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ABSTRACT: To identify regions of th& orpedoNa,K-ATPasen-subunit that interact with membrane lipid

and to characterize conformationally dependent structural changes in the transmembrane domain, we have
proteolytically mapped the sites of photoincorporation of the hydrophobic compounds 3-(trifluoromethyl)-
3-(m[**M]iodophenyl)diazirine (A]TID) and the phosphatidylcholine analogu&]TIDPC/16. The
principal sites of PA|TIDPC/16 labeling were identified by amino-terminal sequence analysis of proteolytic
fragments of the Na,K-ATPage-subunit and are localized to hydrophobic segments M1, M3, M9, and
M10. These membrane-spanning segments have the greatest levels of exposure to the lipid bilayer and
constitute the bulk of the lipieprotein interface of the Na,K-ATPasesubunit. The extent of $3]TID

and [?H]TIDPC/16 photoincorporation into these transmembrane segments was the same iratite E

E, conformations, indicating that lipid-exposed segments located at the periphery of the transmembrane
complex do not undergo large-scale movements during the cation transport cycle. In contra&t]for [

TID but not for [*4]TIDPC/16, there was enhanced photoincorporation in thedaformation, and this
component of labeling mapped to transmembrane segments M5 and M6. Conformationally séfffftive [

TID photoincorporation into the M5 and M6 segments does not reflect a change in the levels of exposure
of these segments to the lipid bilayer as evidenced by the lackHTIDPC/16 labeling of these two
segments in either conformation. These results suggest T ID promises to be a useful tool for
structural characterization of the cation translocation pathway and for conformationally dependent changes
in the pathway. A model of the spatial organization of the transmembrane segments of the Na,K-ATPase
o- andS-subunits is presented.

The Na,K-ATPaskis a transmembrane protein that uses spanning segments, and a variety of studies have further
the energy derived from the hydrolysis of adenosine triphos- defined the topological organizatioB)( Three-dimensional
phate (ATP) to transport sodium and potassium ions acrossstructures for the Ga-ATPase (2.6 A resolution) and*H
the plasma membrane, thereby creating an electrochemicalATPase (8 A resolution) have recently been reported and
gradient (). The enzyme is comprised of a catalytic confirm the presence of 10 transmembrankelices in each
o-subunit (112 kDa) which contains the site of phosphoryl- o-subunit 6, 7). While the three-dimensional structure of
ation and cation transport sites and a smaller glycosylatedthe Na,K-ATPase is less well define®)( a variety of
B-subunit (~40—60 kDa). The Na,K-ATPase-subunit is experimental approaches have resulted in tentative models
structurally similar to the catalytic subunit from other of the spatial organization of transmembrane segmeéts (
members of the family of P-type ion-motive ATPases, such Proteolysis experiments have demonstrated that the cation
as the sarcoplasmic reticulum €eATPase and the H binding (occlusion) sites are located within the transmem-
ATPase (recent reviews include ré¥s4). Hydropathy plots ~ prane domain 40, 11), and biochemical and molecular
are consistent with eaah-subunit containing 10 membrane-  pijological studies have implicated amino acids within trans-

T o o I bart by American Hoart Assogiati membrane segments M#6 and M8 as being involved in
is research was supported in part by American Heart Association . : . N
Texas Affiliate Grant-In-Aid 9950783Y. cation occlusion (re;z and.ref'erenc.es therein). For thezCa
*To whom correspondence should be addressed: Department ofATPa_5€- tV‘{O _Ca|C|Um binding sites formed by residues
Pharmacology, Texas Tech University Health Sciences Center, 3601 contained within each of these transmembrane segments have

‘7‘2*1352% 4'-4UbEb°Ckzl Txh7943t?@Ttte'ﬁph°’&‘93 (806) 743-2425. Fax: (806) pheen described and a pathway for?Chas been proposed
-2744. E-mail: phrmpb@ttuhsc.edu. . : ;
! Abbreviations: Na,K-ATPase, sodium- and potassium-transporting (6)- While the high-resolution structure of the CaATPase
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, -nexadecanoyl-£3-[9- -(tnoutyistannyl)-4-(trinuorometnyl- . PP . H e
3H-diazirin-3-yl)benzyljoxylcarbonyljnonanoyn-glycero-3- in gent_ara_ll, it is also evident that a detailed me_chan|§t|c
phosphocholine; CDTA, 1,2-cyclohexanediaminetetraacetic acid; AT- appreciation of the molecular events that underlie cation
Pase buffer, 30 mM histidine and 1 mM CDTA (pH 7.4) with either  transport will require a more complete understanding of the
30 mM NaCl or 30 mM KCI; SDS, sodium dodecyl sulfate; PAGE,  strycture of the cation translocation pathway as well as the
polyacrylamide gel electrophoresis; Tricing;[2-hydroxy-1,1-bis- . .
(hydroxymethyl)ethyl]glycine; HPLC, high-performance liquid chro- ~ Structural changes that occur in the transmembrane domain
matography. during the ion transport cycle. It also remains to be
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established whether the other P-type ion-motive ATPases,elasmobrancforpedo californicaProcedures used for the
including the Na,K-ATPase, have the same spatial organiza-isolation of nicotinic acetylcholine receptor (AChR) rich
tion of transmembrane segments and the degree to whichpostsynaptic membranes from therpedoelectric organ14,
the structures of the cation binding sites are homologous. 15) yield a preparation that is also very rich in Na,K-ATPase
In this report, we have employed the hydrophobic pho- protein. For these studies, sucrose density gradient fractions
toreactive compounds 3-(trifluoromethyl)-8+{**]iodophe- that are rich in Na,K-ATPase, as judged by SEFAGE,
nyl)diazirine (F?4]TID) and the phosphatidylcholine ana- were pooled (the Na,K-ATPase typically represents%
logue [PA]TIDPC/16 to allow us to identify which membrane-  of the total protein) TorpedoNa,K-ATPase membranes in
spanning segments in thesubunit of theTorpedoNa,K- ~36% sucrose and 0.02% sodium azide were storecBét
ATPase face the lipid bilayer. Identification of lipid-exposed °C. The Na,K-ATPase activity was determined as described
transmembrane segments will provide definition of the lipid  previously (L6) and was the difference between the extent
protein interface of the Na,K-ATPasesubunit and further ~ of ATP hydrolysis measured in the presence and absence of
distinguish the spatial organization of membrane-spanning 3 mM ouabain. The ATPase enzyme used in these studies
segments. By photolabeling the Na,K-ATPase under condi- had a specific activity of 2&tmol of R, released mg' min~*
tions which stabilize two different conformations and then at 25°C. The protein was quantified by the method of Lowry
characterizing the sites of labeling, we may also detect et al. (L7) using bovine serum albumin as a standard.
movements of the transmembrane segments that occur during Photolabeling of N&K-ATPase Membranes with?fl]TID
ion transport. and [*M]TIDPC/16. For analytical labeling experiments,
We report that N-terminal sequence analysis of purified TorpedoNa,K-ATPase membranes (1 mg)+#86% sucrose
proteolytic fragments establishes that the principal sites of and 0.02% sodium azide were diluted 10-fold by addition
[*29]TIDPC/16 labeling are localized to transmembrane of distilled water and pelleted by centrifugation (399@6r
segments M1, M3, M9, and M10. These segments then1 h). The membrane pellet was then resuspended in a small
constitute the bulk of the lipidprotein interface of the Na,K-  volume (0.2 mL) of ATPase buffer [30 mM histidine and 1
ATPasea-subunit. The extent of'fI]TIDPC/16 photoin- mM CDTA (pH 7.4)] and {23]TID or [*?9]TIDPC/16 added
corporation into these transmembrane segments is unaffectedtotal ethanol concentration of1%). After mixing, the
by conformational transitions of the Na,K-ATPase, indicating membranes were divided into two equal volumes (0.1 mL)
that lipid-exposed segments which are located at the periph-and each diluted up to 1 mL with ATPase buffer containing
ery of the transmembrane complex do not undergo large-either 30 mM NaCl or 30 mM KCI (final concentrations,
scale movements during the ion transport cycle. In contrast, 0.5 mg/mL protein and-0.4 M [*A]TID or [*?3]TIDPC/
there is conformationally sensitivé*fi]TID photoincorpo- 16). These conditions are known to stabilize either the E
ration into transmembrane segments M5 and M6. These(30 mM NaCl) or & (30 mM KCI) conformation of the
segments are not in contact with lipid as evidenced by a lack Na,K-ATPase 18). After a 2 hincubation at room temper-
of [*™]TIDPC/16 labeling, suggesting that?fi]TID is ature, the samples were then irradiated with a 365 nm UV
binding within the cation translocation pathway and reporting lamp (Spectroline EN-280L) for 7 min at a distance of less
conformationally dependent structural changes in the path-than 1 cm, and centrifuged at 39@pfor 1 h. Pellets were
way. The results presented here begin to define the spatialsolubilized in electrophoresis sample buffer and subjected
organization of transmembrane segments in the Na,K-to SDS-PAGE (19). Prior to UV irradiation, all operations
ATPase and suggest thatJ]TID provides a useful tool for  were performed under reduced light conditions, and mem-
examining the structure of the cation translocation pathway brane incubations were carried out in glass test tubes or vials.
and transport-linked structural transitions. Preparative-scale labeling experiments (10 mg of total protein
per labeling condition) were conducted in a similar fashion,
EXPERIMENTAL PROCEDURES with appropriate increases in the volumes that were used
Materials [*29]TID (~10 Ci/mmol) was purchased from (typically 125 uCi of [*]TID was used per labeling
Amersham and stored in 75% ethanol &G4 [*?9]TIDPC/ condition).
16 was prepared by by radioiododestanylation of the tin-  For analytical labeling experiments, 1.0 mm thick SBS
based precursor @-hexadecanoy!-B-[9-[[[2-(tributylstan- PAGE gels were used (1.5 mm thick for preparative labeling
nyl)-4-(trifluoromethyl-3H-diazirin-3-yl)benzyl]oxy]- experiments) containing separating gels composed of 8%
carbonyllnonanoylgn-glycero-3-phosphocholine (TTDPC/  polyacrylamide and 0.33% bis-acrylamide. Following elec-
16) and stored in an ethanol/toulene mixture (1:1) 4C4 trophoresis, gels were stained with Coomassie Blue R-250
(13). The tin-based precursor (TTDPC/16) was a generousto visualize polypeptide bands. Analytical gels were dried
gift from J. Brunner of the Swiss Federal Institute of and exposed to Kodak X-OMAT LS film with an intensifying
Technology (ETH, Zurich, Switzerland). Histidine, NaCl, screen at-80 °C (exposure for 824 h). For gels (prepara-
KCI, 1,2-cyclohexanediaminetetraacetic acid (CDTA), and tive and analytical) in which the Na,K-ATPasesubunit
other general use biochemicals as well as ouabain werewas to be subjected to proteolytic mapping, the 8% acryla-
purchased from Sigma-1-Tosylamido-2-phenylethyl chlo-  mide gels were soaked in distilled water overnight and the
romethyl ketone-treated trypsin was from Worthington Na,K-ATPasea-subunit was excised from the gels. Pro-
Biochemical CorporationStaphylococcus aureug8 pro- teolytic mapping of the sites ofI]TID and [*?3]TIDPC/
tease from ICN, and Genapol C-100 (10%) from Calbiochem. 16 photoincorporation within the Na,K-ATPasesubunit
Prestained low-molecular weight gel standards were pur- usingS. aureusV8 protease was performed according to the
chased from Life Technologies, Inc. method of Cleveland et al2Q) and as described in detail
NaK-ATPase PreparatiarNa,K-ATPase-containing mem- by Blanton et al. 13). Analytical mapping gels were dried
branes were prepared from the electric organ of the marineand exposed to Kodak X-OMAT LS film with an intensifying
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screen at-80 °C (exposure for 37 days). For preparative 125

