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ABSTRACT. The sequence of phospholamban (PLB) is practically invariant among mammalian species.
The hydrophobic transmembrane domain has 10 leucine and 8 isoleucine residues. Two roles have been
proposed for the leucines; one subset stabilizes PLB oligomers, while a second subset physically interacts
with SERCA. On the basis of the sequence of the PLB transmembrane domain, we chemically synthesized
a series of peptides and tested their ability to regulate SERCA in reconstituted membranes. In all, eight
peptides were studied: a peptide corresponding to the null-cysteine transmembrane domain of PLB (TM-
Ala-PLB), two polyleucine peptides (Lesand Leus), polyalanine peptides containing 4, 7, and 12 leucine
residues (Ley Lew, and Leu,, respectively), and a polyalanine peptide containing the 9 leucine residues
present in the transmembrane domain of PLB with and without the essenti#lrAsidue (AsilLeu and

Leus, respectively). With the exception of Lgyico-reconstitution of the peptides revealed effects on the
apparent calcium affinity of SERCA. The TM-Ala-PLB peptide possessed approximately 70% of the
inhibitory function of wild-type PLB. The remaining peptides exhibited significant inhibitory activity
decreasing in the following order: Leuy Lew, Lelwps, Lew;, and Leu. Replacing Asfft of PLB in the

Lew peptide resulted in superinhibition of SERCA. On the basis of these observations, we conclude that
a partial requirement for SERCA inhibition is met by a simple hydrophobic surface on a transmembrane
a-helix. In addition, the superinhibition observed for the Xstontaining peptide suggests that the model
peptides mimic the inhibitory properties of PLB. A model is presented in which surface complementarity
around key amino acid positions is enhanced in the interaction with SERCA.

The dynamic control of intracellular calcium stores dif- and in the cyclic release and reuptake of SR calcium. In heart
ferentiates cardiac contractility from that in the neuromus- muscle, major modifications of contractility involve phos-
culature. In both heart and skeletal muscle, the sarcoplasmigpholamban (PLB) and sarcolipin (SLN). PLB and SLN are
reticulum (SR) supplies calcium for muscle contraction and small integral membrane proteins that interact with SERCA
sequesters calcium for muscle relaxation. Uptake of calcium and dynamically regulate the contractierelaxation cycle
into the lumen of the SR determines the rate of muscle (1—3). SLN is a skeletal muscle homologue of PLB, which
relaxation and the size of the calcium store that is available is also expressed in the atrial myocardiu# (The atrium-
for the subsequent contraction. In both muscle types, this isspecific regulation of SERCA may involve a ternary super-
accomplished by an ATP-dependent calcium pump, SERCA. inhibitory complex with PLB and SLNE), thereby differ-
The calcium pump plays a central role in calcium handling entiating the contractile properties of the atria from those of

the ventricles. Both proteins physically interact with the
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EYPA, egg yolk phosphatidic acid; EYPC, egg yolk phosphatidylcho- S i . sy
line; SOPC, stearoyl-2-oleoylphosphatidylcholif&;, calcium con- calcium-dependent transitio)( Every amino acid in the

centration at half-maximal activityns, Hill coefficient; PLB, phos- ~ Primary sequence of PLB has been mutated to alanine,
pholamban; SLN, sarcolipin; SR, sarcoplasmic reticulum; SERCA, providing valuable insight into the importance of individual
sarco(endo)plasmic reticulum calcium ATPaggs, maximal activity; amino acids in the functional interaction with SERCA (

TFA, trifluoroacetic acid; CBCN, acetonitrile; CD, circular dichroism;

TM-Ala-PLB, transmembrane domain of phospholamban with cysteine 8). Recent efforts have successfully expanded these studies

residues substituted with alanine residues; ikeacetyl-Ke-L 15K to reconstitution systems9,( 10), where the molecular
amide; Leys, acetyl-ko-Loo-Ko-amide; Ley, acetyl-K-(LAAAAAA) 5 mechanism of calcium pump regulation by PLB can be
LAA-K o-amide; Ley, acetyl-K-(LAAALAA) sLAA-K z-amide; Leys, characterized in a chemically pure membrane environment.
acetyl-K-(LA) 1-Kz-amide; Ley, acetyl-K-LAALAAAAALALAALL- . . .
LAAAAAALL-K -amide; AshlLets acetyl-K-LAALAANAALA- For the inhibitory function of the transmembrane domain of
LAALLLAAAAAALL-K -amide; ANOVA, analysis of variance. PLB, eight amino acids can be considered essential. When
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individually mutated to alanine, amino acids E&uAsn*,
Phe®, lle%® Leu™, lle*8, Val*®, and Le® yield loss-of-
function mutants¥). More complex mutagenesis studies of

Afara et al.

inhibition to superinhibition. We conclude that a simple
hydrophobic surface satisfies a partial requirement for
SERCA inhibition and that the peptides mimic the reversible

PLB are rare, but a few double mutants have been characterinhibition by the transmembrane domain of PLB.

ized (7, 11, 12). When the N34A loss-of-function mutation
was combined with the N27A gain-of-function mutation, the
double mutant regained50% inhibitory activity; however,

a double mutant combining the N34A mutation with the 140A
gain-of-function mutation was completely noninhibitofyl(
12). As another example, combining the F35A loss-of-
function mutation and the L44A gain-of-function mutation
resulted in a net improvement in inhibitory activify) (Last,
combination of the L31A loss-of-function mutation with
either the N27A or the N30A gain-of-function mutation did
not restore inhibitory function. We conclude that the inhibi-
tory properties of individual amino acids are context-

dependent and that it is the complex interaction of key

EXPERIMENTAL PROCEDURES

Materials. Octaethylene glycol monododecyl ether {&3)
was obtained from Barnet Products (Englewood Cliffs, NJ).
SM-2 Biobeads were obtained from Bio-Rad (Hercules, CA).
Egg yolk phosphatidylcholine (EYPC), egg yolk phosphatidic
acid (EYPA), and 1-stearoyl-2-oleoylphosphatidylcholine
(SOPC) were obtained from Avanti Polar Lipids (Alabaster,
AL). All the reagents used in the coupled enzyme as24y (
for measuring ATPase activity were of the highest available
purity (Sigma-Aldrich, Oakville, ON).

