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Abstract

FXYD?2 is a membrane protein responsible for regulating the function of the Na,K-ATPase in
mammalian kidney epithelial cells. Here we report the structure of FXYD2b, one of two splice
variants of the protein, determined by NMR spectroscopy in detergent micelles. Solid-state NMR
characterization of the protein embedded in phospholipid bilayers indicates that several arginine
side chains may be involved in hydrogen bond interactions with the phospholipid polar head
groups. The structure and the NMR data suggest that FXYD2b could regulate the Na,K-ATPase
by modulating the effective membrane surface electrostatics near the ion binding sites of the
pump.

1. INTRODUCTION

The critical balance of Na* and K* ion concentrations across cell membranes is maintained
primarily by the Na/K-ATPase, an integral membrane enzyme complex that hydrolyses
intracellular ATP to generate the energy required to exchange three Na* ions for two K*
ions across the plasma membrane [1-3]. The enzyme’s activity is regulated by its three
subunits - a catalytic asubunit, an auxiliary psubunit and a regulatory ysubunit, also known
as FXYD protein due to a conserved amino acid sequence in its N-terminus. The expression
of FXYD genes is tissue-specific, cell-specific and developmentally regulated. The proteins
are prevalent in the early stages of fetal life, in tissues that specialize in fluid or solute
transport or that are electrically excitable. Their association with the Na,K-ATPase induces
specific changes in the enzyme’s kinetics and affinity for Na*, K* and ATP [3-6]. Several
FXYD family members have been linked with major human diseases, including heart failure
(FXYD1) [7], hypomagnesemia (FXYD2) [8], cancer (FXYD3, FXYD5) [9, 10], and
schyzophrenia (FXYD®6) [11], and represent attractive targets for therapeutic development.
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Although the FXYD proteins typically possess a single transmembrane helix and are
relatively small, they are all encoded by genes with as many as nine exons [5]. Interestingly,
the protein structures mirror the intron-exon arrangements of their corresponding genes,
suggesting that discrete structured domains may have evolved to confer different functional
properties in various physiological settings [12]. The family members share a core
homology of 35 conserved amino acids, in and around a single transmembrane segment
(Fig. 4A). The short signature motif, PEXYD (Pro, Phe, X, Tyr, Asp) is highly conserved in
all known mammalian proteins, with residue X usually occupied by Tyr, but also Thr, Glu,
or His. Conserved basic residues flank the transmembrane region, the extracellular N-
termini are acidic, and the cytoplasmic C-termini are basic. However, outside of this
homology region there is little sequence conservation among the family members. The
distinct functionalities of FXYD proteins on the Na,K-ATPase's rate constant and affinities
for Na*, K* and ATP are largely ascribed to differences in their cytoplasmic domains,
whose sequences vary widely among the family members.

FXYD?2, the first FXYD protein to be identified as an accessory component of the Na,K-
ATPase [13, 14], inhibits the activity of the pump by increasing its apparent affinity for both
Na* and K* [15-20]. Its function is modulated by post-translational modification [16, 18], as
well as by gene splicing and RNA editing, which respectively govern the expression of two
splice variants, FXYD2a and FXYD2b, and of a truncated form of FXYD2b that is not
exported to the plasma membrane [5, 13, 14, 21]. The two splice variants of FXYD2 have
identical amino acid sequences, except in their N-terminal segments, encoded by the first
exon [22, 23]. Both FXYD2a and FXYD2b are expressed primarily in kidney, albeit in
distinct nephron segments, with FXYD2a in proximal and FXYD2b distal convoluted
tubules [23-26]. The function of FXYD2 has been implicated in embryonic development
[27], while misrouting of the protein due to the Gly41Arg mutation in the transmembrane
segment has been linked with familial hypomagnesemia, a disease characterized by renal or
intestinal Mg2* loss [8]. The transmembrane span of FXYD2 has been implicated in
modulation of the Na,K-ATPase's affinity for Na* [28], while the N- and C-termini have
been implicated in modulation of the Na* and K* affinities [25].

The first crystal structure, determined for pig kidney Na,K-ATPase confirmed that FXYD2
is an integral component of the enzyme complex and showed that its transmembrane helix
associates with aM?9, the ninth transmembrane helix of the asubunit [29]. The a-FXYD
association is stabilized by the amino acid sequence of aM9, which is highly conserved
among all asubunit isoforms [4], and by a set of highly conserved FXYD protein residues
(Gly28, Gly33, Phe36 and Gly39 in FXYD2b) that form a distinctive "notch-peg-notch"
shape along the helix length [30]. This intimate a-FXYD transmembrane association is also
observed in the more recent crystal structure of Na,K-ATPase from pig kidney [31-34] and
from shark [35, 36], and may be important for modulating the activity of the enzyme's Na*
binding sites [33].

