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Abstract
Although membrane proteins constitute more than 20% of the total proteins, the structures of only
a few are known in detail. An important group of integral membrane proteins are ion-transporting
ATPases of the P-type family, which share the formation of an acid-stable phosphorylated
intermediate as part of their reaction cycle. There are several crystal structures of the sarcoplasmic
reticulum Ca2+ pump (SERCA) revealing different conformations, and recently, crystal structures
of the H+-ATPase and the Na+/K+-ATPase were reported as well. However, there are no atomic
resolution structures for other P-type ATPases including the plasma membrane calcium pump
(PMCA), which is integral to cellular Ca2+ signaling. Crystallization of these proteins is
challenging because there is often no natural source from which the protein can be obtained in
large quantities, and the presence of multiple isoforms in the same tissue further complicates
efforts to obtain homogeneous samples suitable for crystallization. Alternative techniques to study
structural aspects and conformational transitions in the PMCAs (and other P-type ATPases) have
therefore been developed. Specifically, information about the structure and assembly of the
transmembrane domain of an integral membrane protein can be obtained from an analysis of the
lipid–protein interactions. Here, we review recent efforts using different hydrophobic photo-
labeling methods to study the non-covalent interactions between the PMCA and surrounding
phospholipids under different experimental conditions, and discuss how the use of these lipid
probes can reveal valuable information on the membrane organization and conformational state
transitions in the PMCA, Na+/K+-ATPase, and other P-type ATPases.
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INTRODUCTION
Although membrane proteins constitute more than 20% of all proteins, the structures of only
a few are known in atomic detail. An important group of integral membrane proteins are
ion-transporting ATPases of the P-type family, which are characterized by the formation of
an acid-stable phosphorylated intermediate as part of their reaction cycle [1]. These proteins
are essential for the establishment and maintenance of ion gradients across cellular
membranes, and are thus indispensable for cell physiology [2]. Atomic resolution structural
information is now available for a few members of this family. There are several crystal
structures of the Ca2+ pump of sarcoplasmic reticulum (SERCA) corresponding to different
conformations assumed during the reaction cycle [3-7], and recently, crystal structures of the
H+-ATPase [8] and of the Na+/K+-ATPase were reported as well [9,10]. However, there are
as yet no high-resolution structures for the majority of the P-type ATPases, including the
family of plasma membrane Ca2+ ATPases (PMCAs). This underlines the continued need to
develop new tools to probe the structure-function relationship in these proteins by
alternative and complementary methods.

For many years, a primary focus in our laboratories has been to obtain structural information
about the plasma membrane calcium pump (PMCA). This pump is an integral part of the
Ca2+ signaling mechanism [11]. It is highly regulated by calmodulin, which activates the
pump by binding to an auto-inhibitory region, thereby inducing a conformational change of
the pump from an inhibited to an activated state [12,13]. Obtaining crystals of native PMCA
is particularly challenging because there is no natural source from which this protein can be
easily obtained in large quantities. In addition, the presence of several isoforms in the same
tissue further complicates any effort to obtain a homogeneous sample suitable for
crystallization. Although expression of recombinant PMCA in baculovirus-infected insect
cells or yeast has been accomplished [13,14], attempts to isolate the pump in a homogeneous
and functional state suitable for crystallization have met with limited success. These
drawbacks led us to design alternative techniques for the study of structural aspects of the
PMCA and potentially, of other P-type ATPases. Of particular interest for a better
understanding of the pump mechanism are methods that yield information on the membrane-
embedded part of the pump, which is the most difficult region to study by traditional
methods of protein expression and analysis. Information about the structure and assembly of
the transmembrane domain of an integral membrane protein can be obtained, however, from
the analysis of the lipid–protein interactions. In this work, we describe an approach using
different hydrophobic photo-labeling methods to study the non-covalent interactions
between the PMCA and surrounding phospholipids under different experimental conditions
that lead to known conformations.

HYDROPHOBIC PHOTO-LABELING METHOD TO STUDY LIPID-PROTEIN
INTERACTIONS

Chemical labeling by photo-crosslinking has been used to identify proteins or portions of
proteins exposed either to the membrane surface or to the hydrophobic membrane interior.
The protein is covalently modified by a reagent that is confined to one side of the membrane
or localized within the lipid bilayer. To locate portions of the protein in contact with lipids,
highly non-polar reagents that partition into the hydrophobic core of the membrane must be
used. The exclusive location within the membrane lipid bilayer is mandatory because a
major source of artifacts in using these techniques arises when the label is not confined to
the reactive space for which it has been designed. The reagents can be added to the
membrane preparation and allowed to partition into the bilayer before being photo-activated
(for a review, see [15,16]).
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Valuable experimental information on the topology of membrane proteins can be obtained
with the help of photoactivatable reagents designed to react within the hydrophobic milieu
of the lipid bilayer. We will describe here in detail some specific examples from our own
work on how these reagents can be used to obtain information about structural changes in
the membrane region of P-type ATPases. A generalized scheme for the experimental
procedure is given in Fig. (1). After pre-incubation of the photoactivatable reagent (R-F in
Fig. 1) with the protein of interest (such as a naturally abundant or enriched and
reconstituted membrane protein, M in Fig. 1), light of the appropriate wavelength is used to
induce covalent cross-linking of the probe to the protein residue(s) in its vicinity. After
washing and concentration (e.g., by TCA precipitation), the photo-labeled sample is
separated by electrophoresis and the specific protein bands of interest are excised and
evaluated for the specific incorporation of the probe. This can be conveniently done if the
photoactivatable probe carries a radioactive label by determining the specific radioactivity of
the excised protein (see Fig. 1). Further information on the location and stoichiometry of the
specific incorporation of the photo-label can be obtained, e.g., after limited proteolysis of the
protein and peptide sequencing/mass spectrometry.

