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Side Chain and Backbone Dynamics of Phospholamban in Phospholipid Bilayers
Utilizing °H and!®N Solid-State NMR Spectroscopy
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ABSTRACT. 2H and®N solid-state NMR spectroscopic techniques were used to investigate both the side
chain and backbone dynamics of wild-type phospholamban (WT-PLB) and its phosphorylated form (P-
PLB) incorporated into 1-palmitoyl-2-oleoglrglycerophosphocholine (POPC) phospholipid bilayers.

2H NMR spectra of site-specific Cf8abeled WT-PLB (at Leu51, Ala24, and Alal5) in POPC bilayers
were similar under frozen conditions 25 °C). However, significant differences in the line shapes of the

’H NMR spectra were observed in the liquid crystalline phase at and ab®@e The?H NMR spectra
indicate that Leu51, located toward the lower end of the transmembrane (TM) helix, shows restricted side
chain motion, implying that it is embedded inside the POPC lipid bilayer. Additionally, the line shape of
the2H NMR spectrum of CR-Ala24 reveals more side chain dynamics, indicating that this residue (located
in the upper end of the TM helix) has additional backbone and internal side chain maétibh8vR

spectra of both WT-PLB and P-PLB with GEAlal5 exhibit strong isotropic spectral line shapes. The
dynamic isotropic nature of th# peak can be attributed to side chain and backbone motions to residues
located in an aqueous environment outside the membrane. Also, the spetialaiieled amide WT-

PLB at Leu51 and Leu42 residues showed only a single powder pattern component indicating that these
two 1°N-labeled residues located in the TM helix are motionally restricted &t5Conversely>N-

labeled amide WT-PLB at Alall located in the cytoplasmic domain showed both powder and isotropic
components at 25C. Upon phosphorylation, the mobile component contribution increases at Alall. The
°H and >N NMR data indicate significant backbone motion for the cytoplasmic domain of WT-PLB
when compared to the transmembrane section.

Phospholamban (PLBjs a 52-amino acid transmembrane On the basis of spectroscopic techniques and molecular
protein that interacts with the Ca-ATPase pump and lowers modeling studies on pentameric WT-PLB, early structural
its affinity for C&" (1—3). PLB plays a major role in the  reports on WT-PLB disagreed about whether the pentameric
regulation process of the cardiac cycle (contraction and protein is composed of continuous-helical subunits or
relaxation), which controls the heartbe&-5). Unphos- composed of subunits that have taehelices connected by
phorylated PLB inhibits sarcoplasmic reticulum ATPase an unstructuregtsheet regiong, 21). Recently, the Chou
activity and stops the flow of Gaions, and this inhibition ~ group revealed an unusual bellflower-like assembly for
can be relieved by the Cyc”c AMP- and calmodulin- pentameric WT-PLB that indicates arhelical Cytoplasmic
dependent phosphorylation of PLB~5). Since PLB is domain of the pentamer that on average points away from
biologically significant and it is relatively small, many the membrane surface (Figure 1R8|. Alternatively, recent
theoretical and biophysical experimental studies have aimedresults from the Middleton group suggest that the cytoplasmic

to investigate its structure in a membraite-22). domain of PLB (residues-123) is stabilized only through
its association with the phospholipid bilayer surfa2d)(

In addition, new solution and solid-state NMR spectroscopic

T This work was supported by an AHA grant (0755602B) and a NIH  stydies on the AFA-PLB mutant monomer (where C36, C41,
Grant (GM080542). The 500 MHz wide bore NMR spectrometer was

obtained from NSF Grant (10116333). and C46 have been mutated to A36, F4l, and A4,
* To whom correspondence should be addressed. Phone: (513) 529-espectively) have been reporte2b(26). The Veglia and
3338. Fax: (513) 529-5715. E-mail: garylorigan@muohio.edu. Baldus groups debate whether the transmembrane domain

" Abbreviations: P-PLB, phosphorylated phospholamban; PLB, ¢ the monomeric AFA-PLB mutant structure is connected
phospholamban; TM-PLB, transmembrane domain of phospholamban;

AFA-PLB, monomeric mutated form of PLB; SERCA, sarco(endo)- ’to. ano-helical cytosolic segment that lies on and interacts
plasmic reticulum calcium ATPase; MLVs, multilamellar vesicles; with the membrane surface (L-shape@p) or a none-
PSPC, 1-%8'rT%I't:OEyl-Zz-gl%Otyﬁrg|yce{r?phf15pmﬂcgolme:l HCI, hydro{, helical disordered cytosolic domain that has minimal interac-
chloric acid; , 2,2,2-trifluoroethanol; , huclear magnetic . .

resonance; CPMAS, cross-polarization magic-angle spinning; HPLC, tion with the membrane surfaceq).

high-performance liquid chromatography; MALDI-TOF, matrix-assisted  Interestingly, the Veglia group resolved the solution NMR

laser desorption ionization time-of-flight mass spectrometry; SDS _ i
PAGE, sodium dodecyl (lauryl) sulfatgoolyacrylamide gel electro- structure not only for the AFA-PLB monomer mutant (Figure

phoresis; IPTG, isopropyf-o-1-thiogalactopyranoside; PMSF, phe- ~ 1B) but also for its phosphorylated forn@7). The results
nylmethanesulfonyl flouride; MBP, maltose-binding protein. of Veglia’s new phosphorylation study indicate that phos-
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mechanistic functions of the protein. EPR spectroscopic
studies on the cytoplasmic domain of monomeric AFA-PLB
have indicated large-scale dynamic chang$).(Also,
Oxenoid and Chou hypothesized that this cytoplasmic
domain motion is needed for WT-PLB/Ca-ATPase to func-
tion properly 3).