Peptide Synthesis and PurificatidPeptide synthesis was

cardiac contractility.

of Alberta). Briefly, peptides were synthesized on an ABI

Monotopic integral membrane proteins such as PLB are 433A peptide synthesizer (Applied Biosystems, Foster City,
characterized by a single membrane-spannirgelix with CA) following standard synthe_5|s protogols (0.1 mm scale)
a conformation and orientation influenced by the membrane (16)- The crude product was dissolved in-280% CHCN
bilayer. For PLB, the transmembrane segment undergoes nd purified on a Zorbax 300SB-C8 reverse-phase column
transition from predominantly lipid interactions to a SERCA- €luting with buffer A and a 1% per minute linear gradient
bound state, presumably through the association of the©f buffer B (buffer A was 0.05% TFA and buffer B was
hydrophobico-helices of both proteins. In their lipid bilayer ~ 0-5% TFA/CHCN). Peptide fractions were identified by
interactions, such helical transmembrane segments may pdnatrix-assisted laser d_esorp_tlon ionization tlmejof—fhght
tilted with respect to the plane of the membrane and typically (Voyager DE Pro, Applied Biosystems, Foster City, CA)
consist of a stretch of at least 20 hydrophobic amino acids. Mass spectrometry. Pure fractions were pooled and lyophi-
This is certainly the case for the pentameric form of PLB lized, a_nd the purified product was quantitated by amino acid
(13). To understand the membrane association of a typical 2nalysis.
transmembrane sequence, polyleucine-containing peptides CD SpectroscopyCD spectra were measured atZDon
have been studied as canonical transmembrahelices. a Jasco J-500C spectropolarimeter (Jasco, Easton, MD). The
This work has resulted in the molecular description of the instrument was routinely calibrated with an agueous solution
partitioning and association of a canonical transmembraneof recrystallizedd;o-(+)-camphosulfonic acidl). The data
a-helix with model membrane bilayeréd4—22). Two such were collected at 0.1 nm resolution with a scan speed of 50
peptides have been well-characterized: a polyleucine peptidenm/min from 250 to 190 nm in quartz cells with a path length
and an alternating leucine-alanine peptide, the hydrophobicof 0.02 cm. A simple spline curve of the data was generated
cores of which are both 24 amino acids in length. With the with Sigma Plot (SPSS Inc., Chicago, IL). Peptide concen-
realization that the sequence of a polyleucine helix bears atrations were 1.5 mg/mL, and spectra were measured in lipid
remarkable similarity to those of the transmembrane domainsVvesicles. In the preparation of lipid vesicles, the peptide and
of PLB and SLN, we tested the ability of such peptides to SOPC were solubilized in distilled methanol in a 1:30 ratio,
interact with SERCA. dried to a thin film under nitrogen gas, and lyophilized.

Of the eight essential amino acids in the transmembraneBuffer [100 mM phosphate (pH 7.0)] was added followed
domain of PLB, three are leucines and the majority are by vigorous vortexing to rehydrate the mixture. The mixture
hydrophobic. Moreover, the transmembrane domain of PLB Was then extruded through a 100 nm filter to form large
is extremely hydrophobic with the exception of the essential multilamellar vesicles approximately 100 nm in diameter.
residue Asf* (7, 9) and the three nonessential cysteine  Reconstitution of SERCA and Peptid&keletal muscle
residues 23). Therefore, one component of the intramem- SR vesicles were prepared from rabbit hind 18§)( and
brane interaction that results in SERCA inhibition may be the skeletal SR SERCA was purified by Reactive-Red affinity
van der Waals interactions that mediate specific associationschromatography as described previoush6)( Functional
between transmembrane helices. In the case of PLB, a simplaeconstitution of SERCA with PLB has been described
hydrophobic surface may then facilitate the more specific previously 7—29). For these studies, 454 ug of peptide,
interaction of the essential residues (EeAsr*, Phéd, lle38, 315ug of EYPC, and 3%g of EYPA were solubilized in
Leu®, lle*8, Val*®, and Led?, mutation of which abolishes  organic solvent (1 part TFE and 2 parts chloroform), dried
PLB function. To test this hypothesis, we have focused on to a thin film under nitrogen gas, and lyophilized. Buffer
the role of leucine residues in forming a canonical hydro- [20 mM imidazole (pH 7.0), 100 mM KCI, 0.02% NaN
phobic surface for functional interaction with SERCA. and a total of 700ug of detergent (GEs) were added
Peptides containing-412 leucine residues on a transmem- followed by vigorous vortexing to solubilize the mixture.
brane helix are shown to decrease the apparent calciumTo the suspension of peptide and lipids was added&p0
affinity of SERCA. Replacement of Aghin one of these  of pure SERCA. The final volume was adjusted to 300
peptides shifted the inhibitory capacity from a relatively weak and the concentrations were adjusted such that the final
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amounts were 35@Qg of protein, 35Qug of lipid, and 700 A

ug of detergent (final SERCA:peptide:lipid molar ratio of ht Skl SR, % *k  *

1:5:150). The detergent was removed by incremental addition =~ OKLONLFINFCLILICLLLICIIVMLL PLBaa26-52
of SM-2 Biobeads owea 4 h time course. The co- KREONEFINFARTRTASER TAT TVMES TM-Ala-FLE

reconstituted proteoliposomes containing SERCA and peptide ~ ¥*&LLLLLLLILILLLLLLLLLLLLLKK  Leuy,
KKLLLLLLLLLLLLLLLLLLKK Leu,,

were purified on a sucrose step gradient48). The molar xillanBeanr ool B n s I Low
ratios of peptide to SERCA were determined by quantitative 1 an7 an 1 anALAALARALALL ARAKK :

Leu
SDS-PAGE as describe®( 30, 31). Briefly, incremental KKLALALALALALALALALALALALAKK Leuzz
amounts of purified peptide (quantitated by amino acid KKLAALAAAAALALAALLLAAARAALLKK Leug

analysis) and SERCA were run next to the proteoliposomes  KKLAALAANAALALAALLLARARARLLKK Asn,Leu,

on a polyacrylamide gel. After Coomassie staining, gels were

digitized with an Epson (Toronto, ON) Perfection 3200

densitometer, and bands were quantitated, after background KKLLLLLLLLLLLLLLLLLLKK Leu,,

subtraction, with ImageQuant. Standard curves were con- RELFLNFTIVLITVILMWLLVRS SLNaa6-28

structed from the known quantities of peptide and SERCA, Ficure 1: (A) Sequence alignment of the peptides used in this

and the unknown proteoliposome samples were quantitatedstudy, compared to the transmembrane domain of PLB (amino acid
by comparison (0 the sandards For pepide quantiaion Lo, 29 2] COEIN e U oS e o S
staining was _|mproved with the use of C.O.omaSS|e Blu? G-250 ?B)yéequence alilgnmelnt of t;1e Leweptide with the tvrvalmsmeml- .
(GelCode, Pierce, Rockford, IL), after fixing was carried out prane domain of SLN (amino acid residuess).

