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Peptide Inhibitors Use Two Related Mechanisms To Alter the Apparent Calcium
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ABSTRACT: The primary sequence of phospholamban (PLB) has provided a template for the rational design
of peptide inhibitors of the sarcoplasmic reticulum calcium ATPase (SERCA). In the transmembrane
domain of PLB, there are few polar residues and only one is essential (Asn3*). Using synthetic peptides,
we have previously investigated the role of Asn** in the context of simple hydrophobic transmembrane
peptides. Herein we propose that the role of Asn in SERCA inhibition is position-sensitive and dependent
upon the distribution of hydrophobic residues. To test this hypothesis, we synthesized a series of
transmembrane peptides based on a 24 amino acid polyalanine sequence having either an alternating
Leu-Ala sequence (Leuj,) or Leu residues at the native positions found in PLB (Leug). Asn-containing
Leug and Leu;, peptides were synthesized with a single Asn residue located either one amino acid (N=£1)
or one turn of the helix (N+£4) in either direction from its native position. Co-reconstitution of these
peptides with SERCA into proteoliposomes revealed effects on the apparent calcium affinity and
cooperativity of SERCA that correlated with the positions of the Asn and Leu residues. The most inhibitory
peptides increased the cooperativity of SERCA as indicated by the Hill coefficients, suggesting that calcium-
dependent reversibility is an inherent part of the inhibitory mechanism. Kinetic simulations combined
with molecular modeling of the interaction between the peptides and SERCA reveal two related mechanisms
of inhibition. Peptides that resemble PLB use the same inhibitory mechanism, whereas peptides that are

more divergent from PLB alter an additional step in the calcium transport cycle.

Phospholamban (PLB') is a small integral membrane
protein that plays akey regulatory role in the contraction—relaxation
cycle of heart muscle (/, 2). This cycle involves the release
and reuptake of sarcoplasmic reticulum (SR) calcium stores,
where calcium recovery into the lumen of the SR is
accomplished by an ATP-dependent calcium pump (also
known as Ca2t-ATPase or SERCA). The contraction—relaxa-
tion cycle in heart muscle is dynamic, in large part due to
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the involvement of PLB. PLB binds to and inhibits SERCA
by decreasing its apparent calcium affinity and slowing the
E2 to El transition of the catalytic cycle (3). PLB contains
two major domains (4), a phosphoregulatory domain (resi-
dues 1—30) and an anchoring transmembrane domain
(residues 31—52). The cytosolic domain is highly basic with
an N-terminal o-helix followed by a largely unstructured
region proximal to the membrane (5—8). This domain has
several residues important in regulating PLB inhibitory
functions (9, 10) including Ser'® and Thr'?, which are sites
for phosphorylation, and several key residues (Lys?’ and
Asn®?) that modulate the physical interaction with SERCA
(11—13). The transmembrane domain is a-helical (5—8) and
is responsible for binding to and inhibiting SERCA (/4).
This domain has been shown to possess inhibitory action of
its own, in the absence of the cytosolic domain (/4—16). It
is very hydrophobic with only four polar residues: one
essential Asn residue and three nonessential Cys residues.
The remaining hydrophobic residues line two distinct faces
of the transmembrane helix, one that interacts with SERCA
and another that participates in a coiled-coil interaction to
form homopentamers (/7, 18). Current models support the
idea that the PLB pentamer is an inactive storage form and
the PLB monomer is the inhibitory form (/8—20).

There are several detailed molecular models available that
describe the regulatory interaction between PLB and
SERCA (8, 21, 22). These models are based on mutagenesis
data (9, 13, 14, 18, 20), cross-linking constraints (/1, 12,
22, 23), NMR structures of PLB (5—8), and X-ray crystal-
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lographic structures of SERCA (24, 25). The molecular
models help to explain the interactions made by the eight
essential residues in the transmembrane domain of PLB
(Leu?!, Asn*, Phe®, Ile3®, Leu®, Ile*s, Val* and Leu®?),
which result in loss of inhibitory function when mutated to
Ala (18). Of the loss-of-function mutants, the Asn** to Ala
(N34A) mutation is perhaps the most detrimental to the
inhibitory capacity of PLB (/8, 26). Canine PLB contains
three Asn residues (Asn?’, Asn®® and Asn®) that are
implicated in the inhibitory interactions with SERCA. While
mutation of Asn®’ (Lys?’ in humans) and Asn’ to Ala greatly
enhanced PLB inhibitory action, mutation of Asn* to Ala
resulted in a complete loss of inhibitory action (/3, 26). One
fundamental question is whether the well-characterized gain-
of-function and loss-of-function mutations are context de-
pendent (/6); i.e., do other interactions involving the highly
conserved amino acid sequence of PLB influence the
apparent behavior of single point mutations? This concept
is supported in the literature, although there have been few
such studies. First, double mutants of PLB were constructed
by combining gain-of-function mutations with loss-of-
function mutations and their effects on inhibition of SERCA
were examined (/3). The double mutant N27A/N34A
resulted in a slight recovery of inhibition compared to the
N34A loss-of-function mutation alone. In contrast, two other
double mutants, N27A/L31A and N30A/L31A, resulted in
no significant recovery of inhibition compared to the L31A
loss-of-function mutation alone. Second, in a previous study
of peptide inhibitors of SERCA (/6), we took a more extreme
approach to this problem. A transmembrane peptide, Leuo,
was synthesized that contained only the nine Leu residues
naturally found in PLB, with all other residues substituted
with Ala. This peptide retained slight inhibitory activity
toward SERCA. Surprisingly, when this same peptide was
synthesized with the addition of Asn* (LeusN, referred to
as Asn,Leuy in ref /6), we obtained a very potent superin-
hibitor of SERCA. These findings could not have been
predicted based on the current understanding of the SERCA-
PLB inhibitory interaction.

