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ABSTRACT. FXYDL1 is a major regulatory subunit of the Na,K-ATPase and the principal substrate of
hormone-regulated phosphorylation by c-AMP dependent protein kinases A and C in heart and skeletal
muscle sarcolemma. It is a member of an evolutionarily conserved family of membrane proteins that
regulate the function of the enzyme complex in a tissue-specific and physiological-state-specific manner.
Here, we present the three-dimensional structure of FXYD1 determined in micelles by NMR spectroscopy.
Structure determination was made possible by measuring residual dipolar couplings in weakly oriented
micelle samples of the protein. This allowed us to obtain the relative orientations of the helical segments
and information about the protein dynamics. The structural analysis was further facilitated by the inclusion
of distance restraints, obtained from paramagnetic spin label relaxation enhancements, and by refinement
with a micelle depth restraint, derived from paramagnetic Mn line broadening effects. The structure of
FXYD1 provides the foundation for understanding its intra-membrane association with the Na,K-ATPase
o subunit and suggests a mechanism whereby the phosphorylation of conserved Ser residues, by protein
kinases A and C, could induce a conformational change in the cytoplasmic domain of the protein to
modulate its interaction with the subunit.

The Na,K-ATPase is the principal enzyme responsible for properties in a tissue-specific and physiological-state-specific
maintaining the gradient of Na and K ion concentrations manner, and their effects on the enzyme’s rate constant and
across cell membranes. The energy required to pump ionsits affinity for intracellular Na or extracellular K ions have
into and out of cells is generated by the hydrolysis of ATP been describedL(-4). While some FXYD proteins increase
in the cytosol through a process that involves distinct the Na affinity, thereby activating the enzyme’s function at
phosphorylated intermediates of the enzyme with different lower Na concentrations, others have the opposite effect, and
affinities for Na and K ions. The enzyme complex is formed these contrasting activities have been ascribed, in part, to
by a catalytico. subunit (110 kD), formed by 10 membrane- specific differences in amino acids of the FXYD transmem-
spanning helices and 2 large cytoplasmic loops that fold into brane domains, which are otherwise highly homologous
4 distinct functional domains, an auxiligfysubunit (31 kD), throughout the protein family across species. The FXYD
with 1 membrane-spanning helix and a highly glycosylated functions are further modulated by their cytoplasmic do-
extracellular domain, and a third regulatory subunit-(7  mains, which may associate with different regions of dhe
17 kD) that modulates the enzyme kinetics, with 1 membrane-subunit to regulate enzymatic activity, and by post-
spanning helix and variable extra and intracellular domains. translational modifications including phosphorylation
The tissue-specific homologues of this third subunit belong (FXYD1') and glycosylation (FXYD5).
to the FXYD protein family, which derives its name from a In heart and skeletal muscle sarcolemma, FXYD1 (PLM,;
highly conserved signature sequence of amino acids (Phephospholemman) is an integral part of the Na,K-ATPase
X-Tyr-Asp) preceding the transmembrane domain. The enzyme complexX, 6), where it plays a role in regulating
FXYD proteins, first discovered associated with the Na,K- muscle contractility. It is also the principal substrate of
ATPase in kidney membranes and in heart sarcolemma, havehormone-stimulated phosphorylation by c-AMP-dependent
been the focus of recent attention due to their ability to finely protein kinases A and C (PKA and PKC) and other kinases
regulate the activity of the enzyme complex in various (6—8), and its activity in different physiological settings is
physiological settingsl—4). affected by its phosphorylation stat8—12). In addition,

The FXYD genes are expressed predominantly in tissuesFXYD1 as well as at least three other FXYD family members
that are electrically excitable or that specialize in transport. can induce ionic currents ifXenopusoocytes and in
Six of the seven mammalian FXYD family members and

the shark homologue have been shown to interact specifically _* Abbreviations: Da, magnitude of the alignment tensor; DTT,

with the Na.K-ATPase and to modulate its functional dithiothreitol; FXYD1, phospholemman, pim; GDO, generalized degree
! of order; HSQC, heteronuclear single quantum correlation; MTSL,
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phospholipid bilayers13, 14); however, the direct formation ~ MATERIALS AND METHODS

of ion channels has not been demonstratedvo, and recent ) -
evidence indicates that the role of FXYD proteins in jon  Sample PreparatiorEXYD1 was expressed, purified, and

transport regulation is solely related to their association with characterized as described previoudly)( SDS-PAGE was

the Na,K-ATPase and other ion transporters. performed with the Tris-Tricine syster2), and gels were
High-resolution structures of the. subunit nucleotide stained with Coomassie Blue. Solution NMR samples were

binding domain 5, 16) and of its fifth transmembrane helix ~ Prepared by dissolving pure lyophilized FXYD1 in 300
(17) have been determined by NMR or X-ray crystal- of buffer (20 mM sodium citrate at pH 5, 10 mM DTT, 10%

lography, and the structure of the Na,K-ATPase complex D20, and 500 mM SDS)'OTO measure RDCS’ the samples
has been determined at 9.5 A resolution by cryo-electron Were weakly aligned in 7% polyacrylamide gels by means

microscopy analysis of two-dimensional crystals of native ©f ei.therl vertical comhpress.ioT gr lgx;()jansic(j)n, as described
kidney membranesL@). In this structure, the electron density Préviously @2). For the spin-label-induced paramagnetic

map clearly identifies the arrangement of the 10 transmem-€/@xation enhancement (PRE) experiments, one of the
brane helices of ther subunit as well as distinct regions CYStéines in the sequence of FXYD1 was changed to serine

assigned to the transmembrane domains oftaed FXYD (C40S) using the QuickChange mutagenesis kit (Strategene).

