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ABSTRACT. 2H and?®®N solid-state NMR spectroscopic techniques were used to investigate the membrane
composition, orientation, and side-chain dynamics of the transmembrane segment of phospholamban (TM-
PLB), a sarcoplasmic Céaregulator protein?H NMR spectra ofH-labeled leucine (deuterated at one
terminal methyl group) incorporated at different sites ¢€leu28, CR-Leu39, and ClLeu51) along

the TM-PLB peptide exhibited line shapes characteristic of either methyl group reorientation about the
C,—C; bond axis or by additional librational motion about the<Cs and G—C, bond axes. ThéH

NMR line shapes of all CRlabeled leucines are very similar belowQ, indicating that all of the residues

are located inside the lipid bilayer. At higher temperatures, all three labeled leucine residues undergo
rapid reorientation about the,£Cs, Cs—C,, and G—C; bond axes as indicated B} line-shape
simulations and reduced quadrupolar splittings. At all of the temperatures studiét, N¥R spectra
indicated that the Leu51 side chain has less motion than Leu39 or Leu28, which is attributed to its
incorporation in the pentameric PLB leucine zipper motif. T#¢ powder spectra of Leu39 and Leu42
residues indicated no backbone motion, while Leu28 exhibited slight backbone motion. The chemical-
shift anisotropy tensor values féiN-labeled Leu TM-PLB were1; = 50.5 ppm,o2, = 80.5 ppm, and

033 = 229 ppm within£3 ppm experimental error. THEN chemical-shift value from the mechanically
aligned spectrum ofN-labeled Leu39 PLB in DOPC/DOPE phospholipid bilayers was 220 ppm and is
characteristic of a TM peptide that is nearly parallel with the bilayer normal.

Phospholamban (PLB)s a homopentameric transmem- Mutagenesis studies of the TM domain section of PLB
brane (TM) protein that regulates €aATPase, which indicated that the monomeric form of PLB is a more effective
controls C&" transport across the sarcoplasmic reticulum inhibitor of C&*-ATPase than the pentameric fori3, @).
(SR), leading to muscle relaxatiof)( Fuji and co-workers  Thus, PLB inhibits SERCA2a, an isoform of €aATPase,
elucidated the complete primary structure of PLB by amino in its unphosphorylated (monomeric PLB) form, whereas the
acid sequencing and found that the molecular mass of thephosphorylated (pentameric PLB) form dissociates from
PLB monomer is 6082 Da. Also, they determined that PLB- SERCA2a ). Phosphorylation of PLB at Ser16 and Thr17
is a pentamer consisting of five identical subuni®.(  py hoth cAMP- and calcium/calmodulin-dependent protein

- - - kinases in response fhadrenergic stimulation results in the
T This work was supported by the American Heart Association

Scientist Development Grant (0130396N) and the NIH Grant (GM60259- formation of pentameric complexe§)(PLB is a 52 amino
01). The 500-MHz wide bore NMR spectrometer was obtained from acid TM protein and consists of three structural domains:

NSF Grant (10116333). residues +20 that comprise the hydrophilic cytoplasmic

* To whom correspondence should be addressed. E-mail: lorigag@ ; ; ;
muohio.edu. Fax: (513) 529-5715. Phone: (513) 529-3338. domain, residues 2330 that create a hinge segment, and

1 Abbreviations: CP-MAS, cross-polarization magic angle spinning; residues 3+52 that encompass the hydrophobidelical
DMF, dimethylformamide; DIEAN,N-diisopropylethylamine; DOPC, membrane-spanning regior, 8). Solution NMR studies in

1,2-dioleoylphosphocholine; EDTA, ethylenediaminetetraacetic acid; ; ;
FA, formic acid; Fmoc, 9-fluorenyl-methoxycarbonyl; HBTO;ben- organic solvents have shown that monomeric PLB has a

zotriazol-1N,N,N,N-tetramethyluronium hexafluorophosphate; HEPES, disjointed structure, with the intervening domain as either a
N-[2-hydroxyethyl]piperizineN-2-ethane sulfonic acid; HFIP, hexafluoro-  short flexible turn or g6-turn type-Ill conformation9, 10).
2-propanol; HMP, 4-hydroxymethylphenoxymethyl copolystyrene-1% . . .
divinylbenzene resin; HOBT, 1-hydroxybenzotriazole; IPA, 2-propanol; The a-hellcal TM segment of PLB consists of 22 amino
Lo, liquid-crystalline phase; MALDFTOF, matrix-assisted laser- — acid residues 3{LFINFCLILICLLLICIIVMLL %?) and is

desorption ionization time of flight; MeCN, acetonitrile; NMR, nuclear  palieved to anchor the protein into the membrahk (2).

magnetic resonance; PLB, phospholamban; POPC, 1-pa|mitoyl-2-E | d k ilized site-di d .
oleoyl-phosphocholine; SR, sarcoplasmic reticulum; TFA, trifluoroacetic ENgélman and co-workers utilized site-directed mutagenesis

acid; TFE, 2,2,2-trifluoroethanol; TM, transmembrane. studies to define the interacting surfaces betweencathe
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helices of phospholamban that are responsible for the
formation of the pentamerl). Subsequent studies using
chimeric constructs expressedHscherichia coliexplored

a wide range of sequence alteratiodsl)( SDS-PAGE
assays were employed to determine the influence of substitu-
tion on pentamer formatiori4). There is a repeating pattern

of disruption when substitutions are made along the length
of the PLB peptide, suggesting that the helices may interact
with each other. Mutations at specific residues such as Leu37,
lle40, Leud4, and Leu4?7 disrupt pentamer formation and are
thought to be involved in isoleucine/leucine zipper formations
(6, 11, 14, 15). The oligomeric state of phospholamban in
lipid bilayers has also been determined using spin-labeled
EPR and refined by molecular dynamic simulations. These
studies suggest that these helical structures permit nonpolar
side chains from one strand to fit into gaps in the surface of
another strand, the “knobs-into-holes” bonding arrangement
(16).

