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ABSTRACT: This paper describes a novel approach to specific oxidative cleavage of Na+,K+-ATPase,
mediated by Cu2+ ions and a hydrophobic phenanthroline, 4,7-diphenyl-1,10-phenanthroline (DPP), in
the presence of ascorbate and H2O2. The cleavage produces two major fragments of theR subunit, with
apparent molecular masses of 96.5 and 76 kDa, and N-termini near the cytoplasmic entrance of
transmembrane segments M1 and M3, respectively, The kinetics indicate that both cleavages are mediated
by a single Cu2+-DPP complex. We infer that M3 and M1 are in proximity near the cytoplasmic surface.
The yields of 96.5 and 76 kDa fragments are not significantly affected by ligands that stabilize different
E1 and E2 conformations. In E2(K) and E2P conformations, a minor 5.5 kDa fragment with its N-terminus
in M10 is also observed. The 96.5 and 76 kDa fragments are indistinguishable from two fragments near
M3 and M1 produced by Fe2+-catalyzed cleavage described previously [Goldshleger, R., and Karlish, S.
J. D. (1999)J. Biol. Chem. 274, 16213-16221], whereas other Fe2+-catalyzed cleavage fragments in the
cytoplasmic P and A domains are not observed with the Cu2+-DPP complex. These findings provide
experimental support for the concept of two separate Fe2+ sites. A homology model, with Na+,K+-ATPase
residues within transmembrane segments and connecting loops substituted into the crystal structure of
Ca2+-ATPase, shows the proximity between the sequences HFIH in M3 and EVWK in M1, near the
cytoplasmic surface. Thus, the model strongly supports the conclusions based on cleavages mediated by
the Cu2+-DPP complex (or Fe2+ at site 2). As a corollary, the cleavages provide evidence for similar
packing of M1 and M3 of Na+,K+-ATPase and Ca2+-ATPase.

The Na+,K+-ATPase actively transports three Na+ ions
and two K+ ions for each molecule of ATP hydrolyzed and
is responsible for maintaining the normal transmembrane
gradients of Na+ and K+ ions which are essential for the
life of the cell.

By comparison with our extensive knowledge of the
kinetics and function of Na+,K+-ATPase, our knowledge of
molecular structure lags far behind (1, 2). The recent
publication of the 2.6 Å crystal structure of the related
sarcoplasmic reticulum Ca2+-ATPase is beginning to redress
the balance since the structure has outstanding explanatory
and predictive qualities with respect to all P-type pumps (3).
Presumably, the tertiary structures of other P-type pumps
resemble that of Ca2+-ATPase, particularly within conserved
cytoplasmic domains, but may show detailed differences
related to the cation specificities, and for Na+,K+-ATPase
and H+,K+-ATPase may show differences related to the

presence of aâ subunit (4, 5). Of particular relevance in the
present context, the Ca2+-ATPase structure confirms the
existence of 10 transmembrane helices deduced for Ca2+-,
Na+,K+-, H+,K+-, and H+-pumps by biochemical techniques
(6), but there are several unexpected features, including
unraveling of sections of the M4 and M6 membrane-spanning
helices that are involved in occluding Ca2+ ions. The details
of Ca2+ occlusion sites within M4-M6 and M8 predicted
from extensive mutagenesis studies (7, 8) fit well with the
structure.

This paper is concerned with the organization of trans-
membrane helices of Na+,K+-ATPase. The assumption that
the organization of transmembrane helices of other P-type
pumps is similar to that of the Ca2+-ATPase is a good initial
hypothesis, but particularly for pumps with more than one
subunit, there might be differences in the helix arrangement
of the R subunit in the region of subunit contacts. Theâ
subunit of Na+,K+-ATPase and H+,K+-ATPase, which is
required for stabilization of theR subunit and passage from
the cell interior to the outer membrane (4, 5, 9, 10), is known
to interact with theR subunit in the region of transmembrane
segment M8 (9, 10). In addition, the renal Na+,K+-ATPase
also contains a small single transmembrane protein, theγ
subunit, which is a tissue-specific regulator and must also
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interact with theR subunit (11). Thus, direct experimental
evidence of helix packing is required to complement the
Ca2+-ATPase structural data, until such time when (or if)
the structure of Na+,K+-ATPase itself becomes available.

We have made an initial attempt to obtain evidence of
helix packing of Na+,K+-ATPase based on covalent cross-
linking of the fragments of “19 kDa membranes” (12, 13).
The 19 kDa membranes are the products of extensive tryptic
digestion of renal Na+,K+-ATPase, which removes∼50%
of the protein but leaves well-defined membrane-embedded
fragments, corresponding to M1/M2, M3/M4, M5/M6, and
M7-M10, and essentially intactâ andγ subunits. The 19
kDa membranes have the important feature of retaining the
capacity for K+ and Na+ occlusion and ouabain binding,
although ATP binding sites are digested away. Due to the
intactness of the cation and ouabain sites, one can assume
that the native organization of transmembrane helices is
retained. Cross-linking witho-phthalaldehyde or Cu2+-
phenanthroline-induced S-S bridge formation revealed a
number of proximities between fragments which, together
with other information, led to formulation of an approximate
model of helix packing (14, 15). However, the difficulty of
finding specific cross-linking reagents and analyzing the
cross-linked peptides limits the value of this approach. Use
of recombinant Na+,K+-ATPase and engineering of specific
S-S bridging sites could be more fruitful.