The signature FXYD motif has been proposed to adopt an extended hook-like conformation
that stabilizes the extracellular region of the  chain through hydrogen bond and salt bridge
contacts [34-36]. However, the extramembrane regions of the FXYD and fchains are
incompletely and/or poorly defined by the electron densities in the crystal structures of
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Na,K-ATPase. The NMR structures of FXYD1 and FXYD4, determined in micelles,
separate from the Na,K-ATPase complex, show that the FXYD motif adopts a short loosely
helical conformation in FXYD1 and a long well-formed helix in FXYD4 [30, 37]. In both
structures, the transmembrane helix is followed by a short helical extension of conserved
basic residues that anchor it near the membrane-water interface, and a ~10-residue
amphipathic C-terminal helix that associates with the membrane surface. This helix contains
the phosphorylation sites of FXYD1 and could modulate the electrostatic potential at the
membrane surface, near the Na*/K™* ion binding sites of the Na,K-ATPase asubunit [38].

Here we describe the NMR structure of FXYD2b determined in micelles. Solid-state NMR
data, obtained for FXYD2b in magnetically aligned lipid bilayers, reflect the transmembrane
orientation of the protein and show that several arginine side chains are immobilized,
possibly due to hydrogen-bonded interactions with the phospholipid polar head groups. Such
interactions could contribute to the membrane surface electrostatics and assist the
recruitment of specific negatively charged phospholipids important for Na,K-ATPase
stability and function.

2. MATERIALS AND METHODS

2.1 Sample preparation

Human FXYD2a and FXYD2b were prepared as described previously [39]. Briefly, the
proteins were each expressed as C-terminal fusions to Hisg-TrpALE-Met and, purified by
Ni-affinity chromatography and then separated from the fusion partner by CNBr chemical
cleavage. Two mutations MetlLeu and Cys50Ser (in FXYD2b) or Cys52Ser (in FXYD2a)
were introduced to facilitate cleavage and purification. Uniform 13C/15N isotopic labeling
was obtained by supplementing minimal M9 growth media with 13C-glucose and
(15NH,),S0, (Cambridge Isotope Laboratories, Andover, MA).

Samples for solution NMR spectroscopy were prepared by dissolving pure lyophilized
protein in 300 uL of buffer (20 mM sodium citrate at pH 5, 10 mM DTT, 10% D,0)
containing 500 mM sodium dodecyl sulfate (SDS) or 150 mM dodecyl-phosphocholine
(DPC). For residual dipolar coupling (RDC) measurements, the samples were weakly
aligned in 6.5% polyacrylamide gels by means of vertical compression, as described
previously [12].

Magnetically aligned lipid bilayer samples for solid-state NMR spectroscopy were prepared
by dissolving 2—-3 mg of pure lyophilized protein in 1,2-O-dihexyl-sn-glycero-3-
phosphocholine (6-O-PC) and then adding the resulting solution to a dispersion of the longer
chain lipid 1,2-O-ditetradecyl-sn-glycero-3-phosphocholine (14-O-PC) to obtain a molar
ratio 3.2 for long-chain to short-chain lipid. The final sample, containing 300 mM 14-O-PC
in a volume of 180 L at pH 6.7, was transferred to a flat-bottomed, 5 mm outer diameter
NMR tube (New Era Enterprises, Vineland, NJ) for NMR studies.

2.2 NMR experiments

Solution NMR experiments were performed at 40°C on a Bruker AVANCE 600 MHz
spectrometer equipped with a 1H/25N/13C triple-resonance cryoprobe. Solid-state NMR
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experiments were performed on a Bruker AVANCE 500 MHz spectrometer with a home-
built 1H/°N double-resonance 5 mm solenoid coil probe. The NMR data were processed
using NMRPipe [40] and analyzed using Sparky [41].

The TH/5N/13C two- and three-dimensional solution NMR experiments, for backbone
resonance assignments, measurements of resonance intensity and RDC measurements, were
performed as described previously for FXYD1 [30]. Chemical shifts were referenced to the
H,O resonance set to its expected position at 40°C [42]. Dihedral angles were derived from
analysis of the NMR chemical shifts with the program TALOS+ [43]. The 1H/25N one- and
two-dimensional oriented sample (OS) solid-state NMR experiments were performed as
described previously [44].