Several non-polar photoreactive reagents are used to specifically label the protein residues in
contact with the bilayer interior. Most of the reagents made to date are based on nitrene or
carbene chemistry. The particular interest in nitrenes and carbenes originates from their
ability to attack even aliphatic C-H bonds. The photolabile precursors are azides, diazirines,
and diazocompounds. Although nitrenes or azides are easier to introduce than carbenes in a
photoactivatable probe, nitrenes do show selective reactivity with nucleophiles [17].
Moreover, carbenes are preferred because they generally lead to higher reaction yields.
Carbenes and nitrenes are isoelectronic species and therefore display fundamentally the
same chemistry. Although generally regarded as unselective, even for photoreagents based
on carbene chemistry, a somewhat higher reactivity towards nucleophiles has been reported
[15]. Therefore, an inspection of the number and distribution of amino acids bearing such
functionalities, i.e., Trp, Cys, Lys, Met, Tyr, must be carried out on the protein of interest to
allow valid comparisons of labeling extents. It turns out that these amino acid residues are
similarly abundant and roughly evenly distributed along the predicted/identified
transmembrane regions of the P-type AT-Pases. Thus, no significant bias in the extent of
labeling would be expected due to a difference in amino acid composition among these
proteins.

Most successful reagents of the general type mentioned above include the photo-labeling
group TPD (trifluoromethyl phenyldiazirine), which generates a very reactive carbene
species upon irradiation with UV light [15]. [3H]DIPETPD (Fig. 2A) was synthesized by
Delfino and colleagues [18] as a photochemical bipolar phospholipidic probe designed to
label in the middle plane of the lipid bilayer and employed in an attempt to probe the depth
of membrane penetration of the fusion peptide of influenza virus hemagglutinin. The
obvious difficulty with the use of such flexible bipolar molecules is that they can be
integrated into membranes in different configurations. Indeed, when reconstituted into large
unilamellar vesicles, only about half of the [3H]DIPETPD molecules were found to be in the
desired transbilayer configuration. In addition, this probe is very difficult to incorporate into
the membrane or lipid bilayer, and 3H is less convenient to detect than 125I.

While the small hydrophobic [125I]TID (Fig. 2B) rapidly partitions into and randomly
distributes within the entire membrane lipid phase, analogs of fatty acids and phospholipids
integrate into membranes in an oriented manner. Moreover, [125I]TID can partition not only
within the membrane bilayer but also into hydrophobic pockets of proteins.
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[125I]TID-PC/16 (Fig. 2C) is an analogue of phosphatidylcholine endowed with a
photoactivatable group at the end of one of the fatty acyl chains. Its physicochemical
behavior is indistinguishable from that of phosphatidylcholine, i.e., it shows identical
mobility on TLC (thin layer chromatography) plates using different solvent systems [19].
The fact that the probe is a PC analogue simplifies the quantitative analysis. Indeed, PC is
generally chosen as the reference lipid for comparison of relative association constants of
integral membrane proteins because the latter show no selectivity for this amphiphile.

With the purpose of examining the structural and kinetic details of the interaction between
the PMCA enzyme and unsaturated fatty acids, we have synthesized the photoactivatable
probe 8-(5′-azido-O-hexanoylsalicylamido)octanoic acid (AS86) (Fig. 2D). AS86 possesses
a negative charge and a shape intended to mimic the bend of the double bond, which could
represent essential features of the fatty acids interacting with the Ca2+ pump. This is a
photoreactive probe that can be tagged with 125I, with a conformation resembling that of
oleic acid. The azido function is positioned outwardly at the convex face of the molecule,
thus improving the chance of productive reaction of the photo-generated nitrene with
neighboring molecules [20].