There have been several studies emphasizing the impor-
tance of Asn residues in the thermodynamic stability of
transmembrane helices, as well as their association or
oligomerization (27, 28). Neutral, polar residues such as Asn
occur at a low frequency in transmembrane helices, yet they
can play a vital functional role (27, 29). In the case of PLB,
Asn? is involved in helix association with SERCA, but it
does not seem to influence helix association in the PLB
pentamer (/8). In our previous study of model peptides, we
found that a partial requirement for SERCA inhibition is met
by a simple hydrophobic surface on a canonical transmem-
brane a-helix (/6). The addition of Asn®* to one of these
peptides resulted in superinhibition of SERCA, presumably
due to enhanced helix association and hydrogen bonding of
Asn®* of PLB with Thr¥'7 or Thr®® of SERCA. In the present
study, we systematically varied the position of Asn in two
hydrophobic peptides, Leug and Leu;, (Figure 1A), and
examined the effects of these peptides on SERCA in co-
reconstituted proteoliposomes. The apparent calcium affinity
and cooperativity of SERCA were dependent upon the
distribution of hydrophobic residues, as well as the position
of Asn within the transmembrane peptide sequence. Molec-
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FIGURE 1: (A) Sequence alignment of the Leuy and Leu;, peptides
used in this study, compared to the transmembrane domain of PLB
(amino acid residues 26—52). Arrows indicate Asn** and the
locations chosen for Asn in the synthetic peptides. (B) The reaction
scheme and rate constants used as the kinetic model for the initial
steps in calcium binding by SERCA.

ular modeling of the SERCA—peptide interaction offers
insight into the mechanistic requirements for SERCA
inhibition.

EXPERIMENTAL PROCEDURES

Materials. Octaethylene glycol monododecyl ether, C,Es,
was obtained from Barnet Products (Englewood Cliff, NJ).
SM-2 Biobeads were obtained from Bio-Rad (Hercules, CA).
Egg yolk phosphatidylcholine (EYPC) and egg yolk phos-
phatidic acid (EYPA) were obtained from Avanti Polar
Lipids (Alabaster, AL). All the reagents used in the coupled
enzyme assay (30) for measuring Ca’"-dependent ATPase
activity were of highest purity available (Sigma-Aldrich,
Oakville, ON).

Peptide Synthesis and Purification. Peptide synthesis was
carried out by the Alberta Peptide Institute (API, University
of Alberta). This procedure has been previously described
(16, 31). Pure peptide fractions were pooled and lyophilized,
and the purified product was evaluated by MALDI-TOF mass
spectrometry (Voyager DE Pro, Applied Biosystems, Foster
City, CA) and quantitated by amino acid analysis. The
following peptides were synthesized (Figure 1A): Leu,,
LeuN, LeugN—1, LeugN+1, LeugN—4, LeugN-+4, Leu
(Leus with a Leu substituted for Asn**), Leu;,, LeusN,
Leu;,N—1, Leu;sN—4, Leu;p)N+4. A Leu;sN+1 peptide was
not included in this study because it could not be purified to
homogeneity following peptide synthesis. LeugN was referred
to as Asn,Leuy in ref /6. Circular dichroism (CD) spectros-
copy was performed on the peptides in lipid vesicles as
previously described (/6).