subunits. The map indicates that the FXYD protein associates' e ,remaif“”g single cysteine_ (Cy.S42) was modified by
reaction with the paramagnetic spin label 1-oxy-2,2,5,5-

with the o subunit in a groove, which was assigned to . i
transmembrane helices M2, M4, M6, and M9 by homology tetramethyld-3-pyrroline-3-methyl (MTSL; Toronto Re-

modeling based on the 2.6 A resolution crystal structure of S€arch Chemicals) or its acetylated diamagnetic analogue
the Ca-ATPasel@). This interaction has been confirmed 1-8C€toxy-2,2,5,5-tetramethglk3-pyrroline-3-methyl. Both

by cross-linking and mutational studies, showing that the reacthns were performed in parallel,_ with two equal portions
FXYD transmembrane domains associate in close proximity ©f Purified FXYD1(C40S), as described by Tamm and co-

to transmembrane helices M2 and M9 of theubunit @0, workers @9). For the Mn-induced PRE experiments, the
21). resonance intensities in th#/1>N HSQC spectrum of

Recently, we reported that the helical structures of FXYDL1, F>_<YD1 were measurgd after the adqmon of Ma@ the
FXYD3, and FXYD4 in micelles mirror the introrexon micelle sample, to final concentrations of 0.5, 0.8, or
structures of their corresponding gen&g)( Although the 1.6 mM. . )

FXYD proteins are relatively small, ranging from about ~ NMR ExperimentsThe *H/**C/**N' NMR experiments,

60 to 160 amino acids, they are all encoded by genes with Used to assign resonances, measure chemical sShiftSN

6 to 9 small exons, which is highly suggestive of modular RDCs, hydrogen exchange profiles, &h*N heteronuclear
gene assembly. The coincidence of helical regions andNOEs for the FXYD family proteins, were described
connecting segments with the positions of intr@xon  Previously @2). NOEs were obtained using the 3EN-
junctions in the genes indicates that the proteins are as-NOESY-HSQC experimen8() with a NOESY mixing time
sembled from discrete structured domains, which may serve©f 150 ms. NOE intensities were measured and calibrated
to confer different functional properties in various physi- USing known inter-proton distances in regions of regular
ological settings. secondary structure and converted into three distance restraint

Here, we present the three-dimensional (3D) structure of Categories with ranges of 1-2.7, 1.8-3.5, and 1.8 5.0 A,
FXYD1 determined in micelles by NMR spectroscopy. All NMR experiments were performed at 4%C. The
Structure determination was made possible by the measurechemical shifts were referenced to ti,0 resonance, set
ment of residual dipolar couplings (RDCs) in weakly oriented O its expected position of 4.5999 ppm at 4D (31). NMR
samples of FXYD1 in micelles to obtain the relative €Xperiments were performed on a Bruker AVANCE
orientations of the helical segments of the protein. The 600 MHz spectrometer. The NMR data were processed using
orientation-dependent information, derived from RDCs, NMRPipe @2), and the spectra were assigned and analyzed
provides very high-resolution restraints for structure deter- Using Sparky §3).
mination and refinement of both globular and membrane Analysis of MTSL PRE Datdhe MTSL PRE data were
proteins as well as detailed information about protein analyzed as described by Battiste and Wagi3d). (The
dynamics 23—26), and in our previous FXYD study, the global correlation time of the protein-detergent micelle
RDCs measured from backbone sites in FXYD1, FXYD3, (10 ns) was taken from the values measured by Girvin and
and FXYD4 were instrumental for the identification of helix ~co-workers for micelle samples of membrane proteins with
breaks that map with the genetic structur2®)(Typically, ~ sSize and aggregation state similar to those of FXYBS)(
the selection of one correct orientation among the set of four The PRE distance restraints were divided in three categories
symmetric degenerate solutions consistent with the RDC datawith ranges of<15, 15-21, and>21 A. In the working
requires the measurement of RDCs in two different alignment PRE range of 1521 A, a 50% uncertainty in the correlation
media. In this study, however, the RDC analysis was time corresponds to an uncertainty-pt A'in the calculated
facilitated by considering the protein structure in the frame distance. To account for uncertainty in the correlation time
of the lipid bilayer membrane and by implementing a micelle and in the conformation of the MTSL label, we used upper
depth restraint during structure refinement. The inclusion of and lower limits of£1.5 A in the structure calculations.
this additional membrane-protein-specific restraint may be  Structure CalculationsStructure calculations were per-
generally useful for structure determination with RDCs. The formed with the program XPLOR-NIH3g). Order tensor
structure of FXYD1 provides some insight for the association analysis of the RDC data and analysis of molecular fragment
of FXYD1 with the Na,K-ATPaser subunit and paves the orientations were performed with the program REDCAT
way for structure determination within the enzyme complex. (37). Rfactors for the RDC data were calculated as described
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by Clore and Garret38). Dihedral angles were derived from A B C
the analysis of chemical shifts with the program TALGS)( yo—
Coordinate rotations and translations were performed using e

