volume of

a methyl group is 54 Å3 so that the energy cost of creating a

void equivalent to a methyl group is 6.7 kJ mol� 1. If

therefore helix–helix packing was more efficient than

helix–lipid packing by an amount equivalent to the volume

of 2–3 methyl groups, the free energy change favouring

helix aggregation would be about 13–20 kJ mol� 1, similar

to the value estimated above for the peptide–bacteriorho-

dopsin interaction [58].

Estimates of helix–helix interaction energies can also be

made from studies of model TM a-helices. Dimerisation of

TM a-helical peptides in a lipid bilayer can be detected by

observing the quenching of the fluorescence of a Trp-

containing peptide of the type Ac-LysLysGlyLeumTrpLeun
LysLysAla-amide by the corresponding peptide containing a

dibromotyrosine residue instead of a Trp [60]. The free

energy of dimerisation of pairs of peptides containing 16 or

22 Leu residues in di(C18:1)PC was about 8.4 kJ mol� 1,

the value expected if helix–helix packing were more

efficient than helix–lipid packing by an amount equivalent

to the volume of about one methyl group. The free energy

for dimer formation increased with increasing chain length

by about 0.5 kJ mol� 1 per carbon atom [60]. This shows the

importance of lipid in helix–helix interactions. A compar-

ison can be made with the entropy change corresponding to

disordering of the lipid fatty acyl chains at the gel to liquid

crystalline phase transition [61], which corresponds to a free

energy change of ca. 2.9 kJ mol� 1 per carbon atom. Thus, a

Fig. 10. Loops between TM a-helices on the lumenal side of the Ca2 +-ATPase in its Ca2 +-bound form. Loops between helices are shown in space-fill format.

Helix pairs M1/M2, M3/M4, M5/M6, M7/M8 and M9/M10 are shown in yellow, green, blue, brown and purple, respectively. (A) shows a side view with the

lumenal side at the bottom. (B) shows an end-on view from the lumenal side of the membrane.
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relatively small increase in chain order caused by the

presence of the peptide could make a significant contribu-

tion to the free energy for oligomerisation of TM a-helices.

A chain-length dependence of the energy of helix–helix

packing could be part of the explanation for the chain-length

dependence of the activities of some membrane proteins.

For example, the ATPase activity of the Ca2 +-ATPase is

greatest in di(C18:1)PC, with lower activities in phosphati-

dylcholines with shorter or longer fatty acyl chains [62]. The

TM a-helices of the Ca2 +-ATPase are only linked by small

loops on the lumenal side of the membrane, these loops

making little contact with each other (Fig. 10). The small

degree of contact between the lumenal loops means that,

without the constraint provided by the surrounding lipid

bilayers, pairs of helices would tend to move apart, destroy-

ing the structure of the TM a-helical bundle. This would

have important consequences for the function of the Ca2 +-

ATPase since transport of Ca2 + across the membrane must

involve changes in the packing of the helices, as described.

Changes in the energies of helix–helix interactions as a

result of changing phospholipid chain length could therefore

affect activity. The low activity of the Ca2 +-ATPase in gel-

phase lipid with a very slow rate of phosphorylation by ATP

[63] could also follow from changes in helix packing since

the free energy of association of model TM a-helices is

increased in gel-phase lipid [60].

5. Comparison of E1 and E2 conformations of the

Ca2+-ATPase

It has not yet proved possible to crystallize the Ca2 +-

ATPase in a simple Ca2 +-bound form, but crystals have been

obtained for the Ca2 +-free ATPase in the presence of an

Fig. 11. Comparison of the structures of the Ca2 +-ATPase in its Ca2 +-bound (E1Ca2) and Ca
2 +-free, thapsigargin-bound (E2ATg) forms. The three cytoplasmic

domains A, P and N are coloured blue, yellow and green, respectively. The TM a-helices are coloured as follows: M1, light grey; M2, dark green; M3, dark

grey; M4, yellow; M5, lilac; M6, light green; M7, red; M8, light blue; M9, red; M10, red. Changes in helices M7, M9 and M10 (red) are relatively minor

between the E1Ca2 and E2ATg conformations. Asp-351, the residue phosphorylated by ATP, is shown in space-fill representation and marked with an asterisk.