Furthermore, the inhibitory association of PLB with’Ca
ATPase involves both the cytoplasmic and TM domains of
PLB (17—19). Phosphorylation of PLB activates the a
pump Of_ the cardlfic SR and increases thé' Gptake by a Ficure 1: Two models representing the structure of monomeric
mechanism that is still unclea2@. Thus, the dynamic  pLB in phospholipid bilayers are depicted above. In model A, PLB
regulation of the proteiprotein interactions is the key to  has twoa helices separated by an unstructured region presumed
understanding the €& pump regulation by PLB. Direct 10 be.aﬁ-sheet structure. In model B, PLB is a continuoukelical
measurement of protein dynamics and interactions using site-P"tn-
specific spectroscopic probes will be crucial to the elucidation

) ) ; through peptide synthesis and to examine its corresponding
of this molecular mechanism. Structural analysis through quadrupolar splitting and line shape through NMR spectros-

molecular dynamic techniques have been instrumental in copy is a powerful technique used by many research groups
understanding the motion and dynamics of PLB in the SR (15, 34, 37). Methyl group motions have been well-

(21). The existence of a stable PLB pentamer in the SR and .j,aracterized byH NMR studies of CB-labeled sites of

its sma!l size _makes it suitable for solid-state NMR spec- 4 5nines and valines in other T™M peptides{41). The
troscopic studies. primary amino acid sequence of the TM segment of PLB
There is still disagreement on the structure of PLB (jaarly’ shows a repeating pattern of isoleucine/leucine

embedded in lipid membranes even though studies havejsoleycine/leucine make up about 60% of the TM segment)
shown that PLB readily associates in lipid bilayers to form  ociques along the length of the peptide. This suggests a

a hgmopentamer, which has been shown to function as ayqssiple interacting role of these residues in stabilizing the
Ce" channel g2, 23). Presently, there are two structural pentameric structure inside the membrane. Very limited
models that have been proposed based upon Spectroscopifytormation is available ofH solid-state NMR dynamic
studies and molecular-modeling techniques for pentameric oy, dies on long aliphatic side chains such as those of leucine
PLB as shown in Figure 12¢, 25). In one model (Figure o T\ proteins such as PLB3¢, 36). This study will

1A), PLB is composed of twat helices connected by an  gnhance our knowledge of long side-chain dynamics by
unstructuregi-sheet region with the cytosolic domain tilted investigating the motional properties of various £Deu

in a range of 56-60° with respect to the bilayer normé¥). residues of TM-PLB.

Another model (Figure 1B) has proposed a continuaus For leucine residues, the side chain can be isotopically

helix of about 40 amino acid residues with a tilt angle of |5peled at the- and/ore-CDs sites and the deuterium NMR
about 28 for PLB with respect to the bilayer normz24). powder pattern line shapes will be strongly influenced by
Previous studies have shown that the TM helices alone ine motions about the ,£C, bond axis and by additional
are sufficient to drive pentamer formation thus, giving rise |iprational motion about the £&-C; and G—C, bond axes
to interest in the residues that are involved in the structural 4t various temperature$4, 42). Furthermorg knowledge
organization of PLB §, 26). _ _ of the precise location of the residues within the bilayer is
Deuterium NMR spectroscopy is well-suited to study the (equired for understanding the structural and dynamic
structural and dynamic properties of membrane proteins in organization of the peptide within the membrane.
phospholipid bilayersJ7—30). The technique has developed  Fqr solid-statéH NMR spectroscopy, the allowed transi-
into an excellent probe for dynamic processes utilizing the g correspond te-1 <> 0 and 0<> —1 and give rise to a
corresponding quadrupolar splitting and line shaas32). quadrupolar splitting of the absorption line with separation

?H NMR spectroscopy has been used to study the molecularp, petween peak maxima (assuming an axial symmetric
dynamics of side-chain residues in site-specikiclabeled electric field gradient tensor) of

integral membrane protein8%—36). The motions of the

methyl groups in aliphatic side chains reflect those of the Av = (3/4)EqQh)(3 cod 6 — 1) (1)
backbone and methylene sites of these residues. Selectively

introducing a CI group at a specific residue in a protein where €qQ/h is the quadrupole coupling constant afid
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defines the orientation of the principal axis of the electric 2-propanol (HFIP), formic acid, and 2,2,2-trifluoroethanol
field gradient tensor with respect to the laboratory coordinate (TFE) were purchased from Sigmaldrich Chemical Co.
system 85). Generally, for CQ-Leu in a polycrystalline (St. Louis, MO). HPLC-grade acetonitrile and 2-propanol
solid, all values of) are possible and the so-called “powder were obtained from Pharmco (Brockfield, CT) and were
pattern” is obtained, having a quadrupolar splittidg ) of filtered through a 0.2¢4m nylon membrane before use. Water
127 kHz for solid aliphatic chaing§, 43). Three-fold methyl was purified using a Nanopure reverse 0osmosis system
hops or rotations cause a reductionAm from 127 to 40 (Millipore, Bedford, MA). N-[2-Hydroxyethyl]piperizineN-
kHz (44). However, such spectra still retain an axially 2-ethane sulfonic acid (HEPES), trifluoro acetic acid (TFA),
symmetric gradient tensor. Further reduction in the splitting and ethylenediaminetetraacetic acid (EDTA) were also
followed by a certain degree of asymmetry in the spectra obtained from SigmaAldrich Chemical Co.

can be caused by additional motions such as (i) rotational Peptide SynthesiSeveraPH- and**N-labeled TM-PLB
motions about the peptide long molecular axis, (ii) rotation peptides were synthesized using predefined proceddées (
about the G—Cz and G—C, bond axes, (iii) librational The polypeptides corresponding to TM-PLB, Ala24-Leu52
motions associated with wobbling of methyl groups, or (iv) (?H-Leu PLB and'*N-Leu PLB) were synthesized on an
backbone mobility 44, 45). Applied Biosystems Inc. (ABI) 433A solid-phase peptide