Recently, we have introduced a technique of specific
oxidative cleavage of renal Na+,K+-ATPase, which utilizes
Fenton chemistry of bound transition metals such as Fe2+

or Cu2+ or metal complexes such as the ATP-Fe2+ complex.
Addition of ascorbate with H2O2 generates OH radicals (or
the reactive metal-peroxyl intermediates) at the bound metal
site and cleaves the nearby polypeptide chain (16-21).
Because more than one peptide bond can be cleaved from
the same metal site, the technique has the important feature
of providing information about the proximity of cleaved
segments in the native protein, that is, their spatial organiza-
tion. The properties of cleavages catalyzed by free Fe2+ or
ATP-Fe2+ complexes are described in the original papers
(16, 19, 20) and a recent review (21). In particular, these
cleavages have provided evidence for large movements in
the N, P, and A cytoplasmic domains, accompanying E1 f
E2 and E1Pf E2P conformational changes and also a change
in ligation of Mg2+ ions between E1P and E2P. The
conclusions fit well with inferences on conformation-
dependent domain movements from the reported Ca2+-
ATPase structure, which is in an E1 conformation (3). We
have surmised, mainly on the basis of the Ca2+-ATPase
structure, that there are two sites for binding of free Fe2+

(21), which is of immediate relevance to the work presented
here. The first site (site 1) involves highly conserved residues
in the P domain (denoted as nr.CSDK, nr.MVTGD, and
VNDS) and A domain (TGES), and is highly sensitive to
E1 f E2 conformations. The second site for free Fe2+ (site
2) is located near the entrance of transmembrane segments
M3 (involving an HFIH sequence) and M1, and is insensitive
to conformations. Nevertheless, direct experimental evidence
is lacking. In a separate study, free Cu2+ ions were found to
catalyze specific cleavages of both theR andâ subunits at
the extracellular surface (18). These results provided sig-
nificant constraint on the way models of helix packing can
be constructed (15).

The results reported in this paper present a novel applica-
tion of the cleavage technique. Normally, when an excess
of a metal chelator, such as EDTA, is added to the incubation
medium containing Fe2+ or Cu2+ ions, the free metal ion
concentration is reduced to a negligible value, and all
cleavages are suppressed. In contrast, addition of different
phenanthroline derivatives to a reaction medium containing
Cu2+ ions has been found to induce new cleavages. Here,
we explore this phenomenon, showing that with the ap-
propriate hydrophobic phenanthroline (DPP),1 cleavages
mediated by a Cu2+-DPP complex are highly selective. This
provides a way to detect proximities between transmembrane
segments.

EXPERIMENTAL PROCEDURES

Enzyme Preparations.Na+,K+-ATPase (13-18 units/mg
of protein) was prepared from pig kidneys, assayed, and
stored at-20 °C in a solution of 250 mM sucrose, 25 mM
histidine (pH 7.4), and 1 mM EDTA, as described in ref22.
Prior to use, membranes were washed twice and suspended
in a buffer solution containing 10 mM Tris-HCl (pH 7.5).
Rat axolemma microsomes (2-3 units/mg of enzyme)
prepared as described in ref23 was a gift of R. Blostein.

CleaVage Reaction. Membrane suspensions (1 mg of
protein/mL) were pre-equilibrated for 15 min with DPP or
another phenanthroline derivative and CuCl2 at the indicated
concentrations, and incubated at 20°C for the indicated times
with freshly prepared solutions of 4 mM ascorbate (Tris)
with 4 mM H2O2. To arrest the cleavage reaction, 10µL of
the 5-fold concentrated gel sample buffer also containing
10 mM EDTA and 5 mM desferal was added and samples
were applied to gels.

Gel Electrophoresis, Blotting to PVDF, Immunoblots, and
Sequencing. Procedures for running of 7.5 or 10% Tricine
SDS-PAGE, including precautions prior to sequencing,
semidry electroblotting to PVDF paper, immunoblots, and
microsequencing of fragments, have been described previ-
ously in detail (13, 24). Immunoblots (3-5 µg of protein
per lane) were probed with anti-KETYY which recognizes
the C-terminus of theR subunit (K1012-Y1016), except for
the experimental results depicted in Figure 5 which also used
“anti-M1/M2”, prepared from a 11.7 kDa fragment (D68-
R168), containing transmembrane segments M1 and M2 (13,
24). Immunoblots were developed by enhanced chemilumi-
nescence (ECL) using anti-rabbit IgGHRP conjugate and the
protocol supplied with ECL reagents from the 1998 Amer-
sham-Pharmacia Life Science Products catalog. Where
fragments were to be sequenced, cleaved enzyme (1 mg/
mL) was extracted with the nonionic detergent C12E10

(polyoxyethylene 10-lauryl ether), to remove contaminant
proteins, prior to application to long 10% gels, and staining
with Coomassie blue (see ref16).

Computer Modeling.A homology-based model for the
membrane domain of the Na+,K+-ATPaseR subunit was

1 Abbreviations: H2O2, hydrogen peroxide; desferal, desferrioxamine
mesylate; DEPC, diethyl pyrocarbonate; DPP, 4,7-diphenyl-1,10-
phenanthroline; TMP, 3,4,7,8-tetramethyl-1,10-phenanthroline; neocu-
proine, 2,9-dimethyl-1,10-phenanthroline; phenanthroline, 1,10-o-
phenanthroline; DPP-DS, 4,7-diphenyl-1,10-phenanthrolinedisulfonic
acid; DMDPP, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline; DMF,
dimethylformamide.
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constructed by using the three-dimensional (3D) coordinates
of the sarcoplasmic reticulum (sr) Ca2+-ATPase (PDB entry
1EUL) as a starting framework. All model building and
energy minimizations were performed with Discover and
Insight II molecular modeling software by MSI Inc. (San
Diego, CA). The subdomains designated P, N, and A in the
cytoplasmic domain of the sr Ca2+-ATPase are likely to be
structurally homologous in all P2-type ATPases, and these
were not altered. The N and A subdomains are distant from
the membrane and were held fixed during energy minimiza-
tions.