Charged residues in M1 are also shown in space-fill representation. The two bound Ca2 +-ions in the E1Ca2 structure are shown in orange. Trp residues are

shown in ball-and-stick representation. Two possible positions for the lumenal side of the membrane are marked, corresponding to hydrophobic thicknesses of

21 and 30 Å for the Ca2 +-ATPase. The arrows show the directions of rotation of the A, P and N domains required to convert from the E1Ca2 to the E2ATg

conformation. (PDB files 1EUL and 1IWO).
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inhibitor, thapsigargin [65]. Thapsigargin binds to the Ca2 +-

ATPase to give a form that has the spectroscopic properties

of the E2 state and, like the E2 state, does not bind Ca2 + from

the cytoplasmic side of the membrane; unlike the normal E2

state, however, the ATPase is not phosphorylated by Pi [66].

The thapsigargin-bound state of the ATPase has therefore

been described as a modified E2 state, E2ATg [66]. The

crystal structure of Ca2 +-free, thapsigargin-bound Ca2 +-

ATPase has been determined [65] and is similar to that

observed in low resolution studies for the Ca2 +-free, vana-

date-bound ATPase, believed to be in a conformation related

to that of E2P [67]. The cytoplasmic region of the ATPase in

E2ATg is much more compact than that in E1Ca2 (Fig. 11).

In the transformation from E1Ca2 to E2ATg, the nucleotide

binding domain rotates by almost 90j to adopt an almost

vertical orientation. In part this is made possible by a smaller

rotation of the phosphorylation domain, which undergoes

about a 30j rotation with respect to the membrane. Finally,

Fig. 12. Comparison of the structures of the P domain of the Ca2 +-ATPase in the E1Ca2 and E2
ATg conformations. The colour code for the TM a-helices is as

in Fig. 11. The cytoplasmic helices P1 and P2 are coloured yellow and purple, respectively. Glu-340 that hydrogen bonds between P1 and TM a-helix M3, and

Arg-751 that hydrogen bonds between TM a-helix M5 and P2 are shown in space-fill representation.
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the A domain rotates about 110j horizontally. Despite the

large movement of the phosphorylation and nucleotide bind-

ing domains, their structures hardly change [65].

The change in orientation of the phosphorylation domain

is directly related to tilting of the TM a-helices [65]. These

changes are complex; movement of any one element of the

structure requires movement of several others, for steric

reasons. What is clear is that changes in the phosphorylation

domain are linked to, and require, changes in the TM region

(Fig. 12). Changes in helices M7–M10 are relatively small,

but there are major changes for the other helices. The

changes in M1 are particularly complex. In the Ca2 +-bound

form, charged residues Glu-51 and Glu-55 are located at the

top of the helix, Glu-58 facing in towards the Ca2 + ion at

site II with Asp-59 and Arg-63 forming an ion pair exposed

to the lipid bilayer (Figs. 1 and 11). In E2ATg these residues

have moved upwards with a bend at Asp-59 to form an

amphipathic helix with hydrophobic residues on one side

and Glu-58 and Asp-59 on the other, and Arg-63 now

snorkels up to the lipid–water interface (Fig. 11). The

bottom of helix M1 is defined in E2ATg by Trp-77 and

by Glu-79. As shown in Fig. 11, Trp-77 and Glu-79 move

upwards in E2ATg compared to E1Ca2 as a result of the

upward movement of the whole helix. M5 tilts about a

pivoting point at about Glu-770 [65]. As shown in Fig. 9,

M5 packs tightly with M7 at this point. M2 moves to a more

upright conformation in E2ATg (Fig. 11).