It is clear that the cytoplasmic segment secondary structure,
orientation, dynamics, and interaction with the membrane
and SERCA of WT-PLB and P-PLB are under serious
debate. However, it is important to emphasize that the high-
resolution NMR solution structures of the monomeric PLB
mutant (AFA-PLB) and pentameric WT-PLB in micelles
reported by the Veglia2) and Chou 23) groups, respec-
tively, represent two of the best and widely accepted
membrane protein structures available in the literature (see
Figure 1). In addition, although the effect of phosphorylation
on the cytoplasmic domain of WT-PLB has not been
completely addressed in the literature, the Chou group
suggested that their structure of WT-PLB in micelles sets
the stage for a series of future experiments aimed at
characterizing the effect of phosphorylation on the orientation
and dynamics of its cytoplasmic heli23). Our previous
study indicated that phosphorylation does not significantly
change thex-helical secondary structure of WT-PLB, and
this finding agrees with the results previously reported by

INFALILIFLLLIAIIVMLLS Arkin and co-workers§, 30). In addition, that same report
FiGURE 1: High-resolution solution NMR structures as well as the implies that P-PLB has less direct contact with the mem-
corresponding sequences for (A) pentameric (bellflower-like as- Pranes than WT-PLB doe8Q).
sembly) and (B) monomeric (L-shaped) phospholamban, by the To extend and complement previous studies and to reveal
Chou @3) and Veglia 26) groups, respectively. The two structures  new information about the dynamic properties of WT-PLB
(I\aﬂnétl)_edded inside membrane bilayers were generated using MOL-5 -+ it5 phosphorylated form (P-PLB), we have conducted

and a G5 Apple Mac computer. The three-dimensional . . . . .
structures in panels A and B were obtained from the Protein Data NMR studies with PLB. These new studies will provide
Bank. important physiological and mechanistic information regard-

ing the regulatory role of WT-PLB and it phosphorylated
phorylation of serine 16 (located within the cytoplasmic form in biological systems 3 23, 28). This dynamic
domain) induces an order-to-disorder transition that disrupts information is crucial for understanding its binding to Ca-
the “L-shaped” monomer and causes a reduction in the extentATPase and inhibition. In this articléH and*®N solid-state
of a-helical secondary structure around the phosphorylation NMR spectroscopic studies are utilized to ascertain pertinent
site 7). However, the Chou group has not determined the information about the backbone and side chain dynamics of
phosphorylated form (P-PLB) of WT-PLB28). They WT-PLB in phospholipid bilayers?H solid-state NMR
proposed that introducing a negative charge upon phospho-spectroscopy is a powerful well-developed technique for
rylation of WT-PLB could alter the average orientation of studying the structural and dynamic properties of membrane
the cytoplasmic domain and decrease its accessibility to theproteins in phospholipid bilayer81—34). The corresponding
calcium pump 23). Also, this latest model of WT-PLB  quadrupolar splitting and line shapes of fi¢ solid-state
interacting with SERCA introduced by the Chou group NMR spectra can be used to probe the molecular dynamics
suggests that tightness of the PLB pentamer (supercoiled Leubf the side chain of selectively labeled residues in site-
lle zipper) could allow its cytoplasmic domain to fit into  specific?H-labeled integral membrane protei@$£40). The

w .

M'EKVQYLTRSAIRRASTIEMPQQARQKLQNLF
INFCLILICLLLICIIVMLLS

B)

M'EKVQYLTRSAIRRASTIEMPQQARQNLQNLF

and interact with the groove of the SERCA cytoplasmic
domain without the energetic cost of removing a subunit from
the pentamer2d). Conversely, an earlier model suggests that
phosphorylation of WT-PLB at Serl6 or Thrl7 reduces its
level of electrostatic binding with the pump and favors the
association of the PLB monomers interacting with SERCA
into PLB pentamers that do not interact with the purtp (

3). Another recent model proposes that an allosteric interac-

tion between the PLB monomer and SERCA takes plagge (
Therefore, understanding the dynamic motion of WT-PLB

primary amino acid sequence of full-length PLB has few
alanines (mainly in the cytoplasmic domain, residue4 3)

and several leucines (the transmembrane domain, residues
23—52) along the length of the protei23). In previous
studies, methyl group motions have been well-characterized
utilizing °H NMR studies of Cl-labeled sites of alanines,
valines, and leucines3b, 40—45). For the isotopically
labeled alanines (short aliphatic side chains), the deuterated
methyl group (CD) rotates around the & Cg bond (see
Figure 2A) and allows the deuterons to make jumps between

with respect to the membrane is absolutely needed tothree sites described by a tetrahedral geomet6éy. (How-

completely describe the mechanism of binding of WT-PLB
to Ca-ATPase. Complete knowledge of how different seg-

ever, for Leu, the long aliphatic side chain can be isotopically
labeled at thé- and/ore-CD; sites, and the deuterium NMR

ments of phosphorylated and unphosphorylated PLB arepowder pattern line shapes will be strongly influenced by
moving within the membrane is essential for describing the the motions about the ,&Cs; bond axis as well as by
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Ficure 2: Chemical structure of the (A) alanine and (B) leucine
amino acids.
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additional librational motion about the,€Cs and G—C,
bond axes (see Figure 2B) at various temperatut@si(’).
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16 instead of the regular Fmoc serine used in the synthesis
of WT-PLB (51). The crude peptide was purified on an
Amersham Pharmacia Biotech AKTA explorer 10S HPLC
system controlled by Unicorn (version 3) system software
as described in a previous stud30). The purified protein
was lyophilized and characterized by matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry and SDSPAGE (data not shown). In agree-
ment with the work of Simmerman and co-workebg) the
oligomeric state of our PLB and P-PLB using SBBAGE
was mainly pentameric and did not show the coexistence of
any dimeric bands as reported for the AFA-PLB mutar®) (
Preparation of Uniformly *>N-Labeled WT-PLB The
overexpression and purification of WT-PLB have been
reported previously53). In this study, a slightly modified
procedure has been employed. In brief, the gene encoding
wild-type PLB cloned into a modified pMalc2X vector was