To probe the association of FXYD2b with the micelle environment, we examined the
paramagnetic relaxation enhancement (PRE) broadening effect of Mn2* on the 1H/°N
HSQC spectrum of the protein. PRE restraints were obtained by measuring the resonance
intensities in the TH/25N HSQC spectrum of FXYD2b after addition of increasing amounts
of 1.8 mM MnCl,, to the micelle solution.

2.3 Computational methods

Structure calculations were performed with XPLOR-NIH [45, 46]. The structure coordinates
and NMR restraints have been deposited in the Protein Data Bank (PDB ID: 2MKYV) and
structure statistics are reported in Table 1.

Two conventional simulated annealing protocols were used [47], the first for folding 100
structures from an initially extended conformation and the second for subsequent refinement
of 100 structures from the lowest energy structure of the first protocol. Experimental
restraints included dihedral angles derived from chemical shifts, hydrogen bond distances
derived from H/2H exchange, and amide NH bond orientations derived from RDCs (Table
1). The knowledge-based statistical torsion angle potential torsionDB was implemented as
described previously [47].

Plane distance restraints, derived from the Mn2* PRE data, were implemented in the
refinement stage, using the plane distance potential recently developed for XPLOR-NIH
[48], instead of the harmonic coordinate plane restraints that we used previously for
structure determination of FXYD1 [30]. Based on the data, backbone N atoms from residues
Trp4, Tyr5 and Leu29 were restrained to one common plane representative of the
extracellular membrane surface, and N atoms from Lys55-Arg57 and Ser50 were restrained
to another plane representative of the cytoplasmic surface. The planes were defined to be
perpendicular to the long axis of the transmembrane helix and the plane distance restrains
were implemented loosely (+ 3 A).

3. RESULTS AND DISCUSSION
3.1 Structure of FXYD2b in micelles

The structure of human FXYD2b is shown in Fig. 1. The transmembrane helix (h2),
spanning residues Gly27-Leu44, is clearly defined by backbone amide hydrogens that are
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protected from exchange with bulk water (Fig. 2A). As observed in the structures of human
FXYD1 and rat FXYD4 [30, 37], a set of conserved amino acids form a long groove parallel
to the length of the transmembrane helix, delineating the binding interface with the Na,K-
ATPase aM9 helix. The groove is lined by conserved glycines (Gly28, Gly33, Gly39) and
interrupted by the aromatic ring of Phe36, which protrudes from the transmembrane helix
like a key ready to engage its lock. Helix h2 is preceded by a short helical segment (h1) that
spans residues Phel7-Arg25 and includes the FXYD signature motif (FYYD in FXYD2).

A short helix (h3), spanning residues Ser45-Ser50, extends beyond the hydrophobic portion
of the transmembrane helix and contains the conserved arginine-rich sequence RRFR of the
protein. Helices h2 and h3 of FXYD2b form a single extended transmembrane helix, while
those of FXYD1 and FXYD4 are separated by a kink that changes helix direction slightly.
Furthermore, FXYD2b lacks the well-defined cytoplasmic amphipathic helix observed in
FXYD1 and FXYD4, and has somewhat less structural order in this region. Beyond the
helical regions, the backbone of extracellular Trp4, Tyr5 and Leu6 and cytoplasmic Lys55,
Arg56, and Arg57 associate with the micelle-water interface.

Overall, helices h1, h2, and h3 have similar backbone dynamics, with similar values

of 1H/15N heteronuclear NOEs (Fig. 2B), order parameters (Fig. 2C) and 1H/1°N HSQC
peak intensities (Fig. 3B). Notably, residues Trp4-Gly7 in the N-terminus of the protein and
residues Lys55-Arg57 in the C-terminal cytoplasmic region, also exhibit restricted
dynamics, while Pro10-Pro16 and the C-terminus are significantly more flexible, with
negative values of the IH/1®N NOE and greater peak intensities.

FXYD2a, the longer splice variant, is structurally similar to FXYD2b, as evidenced by the
similarity of their HSQC cross peak chemical shifts (Fig. 3A). Significant chemical shift
changes are observed only in the N-termini where the amino acid sequences of the two
proteins differ (Fig. 3C). Notably, however, the slightly longer N-terminus of FXYD2a is
significantly more dynamic all the way to Gly14, as evidenced by much greater HSQC peak
intensities (Fig. 3B). This feature could be important for the different physiological
functions of FXYD2a and FXYD2b.