Side chains from the Na+,K+-ATPase pigR1 sequence
were mapped onto the equivalent positions in the membrane
domain of the sr Ca2+-ATPase structure and are identified
by a combination of computer and manual sequence align-
ments. Where differences occurred in the number of residues
between aligned membrane segments, the sr Ca2+-ATPase
loops in the 3D structure were replaced by using the “search
loop” command provided in the software. This subroutine
searches a defined set of high-resolution database proteins
for loops of a designated size whose pre- and postloop
R-carbons closely overlap those of the target structure.

Matching segments from the Na+,K+-ATPaseR1 sequence
(Swiss-Prot accession number P05024) used for replacement
of rabbit sr Ca2+-ATPase residues (Swiss-Prot accession
number P04191) are given in Table 1 with bold characters

indicating regions of a helix. The Ca2+-ATPase residues from
Gly[G862] to Ala[A893] (e.g., the M7M8 luminal loop) were
left unaltered because the loop size and lack of sequence
homology made modeling unfeasible. The region enclosing
TM5, the M5M6 luminal loop, TM6, the M6M7 cytoplasmic
loop, and TM7 has numerous functional amino acid homolo-
gies and an equivalent number of residues in Na+,K+- and
sr Ca2+-ATPases, and the fragments were therefore replaced
throughout. Similarly, TM9 and TM10 have the same number
of residues, and no loop replacement was required.

The conformations of substituted side chains were assigned
to mimic the volumes of the corresponding sr Ca2+-ATPase
residues where possible. Overlapping side chain densities
were resolved by assigning only those dihedrals found in
known high-resolution helices. Then energy minimization
(molecular mechanics) was performed using the consistent
valence force field provided with the software to an average
absolute derivative of approximately 0.1 kcal mol-1 Å-1.
Sodium ions were placed in the positions occupied by the
two calcium ions in sr Ca2+-ATPase, and a third sodium was
modeled in the space above Glu309 and between helices M4
and M6. Energy minimization was then repeated to an
average absolute derivative of 0.1 kcal mol-1 Å-1. After
minimization, the positions of the membrane helices were
only slightly changed in the Na+,K+-ATPase model com-
pared to those in the sr Ca2+-ATPase with an rms deviation

Table 1: Residues of the Membrane Domain of the Ca2+-ATPase Substituted with Residues of the Na+,K+-ATPase for Generation of the
Homology Model
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in the backbones of all the membrane helices (2008 atoms)
of 1.519 Å.

Materials. For sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), all reagents were electro-
phoresis-grade from Bio-Rad. Tris (ultrapure) was from Bio
Lab (Jerusalem, Israel).L-(+)-Ascorbic acid (catalog number
100127) and 30% H2O2 (catalog number 822287) were from
Merck. Desferrioxamine mesylate (desferal) (D9533) and
ouabain (O3125) were from Sigma. Diethyl pyrocarbonate
(DEPC) was obtained from Sigma. Other reagents were
analytical-grade. Choline chloride was recrystallized from
ethanol. DPP and other phenanthrolines were obtained from
Aldrich. The following stock solutions of phenanthrolines
were prepared: 4,7-diphenyl-1,10-phenanthroline (DPP),
3,4,7,8-tetramethyl-1,10-phenanthroline (TMP), and 2,9-
dimethyl-1,10-phenanthroline (neocuproine) in ethanol, 1,-
10-phenanthroline (o-phenanthroline) and 4,7-diphenyl-1,10-
phenanthrolinedisulfonic acid (DPP-DS) in water, and 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (DMDPP) in
dimethylformamide (DMF).

RESULTS

Figure 1 depicts the structure of the complex Cu2+ ion
and 4,7-diphenyl-1,10-phenanthroline (DPP) in a 1:1 ratio.
Figure 2 depicts cleavage patterns observed in the presence
of Cu2+ ions, ascorbate, H2O2, and a variety of phenanthro-
lines, as revealed in immunoblots using anti-KETYY. The
phenanthrolines were present in excess (10µM) over the
Cu2+ ions (4µM), to chelate free Cu2+ ions. Previously, we
described selective Cu2+-catalyzed cleavages of bothR and
â subunits (21), which are suppressed by addition of a
chelator like EDTA, leaving an intactR subunit. As seen
from lanes 1-5 of Figure 2, which show the results of
cleavages in the presence of Cu2+ ions and the lipid-soluble
phenathrolines, DPP, TMP, oro-phenanthroline, these phenan-
throlines did not suppress cleavages, as does EDTA, but
actually induced the appearance of a variety of fragments.
In the case of DPP, the cleavage pattern was very specific,
and two large fragments with apparent molecular masses of
96.5 and 76 kDa were observed. In contrast, in the presence
of a Cu2+-phenanthroline or Cu2+-TMP complex, a large
number of distinct fragments and a nonspecific smear
appeared. Six fragments produced by cleavage induced by
Fe2+, ascorbate, and H2O2, characterized previously (16, 19),
serve as convenient markers for locating cleavage induced
by Cu2+-phenathroline complexes (lane 5). The 96.5 and
76 kDa fragments produced with the Cu2+-DPP complex
have essentially the same mobility as two fragments produced
by Fe2+, ascorbate, and H2O2 (compare lanes 2 and 5, and
see also Figure 4D), but several others were not seen. DPP,