gels, the A TID- and [*23]TIDPC/16-labeled V8 protease CF,
fragments were eluted from the excised gel pieces into 15

mL of elution buffer [0.1 M NHHCO;, 0.1% (w/v) SDS, TZN
and 1% p-mercaptoethanol (pH 7.8)] for 4 days at room N

tempe_rature with gentle mixing. The gel suspensions Were g cc 1: Chemical structure of 3-(trifluoromethyl)-Ba([1251]-
then filtered through Whatman No. 1 paper and concentratediodophenyl)diazirine 24]TID).

to ~350uL using a Centriprep-10 concentrator (Amicon).

For V8 fragments that were to be further enzymatically B over the course of 80 min), and the elution of peptides

digested, excess SDS was removed by acetone precipitationvas monitored by the absorbance at 210 nm. Collected

(~85% acetone at-20 °C for 12 h). fractions were assessed for radioactivity, and the peak
For analytical labeling experiments?]TID and [*2%]- protein/radioactivity-containing fractions were pooled, dried

TIDPC/16 photoincorporation into the Na,K-ATPasesub- by vacuum centrifugation, and resuspended in2®f 0.1

unit as well as V8 protease cleavage fragments was quantifiedvi NH,HCO; and 0.1% (w/v) SDS (pH 7.8) for protein

by cutting out the bands from the dried polyacrylamide gel sequence analysis.

and determining the amount 8fl counts per minute present  gequence Analysismino-terminal sequence analysis was
in each band by-counting in a Packard Cobrajtcounter  hortormed on a Beckman Instruments (Porton) model 20/20
(10 min of counting tlme/banql). The relatlye amounts of_ protein sequencer using gas-phase cycles (Texas Tech
protein or peptide were de_termm_ed p_y densiometric anaIyS|s University Biotechnology Core Facility, Lubbock, TX).
(Un-Scan-It Software, Silk Scientific Corp.) of stained pepiige aliquots (2L) were immobilized on chemically
polyacrylamide gels. modified glass fiber disks (Beckman Instruments), which
Digestion of [?9]TIDPC/16-Labeled V8 Protease Frag-  \yere used to improve the sequencing yields of hydrophobic
ments To further map the sites ot$I]TIDPC/16 labeling peptides. Each peptide was subjected tel8 cycles of
in V8 protease fragments of the Na,K-ATPaseubunit, sequencing (automated Edman degradation).
fragments V8-25, V8-14, and V8-15 were further enzy-
matically digested. For digestion with trypsin, acetone- ResyLTS
precipitated fragments V825 and V8-14 were resuspended
in approximately 30@:L of 0.1 M NH4sHCO;s, 0.02% (w/v) Characterization of 9] TID Photoincorporation into the
SDS, and 0.5% Genapol C-100 (pH 7.8 mg/mL Torpedo NeK-ATPase Initial photolabeling experiments
protein). Trypsin was added at a 20% (w/w) enzyme-to- were designed to characterize the general pattern and
substrate ratio and the digestion allowed to proceedf& 4  conformational sensitivity of'f3]TID (Figure 1) photoin-
days at room temperature. For further digestion with V8 corporation into thélorpedoNa,K-ATPase. Na,K-ATPase
protease, fragment /815 was resuspended in approximately membranes were equilibrated wit&{]TID (0.4 «M) under
250uL of 0.1 M NH4HCGO; and 0.1% (w/v) SDS (pH 7.8)  conditions which stabilize either the B0 mM Na" buffer)
(1—2 mg/mL protein). V8 protease was added at a 50% (w/ or E; (30 mM K" buffer) conformation 18). After a 2 h
w) enzyme-to-substrate ratio and the digestion allowed to incubation, membranes were exposed to UV light (365 nm)
proceed for 45 days at room temperature. For both tryptic for 7 min and then pelleted by centrifugation. Membrane
and V8 protease digests, a small aliquot of each sample (25pellets were solubilized in electrophoresis sample buffer, and
uL) was electrophoresed on an analytical (1.0 mm thick) the extent of photoincorporation into the Na,K-ATPase was
16.5% T/6% C Tricine SDSPAGE gel @1) with at least monitored by SDSPAGE followed by autoradiography. The
one reference lane containing prestained low-molecular autoradiograph of an 8% polyacrylamide slab gel (Figure 2)
weight protein standards (Life Technologies, Inc.). The reveals that there is substanti&P[] TID photoincorporation
Tricine gel was stained, destained, and dried for autorad-into the Na,K-ATPaset-subunit (i) as well as into each
iography. The bulk of the proteolytic digests were then subunit of the nicotinic acetylcholine receptor (AChR S,
submitted to preparative-scale (1.5 mm thick) 16.5% T/6% vy, andd). The Na,K-ATPase-subunit and AChR subunits
C Tricine gel analysis. Preparative Tricine gels were stained, represent 44 and 36% of the total protein, respectively,
destained, and soaked in water overnight. Using the auto-contained within theTorpedo membrane preparation as
radiograph from the analytical Tricine gel in conjunction with determined by densiometric analysis of stained 8% acryla-
the prestained protein standard$23[TIDPC/16-labeled mide gels. PATID photoincorporation into each of the
fragments were excised from the gel and eluted into 4 mL subunits of the AChR has been extensively characterized,
of elution buffer for 4 days at room temperature. thereby providing an internal control for these photolabeling
Reverse-Phase HPLC Purification off]TID- and [124]- experimentsZ2—26). [*4]TID also photoincorporates into
TIDPC/16-Labeled Proteolytic Fragment&arge V8 frag- the -subunit of the Na,K-ATPase, including tHerpedo
ments of the Na,K-ATPase-subunit labeled withf3]TID B-subunit @5, 27, 28). However, in theTorpedoAChR-rich
or [*?9]TIDPC/16, as well as'BA]TIDPC/16-labeled frag- membrane preparations used in this stuék?JTID photo-
ments resulting from further enzymatic digestions, were incorporation into the Na,K-ATPagg-subunit is obscured
further purified by reverse-phase HPLC. A Brownlee Aqua- by the heavy labeling of the AChR- and d-subunits 24,
pore G column (100 mmx 2.1 mm) was employed with a  25). As is evident in the autoradiograph shown in Figure 2,
binary elution gradient comprised of solvent A (0.08% there is a small but clearly discernible increase in the extent
trifluoroactetic acid in water) and solvent B (0.05% trifluo- of [*29]TID photoincorporation into the Na,K-ATPase
roacetic acid in 60% acetonitrile/40% 2-propanol). A non- a-subunit in the E (K* lane) versus the E(Na" lane)
linear elution gradient was employed (25 to 100% solvent conformation. On the basis gf-counting of excised gel
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FIGURE 2. [*23]TID photoincorporation into thelorpedoNa,K-
ATPase in the Eand E conformations. Na,K-ATPase-containing
membranes isolated from the electric organ of the marine elasmo-
branchT. californicawere equilibrated (2 h) with'f4]TID (0.4