MacPyMol (DeLano Scientific LLC) or Fortran scripts. —
Structures were rendered in MacPymol. The protein surface i

electrostatic potential was calculated with the program

GRASP @0), with inner and outer dielectric constants of fl‘i:

4 and 80, respectively. Structures were validated with ' .-
PROCHECK #1). All calculations were performed on a 2.16 Bl

GHz Intel Core Duo MacBook Pro running OS X 10.4.8.

A starting structure was generated from extended randomFicure 1: SDS-PAGE of purified FXYD1 obtained with or without
coil coordinates using a high-temperature-simulated anneal-the reducing agenp-mercaptoethanol. (A) Molecular weight
ing protocol @2) with XPLOR-NIH internal dynamics4@). markers. (B) FXYD1 withouB-mercaptoethanol. (C) FXYD1 with
Dihedral angle restraints were imposed by a quadratic p-mercaptoethanol.
harmonic potential with a force constant of 400 kcal ndol
rad 2. Hydrogen bonds for backbone sites in the transmem-
brane helix (residues 188) were derived from hydrogen
eXChange prOfIIeS2Q) and imposed by reStraining the O-H RESULTS AND DISCUSSION
distances to 2+ 0.2 A and the O-N distances to &

0.2 A, with a force constant of 50 kcal mélA—2. Distance Oligomerization Staté=XYD1 has been shown to induce
restraints derived from NOEs were imposed by a flat-well ionic conductance when it is expressedX@nopusoocytes
harmonic potential with a force constant of 50 kcal ntol ~ or when it is incorporated in planar lipid bilayers3( 14),

A—2. The torsion angle database Rama potendd) (vas and similar observations have been made for its homologues
used with a force constant of 0.2 to select preferred side FXYD2—4 (1—4), raising the possibility that channel forma-
chain conformations relative to the backbone dihedral angles.tion could be another mechanism by which the proteins
Other force constants were as described by Nilges and co-regulate ion transport across the plasma membrane. Recent
workers @2). studies, however, showed that FXYD3 has no effect on

A second simulated annealing step was performed at low chloride conductance across the membranes of T3M4
temperature45) to impose RDC restraints with the XPLOR-  pancreatic cancer cells where it is overexpresgeatl ¢nd
NIH SANI potential @6). In this step, we used only the that FXYD4 modulates ionic currents through its interaction
RDCs measured for residues in helical segments of thewith the KCNQ1 depolarization activated channeds)(
protein, with similar degree of order and with values of the Furthermore, ion channel formation would entail protein
heteronucleatH/*>N NOE greater than 0. During simulated homo-oligomerization; however, there is no evidence of
annealing, the temperature was cooled from 300 to 20 K in FXYD1 or other FXYD proteins associating as homo-
steps of 10 K, with 7 ps of internal dynamics at each multimeric assemblies, free from Na,K-ATPase. In contrast,
temperature, the RDC restraint force constant was rampedphospholamban, the Ca-ATPase regulatory protein to which
from 0.01 to 5.0 kcal HZ2 the NOE and hydrogen bond channel activity is also ascribed, can adopt a pentameric
distance restraint force constants were ramped from 2 tostructure in SDS and other detergert851).

20 kcal mot™ A2, the dihedral angle restraint force constant ~ On SDS-PAGE, in the presence of reducing agent, FXYD1
was held at 300 kcal mot rad™?, and the Rama potential migrates with an estimated molecular mass corresponding
force constant was held at 0.2. The other force constantsto that of the monomeric protein (8.4 kD; Figure 1C),
were as described by Bax and co-worket5)( whereas in the absence of reducing agent, bands correspond-