TMP, and phenanthroline are all hydrophobic, lipid-soluble
compounds (phenanthroline< TMP < DPP). Thus, in a
second experiment (lanes 6-9), we compared the pattern
obtained with the Cu2+-DPP complex to that with the
Cu2+-DPP-PS complex, a water-soluble derivative, and the
Cu2+-DMDPP complex, an even more hydrophobic deriva-
tive than DPP itself. With the Cu2+-DPP-PS complex, some
distinct fragments together with a nonspecific smear ap-
peared. With the Cu2+-DMDPP complex, the pattern was
typical only for fragments induced by∼50 nM contaminant
Fe2+ ions which are always present in the solutions unless
they are deliberately chelated (lane 8). A similar pattern was
observed in the presence of the Cu2+-neocuproine complex.
Neocuproine is a selective Cu+ chelator, which is so stable
that the Cu+ is not oxidized to Cu2+, making it redox inactive,
and thus precluding generation of OH radicals (25). In a
mixture of Cu+ and Cu2+ ions such as that which exists with
ascorbate and H2O2, removal of Cu+ ions will cause the
Cu+-Cu2+ equilibrium to reset, so sufficient neocuproine
will chelate all of the Cu as Cu+ ions, leaving only the free
contaminant Fe2+ ions in solution (lane 9). On the basis of
the selective cleavages observed with DPP, one could
hypothesize that the Cu2+-DPP complex directs the metal
to specific site(s) on the protein where cleavage occurs. In
the case of Cu2+-TMP or Cu2+-phen complexes, the
targeting could be less selective. The experiments described
below tested the hypothesis.

The solution in lane 2 of Figure 2 contained 4µM added
Cu2+, ∼50 nM contaminant Fe2+ (16), and 10µM DPP,

FIGURE 1: Complex (1:1) of 4,7-diphenyl-1,10-phenanthroline with
a Cu2+ ion.

FIGURE 2: Specificity of oxidative cleavages mediated by different
phenanthroline derivatives. A suspension of pig kidney Na+,K+-
ATPase was preincubated for 15 min at 1 mg/mL with CuCl2 (4
µM) and the respective phenanthroline (10µM). Freshly prepared
solutions of ascorbate (4 mM) and H2O2 (4 mM) were added; the
mixture was incubated for 20 min at 20°C, and the reaction was
arrested by addition of 10µL of 5-fold concentrated gel sample
buffer. The final volume was 60µL. Electrophoresis on a 7.5% T,
3% C gel, blotting, and immunodetection were carried out as
described in Experimental Procedures. The lane labeled Fe refers
to a sample of Na+,K+-ATPase cleaved with Fe2+ cation in a low-
ionic strength medium as in ref19. The Control lane contained the
untreated enzyme.
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which binds both Cu2+ and Fe2+ ions. Due to the excess of
DPP in lane 2 of Figure 2, little or no uncomplexed metal
ions should remain, and indeed, neither characteristic 12 and
13 kDa fragments generated by free Cu2+ ions (21) nor the
pattern of fragments generated by free Fe2+ (lane 5) appeared.
In contrast, despite the excess of added Cu2+ (4 µM) over
contaminant Fe2+ (∼50 nM), the possibility that the cleavages
were mediated by the Fe2+-DPP complex could not be
excluded a priori. In Figure 3 (and Figure 4D), we address
the question of the identity of the metal complex catalyzing
the cleavages. In Figure 3, the renal enzyme was incubated
with ascorbate, H2O2, and 1µM Cu2+ together with increas-
ing concentrations of DPP, from 2.5 to 20µM, in the absence
or presence of 50µM desferal, a highly specific Fe3+/Fe2+

chelator, which completely suppresses cleavages mediated
by contaminant Fe2+ (16). At the lowest concentration of
DPP (2.5µM), in the absence of desferal, we observed the
96.5 and 76 kDa fragments and in addition several bands
which can be attributed to uncomplexed Fe2+ or Cu2+. The
presence of desferal completely suppressed the bands
produced by Fe2+-catalyzed cleavage, leaving intact the bands
at 96.5 and 76 kDa and two additional minor bands which
can be attributed to uncomplexed Cu2+ ions. As the DPP
concentration was progressively increased, the 96.5 and 76
kDa fragments remained while all the other fragments were
progressively suppressed, even in the absence of desferal.
In the presence of desferal, the bands generated by Fe2+-
catalyzed cleavage were always suppressed. At 20µM DPP,
we detected only the 96.5 and 76 kDa fragments, and there
was no difference with or without desferal. Clearly sufficient
DPP by itself fully complexed all of the free Cu2+ or
contaminant Fe2+, suppressing cleavages caused by them.
Since desferal must have competed with DPP for Fe2+ and
reduced the concentration of any Fe2+-DPP complex exist-
ing in its absence, the lack of an effect of desferal on the
yield of 96.5 and 76 kDa fragments shows that they are
generated primarily and perhaps only by the Cu2+-DPP
complex (see also Figure 4D).