STOICHIOMETRY OF LIPID–PROTEIN INTERACTION ASSESSED BY
HYDROPHOBIC PHOTO-LABELING

The reagent [125I]TID-PC/16 (Fig. 2C) has been used to assess the number of lipid-
associated sites in P-type AT-Pases. This reagent partitions in the phospholipid milieu and,
upon photolysis, will react indiscriminately with its surrounding molecular cage [21]. The
interaction between a membrane protein and the lipids in its immediate environment can
therefore be examined directly with this probe. As proof of the general usefulness of this
approach, the stoichiometry of the lipid annulus surrounding the three different P-type ion
pumps PMCA, sarcoplasmic reticulum Ca2+-ATPase (SERCA), and Na+/K+-ATPase has
been determined, yielding values of 17 ± 1, 18 ±3, 24 ±5, and 5.6 ±0.4 PC lipids per
molecule of the PMCA, SERCA, Na+/K+-ATPase α-subunit, and Na+/K+-ATPase α-
subunit, respectively [19]. These numbers agree reasonably well with the values measured
by electron paramagnetic resonance (EPR) spectroscopy for SERCA (22 ± 2 and 24 ± 5
[22,23]) and Na+/K+-ATPase (30 and 34 [24,25]), and with the value predicted for the
PMCA, considering that this protein resembles SERCA with ten transmembrane segments.
For the Na+/K+-ATPase, the above approach allowed us to obtain values for the lipid–
protein stoichiometry of the alpha and beta subunits independently. The data are consistent
with a model in which the beta-subunit shows enhanced lipid exposure due to its peripheral
arrangement in the non-covalent heterodimeric alpha/beta complex of the sodium pump
[9,10]. A preferential interaction with lipids is also predicted for the beta segment based on
its low amphipathicity and high hydrophobicity, suggesting a higher affinity for lipids.

Studying lipid–protein stoichiometry involves an analysis of the first shell of lipids in
immediate contact with the membrane-embedded surface of the protein. Any suitable
experimental approach must therefore distinguish lipids interacting with the protein from
lipids belonging to the bulk phase. EPR is one of the most valuable tools in such
investigations [26]. However, because EPR mainly analyzes the lipid behavior, its
usefulness to study membrane proteins is limited when the membrane protein cannot be
obtained in large amounts. The reason is that a sufficiently large population of lipids with
restricted mobility should be attained to be able to get a measurable signal. On the other
hand, no other (contaminant) membrane proteins should be present in the sample. The
analytical development described above, which focuses on an analysis of the photo-labeled
membrane protein, can overcome these drawbacks. The sensitivity of this method is
determined by the specific radioactivity of the lipid probe and by the method used for
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protein quantification. Therefore, it can be applied to samples where the protein
concentration is far too low for EPR, such as in the case of the PMCA. The method also
allows the determination of lipid–protein stoichiometry in oligomeric systems, where
different subunits of the same membrane protein can be simultaneously analyzed within the
limits imposed by the SDS–PAGE separation.

INTERACTION OF UNSATURATED FATTY ACIDS WITH THE RED BLOOD
CELL Ca2+-ATPASE

Knowledge of the location of specific sites in a particular protein can be of great help in
characterizing its structure-function relationship. Early studies had shown that unsaturated
fatty acids such as oleic acid, and acidic phospholipids such as phosphatidylserine and
phosphatidylinositol, increase both the affinity for Ca2+ and the maximum activity of the
Ca2+-ATPase of red blood cells devoid of endogenous calmodulin [27-29]. It was also
proposed that, similarly to calmodulin and partial proteolysis by trypsin, those activating
agents seem to act directly on the enzyme and not via membrane modifications [30].
Conversely, other authors postulated that the effect of phospholipids and fatty acids could
occur as a consequence of modification of the lipid bilayer and not because of a direct action
on the enzyme [31].

To examine the structural and kinetic details of the interaction between the enzyme and
unsaturated fatty acids, we synthesized the photoactivatable probe 8-(5′-azido-O-
hexanoylsalicylamido)octanoic acid (AS86) (Fig. 2D). As already mentioned, AS86
possesses a negative charge and a shape intended to mimic the kink introduced by a double
bond in an unsaturated membrane lipid such as oleic acid (see Fig. 3).

Experiments using AS86, which interacts non-covalently with the enzyme, revealed that it
shares with oleic acid several properties with respect to its effects on the PMCA [20]: (i) it
binds reversibly to the PMCA; (ii) in the absence of calmodulin, AS86 affects the Ca2+-
ATPase activity in a biphasic behavior: at low concentrations it increases the affinity for
Ca2+ and the maximum velocity of the enzyme, while at higher concentrations it decreases
the maximum velocity of the Ca 2+-ATPase; (iii) in the presence o f calmodulin, AS86
moderately increases the affinity for Ca2+ but decreases the maximum velocity of the Ca2+-
ATPase activity; and (iv) AS86 inhibits the activity of the Ca2+ pump lacking its
calmodulin-binding domain following controlled proteolysis.

When AS86 was covalently bound to the native enzyme (following photo-activation), and
the pump then activated by calmodulin, increasing amounts of AS86 decreased the
maximum velocity of the Ca2+-ATPase activity without modifying the apparent affinity for
Ca2+. These results could be explained by the existence of two different types of sites on the
pump recognizing the reagent: one impacting the affinity for Ca2+ and the other inhibiting
the effects of calmodulin. Importantly, when covalently bound, AS86 inhibits the enzyme
lacking the calmodulin-binding domain, indicating that it acts through a site located outside
the calmodulin-binding region.