in 40% methanol and 7.5% acetic acid. Finally, the lipid:

protein ratios were determined as described previously reconstituted SERCA proteoliposomeSema Was deter-

(28, 32, 33). mined to be 3x 10° s~ and Cromara t0 be 2 x 10° s,
ATPase Actiity MeasurementsATPase activity of the co-  SERCA activity curves in the presence of either PLB or

reconstituted vesicles was measured by a coupled enzymeyeptides could be easily fit with modifications to the rate

assay 24). All co-reconstituted membranes were matched constants for the slow isomeric transition following binding
to controls, and each assay was performed multiple times (' of the first calcium ion Bronard and Brevers)-

= 3—5 for peptide-containing samplas= 17 for matched
SERCA controls) over a range of free calcium concentrations RESULTS
from 0.1 to 10uM. Recently, our method has been described
in detail @, 34). Data were plotted as the ATPase specific ~ Synthetic PeptideSynthetic leucine-based peptides, such
activity (micromoles of ATP hydrolyzed per milligram of ~as Leusand Leu,, have been successfully utilized as models
SERCA per minute) versus pCa (negative log of thé'Ca 0f the hydrophobic transmembrane segments of integral
concentration). TheKc, (calcium concentration at half- membrane proteins14—22, 36, 37). These peptides are
maximal activity)’vmax (maxima| activity), and Hill coef- o-helical in a membrane biIayer and are anchored to the
ficient (ny) were calculated on the basis of nonlinear least- membrane surface by lysine residues that cap either end of
squares fitting of the activity dat&(vs C&* concentration ~ the peptide. Interestingly, a sequence alignment of4 with
in micromolar) to the Hill equationy = Vpya{Cal™/(Kc™ the transmembrane domain of PLB revealed a 35% identical
+ [Ca]™), using Sigma Plot (SPSS Inc.). Errors are the and 73% similar sequence (for a 26-amino acid overlap;
standard error of the mean for a minimum of three Figure 1). These facts prompted us to examine a variety of
independent measurements. Comparisafcafng, andViax leucine-containing peptides for their ability to inhibit SER-
parameters was carried out using ANOVA (between subjects, CA. The hypothesis to be tested was whether a canonical,
one-way analysis of variance) followed by Tukey’s HSD post Uniform hydrophobic surface could satisfy part of the
hoc test for pairwise comparisons. In all cases, control requirement for SERCA inhibition. If this hypothesis were
samples were as follows: (i) negative control, SERCA correct, we would expect a specific peptide inhibitor of
reconstituted in the absence of peptide; (ii) negative control, SERCA to mimic PLB and SLN function and to meet the
SERCA co-reconstituted in the presence of a noninhibitory following criteria: (i) Synthetic peptides substantially shorter
polyleucine peptide (Lew, Figure 1); (iii) positive control, ~ than the transmembrane domains of PLB and SkhZ
SERCA co-reconstituted in the presence of the transmem-amino acids in length) should be noninhibitory; (i) the
brane domain of PLB (TM-Ala-PLB, Figure 1); and (iv) Synthetic peptides should inhibit SERCA at equimolar
positive control, SERCA co-reconstituted in the presence of stoichiometries; and (iii) the synthetic peptides should mimic
full-length, wild-type PLB. the amino acid sequence dependence of SERCA inhibition
Kinetic Analysis.A detailed reaction scheme and rate by PLB and SLN.
constants have been described for the transport cycle of The eight peptides utilized in this study are shown in
SERCA in the absence and presence of PLB inhibit@)n (  Figure 1. As a positive control for comparison to the synthetic
We performed a global nonlinear regression fit of this peptides, we first synthesized the transmembrane domain of
proposed model to the SERCA activity curves in the absencePLB lacking the three nonessential cysteine resid2@s3g).
and presence of peptides, obtained over a range of calciumTwo polyleucine peptides were synthesized to test the length
concentrations (Dynafit from Biokin, Inc., Pullman, WA) of the transmembrane segment required for SERCA inhibi-
(35). The SERCA activity curve in the absence of peptide tion (Lewsand Leus). Three additional peptides containing
was fit remarkably well with the exception of the rate between 4 and 12 leucine residues distributed over an
constants for the two calcium binding steps, which were alanine-based sequence that was either 24 or 25 amino acids
somewhat lower than the initially reported values. For our in length (Leu, Lew, and Leu,) were synthesized. Specif-
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Ficure 2: Coomassie-stained SB®AGE of co-reconstituted
proteoliposomes containing SERCA and peptide. Co-reconstituted
proteoliposomes were run on 10% (top) and 16% (bottom)
polyacrylamide gels. Since the peptides stained weakly, a 5-fold
larger amount of sample was loaded on a 16% gel for display
purposes. Molecular mass markers (kilodaltons) are indicated. Leu
and AsnLeuy form monomers and dimers; Leforms monomers,
dimers, and trimers, and Lerand Leuy, form a series of oligomeric
species from pentamers to monomers.

ically, Leu, and Ley possessed four or seven leucine residues
lining one face of a transmembrane helix, and izeu

possessed 12 leucine residues distributed around the circum

ference of the transmembrane helix. Finally, two additional

Afara et al.

the peptide:SERCA and lipid:protein molar ratios (Table 1)
(9, 30). After co-reconstitution and purification, the proteo-
liposomes contain a lipid:protein molar ratio of approxi-
mately of 120:1 and a peptide:SERCA molar ratio of
approximately 4.5:1. The orientation of the peptide in the
membrane is not known, but at this ratio of peptide to
SERCA, assuming no bias exists in peptide incorporation,
there should be two to three peptide molecules correctly
oriented to interact with SERCA. Therefore, we conclude
that the reconstituted proteoliposomes used herein were
identical to those previously characterized] 29, 30, 34)

and were suitable for studying novel peptide inhibitors of
SERCA.

