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ABSTRACT:. ATP has high- and low-affinity effects on the sodium pump and other P-type ATPases. We
have approached this question by using 20-(trinitrophenyl)-8-azidoadenosiné-8iphosphate (TNP-
8Ns-ADP) to photoinactivate and label Na,K-ATPase, both in its native state and after covalent FITC
block of its high-affinity ATP site. With the native enzyme, the photoinactivation rate constant increases
hyperbolically with aKprnp-sn,—appy Of 0.11u4M; TNP-ATP and ATP protect the site with high affinities.
The inactivation does not require Nabut K* inhibits with aKg' of 12 uM; Na' reverses this effect,

with aKna of 0.17 mM. This pattern suggests that™Nand Kt are binding at sites in their “intracellular”
conformation. It was known that FITC did not abolish the reverse phosphorylation, oy Ehe Kf-
phosphatase activity, and that TNP-8ADP could subsequently photoinactivate the latter withOO-

fold lower affinity; in that case, the cation sites acted as if facing outward [Ward, D. G., and Cavieres,
J. D. (1998)J. Biol. Chem 273 1427714284, 3375933765]. Native and FITC-modified enzymes
have now been photolabeled with TNP-8]-3?P]JADP anda-chain soluble tryptic peptides separated

by reverse-phase HPLC. With native Na,K-ATPase, three labeled peaks lead to the unique sedtfence
lle-Val-Glu-lle-Pro-Phe-Asn-Ser-Thr-Asn-X-Tyr-GIn-Leu-Ser-lle-His-£8/s the dropped residue being
aLys480. With the FITC enzyme, instead, two independent labeling and purification cycles return the
sequence-"2Ala-Asp-lle-Gly-Val-Ala-Met-Gly-lle-Ala-Gly-Ser-Asp-Val-Ser-Lyg5. These results suggest
that Na,K-ATPase also has a low-affinity nucleotide binding region, one that is under distinctive allosteric
control by Na and K". Moreover, the cation effects seem compatible with a slow, passiV&KNaarrier
behavior of the FITC-modified sodium pump.

The sodium pump or Na,K-ATPasenediates active  hydrolyzed while the bound Kbecomes occluded within
transport of N& and K" across the plasma membrane of the enzyme structur®{12). Deocclusion of K toward the
animal cells, driven by the hydrolysis of ATR,(2). Under intracellular medium is rate-limiting at a few micromolar
physiological conditions, three sodium ions are loaded at ATP, but this is greatly accelerated by higher concentrations
high-affinity intracellular sites and delivered to the extra- of ATP or nonphosphorylating ATP analoguégf~ 0.2—
cellular medium, where two potassium ions bind to the cation 9.5 mm 9—12)]. Those two ATP affinities, as substrate and
sites and are transported inwaB4(). Enzyme conformers a5 regulator, are reflected in a complex ATP dependence of
generically termed E1, capable of intracellular sodium the Na K-ATPase activityl@); this behavior does not require

binding, also bind ATP with high affinity{p = 0.1-0.2 multiple ATP-bindingo-subunits, as is also observed with
/,LM.(B, Nl th.ere are close mteractlons between bOth,evems'solubiIized protomers consisting of omechain and one
which result in phosphorylation of the enzyn&. Following f-chain (L4).

binding of K* to the cation sites, now in their extracellular
presentation [E2 3—5)], the phosphoenzyme is quickly
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We have been looking into the nature of the two ATP
effects and have used FITC to protect the high-affinity site
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the NADH absorbance decrease at 338 nm1(® data points
over 5 min), fitted by least-squares regression.

(15). FITC inactivates the sodium pump by virtue of its
covalent block of high-affinity ATP binding and ATP
phosphorylation of the enzyme; it has little effect on
backward phosphorylation by; Br on the ability of the
enzyme to hydrolyze synthetic substrates sucpNiBP in
the presence of K (16—18). Nucleotides have a biphasic
effect on this K-phosphatase activity; the FITC modification
eliminates the high-affinity ATP activatior19) but not the
low-affinity inhibition by ATP, TNP-ATP, and TNP-ADP
(15, 19). This makes FITC a sharp instrument for dissecting
E1l from E2 reactions, other affinity labels being less
discriminatory (8). The inhibitory nucleotide effects offer incubated at 20C for 30 min and in the dark with 50M

a convenient means of monitoring low-affinity binding while  FITC in the presence of 100 mM NaCl, 50 mM Tris-HCI
avoiding the difficulties associated with equilibrium mea- (pH 9.2), and 5 mM EDTA. After being washed by
surements at high ligand concentrations. Because of theultracentrifugation, the enzyme was resuspended in 20 mM
higher intrinsic affinity conferred by the trinitrophenyl group, Tris-HCI (pH 7.5) and 1 mM EDTA and assayed for protein
we used TNP-8MADP to photoinactivate the surviving and Na,K-ATPase activity, together with parallel FITC-free
functions as well as photolabel the FITC-modified Na,K- controls.

ATPase {8, 20). We found that Mg" or high Na TNP-8N-ADP, TNP-8N-[a-32P]JADP, and TNP-ATP Syn-
concentrations were needed to promote significant photoin-theses Addition of the TNP group was carried out as
activation and labeling, their effects being countered by K described previously26), and the products were purified
We also observed that much lower TNPs8ADP concen- by reverse-phase HPLCL®). 8N:;-[a-32P]ATP was either
trations sufficed to photoinactivate the Na,K-ATPase activity purchased or synthesized from-}?P]JATP (20), and 8N-

of the native enzymel@) or photolabel itsx-chain 0); in [o-*2P]ADP was prepared by hydrolyzing 8ijo-32P]JATP

this case, Nadid not increase the degree of labeling, yet with Na,K-ATPaseZ20). All products were checked for purity
K™ still decreased it. by analytical HPLC and characterized via their absorption

