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Abstract
The proteins PLM (phospholemman), CHIF (channel inducing factor), and Mat8 (mammary tumor
protein 8 kDa) are members of the FXYD family of ion transport regulatory membrane proteins.
Here we describe their cloning and expression in Escherichia coli, and their purification for NMR
structural studies in lipid micelles and lipid bilayers. The molecular masses of the purified
recombinant FXYD proteins, determined from SDS-PAGE and from MALDI TOF mass
spectrometry, reflect monomeric species. The solution NMR and CD spectra in SDS micelles
show that they adopt helical conformations. The solid-state NMR spectra in lipid bilayers give the
first view of their transmembrane architecture.
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1. Introduction
The FXYD family proteins are expressed abundantly in tissues that perform fluid and solute
transport (breast/mammary gland, kidney, colon, pancreas, prostate, liver, lung and
placenta), or that are electrically excitable (muscle, nervous system), where they function to
regulate the flux of transmembrane ions, osmolytes and fluids [1]. While abundant in
mammals, with seven members identified in humans, several FXYD family members have
been identified in Zebra fish (Danio rerio), indicating that these protein sequences are
conserved through evolution. A recent study, which analyzed more than 1000 related ESTs,
led to a complete data base of cDNA sequences, protein signature sequences and expression
patterns for the FXYD genes, and to the identification of additional family members [1].

PLM (phospholemman), one of the best characterized members of this family, is the major
substrate of hormone-stimulated phosphorylation by cAMP-dependent protein kinase A and
C in the heart [2], and has been recently identified as a regulator of the Na,K-ATPase [3].
PLM induces ionic currents when expressed in Xenopus oocytes, and also forms ion
channels in phospholipid bilayers [4]. These channels are selective for the amino acid
taurine, suggesting a physiological role in osmolyte transport and cell volume regulation.
CHIF (channel inducing factor) is upregulated by aldosterone and corticosteroids in
mammalian kidney and intestinal tracks, where it associates with the Na,K-ATPase pump to
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regulate Na+ and K+ homeostasis [5,6]. Mat8 (mammary tumor protein 8 kDa) is expressed
in breast, prostate, lung, stomach, and colon, as well as in human breast tumors, breast tumor
cell lines, and prostate cancer cell lines, after malignant transformation by oncogenes [7,8].
Likewise, the expression of mouse RIC (related to ion channel), and of its human
homologue dysadherin, is induced by oncogenic transformation [9,10]. Dysadherin, a
cancer-associated membrane glycoprotein, down-regulates E-cadherin and promotes
metastasis [10]. Like PLM, both Mat8 and CHIF induce ionic currents in Xenopus oocytes,
although these channels have not been characterized in lipid bilayers. Gamma (the γ subunit
of the Na,K-ATPase) modulates the activity of the pump in kidney tubules, and its
expression is necessary for blastocyst cavitation in mouse embryonic development [11,12].
Finally, Php (phosphohippolin) is expressed in developing mouse cerebellum and kidney
[13,14], and FXYD7 is a brain and isozyme-specific regulator of the Na,K-ATPase [15].
The identification of four FXYD family members (PLM, CHIF, Gamma, FXYD7) as
regulators of the Na,K-ATPase, points to a mechanism for regulation that involves the
expression of an auxiliary subunit of the pump.

The FXYD proteins are characterized by a 35-amino acid FXYD homology (FH) domain,
which includes the transmembrane domain (TM) (Fig. 1A). The short motif PFXYD (Pro,
Phe, X, Tyr, Asp), before the transmembrane domain, is invariant in all known mammalian
examples, and identical in other vertebrates, except for the proline. X is usually Tyr, but can
also be Thr, Glu, or His. In all proteins, conserved basic residues flank the transmembrane
domain, the extracellular N-termini are acidic, and the cytoplasmic C-termini are basic. The
cytoplasmic domain of PLM contains consensus phosphorylation sites for both cAMP-
dependent protein kinases A and C [4], and while the cytoplasmic domains of Mat8 and
CHIF contain no such consensus sites, Ser49 next to Lys50, in the Mat8 sequence, may be a
substrate for protein kinase C.