In addition, selectivé3C—13C and3C—15N interatomic synthesizer controlled by a G3 Macintosh computer with
distances along the backbone of wild-type PLB have been SynthAssist 2.0 software as described previoudB).(
measured via solid-state NMR spectroscopic techniques such Peptide Purification The synthesizetH- and**N-labeled
as rotational-echo double resonance (REDOR) and rotationalT M-PLB peptides were purified using the following proce-
resonanced). The results suggest that the wild-type PLB dure. The synthesized peptide was removed from the
is pentameric with an-helical structure. HoweveN solid- synthesizer and cleaved from the resin. The lyophilized
state NMR studies involving the mutant analogue of the Peptide was dissolved in HFIP/FA (4:1, at a concentration
AFA-PLB (where A36, F41, and A46 have replaced the three 0f 5 mg/mL) and centrifuged to eliminate insoluble particu-
corresponding TM cysteine residues) monomer in uniaxially 1ates. The crude peptide was purified on an Amersham
aligned lipid bilayers have shown that the TM and cytosolic Pharmacia Biotech AKTA Explorer 10S HPLC controlled
domains are perpendicular to each ot!®r The conflicting by Unicorn version 3 system software. A polymer-supported
results may reflect structural differences between the pen-column (259 VHP82215, &m, 300 A pore size, 2.% 15
tameric and monomeric forms of PLB because of confor- ¢m) from Grace-Vydacc was used to purify TM-PLB. The
mational Changes_ Thus, it is one objecti\/e of this study to column was equilibrated with 95% solvent A/5% solvent B.
use site-specific isotopically labeled TM-PLB peptides to Solvent A consisted of ¥0 and 0.1% TFA and solvent B
probe the backbone and side-chain motions of the TM was 38% MeCN, 57% IPA, and 5%.8 (46). A 1-mL
segment of the wild-type PLB in phospholipid bilayers. ~ aliquot of the (5 mg/mL) peptide sample was injected into

In the present study, several TM-PLB peptides were the column, and the gradient was ramped from 5 to 100%

synthesized with selective incorporationte- or ?H-labeled of solvent B at a flow rate of 10 mL/min. Peptide elution

leucine at specific positions. We have examined side-chain /3% ac_h@eved Wi(fh a linear gradient__to a fir_lal solv_ent
motions of [5,5,5Hs]Leu-labeled TM-PLB at residues composition of 93% solvent B. The purified peptide fraction

Leu28, Leu39, and Leu51 separately incorporated into was Iyophilized. and anal_yzed by .MALBﬂ—OF mass

1-palmitoyl-2-oleoyl-phosphocholine (POPC) bilayers to spectroscopy using a matrix of 2,5-dihydroxybenzoic acid.
i - 0,

investigate the structural and dynamic properties of the '1e ?\éerall y"?\lltlj\/lg ™ PII'BIQNaS about 37 f’(ﬁz)

leucine side chain using solid-statd NMR spectroscopy. Solia-State Sample Preparatidfor the’H NMR

Also, 15N-labeled TM-PLB at residues Leu28, Leu39, and €XPeriments, 76 mg of POPC dissalved in chioraform was

Leu42 were studied using botN static and®N CP-MAS ~ Mixed with 13.4 mg of appropriateH-labeled TM-PLB

NMR spectroscopy to investigate backbone mobility. Using (r_esidues.2452_) .(i.e., 4 mol % with respect to POPC.)
the anisotropic>N chemical shift as an orientational dlssolveq in a minimal ampunt Of TFE. The sample was ered
constraint, single-sitéN-labeled TM-PLB (at residue Leu3g) 0¥ Passing a stream of nitrogen gas over the sample in the

P ; ; ; flask and then dried in a vacuum desiccator overnight.
was studied in 1,2-dioleoylphosphocholine (DOPC) bilayers .
oriented between thin glass plates. The resuféaithemical ~ HEPES buffer (19QiL), prepared irH-depleted water (5

shift provided helical orientational information for TM-PLB mM EDTA, 20 mM Na(?l, ar.]d. 30 mM HEPES at pH 7.0),
with respect to the membrane. was added to the peptide/lipid mixture in a ¥275 mm

test tube, and the peptide/lipid mixture was allowed to sit in
a water bath at 50C for 30 min. The peptide/lipid mixture
MATERIALS AND METHODS was occasionally agitated on a vortexer until a homogeneous
phase was established. The sample was loaded into a flat-
Materials Fmoc amino acids and other chemicals for bottom round glass tube of 5 mm outside diameter for the
peptide synthesis were purchased from Applied BiosystemsNMR spectroscopy studies.
Inc. (Forster City, CA). Fmoc-leucine-5,5¢5-and Fmoc- After the 15N NMR powder sample was dried overnight
leucine®>N derivatives were purchased from Isotec Inc. in the desiccator, it was transferred and packed into a 4-mm
(Miamisburg, OH).2H-depleted water was purchased from ZrO, rotor. The hydrated sample was prepared by placing
Isotec Inc. POPC and DOPC were purchased from Avanti the rotor containing the dry sample in a relative humidity
Polar Lipids Inc. (Alabaster, AL). The phospholipids were (~93%) chamber of saturated ammonium monophosphate.
shipped already dissolved in chloroform at a concentration The sample was incubated for-62 h at a temperature of
of 20 mg/mL and stored at20 °C. Chloroform, hexafluoro-  about 45°C.
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The mechanically alignetiN-labeled sample was prepared 28 39 42 51
by cosolubilizing TM-PLB and DOPC/DOPE (4:1) in ARQNLQNLFINFCLILICLLLICIIVMLL
chloroform at a 1:200 mole ratio. The TM-PLB peptide was FIGURE2: Amino acid sequence corresponding to part of the hinge
dissolved in a minimal amount of TFE prior to cosolubilizing ~fegion and the TM region of PLB is shown above. The amino acids
with the lipids. The solution was spread onto 30 (8.5.4 in bold face represent ttfel- or 15N-labeled sites used in this study.
mm) glass plates and allowed to air-dry for 30 min before
vacuum drying for another 24 h. Deuterium-depleted water Lﬁ;:%q n:ﬁg%t;ﬁspggﬂ meteg)(was 0.05 for all of theH
was added onto the peptide/lipid mixture, and the glass plates '
were stacked on top of each qther. The stacked gl_a;s plateRESULTS
were then placed in a humidity chamber consisting of
saturated ammonium monophosphate at a relative humidity The sequence corresponding to the peptide representing
of about 93% at 42C for 12 h. TM-PLB is displayed in Figure 2. The sequence represents