Co-Reconstitution of SERCA and Synthetic Peptides.
Skeletal muscle SR vesicles were prepared from rabbit hind
leg (32) followed by detergent solubilization and purification
by Reactive-Red affinity chromatography (33). Functional
co-reconstitution of SERCA in the presence or absence of
synthetic peptides has been previously described (16, 34).
Briefly, 45 ug of synthetic peptide were resuspended in 100
uL of buffer (20 mM imidazole, pH 7.0, 0.02% NaN3) and
incubated for 15 min at 37°C to hydrate. Detergent (700 ug
of Cj2Eg) was added followed by vigorous vortexing to
solubilize the peptide. EYPC (315 ug) and EYPA (35 ug)
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were dried to a thin film under nitrogen gas and lyophilized.
The solubilized PLB was added to the lipid film followed
by vigorous vortexing to solubilize the lipids. To this
suspension of peptide and lipid was added detergent-
solubilized, affinity-purified SERCA (305 ug). The final
volume was adjusted to 300 uL, and the concentrations were
adjusted such that the final molar ratios were 1 SERCA:5
peptides: 120 lipids. The detergent was removed by incre-
mental addition of wet SM-2 Biobeads (19 mg) over a 4 h
time course at room temperature. The co-reconstituted
proteoliposomes containing SERCA and peptide were puri-
fied on a sucrose step-gradient (34). The molar ratios of
peptide-to-SERCA were determined by quantitative SDS—
PAGE as previously described (/6, 26), the lipid concentra-
tion was determined by a phosphomolybdate assay (35, 36),
and the protein concentration was determined by a modified
Lowry assay (37).

Calcium-Dependent ATPase Activity Measurements. Cal-
cium-dependent ATPase activity of the co-reconstituted
vesicles was measured by a coupled-enzyme assay (30). All
co-reconstituted proteoliposomes in the presence of peptides
(SERCA + peptide) were compared to controls in the
absence of peptides (SERCA alone), and each assay was
performed multiple times using independent co-reconstitu-
tions (n = 3—5 for peptide-containing samples; n = 44 for
matched SERCA controls) over a range of free calcium
concentrations from 0.1—10 uM (16, 26). Data were plotted
as ATPase specific activity (V) versus calcium concentration
(uM). The Kc, (calcium concentration at half-maximal
activity), the Vp, (maximal activity) and the ny (Hill
coefficient) were calculated based on nonlinear least-squares
fitting of the activity data to the Hill equation using Sigma
Plot software (SPSS Inc., Chicago, IL). Errors shown are
the standard error of the mean for a minimum of three
independent measurements. Statistical comparison of K¢, and
ny parameters was carried out using one-way analysis of
variance (between-subjects) followed by Tukey’s HSD post
hoc test for pairwise comparisons. In all cases, control
samples were as follows: (i) negative controls, SERCA
reconstituted in the absence of peptide, and SERCA recon-
stituted in the presence of a noninhibitory peptide (see Leu;s
in reference (/6)); and (ii) positive control, SERCA co-
reconstituted in the presence of PLB.

Kinetic Simulation. A detailed reaction scheme and rate
constants have been described for the transport cycle of
SERCA in the absence and presence of PLB (3), and we
have previously used this model to analyze the effects of
synthetic peptide inhibitors on SERCA (/6). Briefly, we
performed a global nonlinear regression fit of the model (3)
to the SERCA activity curve in the absence and presence of
peptides obtained over a range of calcium concentrations
(0.1—10 uM) using the software Dynafit (Biokin Inc.,
Pullman, WA (38)). For our reconstituted SERCA proteo-
liposomes, the equilibrium constant for the binding of the
first calcium ion was determined to be 3 x 10° s™! (Aforward;
Figure 1B), which was slightly lower than the initially
reported value (3). As in our previous work, SERCA
activities in the presence of peptides were easily fit with
modifications to the rate constants for the slow transitions
following calcium binding (Asorwards Areverses Brorward a0d Breyerse)-

Molecular Modeling. Molecular modeling of the SERCA—
peptide interaction was based on the structure of PLB
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FIGURE 2: Coomassie-stained SDS—PAGE of co-reconstituted
proteoliposomes containing SERCA and peptides. Equal amounts
of co-reconstituted proteoliposomes were run on 10% (top) and
16% (bottom) polyacrylamide gels (for a subset of the peptides
utilized in the study). Molecular mass markers are indicated in
kilodaltons; SERCA has a molecular weight of 110 kDa.

determined by solid-state NMR and docked to SERCA using
a flexible protein—protein docking simulation (8). We
included only the transmembrane domain of PLB (Figure
1A), and the side chains were systematically modified using
the program Xfit (39) to match the LeugN and Leu;N
peptides. These SERCA—peptide complexes were then used
as templates for understanding the interaction of additional
peptides.

RESULTS

Co-Reconstitution of SERCA and Synthetic Peptides. The
reconstitution behavior of SERCA has been very well
characterized, and has provided a useful system for the study
of SERCA inhibition (16, 26, 40—42). In our hands,
measurement of ATP hydrolysis rates by reconstituted
SERCA proteoliposomes typically yielded a K¢, of 0.39 uM
Ca’" and a Vi of 4.3 & 0.3 umol mg™! min~! (n = 44).
The activity of these proteoliposomes was consistent with
previous observations (/6, 26) and served as one of the
negative controls for all further studies in the presence of
peptides. In the presence of PLB (26), we have previously
shown a K¢, of 0.76 uM Ca?" and a Vyp,, of 7.4 £ 0.1 umol
mg~! min~! (n = 10). To verify that the co-reconstitution
of SERCA with the synthetic peptides was comparable to
our previous studies (16, 26), we examined the efficiency
of reconstitution for all peptides in terms of the peptide-to-
SERCA and lipid-to-protein molar ratios (data not shown).
A typical gel used for quantitative SDS—PAGE is shown in
Figure 2. After co-reconstitution and sucrose-gradient puri-
fication, the proteoliposomes contained a lipid-to-protein
molar ratio of approximately 120-to-1 and a peptide-to-
SERCA molar ratio of approximately 4.5-to-1. The peptides
may orient randomly in the membrane, but at this ratio of
peptide to SERCA there should be two to three peptide
molecules correctly oriented to interact with SERCA.