The three-dimensional structures of these proteins should provide significant insights to their
roles in heart muscle regulation, carcinogenesis, and cell cycle regulation. Their small sizes
make them ideal candidates for structure determination by NMR spectroscopy, enabling
structural comparisons to be made for an entire family of membrane proteins involved in ion
transport. NMR spectroscopy is ideally suited for the structure determination of membrane
proteins in lipid environments. Solution NMR approaches to structure determination can be
utilized on samples consisting of proteins dissolved in lipid micelles, while solid-state NMR
approaches can be applied to samples of membrane proteins in planar lipid bilayers [16,17].
The latter technique is especially attractive because it enables structure determination within
the context of lipid membranes. Furthermore, since the lipid bilayers are oriented with
respect to the applied magnetic field, the samples preserve the intrinsic directional character
of membrane protein structure and function.

While NMR structure determination does not require crystals of membrane proteins, it is,
nevertheless, essential to obtain pure and homogeneous preparations of proteins in either
micelle or lipid bilayer samples. Here, we describe the expression in Escherichia coli,
purification, sample preparation and characterization of the 15N-labeled FXYD proteins
PLM, CHIF, and Mat8, for NMR structure determination in lipid micelles and in oriented
lipid bilayers.

2. Materials and methods
2.1. Cloning and protein expression

The human FXYD genes encoding human PLM, rat CHIF, and human Mat8 (GenBank
accession numbers: NP_005022, NP_071783, and NP_005962; Fig. 1A) were cloned into
the expression vector pMMHa that directs the synthesis of the fusion protein His9-TrpΔLE-
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FXYD [18]. The genes were adapted for E. coli codons, and constructed by synthesizing
four overlapping single-stranded oligonucleotides, followed by PCR extension and
amplification using Pfu (30 cycles of 1 min at 94 °C, 1 min at 40 °C, 1 min at 72 °C). The
gene sequences encode the residues Asn-Gly-Met at their 5′ end, corresponding to cleavage
sites for hydroxylamine (Asn-Gly) and cyanogen bromide (Met) [19,20], which provide two
alternate means for cleaving each authentic FXYD from its fusion partner, and they also
encode recognition sites for the restriction enzymes HindIII and BamHI. The Met residues in
the CHIF (M22 and M35) and Mat8 (M31 and M36) sequences were changed to Leu in
order to facilitate cyanogen bromide cleavage of the fusion proteins used for expression and
purification. These are naturally occurring, conservative mutations. There are no Met
residues in the amino acid sequence corresponding to PLM. The genes were digested with
HindIII and BamHI, purified by agarose gel electrophoresis, and ligated using T4 DNA
ligase, with the pMMHa plasmid vector that had been previously digested with the same
enzymes. The resulting recombinant plasmids pTrpΔLE-FXYD were transformed into E.
coli strain DH5α, positive clones were selected by restriction analysis and PCR screening,
and plasmid identity was confirmed by DNA sequencing. The plasmids were finally
transformed into E. coli BL21(DE3) [21], and stable transformed clones were screened for
high level expression of the fusion protein in minimal M9 media (100 µg/ml of ampicillin,
7.0 g/l Na2HPO4, 3.0 g/l KH2PO4, 0.5 g/l NaCl, 11 mg/l CaCl2, 120 mg/l MgSO4, 50 mg/l
thiamine, 1% v/v LB, 10 g/l D-glucose, 1 g/l (NH4)2SO4). Aliquots of each clone were stored
as 15% glycerol stocks at −80 °C. For protein expression, 10 µl of the glycerol stock were
used to inoculate 10 ml of LB media, and grown at 37 °C (300 rpm). After 5 h, 1 ml of this
starter culture was used to inoculate 100 ml of M9 media, and the cells were grown
overnight at 37 °C. In the morning, the overnight culture was used to inoculate 1 l of fresh
M9 media. When the cell density reached A600 = 0.7, protein expression was induced by the
addition of IPTG to a final concentration of 0.4 mM, and cell growth was continued for
another 4 h at 37 °C. The cells were subsequently harvested by centrifugation and stored at
−20 °C overnight. For uniformly 15N-labeled proteins, (15NH4)2SO4 (Cambridge Isotope
Laboratories, Andover, MA) was supplied as the sole nitrogen source.