These changes in helix tilt are connected to changes in

the phosphorylation domain (Fig. 12). It has been suggested

that movement of cytoplasmic helices P1 and P2 in the

phosphorylation domain relative to the M6–M7 loop is

important in connecting changes in the phosphorylation

domain to changes in the TM helices and vice versa [5].

As shown in Fig. 12, the relationship between P1 and the

M6–M7 loop is very different in the E1Ca2 and E2ATg

structures. Helix P1 is connected to the top of M3 by a

hydrogen bond to Glu-340 and M5 is connected to the M6–

M7 loop by Arg-751. Movements in the phosphorylation

domain will therefore be linked to movements in TM helices

M3 and M5. In E1Ca2 the top of M2 is linked to M4 by a

hydrogen bond to Arg-324; in E2ATg M4 moves, resulting

in a movement of M2.

Changes in the packing of the TM a-helices result in

changes at the Ca2 +-binding sites [65]. The backbones of

residues Glu-771 and Glu-908 hardly move between the

Ca2 +-bound and Ca2 +-free structures (Fig. 13). However, in

the absence of Ca2 +, Thr-799 and Asn-768 at site I reorient

and Asp-800, which in the presence of Ca2 + bridges

between the two binding sites, moves away. At site II,

Val-304, Asn-796 move away on loss of Ca2 + and Glu-309

reorients to point away from the site. Further, Glu-58 from

M1, which in E1Ca2 points towards site II, is located well

away from the site in E2ATg. Of the two sites, site I appears

to be more intact in the Ca2 +-free form than site II, with

Glu-908 and Glu-771 only changing slightly in position,

and Asp-800 being located more at site I in the Ca2 +-free

form than in the Ca2 +-bound form, whereas at site II Asp-

800 and Glu-309 have both moved away (Fig. 13). Ca2 +

binding to the ATPase is cooperative, with Ca2 + ions

binding first to site I then to site II [5]. It was suggested

that in the process of binding Ca2 +, Ca2 + ions pass through

site II to reach site I, and that this would only be possible if

site II were not properly formed in the absence of Ca2 + at

site I; it was also suggested that access to site II in the Ca2 +-

bound form was blocked by Glu-309 and that Glu-309

would have to relocate to allow Ca2 + ions access to sites

I and II [5]. These ideas are consistent with the structures

shown in Fig. 13. Comparison of the Ca2 +-free and Ca2 +-

bound structures suggests that a single binding site for Ca2 +

could exist in the Ca2 +-free structure in the vicinity of Glu-

908 and Glu-771. Binding of Ca2 + in this region would

restructure the region to form site I, relocation of Asp-800

Fig. 13. Comparison of the Ca2 + binding regions in the E1Ca2 and E2
ATg conformations of the Ca2 +-ATPase. Ligands important in binding Ca2 + ions at sites I

and II in the E1Ca2 conformation are shown, together with the positions of these same residues in the E2ATg conformation. The bar represents 10 Å.
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Fig. 14. Acidic residues in the TM region of the Ca2 +-ATPase and close to the cytoplasmic and lumenal surfaces, in the E1Ca2 and E2
ATg conformations. Acidic residues are shown in space-fill representation and

Trp residues are shown in ball-and-stick representation. Also shown are two Lys residues, Lys-262 and Lys-972, that help to define the probable locations of the cytoplasmic and lumenal surfaces of the membrane,

21 Å apart.
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helping to form site II. Movement of Glu-309 and Glu-58

following binding of the second Ca2 + ion would complete

site II. Movement of Glu-58 between the Ca2 +-free and

Ca2 +-bound structures is particularly marked (Fig. 13). It

was suggested that helix M1 and Glu-58 could be important

in both the access pathway to the Ca2 + binding sites and in

the gating process in which the Ca2 + binding sites are

closed after Ca2 + ions have bound [5]. It was noted that

in E1Ca2 a short channel lined by Glu-58 in M1 leads

between Glu-109 and Glu-55 to site II, providing a possible

entry pathway for the Ca2 + ions [5]. In the E2ATg form this

channel is of wider diameter and is water-filled [65],

strengthening the suggestion that it could be an important

part of the access pathway to the Ca2 + binding sites.