uM) under conditions which stabilize either the[BO mM histidine

and 1 mM CDTA (pH 7.4) with 30 mM NacCl] or Econformation

of the Na,K-ATPase [30 mM histidine and 1 mM CDTA (pH 7.4)
with 30 mM KCI] (18). Following a 2 hincubation, membranes
were irradiated at 365 nm (Spectroline EN-280L) for 7 min (at a
distance of<1 cm) and the membranes pelleted by centrifugation.
Membrane polypeptides were resolved by SIPAGE (1.0 mm
thick, 8% polyacrylamide gel), visualized by Coomassie Blue R-250
staining, and subjected to autoradiography (exposure for 16 h with
an intensifying screen). Labeled lipid and free photolysis products
were electrophoresed from the gel with the tracking dye. In addition
to the substantial®fA]TID incorporation into the subunits of the
nicotinic acetylcholine receptor (AChR, 5, y, andd), there is
also significant labeling of the-subunit of the Na,K-ATPasex{i).

The extent of 2A]TID photoincorporation into the Na,K-ATPase
a-subunit labeled in the £and B states is shown in the Naand

K™ lanes, respectively. Labeling of th&subunit of the Na,K-
ATPase is obscured by the AChR andd-subunits 24), and the
[*A]TID-labeled band migrating with an electrophoretic mobility
slightly faster than that aiink is the CLC-0 voltage-gated chloride
channel {3).

bands,~1% of thea-subunits incorporatet#d and there is

a 28.8+ 3.1% increase in the extent offi]TID photoin-
corporation into the Na,K-ATPasgesubunit in the Eversus
the & conformation (1 = 8). In each of these analyticaffi]-

TID photolabeling experiments, densiometric analysis of

Biochemistry, Vol. 39, No. 44, 2003537

+-l-
Na K

-

Ficure 3: Proteolytic mapping of the sites o?fi]TID photoin-
corporation into thex-subunit of theTorpedoNa,K-ATPase using

S aureusV8 protease. Na,K-ATPase membranes were labeled with
[*2A]TID under conditions which stabilize either thg ENa") or

E> (K™) conformation (see the legend of Figure 2) and subjected
to SDS-PAGE on a 1.0 mm thick 8% polyacrylamide gel. The
Na,K-ATPasex-subunit bands were excised following identification
by staining, transferred to the wells of a 15% acrylamide mapping
gel, and overlaid with 6ug of S aureus V8 protease (see
Experimental Procedures). The Na,K-ATPassubunit was pro-
teolytically digested as it migrated through the 4.5% acrylamide
stacking gel (constant voltage of 50 V, transit time~e8 h), and

the resulting fragments were then resolved on the lower 15%
acrylamide separating gel. Following electrophoresis, the mapping
gel was stained with Coomassie Blue R-250 and subjected to
autoradiography (exposure for-2 weeks with an intensifying
screen). The principal{A]TID-labeled proteolytic fragments are

in accordance with their apparent molecular masses:-28 25
kDa; V8—15, 15 kDa; V8-14, 14 kDa; V8-12, 12 kDa; and V&

4, 4 kDa.

inspection of the autoradiograph in Figure 3 reveals that two
of the V8 protease fragments, V82 and V8-4, exhibit
enhanced'f™]TID photoincorporation in the E(K* lane)
versus the E(Na' lane) conformation. Direct counting of
the excised gel bands shows that for V8 fragments-V¥8

and V8-4 there are (1.72- 0.13)- and (1.8+ 0.2)-fold
increases in the extent dffi] TID photoincorporation in the

E, conformation, respectivelyn(= 6). In contrast, no
statistically significant difference>5%) was found in the
extent of [?9]TID photoincorporation in any of the other
V8 protease fragments isolated from ATPase labeled in the
two different conformations. Furthermore, densiometric
analysis of the stained 15% acrylamide mapping gels
revealed that in each case there was a less than 10%

VB-25

VE-15-]

V812 -V8-14

V8-4-

stained 8% acrylamide gels reveals that there is no significantdifference in the amount of peptide present for each V8

difference & 7%) in the amount ofi-subunit protein present
under each of the two labeling conditions. An earli&H]-

TID study by Modyanov and colleague®8j resulted in a
nearly identical increase in the extent of photoincorporation
into thea-subunit in the Econformation, with no detectable
difference in the extent of labeling in thsubunit.

[*?9]TID photoincorporation within the Na,K-ATPase
a-subunit was next mapped by limited enzymatic digestion
with S aureus V8 protease 13, 20). Inspection of the
autoradiograph of a 15% acrylamide mapping gel containing
the V8 protease digests of the Na,K-ATPagesubunit
labeled with [2A]TID in the E; and & conformations (Figure
3) reveals significant photoincorporation into several frag-

fragment isolated from ATPase labeled in the two different
conformationg.From a preparative-scale labeling experiment
(10 mg per labeling condition), each of the princip&]-
TID-labeled V8 fragments was isolated?y counts per
minute recoveries were typically90%) and further purified
by reverse-phase HPLC. The HPLC elution profiles of the
[*29]TID-labeled V8 fragments (Figure 4) show that for each
fragment and for each labeling condition, (& E; confor-
mation) there is a primary peak & counts per minute
and a corresponding peak of protein absorbance (HPLC
column 29 counts per minute recoveries were typically
>80%). The pool of peak?™ counts per minute-containing

ments. On the basis of the apparent molecular mass of each ?For the Na,K-ATPase labeled with?}]TID in the absence of

labeled fragment, the principal®fl]TID-labeled fragments
were designated V825 (25 kDa), V8-15 (15 kDa), V8-
14 (14 kDa), V8-12 (12 kDa), and V&4 (4 kDa). Close

cations, a condition known to stabilize the €&nformation 82), the
extent of photoincorporation into the intagtsubunit and the pattern
and extent of incorporation into V8 protease fragments were identical
to those determined in the presence of 30 mM (K, conformation).
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FiIGURE 4: Reverse-phase HPLC purification ] TID-labeled V8 protease fragments of the Na,K-ATPassubunit. [23]TID-labeled
proteolytic fragments were isolated fro&haureusV8 protease digests of the-subunit of the Na,K-ATPase labeled in the ®a*) and

E, (K*) conformations (see Figure 3). TH&{]TID-labeled fragments were further purified by reverse-phase HPLC on a Brownlee Aquapore

C,4 column (100 mmx 2.1 mm) as described in Experimental Procedures. The elution of peptides was monitored by absorbance at 210 nm
(solid line, not indicated on axis) and elution B by y-counting of each 50@L fraction @ andO). The HPLC elution profile for
fragments isolated from the Na,K-ATPase labeled W]TID in the E; (O) or E; (®) state are shown for fragments ¥&5, V8—14,

V8—12, and V8-4.