A third simulated annealing step was performed with semi- ing to dimers and higher order aggregates, up to hexamers
rigid-body internal dynamics to link the molecular fragments (50.4 kD; Figure 1B), are also seen. We have observed
in their correct relative positions. In this step, the coordinates similar results for the other family members, FXYB2
of the backbone atoms (N, O, C, CA, HA, and HN) of FXYDS5, indicating that they are also monomeric in SDS
residues 1343 were fixed, while those of residues-669 and that oligomerization is through the formation of disulfide
were grouped as a rigid body that was allowed to undergo bonds between the free Cys side chains. Indeed, we have
translational, but not rotational, motion. The atoms in the found that a mutant of FXYD3, where all four cysteines in
side chains and the termini and connecting loop were allowedthe sequence are changed to serine, always migrates as a
both rotational and translational degrees of freedom. Spin single band corresponding to monomer in both SDS and
label PREs were imposed by restraining the OS1-HN PFO, a detergent that has been shown to maintain the
distances between the paramagnetic oxygen atom of MTSLquaternary oligomeric structures of membrane protesgk (
and the backbone amide proton, with a force constant of In all FXYD proteins, the cysteines are exposed to the
40 kcal mott A-2. The MTSL parameter and topology files  reducing environment of the cytoplasm or the plasma
developed by Battiste and Wagn&4), available with the membrane and do not participate in disulfide bonds. Two
XPLOR-NIH package, were used. Dihedral angle and NOE independent electrophoresis studies found that 20-residue
restraints were imposed with force constants of 400 kcal peptides corresponding to the transmembrane domains of
mol~* rad2 and 40 kcal mol* A2, respectively. Mn PRE  FXYDL1 (53) or FXYD2 (54), where no cysteines are present,
restraints were implemented by applying harmonic coordinate migrate as monomers in SDS but form oligomers in PFO.
plane restraints with a force constant-6800 kcal mot* While the results from the FXYD1 peptide were suggested
Aeto the backbone HN atoms of residues 60 and 68 to restrictto reflect channel formation, the propensity for self-associa-

their translational motion within arz plane parallel to the
membrane surface.
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tion in the FXYD2 peptide was interpreted as a reflection A
of its ability to associate with the transmembrane domain of ESPKEHDPFTYDYQSLOIGGLVIAGILFILGILIVLSRRCRCKEN
the Na,K-ATPasex subunit rather than intrinsic channel QQQRTGEPDEEEGTFRSSIRRLSTRRR
activity. B
In NMR studies of membrane proteins, very high detergent —m—m
concentrations are typically used to ensure the presence of C
no more than one protomer per micelle (one protein per B i
micelle for monomers or one protein complex per micelle =l ‘h
for oligomers). In our NMR samples, where the critical i o4q ! - m ‘ .h
micelle concentration is estimated to be 4 mM and the -I
aggregation number 96%), the probability of finding more -1

L L L L LR L R

than one protein per micelle is 0.93 at 25 mM SDS but
decreases to 0.08 at 200 mM SDS and plateaus to 0.02 at
400 mM SDS.

Association with the MicelleWe examined théH/*N
HSQC spectra of FXYDZFXYD4 in several well-charac-
terized micelle-forming detergents and obtained the best
results in SDS micelles5¢). Although SDS is widely
assumed to be a universal protein-denaturing detergent
because of its common use in protein electrophoresis, many
integral membrane proteins retain their structures in SDS
micelles §7). Because the majority of functional and
structural studies of Na,K-ATPase have been done on
enzyme purified in the presence of SD$8), and the
noncovalent associations of, § and FXYD subunits are el i O = Ol il
maintained through the SDS purification process, we rea- residue number

soned that this detergent would also be a good choice forFicure 2: Effect of Mn-induced PRE on the resonance intensities.
FXYD structural studies. (A) Amino acid sequence of human FXYD1 with helical regions

; underlined. Residue numbering begins at 1 after the signal sequence
FXPJS\QOU.SW’ W.? ShOW(i_d that the t‘?’ecom.jtzr)é Sl.trusturi of (NCBI protein accession: NP_068702). (B) Protein secondary
MIITOrs Its genetic organization, wi elix breaks  gyrycture. (CYH/*N heteronuclear NOEs. (D) Normalizéd/*>N

occurring at the sites of the intron-exon junctions of the gene HSQC peak intensities obtained witholtyg,, black bars) or with
(22). The overall structural features are summarized in Figure (1w, gray bars) 1.6 mM MnGl Positions that are left blank

2B. The transmembrane helix (H2) is preceded by a short ngeiliéozgi;) Fgg;'?::, épii Ec?f n?gﬁ' 223)e(gk9\r/]‘fé|r?§feglfeS())nanceS

H H : H H . | 1Z | I .
h?"ca' segment (H1) of approxmately five residues, beg”." gI'hei?mrizontal square bl;ackets mark rgsidues in HgﬂanaMlq4 with
ning at Aspl2 of the FXYD signature sequence, and is gjmilar protection from aqueous Mn.
followed by a third short helix (H3), spanning the conserved
basic RRCRCK sequence of the protein. Th#'°N het- sites in the micelle. The profile indicates that residues
eronuclear NOEs (Figure 2C) and the HSQC peak intensities60—68 in H4 are protected from interaction with the
(Figure 2D; black bars) indicate that H1, H2, and H3 have aqueous Mn ions to a similar extent as for residues4®
similar backbone dynamics. A fourth helix (H4), containing in H3, indicating that both segments are buried at a similar
the S63 and S68 consensus sites for phosphorylation by PKAdepth within the micelle. Residues 238, in the trans-
and PKC, is separated from H3 by a flexible linker with  membrane helix (H2), are buried deeper in the micelle
significantly smaller values of th#4/:°>N NOE and signifi- because their amide HN resonances retain nearly 100% of
cantly greater peak intensities. their intensity after the addition of Mn&lin contrast, peaks