?H Solid-State NMR Spectroscop\l 2H solid-state NMR ~ part of the hinge segment (residues-30) and the entire
spectra were acquired on a Bruker Avance 500 MHz WB TM segment (residues 352) of PLB. The specific isoto-
solid-state NMR spectrometer operating at a resonancepically labeled sites’t1- and**N-labeled) are indicated with
frequency of 76.8 MHz foPH using a double-resonance nhumbers above them as shown below.
solid-state NMR probe equipped with a 5-mm solenoid coil.  The placement of the site-specific isotopically labeled
The quadrupolar echo-pulse sequence was used with quadraesidues was based upon the following conditions; Leu28
ture detection capabilities and complete phase cycling of thewas chosen to be toward the N terminus of the peptide and
pulse pairs47). A 3.0us 9C pulse, 100-kHz sweep width, close to the cytosolic side of the membrane. Other residues
400-ms recycle delay time, and 38-interpulse delay were ~ were chosen so that they would be buried within the
used to accumulate 150 000 transients. Prior to Fourier phospholipid bilayers (Leu39 and Leu42), and Leu51 was
transformation, an exponential multiplication with 200-Hz chosen because it is located toward the C terminus and either
line broadening was performed on the spectra. The spectraclose to the headgroup of the phospholipid bilayer or buried
were acquired over a temperature range freb to 60°C. within the phospholipid hydrophobic core.

5N Solid-State NMR Spectroscopynoriented membrane 2H Side-Chain Dynamicgrigure 3 shows the solid-state
protein samples were placed into a 4-mm sample rotor and?H NMR powder pattern spectra of specific labeled £D
inserted into a Bruker triple resonance CP-MAS solid-state Leu28, CRQ-Leu39, and ClrLeu51 TM-PLB samples
NMR probe (Bruker Avance 500 MHz WB solid-state NMR  incorporated into unoriented POPC bilayers. The spectra
spectrometer) operating at 50.7 MHz 8. 15N solid-state were recorded over the temperature range froB®b to 60
NMR spectra were collected utilizing a standard cross °C.
polarization pulse sequence withl decoupling 48). The In the gel phase<25 °C), the deuterium line shapes and
following pulse sequence parameters were used;ud B qguadrupolar splittings indicate that the only significant
90° pulse, 500-ppm sweep width, 1.5-ms contact time, and motion is methyl group rotation, because global motion is
4-s recycle delay withH decoupling. Samples were spun at eliminated from the spectra by lowering the temperature of
5 kHz for the CP-MAS experiments. A total of 40-k scans the sample below the geliquid-crystalline phase transition
were averaged for the static experiments, and 4-k scans weref —3 °C (34). The quadrupolar splittingg\v, for all three
averaged for the CP-MAS experiments. The spectra wereleucines are slightly different. The Glbeu28, C2-Leu39,

referenced to an external standard®f{H,).SO, (27 ppm). and CDx-Leu51 spectra revealed quadrupolar splittings of
The experiments were recorded at temperatures ranging fromabout 30, 32, and 36 kHz, respectively. Theline shapes
—25 to 25°C. of Leu28 and Leu39 are broad and rounded (bell-like shape),

The mechanically aligned®N spectrum was collected whereas the spectrum corresponding to Leu51 has a flatter
using a Bruker double-resonance flat-coil solid-state NMR top powder line shape characteristic of more restricted
probe operating at 28C. A standard cross-polarization pulse motion. The marginal differences in the splitting and the line
sequence was used with the following parameters:u4.5- shapes for all three leucines is attributed to the slightly
1H 90C° pulse, 1.0-ms contact time, 600-ppm sweep width, different environment of these residues within the bilayer.

and a 4-s recycle delay witd decoupling. A total of 24-k At 0 °C, which is very close to the liquid-crystalline phase
scans were averaged, and 300-Hz line broadening was usedransition of the POPC phospholipids, additional leucine side-
to process the data. chain motions are involved that decrease the quadrupolar

NMR Data AnalysisSimulations of théN NMR spectra  splitting of CDy-Leu28 and CR-Leu39 significantly. The
were carried out using the DMFIT software program that is ?H peak centered at 0 kHz in the three spectra is due to
capable of modeling one- and two-dimensional solid-state residual?H nuclei in the?H-depleted water. Upon heating
NMR spectra49). The principal elements of the chemical- the sample to 25C, there is a dramatic change in the spectral
shift tensors are represented according to the conveotipn  width of the CDQ-Leu28 spectrum characterized by a
> 02 = O11. relatively narrow Pake doublet peak, which exhibitsHa

Leucine deuterium line-shape simulations were performed line shape that is characteristic ofha> 0 pattern 44). This
using two independent axes defined with the MXQET is explained by an increase in side-chain motions associated
software program50). The first axis defined the tetrahedral with 2-fold jumps between predominant leucine side-chain
three-site methyl group hopping in which the deuterons were rotamers as well as 3-fold methyl group reorientatidt®).(
tited 75° with respect to the axis and with jumps of 220  This causes a reduction in the spectral width with a
The second axis defined two-site methyl group jumping in quadrupolar splitting of about 6 kHz, a typical value for
which the methyl groups are tilted 7&nd jump by 109.5 leucine buried within the hydrophobic region of a membrane
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(A) Leu-28 (B) Leu-39 (C) Leu-51

T T T T T T T T T T T T T T
40 20 0 -20 -40 40 20 0 -20 -40 40 20 0 -20

2H (kHz) 2H (kHz) 2H (kHz)

Ficure 3: 2H NMR powder pattern spectra pfleucine-5,5,58; incorporated at specific sites of TM-PLB and inserted into POPC phospholipid
bilayers.?H NMR spectra are shown for (A) GELeu28 PLB, (B) C-Leu39 PLB, and (C) CpLeu51 PLB incorporated into POPC
phospholipid bilayers at lipid/peptide molar ratios of 25:1. The experiments were conducted at temperatures rangirhftor0°C.