In FXYD2b, the FY'YD-spanning helix is oriented at a ~90° angle from the transmembrane
helix. The arrangement of the FY'YD motif helix relative to the micelle-water interface is
consistent with the propensity of Phe and Tyr to associate with lipids. By contrast, the
FXYD motifs of shark FXYD10 and pig FXYD2 have been proposed to adopt an extended
hook-like structure forming extensive interactions with the extracellular regions of the
Bsubunit of their respective Na,K-ATPase [34-36]. These regions of the complex are
incompletely and/or poorly defined by the crystallographic data, especially in the case of pig
kidney Na,K-ATPase containing FXYD2 [29, 31-34]. However, it is possible that the
extramembrane regions of FXYD proteins adopt different structures in their isolated states
separate from the Na,K-ATPase complex. Several studies indicate that FXYD proteins can
exist separate from the Na,K-ATPase [50] and associate with different partners, including
the Na*/Ca2* exchanger and some Ca%* channels [51, 52]. The NMR data for FXYD2b (Fig.
2B) and other FXYD proteins [30, 37, 38, 53] are consistent in showing that the
extramembrane regions of FXYD proteins are more dynamic, a property that could enable
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them to adopt different conformations in different settings or in the presence of their
different partners. Structure determination of the whole FXYD protein within the enzyme
complex will be needed to understand the precise conformations and functions of the
extramembrane regions with respect to Na,K-ATPase regulation.

No conclusive function has been assigned to the signature FXYD sequences. The FXYD
motifs of FXYD2 and FXYD10 have been proposed to stabilize the Na,K-ATPase through
interactions with the extracellular regions of the aand pBchains [34-36]. However, recent data
argue against involvement of the FXYD, fand aextramembrane regions in stabilizing the
Na,K-ATPase, and instead, attribute the stabilizing influence of the FXYD proteins on the
Na,K-ATPase primarily to the FXYD transmembrane helices and to the effects of FXYD
proteins in promoting the interactions of the enzyme with specific phospholipids, such as
negatively charged phosphatidylserine [54, 55]. It is also possible that the FXYD motif helps
stabilize the lipid bilayer membrane structure surrounding the enzyme complex and/or
constitutes a localization signal.

A BLAST (Basic Local Alignment Search Tool) search of the NCBI protein sequence
database, seeded with the short polypeptide sequence DVDPFY'YD, identifies this sequence
in numerous proteins from a wide variety of organisms, including prokaryotes (Fig. 4).
Notably, the identification of entire FXYD protein sequences within other multi-domain
membrane proteins (identified with TMHMM [56]) further indicates that they can have
functions beyond Na,K-ATPase regulation.

Interesting examples include the 2174-residue DSCAM protein (Down syndrome cell
adhesion molecule-like protein 1), which contains an entire FXYD protein sequence
spanning residues 13-56, the shorter 343-residue DSCAM, which contains two contiguous
entire FXYD protein sequences spanning residues 24-67 and 91-137, and the 894-residue
serine protease, which also contains an entire FXYD protein sequence from residues 13-56
(Fig. 4B). These may be classified as members of the FXYD family since they share
sequence homology across the FXYD motif as well as the conserved features of the
transmembrane helix. The FXYD motif is also found in other membrane proteins (Fig. 4C)
and several soluble proteins (Fig. 4D) with various functions, including GTP-binding
proteins, lipoproteins and ankyrin repeat proteins. Functional insights may be also attained
by careful analysis of other FXYD motif containing proteins as their sequences and
structures become available in the databases.

3.2 Association of FXYD2b with the micelle

The depth of micelle insertion of FXYD2b backbone amide sites is reflected by the Mn2*
PRE profile (Fig. 2D). Distance-dependent broadening is observed for peaks from solvent-
exposed sites, while residues associated with the hydrophobic regions of the micelle are less
or not affected. The data mirror the hydrophobic character of the micelle-associated
residues. Addition of MnCl5 results in substantial line broadening and disappearance of
peaks from the N- and C-termini as well as from helix h1. By contrast, peaks from helix h2
retain close to their full intensity in the presence of Mn2*, consistent with the membrane-
embedded topology of this segment. The PRE data also mirror the profile of backbone
dynamics (Fig. 2B) with micelle-associated sites exhibiting more restricted mobility than

Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gong et al.

Page 7

water-exposed sites, and water-exposed regions (Pro10-Prol6 and the C-terminus)
exhibiting enhanced mobility.