We have now investigated the anchoring sites for TNP- spectra and acid-labile phosphate stoichiometris 26).
8Ns-[0-32PJADP on both native and FITC-modified Na,K- TNP-8N-ADP Photoinactiation and PhotolabelingThe
ATPase and have examined the photoinactivation require-UV irradiation was carried out using a Flowgen VL-6MC
ments more closely. We find that the probe becomes UV lamp (6 W output) set at 312 nm, and from a distance
covalently attached tolys480 following photolabeling of ~ of 50 cm inside an opaque box at constant temperature and
the native enzyme with TNP-8Na-32P]JADP; Kt and Na humidity. The samples were contained in a 24-well plate
modulate the process with very high affinities. In the filled to a depth of 2-3 mm and sitting on an aluminum
structurally similar C&" pump of the sarcoplasmic reticulum ~plate kept at 20°C. The exposure was interrupted to
(SERCA), the homologous residul( 22) is sLys492; in ~ withdraw 10uL samples (+2 ug of protein) for Na,K-
SERCA'’s crystal structure2@), this is found at the entrance ~ ATPase activity determinations. For kinetic experiments, the
of a pocket in the “nucleotide” (N) domain. With the FITC- enzyme (final concentration of 0.2 mg/mL, nominally 1.3
modified enzyme, instead, TNP-8§u-32P]JADP labels the M in high-affinity nucleotide sites) was usually photoin-
peptide a-"2ADIGVA...K73¢ |f the homology described activated in 40QuL of a basic medium containing 50 mM
above is applied, this sequence should map to the “phos-Tris-HCI (pH 7.5) and 1 mM EDTA (“TE50-1"). This was
phorylation” (P) domain of Na,K-ATPase, as part of a done at variable irradiation times and TNPs8ADP con-
putative Rossman fold. centrations, or for 10 min at 2M probe; other additions
are specified in the figure legends. For radioactive labeling,
5—10 mg of native or FITC-modified Na,K-ATPase was
spun down in a Beckman TL-100 ultracentrifuge (15 min at
35600@) and resuspended at 0:16.20 mg/mL in 12 mL
of a solution containing 150 mM NacCl, 20 mM Tris-HCI
: (pH 7.5 at room temperature), 1 mM EDTA, and 605
min~t mg~*, MBq of TNP-8Ns-[a-32P]JADP. The latter was at a concen-

Na,K-ATPase AssayBuring and before UV irradiation,  tration of 5uM with the native enzyme and 30 «M with
the Na,K-ATPase activity was measured in triplicate at 37 the FITC-labeled enzyme(). Having sampled for enzyme
°C with a coupled-enzyme spectrophotometric asday, ( activity determinations before and after a 30 min irradiation,
in 1 mL of a medium containing 140 mM NaCl, 15 mM we spun down the remaining suspension as described above
KCI, 25 mM histidine (pH 7.4), 2 mM ATP, 3 mM MgGl| and washed with probe-free NaCl/Tris/EDTA solution, as
1 mM phosphoenolpyruvate, 0.15 mM NADH, 15 units of above; the final pellet was solubilized with 10% SDS, 25
pyruvate kinase, and 15 units of lactate dehydrogenase. ThenM imidazole (pH 7.4), and 1 mM EDTA.
solutions were pre-equilibrated to temperature, and the Size-Exclusion Chromatography of Solubilized Na,K-
cuvettes were continually stirred in the thermostated six- ATPase Subunit§he labeled, SDS-treated pellet described
cell positioner of a U-3310 Hitachi spectrophotometer. Na,K- above was spun out in the benchtop ultracentrifuge, and the
ATPase activities were obtained from the linear segment of supernatant was loaded onto a Superdex-200 column (Am-

K*-Phosphatase Assay§he assay15) was carried out
with 20 uL samples of enzyme suspensions in 340of a
medium consisting of 20 mM KCI, 6 mM Mggl20 mM
Tris-HCI (pH 7.5), 1 mM EDTA, and 10 mMNPP (diTris
salt). Reactions of six 5QL samples were stopped in 0.3
mL of 0.1 M NaOH every 30 s, and the releaspéd
nitrophenol was read at 410 nm against a calibration curve.
Enzymatic rates and their errors were calculated from the
slopes of linear time courses.

FITC Treatment This was done largely as described
previously @0). Briefly, the enzyme (at 1 mg/mL) was

MATERIALS AND METHODS

Enzyme PurificationNa,K-ATPase was purified from pig
kidneys by the zonal rotor method of Jargens24).(The
Na,K-ATPase activity at 37C ranged from 20 to 3zmol
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ersham Biotech, 16 mm 600 mm) pre-equilibrated for 24
h with a buffer containing 20 mM TES (pH 7.0), 1 mM
EDTA, and 0.5% SDS. The column was eluted with the
solution described above, delivered isocratically with a
Pharmacia/LKB 2248 HPLC pump at 0.5 mL/min. The
effluent was monitored at 230 nm with a Pharmacia/LKB
VWM2141 detector and collected as 902 min fractions.

Trypsin DigestionThe pooled fractions corresponding to
the a-chain peak (ca. 30 wt % of total protein, Figure 6)
were kept overnight at20 °C after addition of 2 volumes
of chilled acetone. Following centrifugation at 3@0@r 30
min, the pellet was allowed to dry, taken up in 884 mL
of 8 M urea, and incubatedfd h at 37°C. The suspension
was diluted 4-fold with 20 mM Tris-HCI (pH 8.0) and 1
mM EDTA containing sequencing-grade TPCK-treated
trypsin at a 1:10 trypsinc-chain gram ratio, incubated for 3
h at 37°C, and centrifuged for 15 min at 435010

Peptide Purification.In the case of the native enzyme,

the supernatant described above was loaded onto a Vydac

C, reverse-phase column fBn, 4.6 mmx 250 mm with a

3 mm x 4 mm guard) equilibrated with 20 mM Na
phosphate (pH 6.0x6lvent A). The column was developed
with a 0 to100% gradient of methanos@lvent B) over 90
min, at 1 mL/min, using a titanium system including two
Pharmacia/LKB 2248 HPLC pumps, an LCC2252 controller,
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Ficure 1: Time courses and TNP-8MDP concentration depen-
dence of the photoinactivation of native Na,K-ATPase. The purified
enzyme at 0.1 mg/mL was mixed with TNP-8MWDP dilutions in
TE50-1 medium (see Materials and Methods). The suspensions were

and a Pharmacia high-pressure mixer. The absorbance of théradiated at 312 nm, and the Na,K-ATPase activity was measured.

eluate was followed at 230 nm, and 1 min fractions were

collected and 2@L aliquots assessed fétP. The fractions
containing the main radioactivity peak were pooled, chilled,

(A) Photoinactivation time courses, at the TNP3;8ADP concen-
trations shown. The natural logarithm of the fractional Na,K-ATPase
activity remaining is plotted against the irradiation time; the fitted
slope returns the inactivation rate constadg}.((B) Netk, plotted

dried under vacuum, and subjected to a second reverse-phasagainst the TNP-8NADP concentration. The line represents the

HPLC on a Gg column (Vydac, 5um, 4.6 mmx 250 mm
with a guard) with 0.1% (v/v) TFA as solvent A and

equationy = ax/(b + x), fitted with ana [or kymax] of 0.054 +
0.002 mirrt and ab [or KD(TNP*8N3*ADP)] of 0.087 &+ 0009/4M
Vertical lines show the compounded standard errors. The inset

methanol as solvent B. The sample (in 10% B) was injected spows the photoinactivation of the'kphosphatase activity of the
into the pre-equilibrated column and developed over 90 min FITC-modified sodium pump (remaining Na,K-ATPase activity of

with the following gradient: 10% B at O min, 62.5% B at

~2%). Hyperbola as above, but with a H&fnax of 0.031 mirr?!