Table 1: Identification of 1234 TID-Labeled Fragments Produced 8y aureusV8 Protease Digestion of the Na,K-ATPaseSubunit

apparent

molecular N-terminal sequence starting predicted carboxy terminus
fragment mass (kDa) (pmol of residue/cycle) residue (transmembrane segments)
V8—25 25 S(460)D(209)1(406)M(450)K(314) 823 Y1022(M7-M10)
V8—-15A 15 V(60)S(24)L(47)D(50)D(40) 04 E6 (M1 and M2)
V8—15B 15 Y (482)S(154)S(135)E(242)N(205) 23y E365 (M3 and M4)
Vv8-14 14 Y(94)T(75)C(22)H(47)T(48) 85 Y1022(M8—M10)
V8-12 12 G(383)C(288)Q(88)R(131)Q(88) s E®24 (M5 and M6)
V8—-4 4 G(125)R(129)L(152)I(149)F(112) (<) E?824 (M5 and M6)

a Apparent molecular mass values are those estimated from the electrophoretic mobility on 15% acrylamide mapping gels (Figure 3). For the
V8—15 fragment, two peaks df3 counts per minute were evident in the reverse-phase HPLC profile. HPLC fractier373bere pooled for
V8—15A and fractions 3840 for V8—15B. The sequence of each fragment was identified within the primary structure af. tbeifornica
Na,K-ATPasea-subunit @9). Sequencing yields are presented for V8 fragments isolated from the Na,K-ATPase labelet¥yittD[under
conditions which stabilize the iEeonformation; identical sequences and similar yields were obtained for fragments isolated from ATPase labeled
in the & conformation.

fractions for fragments V812 (35—37) and V8-4 (35, 36) HPLC fractions was subjected to automated N-terminal
indicate that there are approximately twice as many countsamino acid sequence analysis. The firstl® amino acids

in the fragments isolated from ATPase labeled in the presencewere determined for each V8 fragment with the identity and
of potassium (Econformation) than in the fragments isolated yield for the first five residues presented in Table 1. For
in the presence of sodium {Eonformation) [V8-12, Na each fragment, a single peptide was detected with any
state, 2350 cpm; Kstate, 4671 cpm (1.98-fold difference); secondary sequences present in an at least 10-fold lower
V8—4, Na' state, 1481 cpm; Kstate, 2780 cpm (1.87-fold  abundance. From the first five residues of each V8 fragment,
difference)]. In contrast, for the pool of pe&kl counts per the amino terminus of each fragment was aligned with the
minute-containing HPLC fractions for V&5 (33—35), V8— primary structure of th& orpedoNa,K-ATPasea-subunit

15 (HPLC profile not shown, peak A, 387; peak B, 38 (29; Table 1). On the basis of the apparent molecular mass
40), and V8-14 (32—34), there was no significant difference  of each fragment estimated from its electrophoretic mobility
in the total counts for each fragment isolated from ATPase on a 15% acrylamide mapping gel (Figure 3) and the
labeled in the two different conformations. For each V8 cleavage specificity of aureusV8 protease, the carboxy
fragment, the pool of peakk® counts per minute-containing  terminus of each fragment was predicted (Table 1). A map
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Ml M2 M3 M4 M5 M6 M7 M8 M9 Mio0
— N P - - —
V8-15A V8-15B *\/ §-4*
f i} { Iﬂ—-i V8-14
. *V§-12% F i
' V8-25

FIGURE 5: Map of [[?3]TID-labeled V8 protease fragments in relation to therpedoNa,K-ATPasea-subunit sequence. The HPLC-

purified [1234]TID-labeled V8 protease fragments of the Na,K-ATPassubunit (Figure 4) were subjected to automated N-terminal protein
sequencing (Edman degradation). Using the amino acids detected in the-fit8tcycles of Edman degradation, the position of each
fragment in relation to the primary structure of the intdctcalifornica Na,K-ATPaseo-subunit 9) was determined (Table 1). On the

basis of the apparent molecular mass of each fragment and the known cleavage spec8iciyrefisV8 protease (carboxy-terminal side

of glutamic acid and aspartic acid residues), the carboxy terminus of each fragment was predicted. The approximate location of each of the
membrane-spanning domains (M10) of the Na,K-ATPase-subunit are shown, while the large cytoplasmic loop between M4 and M5

has been abbreviated (-\\-). The amino acid stretch and transmembrane segments contained within each V8 fragment are marked with
brackets, and fragments 82 and V8-4, which exhibited conformationally sensitiJ]TID labeling, are further denoted with asterisks.

o 17 As with [*23]TID, initial photolabeling experiments were
o/\EO\n/\/\/\/\)'\o/\@( designed to characterize the general pattern and conforma-
0-pz0 (0 CFy tional sensitivity of [?3]TIDPC/16 photoincorporation into
(CHINO A~~~ the TorpedoNa,K-ATPase. Na,K-ATPase membranes were
, . equilibrated with {?9]TIDPC/16 (0.4uM) under conditions
FiGure 6: Chemical structure off1[TIDPC/16. which stabilize either the H30 mM Na" buffer) or & (30
mM KT buffer) conformation 18) and exposed to UV
irradiation and labeled membrane polypeptides identified by
SDS-PAGE and autoradiography. The autoradiograph of an
8% polyacrylamide slab gel reveals that in addition to

exhibited conformationally sensitivé?fi]TID photoincor- ' . . ;
: . . labeling each of the subunits of the AChR, there is substantial
poration, V8-12 and V-4, are overlapping fragments with [*A]TIDPC/16 photoincorporation into the Na,K-ATPase

each fragment containing almost exclusively membrane- a-subunit fug) (data not shown; see raf). On the basis

spanning segments M5 and M6. There was no detectable ™" . . 0 ) )
difference in the extent off1]TID photoincorporation into of y-counting of excised gel bands;1.5% of thex-subunits

. incorporated!®™ and there was no significant difference
V8 fragments V8-25, V8—15, and V8-14, and collectively, : : :
these 913ragments contain transmembrane segmentsl\M{ (>4%) in the extent of PA]TIDPC/16 photoincorporation
and M7—-M10 into the Na,K-ATPase-subunit in the Eand & conforma-

] o tions ( = 7). Nor was there any significant difference (
From the amount of*1 counts per minute and the intial ~ 109%) in the amount ofi-subunit protein in the £and &

yield determined from sequence analysis, the specific activi- conformations, as revealed by densiometric analysis of the
ties for each fragment were calculated: V&, Na stained 8% polyacrylamide gels.

condition, 14.6 Cpm./pmo" K condition, 15.3 c_p_m/pmol; [**ATIDPC/16 photoincorporation within the Na,K-AT-
V8_/15A’|_'\|§85222;“0£&5‘7 CET/pmozl,echon(jltloni 41;(9 Pasea-subunit was next mapped by limited enzymatic
cpmdFt)mo ’2 9 / ’ ¥ V(éolrl Ililcg*h 'd't(':pmfgtnzo ’ / digestion withS. aureusV8 protease 13, 20). In Figure 7,
condition, 2.9 cpm/pmot, ' condition, 135.2 cpm autoradiographs of 15% acrylamide mapping gels containing

grgol, K*/cono:itioKn, 1562' (_:pm/ggngl; V81/2' N‘T cor:jdi\ig:, V8 protease digests of the Na,K-ATPaseubunit labeled
-8 cpm/pmol, K condition, 15.5 cpm/pmol; an ' with [*?3]TID and [**4]TIDPC/16 in the & and B confor-

Na" condition, 10.9 cpm/pmol, Kcondition, 20.6 cpm/pmol. 446 are presented. A side by side inspection of the two