Figure 4 presents data on kinetic features of the Cu2+-
DPP-dependent cleavage, which support the assumption of
a site-specific mechanism. In panels A and B of Figure 4, it
may be seen that the 96.5 and 76 kDa fragments appeared
in parallel over time and at increasing concentrations of Cu2+

ions, i.e., of the Cu2+-DPP complex, consistent with both
cleavages being mediated from one site. Figure 4C shows
little or no difference in the cleavages with a 10-fold
difference in Cu2+-DPP concentration (4:10 and 40:100
Cu2+:DPP ratios, respectively), implying saturation of a site.
Figure 4D shows that whereas the combination of Cu2+ and
DPP selectively generates the 96.5 and 76 kDa fragments, a
similar combination of Fe2+ and DPP is much less effective
(compare the 96.5 and 76 kDa fragments, lanes 1 and 3)
and DPP partially reduced the amount of fragments generated
by uncomplexed free Fe2+. Another strong indication of a
site-specific mechanism is that the cleavages were not
affected by the presence of OH radical scavengers (formate
or butyl alcohol) in the medium (not shown).

A further indication of selectivity of cleavage mediated
by DPP is provided by the experimental results depicted in
Figure 5 showing a comparison of immunoblots which use
either the standard anti-C-terminal antibody, anti-KETYY,
or an antibody, “anti M1/2”, which recognizes epitopes
within residues 68-168 of theR subunit (13, 16). In the
latter case, we observed fragments with apparent molecular
masses 33 and 13 kDa which, presumably, are N-terminal
fragments complementary to the 76 and 96.5 kDa fragments,
respectively, but no other significant fragments. A preparative
gel of Na+,K+-ATPase extensively cleaved with ascorbate
and H2O2 and the Cu2+-DPP complex was stained with

FIGURE 3: Evidence for mediation of selective oxidative cleavages
by the Cu2+-DPP complex. The cleavage reaction was carried out
in a medium containing 1µM CuCl2 and 2.5, 5, 7.5, 10, and 20
µM DPP in the presence (+) or absence (-) of 0.1 mM desferal.
The incubation time was 90 min.

FIGURE 4: Kinetic evidence for a site-specific mechanism of
oxidative cleavage. (A) Time course of a cleavage reaction in a
medium containing 4µM CuCl2, 10 µM DPP, 4 mM ascorbate,
and 4 mM hydrogen peroxide. (B) Cu-DPP-induced cleavage with
10 µM DPP and increasing concentrations of CuCl2, from 1 to 7
µM, and an incubation time of 5 min. (C) Cleavage at different Cu
and DPP concentrations: 0 and 0µM, 4 and 10µM, and 40 and
100 µM, respectively (incubation time of 15 min). (D) Cleavage
with the Cu-DPP complex (4 and 10µM, respectively), FeSO4 (4
µM), and the FeSO4-DPP complex (4 and 10µM, respectively),
with an incubation time of 5 min.

Cu2+/DPP-Mediated Cleavage of Na+,K+-ATPase Biochemistry, Vol. 40, No. 42, 200112509



Coomassie blue and revealed the 96.5, 76, and 33 kDa
fragments (not shown). After a transfer to PVDF paper, we
attempted to sequence these fragments. The N-terminus of
the 33 kDa fragment was found to be GRDK, as expected
for the N-terminus of theR subunit. No sequence was
obtained for the 96.5 and 76 kDa fragments, which have
blocked N-termini. The gel confirms the inferences from
Figure 5, and in particular, it shows that no other fragments
were produced in significant quantities. Another indication
of the specificity of the Cu2+-DPP-catalyzed cleavage is
that neither theâ nor the γ subunits were cleaved (not
shown).

The mobility of the prominent 76 kDa fragment generated
with the Cu2+-DPP complex is indistinguishable from that
of the 76 kDa fragments produced by free Fe2+, and that at
96.5 kDa is also close to the highest-Mr fragment produced
by free Fe2+ (although resolution is worse here) (16, 19).
On the basis of their sizes, the N-termini of the 76 and 96.5
kDa fragments must be located near the entrance to trans-
membrane segments M3 and M1, respectively. We proposed
previously that an HFIH sequence at the entrance of M3
could recognize the Fe2+ (16, 19). One indication of the
involvement of a histidine residue(s) was provided by the
finding that pretreatment of the kidney enzyme with the
histidine-specific reagent, DEPC, suppresses both Cu2+-
DPP-induced cleavages (Figure 6). A second indication came
from a comparison of cleavage of the kidney enzyme
consisting exclusively of theR1 isoform with the HFIH
sequence and cleavage of rat brain axolemma membranes,
which contains primarilyR2 andR3 isoforms in which the
second histidine of HFIH is replaced with glutamine, i.e.,
HFIQ (26, 27). Figure 7 shows that no cleavages were seen
when the axolemma enzyme was incubated with ascorbate,
H2O2, and the Cu2+-DPP complex, by contrast with the
usual 96.5 and 76 kDa fragments, seen with the kidney
enzyme. The result depicted in Figure 7 suggests strongly
that the second histidine is involved in the Cu2+-DPP-
induced cleavages (see the Discussion). A minor 5.5 kDa
fragment seen here is addressed further in Figures 8 and 9
below.