I the CDs-methyl probe of the protein undergoes no motion  ransformed intoEscherichia coliBL21(DE3)-RIL (Strat-
other than those associated with the axial rotation about theagene). The starter culture was grown overnight in standard
C—CDs bond in a randomly dispersed sample, the resultant \j9 minimal medium supplemented with vitamins (Sigma
spectra will consist of a Pake pattern with a 40 kHz BME vitamin solution) and minerals [6 mg/L Fe$Ql.3
quadrupolar splitting48). However, residues located outside g/ MnSQ, 0.8 mg/L CoC4, 0.6 mg/L ZnCh, 0.3 mg/L

the membrane are expected to be more motionally averagedc;sq, 0.02 mg/L HBOs, 0.25 mg/L (NH)sM07024, and 5

and yield an isotropic peakt9).

mg/L EDTA]. Cells were then transferred (1:50) into fresh

Additionally, **N solid-state NMR spectroscopy has been pg minimal medium withNH,CI as the sole nitrogen
used to ascertain direct information regarding backbone goyrce. Cells were induced with 1 mM isoprop3p-1-

dynamics of membrane proteind5 50). Generally, the

immobile (without large amplitude motions) amide sites of

specific’®N-labeled proteins yield a broad statf\ powder

thiogalactopyranoside (IPTG) when the absorption at 600
mn was approximately 0.7 (Qg ~ 0.7). After growing
overnight at 37°C, cells were harvested and resuspended

pattern, whereas motionally averaged amide sites revealysing 150 mL of lysis buffer [20 mM Tris-HCI (pH 8.0),

isotropic peaksZ0).
MATERIALS AND METHODS

Materials.POPC was purchased from Avanti Polar Lipids

200 mM NaCl, 1 mM EDTA, 0.1 mM DTT, 0.5% glycerol,
2.5 mM lysozyme, and 0.5 mM phenylmethanesulfonyl
flouride (PMSF)] per liter of culture. The suspension was
passed twice through a French press and centrifuged at

(Alabaster, AL). Prior to use, phospholipids were dissolved 3800@ for 20 min at 4°C. The supernatant containing the

in chloroform and stored at20 °C. Chloroform, hexafluoro-
2-propanol, formic acid, and 2,2,2-trifluoroethanol (TFE)

were purchased from Aldrich Chemical Co. (St. Louis, MO).

maltose-binding fusion protein MBP-PLB was purified using
an amylose resin (New England Biolabs). PLB was released
from MBP by cleavage using active tobacco etch virus

HPLC-grade acetonitrile and 2-propanol used to purify the protease (Ac-TEV) (Invitrogen) and subsequently purified
protein were obtained from Pharmco (Brookfield, CT) and by HPLC (Amersham Pharmacia Biotech) using a silica-

were filtered through a 0.2m nylon membrane before being

based C4 reverse-phase column (Vydac). The purified protein

used. Water was purified using a nanopure reverse osmosigvas lyophilized and characterized by MALDI-TOF mass

system (Millipore, Bedford, MA). Fmoc amino acids, pre-

spectrometry and SDSPAGE (see Figure 1S). Like the

phosphorylated Fmoc serine amino acid, and other chemicalschemically synthesized site-specific isotopically labeled WT-
for peptide synthesis were purchased from Novabiochem PLB, the oligomeric state of uniformfyN-labeled WT-PLB

(San Diego, CA)I*N- and CD-labeled Leu and Ala Fmoc
amino acids®®NH,CI, and deuterium-depleted water were
purchased from Isotec/Sigma-Aldrich (St. Louis, M®)(2-
Hydroxyethyl)piperazindN'-2-ethanesulfonic acid (HEPES)
and EDTA were obtained from Sigma-Aldrich.

Synthesis and Purification of Site-Specific £Bnd *>N-
Labeled WT-PLB and P-PLBNT-PLB was synthesized

determined using SDSPAGE was predominantly pentam-
eric.

NMR Sample PreparatiorPOPC bilayers containing 4
mol % P-PLB or WT-PLB in phospholipid were prepared
according to the protocol given by Rigby and co-workers
(48). POPC (35 mg) and PLB or P-PLB were dissolved in
CHCIl; and TFE, respectively, and placed into a 12 mm

using a modified Fmoc-based solid-phase method with an 75 mm test tube. The solvents were removed under a steady
ABI 433A peptide synthesizer (Applied Biosystems, Foster stream of N gas, and then the test tube was placed in a

City, CA) as described in a previous repost).

vacuum desiccator overnight to remove any residual solvent.

In this study, the isotopically labeled amino acids were The P-PLB/lipid or PLB/lipid mixture was then resuspended
chosen to cover both the cytoplasmic and transmembranein 95 uL of HEPES buffer [5 mM EDTA, 20 mM NacCl,
regions of WT-PLB embedded in the POPC MLVs. The and 30 mM HEPES (pH 7.0)]. The buffer was prepared using
CDs-labeled sites were chosen (Leu51, Ala24, and Alal5), deuterium-depleted water from Isotec/Sigma-Aldrich. Finally,
and the'®>N-labeled amide residues were chosen (Leu51, after the phospholipids were fully dissolved, the sample was
Leud?2, and Alall). To synthesize P-PLB, a prephosphory- transferredd a 4 mm NMRrotor. The protein concentration
lated Fmoc serine amino acid was used at amino acid positionthat was used was 4 mol % for P-PLB or PLB with respect
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Ficure 3: 2H NMR powder pattern spectra of site-specific £lBbeled WT-PLB and its phosphorylated form embedded inside POPC
phospholipid bilayers?H NMR spectra are shown for (A) PLB-GR.eu51, (B) PLB-CR-Ala24, (C) PLB-CQ}-Alal5, and (D) P-PLB-
CDs-Alal5. The experiments were conducted at temperatures ranging-f&grto 60°C.

