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Abstract: It is shown that molecular structure and dynamics of a uniformly labeled membrane protein can
be studied under magic-angle-spinning conditions. For this purpose, dipolar recoupling experiments are
combined with novel through-bond correlation schemes that probe mobile protein segments. These NMR
schemes are demonstrated on a uniformly [*3C,5N] variant of the 52-residue polypeptide phospholamban.
When reconstituted in lipid bilayers, the NMR data are consistent with an o-helical trans-membrane segment
and a cytoplasmic domain that exhibits a high degree of structural disorder.

1. Introduction tions® provide a direct instrument to probe molecular structure.

Protein dynamics can be monitored by motional averaging of
dthe anisotropic interactions and they modulate relaxation
times!1° Under MAS, the topology of membranes and mem-
brane proteins has been studied using one-dimensibin&iC,
15N, and®P NMR experiments (see, for example, refs 7, 8, 11,
12), paramagnetic quenchéfsaand by performing deuterium
hydrogen exchange experimeftsn addition, two-dimensional
‘correlation experiments that employ dipolar (i.e., through-space)
transfer$®16 and rely on the profound influence of molecular
dynamics upon NMR relaxatidfhl” have been suggested.
Because dipolar interactions are largely suppressed in the
presence of fast molecular motion, protein structure and
dynamics are often analyzed using different sample preparation
methods and solid-state NMR techniques.

In the following, we present an experimental strategy to
simultaneously probe protein structure and dynamics using a

For a long time, nuclear magnetic resonance (NMR) tech-
nigues have provided information on structural propensities an
dynamics of partially disordered proteins in solutighThe
occurrence of such unstructured regions is surprisingly common
in functional protein% and relevant in crucial areas such as
transcriptional regulation, translation, and cellular signal trans-
duction34 As for membranes and membrane-associated proteins
the increase in molecular size and tumbling rate can prohibit
the use of solution-state NMR techniques. Instead, magic-angle-
spinning (MAS) NMR has been shown to extend the use of
standard solution-state NMR methods to characterize molecular
structure and dynamiés. For larger membrane-interacting
proteins, the molecular tumbling rate is further reduced and the
application of solid-state NMR methods that explicitly take into
account anisotropic interactions becomes manddtbhy. this
regime, dipolar, chemical shielding, and quadrupolar interac-
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single, uniformly {3C,'*N) labeled membrane protein sample to the latter experiments, the cytoplasmic domain of AFA-PLN
under MAS conditions. For this purpose, we combine dipolar exists in a dynamic equilibrium of two conformational states

transfer schemes well established under MAS conditfois
with solid-state NMR experiments that invoke through-bond

transfer to probe protein dynamics on a fast time scale. In

described by a moderately staliehelix and a significantly
populated unstructured ensemble.
As compared to solid-state NMR investigations performed

principle, through-bond polarization transfer can also be estab- on specifically labeled samples of truncatédi,ll length wild-

lished for solid-phase samplés22 To distinguish different

type 38 or monomeric mutaf®*°PLN, two-dimensional solid-

motional regimes, we select a heteronuclear through-bondstate NMR experiments shown in the following offer the

polarization transfer step that is sensitive to profprelaxation
and hence to variations in molecular dynanfis.

advantage of simultaneously probing molecular structure and
dynamics along the complete polypeptide sequence. Our experi-

Our experiments are demonstrated on the monomeric formments suggest that a significant population of monomeric
of the 52-residue protein phospholamban (AFA-PLN) that plays phospholamban exists in liposomes that is characterized by an

an important role in cardiac contractilffyand modulates the

o-helical trans-membrane segment and a cytoplasmic domain

active transport of calcium into the lumen of the sarcoplasmic that exhibits a high degree of structural disorder.

reticulum by the Ca-ATPase (SERCA). SERCA enzymes belong

to the class of P-type ATPases and undergo a reversible cycle?- Experimental Methods

of ATP hydrolysis and C# transport. PLN interacts with and,
at low C&" concentrations, reversibly inhibits the activity of
SERCAZ2a (see, for example, ref 25). While PLN can self-
associate to a pentameric structure in membrafiés,the
monomeric form is primarily responsible for the inhibition of
SERCA2&729and can be stabilized in a fully functional mutant

Materials. Deuterated dimyristoylphosphatidylcholine (DMPC-D67),
dioleoylphosphatidylcholine (DOPC), and dioleoylphosphatidylethan-
olamine (DOPE) were purchased from Avanti Polar Lipids (Alabaster,
AL) and used without further purification. Uniformly3C,**N) labeled
recombinant AFA-PLN was obtained according to ref 41. Briefly, AFA-
PLN was expressed i8. colias a C-terminal fusion to maltose binding

containing A36, F41, and A46 instead of three cysteine residuesProtein (MBP) with a pre-engineered TEV protease cleavage site