125I-AS86 can be used to tag the purified PMCA. Competition with oleic acid for the
interaction with the pump can then be easily demonstrated. Both the inhibitory effect on the
calmodulin-dependent enzyme activity after covalent binding of AS86, and the photoadduct
formation between the enzyme and 125I-AS86 are impaired by the presence of oleic acid in a
concentration-dependent fashion (Fig. 4).

Although these data are not sufficient to pinpoint precisely where AS86 binds to the Ca2+

pump, it seems safe to infer the existence of a site(s) outside the (calmodulinbinding) C-
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terminal domain able to interact and establish a covalent link with the probe. The ability to
tag the purified enzyme with 125I-AS86 could be useful to provide further insight on the
location of the interaction sites.

HYDROPHOBIC PHOTO-LABELING OF THE Ca2+ PUMP REVEALS
TOPOGRAPHIC FEATURES OF THE TRANSMEMBRANE DOMAIN AND
DYNAMIC CHANGES UPON ACTIVATION BY CALMODULIN AND
PHOSPHATIDIC ACID

[3H]DIPETPD (Fig. 2A) has been employed to explore the transmembrane organization of
the Ca2+ pump [32], and demonstrated the existence of three hydrophobic clusters along the
sequence of the pump. These clusters include the transmembrane regions of the pump,
because labeling with [3H]DIPETPD is restricted mainly to the middle plane of the lipid
bilayer [18,33].

Following identification of the major membrane-spanning hydrophobic clusters with
[3H]DIPETPD, we took advantage of the higher specific activity provided by the radioactive
iodine tag in [125I]TID (Fig. 2B), a generic hydrophobic probe, to undertake further labeling
experiments. The efficient incorporation of radioactive label into peptides achievable with
[125I]]TID significantly increased the resolution to determine the locale of labeling
following enzymatic digestion of large labeled fragments of the pump. In this regard, it has
been shown for other integral membrane proteins that the peptide labeling patterns do not
differ much between phospholipid-based reagents bearing TPD [such as [3H]PTPC/1] [34]
and [125I]TID, implying that the role of the chemistry of the reagent prevails over the
position where the probe function is attached [34,35]. In agreement with this notion,
[3H]DIPETPD and [125I]TID yielded similar profiles for the labeled peptides from the
PMCA [32]. After controlled proteolysis of the Ca2+ pump with V8 protease, patterns of
labeled peptides were compared in experiments in which the lipidic milieu of the pump was
modified. The results were similar when the enzyme was labeled with [125I]TID, either in its
natural environment (in situ) in red blood cell ghosts, or in lipid-detergent micelles. Hence,
it can be concluded that the experimental procedures of solubilization, purification, and
reconstitution of the Ca2+ pump do not introduce major changes in the transmembrane
organization of this protein. In addition, the preservation of transport activity in
reconstituted liposomes [32] and the maintenance of the kinetic properties and regulatory
characteristics in the purified enzyme [36] support this view. These experiments validate
hydrophobic photo-labeling as a method to address questions concerning the conformation
of the membrane domain of the Ca2+ pump.

The first and second transmembrane segments M1 and M2 are labeled significantly and to a
similar extent with reagents that probe the lip id-protein interface, such as [3H]DIPETPD
and [125I]TID. On the other hand, the hydrophilic stretch connecting M1 and M2 includes a
site susceptible to cleavage with V8 protease. This is consistent with the presence of an
outer loop exposed to the aqueous solvent. This region is accessible to proteases under harsh
conditions, and includes the epitope to antibody 1E4, as demonstrated by Feschenko et al.
[37]. Thus, a consistent picture emerges for the topography of the N-terminal domain of the
Ca2+-pump as determined by hydrophobic labeling and limited proteolysis (Fig. 5). Putting
together these pieces of data, we proposed that a helical hairpin motif exists at the N-
terminus of the pump. This hairpin may adopt a peripheral location in the transmembrane
domain bundle, therefore exhibiting a substantial boundary region with surrounding
membrane phospholipids. Interestingly, Stokes et al. [38] proposed a number of packing
arrangements for the 10 helices belonging to the transmembrane domain of P-type ion
pumps by model building on the basis of cryoelectron microscopy data at 14 Å resolution of
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the sarcoplasmic reticulum calcium pump [39]. All of these models position M1 and M2
side by side at the interface with membrane lipids.