To probe the association of FXYD1 with the micelle, we from H1 and sites in the flexible loop and in the termini
examined the effect of Mngbn the'H/!SN HSQC spectrum.  experience a total or substantial loss of resonance intensity
The paramagnetic electrons in the Mn ion induce distance-in the presence of Mn, reflecting the exposure of these sites
dependent broadening of peaks from protein sites that areto the aqueous environment. Because the Mn PRE profile
solvent-exposed, whereas residues in the hydrophobic interioreffectively serves as a ruler for the depth of insertion of
of the micelle, such as those in transmembrane helices, areFXYD1 in the micelle, we implemented it as a restraint to
mainly unaffected. The addition of Mngb FXYD1 resulted define the relative positions of the helices in the structure
in substantial line broadening and disappearance of peaksalculations.
from amino acids in the N- and C-terminal regions of the  Structure DeterminationStructure determination relied
protein in H1 and in the flexible linker (Figure 2D and E). primarily on restraints from RDCs, dihedral angles, H/D
In contrast, peaks from H2 and H3 retained significant or exchange measurements, Mn PREs, and MTSL PREs. No
full intensity, indicative of association with the micelle. long-range NOEs could be identified connecting helix H4
Notably, the peaks from residues in H4 also retained much to the rest of the protein across the 10-residue flexible linker.
of their intensity, indicating that this region of the protein In a first stage of simulated annealing, a starting structure
also associates strongly with the hydrophobic micelle. was generated using dihedral angles, hydrogen bonds, and

The Mn PRE profile in Figure 2E displays the residual short- or medium-range NOEs but no RDCs. Order tensor
intensity measured for each peak after the addition of MnCl analysis of the RDC data yielded similar values of the
and reflects the depth of insertion of the respective protein alignment tensor’'s magnitude (D= 12.7), rhombicity

intensity

residual intensity
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12 > Fragment A (residues-150) includes helices HtH3, and

o fragment B (residues 5172) includes the flexible linker and
f helix H4. Rotation of each molecular fragment into the
L ° principal axis frame of its order tensor, followed by 280
rotations around the principal Sxx, Syy, or Szz axes to
4 generate four degenerate orientations, yielded four possible
e combinations of fragment A with fragment B, each consistent
UL WL SR WL | with the experimental RDCs (Figure 4). The selection of a

-12 -6 0 6 12 ' S
calculated RDCs (Hz) single fragment combination among these four degenerate

FiIGURE 3: Correlation between HN RDCs measured experimentally Solutions was made possible by further rotating the fragments
and HN RDCs back-calculated from the refined structure of in the frame of the membrane and considering the Mn PRE
FXYD1. The RDCs from the flexible linker and terminiD} profile as well as the amphiphilic character of H4, which
correlate poorly with those from the helical region of the protein (ictates the sidedness of its association with the membrane-
(®; rmsd= 0.31;R factor = 0.07). water or micelle-water interface.
The absolute orientation of fragment A in the membrane

(R=0.4), and generalized degree of order (GB0.00074) is not determined by the solution NMR data obtained in
for residues in the helical regions of the protein, indicating micelles; however, we found that by viewing the structure
that they experience similar ordering in the aligned detergentin the membrane frame, there is only one solution for
micelles. Because H4 is connected to the rest of the proteinfragment B (Figure 4, solution 1) that can simultaneously
by a long flexible segment, the observation of a common satisfy both the Mn PRE data and the amphiphilic polarity
order tensor reflects the independent association of theof amino acids in helix H4, with apolar residues (Phe60,
transmembrane and cytoplasmic helical regions with the lle64, and Leu67) facing the membrane interior and charged
micelle. In contrast, the flexible loop and termini have a residues (Arg6l, Arg65, and Arg66) facing the aqueous
substantially reduced and completely different degree of exterior. The Arg hydrocarbon side chains are sufficiently
order. A second stage of simulated annealing, performed atlong to reach the membrane surface, while allowing H4 to
low temperature with the RDC restraints, yielded a refined penetrate the membrane below the walgrid interface.
structure with excellent agreement (rmsd0.31; R factor Solution I is also consistent with the solid-state NMR spectra
= 0.07) between experimental and calculated RDCs acrossof FXYDL1 in lipid bilayers, which indicate the presence of
all four helical regions of the protein (Figure 3). a helical segment associated with the membrane surs&e (

The relative orientations of helices HH3 are well Solution Il, however, has an opposite amphiphilic polarity
defined by the dihedral angles and the RDCs. However, to the membrane, with apolar side chains facing out and
because H4 is loosely connected to the rest of the protein,charged side chains facing in.
this initial refined structure represents only one of four = The membrane Y and Z axes were selected to allow the
possible orientations of H4 that are consistent with the RDC transmembrane helix to cross the membrane at an angle of
data. To determine the orientation of helix H4, two molecular 15°, in agreement with the solid-state NMR data for FXYD1
fragments were generated by dividing the coordinates of theand other FXYD proteins in oriented lipids bilayeiS5y.
refined initial structure into two sets for independent order Rotation around the membrane X axis satisfies both ttie 15
tensor analysis with the experimental RDCs. transmembrane tilt and the amino acid amphiphilic polarity