60 min, and 100% B at 90 min (at 1 mL/min); 1 min fractions and @Ko(e-sne-aop) Of 15uM (parameters from ret§).

were collected and aliquots assessed. With the FITC- . )

modified enzyme, better separations were achieved byWas done for a fixed period kc was calculated as 1Y/
starting with the Gs column. Solvent A was 20 mM Na A/t from triplicate estimates of Na,K-ATPase or'K
phosphate (pH 6.5), and solvent B was methanol. Initially, Phosphatase activity at time zer8of and timet (A), and
the gradient was from 10% B at 0 min to 80% B at 110 min the errors were compounded. For TNPs8ADP photoin-

to 100% B at 111 min but was later changed to begin at 0% activation of the native enzyme;= 10 min; for the FITC-

B. Fractions containing radioactive peaks were dried under 12beled enzymé,= 30 min. Nonlinear regressions were done
vacuum, redissolved in 0.1% TFA, and rechromatographed With Sigmaplot 2002 version 8 (SPSS Inc., Chicago, IL).

on a G column with 0.1% (v/v) TFA as solvent A, methanol
as solvent B, and the following gradient: 10% B at 0 min,
80% B at 110 min, and 100% B at 111 min.

Peptide SequencindPurified peptides were covalently

Source of MaterialsATP, disodium salt (special quality),
was from Roche Molecular Biochemicals and was used for
ATPase assays and for 8x-3°PJATP and TNP-ATP
syntheses (TNP-ATP was also purchased from Molecular

attached to Sequelon amino aryl disks and N-terminally Probes). §-?P]JATP was bought from NEN Life Science
sequenced using an Applied Biosystems 476 protein se-Products, and alternatively, 8§la-32P]JATP was obtained

quencer (Applied Biosystems, Warrington, U.K.).
Protein Determinations The amount of protein was

from ICN Pharmaceuticals (Irvine, CA) or Affinity Labeling
Technologies (Lexington, KYpNPP (di-Tris salt) was from

determined with a modified bicinchoninic acid assay, using Sigma London. Specpure NaCl and KCI were from Johnson

bovine serum albumin as the standatd, (27).

SDS-PAGE This was carried out in 7.5% T minigels
prepared according to the method of Laemn28)(or in
Tricine minigels R9).

Data Handling When native enzyme inactivation was

Matthey (Alfa Aesar, Karlsruhe, Germany). TPCK-treated

bovine trypsin (sequencing-grade) was purchased from
Worthington Biochemical Corp. (Lakewood, NJ), and Se-

guelon amino aryl disks were from Applied Biosystems.

Redistilled TFA was from Aldrich (Gillingham, U.K.), and

observed against time (e.g., Figure 1), the natural logarithm methanol (HPLC quality) and urea were from Fisher
of the remaining fraction was plotted against time. The slopes Scientific (Loughborough, U.K.). Vydac RP-HPLC columns
of the least-squares straight lines returned the negative valuevere purchased from Hichrom (Reading, U.K.). All other

of the inactivation rate constark,j. When the inactivation

reagents were of the maximal available purity.



TNP-8Ns-ADP Photolabeling of Na,K-ATPase

0.03 r A

0.02 -

k, (min_] )

0.01 |

0.00 Lt L L L J
0.0 0.1 0.2 0.3 0.4

[ TNP-ATP] (puM)

k, (min™" )

[ATP] (uM)

Ficure 2: TNP-ATP and ATP protect native Na,K-ATPase from
TNP-8N;-ADP photoinactivation. The enzyme was irradiated (see
Figure 1) for 10 min with or without 0.2M TNP-8N;-ADP, and

inactivation rate constants were calculated from triplicate ATPase
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Ficure 3: Effects of Nd, K*, and Mg+ on TNP-8N-ADP
photoinactivation of native Na,K-ATPase. Enzyme samples in
TE50-1 were irradiated for 10 min in the absence (top bar) or
presence (other bars) of G TNP-8Ns-ADP, without (top two
bars) or with Na, K*, or Mg?" added to the TE50-1 medium. Rate
constants were calculated as described in the legend of Figure 2,
from triplicate irradiated and zero-time samples. Horizontal lines
represent compounded standard errors.

0.00

K*-phosphatase activity of the FITC-modified enzyme
(replotted from refl8), whereKprne-sn,-appy €qualed 15
UM.

The effects of N&, K*, and Mg" on the inactivation rate

determinations and by reference to zero-time values. (A) Protection constant are shown in Figure 3. With 1 mM EDTA in the

by TNP-ATP. The data have been fitted to the decaying hyperbola

y = ab/(b + X), wherea = 0.028 + 0.001 mirm! and b [or
Kosrnp-ate)] = 0.28 £ 0.054M. (B) Protection by ATP, in two

separate experiments. The combined data were fitted as describe

above, with aKg satp) Of 2.5+ 0.6 uM.

RESULTS

Effect of Ligands on TNP-8NADP Photoinactiation of
Native Na,K-ATPaseFigure 1A shows that the inactivation

medium, the addition of 2 mM Mg caused an only modest
increase irky, and this agrees with the apparent lack of an

&ffect of Mg+ on the photolabeling of native Na,K-ATPase

(20). This seems different from the MY requirement for
8Ns-ATP photoinactivation 32) or TNP-8N;-ADP photo-
labeling of FITC-modified Na,K-ATPase or photoinactiva-
tion of its K"-phosphatase activityl 8, 20). In this case, the
small effect probably means that the TNPs8ADP-Mg?"
complex is a marginally better ligand than free TNPz8N

proceeds as a monoexponential decay for at least 10 min.aApp (20) rather than Mg" acting by promoting an E1 form

When plotted against the TNP-8MDP concentrationky

of the enzyme33). That the native Na,K-ATPase spontane-

increases in a saturable fashion (Figure 1B), and the goodqysly adopts an E1 conformation under our conditions is
hyperbolic fit is good evidence that formation of an equi- clearly shown by the lack of an effect of 150 mM NaCl
attachment30). The result shows a high-affinity dependence o value. These Naand K+ results have their counterpart

on the TNP-8N-ADP concentration, and this experiment
returns akKprnp-sn;—app) Of 0.09 £ 0.01 M (mean+ the

on the photolabeling of the native enzyme with TNPz8N
[a-32P]ADP, where Na had no effect and Kdecreased the

standard error). Two other experiments gave similar results; jycorporation level (Figure 1 of ref0). Figure 3 also shows

when all three are pooledprnp-sn,—aop) = 0.11 £+ 0.02
uM.