More recently, we have used [125I]TID-PC/16 (Fig. 2C) incorporation to gain insight into
the structural changes elicited by calmodulin and phosphatidic acid (PA) in the PMCA
transmembrane region. The results showed that activation elicited by calmodulin involves
structural rearrangements within the PMCA transmembrane domain markedly different from
those taking place upon activation by acidic phospholipids. The effects of calmodulin and
PA are additive as assessed by Ca2+-ATPase activity, suggesting that these ligands act
through independent mechanisms (see Fig. 6). Neither calmodulin nor PA affected the
apparent affinity constant of the other ligand, indicative of non-overlapping binding sites.
Although calmodulin and PA could be expected to share a common structural effect because
they both ultimately perturb a region connecting to transmembrane segment M3 in the
PMCA, these ligands act through unrelated pathways. The overall exposure to surrounding
lipids was found to be less in the presence of calmodulin than in the presence of PA and
much less in the presence of either calmodulin or PA than in the presence of Ca2+ alone
[40]. The level of compaction of the transmembrane region elicited by calmodulin appears
to be maximal because, in the presence of this ligand, no further changes were observed in
[125I]TID-PC/16 incorporation upon addition of PA. However, under the same experimental
conditions, the effect of PA on the ATPase activity can be clearly demonstrated as an
increased calculated value for activation (Fig. 6). This implies that the ATPase activation
effect exerted by PA on calmodulin-bound PMCA does not have a corresponding
compaction effect at the level of the transmembrane domain structure. Indeed, kinetic
analysis of the activation by acidic phospholipids showed it to be the consequence of
acceleration in the de-phosphorylation step (E2P to E2; see below for a brief explanation of
the major conformational states of P-type ATPases). This is expected to occur mostly at the
expense of structural changes in the cytoplasmic domain of the PMCA.

As mentioned above, by enzymatic digestion of photolabeled PMCA (Fig, 5), it is possible
to dissect the domains within the transmembrane region that become specifically exposed to
surrounding lipids. Calcium appears to elicit a general expansion of the transmembrane
region in which every domain is about 50% more exposed to membrane lipids [41]. In the
presence of calmodulin or PA, a striking decrease in [125I]TID-PC/16 incorporation into any
of the hydrophobic domains is observed which, on average, is comparable to that observed
for the undigested protein under each condition. However, the pattern of TID-PC
incorporation between the different domains shows interesting variations. In the presence of
calmodulin, the central domain included in fragment M (Fig. 5) becomes less exposed to
phospholipids than the C-terminal domain included in fragment C, and much less than the
N-terminal domain included in fragment N. Activation by calmodulin is due to its binding to
an autoinhibitory domain located in the C-terminal tail of PMCA. Calmodulin binding
dissociates this domain from a region located just upstream of transmembrane segment M3
of PMCA, thus relieving the auto-inhibition. It may therefore not be surprising that the most
affected hydrophobic domains are those that include transmembrane segments directly
connected with cytoplasmic targets of calmodulin binding, i.e., domain M which includes
segment M3, and domain C which includes the transmembrane segment directly connected
to the C-terminal autoinhibitory domain (Fig. 5).

The observed pattern is remarkably different in the presence of PA. Under this condition, it
is the N-terminal domain (fragment N) that becomes less exposed. The central domain
(fragment M) presents an intermediate exposure while the C-terminal domain shows the
highest level of [125I]TID-PC/16 incorporation. The PA binding site is thought to be located
within the cytoplasmic loop that connects transmembrane segments M2 and M3 (Fig. 5),
partially overlapping with the C-terminal receptor region [42-44]. The most affected
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hydrophobic domains are again those including transmembrane segments directly connected
with the postulated PA cytoplasmic binding region, i.e., domain N (which includes M2) and
domain M (which includes M3). We emphasize, however, that the above analysis is
extremely simplified. One should keep in mind that the “picture” of the transmembrane
architecture of the PMCA is not only the consequence of cytoplasmic rearrangements that
directly affect the connected transmembrane segments but also, and most probably mainly,
the final outcome of long-range protein interactions. In this respect, and regarding
cytoplasmic rearrangements, both calmodulin and PA were shown to increase the distance
between the N- and C-terminal regions of the PMCA [13]. In contrast, at the transmembrane
level, an overall compaction is the main effect elicited by both activators [40,41].

FOLLOWING CONFORMATIONAL CHANGES IN SERCA AND PMCA Ca2+

PUMPS WITH [125I]TID-PC/16
During the hydrolysis of ATP, P-type ATPases undergo phosphorylation and
dephosphorylation reactions in which the terminal phosphoryl group of the nucleotide is first
transferred to the beta-carboxyl of a conserved aspartic acid side chain in the enzyme, and
subsequently to water [1]. Both the dephospho- and phospho-forms of the enzyme exist in at
least two conformations, which are commonly designated E1 (or E1P) and E2 (or E2P). The
changes in conformation alter the enzyme’s affinity for and reactivity to ATP, ADP, and Pi,
as well as the affinities and accessibilities of sites that bind the transported cations [45]. In
the E1 conformation, the pump is supposed to have high affinity for the exported sub-strate
and low affinity for the imported one. This selectivity is reversfor the E2 conformation. The
existence of E1 and E2 was first proposed on the basis of kinetic studies of phosphorylation
[46], fluorescence [47], and analysis of tryptic digestion patterns [48], and more recently
confirmed by crystallographic studies of several P-type pumps (see [49] for a recent review).

The photoactivatable probe [125I]TID-PC/16 (Fig. 2C) has been used in our laboratory to
study the transmembrane region of the PMCA in different conformations [41]. By
quantifying the amount of labeling by [125I]TID-PC/16, we were able to discern different
PMCA conformers based on their differential interaction with surrounding phospholipids.
The procedure was validated by performing [125I]TID-PC/16 incorporation studies on
SERCA in different conditions (absence and presence of Ca2+, thapsigargin/EGTA) known
to lead to specific conformations of the pump as determined by x-ray crystallography
[6,7,50].