»

.
>

measured RDCs {Hz)}
(=]
pvnalaeanaliranalenniel
[e]
o
0
o
o]

=y
N
1Y

| ]
R65, R66
R41 Le7
R61
i F60 164
Y — 6s
X
Z Szz
Syy
Sxx

1.0 0.75 0.5 0.25 0.0

Ficure 4: Molecular fragments of FXYD1 oriented in the frame of the alignment tensor (Sxx, Syy, and Szz; black axes) and of the
membrane (X, Y, Z; gray axes). Fragment A (shown at left) can be linked with one of four possible orientations of fragme¥f) Brtie

red color gradation reflects the degree of protection from Mn-induced PRE, with full protection in the center of the membrane (gray) and
no protection outside the membrane (red). The total Mn protection profile corresponds to a length of 32 A along the membrane Y axis. Side
chains from basic residues in helix H3 (R37, R39, R41, and K43) and helix H4 (R61, R65, and R66) are shown in blue. Side chains from
apolar residues in H3 (C40, C42, and F44) and H4 (F60, 164, and L67) are shown in yellow.
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Ficure 5: Tube representation of the FXYD1 structure in the frame
of the membrane (gray box) and of the alignment tensor (Sxx, Syy,
Szz). (A) Helix H4 is nearly parallel to Szz. This is consistent with
helix reorientation around Szz, resulting both in a GDO value
similar to that of helices HtH3 and greater dynamics observed
from the heteronuclear NOEs and resonance intensities. (B) Helix
H4 viewed from the C-terminus. A maximum helix reorientation
of p ~ 40°, around Szz, maintains the amphiphilic polarity of
hydrophobic and hydrophilic side chains at the membrane surface.

of H4. The resulting orientation of fragment A also satisfies
the amphiphilic character of H3, allowing the charged Arg
and Lys side chains (Arg38, Arg39, Arg4l, and Lys43) t0 Figre 6: Molecular backbone and surface representations of
point away from the membrane interior and into the aqueous FXYD1. (A and D) In the helical regions, basic side chains are

phase, whichin vivo, corresponds to the cytoplasm. shown in blue, acidic side chains are red, and apolar side chains

In the membrane frame of reference’ it becomes apparentare ye”OW. The three Ser residues (862, S63, and 868) and Thr69

: in the cytoplasmic helix are in green. (B) The surface is color coded
that SpluFlOﬂS i and IV Of fragment B both send HL} with regions of electrostatic potential —8kgT in red and regions
plunging into the hydrophobic interior of the membrane, in of electrostatic potential> +8keT in blue, where k is the

violation of the Mn PRE data. For example, to satisfy the Boltzmann constant, and T is the temperature. (C) The structure is
Mn PRE profile of Arg61, whose amide peak retains-60  viewed 90 around the membrane Y axis from A and B. Residues
70% of its intensity in the presence of Mn, solution Il would in the transmembrane helix (G20, A24, G25, F28, G31, and V35),

I predicted to interact with the Na,K-ATPaeesubunit, are shown
have to place Thr69, which is nearly fully exposed to Mn, in yellow. (D and E) The structures are viewed down the membrane

at the center of the membrane hydrophobic core, at a depthsrface from the cytoplasm, 9@round the membrane X axis from
similar to that of residues in the transmembrane helix that C. The structure has been deposited in the Protein Data Bank (pdb

are fully protected. A similar but opposite situation is accession code: 2JO1).

encountered with solution 1V, which would have to place

Thr59 (~90% exposed) in the hydrophobic interior of the

micelle to satisfy the Mn PRE profile of Leu6~{0% dynamics were restrained by the PRE-derived distances

protected). between the MTSL label at Cys42 and residues in H2 and
The molecular fragments were linked in their correct H4, by dihedral angle restraints and by short- to medium-

relative orientations and positions by a third and final range NOE distance restraints.

simulated annealing calculation, where the backbone coor- In addition, the Mn PRE micelle depths were implemented

dinates of residues 1314 (H1 to H3) were fixed, while those  as harmonic coordinate plane restraints for the backbone HN

of residues 6669 (H4) were allowed to undergo only atoms of residues 60 and 68 to confine residues in H4 within

translational motions as a rigid group, and atoms in the the XZ plane, parallel to the membrane surface, same as that

termini, flexible loop, and side chains were free to undergo of residue 42, which experiences a similar Mn PRE effect.

both rotational and translational motions. In this step, the The Mn PRE profile effectively places residues in H4 at a
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depth similar to that of residues 395 in H3. The resulting PFTYDYQSLQIG&V:??I L?I Lgl e
N omi ) T FXYD1(h)

structure of FXYD1 in micelles is represented in Figures 5 FXYD2(h) PFYYDYETVRNGGLIFAGLAFIVGLLILLS

and 6. _ _ o FXYD3(h) PFYYDWHSLQVGGLICAGVLCAMGIIIVMS

Implications for Protein Dynamic®RDCs contain infor- FXYD4(h) PFYYDWKNLQLSGLICAGLLAIAGIAAVLS

mation about molecular orientation and dynamics and are ii:ggg:g ::::g:g:tE’;Egtb::g:ti;;g}EE'I-IE

sensitive to motions spanning a wide range of time scales.  eyypzm)  PEYYDYNTVQTVGHMTLATILFLLGILIVIS