2.2. Fusion protein isolation
For cell lysis, the frozen cell pellet from 1 l of cell culture was suspended in 30 ml of Buffer
I (50 mM TrisCl, pH 8, 15% v/v glycerol, 50 µg/ml Lysozyme) at 23 °C for 20 min,
sonicated on ice for 10 min. The soluble fraction was removed by centrifugation (48,000 ×
g, 4 °C, 30 min), and the pellet containing inclusion bodies was washed in 30 ml of Buffer II
(50 mM TrisCl, pH 8, 1% w/v deoxycholic acid, 1% v/v IGEPAL CA-630), by sonication
on ice for 10 min. The soluble fraction was removed by centrifugation (48,000 × g, 4 °C, 30
min), and the pellet dissolved in 30 ml of Buffer III (20 mM TrisCl, pH 8, 6 M GdnHCl, 0.5
M NaCl, 5 mM imidazole), transferred to a centrifuge bottle, and diluted 10-fold with water
in order to precipitate the fusion protein. The precipitate was collected by centrifugation
(28,000 × g, 4 °C, 1 h), dissolved in 10 ml of Buffer III, and stored at 4 °C overnight. The
crude fusion protein solution from 5 l of cell culture was loaded onto a 50 ml Ni-NTA
column (His Bind Resin, Novagen) and the column washed with 300 ml of Buffer III. The
fusion protein was eluted with 200 ml of Buffer IV (20 mM TrisCl, pH 8, 6 M GdnHCl, 0.5
M NaCl, 500 mM imidazole), concentrated by ultrafiltration (MWCO = 10 kDa), and then
precipitated by dialysis against water (MWCO = 10 kDa) to remove GdnHCl.

2.3. Protein purification
In order to cleave each FXYD protein from the TrpΔLE fusion partner, the fusion protein
precipitate obtained from dialysis was collected by centrifugation, dissolved in 70% formic
acid at a concentration of 10–20 mg/ml, and reacted for 2 h with a 10-fold molar excess of
CNBr at 23 °C in the dark. The reaction mixture was then dialyzed against water (MWCO =
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1 kDa), lyophilized to powder, dissolved in Buffer V (4 mM SDS, 10 mM sodium
phosphate, pH 7.5, 12 mM DTT) and purified by size exclusion chromatography in Buffer V
on Sephacryl-100 (Amersham Biosciences, Piscataway, NJ). The fractions containing pure
protein were pooled, concentrated by ultrafiltration (MWCO = 10 kDa), and injected on a
preparative reverse-phase HPLC column (Delta-Pak C4 column, 15 µm, 300 Å, 7.8 × 300
mm, Waters, Milford, MA) running in 90% water, 10% acetonitrile, 0.1% trifluoroacetic
acid, with a linear gradient of acetonitrile. PLM, CHIF, and Mat8 eluted, respectively at
60%, 56%, and 56% acetonitrile, and were stored as lyophilized powders at −20 °C. Protein
purity and identity were assessed by N-terminal amino acid sequence analysis, MALDI TOF
mass spectrometry, and solution NMR spectroscopy.

2.4. SDS-PAGE
SDS PAGE was performed using the Tris–Tricine system described by Schaegger and von
Jagow [22], which is well suited to membrane proteins. The gel loading buffer was
supplemented with 15 mM DTT, and gels were stained with Coomassie Blue G250.

2.5. Mass spectrometry
Approximately 0.2 mg of lyophilized protein were dissolved in 10 µl of solution I (75%
acetonitrile, 25% water, 0.1% TFA), and 1 µl of this protein solution were mixed with 1 µl
of solution II (15 mg/ml sinnapinic acid, 300 µl acetonitrile, 200 µl methanol, 500 µl Milli-
Q ultra purified water). The resulting solution was spotted onto a seed layer spot on the
MALDI target. The seed layer was prepared from matrix solution (6 mg sinnapinic acid, 600
µl methanol, 390 µl acetone, 10 µl of 0.1% aqueous TFA). The MALDI-TOF mass
spectrum was collected in linear mode on a Voyager DE-PRO mass spectrometer (Applied
Biosystems, Foster City, CA). Typically, 250–500 laser pulses were averaged per spectrum.

2.6. CD spectroscopy
The samples contained 20 µM FXYD protein, 500 mM SDS, 20 mM sodium phosphate, 1
mM sodium azide, pH 5. Protein solutions were transferred to a quartz cuvette (0.1 mm path
length), and far UV CD spectra were recorded at 23 °C on an Aviv model 62A-DS CD
spectrometer (Aviv Instruments, Lakewood, NJ) equipped with a temperature controller. A 5
s time constant and a 1 nm band width were used during data acquisition over a wavelength
range of 184–260 nm. For each protein solution, five spectra were recorded, averaged, and
referenced by subtracting the average of three spectra obtained from NMR buffer alone.