A major structural difference between SERCA and PMCA is the presence of an extended C-
terminal autoinhibitory region in the PMCA that is not found in SERCA. PMCA activation
by calmodulin involves binding of calmodulin to the C-terminal region, causing release of
inhibitory interactions from the cytosolic core. This model for auto-inhibition (and its
release) does not involve any changes in the transmembrane region. However, using the
[125I]TID-PC/16 labeling method we could show that the auto-inhibited conformation is
distinct (at least in the E1-Ca2+ state of the PMCA reaction cycle) and that the
conformational changes induced by auto-inhibition expose additional surfaces to
phospholipids [41]. Although the PMCA appears to have specific sites for interaction with
acidic phospholipids [44], no such sites have been identified for neutral phospholipids such
as PC. Thus, it is unlikely that higher affinity sites for the photoactivatable [125I]TID-PC/16
(which behaves as a PC analog) are exposed upon auto-inhibition. Rather, the observed
change in [125I]TID-PC/16 incorporation reflects a major conformational difference in the
membrane domain of the auto-inhibited and activated E1-Ca2+ states of the PMCA.

The usefulness of [125I]TID-PC/16 labeling to discriminate between distinct membrane
domain conformations of membrane proteins was further demonstrated by studying the
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effect of the calmodulin-binding peptide C28 on SERCA. This peptide is known to inhibit
SERCA [51]. Addition of C28 in conditions where the peptide inhibits SERCA (in the
presence of Ca2+) induced an increase in [125I]TID-PC/16 labeling of this pump (see Table
1), suggesting that C28 induced an inhibitory conformation in SERCA similar to the one
present in the PMCA in the absence of calmodulin [41]. The evidence obtained using
[125I]TID-PC/16 to study the SERCA and PMCA under different activation/inhibition
conditions allowed us to propose the existence of two different E1 conformations in these
calcium pumps: E1I corresponds to the auto-inhibited PMCA and E1A to the activated one
(in the presence of calmodulin or after removing the C-terminal tail). In SERCA, E1A is the
conformation naturally assumed in the presence of Ca2+. Addition of C28 to SERCA mimics
the E1I conformation of the auto-inhibited PMCA. It is quite remarkable that a short
hydrophilic peptide like C28 drives such a profound change in the hydrophobic
transmembrane region.

The [125I]TID-PC/16 labeling method has also been used to analyze the effects of two
inhibitors of PMCA, LaIII and vanadate, on the conformational state of the membrane
domain [41]. LaIII is known to stabilize the E1Ca state, and in the presence of ATP it blocks
the reaction cycle in E1P [52]. LaIII and ATP produced the same level of [125I]TID-PC/16
incorporation into the PMCA as Ca2+ alone (Table 1), suggesting that the transmembrane
arrangement of E1P is similar to that of E1Ca (E1I). Earlier experiments on the kinetics of
vanadate inhibition showed antagonism by Ca2+ [53,54], consistent with Ca2+ and vanadate
binding to alternate conformations. Vanadate binds to the E2 conformation of SERCA,
hence the apparent vanadate affinity also depends on the El to E2 equilibrium. The finding
(Table 1) of an intermediate level of [125I]TID-PC/16 reagent incorporation in the presence
of vanadate and Ca2+ is indeed indicative of the coexistence of E1 and E2 states in these
conditions.

DETERMINATION OF THE DISSOCIATION CONSTANTS FOR Ca2+ AND
CALMODULIN FROM THE PLASMA MEMBRANE CA2+ PUMP

The photoactivatable phosphatidylcholine analog [125I]TID-PC/16 has also been used to
measure equilibrium constants for the dissociation of ligands from PMCA complexes and to
draw structural conclusions about the regulation of the transport of Ca2+ in the presence of
different modulators. This exploits the fact that the interaction of the PMCA with regulators
such as Ca2+, calmodulin and acidic phospholipids is accompanied by conformational
changes in the membrane region [40]. To perform these experiments, the labeling of PMCA
with [125I]TID-PC/16 was quantified as a function of the added regulator, thus measuring
the shift of conformation E2 (in the absence of Ca2+) to the auto-inhibited conformation E1I
and of conformation E1I to the activated E1A state, and titrating the effect of Ca2+ under
different conditions.

Fig. (7) shows an example where the transition of PMCA from the E2 to E1I conformation
was followed by [125I]TIDPC/16 incorporation as a function of increasing [Ca2+]. The
results from this and similar experiments in the presence of different modulators indicate
that the PMCA possesses a high affinity site for Ca2+ regardless of the presence or absence
of activators. The studies suggest that PMCA activity is modulated through the C-terminal
domain, which induces an auto-inhibited conformation for Ca2+ transport but does not
modify the affinity for Ca2+ at the transmembrane domain. Calmodulin and calmodulin-like
treatments affect the C-terminal domain to drive the auto-inhibited conformation E1I to the
activated E1A conformation, thereby modulating the transport of Ca2+.