ATP and TNP-ADP prevent photolabeling of the native
sodium pump by TNP-8N[o-3P]ADP (20), and TNP-ADP
prevents the photoinactivation of its Na,K-ATPase activity

that Na cancels the K effect. Both individual and combined
Na' and K" results thus mirror the effects of these cations
on equilibrium ATP binding at a high-affinity site on Na,K-
ATPase 6, 7). Despite the dispersion in the data, Figure 4A
shows that K is effective at very low concentrations; we

(18); Figure 2 shows the concentration dependence of thelimited curve fitting to a two-parameter function, and taking

ATP and TNP-ATP protective effects at U1 TNP-8Ns-
ADP. Assuming direct competition between TNP-ATP and
TNP-BM-ADP and USing aKD(TprgstADp) of 0.11 //LM
(above) and &g srne-atp) Of 0.28 uM (Figure 2A), we
calculate an inhibition constane-ate) 0f 0.28/(0.20/0.11

+ 1) = 0.10uM; a similar calculation for ATP (Figure 2B)
gives aKjarp) of 0.89uM. Therefore, our estimates for the
TNP-8Ns-ADP and TNP-ATP dissociation constants are
essentially the same and-8 times lower than that for ATP;

the results at face value and considering all three experiments,
we foundKy' = 12 + 4 uM. The Na' reversal of the effect
of 30 uM K™ is shown in Figure 4B, where the hyperbolic
fitting returns aKy, of 0.58+ 0.08 mM. The insets in Figure
4 show the cation effects on the TNP-8ADP photoinac-
tivation of the Kr-phosphatase activity of the FITC-labeled
enzyme (replotted from ref0), which occurred with much
higherKg 5 values.

Nature of the Low-Affinity Na Effect on the TNP-8N

they are comparable or lower than binding constants obtainedADP Photoinactiation of the FITC-Modified Na,K-ATPase

from TNP-PH]JATP binding or fluorimetric titrations &1).
All of these values are consistent with binding at a high-
affinity nucleotide site on Na,K-ATPasé,(7). The inset in

We looked at the TNP-8NADP concentration dependence
of the inactivation, in the presence of both 200 and 10 mM
Nat (instead of nominally zero Na to exclude possible

Figure 1B shows, for comparison, the fitted concentration effects of Na or K* contamination). Figure 5, where

dependence of the TNP-8M\DP photoinactivation of the

hyperbolae have been fitted to the pooled sets of data, shows
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Ficure 4: Protection by K and its reversal by Na Native Retention time ( min )

Na,K-ATPase was photoinactivated as described in the legend of FIGURE 6: Size-exclusion chromatography of solubilized native
Figure 2. (A) Three experiments showing the effect of KCI NaK-ATPase labeled with TNP-&§a-*?PJADP. Native Na,K-
(Specpure) added during irradiation. The decaying hyperbolae haveATPase (5 mg) was photolabeled for 30 min with/8 TNP-8Ns-
been fitted as in Figure 2, with an apparent affiflly of 14 + 2 [a-3?P]ADP (see Materials and Methods); 33% of the Na,K-ATPase
(—O—), 18+ 5 (—O—), and 5+ 2 uM (-A-). The inset shows the activity _remalned. The labeled enzyme was solubilized with a buffer
effect of Kt on k, of K*-phosphatase activity of FITC-modified ~ containing 10% SDS, and the high-speed supernatant was loaded
Na,K-ATPase. The line was drawn with Kosx) of 2.5 mM, onto aSuperdex-ZOO column (16 mm600 mm) pre-equilibrated
according to reR0. (B) Effect of increasing the concentration of ~ for 24 h with 20 mM TES (pH 7.0), 1 mM EDTA, and 0.5% SDS.
NaCl (Specpure) on the TNP-8MDP inactivation in the presence ~ The c_olumn was elut_ed W|tl_1 the solution described above at 0.5
of 30uM K*. The hyperbola has been fitted withka, of 0.58=+ mL/min, and 90x 2 min fractions were collected. (A) Absorbance
0.08 mM. Standard errors are shown as vertical bars or are of the effluent at 230 nm. Aliquots of the fractions were run in
comprised within the symbols. The inset shows the effect of Na SDS-PAGE Laemmli gels (not shown). The first peak (O,
on the TNP-8N-ADP inactivation of the FITC-modified sodium  maximum of 85.5 min) consisted of a mixture of various stable
pump (in the absence of %, drawn with aKo spna)0f 97 mM (20). ol[gomers pfa- andﬂ-su.bunlts; the second( maximum of 94.5
min) contained thet-chain plus some aggregates, and the third (
maximum of 114.5 min) showed the diffugesubunit and a few
faint, fast-migrating bands, presumably proteolytic products. (B)
Radioactivity in the fractions. Fractions 453 (90-106 min,
double-headed arrow) were pooled.

0.03

200 mM Na"

0.02 -

Na' requirement is not absolute, for photoinactivation of the
FITC-labeled enzyme. At 10 mM NaTNP-8Ns-ADP can
still bind at its site even if with a lower affinity, and the
L L ' photoinactivation persists, although at a slower rate.
0 20 40 60 80 100 Purification and Sequencing of Photolabeled Peptides
TNP-8N,-ADP concentration ( UM ) Autoradiograms of SDSPAGE gels of native Na,K-ATPase
Ficure 5: Regulatory effect of Na on the TNP-8N-ADP photolabeled with _TNP'8M?”'3ZP]ADP_ ha@! shown that
photoinactivation of FITC-modified Na,K-ATPase. Two experi- Most of the label migrated with the-chain (Figure 1 of ref
ments, up to 5«M (empty symbols) and 10@M probe (filled 20). Nevertheless, we isolated the labetedubunit by size-
symbols), using the same stock TNP-8ADP solution and the  exclusion chromatography, to facilitate the purification of
same batch of FITC-modified sodium pump (0.4% Na,K-ATPase hq tryntic peptides and remove loosely bound probe. Figure
activity left). The K*-phosphatase activity was photoinactivated for 6A shows the elution after SDS solubilization. where the
30 min in 20 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 10 mM . J
NaCl (squares) or 200 mM NaCl (circles). Inactivation rate @-subunit appears to be reasonably well separated from the
constants were calculated as described in the legend of Figure 2,3-chain. Figure 6B shows that most of the radioactivity is
from triplicate “initial” and “final” K*-phosphatase activity deter-  gssociated with the-chain and oligomer peaks and that little

minations. Hyperbolae were fitted to the combined data as in Figure -~ ; .
1B, With Ky values of 0.026: 0.004 mirr (10 mM Na) and label elutes under thg-chain peak, as expectedQj; the

0.041+ 0.003 mir® (200 mM Na') and Kperp_sn,_aor) values remaining radioactivity appears on smaller micelles, probably
of 934 21 M (10 mM Na') and 374 5 uM (200 mM Na'). associated with proteolytic products, or as a free probe at
long times. The pooled, labeledchain was precipitated with
the results of two experiments. The parameters indicate thatacetone and the pellet solubilized kv M urea. Following
a high Na concentration has mixed effects, increasing the a 4-fold dilution, the material was digested with TPCK-
TNP-8Ns-ADP binding affinity 2.5 times and the reactivity treated trypsin, and judging from the results of tricine SDS
toward the 8-nitrene radical by nearly 60%. Considering our PAGE 29), all a-chain or large peptides had disappeared
earlier results18, 20), it is now evident that the low-affinity  after a 3 hdigestion at 37C (not shown).