The experiment in Figure 8 examined effects of pump
ligands that stabilize different conformational states on the
cleavages induced by the Cu2+-DPP complex. Either E1 or
E2 conformations are stabilized under the different conditions,
as follows: low ionic strength, E2; K+, (E2K); Na+, E1Na;
choline, E1; Mg2+, E2; Mg2+/ouabain, E2.ouabain.Mg; Mg2+/
Pi, E2-P.Mg; and ouabain/Pi/Mg, E2-P.ouabain (28, 29).
There are two principal findings. First, there was little if any
effect of any ligand on the yields, absolute or relative, of
the 96.5 and 76 kDa fragments. The Cu2+-DPP complex
affected neither Na,K-ATPase activity nor Rb occlusion
(unpublished results), implying that the complex does not
itself stabilize any conformation. The second finding is that
a 5.5 kDa fragment was observed in medium containing K+

ions, Mg2+/ouabain, or especially with Mg2+/Pi and Mg2+/Pi/
ouabain complexes. All of these combinations of ligands
stabilize E2 conformations. This 5.5 kDa fragment was also
seen sometimes as a minor fragment in the standard low-
ionic strength medium (as, for example, in Figure 7). The
presence of vanadate ions suppressed all cleavages even
without Mg2+ ions, suggesting that vanadate may displace
the Cu2+ ions from the DPP (not shown). The cleavage
position of the 5.5 kDa fragment was estimated approxi-
mately by comparingits mobility with that of small fragments

FIGURE 5: Selectivity of cleavages demonstrated by detection of
complementary C-terminal and N-terminal fragments. Cleavage of
Na+,K+-ATPase (1 mg/mL) with Cu2+ (4 µM) and DPP (10µM),
incubated at room temperature for 0 or 30 min with ascorbate-Tris
(4 mM) and H2O2 (4 mM). Bands were detected by blotting with
anti-KETYY (C-terminus, two lanes from the left) and with anti-
M1/2 (N-terminus, two bands from the right).

FIGURE 6: Histidine reagent DEPC suppresses Cu2+-DPP-mediated
cleavages. Prior to the cleavage reaction, six samples of Na+,K+-
ATPase were treated with different concentrations (0, 1, 2, 4, 7,
and 10 mM) of a fresh solution of DEPC in anhydrous ethanol at
room temperature for 30 min. The reagent was removed by
centrifuging the membranes and resuspended in a 20 mM HEPES/
KOH buffer (pH 7.0). These membranes were used for the cleavage
reaction under the following conditions: Na+,K+-ATPase (1 mg/
mL) with Cu2+ (4 µM), DPP (10 µM), incubated at room
temperature for 30 min with ascorbate-Tris (4 mM) and H2O2 (4
mM).

FIGURE 7: Comparison of Cu2+-DPP-mediated cleavage of renal
and brain axolemma Na+,K+-ATPase. Incubation (0 and 30 min)
of Cu2+-DPP-induced cleavage fragments of Na+,K+-ATPase from
two sources: pig kidney and rat brain axolemma. The other
conditions were as described in the legend of Figure 2.
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of theR subunit cleaved by chymotrypsin at the extracellular
surface (lane marked Standards) (24). The 5.5 kDa Cu-DPP-
induced fragment runs slightly ahead of a 7.8 kDa chymot-
ryptic fragment which was shown previously to have an
N-terminal 972RMYPLK sequence, within the extracellular
loop between transmembrane segments M9 and M10 (24).
Thus, the N-terminus of the 5.5 kDa fragment must lie∼20
residues downstream of Arg972, which is near the cytoplas-
mic entrance of M10. A final experiment (Figure 9) looked
at the dependence on Cu2+ concentrations of the cleavages

in the presence of the Mg2+-Pi complex, a condition in
which the 5.5 kDa fragment is most prominent (Figure 8).
Clearly, the amounts of all three fragments (96.5, 76, and
5.5 kDa) increased in parallel as the Cu2+ ion concentration
was increased from 1 to 2 and then 4µM.

DISCUSSION

The results presented show that, in the presence of
ascorbate and H2O2, the complex of Cu2+ and DPP is able
to catalyze specific cleavages of theR subunit of Na,K-
ATPase. Cu2+-phenanthroline complexes have been used
extensively to cleave DNA (25), and Cu2+ complexed to
phenanthroline, covalently bound to engineered cysteine
residues, was used to cleave lac permease (30); however,
cleavage of a membrane protein mediated by a noncovalently
bound complex of Cu2+ and a hydrophobic phenanthroline
has not been described previously.

A Site-Specific Mechanism of Cu2+-DPP-Catalyzed CleaV-
age. The characteristics of the cleavages induced by the
Cu2+-DPP complex indicate that they occur by a site-
directed mechanism in which the Cu2+ is bound at specific
location(s) on the protein, and catalyzes the generation of
OH radicals, or a metal-peroxyl intermediate, which cleave
the peptide backbone near the site of their generation. The
features which suggest strongly that the 96.5 and 76 kDa
fragments are cleaved at the same site include (a) the
specificity of cleavage, (b) the parallel time course of
appearance, (c) the similar Cu2+ (i.e., Cu2+-DPP complex)
concentration dependence, (d) evidence of a saturation
phenomenon, (e) the lack of an effect of OH radical
scavengers, (f) the absence of both cleavages inR2 andR3
isoforms in axolemma in which Gln replaces the second His
in the HFIH sequence of the renalR1 isoform, and (g) the
parallel disappearance of both 96.5 and 76 kDa fragments
upon treatment with DEPC. As we have discussed previously
in relation to cleavages catalyzed by Fe2+ or Cu2+ ions, the
kinetic properties of site-specific mechanisms imply that each
polypeptide chain is cleaved once with a probability which
depends, to a first approximation, on the proximity of the
cleavage position to the Cu2+-DPP complex, and upon
cleavage of the chain, no further cleavages occur (16-21).
The prominence of the fragments is in the order 76 kDa>
96.5 kDa, and so, presumably, this could be the order of
proximity to the bound Cu2+ ion. The greatest prominence
of the 76 kDa fragment fits well with the evidence in Figure
7 which shows that the HFIH sequence is involved in
recognition of the Cu2+ ion. The evidence regarding the 5.5
kDa fragment is less clear-cut. On one hand, the parallel
appearance of the 5.5 kDa fragment with the 96.5 and 76
kDa fragments in Figure 9 is compatible with cleavage
mediated by the same Cu2+-DPP complex. On the other
hand, the different response to pump ligands of the cleavages
producing the 96.5 and 76 kDa, or 5.5 kDa, fragments could
imply that a separate Cu2+-DPP complex is involved (see
Figure 8).