Characterization of {]TIDPC/16 Photoincorporation  autoradiographs reveals that in contrast®8][TID there is
into the NaK-ATPase In these studies, we sought to no apparent difference in the extent df{JTIDPC/16
extensively map the sites of?f]TIDPC/16 photoincorpo-  photoincorporation into any of the labeled fragments, and
ration into the a-subunit of theTorpedo Na,K-ATPase. furthermore, there is no detectablé TIDPC/16 incorpora-
TIDPC/16 (Figure 6) is an analogue of the membrane tion into V8 fragments V812 and V8-4. The principal
phospholipid phosphatidylcholine in which the photoreactive [129]TIDPC/16-labeled V8 fragments are V&5, V8—15,
(trifluoromethyl)(iodophenyl)diazirine moiety (TID) is lo-  and V8-14. From direct counting of gel bands, no significant
cated at the end of one of the fatty acyl chains. Photolabeling difference & 10%) was found in the extent ol TIDPC/
of the Na,K-ATPasea-subunit with this photoreactive 16 photoincorporation into V8 fragments ¥&5, V8—15,
phospholipid was undertaken (1) to determine if the con- and V8-14 isolated from ATPase labeled in the two different
formationally sensitive'¥]TID photoincorporation into V8 conformations. Densiometric analysis of the stained 15%
fragments which contain membrane-spanning segments M5acrylamide mapping gels revealed no significantl(%)
and M6 is a reflection of the increased level of exposure of difference in the amount peptide fragment present for each
these segments to the lipid bilayer and (2) to identify the V8 fragment isolated from ATPase labeled in the two
lipid-exposed transmembrane segments of the Na,K-ATPasedifferent conformations, but did reveal the presence of
o-subunit. fragments V8-12 and V8-4. To confirm the identity of the

of the confines of eacH{]TID-labeled V8 fragment within
the Na,K-ATPaset-subunit sequence is shown in Figure 5.
As is illustrated in the map, the two V8 fragments which
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From the amount of?% counts per minute and the intial
yield determined from sequence analysis, the specific activi-
N K Na KT ties for each fragment were calculated: V&, 70 cpm/

2 pmol; V8—15A, 154 cpm/pmol; V&-15B, 25 cpm/pmol; and
V8—14, 93 cpm/pmol.
V8-25-| e - Identifying Indvidual Lipid-Exposed Rransmembrane Seg-
ments of the N&-ATPaseo-Subunit Using 23] TIDPC/
V815 . . . . Vs 14 16. The [A]TID- and [*]TIDPC/16-labeled V8 protease
-

(' Byrip  (*Pyroecis

*V§-12- fragments (V8-25, V815, and V8-14) each contain two

or more membrane-spanning segments (Figure 5 and Table
2). Therefore, further mapping studies were conducted to
determine which, if not all, of these transmembrane segments
) _ ) " are labeled by*f3]TIDPC/16 and hence in contact with lipid.
FicuRe 7: Proteolytic mapping of the sites dffi[TID and [*24]- [2H]TIDPC/16-labeled V8 fragments /825 and V8-14
TIDPC/16 photoincorporation into the-subunit of theTorpedo Fi 5 d Table 2 | . f d
Na,K-ATPase using aureusV8 protease. Na,K-ATPase mem- (Figure 5 and Table 2) are overlapping fragments an
branes were labeled with?fl]TID or the phospholipid TID collectively contain transmembrane segments—-WILO0.
analogue PA]TIDPC/16 under conditions which stabilize either When these two fragments are further enzymatically digested
the(‘j =1 (t')\!a? %f thgéga?ngOVmalﬂgn (seteh _thkeSIg/gen(l:i of F'lgur% 2)  with trypsin and the digests resolved by Tricine SEFAGE,

and subjected to on 1.0 mm thick 8% polyacrylamide :

gels. The Na,K-ATPase-subunit bands were excised following for each fragment there are two labeled bands V\."th apparent
identification by staining, transferred to the wells of 15% mapping Molecular masses of 3 and 6 kDa that are evident on the
gels, and subjected to proteolytic mapping wih aureus V8 corresponding autoradiograph (Figure 8A). These two tryptic
protease (see the legend of Figure 3). Following electrophoresis, fragments, designated T-3 and T-6, were isolated from a
the mapping gels were stained with Coomassie Blue R-250 and Tricine SDS-PAGE gel and further purified by reverse-

subjected to autoradiography (exposure fer2lweeks with an : : :
intensifying screen). The principal?fl]TID-labeled proteolytic phase HPLC. For the T-3 fragment isolated from a tryptic

fragments are as shown in Figure 3: V&5, V8-15, V8-14, V8- digest of either V8-25 or V8-14, two peaks of* counts
12, and V8-4. [*A]TIDPC/16 photoincorporation is restricted to ~ per minute were evident in the HPLC elution profile (Figure

V8 fragments V825, V8-15, and V8-14. The results of  8B). HPLC fractions 33-35 (T-3A) and 3740 (T-3B) were
N-terminal sequencing of théfl]TIDPC/16-labeled V8 fragments pooled separately, and each was subjected to protein
are presented in Table 2. ! .

sequence analysis. For the T-6 fragment, a single peak of
129 counts per minute-containing fractions is evident for both
V8—25 and V8-14, and these fractions37—40) were
pooled and sequenced. Sequence analysis of T-3A and T-3B
revealed in each case the presence of a primary peptide

. . . beginning at Me¥° and Asii*,, respectively (Table 3). On
purified by reverse-phase HPLC. The HPLC elution profiles the basis of the molecular masses of the T-3 fragments and

of the [4[TIDPC/16-labeled V8 fragments (data not shown) the cleavage specificity of trypsin, the predicted C-termini

were nearly identical to those of theit?}]TID-labeled are Arg® (T-3A) and Arg”® (T-3B), indicating that the two

counterparts (Figure 4). As was the case with Eﬁ@]ﬂ'lD- fragments contain transmembrane segments M10 and M9,
labeled V8 fragments, for each fragment there is a primary respectively (Figure 9). Sequence analysis of the T-6

peak of'? counts per minute and a corresponding peak of g ment revealed the presence of a peptide beginning at
protein absorbance (HPLC coluniffl counts per minute Asr®*! and a predicted C-terminus at APg (Table 3). As
recoveries were typically 80%). For each'f4]TIDPC/16- is shown in the map presented in Figure 9, the larger T-6
labeled fragment, peak® counts per minute-containing  fragment contains both the M9 and M10 transmembrane
HPLC fractions were pooledV8—25 (33-36), V8—14 segments. The mapping results of the sites of labeling in
(33-39), and V8-15 [peak A B5-37) and peak B §9— V8—25 and V8-15 indicate that amino acids within trans-
40)]} and subjected to automated N-terminal amino acid memprane segments M9 and M10 have reacted WitH-[
sequence analysis. The first30 amino acids were deter-  T|ppC/16, and therefore, these segments are exposed to the
mined for each V8 fragment with the identity and yield for ipid bilayer (Figure 9). In contrast, the absence of a§f

the first five residues presented in Table 2. For each fragment, TIDPC/16-labeled fragment(s) containing the M7 and M8

a single peptide was detected with any secondary sequencefembrane-spanning segments indicates that these segments
present in an at least-8.0-fold lower abundance. Compari-  ejther are not in contact with lipid or have very limited

son of the results presented in Tables 1 and 2 confirms thatexposure to the lipid bilayer.