In the alternating site model for the Ca2 +-ATPase, a single

pair of Ca2 +-binding sites changes from being exposed to the

cytoplasm in E1 to being exposed to the lumen in the E2

conformation [3]. This model suggests that a clear pathway

ought to be visible in the structure of the E2ATg form of the

ATPase. In fact, as shown in Figs. 11 and 14, no such clear

pathway is visible. One explanation for this could be that the

E2ATg conformation is an abnormal conformation for the

Fig. 15. The binding site for thapsigargin on the Ca2 +-ATPase. For simplicity, only helices M3 (yellow), M5 (green) and M7 (brown) are shown in surface

format. (A) The bound thapsigargin molecule is shown in space-fill representation as are residues Phe-256 and Ile-829, important in binding the inhibitor. The

two key -OH groups, at C7 and C11 of the thapsigargin molecule, are shown in dark green. (B) shows the same region as in (A) but with the thapsigargin

molecule removed. (C) shows the region around Phe-256 and Ile-829 in the E1Ca2 structure.
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ATPase, and that a clear lumenal release pathway would have

been visible in a ‘normal’ E2 conformation. The alternative

explanation is, of course, that the alternating site model is

incorrect. Indeed, evidence has been presented elsewhere for

an alternating four-site model (Fig. 2) in which no pathway

would be expected from the pair of Ca2 + transport sites to the

lumenal side of the membrane in the E2 conformation [5].

The binding site for thapsigargin on the Ca2 +-ATPase is

illustrated in Fig. 15. Thapsigargin binds in a cleft between

helices M3, M5 and M7. The polar end of the thapsigargin

molecule is located between Phe-256 and Ile-829, close to the

expected position of the glycerol backbone region of the

surrounding lipid bilayer. Experiments using site-directed

mutagenesis had identified Phe-256 as a key residue in

binding thapsigargin [68]. Residues Ser-261, Ser-265, Cys-

268 and Trp-272 inM3, shown not to be important in binding

thapsigargin [71], are located on the face of M3 pointing

away from the binding site for thapsigargin. Residues Phe-

835 and Tyr-837 in M7, also shown not to be important in

binding thapsigargin [71], also point away from the binding

site. Phe-834 on M7 does point towards the binding site, but

replacement of Phe by a smaller Ala residue would not be

expected to affect binding of thapsigargin, as observed

experimentally [71].

The alkyl chain of the thapsigargin molecule lies along

the hydrophobic surface of helix M5. The two –OH

groups in thapsigargin, at positions C7 and C11, have

been shown to be essential for activity [69]. These will

help locate the thapsigargin molecule in its binding site

and also, presumably, help determine the conformation of

the molecule in the key region inserted between Phe-256

and Ile-829. In the structure of the Ca2 +-bound ATPase,

the space between Phe-256 and Ile-829 is much narrower

than in the Ca2 +-free form (Fig. 15). By keeping TM a-

helices M3 and M7 apart, thapsigargin presumably pre-

vents the ATPase from adopting a conformation in which

it can bind Ca2 + ions and be active. Thus, inhibition by

thapsigargin is indirect and based on steric factors. A

variety other clefts exist on the surface of the ATPase

between TM a-helices, including that between helices M2

and M9 to which phospholamban binds (Fig. 5). Other

hydrophobic inhibitors of the Ca2 +-ATPase such as t-

butyl hydroquinone (BHQ), nonyl phenol and curcumin

[70] could bind in these clefts. A variety of other

hydrophobic molecules, including cholesterol and simple

alkanes, have been suggested to bind to ‘non-annular’

sites on the Ca2 +-ATPase, stimulating activity for the

Ca2 +-ATPase reconstituted into di(C14:1)PC [27,29,33].

These non-annular sites could also be located in clefts

between the TM a-helices [27,29,33].
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