2.7. NMR spectroscopy in lipid micelles
Samples were prepared by dissolving 1–2 mg of 15N-labeled protein in 250 µl of NMR
buffer (500 mM SDS, 10 mM DTT, 10% D2O, 20 mM sodium citrate, pH 5.0). The solution
NMR experiments were performed on a Varian Inova 500 spectrometer equipped with a
triple-resonance 5 mm probe. The two-dimensional 1H/15N HSQC [23] spectra were
obtained at 45 °C. The 15N and 1H chemical shifts were referenced to 0 ppm for liquid
ammonia and tetramethylsilane, respectively. The NMR data were processed using NMR
Pipe and rendered in NMR Draw [24] on a Dell Precision 330 MT Linux workstation
(Round Rock, TX).

2.8. NMR spectroscopy in lipid bilayers
Samples were prepared by first dissolving 2 mg of 15N-labeled protein in 0.5 ml of TFE
with 50 µl of β-mercaptoethanol, and then adding 100 mg of lipid (DOPC/DOPG, 4:1, mol/
mol) in 1 ml of CHCl3. This solution was spread on the surface of 40 glass slides
(dimensions 11 × 20 × 0.06 mm, Paul Marienfeld, Germany), and the solvents removed
under vacuum overnight. The glass slides were then stacked and equilibrated for 24 h at 40

Crowell et al. Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2010 August 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



°C in a chamber containing a saturated solution of ammonium phosphate, which provides an
atmosphere of 93% relative humidity. The sample was wrapped in one layer of parafilm and
one of teflon tape, and then sealed in thin polyethylene film prior to insertion in the NMR
probe. The solid-state NMR spectra were obtained at 23 °C on a Chemagnetics-Otsuka
Electronics CMX400 (Fort Collins, CO) spectrometer, with a wide-bore 400/89 Oxford
magnet (Oxford Instruments, UK), using home-built double-resonance (1H/15N or 1H/31P)
probes with square rf coils wrapped directly around the samples. The 15N spectra were
obtained with single contact 1 ms CPMOIST [25,26] with continuous 1H irradiation (rf field
strength 63 kHz) during acquisition, in order to decouple the 1H–15N dipolar interactions.
The 31P spectra were obtained with a single pulse, and continuous 1H irradiation (rf field
strength 63 kHz) during acquisition to decouple the 1H–31P dipolar interactions. The 15N
and 31P chemical shifts were referenced to 0 ppm for liquid ammonia and phosphoric acid.
The NMR data were processed using the program FELIX (Accelerys, San Diego, CA) on a
Silicon Graphics computer workstation (Mountain View, CA).

3. Results and discussion
3.1. Protein expression and characterization

Our approach to the production of PLM, CHIF, and Mat8 utilized the E. coli pMMHa fusion
protein expression vector, which directs the synthesis of the fusion protein His9-TrpΔLE-
FXYD. This vector has been used successfully for the production of other membrane
proteins ranging in size from 80 to 150 amino acids [16]. The TrpΔLE fusion partner, from
the Trp leader amino acid sequence, is very effective at forming inclusion bodies and is thus
protected from proteolysis. The fusion protein is not toxic to the E. coli host cells, and is
expressed at levels up to 20% of total cellular protein in E. coli strain BL21(DE3), grown on
the M9 minimal media required for isotopic labeling [16,18,21]. Intact FXYD proteins are
liberated from the fusion partner using CNBr, which cleaves specifically after Met residues
[20]. The use of chemical cleavage eliminates the difficulties such as poor specificity and
enzyme inactivation often encountered with protease treatment of membrane proteins in
detergents.

The protein content of cells isolated before and after IPTG induction is shown in Fig. 1B
(lanes 1 and 2). Fusion protein overexpression is marked by the appearance of an intense
band near 21 kDa. After protein expression, the separation and purification of PLM, CHIF,
and Mat8 were accomplished with the four-step-protocol detailed under Materials and
methods. First, the inclusion bodies containing the fusion protein were separated from the E.
coli lysate by a series of wash and centrifugation steps (Fig. 1B, lane 3). Second, the fusion
protein was isolated by Nickel affinity chromatography (Fig. 1B, lane 4). Third, each FXYD
protein was cleaved from the fusion partner using CNBr. This yields a fragment near 12
kDa, corresponding to His9-TrpΔLE [18], and a smaller fragment corresponding to either
PLM at 8.4 kDa, CHIF at 7.1 kDa, or Mat8 at 7.1 kDa (Fig. 1B, lane 5). Finally, the proteins
were purified with size exclusion chromatography, followed by reverse-phase
chromatography (Fig. 1B, lanes 6–8). Typically, 1.5 mg of purified protein are obtained
from 1 l of cell culture in 15N-labeled minimal media.