to lipids when both'>N and ?H NMR experiments were  Figure 3, simulated spectra were generated by MXQET and
conducted. are displayed in Figure 45). The?H NMR spectral splitting
Solid-State NMR Spectroscopy.500 MHz WB Bruker ~ (Avq) described in eq 1 can be related to the motional
Avance solid-state NMR spectrometer and a Bruker 4 mm characteristics of the site-specific @group-labeled peptide
triple-resonance CP-MAS probe (Bruker, Billerica, MA) incorporated into randomly dispersed ML\&Y41, 45, 49).
were used to collect thid and*®N solid-state NMR spectra. 3
For 2H solid-state NMR experiments, the spectrometer was Avg = —e2Q93n0|(3 cog 6, — 1) (1)
operated at 76.77 MHz and the quadrupolar echo pulse 8 ~h

sequence was emp_loyed using quadrature detection with,na e &Qgh is the nuclear quadrupole coupling constant
complete phase cycling of the pulse pabég)( The 90 pulse (165-170 kHz for a G-D bond) 66, 57), Swo is the

length was Jis, the interpulse delay 4, the recycle delay g 1acylar order parameter, describing orientational fluctua-
0.5 s, and the spectral width set to 100 kHz. To obtain a yns of the G-D bond relative to the bilayer normal, afd
reasonable signal-to-noise ratio, a total of 25K (for thexCD  i5 e ayerage orientation of each-D bond relative to the
Alal5 sample), 50K (for the CPAla24 sample), and 100K bilayer normal 84, 41, 45, 49).

(for thze CDr-Leu51 sample) transients were averaged for o novcrystalline solids, all values éfare possible and
each *H solid-state NMR spectrum. The spectra Were yhe quadrupolar splitting(v) is very large (for example,
processed using 100 Hz for the GBlal5 sample and 300 A, is 127 kHz for CQ-Leu solid aliphatic chains)g, 58).

Hz line broadening for the other two spectra. To investigate \ynen the 2H-labeled protein’s backbone is completely
the effect of residual deuterium in the buffer on the line ;1 obile in MLVs. the correspondingH power spectrum
shapes of the spectra, a control sample containing 4 mol %is expected to have a Pake doublet with a quadrupolar
unlabeled WT-PLB was averaged for 25K, 50K, and 100K gpjiing of approximately 40 kHz indicating rapid rotation
transients, and its spectra were compared to those of the CD about the G-CD; bond. This splitting is expected at very

labeled PLB samples (see Figure 2S of the Supporting o, temperatures when all other types of motion are nearly

Information). frozen @5). The effect of C>-methyl group rotation along
N solid-state NMR spectra were collected utilizing a the G,—C; bond axis was studied using MXQET (see Figure

RAMP cross-polarization pulse sequence withdecoupling.  4A) (55). The simulations were generated by assuming that

The following pulse sequence parameters were used: 4.7the deuterons of the GBnethyl group jump among?012C,

us*H 90°, 1.5 ms contact time, 500 ppm sweep width, and and 240 around the G—C; axes 9). Figure 4A shows that

a 4 s recycle delay. Also, 80K scans were averaged for thecDs-methyl group hopping can reduce the quadrupolar

static'®N CP experiments. The spectra were referenced to splitting (Av) from 121 kHz when the jump rate is>t 10?

an external standard ofNH4).SO; (27 ppm). The experi-  Hz to 45 kHz when the jump rate is in the range=of x

ments were carried out at both 25 anéd5°C. Samples were  1¢7 Hz.

spun at 5 kHz for the CP-MAS experiments. The quadrupolar splitting value can be reduced further by
Analysis of’H and >N Solid-State NMR Spectroscopic different types of motions such as the “wobble” of the entire

Data. To analyze théH solid-state NMR data displayed in  protein inside the MLVs, conformational fluctuations of the
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FiGURe 4: 2H solid-state NMR spectral simulations using MXQESEY. In the generation of these spectra, rotations along theGz bond

axis (A), the long peptide helix axis (B and C), and the-C, bond axis (D) were considered, and the corresponding differencé$ in

NMR spectral line shapes and the quadrupolar splittidgg (vere compared at different jumps rates. Panel A shows a 3-fold decrease in
the quadrupolar splitting(v) when faster CB-methyl group hopping is considered. In panel A, only the;@fthyl group rotation about

the G,—C; axis was considered. Panel B shows that faster two-site exchange along the peptide helix can gradually chsgbdistate

NMR spectral line shape from a typical Pake pattern to a bell-shaped pattern. In these simulations, the helix flips between two equally
populated symmetry-related rotamers separated by T8 type of rotation does not affect the spectral splitting. (C) Simulation corresponding

to continuous rotation along the long peptide helix which gradually changes the typical Pake pattern spectrum to an isotropic peak. In these
simulations, the helix jumps among three equally populated symmetrical rotomers separated. B\d@iRmnally, in panels B and C, the

angle between the &C; bond of the Cl-labeled alanine and the long helical axis of the was assumed to°b¢lH6Simulation of the

faster two-site methyl group jumping along thg-€C, bond axis of CI3-Leu that generates a bell-shaped spectrum and decreases the
quadrupolar splittingAv). In panel D, the methyl group was tilted by °7a&nd jumped by 1095