(AFA-PLN). Structural models of monomeric AFA-PLN were
first obtained from NMR studies in organic solvei§td' and,
more recently, in detergent micell&s According to these
reports, AFA-PLN comprises twe-helical domains connected

between MBP and AFA-PLN. Protein expression was performed in
minimal labeling medium containing®N]-NH4Cl and [-*Cg]-p-glucose

as the only nitrogen and carbon sources. After cell lysis by sonication,
the MBP-fusion protein was purified by amylose-affinity chromatog-
raphy and subsequently digested with TEV protease. The released AFA-

by a semi-flexible hinge region. On the other hand, mutagenesispN protein formed a precipitate that was taken i iM guanidine-

studieg® and biophysical measuremet#&* imply that PLN
dynamics play an important role in the functional interaction

hydrochloride and further purified to homogeneity by reverse-phase
HPLC using a 0.05% TFA2-propanol solvent system. Due to the TEV

of PLN and Ca-ATPase. Spectroscopic evidence that the cleavage site and the cloning strategy, the recombinant AFA-PLN
cytoplasmic domain of PLN may indeed adopt, at least protein contains an additional N-terminal GS motif. The amino acid

transiently, an unstructured conforma#idcomes from FTIR
experiments on wild-type PLN and from EPR experiments
on spin-labeled AFA-PLN mutants in lipid bilayei%According
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sequence (& MEKVQYLTRS AIRRASTIEM PQQARQKLQN LFIN-
FALILI FLLLIAIIVM LL s4) differs from Pollesello et al by the
absence of cysteine residues and the length. Except for the N-terminal
GS motif, our amino acid sequence represents human PLN and largely
resembles the polypeptide used in ref 32 (PDB code: 1N7L). It differs
from ref 31 (PDB entries: 1FJK, 1FJP) by, in total, 6 residues, including
two cysteines.

Sample Preparation. DMPC®83 and a 4:1 mixture of DOPC/
DOPE® can be used for functional reconstitution of phospholamban
into lipid bilayers as determined by ATPase activftyproteoliposomes
containing U-f3C,**N] labeled AFA-PLN were prepared as follows:
CHCIy/MeOH 1:1 (10QuL) was used to dissolve 3.4 mg of LAC,'>N]-
labeled AFA-PLN in 8 mg of DMPC-D67 (CHg@MeOH 1:1, 50uL)
to give a lipid to protein molar ratio (L/P) of 20:1. The mixture was
vortexed, dried under a stream of,Nind stored under high vacuum
overnight to remove all residual solvent. Subsequently, the sample was
hydrated with 3Q:L of NaPi buffer pH 7.0 and transferred & 4 mm
MAS rotor, frozen at—80 °C, and lyophilized. Next, 1&L of H,O
was used for rehydration. An additional sample was prepared using 1
mg of U-[*3C,**N] labeled AFA-PLN in 50uL of CHCl/MeOH 1:1
and 12.2 mg of DMPC-D67 to give a L/P ratio of 100:1. Finally, 7 mg

(36) Karim, C. B.; Kirby, T. L.; Zhang, Z. W.; Nesmelov, Y.; Thomas, D. D.
Proc. Natl. Acad. Sci. U.S.£2004 101, 14437-14442.
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of U-[*C*®N]-labeled AFA-PLN was dissolved in 3Q. of CHCIy/
MeOH (1:1) and combined with 16.5 mg of DOPC/DOPE (molar ratio
4:1) in 500uL of CHCI; (L/P = 20:1) and vortexed. After being dried
under a stream of N the mixture was stored under high vacuum

overnight to remove residual solvent. The sample was hydrated with L

30 uL of H,O and transferredota 4 mm MASrotor. To investigate
any potential influence of lyophilization that was previously used during
protein reconstitution of phospholambBarand of other membrane
peptides’* we recorded INEPT data on AFA-PLN in DOPC/DOPE
liposomes before and after lyophilization and rehydration. No changes
in the spectra were observedP NMR experiments confirm that all
spectra were recorded in the liquid crystalline phase using MAS rates
between 5 and 11 kHz. Within this range of spinning speeds, no
variations of théH and (proton-decoupledjC one-quantum line width
were observed. Additional test experiments furthermore indicate that
the structural data obtained are independent of the lipid-to-protein ratio
in the range L/P=20:1 to L/P= 100:1 for the two lipid compositions
considered (see Supporting Information). For simplicity, only data using
DMPC-D67 liposomes are shown in the following.

NMR Experiments. All solid-state NMR experiments were con-
ducted on NMR instruments (Bruker Biospin, Germany) gar mm
triple resonance'd,**C,'>N) MAS probehead at 18.8 TH resonance
frequency 800 MHz, standard bore), 14.1 T (600 MHz, wide bore),
and 9.4 T (400 MHz, wide bore) at a temperature of’BO(DMPC)
and 5°C (DOPC/DOPE). Through-space transfer experiments involved
broad-band }H,:°C) and chemical-shift selectit®e(*>N—3C) Hart-
mann-Hahrf® cross polarization schemes. SPINAE64nd GARP®
proton decoupling was applied during through-space and through-bond
(vide infra) correlation experiments using radio frequency (rf) fields
of 75 and 10 kHz, respectively. For dipolar double-quantum excitation,
the SPC%® scheme was used. Sequenti@N(**C) resonance assign-
ments were obtained using NCACB and NCOCA type correlation
experiments described earl#05!