V8 fragments V825, V8-15 (A and B), and V814 [129]TIDPC/16-labeled V8 fragment 815 (Figure 7)
labeled with either’P3]TID or [*23]TIDPC/16 are identical.  can be resolved into two separate fragments by reverse-phase
Therefore, one or more of the transmembrane segments oHPLC, and collectively, the two fragments contain trans-
the Na,K-ATPaset-subunit contained within each of these membrane segments MM4 (Table 2). When these two
V8 fragments (MEM4 and M7-M10; Figure 5) are  fragments (unresolved mixture) are further enzymatically
therefore interpreted as having exposure to the lipid bilayer. digested with V8 protease and the digest is resolved by
In contrast, the lack of *PA|TIDPC/16 labeling of V8 Tricine SDS-PAGE, the principal 3] TIDPC/16-labeled
fragments V8-12 (Gly'—-Glu®?%) and V8-4 (Gly’%*— fragments migrate with apparent molecular masses of 12, 6,
GIut?% indicates that transmembrane segments M5 and M6 and 4 kDa. Designated V812, V8—6, and V8-4, respec-

are not in contact with lipid. tively, each of these fragments was further purified by

*V8—4—

principal [**¥]TIDPC/16-labeled V8 fragments (825,
V8—15, and V8-14), each of these fragments was isolated
in a preparative-scale labeling experiment ¢Bnformation
only, *25 cpm recoveries were typically 90%) and further
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Table 2: Identification of ?4]TIDPC/16-Labeled Fragments Produced 8yaureusV8 Protease Digestion of the Na,K-ATPazeSubunit

apparent

molecular N-terminal sequence starting predicted carboxy terminus
fragment mass (kDa) (pmol of residue/cycle) residue (transmembrane segments)
V8—-25 25 S(37)D(27)I1(35)M(22)K(31) 8 Y1022(M7-M10)
V8—15A 15 V(30)S(12.2)L(17.7)D(25)D(16.3) % E76 (M1 and M2)
V8—-15B 15 Y (44)S(34)S(28)E(31)N(16.1) % E®%5 (M3 and M4)
v8—14 14 (primary) Q(23)R(14)K(25)1(26)V(22) o Y1022 (M8—M10)
V8-14 14 (secondary) Y(14)T(8.4)C(6.2)H(9.7)T(12) oy Y1022(M8—M10)

a Apparent molecular mass values are those estimated from the electrophoretic mobility on 15% acrylamide mapping gels (Figure 7). For the
V8—15 fragment, two peaks df% counts per minute were evident in the reverse-phase HPLC profile. HPLC fractior@73fere pooled for
V8—15A and fractions 39 and 40 for V8L5B. The sequence of each fragment was identified within the primary structure ®f taifornica
Na,K-ATPasex-subunit 9). Sequencing yields are presented for V8 fragments isolated from the Na,K-ATPase labeléeAiitDPC/16 under
conditions which stabilize the;Eeonformation.

A P N B the M1 and M2 segments. Transmembrane segment M3 was
P found to be present in the V&B fragment (amino terminus,

’_-'— 2000 Val?’® carboxy terminus, GRi%, Table 3). The results of
29K~ + 100 mapping the sites of'A|TIDPC/16 labeling in V8-15
5K . e 2500 i H indicate that membran_e-_spa.nning segments M1 and M3 are
oy Ezooo | 75 o each exposed to the lipid bilayer, while segments M2 and
S 1500 B M4 have no contact or limited contact with lipid (Figure 9).
Ko 6 8 1000 f 50 § From the amount of? counts per minute and the intial
m'; < yield determined from sequence analysis, the specific activi-
1K 13 & S0F ¥ % ties for each fragment were calculated: T-6 (v&), 205
| L cpm/pmol; T-3A (V8-25), 10 cpm/pmol; T-3B (V8&25),
¢ 812162024 28 92 36 40 274 cpm/pmol; V812 (V8—15), 123 cpm/pmol; V86A
Fraction No. (500 uL) (V8—15), 65 cpm/pmol; V&86B (V8—15), 8.3 cpm/pmol;

FiGURE 8: Trypsin digestion of Na,K-ATPase V8 protease frag- and V8-4 (V8—15), 102 cpm/pmol.
ments V8-25 and V8-14 and reverse-phase HPLC purification

of the resulting 129] TIDPC/16-labeled fragments. (A) V8 protease  DISCUSSION

fragments V825 and V8-14 (Table 2), isolated from Na,K-

ATPase membranes labeled witR][TIDPC/16 under conditions Lipid-Exposed Transmembrane Segments of the Na,K-

which stabilize the Estate, were digested with 25% (w/w) trypsin ) . . :
for 4 days. Aliquots of the digests (7.5% of the total) were ATPaseo-Subunit.The intent of this study was to employ

electrophoresed by Tricine SBPAGE and then subjected to  lipophilic photoreactive probes to identify membrane-span-
autoradiography for 1 week. The migration of prestained molecular ning segments of the Na,K-ATPase which are in contact with

mass standards is shown on the right, and the relative molecular|ipid as well as to monitor conformationally dependent

masses of the principal¥I]TIDPC/16-labeled digestion products movements in the transmembrane domain. The results

are shown on the left for each V8 fragment. (B) For the tryptic .
digests of V8-25 and V8-14, the bulk gf the rrgat)erial was tﬁ/gn provided here demonstrate that transmembrane segments M1,

electrophoresed on 1.5 mm thick Tricine SBBAGE gels, and M3, M9, and M10 of theTorpedoNa,K-ATPasex-subunit
with the use of prestained molecular mass markéf8]TIDPC/ are in contact with lipid and that collectively these segments
16-labeled tryptic fragments T-6 and T-3 were isolated. TH¥{ likely constitute the bulk of the lipietprotein interface of
TID-labeled tryptic fragments were further purified by reverse-phase o Na K-ATPase. Evidence of conformationally dependent
HPLC on a Brownlee Aquapores;@olumn (100 mmx 2.1 mm) ' ' .

as described in Experimental Procedures. The elution of peptidesMovements of transmembrane segments M5 and M6 is also
was monitored by absorbance at 210 nm (solid line, not indicated provided, and these results are discussed in more detail in a
on axis) and elution 0¥ by y-counting of each 50@L fraction later section.

(®). Shown is the HPLC elution profile for the T-3 tryptic fragment Lipid exposure for segments of the Na,K-ATPase was

of V8—25. . . . . .
demonstrated by first tagging lipid-exposed residues in
reverse-phase HPLC. The HPLC elution profile for thev8 transmembrane segments of the intact membrane-bound
12 fragment contains a single peak'8f counts per minute  ATPase using the hydrophobic photoreagent 3-(trifluorom-
and a corresponding peak of absorbance, and fractions 34 ethyl)-3-m-[*?3]iodophenyl)diazirine {?4]TID; Figure 1)
37 were pooled and sequenced. For the-88ragment, two and the phosphatidylcholine analogtfI[TIDPC/16 (Figure
peaks of*? counts per minute were evident in the HPLC 6). Labeled peptide fragments were then isolated from
elution profile and fractions 3437 (V8—6A) and 39 and proteolytic digests of the Na,K-ATPasesubunit and the
40 (V8—6B) were pooled for sequence analysis. Finally, the peptides identified by amino-terminal sequence analysis
single peak oft?d counts per minute in the elution profile (Table 3 and Figure 9). Consistent with the hydrophobic
of V8—4 was pooled (fractions 3436) and sequenced. nature of [P]TID as well as studies identifying the sites of
Sequence analysis of fragments-VR, V8—6A, and V8-4 labeling in other membrane proteins (see r2fs 25, and
revealed in each case the presence of a primary peptide27 and references therein), the vast majority AJTID
beginning at llé' with predicted C-termini at GI®, Asp?, labeling in the Na,K-ATPase-subunit maps to the same
and Asp?, respectively (Table 3). As shown in Figure 9, regions labeled by the photoreactive phospholigifi]f
fragments V8-4 and V8-6A each contain transmembrane TIDPC/16 and therefore represents labeling of lipid-exposed
segment M1, while the larger 812 fragment contains both  regions (Figures 5 and 8). Usin{]TIDPC/16, these lipid-
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Table 3: Identification of ?4]TIDPC/16-Labeled Fragments Produced by Further Proteolytic Digestion of Na,K-ATd®&séunit V8
Protease Fragments V&5, V8-14, and V8-15

apparent
molecular N-terminal sequence starting predicted carboxy terminus
fragment mass (kDa) (pmol of residue/cycle) residue (transmembrane segments)
T-6 (V8—25,-14) 6 N(6.2)S(4.1)I(14.9)F(10.1)Q(4.2) N R1%04(M9 and M10)
T-3A (V8—25,-14) 3 M(255)Y(303)P(153)L(301)K(195) P R1004(M10)
T-3B (V8—25,-14) 3 N(ND)S(10.1)I(19.4)F(10.7)Q(6.6) N R°78 (M9)
V8-12 (V8—15) 12 1(12)L(10.2)A(4.2)R(3.8)D(5.5) “ E6 (M1 and M2)
V8—6A (V8—15) 6 1(25.7)L(30.3)A(28.6)R(12.5)D(32.8) 7 D23 (M1)
V8-6B (V8—15) 6 V(176)G(167)Q(130)T(89)P(66) xP E319(M3)
V8—4 (V8—15) 4 1(10.5)L(14.3)A(9.7)R(8.2)D(8.3) €| D!23(M1)

a Apparent molecular mass values are those estimated from the electrophoretic mobility on 16.5% acrylamide TriciRAGBE§els (Figure
8). The parent fragment for each fragment resulting from further digestion is indicated by brackets. For fragments T-3Grdiy/@eaks of?d
counts per minute were evident in the reverse-phase HPLC profile. HPLC fractior@538ere pooled for T-3A, fractions 3740 for T-3B,
fractions 34-37 for V8—6A, and fractions 39 and 40 for \V&B. The sequence of each fragment was identified within the primary structure of
the T. californica Na,K-ATPasea-subunit @9).