protein backbone, rotation about the long axis of the peptide tions. Two modes of anisotropic rotation about the protein
backbone, and other side chain internal moti@% $9). In long axis at different rates were considered. In the first mode,
panels B and C of Figure 4, only the anisotropic rotation the protein long helix axis flips between two equally
about the protein long axis was considered for the simula- populated symmetry-related rotamers separated b¥y/(1h86-
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site jump model), and in the second mode, it jumps among quadrupolar splittings as well as the line shapes among the
three equally populated symmetrical rotomers separated byfour samples, indicating that the side chain motions of the
120 (continuous rotation model). For the GBla residues, PLB residues are different depending on the environment
considering the rotation along the peptide backbone wasand position of these residues within the POPC membrane.
enough to simulate théH solid-state NMR spectra as In Figure 3A (at °C), the Leu5PH NMR spectrum reveals
indicated in a previous study ). The angle between the a quadrupolar splitting 033 kHz and a line shape similar
C.—C;s bond of C3-Ala and the long axis of the protein  to that obtained for the same residue-&5 °C. The decrease
was assumed to be 5€12). In Figure 4B, the two-site  in the 2H quadrupolar splittings of the Leu51 spectrum at
exchange along the long peptide helix can gradually change0 °C can be attributed to rotational motion about the-Cs
the typical Pake spectrum (jump rates in the range of 1 and G—C, axes. This spectrum can be simulated by
10® Hz) to a bell-shaped spectrum (generated using jump considering an additional two-site methyl group jumping
rates in the range af1 x 10" Hz). Conversely, Figure 4C  along the G—C, bond axes in the range ofx1 10? Hz when
shows that continuous rotation along the long peptide helix compared to the spectrum at25 °C (see spectrum ii in
can gradually change the typical Pake spectrum (jump ratesFigure 4D). At higher temperatures (25, 45, and’@)), the
in the range of Ix 10° Hz) to an isotropic peak (jump rates 2H quadrupolar splitting of the Leu51 spectrum (Figure 3A)
in the range of=1 x 10’ Hz). is reduced along with significant spectral line shape changes
Unlike Ala residues, the Leu side chain is longer. This when compared with those features of the spectrum°@,0
allows the terminal CRgroup of the Leu side chain to have implying that additional librational motions about the-€
two axes of librational rotation motion about the-€Csand ~ Cs and G—C, axes are occurring at higher temperatures.
C;—C, bonds and a methyl group reorientation about the The spectra can be simulated by considering additional two-
C,—Cs bond (see Figure 2B). All of these dynamic motions site methyl group jumping along the;€C, bond axes of
affect the?H solid-state NMR spectra 8H-labeled proteins ~ >1 x 10° Hz (see spectrum v in Figure 4D).
as described in the literaturé9). In this study, we considered In Figure 3B (at C°C), the?H NMR quadrupolar splitting
the tetrahedral methyl group hopping to be responsible for (~5 kHz) and line shape of Ala24 are completely different
the first 3-fold decrease in the quadrupolar splitting (see from those obtained for Leu51 at the same temperature. This
Figure 4A). As a second axis of rotation, two-site methyl “H NMR spectrum can be simulated using a continuous
group jumping along the £-C, bond axes in which methyl  rotation model along the long peptide helix using jump rates
groups were tilted 75and jumped by 109%was considered  in the range of 1x 10° Hz (see spectrum iv in Figure 4C).
(see Figure 4D)45). Figure 4D compares the line shapes The sharp isotropic peak from the residual deuterium in the
of the generateeH solid-state NMR spectra at different two-  buffer can affect the line shape of the experimental spectrum
site methyl group jump rates. The bell-shaped spectrum waswhen compared to the simulated one (see Figure 2S of the
generated at jump rates on the order=df x 10° Hz. Supporting Information). The significant differences in the
Simulations of thé5N NMR spectra were carried out using i@ shape indicate that Ala24 and LeuS1 are located in
DMFIT (60). The principle elements of the chemical shift different environments. The large quadrupolar splitting of

tensors are represented according to the convewtigr: LeuS51, which is located toward the lower end of the

O > 011, transmembrane helix, suggests that it is embedded inside the
membrane. Previous studies have indicated that Leu51 is part

RESULTS of the pentameric WT-PLB zipper motif4). All these

factors restrict the side chain motion of this residue &t0

?H Side Chain Dynamics~igure 3 shows the solid-state  when compared to Ala24 which is located toward the upper
2H NMR powder pattern spectra of site-specific £lBbeled end of the transmembrane helix.

WT-PLB (at residues Leu51, Ala24, and Alal5) and P-PLB Finally, the?H NMR spectra oPH-labeled Alal5 of both

(at residue Alal5) incorporated into POPC MLVs. The p|g (Figure 3C) and P-PLB (Figure 3D) at°C exhibit
spectra were recorded over the temperature range fi8&  sotropic spectral line shapes not typical of Pake doublets,
to 60°C. The corresponding simulated spectra generated bygye to additional motions associated with the location of this
MXQET are displayed in Figure 4. residue and/or backbone dynamics. Th#se\MR spectra
At —25°C [below the lipid get-liquid—crystalline phase  can be simulated using a continuous rotation model along
transition temperature of POPC lipids3 °C)] (61), the four the long peptide helix using jump rates aflL x 10’ Hz
solid-state’H NMR powder pattern spectra reveal similar (see spectrum v in Figure 4C). At higher temperatures (45
quadrupolar splittingsAv) of ~40 kHz, indicating thatthere  and 60 °C), the isotropic?H spectra (Figure 3C,D) are
is no significant difference in the dynamics of these residues comparable with that at 2%C.
at this low temperature. In the gel phase2b °C), the only 15\ Backbone DynamicsTo investigate the backbone
significant motion is methyl group rotation, because global dynamics of PLB and P-PLB, site-specifi€N-labeled
motion is not observed below the phase transition temper- proteins were incorporated into POPC MLVs dfid solid-
ature of the lipid 48). Similar experimentatH line shapes  state NMR spectroscopic experiments were conducted. The
and splitting have been reported in the literature at temper- corresponding®N NMR spectra can distinguish between the
atures lower than the phase transition temperature of therigid and mobile sites within the protein backbone on a time
lipids. Each spectrum can be simulated by considering only scale of 10 s (50). Large amplitude motions, which occur
a CDsy-methyl group rotation along the-&CDz bond axis in - more rapidly than the breadth of the powder pattern spectra
the range of=1 x 10° Hz (see spectrum v in Figure 4A). (15N CSA breadth is~10* Hz or 175 ppm), translate into a
However, at 0°C (slightly above the phase transition narrowing of the CSA width to an average isotropic position
temperature), there are significant differences in the (50). To determine the degree of mobility of WT-PLB in
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that WT-PLB has two different backbone dynamics com-

ponents that can be observed on a time scale of 4(rigid

and mobile sites). The contribution of the isotropic compo-

nent of uniformly'>N-labeled WT-PLB comes from two

sources: the backbone dynamics of the cytoplasmic domain

residues and the side chain dynamics of residues with long

N-labeled side chains such as arginine and lysine.