Based on SDS—PAGE and Tricine-SDS—PAGE of our
co-reconstituted proteoliposomes, the peptides differ sub-
stantially from one another in their migration and staining,
despite relatively modest differences in amino acid sequence.
This does not reflect peptide quality, since the peptides have
been evaluated by MALDI-TOF mass spectrometry follow-
ing reverse-phase HPLC purification. It is probably due to
the small size and extreme hydrophobicity of the peptides
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we are studying. For comparison, the gel shown (Figure 2)
contains equivalent amounts of loaded protein. Most peptides
appear to be primarily monomeric, though small amounts
of dimer and trimer are often observed. The presence of
peptide oligomers is somewhat variable depending on
reconstitution and SDS—PAGE conditions. Despite the
prevalence of oligomeric species for PLB, SERCA inhibition
is known to saturate at an equimolar stoichiometry of PLB
to SERCA (16, 43, 44). For all peptides studied, the
inhibition of SERCA was maximal at 1 mole of peptide per
mole of SERCA, similar to previous observations (16, 43, 44).

Lastly, we analyzed the secondary structure of the peptides
by CD spectroscopy (data not shown). As with our previous
peptides (16), the spectra were similar to one another and
were consistent with a high o-helical content (minima at 208
and 222 nm). We concluded that Asn insertion had no effect
on the a-helical propensity of the peptides in lipid vesicles.

Asn-Containing Leug and Leu;, Peptides. We systemati-
cally inserted Asn into different locations of two previously
characterized model peptides, Leug and Leu,, (/6). Leug has
all of the Leu residues naturally found in the transmembrane
domain of PLB, with all other residues substituted with Ala.
Unlike Leuy, Leu,; is a repeating Leu-Ala sequence with the
twelve Leu residues arranged around the entire circumference
of the peptide. Leu;, has been used as a model for the
hydrophobic transmembrane segment of an integral mem-
brane protein (317, 45), and we have shown that it inhibits
SERCA to the same extent as PLB (/6). Our previous study
showed that Leuy is a weak inhibitor of SERCA, and the
addition of the essential Asn** residue created a superinhibi-
tory peptide (LeugN). Here, we aimed to test the effects of
Asn insertion on inhibition by Leuy and Leuj,. Twelve
peptides were synthesized (Figure 1A): Leuy, Leu,,, LeugN,
Lel]lzN, Leu9N—1, LeulgN—l, LSUQN+1, LGUL)N_4,
Leu;nN—4, LeugN—+4, Leup;N+4, and Leuyo (Leu substituted
for Asn*¥). The peptide nomenclature refers to the relative
position of Asn**, where LeugN—1 refers to an Asn position
one amino acid closer to the N-terminus of the peptide. In
addition, all of the sequences were capped with two lysine
residues at both the N- and C-termini to anchor the peptides
across the lipid bilayer.

The Effects of Asn-Containing Peptides on K¢, of SERCA.
We tested the ability of these peptides to alter the K¢, of
SERCA in co-reconstituted proteoliposomes (Figures 3 and
4A, Table 1). Compared to SERCA alone, the Leug peptide
was shown to alter the apparent calcium affinity to a lesser
extent than PLB (Kc, values of 0.39, 0.55, and 0.76 uM Ca*",
respectively). Inclusion of Asn** in the Leuy peptide (LeugN)
altered the calcium affinity of SERCA to a much greater
extent than PLB (Kc, of 1.17 uM Ca?* versus 0.76 uM Ca®").
In contrast, the Leu;, peptide was shown to alter the calcium
affinity of SERCA to a similar extent as PLB (K¢, of 0.79
uM Ca?*), and the insertion of Asn** had only a marginal
effect on inhibitory action (LeujoN; K¢, of 0.85 uM Ca2*).