The Cu2+ ion in complexes normally has six ligands. Thus,
in solution the Cu2+ may form complexes with phenanthro-
line moieties of up to three DPP molecules, or one or two
DPP molecules together with the appropriate number of water
molecules. To explain how a complex of Cu2+ and DPP is

FIGURE 8: Cu2+-DPP-mediated cleavages in different conforma-
tional states. The cleavage conditions were as described in the
legend of Figure 2 (lane 2) with the addition of the following pump
ligands: (from the left) none(-), 100 mM KCl(K), 100 mM NaCl
(Na), 100 mM choline chloride(choline), 5 mM MgCl2 (Mg), 5
mM MgCl2 and 1 mM ouabain(Mg/ouab.), 5 mM MgCl2 and 2
mM Tris-phosphate(Mg/Pi), and 5 mM MgCl2, 2 mM Tris-
phosphate, and 1 mM ouabain(Mg/ouab./Pi). The lane marked
Standards was scanned from an immunoblot from a chymotryptic
digest (Figure 4 of ref24). The scan was aligned with the other
lanes of the present experiment so as to produce equivalent
mobilities of theR subunits.

FIGURE 9: Cu2+ concentration dependence of Cu2+-DPP-mediated
cleavage in an E2-P.Mg conformation. Cleavages of Na+,K+-
ATPase (1 mg/mL) with Cu2+ (0, 1, 2, or 4µM) and DPP (10µM)
in a 10 mM Tris-HCl buffer (pH 7.5) containing MgCl2 (5 mM)
and Tris-Pi (2 mM). The incubation time was 30 min.
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able to recognize a site or sequence on the protein, we assume
that a Cu2+ binding center on a protein surface, for example,
N atoms of the imidazole ring of histidine residues, replaces
ligating groups provided by one or more phenanthroline or
water molecules. This should produce a mixed protein-
Cu2+-phenanthroline complex. It is analogous to the mixed
complexes produced when His tag-labeled proteins are
adsorbed onto Ni2+/EDTA columns (protein-His/Ni2+/EDTA
column). Depending on the selectivity of the interaction of
the Cu2+-phenanthroline complex with the protein, the
specificity of the cleavages should change. Because DPP is
a highly hydrophobic molecule, it should partition largely
into the lipid bilayer, and remove the Cu2+ from the aqueous
medium. Since, to generate OH radicals, the Cu2+ ion must
undergo reduction and oxidation by ascorbate and H2O2 in
the aqueous medium, presumably it is only Cu2+-DPP-
protein complexes at the membrane-water interface which
can undergo the Fenton chemistry. Thus, the specificity of
the cleavages catalyzed by the Cu2+-DPP complex may be
the result of its confinement to the membrane-water
interface and interaction only there with the appropriate
residues, for example, the HFIH sequence near M3. In
contrast, less hydrophobic compounds such aso-phenan-
throlines or TMP or water-soluble derivatives such as DPP-
PS should not be confined to the lipid bilayer and may allow
the complexed Cu2+ to interact with more than one site on
the protein, leading to less selective or nonselective cleav-
ages. Why the even more hydrophobic derivative DMDPP
is an ineffective catalyst of cleavages is unclear, but it may
be significant that the two methyl groups of this phenan-
throline are in the same 2 and 9 positions as those in
neocuproine, which complexes Cu+ so stably as to make it
incapable of generating OH radicals by Fenton reactions.

Although the exact positions of the N-termini of the 96.5,
76, and 5.5 kDa fragments in the sequence of theR subunit
were not obtained, approximate positions can be assigned
as near the cytoplasmic entrance of M1 and M3 and in M10,
respectively. One indication comes from the apparentMr

values themselves. A second indication comes from com-
parison with proteolytic fragments with known N-termini and
intact C-termini. For example, we showed previously that
the 76 kDa fragment produced with Fe2+, ascorbate, and
H2O2, with mobility indistinguishable from that of the Cu2+-
DPP-catalyzed 76 kDa fragment, is located∼10 residues
downstream of the N-terminus of a chymotryptic fragment
at Ile266, which is near the283HFIH sequence at the entrance
of M3 (19). In support of this assignment, the second
histidine in the283HFIH sequence is strongly implicated by
the lack of Cu2+-DPP-catalyzed cleavages in the axolemma
membranes containing primarilyR2 andR3 isoforms with
glutamine replacing the second histidine (Figure 7). With
regard to the 5.5 kDa fragment, as shown in Figure 8,
comparison of its mobility with that of a 7.8 kDa chymot-
ryptic fragment (N-terminal Arg972; see ref24) shows that
its N-terminus must lie near the cytoplasmic end of M10.
Finally, these assignments, at the cytoplasmic entrance of
M1, M3, and M10, are consistent with the requirement that
cleavages occur at a membrane-water interface.