Transmembrane Domain of PLBs a positive control for
our studies with the leucine-containing model peptides, we
first synthesized the transmembrane domain of human PLB
(residues 26:52). To improve the solubility of the peptide,
alanine residues were substituted for the nonessential cysteine
residues (Cy8, Cyst, and Cy4%) and a lysine residue was
substituted for GI#f (Figure 1). A comparable peptide has
been shown to inhibit SERCA, albeit to a lesser extent than
wild-type PLB 38, 41). The functional effects of the TM-
Ala-PLB peptide were tested in co-reconstituted membranes
with SERCA (Figure 4 and Table 1), shifting the affinity of

polyalanine peptides that contained the nine leucine residuesSERCA from approximately 0.38 to 0.0 calcium. This

present in the transmembrane domain of wild-type PLB were
synthesized, with and without essential polar residue®Asn
(AsmlLew and Ley, respectively).

To support the hypothesis of a uniform hydrophobic
surface on a canonical transmembrane helix, CD spectros
copy was utilized to examine the secondary structural
characteristics of a subset of the peptides used in this study
The Leuy, and Ley, peptides have already been shown to
form hydrophobica-helices in model lipid bilayers1d—

22). Given the aqueous solubility of the Lgliew, and Ley

level of inhibition is approximately 70% of that of wild-
type PLB (0.7uM), consistent with previous observations
(38, 41). The maximal activity of SERCA was unaffected
by the TM-Ala-PLB peptide, in contrast to previous observa-

tions with wild-type PLB 9, 10). In terms of the observed
effect onKc, the TM-Ala-PLB peptide had a high statistical

‘probability of being distinct from SERCA in the absence of

peptide p < 1072).
Polyleucine PeptidesSynthetic polyleucine peptides have

peptides, we examined the secondary structure adopted byserved as models for the hydrophobic transmembwaheli-
these peptides in lipid bilayers. The peptides quantitatively cal segments of integral membrane proteit¥-(22). In our

partitioned into and remained associated with reconstituted

studies, the peptides contained a long sequence of hydro-

proteoliposomes in the presence or absence of SERCA, aPhobic leucine residues (Lepand Leu,) capped at both

measured by quantitative SB®AGE (Figure 2 and Table

the N- and C-termini with two lysine residues (acety-K

1). Furthermore, CD spectra were recorded for these peptided-1s-Kz2-amide and acetyl-KkL2+-Kz-amide). The polyleucine

in model lipid vesicles (Figure 3), and they were identical
to those previously recorded for PLB and SLBB(40). In

region of these peptides forms a stadstbelix with a uniform
hydrophobic surface. In a membrane environment, the lysine

all cases, the spectra were similar to one another and wergesidues anchor the ends of these peptides to the polar

consistent with a higl-helical content (minima at 208 and

surfaces of the lipid bilayer. The charge repulsion of the

222 nm). Therefore, we conclude that the synthetic peptideslysine caps reportedly limits oligomerization of the peptides;

studied herein traverse the membrane bilayer ag-halix,
much like the transmembrane domains of PLB and SLN.
Reconstituted Proteoliposomé&constitution of SERCA
at low lipid:protein ratios mimics the environment in native
SR membranes and is a useful tool for structtftenction
studies in the absence and presence of P2B28—30).
Measurement of rates of ATP hydrolysis by reconstituted
SERCA proteoliposomes yieldedka, of 6.42+ 0.01 pCa
units (0.38uM Ca?") and aVmax of 4.3 + 0.3 umol mg™?
min~! (n = 17) at saturating calcium concentrations (203
Ca"). This activity was consistent with previous observations
and served as one of the negative controls for all further
studies in the presence of peptid®. (To verify that the
co-reconstitution of SERCA and synthetic peptides was
comparable to our previous studies with PLB, we examined
the efficiency of reconstitution for all peptides in terms of

however, oligmeric species were observed by SPAGE
(Figure 2). The polyleucine stretch of 18 residues (keu
meets the minimum requirement for traversing the lipid
bilayer as ana-helix, while a polyleucine stretch of 24
residues (Legr) more closely approximates the length of the
PLB transmembrane domain. In comparison to PLB, the
Lew, peptide preserved the length, hydrophobicity, and
N-terminal polarity of the transmembrane domain. In con-
trast, the Lew peptide preserved the hydrophobicity and
N-terminal polarity but was significantly shorter than the
transmembrane domain of PLB. The Legpeptide is one
amino acid shorter than the transmembrane domain of SLN,
and the lysine caps are similar to residues that flank the SLN
transmembrane domain (Figure 1B). The capping lysine
residues on both peptides make it unlikely that the C-terminus
can reside in the interior of the membrane bilayEs, @2).
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Table 1: Summary of the Data for Peptide Inhibitors of SERCA

kinetic analysi%

peptide peptide/SERCA lipid/proteir? Kca (uM)© Vimad Brorward Breverse sum of squares
control 0.76+ 0.05 0.38+ 0.01 4.3+ 0.3 (10.1+0.5) 30 40 0.002
wild-type PLB 4.7+ 0.5 0.84+ 0.02 0.68+ 0.03 7.5£0.1(9.9£0.1) 50 8x 1P 0.03
TM-Ala-PLB 3.7+ 0.5 0.89+ 0.03 0.59+ 0.03 4.3+ 0.4 (ND) 30 3x 10° 0.02
Lewsg ND 0.73+ 0.06 0.38+ 0.01 2.8+ 0.1 (ND) 19 40 0.004
Lelpy 4.9+ 0.2 0.85+ 0.09 0.54+ 0.02 2.3+ 0.3(9.0£0.1) 16 3x 10° 0.007
Lew 554+ 0.6 0.83+ 0.06 0.49+ 0.01 6.2+ 0.3(9.7£0.2) 46 2x 1P 0.03
Lew 514+0.6 0.86+ 0.06 0.50+ 0.01 6.7+ 0.4 (10.0+ 0.2) 48 2x 10° 0.06
Lews 50+ 04 0.94+ 0.09 0.74+ 0.06 4.4+ 0.1 (ND) 36 9x 1P 0.02
Lew 3.2+03 0.77+ 0.04 0.55+ 0.02 3.7+ 0.2 (10.0+:0.2) 29 4x 10° 0.04
AsmnilLeuy 4.4+ 0.6 0.86+ 0.06 1.17+ 0.07 1.2+0.1(9.2+0.2) 15 4% 10° 0.003
average 4505 0.82+ 0.06