These findings led us to investigate other amino acid
arrangements by varying the position of the Asn residue in
the Leug and Leu;, peptides. Three peptides contained an
Asn residue shifted by one amino acid (N=%1 peptides), and
four peptides contained an Asn residue shifted by four amino
acids or one turn of an a-helix (N+4 peptides). As a group,
the N=£1 peptides (LeugN—1, LeugN+1, and Leu;,N—1)
altered the calcium affinity of SERCA to a lesser extent than
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FIGURE 3: Calcium-dependent ATPase activity as a function of free
calcium concentration for SERCA co-reconstituted in the absence
(@) and in the presence (O) of synthetic peptide inhibitors. The
data are shown for the LeugN—4 (top panel), LeugN+1 (middle
panel), and LeugN-+4 (bottom panel) peptides. For the remaining
peptides, refer to Table 1. The data are plotted as normalized
ATPase specific activity (V/Vyax) versus calcium concentration and
each data point is the mean £ SEM (n = 44 for (@), n = 3—5 for
(O)). Comparable data are shown for PLB (gray line).

their LeugN or Leu;,N counterparts (Table 1). For instance,
the apparent calcium affinity of SERCA in the presence of
either LeuyN—1 (0.54 uM Ca?*) or LeusN+1 (0.38 uM Ca’")
was significantly higher than that observed in the presence
of LeugN (1.17 uM Ca*"), indicative of dramatic loss in
peptide inhibition. In contrast, shifting the position of the
Asn residue by four amino acids resulted in better preserva-
tion of inhibitory capacity. As a group, the N+4 peptides
(LeugN—4, LeugN+4, Leu;)N—4, and Leu,N—+4) altered the
calcium affinity of SERCA to a similar extent as their LeugN
or LeupN counterparts (Table 1). For instance, the apparent
calcium affinity of SERCA in the presence of either
Leu;pN—4 (0.63 uM Ca>") or Leu;p,N+4 (0.66 uM Ca’*)
was similar to that observed in the presence of Leu;,N (0.85
uM Ca’"), indicative of significant retention of peptide
inhibition. In terms of the observed K¢, values, the LeugN,
Leu;oN, and the N+4 peptides had a high statistical prob-
ability of being distinct from SERCA in the absence of
peptides (p < 107%). Based on these observations, we
conclude that the peptide inhibitors exhibit a clear preference
for an Asn residue on one particular face of the transmem-
brane helix. Like PLB, maximum inhibition occurred when
the Asn residue occupied its natural position (LeugN and
LeupN). Unlike PLB, which requires an Asn at position 34,
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FIGURE 4: Effect of Asn-containing peptides on the apparent calcium
affinity (Kc,), maximal velocity (Vmax) and cooperativity (ny) of
SERCA. (A) The K¢, values are plotted as a function of Asn
position for the Leuy (gray bars) and the Leu,, (white bars) series
of peptides. The values for PLB and SERCA and for SERCA alone
are indicated. (B) For all peptides, the Vi, is plotted versus Kc,.
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PLB are shown (®). An approximate linear relationship was
observed, with LeugN being the sole outlier (gray filled circle). (C)
The ny values are plotted as a function of Asn position for the
Leuy (gray bars) and the Leu,, (white bars) series of peptides. The
values for PLB and SERCA and for SERCA alone are indicated.

SERCA

Hill coefficient, n,

the peptides retained inhibitory function when Asn was
located one full helical turn before or after the native Asn>*
position (LeugN—4, LeugN-+4, Leu;;N—4, and Leu;,N-+4).

The Effects of Asn-Containing Peptides on V.. of SERCA.
Our previous studies with co-reconstituted proteoliposomes
indicated that PLB and some synthetic peptides increase the
maximal activity of SERCA (16, 26). To evaluate this
behavior for the current set of peptides, we measured their
ability to alter the Vi, of SERCA (Table 1). The Vi value
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Table 1: Summary of the Data for Peptide Inhibitors of SERCA

co-reconstituted

proteoliposomes Kca (uM)* Vinax” nu®
SERCA 0.39 £ 0.01 43£03 1.7 £0.02
PLB 0.76 £ 0.03 74+0.1 2.0£0.05
Leuog 0.55 £0.02 37+£02 2.1+£0.1
Leujo 0.89 £ 0.04 53+£02 14+£0.1
Leups 0.79 £ 0.04 39+0.2 1.8 £0.05
LeugN 1.17 £ 0.01 1.2+0.1 2.5 £0.06
Leu;oN 0.85 £0.05 73£06 2.1 £0.04
N=1 peptides
LeugN—1 0.54 £0.08 38+0.5 1.3+£0.1
LeugN+1 0.38 £0.02 34+0.1 1.6 £0.1
Leu;pN—1 0.48 £0.02 45£05 1.8 £0.1
N=£4 peptides
LeugN—4 0.77 £0.03 8.7+0.5 1.4+£0.1
LeugN+4 0.88 £0.05 9.6 £0.6 1.6 £0.08
Leu;p,N—4 0.63 £0.04 6.3+0.1 1.4+£0.1
Leu;pN+4 0.66 £ 0.08 7.1£02 1.8 £0.1

“ Kca is the calcium concentration at half-maximal ATPase activity.
® Vinax is the maximum velocity attained (umol mg~' min~'). ©Hill
coefficient.