Notably, cross peaks from residues Trp4-Gly7 and Lys55-Arg57 also retain appreciable
intensity at high Mn2* concentrations. These sites appear protected from interaction with
aqueous Mn2* to a similar extent as Leu29 and Ser50 flanking the transmembrane helix,
indicating that they are buried at a similar depth within the micelle. The data effectively
restrain the backbone of extracellular Trp4, Tyr5 and Leu6 and cytoplasmic Lys55, Arg56,
and Arg57 to the micelle-water interface. The aliphatic side chains of arginines and lysines
are frequently found embedded in membranes with their positively charge groups reaching
towards the membrane-water interface where they can hydrogen bond with the lipid
phosphate head groups [59]. The H/23N HSQC peak from the indole group of Trp4 also
resists complete obliteration by Mn2*, consistent with its insertion in the hydrophobic
micelle, and the orientation of the hydrophobic side chain of Leu6 reflects its propensity for
membrane insertion.

3.3 Characterization of the arginine side chains

FXYD2b contains seven arginines: Arg3 just before the Trp4-Leu6 micelle-associated
segment, Arg25 located after the FY'YD motif near the extracellular membrane-water
interface, Arg46, Arg47 and Arg49 located at the end of the transmembrane helix near the
cytoplasmic membrane-water interface, and Arg56 and Arg57 in the micelle-associated
region of the C-terminus. All of these may be expected to interact appreciably with the
membrane since their backbone amide sites exhibit 1H/X°N HSQC signals with protection
from Mn2* PRE broadening (Fig. 2D).

The HSQC spectra of FXYD2b in micelles display a broad arginine guanidinium NHn
signal intensity, consistent with intermediate rotational dynamics of the Arg side chains at
this temperature (Fig. 5A). In the spectra of FXYD2b in SDS, cross peaks from arginine
guanidinium NHe groups are clustered in a region between 7.0 and 7.2 ppm (Fig. 5A;
black). However, the spectra obtained for the protein in DPC exhibit six well-resolved NHe
cross peaks between 7.2 and 7.7 ppm (Fig. 5A, red). Two of these peaks appear significantly
shifted downfield, as might be expected for hydrogen-bonded guanidinium groups [60, 61],
suggesting that these arginine side chains interact with the DPC phosphates. This result is
substantiated by the solid-state NMR spectra obtained for uniformly 1°N-labeled FXYD2b
in magnetically aligned phospholipid bilayers (Fig. 5D-G), where significant resonance
intensity is observed at 1°N frequencies (70-90 ppm) associated with arginine side chains
[60-62].

The one-dimensional cross polarization (CP) spectra and the two-dimensional 1H/1°N
separated local field (SLF) spectra exhibit remarkable resolution. Resonances from amide
sites in the transmembrane helix (TM) conform to wheel-like patterns in the spectral regions
expected for an a-helix crossing the membrane at an angle of ~20° [63, 64], with 15N
frequencies of 150-200 ppm in the spectra from bilayers aligned perpendicular to magnetic
field (Fig. 5D, E), or 85-100 ppm in the spectra from parallel membranes (Fig. 5F, G). For
both membrane alignments, peaks in the central region of the 15N spectrum (100-130 ppm)
are assigned to sites with sufficient mobility to cause isotropic averaging of the 15N
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chemical shift and 1H-15N dipolar coupling, as might be expected for the non-helical regions
of the protein.

In the case of fully rigid guanidinium groups, each of the seven arginines in FXYD2b would
be expected to contribute three peaks to the solution and solid-state NMR spectra, one from
NHe and two from NHn groups. However, in the absence of hydrogen bonding or other
immobilizing influences, rapid flip rates around the Ne-C{ bond average the NHn NMR
signals [60, 61]. Resonance overlap in the solid-state NMR spectra of FXYD2b precludes
identification of the number of peaks from arginine side chains. However, since these
signals display observable H-1°N dipolar couplings in the SLF spectra, we infer that they
must emanate from sites that do not undergo rapid isotropic reorientation.

Notably, both the H-1°N dipolar couplings and the 15N chemical shift frequencies of these
peaks change with the overall magnetic alignment of the lipid bilayer membrane in the
magnetic field, indicating that the Arg side chains themselves adopt preferred orientations
relative to the lipid bilayer. Since FXYD2b contains no other N-bearing side chains that
would resonate in this region of the spectrum, we conclude that at least some of the arginine
side chains are sufficiently immobilized to yield orientation-dependent solid-state NMR
signals. Such immobilization could result from hydrogen bond formation between arginine
side chains and the lipid phosphate or polar head groups.