To distinguish between the different domains of WT-PLB,

(B) PLB-Leu-51 site-specific®N-labeled amide residues located on both the
transmembrane (Leu51 and Leu42) and cytosolic (Alall)
domain of WT-PLB were incorporated into POPC bilayers
and analyzed via solid-state NMR spectroscopy. Panels B
and C of Figure 5 show that the site-specifitl-labeled
amide residues located on the transmembrane domain (Leu51
and Leu4?2) yield only one broad powder pattern component,

(C) PLB-Leu-42 indicating that these sites are immobile on the NMR time
scale in the POPC bilayers at 26.

To investigate the effect of phosphorylation on the
backbone mobility of the cytosolic domain of the protein,
both WT-PLB and it phosphorylated form (P-PLB) were
incorporated into POPC bilayers and static solid-state NMR

(D) PLB-Ala-11 spectra were collected. Figure 5D indicates that i
labeled Alall NMR spectrum of WT-PLB located on the
cytoplasmic domain yields two dynamic components (pow-
v der pattern component and isotropic component), implying
that the backbone dynamics of this residue exists in two
populations: one that is immobile and another which is
motionally averaged on the NMR time scale. Figure 5E
(E) P-PLB-Ala-11 shows that upon phosphorylation, 8l spectrum oft°N-
labeled Alal1l still consists of two populations; however, the
population of the isotropic component has increased by a
factor of 2 when compared to that of the unphosphorylated
I I I I sample (Figure 5D).
s00 200 100 0 To probe the effect of low temperature on the backbone
N Chemical Shift (ppm) mobility of the protein, uniformly*>N-labeled WT-PLB as
FIGURE 5. >N NMR powder pattern spectra of 4 mol % uniformly  well as site-specifict>N-labeled WT-PLB proteins were

15N-labeled WT-PLB (A) as well as site-specifitN-labeled amide incorporated into POPC bilavers and the staid NMR
WT-PLB [Leus1 (B), Leud2 (C), and Ala11 (D)] and P-PLB [Alall ectpra ere Tecorded a{25y,,c hs exborcted. and in
(E)] proteins incorporated into POPC bilayers at 25. The p : p !

simulated spectra (A, D, and E) were generated by summation of 2greement with théH data at—25 °C, all the samples
its two components. The simulated spectra (B and C) were generatedevealed a stati¢®N chemical shift powder pattern spectra

(A) Uniformly
"*N-labeled PLB

using one component. indicating that the uniformly°N-labeled as well as the site-
_ specific®N-labeled amide sites are all immobile-a25 °C.
Table 1: N CSA Tensor Values of Uniformly*N-Labeled This confirms that the isotropic component observed for the

WT-PLB as Well as Site-Specifical3?N-labeled WT-PLB (Leu51, . - :
Leu42, and Alal1) and P-PLB (Alal1) Inserted into POPC cytoplasmic domain at 2%C results from peptide backbone

Phospholipid Bilayers at 25C motion. . _
It has been reported thadN CP-MAS chemical shift
values of~129 and~122 ppm (or less) are characteristic

uniformly labeled PLB  59.9 76.1 230.0 122.0 170.1 _ _hali ; ;
LeuS1. of PLB 553 700 2286 1210 1733 of f-sheet andx-helix structures, respectivel$?). In this

15N site 011 022 033 Oiso CSA width

Leu4? of PLB 562 77.8 2290 121.0 172.8 study, the values of the chemical shifts (at a spinning speed
Alall of PLB 58.0 76.4 229.6 122.0 171.6 of 5 kHz) for the site-specifi¢®N-labeled amide residues
Alall of P-PLB 604 734 2293 121.0 168.9 located on the cytosolic domain (Alall) as well as the

transmembrane domain (Leu51 and Leu4?2) wet@2 ppm,
POPC bhilayers at 25°C, static 1N cross-polarization implying that those residues located in both the transmem-
experiments were conducted. Both the experimental (solid brane and cytosolic domains are relevanttoelices of WT-
lines) and simulated spectra (dotted lines) are superimposedPLB within POPC bilayers. Similar results were obtained
in Figure 5, and the chemical shift anisotropy (CSA) values for Alall of P-PLB, indicating that phosphorylation at Ser16
extracted from those simulations are listed in Table 1 for does not change the secondary structure of the cytoplasmic
comparison. domain of WT-PLB around Alall.

In Figure 5A, uniformly’®>N-labeled WT-PLB incorporated
into POPC bilayers shows two distin®N amide backbone DISCUSSION
components, a relatively narrow isotropic resonance and a The focus of this study was to investigate the side chain
broad well-defined powder pattern component. This indicates and backbone dynamics of WT-PLB incorporated into POPC
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bilayers as well as to probe any potential changes in adjust its structural topology and to orient the correct face
dynamics of the cytoplasmic domain upon phosphorylation of the helix to its binding sitel(0). In this study, the dramatic

using?H and*'*N solid-state NMR spectroscopy. Previous change in’H line shape between Alal5 and the residues
conformational studies using a similar approach on an ion (Leu51 and Ala24) buried in the membrane suggests that

channel protein have been reported by Auger ettd). (To the cytoplasmic domain undergoes similar backbone motions
better understand the data, we simulated Féthand *>N as it is exposed to the aqueous environment outside the
experimental NMR spectra and extracted useful information membrane and can be affected by twisting motions and other
about the jump rates as well as CSA values. types of dynamics suggested by Houndonougbe and co-