aMolar ratio of peptide to SERCA. The average value was calculated for all reconstitutions and corresponds to approximately 4.5 mol of peptide/

mol of SERCA.P Weight ratio of lipid to protein. The average value was calculated for all reconstitutions and corresponds to approximately 120
mol of lipid/mol of SERCA.¢ The pCa values reported in the text have been converted to micromdtarc@acentrations? Maximal activity
(micromoles per milligram per minute). In parentheses is the maximal activity measured in the presence of 1 mg/mL detgegeStH@ the
kinetic analysis, the reaction scheme and initial rate constants were taken from Cantilinébgt he(constants listed above correspond to the

final fit (see Experimental Procedures and Results) for the forward and reverse rates for a conformational transition in SERCA upon binding the

first Ca&" ion.

>

200 220
Wavelength, nm

Ficure 3: Comparative circular dichroism studies of the L dieu,,
and Ley peptides. CD spectra were recorded for the (@), Leu,
(m), and Ley (A) peptides reconstituted into SOPC lipid vesicles.
Molar ellipticities (degrees square centimeters per decimdl®—3)

240

peptides were synthesized: acetyHKAAAAAA) sLAA-
Kz-amide, acetyl-k-(LAAALAA) sLAA-K ,-amide, and acetyl-
Ko-(LA)1-Kz-amide (designated Leulew, and Leuy,,
respectively). These peptides adopt predominantly helical
conformations (Figure 3), but they possess more limited
hydrophobic surfaces than a polyleucine helix. The leucine
residues in the Leuand Ley peptides line one face of a
transmembrane-helix, while Leu, has a broader distribu-
tion of leucine residues (Figure 1). For instance, thesLeu
peptide has leucine residues at positions equivalent té?Leu
Phée? Phé®, Lel, Leu?, Cys and Vaf?® in a sequence
comparison with wild-type PLB.

We tested the ability of LeyLeu;, and Ley; to alter the
Kca Of SERCA in co-reconstituted proteoliposomes (Figure
4 and Table 1). All three peptides significantly altered the
calcium affinity of SERCA. The observedc, of SERCA
was 0.49uM Ca&" in the presence of Leu0.50uM Ca?*
in the presence of Lepyand 0.74uM Ca&" in the presence

are plotted versus wavelength (nanometers). The data for the threedf Leu,. The effects of the peptides on the observagd
peptides were indistinguishable, and a simple spline curve of the had a high statistical probability of being distinct from

combined data is showr). The curve is not an estimate of helical
content.

We then tested the ability of Legiand Leuy, to alter the

Kca 0f SERCA in co-reconstituted proteoliposomes (Figure

4 and Table 1). The Legpeptide, which included the lysine
capping residues, had no effect on the calcium affinity o

SERCA in the absence of peptide € 107?). On the basis
of the behavior of Ley Lew, and Leu, in our co-
reconstitution system, we conclude that helical transmem-
brane peptides with limited hydrophobic surfaces can alter
the apparent calcium affinity of SERCA. While the Leund

§ Lew peptides only moderately affected the calcium affinity,

SERCA. Therefore, this peptide served as a negative controlth€ LeUz peptide was a more potent inhibitor comparable

for all further studies. In contrast, the Lgupeptide
significantly altered the calcium affinity of SERCA. The
observeKc, of SERCA was 0.3&M Ca’* in the presence
of Lewg and 0.54uM Ca&* in the presence of Ley The
effect of Ley, on the observedc, had a high statistical

to wild-type PLB Q).

Leucine-Alanine Peptide Designed To Mimic PL\Be
next synthesized a peptide that contained all of the naturally
occurring leucine residues in the transmembrane domain of
PLB, with all other residues substituted with alanine (Figure

probability of being distinct from SERCA in the absence of 1; acetyl-K-LAALAAAAALALAALLLAAAAAALL-K o

peptide p < 1072). On the basis of the behavior of Lgu

amide, designated Leu The configuration of leucine

and Leu, in our co-reconstitution system, we conclude that residues in PLB does not conform to a uniform hydrophobic
a uniform hydrophobic peptide can alter the apparent calcium surface, and three of these leucine residues are considered

affinity of SERCA with a length requirement that is similar
to that of wild-type PLB.
Leucine-Containing Polyalanine Peptidé&ynthetic leu-

essential (Lett, Leu*?, and Led?). We tested the ability of
Leuw to alter theKc, of SERCA in co-reconstituted proteo-
liposomes (Figure 5 and Table 1). The Lepeptide

cine-alanine peptides have also been utilized as models forsignificantly altered the calcium affinity of SERCA, yielding

transmembranex-helices (6, 17). In our studies, three

aKcaof 0.55uM Ca2". The effect of Leyon the observed
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1 TM-Ala-PLB

N

Normalized ATPase Activity

6.8 6.6 6.4 6.2 6.0 58 56
pCa

Ficure 4: ATPase activity as a function of free calcium concentra-
tion. SERCA was co-reconstituted in the abser®gand presence
(w) of synthetic peptide inhibitors (TM-Ala-PLB, Ley Lew, Leu,,

and Leyy). The data are plotted as normalized ATPase specific
activity vs pCa, and each data point is the meathe standard
error of the meanri = 17 (@); n = 3—5 (¥)]. The Kca and Viax
values were calculated by fitting the data to the Hill equation (fits
not shown) and are reported in Table 1. Tig, values in pCa
units were 6.42+ 0.01 (control), 6.23t 0.02 (TM-Ala-PLB) 6.27

+ 0.02 (Leyy), 6.31+ 0.01 (Lew), 6.30+ 0.01 (Ley), and 6.13

4 0.04 (Leyy). Comparable data are shown for wild-type PLB {

), where theKc, was 6.17+ 0.02 pCa units9). The curves were
obtained using Dynafit to fit the data to the model of Cantilina et
al. (6) as described in Experimental Procedures and Table 1.

Kca had a high statistical probability of being distinct from
SERCA in the absence of peptide € 10-2). The inhibitory
capacity of the Legipeptide was comparable to that of Lgu
stronger than that of either Lewor Lew, and weaker than
that of Leu,. We conclude that quite simple hydrophobic
peptides are capable of altering the calcium affinity of
SERCA. However, the potency and topology of beund

Afara et al.