3.4 Implications for function

The crystal structures of pig kidney Na,K-ATPase highlight a highly electropositive region
near the cytoplasmic membrane surface and the Na*/K™* ion binding sites of the asubunit.
This region is composed of arginine and lysine residues located at the cytoplasmic ends and
connecting loops of the asubunit's transmembrane helices, including three arginines that
were proposed to constitute a voltage-sensing module [29]. To examine the location of
FXYD?2 arginines in the context of the Na,K-ATPase, we generated a model of the a/p/
FXYD2b complex by replacing the coordinates of the transmembrane helix of endogenous
FXYD?2 in the recent crystal structure of Na,K-ATPase from pig kidney [34] with those of
full-length FXYD2b determined by NMR in this study (Fig. 6). The model shows that the
membrane surface location of Arg and Lys in FXYD2b could significantly contribute to the
effective electrostatic potential near the Na,K-ATPase's Na* binding sites.

Molecular dynamics simulations indicate that specific arginine side chains in channel
voltage sensors can pair with one or more lipid phosphodiester groups at the membrane-
water interface, dramatically influencing the local electric field [65]. This is consistent with
the requirement of negatively charged lipid phosphodiester groups for channel function [66]
and has provided an attractive explanation for the voltage sensor mechanism. Similar
requirements for negatively charged phospholipids have been reported for optimal activity
of the Na,K-ATPase activity (see [67, 68] and references therein).

Our data show that several arginines of FXYD2b appear to associate with the lipid bilayer
interfacial regions. In the presence of phospholipids, they are sufficiently immobilized to
yield both orientation-dependent solid-state NMR signals as well as shifted solution NMR
signals. Their strategic positions in the structure of FXYD2b allows their guanidinium

Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gong et al. Page 9

groups to form hydrogen bonds with the phosphate and polar head groups of membrane
phospholipids, interactions that could be particularly significant in the presence of
negatively charged lipids such as phosphatidylserine. This property could be important for
the recruitment of specific phospholipids near the Na,K-ATPase, providing one potential
explanation for the Na,K-ATPase stabilizing effect of FXYD proteins [54, 55], as well as for
regulating the enzyme's activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of FXYD2b determined in micelles
(A) Orthogonal views of the ten lowest energy NMR structures. Amide N atoms whose

positions were restricted by plane distance restraints, derived from the Mn?* PRE data, are
shown as blue spheres. The two planes coincide with the micelle-water interface and each
contain the amide N atoms of L29 or S50. (B) Lowest energy structure of FXYD2b showing
side chains for arginines and other key residues that associate with the micelle interior.
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Figure 2. Summary of structural and dynamic features of FXYD2b in micelles
The helical structure is outlined above the graphs. (A) Amide 1H/2H exchange profile. (B)

Heteronuclear H/15N NOEs. (C) Order parameters (S2) derived from TALOS+ analysis of
the chemical shifts. (D) Mn2* PRE profile shwoing residual *H/2N NMR intensity
measured after addition of increasing concentrations of MnCl,. Peak intensities were
measured in the presence of increasing concentrations of Mn2* (see legend). Residual
normalized peak intensity is the ratio of the intensity measured without Mn2* to that
measured in the presence of Mn2*. Data for the seven Arg backbone sites are labeled.
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Figure 3. Comparison between FXYD2b and FXYD2a in micelles
(A) TH/I5N HSQC spectra of FXYD2a (red) and FXYD2b (black) in SDS. (B)