The homogeneity of the purified proteins was confirmed by MALDI TOF mass
spectrometry, and N-terminal amino acid sequence analyses. The mass spectra shown in Fig.
1C demonstrate the high degree of purity obtained using this procedure. The major peaks
have masses that correspond exactly to authentic PLM, CHIF, and Mat8. The small peaks at
half mass arise from doubly charged species, and those at double mass from a small fraction
of FXYD dimer. Importantly, the spectra show no evidence of degradation or chemical
modifications. Formylation of hydroxyamino acids, resulting from exposure to formic acid
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during CNBr cleavage, was prevented by limiting the reaction time to 2 h, which was
sufficient to yield at least 90% cleavage of the fusion protein (Fig. 1B, lane 5).

The CD spectra obtained for PLM, CHIF and Mat8 in SDS micelles are shown in Fig. 2. For
all three FXYD family members, the two minima, at 208 and 222 nm, are characteristic of
α-helical structures (calculated α-helicity about 40%). These purified recombinant proteins
were used for NMR structural studies in lipid micelles and lipid bilayers.

3.2. NMR spectroscopy
The initial solution NMR and solid-state NMR studies of PLM, CHIF, and Mat8, provide
valuable information about their structure and membrane architecture. These spectra are the
starting points for higher dimensional solution NMR experiments and structure
determination. Solution NMR spectroscopy of the FXYD proteins in lipid micelles can be
used to determine their secondary structures and three-dimensional folds, because the
proteins reorient fast enough in solution to give isotropic spectra with relatively narrow line
widths. The two-dimensional 1H/15N HSQC spectra of uniformly 15N-labeled FXYD
proteins in aqueous SDS micelles are shown in Fig. 3. Each resonance represents a
single 15N-labeled site of the protein, and is characterized by 1H and 15N chemical shift
frequencies that reflect the local environment. The samples were optimized to obtain narrow
resonance line widths and high resolution, and the presence of one well-defined resonance
for each amide site in the protein is indicative of a high-quality micelle sample. Resonances
from the Gly (15N shift = 105–110 ppm), Trp indole (1H shift = 10 ppm), and Gln and Asn
sidechain (1H shift = 6.5–7.5 ppm) nitrogens are clearly resolved. The limited chemical shift
dispersion is indicative of helical structures for these proteins. The measurements of as
many 1H/1H NOEs as possible among resonances provide the short- and long-range distance
constraints needed for structure determination, and we have acquired three-
dimensional 1H/15N HSQC-NOESY spectra of uniformly 15N-labeled FXYD proteins where
several well-resolved cross peaks can be identified.

The solid-state NMR spectra of 15N-labeled CHIF in oriented and unoriented lipid bilayers
are shown in Fig. 4. The degree of phospholipid bilayer alignment can be assessed with 31P
NMR spectroscopy of the lipid phosphate headgroup, as shown in Fig. 4A,B. The 31P NMR
spectra obtained for the CHIF samples are characteristic of a liquid-crystalline bilayer
arrangement, in both oriented and unoriented samples (Fig. 4A,B). The spectrum from the
oriented sample, in Fig. 4A, has a single peak near 30 ppm, as expected for highly aligned
bilayers with this lipid composition (DOPC/DOPG = 4:1 molar). These spectra demonstrate
that highly aligned samples of FXYD proteins in lipid bilayers can be prepared for NMR
structure determination.

The one-dimensional 15N chemical shift spectra of CHIF (Fig. 4C,D) provide a first view of
the FXYD protein architecture in membranes. A preliminary analysis of the solid-state NMR
data is possible since both CD and NMR spectroscopy in micelles show that the overall
secondary structure of these proteins is α-helical. Membrane proteins in lipid bilayers are
largely immobile on NMR time scales; therefore, their resonances are not motionally
averaged but have frequencies that reflect the orientation of their respective sites relative to
the direction of the magnetic field [16,17]. In our sample, the lipid bilayer plane is
perpendicular to the magnetic field direction; therefore, each resonance frequency reflects
the orientation of its corresponding protein site in the membrane.