for SERCA in reconstituted proteoliposomes in the absence
of peptides was 4.3 £ 0.3 umol mg~' min~' (16, 26). The
Vmax values for SERCA co-reconstituted in the presence of
peptides ranged from 1.2 to 9.6 umol mg~' min~!. As
reported previously for PLB (26), a correlation exists between
the ability of the peptides to decrease K¢, and to increase
Vinax of SERCA (Figure 4B). For the peptides described
herein, plotting K¢, versus Vi, yielded a reasonable fit to a
line (r = 0.61). At one end of the scale, the LeugN+1 peptide
had K¢, and V. values that were similar to SERCA. At the
other end of the scale, the LeugN+4 peptide had K¢, and
Vmax Values higher than PLB. This is a consistent observation
with PLB mutants and the peptide inhibitors that remains
unexplained. Of course, the LeugN peptide deviates from this
behavior, which suggests that there is something unique in
the regulatory interaction of this peptide with SERCA.

The Effects of Asn-Containing Peptides on Cooperativity
of SERCA. The Hill coefficient, ny, is a measure of the degree
of cooperative ligand binding as a function of ligand
concentration. Our SERCA activity plots in the absence and
presence of peptides (Figure 3) were easily fit to the Hill
equation. In good agreement with previous observations, the
apparent ny for SERCA reconstituted in the absence of PLB
was 1.7 (46), while SERCA co-reconstituted with PLB
yielded a value of 2.0 (9). This enhancement of SERCA
cooperativity reflected in the Hill coefficients is one of the
characteristics of PLB inhibition. Three peptides, Leus,
LeuoN and LeupN, mimicked this behavior by significantly
enhancing SERCA cooperativity as evidenced by the increase
in ng (values of 2.1, 2.5, and 2.1, respectively; Figure 4C
and Table 1). This is what we expect from a peptide that
mimics PLB. In contrast, the remaining peptides yielded ny
values in the range of 1.4 to 1.8 for SERCA. This reflects a
level of cooperativity equivalent to or less than that observed
for SERCA in the absence of peptides (ny = 1.7). It was
somewhat surprising that the N+4 peptides (LeugN—4,
LeugN—+4, Leu;,N—4, and Leu;,N+4) were effective inhibi-
tors of SERCA (Figure 4A), yet they failed to enhance
cooperativity (Figure 4C). This suggests that proper position-
ing of an Asn residue in the interaction with SERCA was a
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more stringent requirement for enhancement of cooperativity
than it was for inhibition. Moreover, this was true for both
arrangements of hydrophobic residues (Leug and Leui,),
confirming our earlier observation that a simple hydrophobic
surface meets a partial requirement for SERCA inhibition
(16).

The Effects of the Leu;y Peptide on SERCA. Given that
the Leu;, peptide inhibits SERCA at a level comparable to
that observed for PLB, we hypothesized that Leu may
substitute for Asn in the functional interaction with SERCA.
This idea contradicts recent molecular models (8, 21, 22)
that are consistent with hydrogen bond formation between
Asn* of PLB and Thr!” and/or Thr¥% of SERCA as a major
determinant of inhibition. To test this hypothesis, we
synthesized a Leu, peptide that contained the nine naturally
occurring Leu residues of PLB, as well as a tenth Leu residue
located at position 34. Compared to SERCA alone, the Leu;
peptide altered the apparent calcium affinity to a similar
extent as PLB (K¢, values of 0.39, 0.89, and 0.76 uM Ca’",
respectively; Table 1), indicating that hydrogen bond forma-
tion by Asn is not required to lower the apparent calcium
affinity of SERCA. However, the observed Hill coefficient
(ng = 1.4 £ 0.1) indicated that the Leu;o peptide did not
enhance cooperativity as observed for PLB and the Leu,,
LeuoN and Leu ;N peptides. These findings suggest a link
between the proper positioning of an Asn residue and the
increase in cooperativity associated with SERCA inhibition.

Reaction Rate Constant Simulations. In an attempt to
explain the link between the calcium affinity and cooperat-
ivity experimentally observed for SERCA inhibition, we
utilized kinetic simulation of our ATPase activity curves (3).
The kinetic model assumes that the binding of calcium to
SERCA occurs as two highly cooperative, sequential events
linked by a conformational transition (Figure 1B). It is
postulated that the calcium transport cycle of SERCA has a
slow structural transition (E+Ca <> E’+Ca), which increases
the affinity of the enzyme for a second calcium, thereby
accounting for the activation and cooperativity of SERCA.
PLB primarily alters the rate constant for an isomeric
transition following binding of the first calcium ion (Byeverse),
resulting in the increase in cooperativity and the shift in
calcium affinity observed experimentally (3, 16). For the
peptides, the experimentally observed changes in the coop-
erativity and calcium affinity could be explained by altering
the magnitude of the forward and reverse rate constants for
the first two steps in calcium binding: (i) step A, correspond-
ing to binding of the first calcium ion (E + Ca < E-Ca);
and (ii) step B, corresponding to a conformational change
following calcium binding (E+Ca <> E’+Ca). This analysis
revealed that the peptides could be grouped according to their
effects on the Hill coefficient and cooperativity of SERCA
(Table 2). In the first group of inhibitory peptides (LeugN—4,
LeuoN-+4, Leu;nN—4, LeuppN-+4, and Leuy), the Hill
coefficients were unchanged compared to SERCA in the
absence of peptides. The reverse rate constants for steps A
and B increase and drive the reaction toward the calcium-
free state (E + Ca). The primary sequences of these peptides
were more divergent from PLB. In the second group of
inhibitory peptides (Leuy, LeugN, and Leu;,N), the Hill
coefficients were increased compared to SERCA in the
absence of peptides. In this case, only the reverse rate
constant for step B increases, which allows binding of the
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Table 2: Summary of the Kinetic Simulations in the Absence and
Presence of Peptides