NMR Schemes To Detect Mobile Protein Segments under MAS.
Complementary to dipolar mixing units, we present in Fegglira series
of two- and three-dimensional experiments to probe mobile protein
segments under MAS conditions. For brevity, the pulse schemes
depicted in Figure 1 will be denoted in the following by (a) HCC, (b)
HHC or HHN, (c) HNCACB or HNCOCACB, and (d) HNHHC. In
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Figure 1. Double- and triple-channel pulse sequences for two- or three-
dimensional NMR experiments to detect mobile protein segments under
MAS conditions: (a) HCC, (b) HHC or HHN, (c) HNCACB or HNCO-

CACB, and (d) HNHHC. Unless stated otherwise, narrow and wide black

(d)

- = -
ﬁ| E'1 is‘2 6Z ts

all cases, polarization transfer schemes are used that facilitate through+ectangles correspond to 9@nd 180 pulses, respectively. Heteronuclei

bond polarization transfer without reintroduction of (through-space)
dipolar interactions. As reviewed elsewhéfesuch through-space
interactions can be reintroduced using a variety of rotor-synchronized
rf schemes. While for homonuclear polarization transfer, these require-
ments have led to the development of TOBSY polarization transfer
schemes?>2we employ for all heteronuclear transfer steps a refocused
INEPT®3 experiment. Using average Hamiltonian thegtig,can easily

be shown that dipolar interactions vanish under this mixing unit and
only through-bond polarization transfer is active. This scheme selects
proton signals with longd relaxation times and hence probes mobile
protein segment&.
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(13C or15N) are detected undéH decoupling (GARF). In (a), intraresidue
through-bond HCC correlations are obtained via longitudinal isotropic broad-
band #3C13C) mixing with TOBSY® using the P sequencé? In (b),
proton—proton mixing (such as NOESY or TOBSY mixing) is used to
detect HHC or HHN correlations. Sequential assignments are obtained via
HNCACB and HNCOCACB experiments shown in (c). Finally, through-
space correlations can be probed in the HNHHC experiment of (d) with
HHwx = NOESY. Pulses with indicated phasgsare cycled in steps of
180 except forg, in (a) andgs in (c) that are incremented by 90

In Figure 1a, intraresidue through-bond HCC correlations are
recorded. Polarization is first transferred frékhto a directly bonded
13C nucleus and subsequently relayed via® t3C) scalar coupling
to the chemically bonde#C. For TOBSY mixing, we employed the
P93 sequencé? In (b), proton—proton polarization transfer is recorded
using rare-spin detection (i.63C or **N). Mixing can relate to through-
space (e.g., NOES¥) or through-bond (Hidix = TOBSY) transfer
units. Sequential assignments are obtained via HNCACB and HNCO-
CACB experiments depicted in (c). For selective NCO or NCA INEPT
transfer, weak, on-resonan¥ pulses are used. For HNCOCACB-
type correlations, thé3C carrier frequencydo) is put on resonance
for CO during NCO transfer and set in the middle of the -G0A
region Aw) during TOBSY mixing and detection. For NCA transfer,
the 13C carrier is placed on resonance for CA nuclei. Finally, through-
space correlations can be probed also in the HNHHC experiment

(55) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RChem. Physl979
71, 4546-4553.
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depicted in (d) with HHyx = NOESY when spectral overlap is severe
in the corresponding HHN or HHC variants shown in Figure 1b. As
compared to schemes designed for liquid-state applications f§ wo
threé’ spectral dimensions, all sequences hence use rf mixing units
that minimize the influence of unwanted dipolar interactions and involve
the detection of*C or 1N resonance® For the applications discussed
in the following, direct proton detection in the acquisition dimension
was prohibited by the occurrence of strong water signals. MAS
probeheads using pulsed field gradients are likely to alleviate these
shortcomings.

