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Catalytic Phosphorylation of Na,K-ATPase Drives the Outward Movement of Its
Cation-Binding H5-H6 Hairpin
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ABSTRACT. The Na,K-ATPase undergoes conformational transitions during its catalytic cycle that mediate
energy transduction between the phosphorylation and cation-binding sites. Striiohwion studies

have shown that transmembrane segments H5 and H6 @ $kibunit of the enzyme participate in cation
binding and transport. The Ca-ATPase crystal structure indicates that the H5 helix extends into the
cytoplasmic ATP binding domain, finishing-% A from the phosphorylation site. Here, we test whether

the phosphorylation of the Na,K-ATPase leads to conformational changes in the cation-bineiftp H5
hairpin. Using as background an enzyme where all wild-type Cys in the transmembrane region were
replaced, Cys were introduced in the joining loop and extracellular ends of H5 and H6. Mutated proteins
were expressed in COS cells and probed withH§2-(trimethylammonium)ethyljmethanethiosulfonate
(MTSET), and biotin-maleimide, applied to the extracellular media while placing the cells in two different
media K-mediumandNa-mediu We assumed that under these treatment conditions most of the enzyme
would be in one of two predominant conformations: EKiniedium and E2P Na-medium The extent

of enzyme inactivation by Hg or MTSET treatment was dependent on the targeted position; i.e., proteins
carrying Cys in the outermost positions were more affected by treatment. Moreover, in the case of proteins
carrying Cys at positions 785, 787, and 797, driving the enzyme to phosphorylated conformations (Na-
media) led to a larger inactivation. Similarly, biotinylation of introduced Cys was also influenced by the
enzyme conformation, with a larger extent of modification after treatment of cells ilN#hmedium

(E2P form). These results can be explained by the enzyme phosphorylation driving the outward movement
of the H5 helix. Thus, they provide experimental evidence for a struefurection mechanism where,

via H5, enzyme phosphorylation leads to a conformational change at the cation-binding site and the
consequent cation translocation.

The Na,K-ATPase transports Nand K" against their and nucleotide-binding sited1). Furthermore, it provides
concentration gradients, across the plasma membrane of structural base to develop a functional model. Figure 1
animal cells B). Its catalytic cycle is characterized by the shows a diagram of the Na,K-ATPasesubunit constructed
formation of a phosphorylated intermediate and conforma- by homology modeling based on the Ca-ATPase crystal
tional transitions (EX-E1P—~E2P—E2—E1) (2—4). These structure (PDB 1EULY. Sweadner and Donnet, using
are critical for the energy transduction between the phos- comparable modeling methods, have described the similari-
phorylation and the cation-binding regions of the protein. ties of these two enzymes and the consequent validity of
Structure-function studies have contributed to establish the this modeling approach as a tool for proposing testable
location of cation- and ATP-binding sites [see, for example, hypothesesi1(2).

(5—10)]. The ATP-binding domain is located in the large The Na,K-ATPaseo. subunit model indicates that ap-
cytoplasmic loop of thex subunit, between the H4 and H5  proximately 50 A separates the phosphorylation and cation-
transmembrane segments (TMsyhile cation-binding sites  binding sites. This is a significant distance considering the
are constituted by residues in TMs H4, H5, and H6. The necessary communication between these two sites and
recently determined crystal structure of the sarcoplasmic prompts the question of how the long-distance interaction is
reticulum (SR) Ca-ATPase supports the ideas generated bymediated. It was earlier proposed that key conformational
structure-function studies concerning the location of cation- changes are transmitted between the phosphorylation and the
cation-binding sites via the stalk region of the enzyme