Normalized TH/2°N HSQC peak intensities measured for FXYD2b (black) or FXYD2a
(red). (C) Total difference in H and 1°N chemical shifts between FXYD2a and FXYD2b
(AStot=[(ASH)2+(ASN/5)2]1/2). ASN is scaled by 1/5 to account for the 5-fold difference
between the chemical shift dispersions of 15N and *H. Red asterisks denote cross peaks with
Adtot >1 ppm. Amino acid sequences and numbers at the bottom correspond to FXYD2b
(black) or FXYD2a (red). Differences in the N-termini of the two splice variants are
enclosed in the box.
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NP_001158077.1, FXYD5 [human] /107-154 FHEDDPFFYDE---------- HTLRKRGLLVAAVLFITGIIILTS LSRLCRNR-
NP_001158309.1, FXYD6 [human] /6-4 EKEMDPFHYDY - - - - - - - - - - QTLRIGGLVFAVVLFSVGILLILSRR ----CSFNA
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P58550.2, FXYD8 [human] /5-43 EKEIDPFHYNY ---------- QTLRIGGLVFDVVLFLVPSCHLLS ---CSFNA
CAD88978.1, FXYD10 [shark] /6-49 PDNDERFTYDY---------- YRLRVVGLIVAAVLCVIGIIILLA - - -CKFNT
B | EHB08755.1, DSCAM-like protein-1 [mole rat] /13-56 ~ KGDVDPFHYDY - --------- ETVRNGGLIFAGLAFVVGLIILLS ---CGGSG
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ELK11872.1, DSCAM:-like protein-1 [bat] /91-137 KGDVDPFSYDY - - - - - - - - - - ETVRNGGLIFAALAFVVGLIIILTRPEDVGT--SLYFS
ERE75212.1, TM Ser protease-like [hamster] /581-629  EKEKDPFYYDY- - - ----- - - QTLRIGGLVFAVVLFSVGILLILSGSAKGPEDPFHYDF
C[NP_058362.1,R27_p149 [S. enterica Typhi] /97-147  DYAVEPFYYDS-------- GINLYEDGGNFSMASMVYYVGPAYYGSAFDDVLLQFQNAL
WP_016240412.1, A1U1_05047 [E. coli] /97-147 DYAVEPFYYDF-------- GINLYEDGGNFSMASMVYYVGPAYYGSAFDDVLLQFQNAL
EOB14608.1, NBO_2290010 [N. bombycis] /134-187  YFLVDSFYYDQRTYNSFLCYLSVLDVNGILFIIDILKFREDLVELGFLT----- CRFKA
D| GAE82117.1, JCM10512 [B. reticulotermitis] /195-213 QQYVNPFYYDI ---------- WTFSKALN- == === oo e e e e
WP_009607332.1, DnaD [Turicibacter] /212-225 PVVDPNFYYDW-- - - - -~ --- 1
YP_007850551.1, SugP [C. saccharolyticum] /257-279  AYYLDPFYYDK---------- KNVQNLRMYMED - === === - mmmmmmmmm e e
YP_008826316.1, EfmE4452_2428 [E. mundltii] /10-58 VMVVDPFYYEE---------- KNTWVDGLSLFLRFDPIFEIDSTTKSKEQTLELSNERY
WP_021267398.1, lipoprotein [Bacteriovorax] /46-94 ~ LNSVDPYYYDL---------- NTLEKDQYDSLREDFFVYFDAKYNEFVAVDITYLRTLG
YP_004808764.1, GTP-binding [H. archaeon] /61-111  FDYVDPFYYEL-------- ADAIVDVDRLRQALSEVTWASRQIGELRSEYTTKIRNSDA
WP_022878263.1, polygal [Microbacterium] /383-434 PIDIDPFYFDM------- EGKTTPWFTGISIDGLAAVNSPPGAVTRLNGLDGDHPLVLR
YP_005444950.1, PSMK_08940 [P. mikurensis] /898-946 EHGDDPFYYDR---------- HYLPLAQELTGFRIGRAAMPIVAEDGDQVELSTKATGG
ACO12847.1, CutP7 [Lepeophtheirus salmonis] /20-68 TALSDPFYYDT---------- NYDSYYNQERPYITPPRYIPEQNPQPVYAPIPEQAPIN
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WP_009597733.1, TonB-linked OMP [Alistipes] /396-444 F TPLDPFYYDD- - ------- - EQTMYHTKDDNTGIVNPLAMIDKDANGYQSLISRWFQF
XP_001524766.1, LELG [L. elongisporus] /949-997 GEKVNPFYYDE---------- KHKRWLDRTKPIEEQLNAGKAPPPPPSMKKKPGASAAA
EES52221.1, HAS [L. ferrodiazotrophum] /553-601 SSPVNPFYYDT---------- QGFQNYITGNGQVGFAFTPKYSMTLGTVDQQYIGGGTG

Figure 4. Amino acid sequence alignment of FXYD homology domains
(A) FXYD family proteins. (B-D) Proteins obtained by BLAST search of the NCBI database

against the DVDPY'YD polypeptide sequence. (B) Membrane proteins containing entire
FXYD protein sequences, including conserved FXYD and transmembrane (TM) motifs. The
Down syndrome cell adhesion molecule-like protein (DSCAM, ELK11872) contains two
FXYD protein sequences from residues 24-67 and 91-137. (C) Other membrane proteins
with a FXYD motif preceding a TM sequence. (D) Soluble protein sequences with a
conserved FXYD motif. Alignments were generated with ClustalwW [57] in Jalview [58], and

rendered with ClustalW coloring.