A total of 150 000 transients were accumulated for each spectrum and processed with a line broadening of 200 Hz.

A
1)

at that temperature2@). Small changes in the quadrupolar and 60°C) but not as significantly as in the Geu28 and
splitting are observed at higher temperatures (45 arC§0 CDs-Leu3d9 spectra. The unigue features associated with these
indicating faster motional averaging attributed to faster 2- spectra could be explained by the condition that the Leu51
and 3-fold jump rates. The shoulders at the edge of the side chain is involved in the so-called “knobs-into-holes”
powder are due to rapid methyl group reorientations that arebonding arrangement in which the side chain of Leu51 from
faster than the NMR time scale (10s). Our current model  one o helix is locked into the groove of a secondhelix
of TM-PLB suggests that Leu28 is located toward the N (of the pentamer); therefore, the twohelices are coiled
terminus of the peptide, which is often a more mobile section around each other. Smith and co-workers have also reported
of a TM a helix (38). that Leu44 is buried within the core of pentameric phos-

At 25 °C, CDs-Leu39 exhibits a spectral line shape with pholamban and also observed the general bell-shaped
characteristics not typical of Pake doublets, and this may becharacteristics34). This type of structural arrangement is
due to additional modes of motion82). The narrow believed to help stabilize the structure of the pentarber (
Lorentzian line shapes are indicative of either fast side-chain 11, 15).
reorientation both rapidly and isotropically or off-axis motion. 15N Backbone Dynamic§he 15N chemical-shift powder
At higher temperatures (45 and 8C), the spectral line  pattern from unoriented PLB protein samples in lipid bilayers
shapes are maintained, although the breadth observed at 2%an distinguish between mobile and rigid backbone sites on
°C has eventually merged with the isotropic peak. The the 10%-s time scale36). Generally, it has been found that
disappearance of the breadth component at higher temperisN spectral line shapes of unoriented samples provide
atures could also be due to global motion of the peptide alongreliable evidence for the presence of mobile sites. To
the long molecular axis and increased librational motions of determine the degree of backbone mobility of TM-PLB in
the side chain resulting in an averaging of the electric field POPC bilayers, site-specifttN-Leu TM-PLB peptides were
gradient tensors and consequently giving a narrow powderincorporated into POPC phospholipid bilayers and the spectra
pattern line shapesf). were collected at-25 and 25°C. 15N CP-MAS spectra were

At 25 °C, °H NMR powder spectra of CPLeu51 exhibit collected for each of the samples at a spinning speed of 5
bell-shaped characteristics indicative of slower methyl group kHz. Figure 4D shows th&®N CP-MAS spectrum of Leu28.
reorientations than the NMR time scale. The appearance ofAll spectra showed single isotropic peaks near 120 ppm. The
a small Pake doublet at this temperature could also indicate’>N static chemical-shift powder pattern spectra of the
the presence of a more rapidly moving population of PLB hydrated samples dPN-Leu TM-PLB (Leu28, Leu39, and
superimposed on a slower, broader component. NarrowingLeu42) in POPC bilayers are displayed in Figure 4 at 25
of the spectra is further observed at higher temperatures (45°C. The smooth axially symmetric powder patterns—@)
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CPMAS Leu28

T T T T
300 200 100 0

"*N (ppm)
Ficure 4: 15N NMR powder pattern spectra é#N-labeled TM-
PLB incorporated into POPC bilayers at a lipid/peptide ratio of
25:1. The static powder pattern spectra of (A) Leu28, (B) Leu39,
and (C) Leu42 were obtained after 200 000 transients were
collected. The experimental spectra were collected &t after
hydration in a relative humidity chamber (93%) for 12 h. The
simulated solid-state NMR spectra-j are superimposed on the
experimental spectra for comparison. Chemical-shift anisotropy
values, with errors withind=3 ppm, were calculated from the
simulated spectra and are shown in Table 1. (D) High-power proton-
decoupled CP-MAS spectrum of hydraté-labeled Leu28 PLB
inserted into POPC bilayers and spun at 5 kHz.

Tiburu et al.

Table 1: 5N Chemical-Shift Tensor Values éfN-Labeled
TM-PLB (Leu28, Leu39, and Leu42) Inserted into POPC
Phospholipid Bilayers

CSA values measured from single-site
15N-labeled Leu-PLB powder samples [in ppm
relative to {°NH,),SQ; solution referenced to 27 ppm]

sites o11 022 033 Oiso CSA
Lew?*PLB 55.0 82.5 225.0 121.0 170.0
Leuw*PLB 50.5 80.5 229.0 120.0 178.0
Leu*?PLB 52.0 84.8 230.0 121.0 179.0

a2 These values were extracted from the simulated solid-state NMR
spectra in Figure 3.