T This work was supported by Grant-in-Aid 9750102N from the Co,nSt'tUted by extensions of TMS_ H2, H3, H4, and H5
American Heart Association. (Figure 1) (L3). Several laboratories have explored the
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! Abbreviations: DEAC, 4-(diazomethyl)-7-(diethylamino)-coumarin;
HRP, horseradish peroxidase; MTSET, [2-(trimethylammonium)ethyl]- 2 All amino acid positions refer to the sheegd subunit sequence
methanethiosulfonate; SR, sarcoplasmic reticulum; TMs, transmembrane(1). Numbering of this sequence does not include five residues in the
segments. leader sequence.
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Ficure 1: Na,K-ATPasex subunit. The homology model is based B
on the SR Ca-ATPase structure (PBD 1EUL). Gaps in the structure

reflect fragments not present in the Na,K-ATPase sequéiee. ~IF
Phosphorylation site, Asp369} Cation binding, located among {

AspP% AspPO8 GIu’"®, Ser75, Glus?’. H5 extending from PHé8

until 1788 is in black.

P-type ATPases1@d—17). However, analysis of the Ca-
ATPase structure and the Na,K-ATPase model suggests a
quite simple link between the phosphorylation and cation-
binding sites via a long central helical structure. This helix
includes the 5th TM (H5) and its extension into the stalk
region (S5) (black in Figure 1)18). The Na,K-ATPase
H5—S5 helix starts at PR& only 4-5 A from the phos-
phqrylatlon site, anq, extending into the ”a.”snf'embra.”e Ficure 2: Detail of thea subunit H5 and H6 transmembrane
region, probably provides at least two amino acid side chains segments(A) Model shows the H5H6 hairpin, the extended H5
(Ser”® and GIU™) to the cation-binding sites8¢10, 19). helix, and the closely located HH8 joining loop. The locations
Contrary to H4 and H6, that also contribute residues to (in black) of residues substituted by Cys are indicated. (B)
cation-binding sites20, 21), H5 does not present a kink and Extrace!lulglr SEG view of all TMs and joining loops. H4, H5, and

- . .. H6 are in black.
appears to be a rather rigid structure that might transmit

movement. Movement or displacement of HS with respect i, ihe extracellular ends of H5 and H6 and their joining loop.
to other TMs is suggested by the faster modification of Glu The movement of this region was established by the
by 4-(diazomethyl)-7-(diethylamino)-coumarin (DEAC) when  iterential reactivity of the introduced Cys with extracel-

the enzyme is placed in a phosphorylated conformati@n ( lularly applied reagents while placing the enzyme in phos-

22). Furthermore, after proteolytic cleavage, the H¥% phorylated and dephosphorylated conformations.
hairpin is released from the membrane as an apparently

soluble fragment, suggesting a weak interaction with neigh- £y bR IMENTAL PROCEDURES
boring TMs and its possible mobility within the transmem-
brane structure of the proteir23 24). The functional Site-Directed MutagenesisThe eukaryote expression
mobility of H5 might also play a role in the mechanism for yector pkC4 was used in these studies. This vector contains
enzyme inactivation by ouabain since residues in the-H5 the sheep Na,K-ATPasel subunit cDNA modified to
H6 hairpin are associated with binding of the sterdi8, ( encode for the GIH'Arg and Ash??Asp replacements,
26). Thus, diverse lines of evidence suggest a hypothetical yje|ding a form of the enzyme with low affinity for ouabain
mechanism where the enzyme phosphorylation would drive (RD) (27). A construct encoding a R subunit void of
the movement of the H5 helix, leading to a local conforma- endogenous transmembrane cysteines was used as a template
tional change at the cation-binding site and a consequentfgy mutagenesis (it carries replacements ‘€4$8%%Ser,
change in cation affinity. Cys336:802.911.930.98§ |3 and is referred to in this work as All-
We present here experimental evidence supporting the roleTM-Cys) (28, 29). Site-directed mutagenesis was performed
of H5 as a key link between enzyme phosphorylation and either with the “mega-primer” metho8Q) or with the Quick
cation-binding sites. We assumed that structural changes duehange site-directed mutagenesis kit (Stratagene, La Jolla,
to enzyme phosphorylation are transmitted along H5 and CA). Nucleotide substitutions were made to introduce single
could be detected by accessibility changes in amino acids atCys replacements of each amino acid in the sequence
the extracellular loop of the H5H6 hairpin. Using as a  T"8PFLIFIIANIPLPLGTVTILCIDL 85 (see Figure 2). In the
background a Na,K-ATPase subunit devoid of Cys inthe  case of Cy&? Cys was reintroduced within the background
transmembrane region (All-TM-Cys), Cys were introduced of the All-TM-Cys construct. Each mutant was verified by
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automatic DNA sequencing. To perform experiments requir- was performed at 37C for 10 min and ended by removing