1 Asn,Leu,

Normalized ATPase Activity

x

6.8 66 64 6.2 6.0 58 56
pCa

Ficure 5: ATPase activity as a function of free calcium concentra-
tion. SERCA was co-reconstituted in the abser®eand presence
(w) of synthetic peptide inhibitors (Lguand AsnLeuw). The data
are plotted as normalized ATPase specific activity vs pCa, and each
data point is the meatt the standard error of the meam £ 17
(®); n = 3—5 (a)]. The Kca and Vyax values were calculated by
fitting the data to the Hill equation (fits not shown) and are reported
in Table 1. TheKc,values in pCa units were 6.42 0.01 (control),
6.26+ 0.02 (Ley), and 5.93+ 0.03 (AsnLeuw). Comparable data
are shown for wild-type PLB-(- -), where theKc,is 6.17+ 0.02
pCa units 9). Curves were obtained from fitting the data to the
kinetic model of Cantilina et al.6] as described.

sequence alignment with wild-type PLB. We tested the ability
of AsmLeuw to alter theKc, of SERCA in co-reconstituted
proteoliposomes (Figure 5 and Table 1). The Asng
peptide proved to be a very potent inhibitor of SERCA,
yielding aKc,0f 1.17uM C&* (a 3-fold decrease in calcium
affinity). The peptide also reversibly altered the maximal
activity of SERCA, decreasingmax to approximately 70%
compared to control. The effect of the Akruw, peptide on

the observedc, andVmax had a high statistical probability

of being distinct from SERCA in the absence of peptide (

< 1079). This AsnLeu peptide was the most potent inhibitor
observed in our co-reconstituted proteoliposomes, surpassing
the PLB gain-of-function mutants(9). The large change

in the inhibitory potency of Asji.eus compared to that of
Lew suggests that these peptides occupy the same binding
site and utilize an inhibitory mechanism analogous to that
of wild-type PLB.

Given that the Asfieu peptide was designed from the
PLB sequence, this peptide also bears homology to SN (
Furthermore, the side chain distribution of the fseuy
peptide suggested that it might be small enough to form a
ternary complex with wild-type PLB and SERCA, as has
been reported for SLN5j. To test this hypothesis, we

Leu, suggest that the interaction interface between the compared the level of inhibition observed for (i) a 1:1 molar
peptide and SERCA is complex and involves residues stoichiometry of wild-type PLB to SERCA, (ii) a 1:1 molar
distributed over much of the surface of the transmembrane stoichiometry of Asil_eus to SERCA, and (iii) a 1:1:1 molar

helical peptide 43).

stoichiometry of wild-type PLB to Asfhew to SERCA. The

We sought to determine if these peptides mimicked the result of this experiment (Table 2) showed that the combined

inhibition by the transmembrane domain of PLB. To test

effect of wild-type PLB and Asit.euy was a synergistic shift

this hypothesis, we synthesized a peptide that contained allin the apparent calcium affinity of SERCA. The presence of

of the naturally occurring leucine residues in the transmem-

brane domain of PLB, as well as the essential residué4Asn
(Figure 1; acetyl-K-LAALAANAALALAALLLAAAAAA-

LL-K ,-amide, designated Agreuwy). The nine leucine resi-
dues and Astt occupy their native positions, based on a

equimolar amounts of both wild-type PLB and Akau
shifted the calcium affinity of SERCA to 1.62M Ca&?".
Therefore, the Asihew, peptide appeared to mimic SLN and
was capable of forming a ternary, superinhibitory complex
with wild-type PLB and SERCA. In terms of the observed
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Table 2: SERCA Superinhibition by Adreus and Wild-Type PLB

Kca kinetic analysi
peptidé pCa ApCa [C&M] (uM) Vinax Brorward Breverse sum of squares
control 6.42+ 0.01 0.38 4.3:03 30 40 0.002
wild-type PLB 6.28+ 0.01 —0.13 0.52 3.9t01 27 4x 10° 0.03
AsnLeuy 6.05+ 0.03 -0.37 0.89 3501 25 2x 10° 0.02
wild-type PLB and AsilLeuy 5.80+ 0.01 —0.61 1.62 4.0:0.1 31 5x 10° 0.004

a SERCA was co-reconstituted in the absence of peptide (control), in the presence of 1 molar equiv of wild-type PLB (wild-type PLB), in the
presence of 1 molar equiv of peptide (Akauw), and in a 1:1:1 SERCA:PLB:peptide molar ratio (wild-type PLB and /Asm). ® The kinetic
analysis is the same as that described in Table 1 (see Experimental Procedures and Results).

effect onKc, the ternary complex had a high statistical 02 A

probability (@ < 1072) of being distinct from SERCA alone,

from SERCA with wild-type PLB, and from SERCA with

AsmlLeu peptide. 0.1
Effects on the Maximal Aclity and Cooperatiity of

SERCA.An important remaining question in our peptide

studies was the variable effect on ¥g.«of SERCA, which

was dependent on the peptide under consideration (Table

1). Independent effects of the peptides were observed on the

Vmax and K, of SERCA. Leyg decrease®max and had no i

effect on K¢, While Leu, had no effect onVyax and 0.3

significantly alterecKc, In summary, three peptides had no

effect onVmax (TM-Ala-PLB, Leuw,, and Ley), two peptides

activatedVimax (Leus and Ley), and three peptides suppressed

Vmax (Lelhs, Letps, and AsnLelg). To rule out nonspecific 0 1 2 3 4 5 6

effects on SERCA, we tested whether solubilizing amounts PLB:SERCA

of detlergent could reverse Fhe observe@ gctivation OF SUP-Figure 6: Molar stoichiometry of the Leyi Lews, and AsnLeus

pression ofVimay by the peptides. Solubilizing amounts of peptides and inhibition of SERC/Relationship between the shift

the nonionic detergent, 1¢Es, have been shown to reverse in the apparent calcium affinityAKc,) of SERCA and the molar

the inhibition of SERCA by PLB and cause a-2-fold stoichiometry of peptides in the co-reconstituted proteoliposomes.

stimulation of SERCA activity 10, 45, 46). As previously ~ (#) Data are shown for the Ley®) and Ley (v) peptides. (B)