For FXYD1, although the RDC data indicate that helix H4

experiences a degree of order in the micelle similar to that D .

of the transmembrane helix. the heteronuclear NOEs andF'GURE 7: Amino acid sequences of the transmembrane domains
intensities indi ,t . d d ics in thi from the human FXYD proteins. The fully conserved Gly residues,

resonance intensiies indicate increased dynamics in thisy, positions 20 and 31 are highlighted in gray and marked by black

region. The presence O_f dlfferent_degrees of internal motions circles. Other key residues, at positions 24, 25, 28 and 35, are

between two domains in a protein can affect the parametersmarked by white circles. Residue numbering is according to

describing the degree of order and mean orientation of eachFXYD1.

domain relative to the magnetic field, and Tolman and co-

workers have discussed these effects in defd). ( Table 1: NMR and Structure Refinement Statistics
The effects of dynamics on the generalized degree of order Experimental Restraints Used in
depend on the direction of the axis for internal dynamic Structure Calculation and Refinement
reorientation relative to the alignment frame; coincidence of NOE distance restraints _ 447
the reorientation axis with the Szz principal axis of the Rﬂy;ié?_gggg%ndtdlstancetre_stltramts 1%7
H H IStance restraints
alignment tensor has the_: minimum eff_ect on degr_ee of order, HN RDC orientation restraints 55
whereas coincidence with the Sxx alignment axis produces dihedral angle restraints 41
the maximum effect. As seen in Figures 4 and 5, the long Mn PRE harmonic restraints 2

axis of helix H4 is nearly parallel to the Szz axis of the
FXYD1 alignment tensor; therefore, a reorientation of H4
around its length, on the membrane surface, would be

Structure Statistics (rmstl)

violations from restraints

. . . distance restraints rsmd (A) 0.082
consistent with both a minimum effect on the degree of order dihedral angle restraints rsmd ( 2.029
and with the observation of greater dynamics in this region HN RDC restraints rsmd (Hz) 0.310
of the protein. Although the extent of helix H4 reorientation HN RDC R factoP (Hz) 0.070
cannot be gauged by the data, inspection of the structure deviation from idealized geometry
suggests that rotational excursions as large ag#6e 40°; bonds (A) 0.005
Figure 5B) would be consistent with maintaining the helix fﬂ:gﬁ;gs 0 8‘%3
amphiphilic polarity with respect to the micelle surface, with #/W in the most favored regi6r(%) 88.5
apqlar reS|d}Jes facing the membrane interior and polar average pairwise rméd
residues facing out. backbone atoms (A) 0.128

Structure of FXYDL1.Different representations of the heavy atoms (A) 7.515
resulting structure for FXYD1 in micelles are shown in average rmsd from mean structiire
Figure 6. The structure coordinates have been deposited in backbone atoms (A) 0.882
the Protein Data Bank (pdb accession code: 2JOL). The heavy atoms (A) 5.257

FXYD motif forms a disordered segment, albeit with some  ®Calculated for 20 lowest energy structures out of a total 40
propensity for helical structure, preceding the short helix H1 Caé'ct"alted Strqcﬁuéﬁbcgl'_lcé'ggdcalccﬁrd"(‘jgfto Ch'ore and G"’(‘j”e“)_(

: . : . ¢ Calculated wit . Calculated for the structured regions
(Figure 6A). The function of the FXYD sequence is still e protein from residues 314 and 66-69.
unclear, although one study has shown that it is required for

the stable interaction of FXYD2 or FXYD4 with the The very high conservation of amino acids in the trans-
subunit 68). Alternatively, the FXYD sequence could membrane helices of all FXYD proteins suggests their
constitute a sorting or localization signal. involvement in specific intramembrane helix-helix interac-