Structural Analysis. Structure calculations were performed using
a simulated annealing protocol in CHSersion 1.1 with the PROTEIN-

ALLHDG parameter file’® In line with earlier studie$—32 and results r /
of the HHC experiment (vide infra), structures containing the N-terminal — —_— —
domain (residues-123) that penetrates the lipid bilayer were excluded 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 O
during the calculations. € and @3 chemical shift assignments were 150

used to establish backbone dihedral angle constraints in TAC@sd (Ppm)

proton—proton distance constraints were derived from an HHC Figure 2. Comparison of ac detected CP (black) versus INEPT (red)
spectrum. As described earlRéf2square-well potentials were employed experiment on AFA-PLN in DMPC bilayers. Experlments were performed
to represent experimental constraints in the simulation. No constraint & 11 kHz MAS, 30°C, and 600 MHz. A CP time of 1 ms and an INEPT

. . transfer time optimized for a one-bond coupling!d¢y = 155 Hz were
force was applied for proterproton distances below 5 A, and backbone used
torsion angle deviations from the TALOS prediction within a range

given by the pred!Ct'on RMS.D for .bOth angles (‘flat bottoms”). As resonances are readily observed. Differences in both spectra
starting conformation for all simulations, an extended strand of AFA-

PLN was generated from the amino acid sequence. The structureSpeak ",1 favor of vgnablé’z relaxatlon,.whlch ',S determined
calculation protocol consisted of three stages: (1) High-temperature predomln_antly by (_:Ilpolar protOFproton Int_eractlons. Bepagse .
annealing in torsion angle space, in 2000 time steps of 0.015 ps atchanges in these interactions are associated with variations in
50 000 K; (2) slow-cool annealing in torsion angle space, in 4000 steps Molecular dynamic$? we conclude from Figure 2 that phos-

of 0.015 ps, and temperature reduction from 50 000 K to zero in steps pholamban contains amino acid segments that exhibit different
of 250 K; and (3) final conjugate gradient minimization in 10 cycles degrees of molecular mobility.

of 200 steps each. Distance constraints were invoked by force constants Large variations in signal intensity in thex@egion of Figure

of 300 kcal mot! A2 during annealing and halved for conjugate 2 also suggest that CP and INEPT spectra reflect polypeptide
gradient minimization. Ambiguities in the assignments of_methylene segments with different secondary structures. In addition, lipid
and methyl protons were accounted for by sum averaging over all signals can contribute differently to CP and INEPT spectra. To

possible contacts. From the TALOS analysis, a total of a8)) . . . . . .
backbone angle constraints were included. A set of 200 structures wasfurther investigate these aspects in detail, two-dimensional

calculated starting with different initial velocities. An ensemble of 15 COITelation experiments were conducted. In Figure 3a, we
structures with the lowest energy, which are in agreement with the Present experimental data of a two-dimensional INEPT-type
membrane geometry, was selected to represent the molecular conforma€xperiment containing *(,13C) one-bond correlations. As
tion of the PLN monomer. The structures were aligned along backbone compared to MAS solid-state NMR experiments on rigid solids,
atoms of residues L36L53. In this ensemble, no distance or angle H line widths are largely reduced and range between 0.15 and
restraint violation of more than 0.2 A of 2ccurred. 0.35 ppm, indicative of molecular mobility that leads to
significant reduction of dipolar interactions and a concomitant
decrease in protoif, relaxation. In Figure 3b, results of a
Through-Space versus Relaxation-Filtered Through-Bond ~ conventional 2D¥?C,13C) (2Q,1Q) correlation experiment using
Transfer. In the following, we relate experimental results @ dipolar recoupling sequence for 2Q excitation are shown for
obtained using schemes depicted in Figure 1 to data obtainedcomparison. In both 2D spectra, th& single quantum line
by means of dipolar recoupling techniques on proteoliposomesWwidth is comparable. As demonstrated earffemformation
containing a uniformly 3C,15N) labeled sample of phospho- about amino acid specific chemical shift ranges can be used to
lamban. In Figure 2, results of a one-dimensional through-bond monitor individual protein residue types in the absence of
(*H,13C) transfer experiment (refocused INEPT, red) are com- sequential resonance assignments. In the case of PLN, such
pared to data obtained under dipolar cross polarization (CP)conditions exist for S, T, and Y residues that resonate in well-
(black) conditions. In both spectra, aliphatic side-chain carbon defined spectral regions of a through-bond or through-space
correlation experiment displayed in Figure 3a and b, respec-

3. Results and Discussion

(56) l\/\{asggg 6\916 2’\28 sstockl?wan, BB. Jj; MRar_ITIeyMJBLC\r/n. Clher\r}\./ S'\?Ia%sla A tively. Indeed, such residue types are clearly visible in the
. Stockman, B. J.; Reily, M. D.; Westler, W. M.; Ulrich, . . . .

E. L; Markley, J. L.Biochemistry1989 28, 230-236. aliphatic and aromatic region of the (through-bond) HC spectrum

(57) lkura, M.; Kay, L. E.; Bax, ABiochemistry199Q 29, 4659-4667. Bax, (Figure 3a, aromatic part of spectrum not shown). On the other

(58) AB'r;u%é?’S'EE'T?AXSA,%Q?Q' Sf%ﬁﬁ?e?glﬁﬂ,i‘iano, W. L.: Gros, P.. hand, these residue types are missing in Figure 3b, where dipolar

Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu, (13C’13C) polarization transfer is used. The latter observation
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta . . .
Crystallogr., Sect. DL99§ 54, 905-921. could be explained by the occurrence of static or dynamic

(59) Nilges, M.Curr. Opin. Struct. Biol.1996 6, 617-623. disorder of the considered residue types. Because Figure 3a
(60) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302. yp 9

(61) Lange, A.; Seidel, K.; Verdier, L.; Luca, S.; Baldus, 84Am. Chem. Soc.