[125I]TID-PC/16 incorporation was also used to follow the transition from E1I to E1A in the
PMCA as a function of added calmodulin (Fig. 8) [40]. This allowed calculation of the
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dissociation constant for binding of native CaM to the PMCA in equilibrium, yielding a
value (9.6 ± 0.8 nM) very close to that obtained in steady state conditions by evaluating the
half-maximal activation of Ca2+-ATPase (7.2 ± 1.4 nM). Importantly, these experiments
showed that following conformational state transitions in the PMCA via changes in
[125I]TID-PC/16 incorporation allow an independent calculation of the dissociation constant
of non-labeled calmodulin (and likely, of other modulators of activity) from the PMCA.

These studies are the first to determine the equilibrium constants for the dissociation of Ca2+

and calmodulin ligands from PMCA complexes through the change of transmembrane
conformations of the pump. The data further suggest that the transmembrane domain of the
PMCA undergoes major rearrangements resulting in altered lipid accessibility upon Ca2+

binding and activation.

CONFORMATIONAL CHANGES AND DISTRIBUTION OF TRANSMEMBRANE
SEGMENTS IN THE NA+/K+-ATPase

Through a series of careful experiments, Blanton and McCardy [55] described the use of
[125I]TID and [125I]TIDPC/16 to provide a definition of the lipid-protein interface of the
Na+/K+-ATPase alpha-subunit and to detect movements of the transmembrane segments that
occur during ion transport. Taking advantage of the different capacities of [125I]TID and
[125I]TIDPC/16 to distribute in the membrane, Na+/K+-ATPase was photo-labeled under
conditions that stabilize the two different conformations E1 and E2, and the sites of labeling
were then characterized. The results showed that [125I]TIDPC/16 labeled the two
conformers to a similar extent, whereas there was an enhanced photoincorporation of
[125I]TID in the E2 conformation. Analysis of the amino-terminal sequence of proteolytic
fragments revealed that the increased photoincorporation in the E2 conformation was mainly
confined to the transmembrane segments M5 and M6. According to the spatial arrangement
determined from the crystal structure of the SERCA (which at the time was the only high-
resolution P-type ATPase structure available), these segments are not in direct contact with
the phospholipid bilayer (see Fig. 9). The increased labeling of M5 and M6 in the E2
conformation may reflect conformational changes in these segments associated with the ion
transport pathway, allowing the relatively small [125I]TID molecule access to specific
residues in M5/M6 [55]. The accuracy of the location of M5/M6 in the central core of the
pump was recently confirmed in the crystal structures of the Na+/K+-ATPase in the E2
conformation [9,10,56].

Using the same strategy in experiments measuring photo-labeling with [125I]TIDPC/16,
Blanton and McCardy [55] found that the bulk of the lipid-protein interface of the Na+/K+-
ATPase alpha-subunit is confined to the transmembrane segments M1, M3, M9, and M10
(but interestingly, not M2 as would be predicted from the model in Fig. 9). The extent of
[125I]TID and [125I]TIDPC/16 incorporation into proteolytic fragments containing these
segments was the same whether the fragments were isolated from ATPase labeled in the E1
or E2 conformation. The authors concluded that the transmembrane segments of the Na+/K+-
ATPase alpha-subunit that lie at the lipid-protein interface do not undergo major
conformational movements during the E1-E2 transition. The recent structural studies on the
Na+ /K+-ATPase and comparisons with E1 and E2 structures of the SERCA pump have
largely validated this conclusion and the positions of the transmembrane segments in the
model depicted in Fig. (9) (see [49] for a recent review). On the other hand, the observed
insensitivity of M2 to [125I]TIDPC/16 photo-labeling may be explained by shielding from
bulk lipid caused by the tighter packing of M2 against M3 and M4 than depicted in the
original model (Fig. 9), as well as by contacts with M1 and the core of the membrane
domain involved in ion transport [9,10].
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In contradiction with the lack of differential photoincorporation of [125I]TIDPC/16 found by
Blanton and McCardy, we recently measured a small but consistent enhancement of photo-
labeling in the E2 conformation of the Na+/K+-ATPase using this reagent (JPFC Rossi and
RC Rossi, unpublished observation), which may reflect a slight but significant increase in
lipid accessibility of some of the transmembrane segments during the E1-E2 transition [10].
On the other hand, the lack of labeling of M7 led Blanton and McCardy to correctly
postulate that this segment was responsible for the interaction with the beta subunit (see Fig.
9). It is remarkable that this conclusion was posed when no sufficiently precise information
on the three-dimensional structure of the Na+/K+-ATPase was yet available.