ing affinity purification of the heterologously expressed the media and washing the cells with ice-cold Solution A.
proteins, a (Higytag encoding sequence was introduced into The cells were solubilized with 0.2 M NaOH, and aliquots
the 5 end of the corresponding cDNAs. COS cells were were taken for protein and radioactivity quantification in a
transfected with these vectors using Lipofectamine 2000 scintillation counter. K uptake corresponding to expressed
(Invitrogen, Carlsbad, CA) and selected by inclusion of 1 protein was calculated by subtracting the uptake observed
uM ouabain in the culture medium. Ouabain-resistant in the presence of 2 mM ouabain (inhibits both the endog-
colonies were isolated and expanded into stable cell lines.enous and the heterologously expressed enzymes) from that
COS cells were maintained in Dulbecco’s modified Eagle measured in the presence of 0.001 mM ouabain (inhibits the

media, 10% calf serum, supplemented with 20 mM K&)| (
at 37°C in humidified air at 5% C@
Membrane Preparation and Enzyme Ait}i AssaysCrude

membranes from COS cells were prepared using Nal

treatment 81). All protein determinations were performed
in accordance with Bradford3g) using bovine serum
albumin as standard.

endogenous enzyme). Background uptake measured in the
presence of 2 mM ouabain was not modified by?Hgr
MTSET treatment.

Detection of Biotinylated Heterologous Na,K-ATPase
Subunit.COS cells expressing (His)agged mutants were
used for these experiments. Cells were rinsed twice with
Solution A, preincubated in eitherNa-mediuh or “K-

The Na,K-ATPase activity was measured as previously mediurii, and treated with biotin-maleimide as indicated
described). The Na,K-ATPase corresponding to expressed above. After treatment, cells were rinsed twice with solution
protein was calculated by subtracting the activity observed A and resuspended with a cell lysis buffer: 50 mM Tris,
in the presence of 10 mM ouabain (inhibits both the pH 7.4, 100 mM NaCl, 50 mM NaF, 10 mM sodium
endogenous and the heterologously expressed enzymes) fromyrophosphate, 200M NagVO,, 1% G;Es, and a protease

that detected with 0.01 mM ouabain (which inhibits only

inhibitor cocktail (10Qug/mL phenylmethylsulfonyl fluoride;

the endogenous enzyme). The apparent cation affinities werel yg/mL each of leupeptin, aprotinin, pepstatin A, and

estimated as thK;,, for ATPase activation, fitting activity
versus [cation] curves to the equation= VimaL"V(L" + Ky),
wherelL is the cation concentration amd= 2 for K* and

n = 3 for Na". TheK, of ATP at the low-affinity site was
calculated from activity versus [ATP] curves fitted to simple
Michaelis kinetics.

soybean trypsin inhibitor). The expressed proteins were then
subjected to immunoprecipitation using anti-His-tag antibody
and Protein A-Agarose (Santa-Cruz Biotechnology, Santa
Cruz, CA) as described by Efendiev et aB4). After
immunoprecipitation, samples were separated by -SDS
polyacrylamide gel electrophoresis using 7.5% tricine gels

Treatment of Intact Cells Expressing Cysteine-Substi- (35), and proteins were blotted onto a nitrocellulose mem-

tuted Enzymes with Hg, [2-(Trimethylammonium)ethyl]-
methanethiosulfonate (MTSET), or Biotin-maleimi@®©S

brane. The heterologous Na,K-ATPase subunit was
detected with monoclonal anti-sheep subunit antibody

cells expressing the heterologous proteins were grown in 24 (Affinity Bioreagents, Golden, CO). Biotinylated protein

well plates. Cells were rinsed with (mM) 60, NaCl; 100,
choline-Cl; 5, glucose; 0.5, Mggl 4, B-Tris, pH 7.4