The experimental spectra of Figure 3 were simulated, and
the results are displayed as dotted lines. The experimental
spectra and the simulated spectra were superimposed, and
the chemical-shift tensor elements were extracted from the
single-site-labeled TM-PLB peptides. The chemical-shift
tensor elements are displayed in Table 1 for comparison.
The >N chemical-shift tensor values fdfN-Leu39 PLB
were found to ber;; = 50.5,0,, = 80.5, andosz = 229 +
3 ppm. These values are comparable to offidrtensoral
components found in the literaturgl). Similar parameters
were also obtained from tHéN-labeled Leu42 sample (Table
1). The observation of chemical-shift values close to the
extremes of the chemical-shift anisotropy and the absence
of any isotropic components demonstrates that all of the
labeled residues investigated are TM and are motionally
restricted by interactions with the lipid membrar)(

However, it is interesting to note that the CSA corre-
sponding to Leu28 was about 170 ppm, which is less than
the CSA corresponding to Leu39 (178 ppm) and Leu42 (179
ppm). This implies that slight backbone motion is centered
around Leu28 when compared to the other residues.

Helical Orientation of TM-PLB with Respect to the Lipid

and the absence of any major isotropic components are arBilayer Normal The one-dimensionafN solid-state NMR

indication that the TM-PLB peptide has limited backbone
mobility in the POPC phospholipid bilayers.

CP-MAS chemical-shift values of about 129 ppm are
characteristic ofy-sheet structures, whereas chemical-shift
values lower than 122 ppm are characteristic obamelix
(51). The CPMAS chemical-shift value of 120 ppm corre-
sponds to a leucine residue contained withincahelical
structure in a lipid bilayer, implying the parameters found

spectrum of'®N-labeled Leu39 PLB was obtained in fully
hydrated DOPC/DOPE bilayers mechanically aligned on
glass plates. As expected for a well-oriented sample, the
spectrum in Figure 5A consists of a relatively narrow single
line with a resonance frequency within the span of i
chemical-shift anisotropy powder pattern.

An amide N-H bond approximately parallel to the
direction of the static magnetic field and the membrane

in the powder pattern spectra are relevant to the secondaryhormal has art®N resonance frequency near that of the

structure of TM-PLB in POPC phospholipid bilayers. The
line shapes and intensities of tH&l NMR spectra exhibited

principal tensor eleme,. Conversely, an amide-NH bond
perpendicular to the field and membrane normal ha¥sn

small deviations from each other at each labeled site alongresonance frequency near that of the principal tensor element
the backbone, indicating the absence of motional averagingq, of the chemical-shift powder pattern spectra. A compari-

and that the residues are all TM. Also, the line shapes for

son of the spectra in Figure 5 clearly shows the effect of

specific sites exhibited small changes as the temperature wagample orientation. The most striking feature of the aligned

increased from-25 °C (data not shown) to 25C.

Thus, the experimental spectra in Figure 4 shawamide
powder pattern spectra indicative of leucines in TM-PLB

that have immobile peptide bonds located inside the mem-

brane 86). This conclusion is further supported by the

spectrum shown in Figure 5A is that the single-littl
resonance observed from the specifitl-labeled Leu39
sample has a frequency near thg edge of the amide
chemical-shift powder pattern in Figure 5B. Thus, the
chemical-shift value of 220 ppm indicates that the peptide

appearance of a single resonance peak and the absence @lane is TM and nearly parallel with the membrane normal
any other components in the CP-MAS spectra (one exampleand the static magnetic field in aligned DOPC/DOPE

is shown in Figure 4D). Thus, highly constrained backbone

phospholipid bilayers. This is further evidence that the PLB

sites of TM-PLB suggest that the side-chain dynamics are peptide has been successfully incorporated into DOPC/DOPE

not influenced by backbone fluctuations.

bilayers.
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FiIGURE 5: (A) One-dimensional solid-stat8N NMR spectrum of
15N-labeled Leu39 PLB inserted into DOPC/DOPE phospholipid
bilayers mechanically oriented on glass plates. (B) For comparison,
the solid-state’>N NMR spectrum of1°N-labeled Leu39 PLB
inserted into unoriented POPC phospholipid bilayers. ?PRENMR
spectra were referenced to exterffMH,(SQy), at 27 ppm. (D)

40

DISCUSSION % (H2)

. . . . Ficure 6: Simulations of CR-Leu NMR line shapes from the
Dynamics of TM-PLB in Phospholipid Bilayersiodel experimentaPH NMR spectra displayed in Figure 3. Parameter

membranes have been used in recent years to study thenputs used in the MXQET program to create these model
orientation and dynamics of membrane-bound proteins in simulations are specified in the Materials and Methods and the
both randomly dispersed and oriented systeBgs%3—57). Discussion. Simulations correspond to models for (A) all Leu-PLB

; ; spectra at-25 °C and Leu51 at 0C, (B) Leu28 and Leu39 at 0
Even .thnougi‘] theh Stl.uo.'é’ of S!JChh SifSte.g‘s IS clrll_alleni?mg, °C and Leu51 at 25C, (C) Leu51 at 45 and 6%C, and (D) Leu28
especially when the lipids are in the liquid-crystalline phase ¢ 25 45 and 60C.