2003 125 12640-12648. (63) Luca, S.; White, J. F.; Sohal, A. K.; Filippov, D. V.; van Boom, J. H.;
(62) Lange, A.; Becker, S.; Seidel, K.; Giller, K.; Pongs, O.; BaldusAxgew. Grisshammer, R.; Baldus, MRroc. Natl. Acad. Sci. U.S.A2003 100,
Chem., Int. Ed2005 44, 2089-2092. 10706-10711.
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Figure 3. Results of an HC-INEPT experiment (a) and a double quantum CC experiment (b) on a uniformly labeled sample of AFA-PENRQLIR
Experiments were conducted at 600 MHz using MAS rates of 9 and 7.5 kHz for (a) and (b), respectively. Experimental conditions in (a) were optimized for
a'Jey coupling constant of 155 Hz. 640 scans for eagxperiment (totatH t; evolution time 4.2 ms) were acquired. In (b), a CP time of 25@nd SPC5

DQ excitation and reconversion time of 534 were used. 1360 scans were averaged for each of thee¥periments. Thé time increment was set to 1/4

of a rotor period (124 ppm spectral width). Both data sets were Fourier transformed using 1k zero filling in both dimensions witbt-@3Ngodization

window and linear prediction to one-half of the experimental points acquiréd Indicated resonance assignments were obtained from NMR data sets
shown below. Contributions from natural abundance lipid background are marked “*” indapdions of the two spectra are highlighted by dashed boxes.

J. AM. CHEM. SOC. = VOL. 127, NO. 37, 2005 12969



ARTICLES Andronesi et al.
70 60 50 40 30 20
| L ! ] I 1 L 1 1 |
1 135 130 125 120 I
ss]veRECd ]
0770 o0& H; V6Hg-Cb IHd-Cg1 0
;g veHd- Lol IHd-Cd |
0 K5Hg-Cd q
o - IHg2-Ca L9Hd-Cby IHg2-Cb S e N = }@
1 V6Hg-Ca r@‘ &= & & €N fi@%@ Q 6 Gt
1] (RMTHg-Ca AHb-Ca IHg12-Cb mmgg) K5HG-Ch 5 R IHg12-Ce =1
g A & LQHI‘):Ca @ [ ng13 Cb _ K5Hb-Cb ‘ ) (@ f;/) = ,',\) IHg13- Cd\@ I
7 THg-Cb IHp-Cay K5Hb-Cay__s%) %) Q7Hb-Cb el & O -
1 _ ) P23Hg-CoNg () IHb-Cg2
i V6Hb-Ca \\@\ }})ﬂ{/ EHb-Ca RHg-Cd w )’U 3 g R {o; 13 L SHb- % i
£ 2 X RHCaTSY X ZapasHocd iy KoH0o .7 ol [ 2
% Q7Hb-Ca MHb Ca V6Hb-Cg ©
= b Q7Hg-Cawnf ® EHg-Cb I
T ) 1 P23Hd-Cd -
= Y8Hb-Ca ¥ MHg'ta & o @/K5He Cd s K5He-Cg
Loa & & VBHb-Cb L
g 3 Sy » ©F ® & 3
| & MHg- Cg“lomg Cg© RHd-Cg |
VéHa-Cg
‘ N IHa-Cb RHd-Co THb-Cg J s
1 &5 © r IHa -Cg1 & r
4 o @ VéHa- cor® 5 RHa-Cg (R ® -4
] o X g I
] & _ KsHa-Cory ‘ i
J (&) f EHa-Cb ‘AHa-Cb I
L9Ha-Cb Q7Ha-Cbl (g
2 i ~~ RHa-Cb
57 ’ Y8Ha-Cb MHa-C 5
| T T T T T T T T T T T T T T T T T T T ’
70 60 50 40 30 20
»-13C (ppm)

Figure 4. Results of a HCC 2D experiment (conducted at 600 MHz) using the pulse sequence given in Figure 1a. An MAS rate of 8.33 kHz and a TOBSY
mixing time of 6 ms were employed. The spectrum was recorded HE3Bing 320 scans périncrement. Data were processed as in Figure 3. For the sake

of clarity, only intraresidue'fC,'°C) correlations resulting from the TOBSY transfer step are indicated. Correlations involving aromatic resonances of Y8
are shown as an inset.