(Solution A), and then treated in two different systems that

differ in Na" and K compositions 28). All procedures were
performed at room temperature (282 °C). “Na-mediurft

The cells were preincubated for 5 min in a solution contain-

ing (mM) 5, NaCl; 135, choline-ClI; 5, glucose; 0.5, MgCl

4, B-Tris, pH 7.4; 0.01, bumetanide; 0.012, monensin; and

bands were detected with horseradish peroxidase (HRP)-
conjugated streptavidin (Molecular Probes, Eugene, OR).
Molecular Modeling. The homology modeling of the
Na,K-ATPasea subunit using the SERCA1a structure file,
PDB 1EUL, was done with Swiss PDB viewer softwadé)(
(http://lexpasy.cbr.nrc.ca/spdbv). Final rendering of the figures
was done with POVray software (http://www.povray.org).

either 0.001 or 2, ouabain. After preincubation, the cells were RESULTS

treated in this medium plus 1M HgCl;, 5 mM MTSET
(Toronto Res. Chem., North York, Ontario), or 0.5 mM

Cysteine Mutagenesis of Residues in the-Hb Hairpin.

biotin-maleimide (Molecular Probes, Eugene, OR), for 30 Functional Characterization of Cysteine-Substituted En-

s, 30 s, or 30 min, respectivelyK*mediuni: The cells were
preincubated for 5 min in a solution containing (mM) 5, KCl;
135, choline-Cl; 5, glucose; 0.5, Mg K, B-Tris, pH 7.4;

zymesThe goal of these experiment was to test the putative
role of the H5 helix in transmitting the conformational
changes between the phosphorylation and cation-binding sites

0.01, bumetanide; 0.012, monensin; and either 0.001 or 2,0f the Na,K-ATPase. We hypothesized that as a consequence
ouabain. Following preincubation, the cells were treated with Of this structurat-functional link the accessibility of amino

HgCl,, MTSET, or biotin-maleimide as indicated above. K

acids in the joining loop and extracellular ends of H5 and

transport assays or biotinylation detection procedures wereH6 would be affected by enzyme phosphorylation/dephos-

subsequently initiated (see below).
K™ Transport AssayK* uptake into COS cells, using

phorylation. To examine these changes in accessibility, amino
acids in this region were replaced with Cys in the background

8Rb" as congener, was measured as described by Munze©f an enzyme lacking endogenous transmembrane Cys. The

et al. 33). After treatment under different conditions (either
Na-mediunor K-mediun), cells were rinsed and incubated
5 min in Solution A plus (mM) 5, KCI; 0.01, bumetanide;

resulting proteins were expressed in COS cells and probed
(in intact cells) with Cys-specific reagents applied to the
extracellular media.

0.012, monensin; and either 0.001 or 2, ouabain. Uptake was We focus our attention on those HBI6 residues likely

initiated by replacing the washing media with Solution A
plus (mM) 1.5, KCI;8Rb" (0.5 xCi); 0.01, bumetanide;

to be accessible to treatment with extracellular applied
probes, i.e., amino acids in the joining loop and most external

0.012, monensin; and either 0.001 or 2, ouabain. The assayhelix turns. To identify the amino acids in this region, the
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Table 1: Enzymatic Characterization of Cysteine-Substituted Enzymes