characterized by a high degree of molecular disorder, much

progress has been made in terms of Understanding the The line shapes Corresponding to £eu51 (Figure 6A)
physiological role and structure of integral-membrane pro- jndicate methyl site hopping motions with jump rates
teins R9). The current study summarizes our understanding petween 10 and fOHz and a superposition of a broad
of the dynamiCS of side-chain Ieucines, the |Ocati0n, and the isotropic peak_ The spectrum Corresponding t03.q:@u at
backbone mobility of TM-PLB in model membranes of _25°C is much broader than the other spectra collected at
POPC. The general shapes of the spectra are discussed ifjgher temperatures because of the slower side-chain motions
terms of pentameric TM-PLB incorporated into phospholipid 5t |ow temperatures. Th&H quadrupolar splitting at-25
bilayers. Several labs have shown that a PLB/lipid mole ratio °c js consistent with previous studies that indicate that these
as low as 1:100 will spontaneously assemble into a pentamelresidues are located inside the interior membrane, where the
in DOPC phospholipid bilayerd 6, 58, 59). However, such  hydrocarbon chains are packed tightly in a crystalline lattice.
studies have also indicated the possibility of a dynamic Generally, for leucine residues in a crystalline lattice
exchange between monomeric and pentameric structures oknyironment, the quadrupolar splitting is approximately 40
full-length PLB (16, 58, 59). kHz (34, 44). Therefore, the values recorded from these
Structural Implications of the Leucine Side-Chain Motions studies, provide evidence for the penetration of all three
of TM-PLB in Lipid Bilayers It is assumed in all of our labeled leucines within the hydrophobic region of the bilayer,
discussions that the Leu side chain exists predominantly inalthough such values are slightly smaller than 40 kHz.
only 2 of the 9 rotamer conformations separated by an angleBecause Leu51 is believed to be involved in helielix
of about 110 (44, 60). Previous studies by Ying and co- interactions 13), the resulting quadrupolar splitting is greater
workers (34) indicated that rotational, jumping, and libra- than that of the corresponding GReu39 and Cl-Leu28
tional motions about these bonds result in unique featuresspectra, which are more free to have other side-chain motions
of the deuterium line shapes. Wittebort and co-workers have such as jumping between the predominant rotamers. This
used ?H NMR spectroscopy to analyze line shapes in additional side-chain motion on the order o Hx creates
anisotropic mediagl). To better understand the dynamics the more bell-shaped appearance of the Leu39 and Leu28
of our ?H side-chain motion, the spectra shown in Figure 3 spectra at-25 °C as well as decreases the corresponding
were simulated and representative best fits of the data arequadrupolar splittings by about 6 kH84). The broad
displayed in Figure 6. isotropic peak in Figure 6A is attributed to residual water.
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At 0 °C, the simulations of Leu28 and Leu39 in Figure modeling a fast moving side chain nearly identical to Leu28
6B suggest that th#H NMR spectra contain three different and a superposition of a broader isotropic peak. The second
components. The first component results from methyl group component can be easily seen in the formation of the rounder
three-site jump rates of ¥ 10" Hz and two-site hopping  bell-shape’H NMR spectrum of Leu51 at 66C.
motions with jump rates of 2 10* Hz; the second is a Our results from the simulations agree well with previous
broader peak as in the lower temperature simulation; andstudies on the PLB pentameric channEb)( Ying and co-
the third is a sharp isotropic residual water peak. These twoworkers have targeted Leu42, Leu43, and Leu44 in previous
spectra are in stark contrast to the spectrum correspondingstudies to establish the relative motion of the side chains
to Leu51 at O°C, which looks similar to the-25 °C spectra and rotational reorientation of the phospholamban helices.
of Leu28 and Leu39 but with a sharp residual water isotropic The observed line shapes are identical with the line shapes
peak in the center. This indicates that at© Leu51 is from our?H NMR studies. The conclusions drawn from our
undergoing much slower methyl group motion with three- studies agree with the mutagenesis studies by Adams and
site rates equal to & 10f Hz and two-site jumping rates on  co-workers. Previous work by MacLennan and co-workers
the order of 1®Hz. have proposed that Leu51 of full-length PLB is one of the

At temperatures above 2%, the shape of the spectra of residues lying on the interior face of the helix, stabilizing
Leu39 (Figure 3B) is not easily simulated because of possiblethe pentamer §4). Thus, the slower Leu51 motion as
protein-lipid interactions. Molecular dynamic studies have simulated with the slower jump rates is probably due to
indicated that fluctuations of both the lipids and the protein restricted motion of this residue as a result of the side-chain
are much stronger at the hydrophobic core center of the lipid orientation toward the helix interfaces that are involved in
bilayer causing the side chain to be very mobile in that area the leucine zipper motif.

(62, 63). The?H NMR spectra of Leu39 are more compli- Recent studies by Asahi and co-workers have observed
cated than the terminal amino acids because of the veryenhanced physical interaction between SERCAla and the
different environments and different types of motions (such Leu28 mutant, indicating that Leu28 is oriented toward the
as librational) that are involved. At temperatures above 25 helix core 65). However, several studies have been carried
°C, Leu28 side chains undergo rapid motions associated without reporting contradictory results about the secondary
methyl group rotations as well as two-site hoping motions structure of PLB in the membrane. One such model proposed
at jump rates corresponding tox 10° and 6 x 10° Hz, that Leu28 lies in a position where it is a part of an
respectively, as determined from the simulated spectrum, antiparalle|s-sheet region of the full-length PLEJ). Arkin
which also includes a sharp residual water isotropic com- and co-workers have argued on the basis of FTIR studies
ponent (Figure 6D). that the full-length PLB isu-helical @4). The partial*>N