Side Chain Dynamics of GRLabeled WT-PLB and P-PLB  workers (L0). In this study, no significant Alal5 side chain
Incorporated into POPC Bilayerdhe motions of the methyl  differences between WT-PLB and its phosphorylated form
groups in aliphatic side chains of selectivelyl-labeled were detected in th&# solid-state NMR data analysis (Figure
membrane proteins revealed pertinent side chain and back3C,D). However, differences in the cytoplasmic backbone
bone information38—40, 44, 47, 58, 59, 64). 2H NMR line dynamics between WT-PLB and its phosphorylated form
shapes of selectiveBH-labeled proteins in membranes have incorporated into POPC MLVs have been detected uSig
been used to distinguish between residues buried inside thesolid-state NMR spectroscopy.
membrane and others located in the interface regéij ( Backbone Dynamics of WT-PLB and Its Phosphorylated
In addition,?H NMR spectral feature can be used to monitor Fqrm The CSA tensor elements extracted from &
the interactions between different transmembrane domainsgjmulations (see Figure 5) are listed in Table 1 for compari-
of membrane proteins and to investigate sites with restricted gy, From the simulated spectrum (Figure 5A), the CSA
motions in the protein backbondl, 48, 65). In a recent width value of uniformly’sN-labeled PLB was 170.% 1
study by Hughes and co-worker8 solid-state spectra of  nym Also, for the site-specifiéN-labeled amide WT-PLB
the monomeric AAA-PLB mutant (all the native cysteine ¢ Leu51, Leudl, and Alall (Figure 58®), the CSA widths

residues were replaced with alanine residues) with-CD \yare 173.3: 1. 172.8+ 1. and 171.6F 1 ppm, respectively.
labeled Ala36 embedded inside the phospholipid bilayer were Additionally, the Leu51 and Leu4l spectra (Figure 5B,C)

simulated {2). The investigators stated that the &£ibethyl do not show any isotropic components. This indicates that

group rotation along the &-C; axis is responsible for the | ;51 and Leu41 located in the transmembrane domain of
3-fold decrease in the quadrupole coupling constant from \y/t_p| B are motionally restricted by interactions with the

its typical value of~170 kHz (2). As indicated in their |i,iq membranes when compared to the Alal1 residue located
study, rotation along the peptide backbone was enough t0; {ha cytoplasmic domain.

simulate the’H solid-state NMR spectra of GBAla in the i
transmembrane domain of the AAA-PLB monomeric mutant _, Moreover, Table 1 reveals that the CSA width value of
5N-labeled Alall WT-PLB (Figure 5D,E) decreased from

embedded inside the membrarig) In their simulations, i

they considered two modes of anisotropic rotation about the 171:6+ 1 t0 168.9+ 1 ppm upon phosphorylation. Also,
protein long axis of the AAA-PLB proteinl@). Similarly, the integration of the two components (isotropic and powder)
in the simulations discussed in Figure-4B, a second axis observed in the Alall spectra indicates that the contribution

of rotation was considered to describe the dynamic motions of the isotropic components of thisllabeled residue increases
associated with théH NMR spectrum. In general, thi from 7 to 15% upon phosphorylation.
NMR line shape can be affected by several other factors other The isotropic peak of the'iN]JAlall spectrum suggests
than those associated with the second axes of rotation alonghat the cytoplasmic domain exists in two conformations with
the long helical axis of the peptide (for Glala) or Gs—C, different backbone dynamics on theN solid-state NMR
bond axes (for CLeu). Those other types of motions time scale; one conformation is mobile (outside the mem-
include (i) the wobble of the entire peptide in the membrane, brane), and another is rigid (most likely on the membrane
(ii) finite conformational fluctuations of the peptide back- surface). On the other hand, otil Alal5 isotropic NMR
bone, and (iii) side chain internal motions and librational data suggest that this residue is located outside the membrane.
averaging, including wobbling in a cone for thg-6C; bond The dynamic isotropic nature of the peak can be attributed
(48, 66). In addition, the depth of penetration of specific to side chain motions in an aqueous environment and
residues inside the membrane must be taken into considerbackbone motion. It has been reported that residues located
ation 31). Also, residues located outside the membrane are outside the membrane reveal isotrofitNMR spectra 81).
exposed to an aqueous environmesit) ( It is important to emphasize th#t solid-state NMR is more
The motions of the methyl group in the aliphatic side chain sensitive to different types of backbone and internal side
of Ala24 and Alal5 reveal pertinent side chain motions as chain motions associated with the protein on tHesolid-
well as backbone motions. This agrees with molecular state NMR time scale, whered&N solid-state NMR is
dynamic simulations on PLB previously reported by Houn- sensitive to only the backbone motion of the protein on the
donougbe and co-worker&(@). In that study, the researchers *N NMR time scale. This observation was also reported for
reported that the internal dynamics of the monomeric form the Ala36 residue of the monomeric PLB mutah®,(67).
of PLB is associated with large amplitude collective motions Veglia and co-workers reported only a powder pattéhh
between the transmembrane and cytoplasmic helit@s (  solid-state NMR spectrum with no isotropic peaks for the
Those types of motions includes hinge bending, twisting of '*N-Ala36-PLB monomeric mutan6{). Conversely, Hughes
both N- and C-terminal helices, and flexing of the C-terminal and co-workers indicated usirigl solid-state NMR that the
helix (10). The central loop region is highly flexible and monomeric form of théH-Ala36-PLB mutant is associated
elastic @0). In their conclusion, they indicated that the with a?H NMR isotropic peak, implying that it rotates fast
twisting motions around the long helical axis enable PLB to about its helical axis1(2).
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The motions of the methyl groups in aliphatic side chains indicate that WT-PLB is more than 95% pentameric (see
reveal pertinent side chain and backbone motions. It has beerigure 1S of the Supporting Information). On the basis of
reported previously that the epidermal growth factor receptor the 1N data, we cannot completely rule out the presence of
(EGFRy) monomer undergoes rapid axial diffusion about multiple oligomers (monomer and pentamer) of PLB.
its long axes in the membranetd). Dimerization or However, if we had a mixture of monomeric and pentameric
oligomerization likely gives rise to a subpopulation exhibiting species in our samples, we might expect to see two distinct
slower axial rotation48). Additionally, ?H solid-state NMR components (with different®N CSA widths) on the static
provided a pertinent self-association (oligomerization) of the [**N]Leu51 spectrum at room temperature. Because Leu51
transmembrane domain of class | receptor tyrosine kinaseis immobile in the pentameric species and part of the Leu/
(ErbB-2) in phospholipid bilayers3d). At high peptide lle zipper, the monomer species is expected to have a smaller
concentrations, the GEAla spectral feature revealed multiple N CSA width. However, we do not see two different
components that could be assigned to rapidly rotating components in th€N CPMAS spectrum for Leu51 (see the

transmembrane monomersg kHz splitting), dimers+{24 Supporting Information). The data favor the existences of
kHz splitting), and large oligomers rotating very slowly different conformations of WT-PLB. Nevertheless, it is still
relative to a time scale of 18 s (~38 kHz splitting) B4). possible that a small amount of monomeric PLB may be