Na,K-ATPasé K* uptaké Km(ATP) Kas(Nat) Kua(K™)
construct (umol mgth™?) (nmol mgth™?) (mM) (mM) (mM)
RD 77.8+ 3.5 93.6+ 10.5 0.47+0.11 3.99+ 0.38 0.21+ 0.07
All-TM-Cys 33.7£5.6 63.5+ 6.7 0.43+ 0.08 5.14+ 0.31 0.09+ 0.07
Thr’®Cys 299+ 15 40.2+ 5.6 0.43+0.11 7.17+ 0.58 0.39+ 0.06
lle’®Cys 45.7+ 8.4 65.3+ 6.0 0.40+ 0.13 4.16+ 0.47 0.82+0.14
lle’®Cys 31.8£ 4.5 19.5£ 0.9 0.20+ 0.05 2.64+ 0.19 1.19+0.39
Ala’8Cys 67.1+ 7.8 325+ 3.1 0.20+ 0.05 4.74+ 0.26 0.73+ 0.15
lle™Cys 29.0+ 3.2 42.6+ 1.3 0.30+ 0.07 5.45+ 0.57 0.34+ 0.09
Gly’tCys 25.9£ 0.2 33.1+£ 2.8 0.51+ 0.08 3.61+ 0.35 0.25+ 0.13
Thr'®"Cys 37.7£ 2.9 73.3£ 10.4 0.24+ 0.07 3.730.73 0.32+ 0.05
Val®Cys 46.3+ 1.6 17.2+2.1 0.35+ 0.08 3.544+ 0.37 0.58+ 0.12
Thr’®Cys 39.1+£ 1.8 140.3+ 16.2 0.28+ 0.03 4.58+ 0.80 0.79+ 0.29
Cys0? 40.7£ 0.4 109.8+ 9.5 0.37+ 0.04 5.97+ 0.83 0.82+ 0.16
LeuP®Cys 40.9+ 2.4 47.6+ 7.0 0.28+ 0.06 4.76+ 0.82 0.42+ 0.03

a ATPase activity, ATP, and cation dependence were measured in membrane preparations from COS cells expressing the indicated Cys-substituted
protein. Na,K-ATPase activity is expressed as milligrams of heterologous prbteinuptake was measured in whole cells expressing the indicated
Cys-substituted protein. Kuptake is expressed as milligrams of total protein.

crystal structure of the SR Ca-ATPase (PDB 1EUL) was used 120
for modeling the Na,K-ATPase subunit (Figures 1 and 2). .
Based on this model, residues in théPFLIFIIANIPL- 100 -
PLGTVTILCIDL 8% sequence were selected to be individu-
ally replaced by Cys. Mutated proteins were expressed in
COS cells under ouabain selective pressure. This system
requires that the expressed ATPases be functional to maintain
cell viability (a minimum of 26-25% of the rate observed

for the wild-type enzyme is necessarg) 19). Considering

the multiple changes introduced in these proteins {&Ang,

40
: 20 i
Asni2ZAsp, Cyd0413896Ger, and Cya868029119309%a  in I I
: .
I~
R

80

6l

K+ uptake (% of untreated)

addition to the Cys substitute), it was expected that some of 0

the amino acid replacements would lead to nonfunctional N VYUY yuyY oy

. . . . 9z » @ 5 & 5 & 3 &8 8
enzymes. Proteins carrying Cys replacement of amino acids EEBE ES5E R SR8
Pro®2, Phe®, Leu®, Phe®® 1le’88 Apn’® Pro®? Leu’®s, =

94 795 800 01 803 04
Pror®, Leu’™s, 11e®®, Leu®, 11e®®, Asp™* were unable 'to Ficure 3: Inactivation of Cys-substituted enzymes by treatment
support cell growth and consequently were not used in our yith Hg2+, K+ uptake by the indicated enzyme was measured after