°H NMR spectra of Leu51 at 25, 45, and 8C provide backbone motional averaging of Leu28 (CSA of 170)
the most unique information about TM-PLB in phospholipid indicates ana-helical peptide residue located toward the
bilayers. It is readily apparent that the quadrupolar splittings amino terminus and buried within the bilayer. As shown in
in the spectra are broader than both Leu39 and Leu28 at theTable 1, the magnitude of the difference betwegnand
same temperatures. This is the first indication of slower o33 corresponding to the breadth of the observed axially
Leu51 side-chain motions, when compared to the other two symmetric powder pattern is slightly different for all three
residues. Also, théH Leu51 NMR spectra (Figure 3) are residues within the limits of experimental error. The large
more complicated. At 28C, the Leu51 spectrum has one breadth observed for Leu42 and Leu39 (CSA width of about
component with similar features as the spectra of Leu28 and178 ppm) indicates that the carboxy-terminus residues of the
Leu39 at a lower temperature of C and a second peptide are relatively stable by virtue of backbone i +
component consisting of a Pake doublet with a splitting of 4 intramolecular hydrogen bonding8). However, the'*N
about 8 kHz. We hypothesize that the unique side-chain CSA width of **N-labeled Leu28 is slightly reduced to 170
motions observed in the Leu51 spectrum (at°29 result ppm, indicating the residue is weakly stabilized by backbone
from the superposition of two different oligomerization states i — i + 4 intramolecular hydrogen bonding when compared
of TM-PLB. This agrees with previous studies that indicated to Leu39 and Leu4238). It was also noted that, at25 °C,
the coexistence of both pentameric and monomeric popula-the >N powder pattern spectrum éiN-labeled Leu28 has
tions of full-length PLB {6, 58, 59). The fast moving less  a slightly broader CSA (180 ppm) powder pattern when
intense component (monomer) has rates comparable to Leu2&ompared to the spectrum at 26 (data not shown). The
at 25 °C (Figure 6D), and a second slower dynamic difference in CSA width at the two temperatures is further
component (pentamer) has rates similar to that of Figure 6B. evidence of increased mobility at the N terminus of the
Also, two components were not needed to simulate the Leu28peptide at higher temperatures in theghase. ThéN CSA
and Leu39’H NMR spectra because they are not directly width of both'*N-labeled Leu42 and Leu39 was 179 ppm
involved in the same Leu zipper formation as Leu51. At 45 at the two temperatures-@5 and 25°C).
°C, Leu51 can be simulated (Figure 6C) as a fast moving Chemical and molecular biological evidence supports the
side chain with a strong isotropic peak in the center and three-hypothesis that phospholamban exerts its action otf-Ca
site jump speeds of greater thanx110° Hz and two-site ATPase through direct proteirprotein interactions 21).
jump rates of greater thanx 10° Hz. The Pake doubletis  Hydrophobic interaction of the side chains accounts for the
very similar to that of Leu28 except for a slightly larger interactions of the two proteins. Evidence of such interactions
quadrupolar splitting. The larger quadrupolar splitting indi- was shown with a mutation on a zipper domain residue of
cates more restricted side-chain motion. The second popula{40LPLB (where isoleucine at position 40 was substituted
tion of TM-PLB in the monomeric form was taken under with leucine), which was able to partially assemble into a
consideration in the 45 and 6@ spectral simulations by  pentamer yet decreased the apparert" Gdfinity of the
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18 residues are required, which places Leu39 near the center
of the hydrophobic core of the POPC phospholipid bilayers.
This agrees well with outH NMR data of increased CGp

Leu side-chain motion caused by acyl chains in the center
of the bilayer. The phospholipid headgroups have a thickness
of about 5 A, which places Leu28 and Leu51 within the
hydrophobic region of the lipids and very close to the polar
headgroup toward the N- and C-terminal regions, respec-
tively, of the TM-PLB peptide as depicted by the model in
Figure 7B. This supports a TM-PLB segment that almost
completely spans the bilayer and matches the bilayer
thickness, thus having little to no tilt with respect to the
bilayer.

(B)

CONCLUSION

FiGURE 7: Structural models of TM-PLB in phospholipid bilayers In this paper, we have probed the dynamics of site-specific-
|Sh0k\{Vingdthe |0t%%tigﬂa0nfntgle :?eucége ;ﬁ%idlrl]e,sn- ('g?lg’e”,tsf%%tcn;?eddﬂ labeled CR groups of leucine in TM-PLB as a function of
zgsoalggrfa%‘gr:esidue and ié notljinvélvedvi\ln hleh)élix i\rl1vt’elracltiolns. tgmperat.ure. The qufadrupolar splittings associated Wlt.h the
Leu51, shown in green, is involved in stabilizing the pentamer and Side-chain reorientations at lower temperatures were influ-
is considered to be oriented inside the pentamer. (B) TM-PLB is enced by three-state jumps of the £Deu group. Upon
displayed as a-helical monomeric unit (for visual simplicity)  increasing the temperature,€C, and C—C, rotations
showing the location of specific labeled residues within the bilayer. qecreased the quadrupolar splittings. Leu51 spectra at all
temperatures are slower moving than Leu28 and Leu39
spectra because of the involvement of Leu51 in the leucine
zipper motif. Site-specifi¢®N-labeled TM-PLB NMR studies
were used to characterize the backbone dynamics, and our
results indicated restricted motion for TM- PLB but subtle
backbone mobility centered around Leu28. Finally, the 220-
ppm*N chemical-shift value fot°N-labeled Leu39 oriented

in DOPC lipid bilayers indicates a helix that is nearly

pump as potently as a complete monomeric mutant substi-
tuted with Ala 66). Therefore, it is appropriate to assume
that any residue within the zipper domain should have a
potent effect on the Ca pump and any residue adjacent to
the pump has no effect on the pump. A model pentameric
structure of full-length PLB was previously determined with
a PDB code 1N7L and will be used to discuss our results

(67). As sh.own in Figu&egf?‘, '?_he Istructure of the TMTPLE collinear with the bilayer normal. These results are displayed
pentamer is composed of-helical monomers, associate pictorially in the structural model of the monomer form of
together through the interaction of specific residues. From TM-PLB in the membrane (Figure 7B). The solid-state NMR
our data, Leu51, which is shown in green, is among such data presented in this paper on TM-PLB does not specifically

rehS|due|s m;o_lvebd |_ndthe_tﬂ_ehat<:]1ellr>]< |I_nteract|onh|n5|de tLhe 39 favor either of the two structural models (shown in Figure
channeél and IS burled within the nelix core, whereas Leu 1) for the full-length PLB pentamer. Future NMR experi-

(shoyvp n yeIIow).and Leud2 reS|dlues are pointing tqward ments on the full-length PLB pentamer will address this
the lipid acyl chains and are not involved in hetlilkelix issue
interactions 23). Therefore, the stabilization of the TM-PLB '
pentamer is due to the side chains of leucine and isoleucineReFERENCES
of specific residues of the monomers interlocking in the
crevices of opposite strands. The evidence of the type c C PRy Sonlirth : S aleal
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