0.01 -

k, (min'l )

10 mM Na"

0.00 -
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o ) FiGURE 8: Rechromatography on a&column. Fractions 4951
Retention time (min) from the G chromatography (Figure 7) were pooled and dried under
FIGURE 7: Separation of soluble tryptic peptides of TNP-gN- vacuum, dissolved in 10% B (solvent A being 0.1% TFA and

32P]ADP-labeled native Na,K-ATPase via @verse-phase HPLC.  solvent B being methanol), and loaded onto a Vydagréverse-

The pooledn-chain (as in Figure 6) was precipitated, redissolved, phase column pre-equilibrated with 10% B. (A) The segment line

and trypsinized (see Materials and Methods). Aliquots of the (right axis) shows the 10 to 100% B gradient, at a flow rate of 1

43500@ supernatant were loaded onto a Vydag €blumn mL/min; the trace represents the absorbance at 230 nm (left axis).

equilibrated with 20 mM Na phosphate at pH 6.0 (solvent A),  (B) 2P radioactivity in 10QuL samples of 1 min fractions.

and the column was developed Wwia 0 to 100% gradient of

methanol (solvent B) at a rate of 1 mL/min. One minute fractions 200 r @

were collected. (A) The trace shows the absorbance of the eluate (g 1

at 230 nm (left axis) and the segment line the linear solvent gradient E \

ggight axis). (B) A 20uL sample of each fraction was assessed for \
P.

O
The soluble tryptic peptides of the TNP-8f-32PJADP- S, pTHB
labeled, nativeo-subunit were subjected to reverse-phase

F \ 7/
separation on a £column, shown in Figure 7. The main Y \/‘ 52
radioactive peak (fractions 4%1) was rechromatographed
on a Gg column (Figure 8). Aliquots from both & 3 —t g

radioactive peaks (Figure 8B, fractions 47 and 52, around

3000 cpm or 70 pmol each) were taken for automated Edman
degradation. Figure 9 shows the results for both fractions

and also for a second full labeling and sequencing round 0.1
(C, peak centered around fraction 75, re-emerging as
fractions 72 and 73 on fgrechromatography). All fractions Cycle number

returned essentially the same sequence. In fraction 47 andricure 9: Amino acid sequence of the TNP-8fx-32P]JADP-
fractions 72 and 73, the signal became too weak to call the binding peptide in native Na,K-ATPase. The two main peaks in
residues unambiguously beyond cycles 14 and 16, reSpeC_Flgure 8B (fractions 47 and 52) were sequenced by automated

. e ) . Edman degradation (solid symbols and lined) fraction 47 and
tively; this also happened with cycle 15 of fraction 52, but ) traction 52 (the latter sharply terminated after cycle 18). In

in this case, the sequence resumed, to terminate abruptly afteddition, the result of another mapping experiment is also shown,
cycle 18. The sequence in Figure 9 corresponds to theleading to a G peak centered on fraction 75, re-emerging as
a-chain fragmentdle-Val-Glu-lle-Pro-Phe-Asn-Ser-Thr-  fractions 72 and 73 from the,gcolumn ©). All peptides returned
Asn-X-Tyr-Gln-Leu-Ser-lle-His-Ly# of pig kidney Na,K- sections from the same sequence, as shown; cycle 11 did not lead
. to positive identification in the phenylthiohydantoin chromatogram.

AT'Pase 84), where thg common dropped residuetis/s480. The sequence matches tH8VEI...K487 segment of thax-chain
This should be the point of covalent attachment, as the elutedof pig kidney Na,K-ATPase 33), where the common missing
probe-lysine adduct would not be recognized by the amino residue isalLys480.
acid analyzer. The TNP-8No-3?PJADP anchoring residue
on native Na,K-ATPase is, therefore, the same as fag 8N and 100 mM Na was addedZ0). When the soluble tryptic
ATP (35), AP,PL, or PLP 86) and homologous to the peptides were analyzed with thg €lumn (not shown), the
attachment point for TNP-8NATP and TNP-8N-AMP in prominent 50 or 75 min radioactive peaks were virtually
rabbit skeletal muscle SERCAlLlys492 @7)]. absent, despite the higher TNP-8]-3?P]JADP concentra-

To photolabel the FITC-modified Na,K-ATPase, the TNP- tion. This was to be expected, as FITC is quite effective at
8N3-[0-*2P]JADP concentration was increased at least 5-fold blocking access to the high-affinity nucleotide sit®,(18).

10
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£ 150 Ficure 11: Amino acid sequence of the TNP-8pu-32P]JADP-
g binding peptide of FITC-modified Na,K-ATPase. The peak consist-
> 100 ing of fractions 55 and 56 after,&hromatography (Figure 10C)
. of freezed-dried fraction 53 of Figure 10B (asterisk) was subjected
Ry to automated Edman degradation@—). The sequence, shown
= above the abscissa, maps to tHADIGVA...K 736 tryptic fragment
of the a-chain of Na,K-ATPase33). In a second labeling and

mapping experiment (4 mg of FITC-treated enzyme, Na,K-ATPase
o ' activity of 0.4%), a Gg RP-HPLC gradient similar to that in Figure
Retention. time (min ) 10A was used, now starting at 0% B; three major peaks were
obtained, centered at 333 (A), 6970 (B), and 83-90 min (C).
Following C, rechromatography, B was resolved with a prominent
radioactive maximum in fraction 71. The filled symbols and dashed
line show the Edman yield, the sequence being identical to that for
peptide 53.