studies. Cys-substituted enzymes that retained functionality treatment of whole celis with 16M HgCl, for 30 s inK-medium
and were able to support cell growth are listed in Table 1 (gray bars) omMNa-medium(white bars). K uptake by the corre-
(see Figure 2 for their location within the H&16 hairpin). sponding untreated cells was 100%. Background uptake mzeasured
The Na,K-ATPase activity, K transport capacity, and {?e;i';e%rfsence of 2 mM ouabain was not modified by*Hg
apparent affinities of these enzymes for'N&* and ATP ’
were determined in order to verify that they retained preincubated inK-medid where intracellular Na is driven
functional characteristics similar to control enzymes; i.e., close to 0 mM by extensive washing with Z®1 monensin,
analogous interactions with ligands and<E#2 distribution. 0 mM external N& while extracellular K is kept at 5 mM.
Table 1 shows that mutated enzymes, although with reducedWe have assumed that under this condition the enzyme is
specific activities, retained characteristics comparable to thosedriven to dephosphorylated conformations (E2(K)/EL1ATP)
of control proteins. No major changes in nucleotide or cation (2, 37, 38). These manipulations were used to set the enzyme
affinities were detected, except in the case oféleys in a phosphorylated or a dephosphorylated form while it was
replacement that led to a reduced apparent affinity for K treated with Cys-specific reagents. Three different reagents
Variations between different mutants infKransport were  were used, HYj, MTSET, and biotin-maleimide, considering
associated with different expression levels. Most important, that not only the position of the introduced Cys but also the
the retention of functional characteristics and the significant characteristics of the probes would influence whether the
K* transport activity of all expressed proteins indicated their differential reactivity of the targeted residue was detected.
suitability for these studies. Figure 3 shows the modification of the introduced Cys
Accessibility of Introduced Cysteinéd§e have previously by Hg?™ as accessed by enzyme inactivation. As previously
described a system in which the enzyme can be placed inshown, the control All-TM-Cys was not affected by the?g
different conformations without disrupting cell membrane treatment under our experimental conditio@8)( Similarly,
integrity and permeability to Cys reacting probe2B)( Cys introduced in deeper positions within the enzyme
Briefly, cells are preincubated in &Na-medid where Na structure (Thf®'Cys, Il€8Cys, Thr®®Cys, Cy$%) did not
at both sides of the plasma membrane is 5 mM and appear to react with the probe or their modification did not
extracellular K is 0 mM. We have assumed that this lead to enzyme inactivation. On the other hand, Cys residues
treatment sets the enzyme predominantly in phosphorylatedintroduced close to the extracellular loop (positions 787, 789,
forms E2P/E2P(Na)Z 37—40). Alternately, the cells are 791, 796, 797, and 798) were modified by the probe. Most
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120 o maleimide, indicating that extracellular, exposed Cys were
- | . ) biotinylated in these experiments.
= 10 . The interaction of the enzyme with ouabain is well
2 | . characterized 41—-43). The phosphorylated form of the
£ ¥ I enzyme has a higher affinity for ouabain and is stabilized
2 ‘0 | by inhibitor binding @2, 43). The participation of residues
o _ in the H5-H6 extracellular loop (PH&5, Leuw®3, Thr'®") in
< 40! ouabain binding has been proposé&®, (26). Considering
& | * that the presence of ouabain could prevent the modification
Y20 [ of Cys in the H5-H6 loop or lead to an increase in labeling
. L by stabilizing the E2P form, several Cys-substituted enzymes
0 g R e were probed in the presence of 2 mM ouabain. The high
E O 25 3 5 2 & 23 282 ouabain level was necessary to bind the sheemRDbunit
2 E S8R50k R™A used in these studie®7). Figure 5C shows that, as expected,
= the presence of ouabain reduced the labeling of*T@ys-

FiGure 4: Inactivation of Cys-substituted enzymes by treatment substituted enzyme. Thls effect_was even C'e_f?‘reﬂ'” the case
with MTSET. K* uptake by the indicated enzyme was measured Of the enzyme mutated in the neighboring position,’as.

after treatment of whole cells with 5 mM MTSET for 30 s in  As a control, modification of AI&Cys or Gly®Cys replaced
K-medium(gray bars) omMNa-medium(white bars). K uptake by enzymes was not prevented by the steroid. Moreover, ouabain

the corresponding untreated cells was 100%. Background uptakejncreased the labeling of GRCys, likely by stabilizing the
measured in the presence of 2 mM ouabain was not modified by E2P form g ys, y by g

MTSET treatment.