Transmembrane sequences were identified with TMHMM

[56]. FASTA-formatted alignments are provided in Supporting materials.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gong et al. Page 18
1007 E ’
1A P ’E‘s B % Arg o=c/ (NH3)n
{sbs Arg NHn | & & 3 NHe Arg P N N
{ DPC = ] Ca  Cy N=C¢
T ] NHf] / H: \
g ® = HN €
L \ (NHy)n
1057 v
b TTrrIrrrrrrr[rrrryrrrrrrrrrrrr Arg
- .. Y
] - .5 ® Arg NHn/NHe
i . ®o g NHn lil
- =
1107 - ® z
i . 3 L Z 4
4 : > 10
A 3 - ’ ©» .' L] =]
1157 . .
I . Arg NHe s =
. . ' :: .. o F m
4{"® s B ..‘Tsd' 6 Arg
120 ¥ Sl et S T NHn/NHe
- . L) =
2% = r
e 1 o p° © w
£ 7 . . L]
& = o]
z - - :
O J
= T 1 1 1 1 0 4 JRSELARRLER R U I R [T i 10 2 ) 1 1 1 1 1 ' 1 1 1
9.0 8.5 8.0 7.5 7.0 200 175 150 125 100 75 200 150 100 50
1H (ppm) 15N (ppm) 15N (ppm)

Figure 5. Solution and solid-state NMR spectra of uniformly 1°N labeled FXYD2b in detergent
micelles and phospholipid bilayers

(A, B) Solution NMR 1H/5N HSQC spectra in SDS (black) and DPC (red) micelles. Peaks
from the seven arginine guanidinium groups are enclosed in blue boxes. (A) The 1°N
frequencies from Arg side chains peaks are not actual but reflect the reduced 1°N spectral
width used to measure the spectra. (B) The spectrum was obtained with full 15N spectral
width to observe the correct 1H and 1°N frequencies of peaks from arginine guanidinium NH
sites. (C) Molecular structure of arginine. (D-G) One-and two-dimensional 1H/°N 0S
solid-state NMR spectra spectra of FXYD2b in lipid bilayers aligned with the membrane
perpendicular (D, E) or parallel (F, G) to the magnetic field. Peaks from the transmembrane
helix (TM) trace wheel-like patterns (red circles). Peaks assigned to arginine guanidinium
NH groups are enclosed in blue boxes.
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extracellular 6 +

Figure 6. Structural model of the a/B/FXYD2b complex
The model was generated by replacing the coordinates of the transmembrane helix of

endogenous FXYD2 in the crystal structure of Na,K-ATPase from pig kidney [34] with
those of full-length FXYD2b determined by NMR. FXYD2b (light blue) associates with
helix M9 of the asubunit (gray). FXYD2b arginine and lysine side chains contribute
significant positive charge (+) to the cytoplasmic membrane surface. The FY'YD spanning
helix of FXYD2b rests on the extracellular membrane surface near but without contacting
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the Bsubunit (pink). The yellow box marks the location of the intramembrane binding sites
for Na*.
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Table 1
NMR structure statistics for FXYD2b.

Number of experimental NMR restraints

Dihedral angles

phi 38

psi 38
Residual dipolar couplings (RDC)

IH-15N RDC 60
Distances

CO-HN hydrogen bonds 38

Plane distances
HN-plane 8
Structure statistics®

Violations (mean + s.d.)

Dihedral angle restraints (°) 1.145 +0.111

'H-15N RDC restraints (Hz) 0.767 +0.029

distance restraints (A) 0.144 +0.003

plane distance restraints (A) 1.311 +0.087
Deviations from idealized geometry

Bond lengths (A) 0.002 % 0.000

Bond angles (°) 0.461 + 0.008

Impropers (°) 0.460 + 0.011
Average pairwise r.m.s.d. (A)

Backbone 0.181 +0.059

Heavy 1.038 +0.106

Ramachandran Plot StatisticsP
residues in most favored regions (%) 86.3
residues in additional allowed regions (%)  11.2
residues in generously allowed regions (%) 2.2

residues in disallowed regions (%) 0.4

a
Evaluated for 10 lowest energy structures out of a total 100 calculated structures.

bEvaluated with the program PROCHECK [49].
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