CONCLUSION
The above examples illustrate the usefulness of photoactivatable hydrophobic probes as
tools to investigate the structural and dynamic properties of the membrane domain of
complex membrane proteins for which high-resolution structural information from x-ray
crystallography or NMR spectroscopy is still challenging to obtain. As a complementary
technique, such photo-labeling studies will continue to provide important insights into
mechanistic aspects and overall architectural principles of membrane proteins such as the P-
type ion pumps.
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Fig. (1). General scheme for membrane protein photo-labeling and analysis
After pre-incubation of the photoactivatable reagent R-F (where F is the photoactivatable
functional group) with the protein of interest (e.g., a naturally abundant or purified and
reconstituted membrane protein M), light of the appropriate wavelength (hν) is used to
induce covalent cross-linking of the probe to the protein residue(s) in its vicinity. After
washing and concentration by TCA precipitation, the photo-labeled sample is separated by
electrophoresis and the specific protein bands of interest are excised and evaluated for the
specific incorporation of the probe. This can be conveniently done if the photoactivatable
probe carries a radioactive label.
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Fig. (2). Photoactivatable hydrophobic labeling compounds
A: [3H]bis-phosphatidyl ethanolamine (trifluoromethyl) phenyldiazirine ([3H]DIPETPD),
B: 3-(trifluoromethyl)-3-(rn-[125I]iodophenyl)-diazirine ([125I]TID), C: 1-O-
hexadecanoyl-2-O-[9-[[[2-[125I]iodo-4-(trifluoromethyl-3H-diazirin-3-
yl)benzyl]oxy]carbonyl] nonanoyl]-sn-glycero-3-phosphocholine ([125I]TID-PC/16),. D: 8-
(3′-[125I]iodo, 5′-azido-O-hexanoylsalicylamido)octanoic acid (AS86).
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Fig. (3). Superposition of AS86 and oleic acid structures
Global minimum conformers of AS86 (structure a) and oleic acid (structures b and c).
Structures d and e result from least-squares flexible superimposition (allowing free rotation
of torsional angles C-NH and OC-C) of conformer a over oleic acid conformers b and c,
respectively. After the initial fit, each rotamer of conformer a was subjected to 1000
minimization cycles using the block diagonal Newton-Raphson algorithm to eliminate local
tensions around the rotated dihedral angles. 17 atomic pairs along the chains were used for
each comparison. The residual RMS deviations between b and d and between c and e were
0.805 and 0.878 Å, respectively. For details, see [20].
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Fig. (4). Oleic acid competes with AS86 for binding to the PMCA
Autoradiogram of 0.46 μM purified Ca2+-ATPase (12 pmol) incubated with 1.6 μM 125I-
AS86 (35 Ci/mmol, 40 pmol, 1.4 μCi) and increasing concentrations of oleic acid: 0 μM
(lane 1), 25 μM (lane 2), 75 μM (lane 3), 225 μM (lane 4), and 600 μM (lane 5). Samples
were irradiated for 5 minutes at 254 nm prior to SDS-PAGE. In all cases, the samples
applied to gels contained 25 μl of the incubation mixture. The arrow indicates the position of
the PMCA (138 kDa). The relative densities of the main labeled bands are 1.0, 0.53, 0.37,
0.25, and 0.09 in lanes 1-5, respectively. For details, see [20].

Mangialavori et al. Page 18

Curr Chem Biol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (5). Scheme of proteolysis pattern of PMCA generated by V8 protease
A: Cleavage in the cytosolic loops occurs at residues E322 and E661 as indicated by black
arrows. The light and dark grey box represent the acidic phospholipid and the calmodulin
binding site, respectively. Proteolysis by V8 protease results in three major fragments N (N-
terminal), M (middle), and C (C-terminal). B: SDS gradient gel electrophoresis (4-20%) of
PMCA after 30 (lane 1), 60 (lane 2) and 180 minutes (lane 3) of V8 proteolysis. The arrows
show the fragments obtained. Molecular markers are shown in lane 4, with their masses
indicated in kDa on the right.
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Fig. (6).
Ca2+-ATPase activation as a function of [calmodulin] in the presence or absence of 60 μM
phosphatidic acid (A), and as a function of [phosphatidic acid] in the presence or absence of
0.2 μM calmodulin (B).
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Fig. (7). [Ca2+] dependence of incorporation of [125I]TID-PC/16 to PMCA
Purified PMCA devoid of calmodulin was incubated at 37°C in the presence of different
amounts of Ca2+, and after 3 min [125I]TIDPC/16 was irradiated with UV light (λ ~ 360 nm)
and incorporation determined as described [40]. The inset shows the incorporation of
[125I]TID-PC/16 at low concentration of Ca2+. From [40] with permission.
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Fig. (8). Calmodulin (CaM) dependence of the incorporation of [125I]TID-PC/16 to PMCA in the
presence of saturating concentration of Ca2+

Incorporation of [125I]TID-PC/16 was determined in a medium containing 100 μM Ca2+ at
37 °C. Inset: Ca2+-ATPase activity as a function of the CaM concentration. From [40] with
permission.
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Fig. (9). Model of the spatial organization of the membrane segments in the Na+/K+-ATPase
proposed by Blanton and McCardy [55]
The 10 predicted transmembrane helices of the α-subunit are labeled M1 – M10. The
transmembrane segments likely to be exposed to the lipid bilayer are shaded in light gray,
those shielded from the bilayer are in dark gray. The single transmembrane domain of the β-
subunit is also shown.
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