contains the corresponding NMR signals, these residue typesrelations methods as follows: First, we employed through-bond
must be located in protein regions that exhibit a high degree of HNCOCACB and HNCACB (Figure 1¢; evolution dimension
molecular mobility that does not affect through-bond transfer omitted) experiments leading to spectra shown in Figure 5a and
but reduces the influence of dipolar interactions. As exemplified b, respectively. These spectra contain protein resonances that
in Figure 3 by vertical lines, such differences are not only have already been identified in Figure 3a as mobile protein
observed for Thr residues but are also found for correlations segments. The combination of Figures 4, 5a, and 5b leads to
involving Alanine. resonance assignments of residue®23 of AFA-PLN. Because

To further characterize the resonances observed in Figure 3ano correlations consistent with the C-terminal part of AFA-
and to obtain intraresidue assignments, we utilized the HCC PLN appear, mobile segments seen in Figure5 2re not due
pulse scheme shown in Figure 1a. As noted earlier, polarizationto protein segments incorrectly reconstituted into the lipid
is first transferred fromH to a directly bonded3C nucleus bilayer. Notably, the experimentally detected sensitivity for
and subsequently relayed via’&,13C) scalar coupling to the  scalar NCO transfer is about 2-fold higher than that for NCA
chemically bonded3C. Due to fasteiT, relaxation, {3C,13C) transfer, in line with solution-state experimefitdn a manner
homonuclear through-bond mixing schemes that contain, as insimilar to Figure 5, signal sets resulting from dipolar polarization
the case of INADEQUATE# free precession periods were not transfer were recorded using dipolar NCA and NCOCA type
successful. Recorded in two dimensions, the solid-state NMR correlation experiments described earfiefhe corresponding
spectrum hence contains intraresidue HCC correlatiadns ( data are shown in Figure 6a and b. Here, experiments involved
evolution omitted, Figure 4). When recorded in 3D, chemical dipolar SPECIFIC Cf and CC dipolar double-quantum
shift patterns diagnostic for each residue type can be identified. polarization transfer steps. As is visible from Figure 6, the
Analysis of the corresponding NMR data sets (see Supporting experimental spectra exhidfiN and!3C line widths of 1.5 and
Information) reveals that all residue types, which according to 1 ppm, respectively. These values compare favorably to results
earlier studie® 32 should be located in the cytoplasmic domain obtained earlier in microcrystalline globular protéffand a
of PLN, can be identified in a through-bond HCC experiment. membrane protein compléX Combined with {3C,13C) double
These results again underline that the cytoplasmic domain quantum spectrum shown in Figure 3b, sequential resonance
exhibits a significant degree of molecular mobility. Relative to assignments can be obtained. Complementary to the experi-
the N-terminus, the last residue still visible in the INEPT mental results obtained from through-bond experiments, the
experiment but absent in the dipolar driven correlation experi- resulting {°N,13C) assignments (see Table 1, Supporting
ment is P23. Information) only relate to the trans-membrane domain of

Sequential Resonance Assignment$o obtain unequivocal PLN.
sequential resonance assignments for AFA-PLN in liposomes,
we combined through-space and through-bot,{3C) cor-

(65) Sattler, M.; Schleucher, J.; Griesinger, Brog. Nucl. Magn. Reson.
Spectrosc1999 34, 93—158.

(66) Béckmann, A.; Lange, A.; Galinier, A.; Luca, S.; Giraud, N.; Heise, H.;
Juy, M.; Montserret, R.; Penin, F.; Baldus, M.Biomol. NMR2003 27,
323-339.

(64) Bax, A.; Freeman, R.; Kempsell, S.PAm. Chem. So98Q 102, 4849
4851.
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Figure 5. Sequential assignment of the cytoplasmic domain using 2D (H)NCOCACB (a) and (H)NCACB (b) spectra. Experiments were performed at 30
°C (800 MHz) using an MAS rate of 8.33 kHz. Scalar couplings of 93 Hz (HN) and 19 Hz (NC) were used for the INEPT steps. For NC selective INEPT
transfer, weak (10 kHz) rectangul®C pulses were used. TOBSY (RBPmixing times of 8.5 ms (COCA) and 6 ms (CACB) were employed, using a 50

kHz 13C rf field. 512 scans for 51; experiments (NCOCACB, 20 ppA?N spectral width) and 864 scans for 86experiments (NCACB, 15 pprfN

spectral width) were recorded. The acquisition time was set to 20 ms using @AREcoupling at 10 kHz. Both spectra were processed with a QSINE

3 apodization function.