Data are shown for the Agieus (B) peptide. Each peptide data
observed by others, thé,. effects were completely revers- point is the meant the standard error of the mean £ 3—5).

ible in the presence of detergent (Table 1). Therefore, we
conclude that the activation or suppression of SERCA gynthetic peptides possess characteristics reminiscent of
activity at saturating calcium concentrations is a specific SERCA inhibition by PLB: the helix length and hydropho-
effect of the peptides. However, a more exhaustive study of picity, the role of an essential amino acid, and the molar
peptide sequence variation on SERCA maximal activity stoichiometry of inhibition all mimic PLB function.
would be required to fully understand this effect. Kinetic Analysis.In the reaction scheme for calcium
The Hill coefficients,ny, were also calculated from the  transport by SERCA, a slow transition-Ea— E'-Ca) that
ATPase curves. For reconstituted SER@Awas 1.8+ 0.2, increases the cooperativity for calcium binding and activates
in agreement with published values ranging from 1.5 to 2 the enzyme has been postulaté)l {The rate constants for
(8, 47—49). Theny for SERCA reconstituted with PLB was  this reaction stepBfowars 2aNdBrevers) iNcrease in the presence
slightly higher, 2.1+ 0.2. This cooperativity is maintained of PLB, resulting in the shift in calcium affinity observed
when SERCA is reconstituted with the peptides. The  experimentally. We used this reaction schef)eqd Dynafit
values ranged from a minimum of 1.6 for SERCA in the (35) to simulate our activity curves (ATP hydrolysis vs
presence of the Ley peptide to a maximum of 2.1 for  calcium concentration) in the absence and presence of
SERCA in the presence of the Lepeptide. Theny values  peptides. Dynafit was used to systematically vary each
for wild-type PLB and all peptides were not statistically forward and reverse rate constant in the reaction scheme in
different from those of the control samples (SERCA alone). an effort to simulate our activity curves. The experimentally
Molar Stoichiometry of Peptide#f the peptides studied observed changes in maximal activity and calcium affinity
herein actually mimic PLB, one would expect them to inhibit in the presence of peptides could be completely explained
SERCA at an approximate 1:1 molar stoichiometry of peptide by altering the magnitude of the forward and reverse rate
to SERCA 60, 51). We tested this hypothesis for a constants for step B (isomeric transition following calcium
representative subset of peptides, including4-&ew, and binding). The results of this analysis are summarized in Table
AsnlLew. We measured the observed calcium affinity over 1. For wild-type PLB, as well as the peptides, the shift in
a range of peptide:SERCA molar ratios from 0.5:1 to 5:1 calcium affinity was attributed to a large increase in the
(Figure 6). For all three peptides that were tested, the effectreverse rate constant, strongly favoringCa over E-Ca. In
on the calcium affinity of SERCA was maximal at 1 mol of addition, the changes in maximal activity correlated with
peptide/mol of SERCA, similar to previous observations with changes in the forward rate constant; peptides that decreased
wild-type PLB (0, 51). Therefore, we conclude that the Vna also decreased the forward rate constant and favored

HOH

o

AKe,

051 B

011/"
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E-Ca, and peptides that increas¥ga also increased the no change in the equilibrium constant. In contrast, our
forward rate constant and favored-Ea. On the basis of  simulations required that we greatly increase the reverse rate
this analysis, the peptides appeared to mimic the mechanisticconstant while only slightly altering the forward rate constant,
behavior of wild-type PLB. yielding equilibrium constants of 0.75 for SERCA alone and
6 x 105 for SERCA in the presence of PLB. This result is
DISCUSSION consistent with a recent study in which a decrease in this
The transmembrane domain of PLB, in the absence of theequilibrium constant was necessary to simulate the shift in
cytoplasmic domain, has been shown to retain approximatelythe calcium dependence of SERCA activity in the presence
70% of the inhibitory function of wild-type PLB38, 41). of PLB (54). Third, the potent inhibition of the Asheuw
The amino acid sequence of this domain is practically peptide was consistent with the essential role of 3Asm
invariant across mammalian species, suggesting a precisé’LB function. While we expected a significant increase in
requirement for the physical interaction between PLB and the level of inhibition compared to that of the Lepeptide,
SERCA, as well as between PLB monomers. In the trans-the potent inhibition by this peptide was not predicted on
membrane domain of PLB, leucine is the most common the basis of our current understanding of PLB structure and
amino acid (9 of 28 residues are leucines). Of these leucinefunction.
residues, three are considered essential {.dweu’?, and Taken together, the inhibitory properties of these synthetic
Lew’?) in that they yield loss-of-function mutants with less peptides allowed us to draw conclusions about the essential
than half the inhibitory function of wild-type PLB when sequence elements required for SERCA inhibition. First, a
mutated to alanine7j. Three additional leucine residues uniform hydrophobic surface on a canonical transmembrane
(Leuw®’, Leu*®, and Ledy) have been implicated in PLB  o-helix that completely traverses the membrane bilayer meets
pentamer formationl@). The role of individual amino acids  a partial requirement for SERCA inhibition. A polyleucine
appears to be context-dependent, further complicating things;helix 24 amino acids in length was shown to partially mimic
i.e., the few existing studies using PLB double mutants the inhibitory properties of PLB. A shorter polyleucine helix
indicate that some loss-of-function mutations can at least beof 18 amino acids did not alter the apparent calcium affinity
partially reversed by second site mutationsl(l, 12). Given of SERCA, despite meeting a minimal requirement for
the prevalence of hydrophobic residues in the primary traversing a lipid bilayer®5). The Leus peptide bears a
sequence of PLB, we varied the complexity of the hydro- striking resemblance to SLN, which possesses a 19-amino
phobic surface and assessed the inhibitory interaction with acid transmembrane domain flanked by polar residues (Figure
SERCA. The peptides LeulLew, Lew, and Ley, were 1B). Interestingly, both Leig and SLN decrease théax of
relatively weak but significant inhibitors of SERCA, with SERCA, and perhaps this is due to the polar residues flanking
approximately 58-60% of the inhibitory capacity of wild-  their transmembrane domains. In contrast, only SLN alters
type PLB. The Lew peptide was a stronger inhibitor, the calcium affinity of SERCAZR, 44). It is also possible
comparable to wild-type PLB. Surprisingly, adding back that the rigidity of a polyleucine helix and the fact that shorter
essential amino acid Aghto the Ley peptide resulted in  helices are not tilted in the membrane are responsible for
one of the most potent SERCA inhibitors we have observed. the lack of an effect of Ley on the calcium affinity of
The AsnLeuw peptide was a more potent inhibitor than any SERCA. Second, the uniform hydrophobic surface required
of the known PLB gain-of-function mutantg,(9), and this for SERCA inhibition can be quite limited. The Leand
inhibitory potency increased further in a ternary interaction Leu, peptides possessed only four and seven leucine residues
with wild-type PLB and SERCA. lining one face of a transmembranehelix, respectively.
The experimental evidence suggests that the model pep-Nonetheless, these two peptides were weak but significant
tides utilized in this study mimic the transmembrane domain inhibitors of SERCA with almost 50% of wild-type PLB
of PLB. First, the majority of peptides form oligomers as function. The Leysequence preserves [and Led? and
diagnosed by SDSPAGE, the major diagnostic tool used contains leucine residues at the equivalent positions o¥Phe
to characterize PLB oligomerization7,(52). For most and Vaf? in wild-type PLB. The Leu sequence preserves
peptides, the major species present were dimers and monokew?®, Lel®, and Led? and contains leucine residues at the
mers, although higher-order oligomers were also observed.equivalent positions of PAg Phe®, Cys', and Vaf®in wild-
This is somewhat surprising, given that the leucine-isoleucine type PLB. Phé&, Leu*, and Vaf® are essential residues in
residues implicated in PLB pentamer formation were not wild-type PLB (7). The lack of inhibition by Lew suggests
fully occupied in this set of peptides. Nonetheless, recent that the lysine caps do not effect the calcium affinity of
structural evidence suggests that at least one monomericSERCA; however, we cannot rule out effects of these lysine
mutant of PLB (Ilé°to Ala) is capable of forming pentamers residues for the longer peptides.
(53). Thus, SDSPAGE alone may be insufficient for Consistent with previous observations, the hydrophobic
diagnosing the stability of peptide oligomers. Second, the surface required for SERCA inhibition involves amino acid
peptides shifted the apparent calcium affinity of SERCA in residues distributed around the circumference of the trans-
a fashion similar to that of wild-type PLB. While the majority membrane peptide48). The Ley and Ley, peptides had
of peptides were weak inhibitors, they were statistically complex topologies of leucine residues distributed over the
significant. The shift in calcium affinity was due to a change surface of the transmembranehelix. The Leu, peptide had
in the rate constants for a characteristic step in the SERCAa level of inhibition similar to that of wild-type PLB, while
reaction scheme for calcium binding, another hallmark of the Lew peptide retained 60% of wild-type PLB function.
PLB function. The original work by Inesi and colleagues The Lew sequence preserves all of the naturally occurring
(6) found that PLB decreased both the forward and reverseleucine residues in the transmembrane domain of wild-type
rate constants for the:Ea— E'-Ca isomeric transition with ~ PLB (Lel?®, Lel??, Lelw?’, Lel®®, Leu®?, Leu®, Leu™, LelP?,
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Val®®
Leu®?
e8>