Comparison of Fe2+-catalyzed cleavages with the Cu2+-
DPP-catalyzed cleavages leads to an important conclusion
regarding the former. Of the six Fe2+-catalyzed fragments
observed in E2 conformations, four are suppressed in E1

conformations while two fragments are unaffected and are
observed in both conformations (16, 19). The mobility and
insensitivity to the conformational state of these latter two
fragments are essentially like those of the two major Cu2+-
DPP-catalyzed fragments. Although only one Fe2+ site is
required to explain the kinetics of the cleavages, as mentioned
in the introductory section, the Ca2+-ATPase crystal structure
suggests that there are in fact two widely separated Fe2+ sites,
the conformation-sensitive site 1 in the P and A domains
and the conformation-insensitive site 2 near the membrane.
However, experimental evidence for two Fe2+ sites has not
been available until now. Obviously, the fact that cleavages
catalyzed by the Cu2+-DPP complex located in the mem-
brane are essentially the same as Fe2+-catalyzed fragments
in site 2, but those in site 1 are not observed at all, provides
strong experimental support for the concept of two separate
Fe2+ sites.

Arrangement of Transmembrane Helices. Homology Mod-
eling. We have constructed a homology model with the
transmembrane segments of Na+,K+-ATPase and short
connecting loops substituted for those of Ca2+-ATPase, to
make predictions and test inferences based on experimental
data, and so obtain evidence for similarities and differences
in the transmembrane organization of the two pumps (details
in Table 1 and Experimental Procedures). Of course, the
homology model cannot take into account any influence of
the â subunit, which might affect the fold in the region of
strongR-â subunit interactions near M8. Nevertheless, the
model allows us to test the predictions of cleavage experi-
ments and compare helix packing of Na+,K+-ATPase and
Ca2+-ATPase based on cleavage experiments.

The left panel of Figure 10 depicts the backbone of the
“chimeric” molecule with Na+,K+-ATPase residues in color
and Ca2+-ATPase residues in gray and the right panel of
Figure 10 an expanded view of the transmembrane region.
Not surprisingly, the structure is quite similar to the real
Ca2+-ATPase structure. As seen in Figure 10, although the
M3 and M1 transmembrane segments are tilted with respect
to each other, they come close to each other near the
cytoplasmic membrane surface. In this respect, they are quite
similar to M3 and M1 of Ca-ATPase. The more important
point is that the greatest proximity occurs between the HFIH
sequence on M3 and the EWVK sequence before M1, and
furthermore, the interacting surfaces are oriented outward
toward the lipid, where the Cu2+-DPP complex should be
located. The two histidines of the HFIH sequence and the
opposing glutamate of the EWVK sequence could form a
cage to ligate a heavy metal ion between them. In other
proteins, ligation of a heavy metal ion by the triangular
arrangement of HXXH and a glutamate has been described
(31). Obviously, the model strongly supports the proximity
of M3 and M1 predicted by cleavages catalyzed by the
Cu2+-DPP complex (or by Fe2+ in its site 2). Conversely,
the cleavage experiments provide evidence for similar
packing of M3 and M1 of Na+,K+-ATPase and Ca2+-
ATPase. The model also provides a rough estimate of the
spatial resolution of the cleavage technique. The distance
between the peptide backbone and an Fe2+ ion placed
between the two histidines and the glutamate is 6-10 Å. In
contrast, the distance to the backbone of the loop L6/7 which
makes a contact with M3, but is not cut at all, is∼14 Å.
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The insensitivity to E1 or E2 conformations of the
cleavages near M3 and M1 (Figure 8) implies that neither
M1 nor M3 moves significantly with respect to each other
or the Cu2+-DPP complex at the point of interaction near
the cytoplasmic surface. Presumably, therefore, the large
movement of the A domain toward the P and N domains
which occurs in the E1 f E2 transition involves rotation of
the A domain about bonds within the segments connecting
it to the M3 and M1 helices. As judged by the “temperature
factor” in the crystal structure of Ca2+-ATPase, these
connecting segments are in fact among the most flexible in
the whole molecule. The result in Figure 8 does not exclude
a change in tilt of the M3 and M1 segments. If the latter
occurred, this would cause changes in helix packing at the
extracellular surface.

In the Ca2+-ATPase structure and the model in Figure 10,
M9 and M10 are located on the side of the molecule opposite
to M3 and M1. On the basis of our evidence, it is not possible
to rule out the possibility that the cleavage to produce the
5.5 kDa fragment is mediated by a Cu2+-DPP molecule
separate from that which produces the 96.5 and 76 kDa
fragments. In this case, no statements on the proximity of
M10 to M3 and M1 can be made. Neither, however, can we
absolutely exclude the proximity of M10 to M3 and M1.
Since the model does not include theâ subunit, Mâ of
Na+,K+-ATPase (or H+,K+-ATPase) might displace the M9/
M10 pair from the position next to M8 as in Ca2+-ATPase,
and allow M10 to come into proximity with M3 and M1, at
least in E2 conformations for which the cleavage near M10
was most prominent. Obviously, additional experimental
evidence is required on the helix packing, especially in the
regions ofR-â subunit interactions.

CONCLUSIONS

Specific cleavages catalyzed by the Cu2+-DPP complex
or by free Fe2+ complexed in its site 2 provide a novel way
to detect proximities between transmembrane segments. The
conclusions concerning the proximity of M3 and M1 are
particularly convincing when combined with homology
modeling based on the Ca2+-ATPase crystal structure. This
approach could be extended to determine the proximity of
other transmembrane segments, particularly for regions of
R-â subunit interactions, by looking at cleavages in
recombinant Na+,K+-ATPase, mutated so as to remove the
native metal binding site and create new sites at desired
locations. The homology model will be important in planning
such mutations.

Oxidative cleavages mediated by Fe2+ or Cu2+ ions at
engineered binding sites could of course be utilized to
analyze the structural organization of other membrane
proteins, including the majority for which no 3D crystal
structure or homology modeling is available.
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