%B

(Figure 10C) that returned a unique sequence matching the
a-chain fragment?'Ala-Asp-lle-Gly-Val-Ala-Met-Gly-lle-
Ala-Gly-Ser-Asp-Val-Ser-Ly8® [Figure 11 ©)]. This is
comprised within the C-terminal 57 kDe-chain fragment,

pmols P/ fraction
f=2

Retention time (min) which bears the TNP-S;I\[(X-32P]ADP label in the FITC-
FIGURE 10: Separation of soluble tryptie-chain peptides of the ~ modified enzymeZ0). Although the downstream aspartate
FITC-modified sodium pump after labeling with TNP-8f-32P]- and serine residues were returned in low yields (Figure 11),

ADP. The FITC-modified enzyme (8.7 mg, Na,K-ATPase activity ; o
of <1%, K*-phosphatase activity of 90%) was incubated with none of the sequencing cycles was convincingly blank,

15 uM TNP-8Ng-[a-*2PJADP for 30 min in a 100 mM Na p.resumably because the Edman degradati@gsrogres-
medium; its K'-phosphatase activity decreased to 75%. The sively removed the radioactive probe from the membrane-
a-subunit was separated as shown in Figure 6, and trypsinized attached peptide. Scintillation counting of the material

overnight. (A) The dried soluble peptides were dissolved in 10% ;
B (solvent A being 20 mM sodium phosphate at pH 6.5 and solvent cleaved during each cycle (not shown) retumned very low

B being methanol) and separated on & @verse-phase HPLC  levels of radioactivity, with mqs%zP probe found binding
column at 1 mL/min with the gradient shown on the right axis. to the processed Sequelon disk; this has been found with
The trace shows the absorbance at 230 nm (left axis). (B) Aliquots the 2N;-ATP-labeled peptide30).

of the fractions (5QuL) were assessed f&fP. (C) Fraction 53 in - .
the separation above (asterisk in panel B) was dried, dissolved in FITC-modified Na,K-ATPase was also photolabeled in the

10% B (solvent A being 0.1% TFA and solvent B being methanol), presence and absence of 2(M vanadate, as this transition-
and rechromatographed on @ @lumn with the gradient shown  state analogue interferes with both TNPsgN-32P]ADP
on the right axis, and 1 min fractions were collected. Samples (100 hotoinactivation and labeling of the FITC-modified Na.K-
uL) were assessed fGfP. P : 9 ’
ATPase 20). The tryptic peptides were analyzed on & C

As the various radioactive peaks were not well resolved, we ¢0lumn with a similar gradient, but now starting at 0% B.
started with a G column instead, and the results are shown The radioactive profiles (not shown) consisted of three
in panels A and B of Figure 10. All main radioactivgsC  Clusters centered at 25 (A), 70 (B), and 90 min (C). As only
peaks (Figure 10B) were rechromatographed on ,a C B was differentially depressed by the presence of vanadate,
column: fractions 12 and 75 led to well-defined feaks A and C probably represent nonspecific label incorporation,
(at 23 and 91 min, respectively), without associated se- forms of free probe released from the labeled peptides, or
quences, and must represent TNP:$&-32P]ADP deriva- both. In a preparative photolabeling and purification round,
tives released from the protein during the trypsin digestion the peak Gg fractions for zones B (6970 min) and C (89

and latter stages. Fractions 48, 51, 57, and 62 gave eithef®0 min) were rerun on afzolumn; well-defined peaks were
very small radioactive peaks or a noisy elution and were obtained, and as expected, that arising from zone C returned
not amenable to further analysis. Fraction 53, however no sequence. The material from zone B, which emerged at
(asterisk in Figure 10B), led to a maximum at-3% min 71 min from the G column, led to the result shown in
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Figure 11 @), i.e., to a sequence identical to that found
earlier for Gg peptide 53.

The FITC-Anchoring PeptideWWe sought to verify the

Biochemistry, Vol. 45, No. 10, 2008467

but not AMP, while GTP, CTP, ITP, and TNP-UTP are
poorer ligands15, 18—20, 44). (iii) After a comprehensive
block of one ATP site by FITC, Na,K-ATPase will still

attachment point of the fluoresceinyl group on the FITC- incorporate approximately 1 mol of TNP-MDP per mole

modified enzyme under our own experimental conditions.

In the Gg separation of Figure 10A, most if not all FITC

of a-subunit 0). (iv) This incorporation of TNP-8MADP
is accompanied by a proportional loss of extant E2 enzymic

fluorescence emerged at 67 min, in a fraction that strongly activity (20). (v) Na" binding, presumably in the transmem-

absorbed at 500 nm (0.24 AW;3 nmol of fluoresceirr

brane domain, alters the properties of this nucleotide site,

nanomoles ofi-chain loaded). The same occurred in another causing an increase in binding affinity and reactivity toward
full labeling and separation round, and both 67 min fractions TNP-8Ns-ADP (Figure 5). (vi) Vanadate and strophanthidin,

were pooled and rerun on a; €olumn. A small spike in

two inhibitors working from opposite sides of the membrane,

Asooemerged at 65 min, with no associated radioactivity (not 0ck and protect the site, preventing TNPs8RDP photo-

shown). Edman sequencing returned dhsubunit fragment
4%8His-Leu-Leu-Val-Met-X-Gly-Ala-Pro-Glu-ArgP®, where
the dropped residue matchekys501. Amino acid analyzer

inactivation and labeling of the FITC-enzym@0Qf. The
nucleotide binding that we observe in the FITC-modified
Na,K-ATPase, therefore, displays properties that would be

runs of fluoresceinyllysine standards confirmed that the considered regulatory in nature were this a fully competent

residue cleaved during the sixth sequencing cycle was theenzyme; however, the low-affinity nucleotide effects on E2
derivatized lysine.aLys501 is the main FITC-anchoring Partial reactions can also be oberved in the absence of FITC