significantly, the modification of I[&"Cys-replaced enzyme DISCUSSION

was dependent on the enzyme conformation. In this case, a p-type ATPases couple ion transport to ATP hydrolysis.
larger inactivation was observed when the enzyme was Here, we examined the hypothesis that in the Na,K-ATPase
treated while set in the E2M@-mediumy conformation.  the required energy transduction between phosphorylation
Experiments performed with various treatments and'Hg  and cation transport is mediated by the long H5 helix. Our
concentrations failed to show conformation-dependent, dif- yesylts indicate that upon enzyme phosphorylation there is
ferential reactivity of Cys introduced at other positions (not an increase in exposure of the HE6 hairpin to extracellular
shown). probes, suggesting a displacement of H5 toward the extra-
Treatment of cells expressing Cys-substituted enzymescellular surface of the membrane. Since H5 and H6 contain
with MTSET confirmed the pattern observed with#gnd cation-binding residues3{-10, 21), the functional conse-
provided further insight into the arrangement of the-H5 quence of this movement is likely to be a change in the
H6 joining loop (Figure 4). Again, Cys introduced in the coordination of the bound cations. Therefore, although more
joining loop (787798) appeared more reactive, and the subtle conformational changes should also occur to explain
accessibility of Cys introduced in the extracellular turns of the various sequential steps observed in the enzyme catalytic
the H5 and H6 helixes (THCys, Il€8"Cys, Thr®Cys) was cycle, the movement of the H5 helix appears critical for
dependent on the treatment conditions. Thus, setting theenergy transduction by P-type ATPases.
enzyme in a phosphorylated conformatioNa¢tmediumh Structural Model of TMs H5H6. Homology modeling
during treatment led to a larger inactivation. It is interesting of the Na,K-ATPase based on the Ca-ATPase structure was
that the Led®'Cys enzyme was not inactivated by MTSET. performed to select the positions to be studied. To this end,
Although it is possible that the modification of this Cys might we used Toyoshima et al. data of a Ca-bound enzyme likely
not affect activity, a simpler explanation is that the modifica- in the E1 form (PDB 1EUL) 11). Two theoretical structures
tion of this position is prevented by the proximity of the of the Ca-ATPase in a Ca-free conformation have been
H7—H8 loop (Figure 2). proposed: PDB 1FQU (Nakasako and Toyoshima) and 1KJU
Increased accessibility of residues in the-H%6 hairpin (44). However, these structures address structural changes
in the phosphorylated enzyme was more evident in the in the cytoplasmic region of the enzyme rather than confor-
modification of these enzymes with the large probe biotin- mational transitions in the transmembrane region associated
maleimide (Figure 5). In this case, Cys modification was With ion transport. Thus, 1EUL coordinates for HE6 were
monitored by HRP-streptavidin binding to biotinylated not changed in PDB 1FQU and 1KJU. Consequently, we
protein after immunoprecipitation of the Cys-substituted focused our modeling and hypothesis only in the information
enzymes with anti-(Hig)tag antibodies. Figure 5A shows contained in PDB 1EUL.
that Cys residues introduced in the outermost turn of the H5  Our findings, summarized in Table 2, correlate and validate
and H6 helices (positions 787, 789, 791, 797, and 798) werethe proposed structural model. For instance, Cys at positions
differentially modified depending on the enzyme conforma- predicted to be part of the extracellular joining loop appeared
tion. As expected, biotin-maleimide did not react with the to be more accessible to the probes, while the modification
control lacking transmembrane Cys (All-TM-Cys). This is of Cys residues close to the proposed borders of H5
relevant since biotin-maleimide might permeate the cell (lle’®Cys) and H6 (Thi®’Cys) better reflected the confor-
membranes; nevertheless, additional controls were performedmational changes in this region. The relatively weak modi-
Figure 5B shows that proteins previously treated with the fication of enzymes carrying replacements ft€ys, Cy$§°
membrane-impermeable MTSET did not react with biotin- and Lel§®Cys suggests a narrow cation path along H4, H5,
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Ficure 5: Biotinylation of Cys-substituted enzymes by treatment with biotin-maleinBtiets were stained either with HRP-streptavidin
to detect biotinylated proteins or with antibodies against sldegubunit to verify similar levels of heterologous enzyme in each lane. (A)
COS cells expressing the indicated enzyme were treated with 0.5 mM biotin-maleimide for 30 Kamediumor Na-medium(B) COS

cells expressing the indicated enzyme were treated with 0.5 mM biotin-maleimide for 30 min after exposure to 5 mM MTSET for 30 s. (C)