A * * the Na,K-ATPasex-subunit. The fact that nd{J]TIDPC/
Mi M2 M3 M4 16-labeled fragments were identified (e.g., Figure 8 and Table
| — - // 366 3) which contain transmembrane segments M2 and-M4
V8-15(A) V8-15 (B) M8 indicates that neither of these transmembrane segments
- — — is in contact with lipid or that their exposure to the lipid
v8-12 bilayer is substantially limited. The extent ¢f§]TID and

[*9]TIDPC/16 photoincorporation into proteolytic fragments

V8-6 (A) V8-6(B) ..
T —_ containing the M1, M3, M9, and M10 segments V&5,

—15, and—14) is the same whether the fragments are isolated

from ATPase labeled in the;Er E, conformation (Figure

B M7 M8 M*9 N}km 4). These results indicate that the transmembrane segments
of the Na,K-ATPaset-subunit which lie at the lipietprotein

interface do not undergo any detectable conformationally

V8-25 dependent movements, or at least movements of sufficient

magnitude to affect the exposure of these segments to the

— .. 1022

i v { lipid bilayer. However, it remains possible that these lipid-
T-6 exposed transmembrane segments do undergo small confor-
mationally dependent movements or, perhaps less likely, that
P ® 133 there are movements of substantial magnitude but which lead

FIGURE 9: Map of [S]TIDPC/16-labeled proteolytic fragments to compensatory amounts of surface area that is exposed 10
in relation to theTorpedoNa,K-ATPasex-subunit sequence. The  the lipid bilayer and therefore lead to no detectable changes
[*29]TIDPC/16-labeled V8 protease fragments of the Na,K-ATPase in the extent of 9] TIDPC/16 labeling. Additional studies
a-subunit (V8-25, V8-14, and V8-15; Table 2) were further  are presently underway to identify individual lipid-exposed
enzymatically digested and the resulting fragments isolated (Figure amino acids in each of these transmembrane segments, and

8) and subjected to automated N-terminal protein sequencing. Using . . o, ;
the amino acids detected in the first50 cycles of protein the results of these studies should provide further insight into

sequencing, the position of each fragment in relation to the primary any possible conformationally dependent movements of
structure of the intacT. californicaNa,K-ATPaseo-subunit 9) transmembrane segments at the Na,K-ATPase-lipidtein
was determined (Table 3) On the basis of the apparent mOleCUlarinterface_ |nteresting|y’ in a recent report Stokes and col-

mass of each fragment and the known cleavage specificity of trypsin
and V8 protease, the carboxy terminus of each fragment Wasleagues$0), they compared 8 A structures of the Car

predicted. (A) The approximate locations of the membrane-spanning ATPase and F-ATPase and found that the arrangement of
domains (M1-M4) of the Na,K-ATPaser-subunit are shown. The  transmembrane segments was remarkably similar in the two
amino acid stretch and transmembrane segments contained withinmolecules. This was despite the fact that sequence similarities

intact V8 protease fragments ¥&5A and V8-15B as well as iy the membrane-spanning segments of each of these two
fragments generated by further enzymatic digestion of these

fragments are marked by brackets and named in accordance witHA‘TPase are rather Iir_nited_and that the stru_cture of thie-Ca
their apparent molecular mass on a Tricine SIPRGE gel. (B) ATPase was determined in the éonformation and that of

The corresponding map of the fragments generated from tryptic the H-ATPase in the Econformation. The authors inter-
digestion of V8-25 and V8-14 is shown. In both maps, the preted these results as suggesting that small rearrangements
asterisks indicate which transmembrane segments are labeled wmbf the transmembrane segments of P-type ion-motive AT-
2HTIDPC/1 theref to the lipid bil . . .

(] C/16 and therefore exposed to the lipid bilayer Pases take place during cation transport. The results of our

exposed regions were then further mapped. The fact that theStudy showing that there are no detectable movements in
principal 23] TIDPC/16-labeled proteolytic fragments were  the transmembrane segments at the fipdbtein interface
shown to contain transmembrane segments M1, M3, M9, of the homologous Na,K-ATPase are consistent with this
and M10 (Figure 9) indicates that these segments have theconclusion.

greatest levels of exposure to the lipid bilayer and therefore  Structural Transitions of the Transmembrane Segments of
likely constitute the bulk of the lipigtprotein interface of  the Na,K-ATPasea-Subunit. As was discussed in the
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preceding section, the results of recent studies, including the ™~
present study, suggest that cation transport in the Na,K- @k
ATPase as well as in other members of the P-type ion-motive )

ATPase family is accomplished by small movements of the @

transmembrane segments. The results$8fTID photoin- @

corporation into the Na,K-ATPase-subunit provide ad- @ @f

ditional insight into these transmembrane structural transi- =~ N

tions. For [29]TID, there was more extensive labeling of @

the Na,K-ATPasex-subunit in the & conformation than in

the E conformation (Figure 2). The enhancet#i]TID FicUrRe 10: Model of the spatial organization of membrane-
labeling in the & conformation was subsequently mapped spanning segments in the Na,K-ATPase. The model is based on
to fragments which contain transmembrane segments M5 andhe spatial arrangement of transmembrareelices determined for

M6 (Figures 3 and 4 and Table 1). Given the extensive datathe sarcoplasmic reticulum €aATPase ) and has been expanded
implicating residues in the M5 and M6 (as well as M4 and Egénﬂ;‘fgg}epggsqg_'ggg‘ugnic;fitrt"?)f(')';(ﬁﬁtgﬁgsmeenaﬂb;a%i;%%;nneeﬁt of

M8) transmembrane segments as being important for cationgpanning segment.

occlusion and cation transport (reviewed in El), the

obvious possibility is that'f9]TID is binding within the  \hich lead to the identification of amino acids that react
cation transport pathway and reporting conformationally ith [125]TID in the M5 and M6 segments in the;Bnd &
dependent changes in the structure of the pathway. Alongconformations of the Na,K-ATPase will undoubtedly resolve
these lines, TID is a weak inhibitor of thorpedoNa,K- this issue as well as lead to potentially important insights

ATPase, inhibiting ATPase activity in a concentration- g the structural transitions that occur in the transmembrane
dependent manner with and@value of 500uM (data not domain during cation transport.

shown). There are then two components to the photoincor-
poration of TID into the Na,K-ATPase: (1) a conforma-
tionally sensitive component reflecting labeling of amino
acids in the M5 and M6 segments, residues which may
contribute to the cation translocation pathway, and (2) a X .
conformationally insensitive component which maps to arrangement of transmembranehelices n the recently
transmembrane segments also labeled by the photoreactivéJUbl'Shed crystal structure (2.6 A resolution) of the sarco-

phospholipid {28]TIDPC/16 and which are located at the pl_asmic reticulum CH-ATPase. §). The result_s of our;tudy
lipid—protein interface of the Na,K-ATPasesubunit. In ~ With the Na,K-ATPase are largely consistent with the

studies which extensively characterized the site$?8{TID arrangement of transmembraméielices in the C&-ATPase
photoincorporation into the subunits of the nicotinic acetyl- @nd to varying degrees inconsistent with previously proposed
choline receptor (AChR), a completely analogous result was Models for the Na,K-ATPasé(28). In the Na,K-ATPase
found. First, TID is a potent noncompetitive antagonist of ¢-subunit, transmembrane segments M1, M3, M9, and M10
the AChR, and one component d£J]TID photoincorpo- are the principal sites of labeling of the photoreactive
ration which is sensitive to the conformational state of the Phospholipid {4]TIDPC/16 and therefore are interpreted
receptor is localized to the channel-lining M2 segments of &s constituting the bulk of the lipidprotein interface. In
each receptor subuni2, 23, 26). In addition, [23]TID also agreement with the photolabeling data, in thé'GAaTPase
photoincorporates in a conformationally insensitive manner (Figure 10) the corresponding homologous transmembrane
into amino acids in the M1, M3, and M4 transmembrane @-helical segments are each located at the periphery of the
segments of each receptor subunit, reflecting labeling of transmembrane complex with each segment exhibiting
residues situated at the lipigbrotein interface of the AChR ~ Substantial exposure to the lipid bilayer. In the GATPase,