reaction rate constants (s7!)

nH Aforward Areverse Brorward Breverse
SERCA alone 1.74+£0.02 3 x 10° 0.001 30 57
group 1 peptides® 1.64+0.1 4x10° 3 x 10* 51 1 x 100
group 2 peptides” 2240.1 3 x 10° 0.001 32 2 x 100

“Group 1 peptides included LeugN—4, LeugN+4, LeujN—4,
Leu;psN+4, Leuj. ” Group 2 peptides included Leug, LeugN, and
LCU12N.

first calcium ion (E-Ca) but prevents the conformational
change following calcium binding (E’-Ca). The primary
sequences of these peptides more closely resembled PLB.
The net result is that group 1 peptides have a low Ajorward/
Areverse ratio and a low ny favoring the dissociation of calcium,
while group 2 peptides have a high Agyrward/Areverse ratio and
a high ny favoring binding of the first calcium ion (Figure
1B). This latter behavior is characteristic of PLB and requires
optimal surface complementarity and/or a properly positioned
Asn residue in the peptide inhibitor.

DISCUSSION

PLB and several leucine-containing polyalanine peptides
are comparable inhibitors of SERCA (/6). This has led us
to propose that a simple hydrophobic surface in a trans-
membrane o-helix meets a partial requirement for SERCA
inhibition (/6). Herein, we wished to further address this
hypothesis by examining two transmembrane peptides (Leug
and Leu;,) and the mechanistic role of Leu and Asn residues
in inhibition. The Leuy peptide is based on the amino acid
sequence of PLB, and as expected it retains weak inhibitory
capacity. The Leu;, peptide contains an alternating (Leu-
Ala);, sequence that has been well studied as a model
hydrophobic transmembrane helix (37, 45). This Leuj,
peptide has a very different distribution of Leu residues than
is found in PLB, yet it possesses comparable inhibitory
capacity. This is suitably explained by recent molecular
models of the interaction between PLB and SERCA (Figure
5) (8 21I). In comparison to PLB, the alternating Leu-Ala
sequence satisfies several criteria for interaction with
SERCA: (i) no steric clashes are created by the distribution
of Leu and Ala residues; (ii) interactions at either end of the
peptide helix are maintained, particularly with Trp®*? and
Phe®? of SERCA; and (iii) additional hydrophobic contacts
are created that help to stabilize the association with SERCA
along the C-terminal half of the peptide helix (potential
SERCA interaction sites include Phe®, Trp”, Leu™’, Val’*,
11e*>¢, and Phe®).

In the context of the Leug and Leu;, hydrophobic peptides
described above, we examined the mechanistic role of Asn
in the functional interaction with SERCA. Asn** is the only
essential polar amino acid in the transmembrane domain of
PLB, and it has been implicated in forming a hydrogen bond
with Thr?!'” and/or Thr¥® of SERCA (16, 21). We hypoth-
esized that our Asn-containing peptide inhibitors share this
feature of SERCA inhibition. If this is correct, SERCA
inhibition should be very sensitive to moving the Asn residue
to a different face of the transmembrane helix (41 amino
acid position) or by one complete turn of the helix (&4 amino
acid positions). Our results show that peptides with Asn
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FIGURE 5: Potential interactions between the E2 form of SERCA (pdb accession code 2AGV) and the LeugN and Leu;,N peptides. (A)
Surface representation of SERCA with potential interaction sites shown including Phe®8, Phe®2, Val®3, Leu®, Leu?, Trp’®*, Trp®?, and
Leu®. The proposed interaction site of PLB Asn* (Thr®® of SERCA) is indicated as a red surface. (B, C) Ligand plots comparing the
interactions of LeugN and Leu;,N with potential sites on SERCA. Peptide side chains that face the lipid bilayer are colored green. The

interaction with Thr8% is highlighted in red.