In the transmembrane helix of FXYD1, the Phe28 aromatic tions with Na,K-ATPase and possibly other partners, and it
ring forms a significant protrusion out of a groove lined by is tempting to speculate that the specific activities of the
small residues (Gly20, Ala24, Gly25, Gly31, and Val35) FXYD proteins are related, in part, to subtle differences
along one side of the length of the helix (Figure 6C). The in their transmembrane sequences. For example, while
Gly residues at positions 20 and 31 are fully conserved in FXYD2 (Phe at position 28) reduces the Na affinity of the
the sequences of all FXYD proteins across species Na,K-ATPase, FXYD4 (Ala at position 28) increases it, and
(Figure 7), and positions 24, 25, and 35 typically take small their opposing activities and unique expression patterns in
side chains (Ala, Gly, Val, or Leu). Position 28, however, distinct segments of the kidney help define the physiological
displays more variability in the type and size of amino acid differences in Na,K-ATPase activity among the kidney
that it can accommodate and is occupied by Phe in FXYD1, nephron segmentd<{4). Furthermore, in kidney membranes,
FXYD2, and FXYD5-7, or by the smaller residues Cys and the transmembrane helix of FXYD2 associates with the
Ala in FXYD3 and FXYD4 (human sequences). A recent transmembrane domain of the subunit, whereas the
study showed that a Cys residue placed at position 28 mutation G41R (corresponding to position 31 in FXYD1)
(FXYD1 numbering) in the transmembrane helices of causes misrouting of the protein by inhibiting its association
FXYD1, FXYD2, and FXYD4 allows cross-linking to the  with Na,K-ATPase and is linked with renal or intestinal
o subunit M2 transmembrane heliQ), as first suggested  familial hypomagnesemi&@). The data, therefore, indicate
by the cryo-electron microscopy structuris). that the conserved Gly residue at this position plays a role
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in mediating helix-helix interactions between the FXYD reorientation, thereby providing a mechanism for modulating
transmembrane helix and Na,K-ATPase. The structure of the interaction of FXYD1 with thex subunit.

FXYD1 shows that Gly31 and the other conserved trans-

membrane residues line one strip along helix H2 that is CONCLUSIONS

unencumbered by the cytoplasmic helix H4 and thatis free 1 gtrycture of FXYDL1 is the first to be determined for

o mte_ract with th_ea sub_umt. . ) .. the FXYD family of Na,K-ATPase regulatory subunits and
Helix H4 associates with the micelle surface and is buried highlights some key features that suggest its mode of
in the micelle to a similar extent as for residues3® at  555qciation with the: subunit of the enzyme. A long groove
the end of the transmembrane segment. The Arg and LyS¢qrmed by highly conserved amino acids runs parallel to the
side chains from residues 38, 39, 41, and 43 in H3 and |gngth of the transmembrane helix, delineating the likely
residues 61, 65, and 66 in H4 are sufficiently long to reach pinging interface of FXYD1 with the. subunit. The groove

the membrane surface with their positively charged groups, is interrupted by the aromatic ring of Phe28, which protrudes
thus anchoring these segments to the cytoplasmic lipid-watert.o 1 the transmembrane helix near the middle of the

interface. Phosphorylation of FXYD1 by PKA and PKC has  qronhobic lipid core. Cross-linking experiments indicate

been shown to affect both its Na,K-ATPase regulatory o phe2g of FXYD1 is located near Cys145 in the M2

activity and possibly its mode of association with the  yangmembrane helix of thesubunit @0). Interestingly, the
subunit §—12). In the structure, the cytoplasmic Ser residues  ,yimity of Phe28 to this site also places it near Phe146 in
that are phosphorylated by PKA (S68) or PKC (S63, S68) \12, raising the possibility that aromatic ring stacking could
point to opposite directions of H4 (Figure 6D and E) and giapijize the FXYDe: interaction within the membrane.
are exposed to the surface and available for interaction with Preliminary docking studies with the structure of FXYD1
the kinases. The other two potential phosphorylation sites, 5nq a model of the Na,K-ATPase generated by homology
S62 and T69, are also surface-exposed. with the crystal structure of Ca-ATPas&8( 64) indicate
The role of FXYD1 may be analogous to that of phos- nat this is possible.

pholamban, which regulates the sarcoplasmic reticulum Ca-  £xyp1 differs from FXYD2. FXYD3. and EXYD4 in
ATPase. However, unlike FXYD1, phospholamban can exist {4 presence of a well-defined cytoplasmic helix loosely

either as a monomer or as a homo-pentamer, which may onnected to the rest of the protein by a long flexible linker.
represent a channel-active form of the protein. Monomeric 1o emerging structures of FXYD2 and FXYD3 show
phospholamban forms an L-shaped helical structure, wherengjgerably less structural order in this region, while the

a short N-terminal intracellular helix associates with the cytoplasmic helix of FXYD4 is more rigidly connected to
membrane surface, and is linked to the transmembrane helixthe transmembrane domain. This may reflect the ability of

by a short segment that contains the Ser phosphorylation site-yyp1 g undergo helix reorientation as a means to
(60). Phosphorylation increases the dynamics of the linker o4y jate its interaction with the subunit. Initial NMR

(61) and could predisposg the protein for a conformationa_l experiments with FXYD1 phosphorylated at Ser68 by PKA
rearrangement of the helices. However, in the pentamericinqicate that phosphorylation increases the dynamics around
form, the N-terminal helix is not membrane associated but | 4jix H4, and it will be interesting to see whether this is
extends out from the membrane to form a funnel-like channel accompanied by a conformational change and detachment
structure 49). The observation of two types of helix ¢4 the lipid surface.
orientations in phospholamban indicates a propensity for
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membrane surface could be triggered by phosphorylation,

which introduces repulsive negative charges at S63 and S68 This paper published ASAP on May 19, 2007 with an error
in H4. Indeed, a recent study, measuring fluorescence energyin the accession code in the caption of Figure 6. The correct
transfer between fluorescent-protein-linked FXYD1 and the version of this paper published on May 29, 2007.
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