(24, 25). segments M4 M6 and M8 are positioned toward the interior
An alternative possibility is that the difference in the extent Of the complex, which is in line with the role that these
of [*2]TID photoincorporation into the M5 and M6 seg- Ségments play in cation binding and translocation. The lack

ments of the Na,K-ATPasa-subunit is a reflection of a  Of [**J]TIDPC/16 labeling into Na,K-ATPase-subunit
conformationally dependent change in the exposure of theseffagments which contain each of these segments indicates
segments to the lipid bilayer. This possibility is rendered that these segments exhibit little or no exposure to the lipid
unlikely due to the fact that the photoreactive phospholipid bilayer, which is consistent with the Na,K-ATPase and'€a
[123]TIDPC/16 does not label the M5 and M6 transmembrane ATPase having homologous transmembrane structures. Two
segments in either conformation, indicating that these seg-notable exceptions between the photolabeling results with
ments are not exposed to lipid in either the & E; the Na,K-ATPase and the transmembrane structure of the
conformation. Another possibility is tha2fi]TID may not ~ C&*-ATPase are that in the calcium pump transmembrane
bind within the actual pathway traversed by cations but rather segments M7 and M2 are located near the periphery of the
may bind within a pocket formed between the transmembranetransmembrane complex with substantial exposure to the lipid
segments of the Na,K-ATPasesubunit, with the pocket  bilayer. In contrast, no'f]TIDPC/16-labeled fragment was
lined at least in part by the M5 and M6 segments. In this identified containing either the M7 or M2 segment of the
scenario, the change in the extent 8R[TID photoincor- Na,K-ATPase, suggesting that these two segments have no
poration into the M5 and M6 segments in the &d B exposure or limited exposure to the lipid bilayer. These
conformations would reflect a conformationally dependent results may indicate that the spatial organization of trans-
change in the structure of that transmembrane pocket. Studiesnembrane segments in the Na,K-ATPase antt- @d Pase

Spatial Organization of Transmembrane Segments of the
Na,K-ATPasex-Subunit.Figure 10 presents a model of the
spatial arrangements of transmembrane segments of the
Na,K-ATPase. The arrangement is based on the determined
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are different, as suggested by models derived in part by 7.
chemical cross-linking experiment®)( One alternative
possibility is that in the Na,K-ATPase the single transmem-
brane segment of th&subunit may be localized next to the
M7 segment where it could preveitJ]TIDPC/16 labeling

of residues in M7 (Figure 10). In agreement with the
positioning of theB-subunit next to M7 are cross-linking
studies, studies which examined which proteolytic fragments 11.
copurify with the8-subunit of the H-ATPase, as well as 12
other studies 9, 31) that all suggest that thg-subunit '
associates with the region of the-subunit containing
transmembrane segments M7 and M8. However, the above-
mentioned cross-linking studies also support the alternative 14.
positioning of the transmembrane segment of gkgibunit
next to M8. Finally, an additional possibility is that in the
proposed diprotomeric ATPase complexff, (1), the
association involves the M2 segments of eaesubunit. The
association of the two transmembrane M2 segments would 17.
then prevent exposure of these segment32j TIDPC/16

from the lipid bilayer. Clearly, additional studies are needed 18-
to further define the spatial arrangement of transmembrane
segments in the Na,K-ATPase. Studies aimed at identifying 5’
lipid-exposed transmembrane segments in other P-type ion-
motive ATPases, including the €aATPase (SERCAL), are
also currently underway. The results of these studies will
likely provide additional insight into the spatial arrangement
of transmembrane segments in P-type ion-motive ATPases
in general as well as with regard to the lipid exposure of the
M2 and M7 transmembrane segments in the Na,K-ATPase. 24,
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16.

21.
22.

23.

ACKNOWLEDGMENT 25.

We thank Dr. Josef Brunner (Swiss Federal Institute of ¢
Technology Zurich) for kindly providing the tin precursor
TTDPC/16. 27.
28.

REFERENCES

1. Vasilets, L. A., and Schwarz, W. (199Bjochim. Biophys
Acta 1154 201-222.

29.

2. Stokes, D. L., Taylor, W. R., and Green, N. M. (1996BS
Lett 346, 32—38. 30.
3. MacLennan, D. H., Rice, W. J., and Green, N. M. (1997)
Biol. Chem 272, 28815-28818. 31
4. Scarborough, G. A. (200Q) Exp. Biol. 203147—154.
5. Moller, J. V., Juul, B., and LeMaire, M. (199@iochim. 32
Biophys Acta 1286 1-51. '
6. Toyoshima, C., Nakasako, M., Nomura, H., and Ogawa, H.

(2000) Nature 405 647—655.

Blanton and McCardy

Auer, M., Scarborough, G. A., and Kuhlbrandt, W. (1998)
Nature 392 840—-843.

8. Taylor, K. A,, and Varga, S. (1994). Biol. Chem 269,

10107-10111.

Or, E., Goldshleger, R., and Karlish, S. J. D. (1999Biol.
Chem 274, 2802-2809.

Karlish, S. J. D., Goldshleger, R., and Stein, W. D. (1990)
Proc. Natl. Acad Sci U.SA. 87, 4566-4570.

Capasso, J. M., Hoving, S., Tal, D. M., Goldshleger, R., and
Karlish, S. J. D. (1992). Biol. Chem 267, 1150-1158.
Nielsen, J. M., Pedersen, P. A,, Karlish, S. J. D., and Jorgensen,
P. L. (1998)Biochemistry 371961-1968.

Blanton, M. P., McCardy, E. A., Huggins, A., and Parikh, D.
(1998) Biochemistry 3714545-14555.

Sobel, A., Weber, M., and Changeux, J. P. (19%d). J.
Biochem 80, 215—-224.

15. Pedersen, S. E., Dreyer, E. B., and Cohen, J. B. (1D&3l.

Chem 261, 13735-13743.

Pressley, T. A., Haber, R. S., Loeb, J. N., Edelman, I. S., and
Ismail-Beigi, F. (1986)J. Gen Physiol 87, 591-606.

Lowry, O. H., Rosebrough, N. S., Farr, A. L., and Randall,
R. J. (1951)J. Biol. Chem 193 265-275.

Heimburg, T., Esmann, M., and Marsh, D. (1997 Biol.
Chem 272 25685-25692.

9. Laemmli, U. K. (1970Nature 227 680-685.

Cleveland, D. W., Fischer, S. G., Kirschner, M. W., and
Laemmli, U. K. (1977)J. Biol. Chem 252, 1102-1106.
Schagger, H., and von Jagow, G. (198@gal. Biochem 166,
368-379.

White, B. H., Howard, S., Cohen, S. G., and Cohen, J. B.
(1991)J. Biol. Chem 266, 21595-21607.

White, B. H., and Cohen, J. B. (1992)Biol. Chem 267,
15770-15783.

Blanton, M. P., and Cohen, J. B. (199Ripochemistry 31
3738-3750.

Blanton, M. P., and Cohen, J. B. (19%ipochemistry 33
2859-2872.

Blanton, M. P., McCardy, E. A., and Gallagher, M. J. (2000)
J. Biol. Chem 275, 3469-3478.

Brunner, J. (1993Annu Rev. Biochem 62, 483-514.
Modyanov, N., Lutsenko, S., Chertova, E., Efremov, C. R,,
and Gulyaev, D. (1992)cta Physiol Scand 146, 49—58.
Kawakami, K., Noguchi, S., Noda, M., Takahashi, H., Ohta,
T., Kawamura, M., Nojima, H., Nagano, K., Hirose, T.,
Inayama, S., Hayashida, H., Miyata, T., and Numa, S. (1985)
Nature 316 733—736.

Stokes, D. L., Auer, M., Zhang, P., and Kuhlbrandt, W. (1999)
Curr. Biol. 9, 672-679.

Munson, K., Lambrecht, N., Shin, J. M., and Sachs, G. (2000)
J. Exp. Biol. 203 161-170.

Skou, J. C., and Esmann, M. (19&pchim Biophys Acta

601, 386.

BI10015461