point on Na,K-ATPase4(). treatment {0, 11, 13, 19, 44, 45) where, in addition, the
prominent acceleration of the Na,K-ATPase activity is
enabled 13, 14). It then seems reasonable to hypothesize
that the high- and low-affinity ATP effects on the native
The rate of photoinactivation of native Na,K-ATPase sodium pump arise, at least in part, from nucleotide interac-
increases hyperbolically with the TNP-8XDP concentra-  tions at two distinct binding sites on the-chain. The
tion, with aKp of 0.11u4M (Figure 1). The protective effect  different TNP-8N-ADP anchoring sequences in native and
of low concentrations of ATP and TNP-ATP (Figure 2) and FITC-modified Na,K-ATPase (Figures 9 and 11), labeled
the effects of K and Na (Figures 3 and 4) confirm that  with different affinities, seem to shore up this view.
TNP-8Ns-ADP photoinactivates following binding within a N-Domain Binding SiteOur affinity labeling results with
high-affinity nucleotide binding pocke6( 7). The covalent native Na,K-ATPase (Figure 9) place TNP-8ATP in the
TNP-8Ne-ADP anchoring point on the native enzyme, N-domain, with amanti adenine conformatiord), as with
aLys480 (Figure 9), is the same as for 8NTP (35). This 8Ns-ATP (35). In the case of SERCA, TNP-AMP and AMP-
residue is homologous teLys492, targeted in SERCA by  PCP also adopt aanti conformation in the high-resolution
TNP-8Ne-ATP and TNP-8NM-AMP (37), and found at the  structures 23, 42), and so must TNP-8NATP and TNP-
entrance of the high-affinity ATP pocket of the N-domain gN;-AMP before inactivationg7). In yeast H-ATPase 47),
(23, 41, 42). The good agreement seems to endorse TNP- however, 2§-ATP and 2N-AMP label the peptid&D...K5,
8N3-ADP as areliable Ilgand for ATP sites in Na,K-ATPase. equiva|ent to th6527D___A632fragment in SERCA’s P-domain
SERCA’s anchoring point for FITC isLys515 @3), (21, 22). Given the sequence homology, this suggests that
homologous taxLys501 @0). In the SERCA structure2@), the yeast H-ATPase must adopt a closed conformatiét, (
the N-domain nucleotide pocket is delimited &yys515 at 42) before a residue is suitably aligned for nitrene attack.
the deep end andlLys492 at the opening. A similar Site-directed mutagenesis has shown thats480 is not
arrangement in the sodium pump might explain why FITC essential for binding of ATP to Na,K-ATPaség), yet this
blocks all reactions requiring high-affinity ATP binding, residue is the target of several probes. In fagDIS cross-
including ATP hydrolysis. The block is likely to be irrevers-  links alLys480 toalLys501 @9), as DIDS does with the
ible and comprehensive, as large increases in the ATPhomologoussLys492 andsLys515 60). Glutaraldehyde
concentration fail to restore any part of the lost Na,K-ATPase makes a zero-distance cross-link betwestys492 and
activity and, also, because of reasons discussed below, insLys678 of SERCA’s P-domairb(l), indeed a consequence
Cation Effects, and elsewher&8j. On the other hand, E2  of the closure of N- and P-domaingl 42). PLP and AR-
reactions such as; Phosphorylation an@NPP hydrolysis PL also react withaLys480 @6) and sLys492 62); ATP
are sparedl, 18); i.e., the latter do not seem to require the phosphorylation and the Na,K-ATPase activity are inacti-
N-domain pocket. Those extant activities can be inhibited vated up to 80%36), but ARPL has little or no effect on
by nucleotides, with low affinity 15, 19), and inactivated  the K"-phosphatase activity or, Bhosphorylation36, 52).
by TNP-8N:-ADP with aKrne-gn,—app Of 15—40uM (Figure This supports the idea that reactions at the P-domain may
5 and refl8) or by Co(NH).ATP with aKcoyate Of 0.4— have considerable independence from events at the N-
0.6 mM @4). All this seems to signal the presence of a domain. In some case$(q 53), however, some covalent
distinct low-affinity nucleotide site on the-chain of FITC- probes that bind to the N-domain also interfere with E2
modified Na,K-ATPase. This notion is supported by several functions, and this has been interpreted as evidence of a
enzymological criteria. (i) The low-affinity nucleotide effects single nucleotide site. An equally plausible explanation is
are inherent to the,3 protomers of the FITC-modifiedLg, that spontaneous, nonproductive conformational fluctua-
18) or native enzymesld), so there is no need to summon tions (64) result in random closure of N-, A- (“actuator”),
a diprotomeric or higher-order structure. (ii) The FITC- and P-domains. In this case, bulky N-domain labels are
labeled enzyme can bind, with low affinities, ATP, TNP- likely to cause steric hindrance to E2 ligand binding or
ATP, Co(NH;),ATP, ADP, TNP-ADP, and TNP-8NADP catalytic transactions (e.g., "Kphosphatase reaction or P

DISCUSSION
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Table 1: Sequence Homology of the P-Domain Peptide

pOSItIOﬂ * *% *% *% * *% *% *% *% *% *% pOS|t|0n
Na,K-ATPase (pig, lamb) 721 A D | G VvV A M G I A G S D V S K 736
H,K-ATPase (rat, dog) 737 A D | G VvV A M G I A G S D A A K 752
PMCA 1 (rat) 805 AD V G F A M G I A G T DV A K 820
SERCA 1a (rabbit) 714 A E I G | A M G - S G T A V A K 728
H-ATPase (yeast) 645 A D T G | AV E - G A T D A A R 659
K-ATPase Escherichia coli 529 A.D V A V A M N - S G T Q A A K 543
- B - - o )

2 One asterisk denotes identical residues, and two asterisks denote conservative replacement. REd2@edr(actual 3) S-strand and
o-helix structures are denoted Asand a, respectively. Data from refd1—23.

phosphorylation) that may mainly require the P-domain and, 5 of a parallel-sheet that cuts through the P-domain (see
presumably, a vacant N-domain. The lack of interference of Figure 5 of ref23 and Figures 4 and 5 of réf2). Together
FITC with E2 reactions may simply reflect a more compact with Po5 and R6, they form a Rossman fold which, in the
occupation of the N-domain pocket. Other aspects of someclosed SERCA structured, 42), is found in the proximity
of those results53) have been discussed previoust). of the N-domain. However, our’?!ADIGVA...K " sequence
P-Domain Sequenc€&onsidering the results that we now (Figure 11) maps onto SERCA'$AEIGIA...K72 tryptic
report for the native enzyme (Figure 1), the photoinactivation fragment 21). This spans downstream elements in the same
and labeling of the FITC-modified enzym@§ 20) occur  B-sheet, including most of# and R.7, and the connecting
with a>100 times lower TNP-8MADP affinity (cf. Figure  |oop (Table 1). Jointly with B7, they constitute a second
5). Controlled trypsinolysis of th&P-labeled, FITC-modified  Rossman fold in the P-domai@Z, 23, 42). It is conceivable
Na,K-ATPase showed that TNP-§fb-*PJADP was in-  that this structural element might be involved in low-affinity
corporated into the C-terminal 57 kDa fragment of the pycleotide binding in P-type ATPases. While only one bound
o-subunit @0), downstream oftArg438 (5). ~ nucleotide has so far been detected in SERCA crystal
~ Following TNP-8N-[a-*P]ADP labeling of FITC-modi- gyryctures23, 42), there is evidence for two ATP sites from
fied Na,K-ATPase, the first chromatography all but failed 5reful TNP-ATP and TNP-AMP binding studiesy 60).
to show the radioactive peaks that led to tH&IVEI...K*8" In the case of H K-ATPase, 2 mol of TNP-ATP is bound
sequence vyith the native enzyme. Instead, the FITC-modified per phosphorylation site, with similar affinitie§); ATP,
a—_chaln twice returngd .the sequenqézlADIGVA...K“G however, competes with two association constants differing
(Figure 11), located within the C-terminal 57 kDa fragment. by a factor of>300.