These results suggest that the polypeptide chain of PLN Figures 3a, 4, and 6 are exposed to an aqueous environment.
exhibits domains of different molecular mobility when recon- Hence, side-chain hydration occurs in most N-terminal PLN
stituted into DMPC bilayers. For further characterization of the residues irrespective of their hydrophobicity. Previously, such
mobile protein segments, we employed the HHC pulse schemebehavior was observed for soluble proteins and has been
shown in Figure 1b. As compared to Figure la, additional attributed to random coil character of the corresponding protein
correlations that result from proterproton interactions, which ~ segmen€’ In principle, protor-proton interactions for protein
may include lipid molecules, can now be probed. In Figure 7, regions that are described by sizable dipolar couplings could
experimental results are shown for a longitudinal pretproton be further characterized using indirect detection schéffss.
mixing time of 300 ms. A significant number of additional Additional test experiments reveal that changes in MAS rate
correlations can be observed, albeit with lower signal intensity (above 5 kHz) have little effect upon the efficiency of INEPT-
due toT; relaxation during mixing. These include inter-residue based correlation experiments and the obsetiEline width.
correlations such as K54, T10-R11, M22-P23, and M22- On the other hand, two-dimension&H(*3C) correlation experi-

120. Notably, a large number of correlations are observed at ments using CP transfer and protgproton (i.e., Lee-Gold-
the proton resonance frequency ofGH(4.7 ppm), indicative burd®) decoupling reveal trans-membrane correlations with
of polarization exchange between peptide backbone and side

; ; ; (67) Otting, G.; Liepinsh, E.; Wuthrich, KSciencel991, 254, 974-980.
chain resonances with 3 protons. Such correlations could (¢a/ | 2n02 3" [ica S, Baldus, M. Am. Chem. So@002 124, 9704-
indicate that the vast majority of protein residues identified in 9705.
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Figure 6. (a) Results of an NCA correlation experiment on'3g1°N] AFA-PLN using SPECIFIC Cf at 600 MHz and 7.5 kHz MAS. 4k scans were
averaged for each of the 1gexperiments (40 ppm spectral width). Rf fields during NCA SPECIFIC CP were 25 kHzZNoand 17.5 kHz ori3C for a

CP time of 5 ms. Additional experimental settings as in Figure 3 were used. (b) The 2D NCOCA was recorded under the same experimental conditions
except fo a 3 ms NCOSPECIFIC CP time. For dipolar (CO,CA) transfer, an SPC5 mixing time of 1.06 ms was employed. 11k scans were averaged for
each of the 11; experiments (35 ppm spectral width) yielding a similar té®l evolution time in both experiments.
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Figure 7. Results of a 2D HHC correlation experiment using the pulse sequence from Figure 10'%0,8N] AFA-PLN. A proton—proton mixing time
of 300 ms and an INEPT step as in Figure 3a were used. Experimental conditions were 600 MHz, 9 kHz MBSaid at; proton evolution time of 2.9
ms. 1.5k scans were averaged for each time increment and processed as in Figure 3. Only inter-residue correlations are indicated.

proton line widths typically observed for rigid solids. These structure. NotablyAd values for the?>QARQ?8 stretch close
observations suggest that low frequency motions as previouslyto the trans-membrane helix sh@astrand character in qualita-
detected for other membrane-associating peptidesre have tive agreement with early FTIR experimeRtsAlthough this
a minor influence upon the dipolat3C,3C) double-quantum segment was detected in the dipolar correlation experiments,
excitation and that significant molecular motions are restricted we do not find spectroscopic evidence for the formation of a
to the cytoplasmic domain with correlation times in the range p-sheet as discussed in ref 35. To construct a structural model
of 10°to 1077s. of AFA-PLN in DMPC lipid bilayers, protorproton distance
Structural Analysis. The resonance assignments summarized constraints obtained from the HHC experiments were combined
in Table 1 (see Supporting Information) can be used to define with dihedral angle constraints obtained from a TALOS-based
conformation-dependent chemical shiftsnder MAS condi-  analysis of the spectral assignments within CNS. The resulting
tions. Using only @ and @3 resonance assignmeritsthese  conformation is depicted in Figure 9: a rather well-defined
values are used in Figure 8 to monitor protein secondary transmembranex-helix, an extended hinge region, and a
structure along the polypeptide sequence and are consistent withjisordered N-terminal domain. Differences between the struc-
a trans-membrane-helix proposed earli€’"3 For the cyto-  tural model depicted in Figure 9 and earlier NMR studies in
plasmic part, we find small secondary chemical shifts, suggest- organic solvenf§-3tand in detergent micellédwhich suggest
ing that this domain does not exhibit a well-defined secondary the existence of a N-terminak-helical domain, predominantly
relate to the cytoplasmic segment of PLN. On the other hand,
mutagenesis studié$,biophysical measuremeri%3* and, in
particular, EPR experimerifs suggest that the cytoplasmic
domain of AFA-PLN exists in a dynamic equilibrium of a

(69) Lee, M.; Goldburg, W. IPhys. Re. 1965 140, 1261-1271.

(70) Davis, J. H.; Auger, M.; Hodges, R. Biophys. J1995 69, 1917-1932.

(71) Wishart, D. S.; Sykes, B. DMethods Enzymoll994 239, 363—-392.

(72) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat, H.; de Groot, H. J.
M.; Baldus, M.J. Biomol. NMR2001, 20, 325-331.
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Figure 8. Comparison of solid-state NMR derived secondary chemical shift§as defined in ref 72) to secondary structures resulting from solution-state
NMR. For simplicity, onlyo-helical segments are indicated by rectanglesvalues are colored according to unequivocal spectral assignments (black) and
tentatively assigned residues (gray). Additional details are given as Supporting Information.