COS cells expressing the indicated enzyme were treated with biotin-maleimide for 30 Krimédium Na-mediumandNa-mediunplus

2 mM ouabain.

Table 2: Summary of Relative Accessibility of Residues in the
H5—H6 Loop?

enzyme conformation with reagent

Structure-Function Role of the S5H5 HelixCys intro-
duced at several positions were consistently more reactive
(as indicated by more extensive labeling or enzyme inhibi-
tion) when the enzyme was treatBld-mediunthan when

) Hg™" MTSET biotin-maleimide it was treated inK-medium Na-mediumfavors a phos-

resdve E1 E2P E1  E2P El E2P phorylated form of the enzyme. The increased labeling of
'_?'A'J;'\IAC'CYS - - - - . 0 Ala’Cys- or Gly%Cys-replaced enzymes when treated in
”e;gscy)f _ _ i i T the presence of ouabain supports this observation, since the
le”8Cys + 44+ - s + o steroid stabilizes the phosphorylated form of the enzy#e (
Ala’8Cys + 4+ + + + ++* 43). Although alternative conformational changes (helix
'('3";7319%38 i I P N f rotations etc.) might explain the larger accessibility of
Th¥797C)¥s + o+ S _ Jg residues in H5-H6 when the enzyme is phosphorylated, the
Val™®Cys +  + + + + SRR simplest interpretation of our results is the outward movement
EhzsfszyS - - - - iD ’j\iD of H5 upon enzyme phosphorylation. In this direction,
Lé’ FOCys e _ B ND ND Kaplan and collaborators have shown that the—H®B

@ An asterisk indicates higher apparent reactivity when the enzyme

is in the phosphorylated conformation. NB not determined.

hairpin appears to interact weakly with the surrounding TMs
and it is released toward the extracellular side of the
membrane when it is cleaved from the cytoplasmic loops

and H6. This appears to be in agreement with that observed(23, 24). The outward movement of HS also appears feasible

in the Ca-ATPase structurdl) and suggested by studies
where MTSEA or MTSET treatment did not affect enzymes
carrying Cys introduced in H54§). Similarly, the poor
modification of I1€°:Cys by MTSET and biotin-maleimide
suggests that the large HH8 joining loop covers part of
the H5-H6 external loop. Also in agreement with the model
is the protection of THP"Cys and Val®®Cys enzymes by the

considering the proximity of As®, the phosphorylated
amino acid, and PH#, the starting residue in the H5 helix.
Accordingly, it is conceivable that a phosphorylation-induced
short displacement of Ag§finto the protein core (i.e., toward
the stalk region and away from the nucleotide-binding site)
would project the S5H5 helix into the transmembrane
domain. Such change in the disposition of H5 within the

presence of ouabain in the biotin-maleimide treatment transmembrane region would have direct effects on the cation
medium. Previous structure-function studies have shown thecoordination. However, because of limitations of the experi-
participation of Thf*” in ouabain bindingZ5). ments, it is not clear whether the movement of H5 is
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18. MclIntosh, D. B. (2000) Portrait of a P-type puniyat. Struct.

associated with locking Nain an occluded conformation
Biol. 7, 532-535.

or the release of Nato the extracellular media. Similarly,

our results do not exclude simultaneous neighboring con-
formational changes that might have contributed to a larger
labeling of cysteines in the H5H6 joining loop. Neverthe-
less, although additional structural data are required to
establish other specific molecular events associated with
cation translocation, the key role of H5 in energy transduction
appears clear.
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