positioned in the native location exhibit the typical inhibitory
behavior of PLB, including reduced calcium affinity and
enhanced cooperativity of cation binding to SERCA. Moving
the Asn residue one helical turn before or after the native
position resulted in significant inhibition of SERCA (greater
than 50% of the inhibition seen in the presence of LeugN or
Leu;;N), yet the enhancement of cooperativity was not
observed. Not surprisingly, moving the Asn residue one
amino acid before or after the native position resulted in
significant loss of inhibitory capacity (less than 50% of the
inhibition seen in the presence of LeugN or Leu;,N). Finally,
substituting a Leu residue for Asn in the LeugN peptide
(Leuy) also resulted in significant inhibition of SERCA with
no enhancement of cooperativity. Taken together, these
results link the correct positioning of an Asn residue with
both the reduction in calcium affinity and enhancement of
cooperativity observed for PLB inhibition.

SERCA inhibition by PLB is a dynamic process that
depends on many factors, including the cytosolic calcium
concentration (47), and the phosphorylation (46) and ag-
gregation states (/8) of PLB. SERCA inhibition by PLB is
maximal at low calcium concentrations (~0.1 uM) and
absent at high calcium concentrations (~10 4M). One of
the hallmarks of PLB inhibition is the rapid recovery of
SERCA function over a relatively narrow range of calcium
concentrations (calcium-dependent reversal of inhibition).
The data presented support a mechanistic model in which
the effects of peptide inhibitors on the calcium affinity and
cooperativity of SERCA can be separated into distinct modes
of interaction. In the first mode of binding, a simple
hydrophobic surface is sufficient to alter the apparent calcium
affinity of SERCA. In a second mode of binding, surface
complementarity and/or hydrogen bonding between a prop-
erly positioned Asn residue and Thr3'7/Thr’® of SERCA
narrows the range of calcium concentrations over which
SERCA activity recovers (i.e., enhances cooperativity). Asn
residues rarely occur in hydrophobic transmembrane helices,

but when present, they often play a vital role in protein—protein
interactions. One such role is transmembrane helix associa-
tion (27), as is the case between the transmembrane domain
of PLB and one or more transmembrane helices of SERCA.
We can then understand the mechanism of calcium-mediated
recovery of SERCA activity as the unlocking of comple-
mentary surfaces and the breaking of a hydrogen bond in
the association of transmembrane helices. Moreover, this
process appears to be directly responsible for the enhance-
ment of cooperative calcium binding by SERCA. A hydro-
phobic surface is necessary and sufficient for lowering the
apparent calcium affinity of SERCA, while surface comple-
mentarity and/or hydrogen bond formation decrease the
sensitivity of SERCA to calcium at low concentrations and
enhance the sensitivity to calcium at high concentrations
(Figure 6).

In the well-characterized reaction scheme for calcium
transport by SERCA (3), a slow structural transition follows
binding of the first of two calcium ions to SERCA. The
kinetic model assumes that the binding of calcium to SERCA
occurs as two highly cooperative, sequential events inter-
spaced by a conformational transition (Figure 1B). It is
postulated that binding of the first calcium ion induces a slow
structural transition (E-Ca <> E’-Ca) that activates SERCA
and increases the affinity of the enzyme for binding of a
second calcium ion. The reverse rate constant (Bieyerse) fOr
this reaction step increases in the presence of PLB, resulting
in the shift in calcium affinity observed experimentally. Using
Dynafit software (38), we simulated our activity curves (ATP
hydrolysis versus calcium concentration) in the absence and
presence of peptides. The results identify particular steps in
the calcium transport cycle of SERCA that are associated
with inhibition by the peptides. In the first mode of peptide
binding, the interaction of hydrophobic surfaces shifts the
calcium affinity of SERCA, and this is completely explained
by large increases in Areverse aNd Breverse, the rate constants
for the reverse transition (E + Ca <— E+-Ca <— E’+Ca). In
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FIGURE 6: The effects of peptide—SERCA interactions on the
calcium-dependence of SERCA activity. Group 1 peptides interact
with SERCA primarily through a simple hydrophobic surface
involving van der Waals interactions. These peptides have little
effect on the cooperative calcium binding mechanism of SERCA
(ng = 1.6). Group 2 peptides interact with SERCA through a
combination of surface complementarity and polar (potential
hydrogen bonding) interactions (ny = 2.2). These peptides markedly
enhance the cooperative calcium binding mechanism of SERCA.
Group 1 peptides included LeugN—4, LeugN+4, Leu;,N—4,
Leu;,N+4, Leujo. Group 2 peptides included Leuy, LeugN, and
Leu;,N.

the second mode of peptide binding, enhanced surface
complementarity and/or hydrogen bonding increase the
cooperativity of SERCA, and this is completely explained
by a large increase in Breverse With no effect on Areverse. The
net effect is that binding of the first calcium ion is favored
(E + Ca— E-Ca), but the slow isomeric transition required
for binding of the second calcium ion is suppressed (E-Ca
~— E’-Ca).
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