FiGURE 7: Potential interactions between the E2 form of SERCA
and the AsilLeuy peptide. Surface representation of SERCA
(brown; M2 and M9 are colored orange) and Asgw, (gray) as
viewed with M2 of SERCA in the foreground. The interaction
between Asff and Th#% appears to be more efficient due to the
reduced steric hindrance provided by the alanine side chains
(asterisk; Led is colored white). The side chains of lBuLeu?,

and Led? are buried in hydrophobic pockets formed by the
transmembrane domain of SERCA. The interaction offE&uthe
AsnLew peptide with 1% and Vaf® of SERCA is shown above.

and Led?. The Leuy, sequence preserves [8u_eu*?, and

Leu* and contains leucine residues at the equivalent positions

of Asn®®, Phé?, Asr?4, Cys®, lle%®, lle*?, Cys, lle*8, and
Met® in wild-type PLB. At present, the stronger inhibition
observed for Ley compared to Leu is unexplained.
However, the potent inhibitory capacity of Leunay be due

to the fact that more of the essential amino acid positions of
PLB are occupied by leucines (A¥nlle®, Leu*?, and Il€9),
while the alternating leucine-alanine sequence ofibmay
provide greater side chain flexibility for recognizing and
binding to a helical interface on SERCA. If this interpretation
is correct, side chain flexibility combined with occupancy
of essential positions may be the relevant features in the
inhibitory interaction with SERCA.

Finally, we built a model for the interaction of Adreuy
with SERCA (Figure 7) in an effort to decipher the sequence
elements that contribute to the potent inhibition by this
peptide. The model was based on the interaction of the
transmembrane domain of PLB [1ZLLJ)], as dictated by
the available cross-linking daté&b§—59). In our model,
peptide residues LélUand Led*face SERCA but make only
weak hydrophobic interactions, while peptide residuest.eu
Lew®®, Leu®, and Led! face the lipid bilayer. The alanine
side chains in the Asheu peptide allow (i) Le&! to pack
against Tr§*? of SERCA, (ii) unhindered interaction between
Asnr** and Thi% of SERCA, (iii) Leu* to insert efficiently
into a pocket formed by L& Lew*s and Led>® of

Biochemistry, Vol. 45, No. 28, 2008625

SERCA, and (iv) Lef? to insert efficiently into a pocket
formed by Il1€% and Vaf® of SERCA. The end result is
increased surface complementarity and decreased steric
hindrance that favors the interaction of the essentiafl,eu
Asr?4, Leu”?, and Le&? residues. Hydrogen bonding between
Asr?* and Thi% is suggested to orient the transmembrane
helix of PLB in the inhibitory interaction with SERC/48).

If this is correct, the Asji.ew, peptide may be more effective

at making this hydrogen bond, while the van der Waals
contacts of Ledt, Leu’?, and Lel? stabilize the SERCA-
bound state along the length of the helix. In the model, there
are hydrophobic pockets that would readily accommodate
essential residues PRiglle®, 1le*8, and Vaf® (not present

in this peptide), further stabilizing the complex. This finding
suggests the following sequence elements for SERCA
inhibition: an essential asparagine residue and a series of
hydrophobic residues at key positions along the transmem-
brane helix that position Ash for hydrogen bonding to
Thre%,
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