Similarly, the?H NMR spectra of the transmembrane £D  contained within the samples.
Ala of the AAA-PLB mutant in lipid bilayers have been The Cytoplasmic Domain of WT-PLB Exists in Two
interpreted as representing a mixture of oligomeric and Structural Conformations with Distinct DynamicBhe *°N
monomeric speciesl®). The bell-shaped component of the and?H NMR data of the cytoplasmic domain alone (two
’H solid-state NMR spectra was considered to be the conformers) do not completely rule out the presence of a
oligomeric species with slow rotation, and the other isotropic monomer and pentamer in our PLB samples. Thses'Asw
component was considered to be the monomeric species withdata agree well with a recent study by the Lorigan group,
fast rotation about the helical axis3). In the study presented  where a**C=0 site-specific (Alal5 residue) isotopically
here, the?H solid-state NMR spectra of GELeu51 in the labeled WT-PLB protein inserted into POPC MLVs indicates
tramsmembrane region either have a typical Pake powderthat the PLB pentamer has two differentelical structural
pattern at lower temperatures or are bell-shaped at higherconformations 0). Also, the Thomas group utilized EPR
temperatures, indicating that WT-PLB is pentameric and spectroscopy to probe AFA-PLB structural dynamics in lipid
could rotate slowly about its helical axis. This implies that bilayers with the TOAC spin-label rigidly coupled to the
the significanfH spectral line shape changes of the Leu51 peptide backbone2@). The corresponding EPR spectra
spectra (Figure 3A) at higher temperatures are related onlymeasure the nanosecond peptide backbone dynamics in
to additional librational motions about the,€Cs and G— distinct domains of PLBZ9). As expected for a well-ordered
C, axes. Although an isotropic component was observed, it a-helix, their data indicate that residue 46 (located in the
can be attributed mainly to the residual deuterium in the cytoplasmic domain of AFA-PLB) has a highly restricted
buffer (see Figure 2S of the Supporting Information). rotational motion and a single well-defined ordered compo-
However, it is possible that a slight contribution of this nent 9). This agrees with the singtéN powder component
isotropic component may come from a minor monomoric of Leu51 and Leu42 located in the transmembrane domain
component of the protein (see Figure 1S of the Supporting of the WT-PLB observed in this study. Furthermore, the most
Information) rotating fast about its helical axis. Overall, the striking feature of their finding was the observation of two
results indicate that the lower end of the transmembraneswell-resolved conformational states (batkhelical ordered
helix is predominantly immobile and embedded inside the and partially unfolded disordered states) in the cytoplasmic
membrane. This conclusion agrees with previous studies ondomain at position 046% disordered) or 11 (onkr10%
the pentameric WT-PLB protein reported in the literature disordered)29). The current®N solid-state NMR data agree
by the Smith group as will as the Lorigan group usfity with the two structural components of the WT-PLB pentamer
solid-state NMR spectroscopy@, 45). observed by the Lorigan grouB@ as well as with the
The effect of molecular motion along the long peptide axis Thomas group’s two-conformation model on monomeric
of rotation on the!™>N powder pattern spectra has been AFA-PLB (29). Furthermore, the new data suggest that upon
described in detail elsewheré7). Using computer simula-  phosphorylation, the disordered component doubles when
tions, the >N CSA widths and line shapes can change compared to the unphosphorylated form of WT-PLB.
significantly with the rotation about the long helical axis of In another report, the Veglia group usdi—1°N hetero-
the protein 67). Recently, Hong and co-workers probed the nuclear solution NMR spectroscopic studies to probe the
effect of fast rotational diffusion of membrane peptides on backbone dynamics of the AFA-PLB monom&8). In that
the 5N CSA width of powder samples. At 3, the static study, they did not directly resolve these two conformational
15N solid-state NMR spectrum of &N-labeled peptide  states; however, the NMR spectroscopic data show evidence
incorporated inside DLPC bilayers revealetid CSA width of an exchange process in the cytoplasmic domain of PLB
of 105 ppm, indicating that the peptide undergoes fast in the micro- to millisecond time range that is consistent
uniaxial rotation 68). At —30 °C, the peptide returned to  with the EPR spectroscopic studietd).
the rigid-limit SN CSA width of approximately 175 ppm Structural and Functional Implications of This Study on
(68). Conversely, thé®N CSA for the transmembrane region WT-PLB The side chain dynamics of the transmembrane
of PLB decreased slightly at 2% when compared to that domain of the WT-PLB pentamer indicate that the upper part
at —25 °C (see Figure 2S of the Supporting Information); of the transmembrane domain is more dynamic that the lower
therefore, our data are consistent with slow rotational part of the domain inside POPC bilayef®). This observa-
diffusion of pentameric WT-PLB. SDSPAGE gels clearly  tion agrees with a recent solution NMR report on the AFA-
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PLB mutant. In that report, the investigators noted that be regulated in a manner similar to that of the AFA-PLB
residues 23 30 of the AFA-PLB monomer have significant monomeric mutant.

flexibility when compared with the rest of the transmembrane

(residues 3152) segment ¥9). They propose that the ~ACKNOWLEDGMENT
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