The spectrum of CHIF in oriented bilayers (Fig. 4C) displays significant resolution with
identifiable peaks at frequencies throughout the range of the 15N amide chemical shift. The
resonance intensity near 200 ppm arises from backbone amide sites in the transmembrane
helix that have their NH bonds nearly perpendicular to the plane of the membrane, while the
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intensity near 80 ppm is from sites in the N- and C-termini, with NH bonds nearly parallel to
the membrane surface. The rather narrow dispersion of 15N resonances centered around 200
ppm suggests that the CHIF transmembrane helix crosses the lipid bilayer membrane with a
very small tilt angle. The peak near 35 ppm results from the amino groups of the lysine
sidechains and the N-terminus.

The spectrum of CHIF in unoriented bilayers is strikingly different and provides no
resolution among resonances (Fig. 4D). Most of the backbone sites are structured and
immobile on the time scale of the 15N chemical shift interaction (10 kHz), contributing to
the characteristic amide powder pattern between about 220 and 60 ppm. Some of the CHIF
backbone sites, probably near the N- and C-termini, are mobile, and give rise to the
resonance band centered near 120 ppm. Therefore, while certain resonances near 120 ppm,
in the spectrum of oriented CHIF, may reflect specific orientations of their corresponding
sites, some others arise from mobile backbone sites.

4. Conclusions
The FXYD membrane proteins regulate ion, osmolyte, and fluid homeostasis in a variety of
tissues, and are emerging as auxiliary tissue-specific and physiological state-specific
subunits of the Na,K-ATPase. The cloning, expression, and purification of the recombinant
FXYD family members PLM, CHIF, and Mat8 enable NMR structural studies to be
performed in membrane environments, since the proteins can be isotopically labeled, and
obtained in quantities that are suitable for NMR structure determination. The 1H/15N HSQC
spectra in SDS micelles display excellent resolution and demonstrate the feasibility of
structure determination in micelles. The HSQC and CD spectra in micelles reflect helical
secondary structures for all three proteins, and the solid-state NMR spectra from oriented
lipid bilayer samples provide a first view of the topological features of their transmembrane
and terminal domains. The ability to produce milligram quantities of pure FXYD proteins
also opens the door for functional studies that, together with structure determination, can
provide important structure–activity correlations. For example, the reconstitution of Na,K-
ATPase activity in the presence of FXYD proteins would be an important step in
understanding the mechanism of pump regulation, while the incorporation of FXYD
proteins in lipid bilayers enables ion channel activities to be characterized by measuring
specific ionic currents.
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Fig. 1.
Expression and purification of the FXYD family proteins PLM, CHIF, and Mat8. (A)
Amino acid sequences of PLM, CHIF and Mat8. The FXYD homology domain (FH)
encompasses the FXYD consensus sequence (in bold), and the transmembrane domain
(TM). (B) Protein fractions at different stages of the purification protocol were analyzed on
Coomassie stained 16% SDS-PAGE. Lane 1: Entire cell before IPTG induction. Lane 2:
Entire cell after IPTG induction with the fusion protein band at 21 kDa. Lane 3: Isolated
inclusion bodies enriched in fusion protein. Lane 4: Fusion protein isolated by Ni affinity
chromatography. Lane 5: His9-TrpΔLE fusion partner and PLM resulting from CNBr
cleavage of the fusion protein. Lane 6: Purified PLM. Lane 7: Purified CHIF. Lane 8:
Purified Mat8. (C) MALDI-TOF mass spectra of purified PLM (8379 Da), CHIF (7086 Da),
and Mat8 (7112 Da).
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Fig. 2.
CD spectra of purified PLM, CHIF, and Mat8 in SDS micelles. The samples contained 20
µM FXYD protein, 500 mM SDS, 20 mM sodium phosphate, 1 mM sodium azide pH 5.
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Fig. 3.
Two-dimensional 1H/15N HSQC spectra of uniformly 15N labeled (A) PLM, (B) CHIF, and
(C) Mat8 in SDS micelles at 40 °C. The samples contained 1–2 mM FXYD protein, 500
mM SDS, 20 mM sodium phosphate, 10 mM DTT, 1 mM sodium azide pH 5. The 15N
and 1H chemical shifts are referenced to 0 ppm for liquid ammonia and tetramethylsilane.
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Fig. 4.
One-dimensional solid-state NMR spectra of CHIF in (A,C) oriented and (B,D) unoriented
lipid bilayers at 22 °C. (A,B) 31P chemical shift spectra from the phosphate headgroups of
the phospholipids. (C,D) 15N chemical shift spectra of uniformly 15N-labeled CHIF.
The 15N and 31P shifts are referenced to 0 ppm for external liquid ammonia and phosphoric
acid.
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