The peptides were clearly associated with the TNB-BIN _ ) ) _
32P]ADP radioactivity (e.g., Figure 10C), but none of the  Cation EffectsWhen it comes to TNP-8NADP inactiva-

Edman cycles was unambiguously void. A coincidental C tion, native and FITC-modified Na,K-ATPases respond to
elution of free radioactive probe and unlabete@ADIG- Na“ (and K') in strikingly different ways (Figure 4), yet
VA...K73¢ peptide seems quite unlikely. This is because we both enzymes are known to adopt an E1 conformation in
would have to assume that twice did the same fortuitous the absence of sodium iong€). The conventional “N&'
event occur in the source material [i.ess@actions 53 in ~ and “K™ forms lead to distinct patterns of trypsin attack
Figure 10B and 69 and 70 (peak B, not shown) in the second(62), can be observed from intrinsic fluorescence enhance-
experiment]. We need to consider the fact that the twgp C ments 63), or quench the fluorescence of covalently bound
runs were done with different gradients, that the relevant FITC (16, 17, 64). Work with Na,K-ATPase reconstituted
Cis peaks appeared at different times (53 ane-89 min), in artificial vesicles has confirmed that the cation sites
and that the @ and G separations were done with different involved in these actions have an intracellular orientation
starting solvents and at different pHs. By far the most likely (64). The K" form (c below), therefore, is being reached
explanation is that there is a progressive release of thethrough partial reversal of the final sodium pump steps
radioactive probe during the successive Edman cy88s (

with regeneration of the amino acyl residue. Similarly SALSI0) 4 4
unstable nitrene adducts have been fousts 89, 47). I(Eal) E1-K", = E2(K"), 1)
As shown in Table 1, the”>?ADIGVA...K73¢ sequence (b) (c)

is located in a highly conserved region of the large )

cytoplasmic loop 21, 22), a homology that extends to Starting from_ the E1 (a).qr Naform. In the absence of Na
transmembrane helix M5. At its N-terminus, this peptide is internal K binds at equilibrium to form an EK™, complex
flanked by residues derivatized by other ATP affinity labels. (0) that is rapidly converted into an occluded E2JK
alys719 is an anchoring site for FSBA®), while aAsp710  conformer (c) L0, 11). The b-c step is the conformational
andoAsp714 are covalently labeled with CIR-ATB7. In change, heavily biased toward the rigB6). In our experi-
the case of SERCA, high-affinity ATP binding within the ments, we may consider this conformational transition at
N-domain already occurs in the open conformati?8 68) equilibrium, as the deocclusion rate {e b, slow at sub-
and is followed by closure of A-, N-, and P-domairkl,( micromolar nucleotide concentrations) is stitL00 times
42). In the closed SERCA structure containing bound AMP- faster than the TNP-8NADP photoinactivation0, 11). The
PCP, aspartyls homologous to those above contribute to theapparent affinity for K binding in eq 1 66) is then derived
stabilizing and locking of the phosphate cha#?2)( Those from the relationKk' = Kk/(1 + K¢) = 12 uM (Figure 4A,
residues are mostly in loops issuing frgistrands 1, 4, and  cf. refs12and67), whereK is the K" dissociation constant
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(b — a step) and, is the equilibrium constahfor the b—c
step. The apparent Nabinding affinity should then be
derived from the relatioikKyd = Kna(1 + [K*J/KK'), and
under the conditions and results in panels A and B of Figure
4, Kna = 0.17 mM. This is comparable to th&, of 0.19
mM at each of three intracellular Ni&ites in red cells@8)

and toKy, in the native kidney enzymel®, 66); it is also
quite close to the&y, in fluorescence quench experiments
with the FITC-modified Na,K-ATPasel{). Therefore, even
though our purified preparations consist of broken mem-
branes, all this strongly suggests that the TNR-80P
inactivation of the native enzyme is modulated by"Nad

K* binding at sites with an intracellular conformation.

With regard to the FITC-modified enzyme, it is now plain
that the low-affinity N& requirement for TNP-8NADP
inactivation is not absolute and that it operates through a
combination of binding and reactivity enhancements at the
nucleotide pocket (Figure 5). It also emphasizes that the
increased TNP-8NADP affinity at high Na concentrations
(Figure 5), in addition to earlier evidencé&g 20), makes
the hypothesisg9) untenable that while the tethered FITC
blocks a unique ATP site in the presence offNi moves

to one side allowing nucleotide access in the presence of

K*. The quandary is tha€ sna) for TNP-8Ns-ADP inactiva-
tion of the FITC-modified enzyme (inset in Figure 4B) is
170-500-fold higher than that which can be derived from
fluorescence shifts of the bound FIT@7 64) and in the
range of affinities for extracellular Nasites Kna,out= 27—
100 mM @8, 70)]. The hyperbolic dependencq, 71)
suggested a single Nainding event and probably reflects
the fact that the three Naons are released to the outside
medium sequentially, with decreasing rate constafzs/Q3).
The SERCA structure2@, 41, 42) and a homology model
for Na,K-ATPase T4) show a single set of cation sites
alternating between internal and external presentations. If
we now imagine steps involving external (0) cation binding
without intervention of a phosphoenzyme, we could form
E2(K"), from external K, subject to external Nacompeti-
tion:

+Na,
E2
+K+(0) (e)

E2(K"), = E2K* > E2-Na'
(c) (d) ()

Our hypothesis, therefore, is that the FITC-modified Na,K-
ATPase can slowly translocate its monovalent cation sites,
either loaded or unloaded, in the absence of reveise P
phosphorylation (ae and back, egs 1 and 2). This has been
proposed previously76), in connection with the native
enzyme, to account for Rband Na fluxes in the absence
of nucleotides and PThe slowest rate constant was 0.01
s ! for the E1— E2 transition with vacant cation sites at 20
°C (75). This only represents0.02% of the maximal Na,K-
ATPase turnover but is 15 times faster than the rate of TNP-
8Ns-ADP photoinactivation of the FITC-modified enzyme
[Kqmaxy = 0.041 min%; Figure 5], which is more than
adequate to allow for our results. A “relaxed carrier” behavior
would explain why, at high Naconcentrations, the FITC-
modified enzyme is not simply trapped in #at, confor-
mations but can also display cation sites with an external

2

2 Assuming thaikx = 9—10 mM for the equilibrium ab binding
step (refsl7 and68), K. ~ Kk/Kg' ~ 800 under our conditions.
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presentation. This is because irreversible TNR-8R0P
binding will pull the overall equilibrium to the right (af,
egs 1 and 2).

Neither the N& requirement nor K protection is absolute
(Figures 3 and 5 and r&f0). This agrees with the fact that
the occluded K form does bind ATP or ADP, with low
affinity, in the presence¥ 11) or absence of Na(10, 76,
77). Nonetheless, the affinity of a regulatory ATP site, and
hence the overall pump rate, may be under allosteric control
by external N& and K. Under turnover conditions, this is
likely to be obscured by the prominent activating “substrate”
action of external K, external N& then acting as an inhibitor
(72).
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