Figure 9. Structural model of AFA-PLN in DMPC lipid bilayers as seen
by 2D MAS NMR. While the transmembrane-helix is buried in the
membrane, the cytoplasmic N-terminus exhibits a high degree of molecular

dimensional WISE and exchange experiments, are planned to
investigate different motional regimes at ambient temperatures.

4., Conclusions

In the present study, we have shown that complementary sets
of NMR experiments can be devised to detect immobilized and
flexible segments of a membrane protein studied under MAS
conditions. While dipolar recoupling experiments are most
effective for trans-membrane protein segments, molecular
mobility was probed using,-selective through-bond correlation
spectroscopy. These spectra were used to construct a structural
model of the 52 amino acid protein phospholamban in lipid
bilayers. While structural results obtained for the C-terminal
segment of phospholamban corroborate earlier NMR studies in
organic solvents and detergent micefles’2 our MAS-based
analysis is consistent with an N-terminal cytoplasmic domain
that exhibits a high degree of structural disorder. While these
findings are in agreement with other biophys#df and
biochemical®33 75results, the existence of a further population
of membrane-associated phospholamban that containshafi-
cal cytoplasmic domain as suggested by solution-state MR
cannot be ruled out at present. Additional MAS-based correlation
experiments that are sensitive to different motional regime are
planned to elucidate these aspects in further detail. As recently
demonstrated in polycrystalline molecufésuch experiments

(73) Koradi, R.; Billeter, M.; Withrich, K. J. Mol. Graphics1996 14, 51-60.
(74) Li, J. H.; Xiong, Y. J.; Bigelow, D. J.; Squier, T. ®iochemistry2004
43, 455-463.

disorder and is in close contact to an aqueous environment. An ensemble(75) Reddy, L. G.; Jones, L. R.; Cala, S. E.; Obrian, J. J.; Tatulian, S. A.; Stokes,

of 15 structures was selected to represent the molecular conformation of

the PLN monomer. This figure was produced using MOLM®GL.

moderately stablex-helix and a significantly populated un-

structured ensemble. Additional experiments conducted at low

D. L. J. Biol. Chem1995 270, 9390-9397. Kimura, Y.; Kurzydlowski,
K.; Tada, M.; MacLennan, D. Hl. Biol. Chem1996 271, 21726-21731.
Karim, C. B.; Marquardt, C. G.; Stamm, J. D.; Barany, G.; Thomas, D. D.
Biochemistry200Q 39, 10892-10897. Kimura, Y.; Asahi, M.; Kurzyd-
lowski, K.; Tada, M.; MacLennan, D. HEEBS Lett1998 425 509-512.
Lockwood, N. A.; Tu, R. S.; Zhang, Z. W.; Tirrell, M. V.; Thomas, D. D.;
Karim, C. B. Biopolymers2003 69, 283-292.

temperatures (data not shown) speak against the existence 0f76) Metcalfe, E. E.; Zamoon, J.; Thomas, D. D.; Veglia,BBphys. J2004

such an additionad-helical N-terminal conformation of AFA-
PLN in liposomes, but further studies, including the use of two-

87, 1205-1214.
(77) Seidel, K.; Etzkorn, M.; Sonnenberg, L.; Griesinger, C.; Sebald, A.; Baldus,
M. J. Phys. Chem. 2005 109, 2436-2442.
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could involve the detection of (scaled) one-bond dipdfe {H) discussions with Prof. C. Griesinger and Dr. C. E. Hughes are
and {C, I*C) interactions or the use of modified pulse schemes gratefully acknowledged. H.H. is a Liebig fellow of the Fonds
that permit a more quantitative determination of nuclear der Chemischen Industrie. H.S.Y. is supported by the Heart and
relaxation. Stroke Foundation of Alberta, Canada.

Monitoring through-space and through-bond polarization
transfer in two complementary sets of NMR experiments as  gpnorting Information Available: Spectral assignments of
shown here not only provides access to the study of structurey_[13c 15\] AFA-PLN in DMPC bilayers, 2D slices of 3D HCC
and dynamics under physiological conditions but also simplifies gata sets, 2D INEPT data for (i) two different lipid compositions,
the spectroscopic analysis. Ongoing studies in our laboratory (ijy two different lipid-to-protein ratios, and (ijii) for AFA-PLN
show that the pulse schemes discussed not only can be app"e‘é)OPC/DOPE liposomes before and after lyophilization and
to proteoliposomes containing the 52-residue polypeptide phos'rehydration, an®!P MAS NMR data of AFA-PLN/DMPC
pholamban but can also be extended to study protein dynamicsyotecliposomes. This material is available free of charge via
in larger membrane proteins or protein fibrils. the Internet at http:/pubs.acs.org.
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