THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 11, pp. 6777-6788, March 13, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Regulation of the Sarcoplasmic Reticulum Calcium Pump by
Divergent Phospholamban Isoforms in Zebrafish*

Received for publication, May 29, 2014, and in revised form, January 13,2015 Published, JBC Papers in Press, January 15,2015, DOI 10.1074/jbc.M114.585604

Przemek A. Gorski*', Catharine A. Trieber*®, Ghazaleh Ashrafi*?, and Howard S. Young***
From the *Department of Biochemistry and SNational Institute for Nanotechnology, University of Alberta,

Edmonton, Alberta T6G 2H7, Canada

Background: Zebrafish possess multiple phospholamban isoforms, one of which has a unique luminal domain.
Results: Zebrafish and human PLN have comparable effects on SERCA activity, and both can be reversed by phosphorylation.
Conclusion: Despite similar function, the zebrafish sequence variations are context-dependent and not synonymous with

human phospholamban.

Significance: The different forms of phospholamban in zebrafish may provide a novel SERCA regulatory mechanism.

The sarcoplasmic reticulum calcium pump (SERCA) is reg-
ulated by the small integral membrane proteins phospholam-
ban (PLN) and sarcolipin (SLN). These regulators have
homologous transmembrane regions, yet they differ in their
cytoplasmic and luminal domains. Although the sequences of
PLN and SLN are practically invariant among mammals, they
vary in fish. Zebrafish (zf) appear to harbor multiple PLN
isoforms, one of which contains 18 sequence variations and a
unique luminal extension. Characterization of this isoform
(zfPLN) revealed that SERCA inhibition and reversal by phos-
phorylation were comparable with human PLN. To under-
stand the sequence variations in zfPLN, chimeras were cre-
ated by transferring the N terminus, linker, and C terminus of
zfPLN onto human PLN. A chimera containing the N-termi-
nal domain resulted in a mild loss of function, whereas a chi-
mera containing the linker domain resulted in a gain of func-
tion. This latter effect was due to changes in basic residues in
the linker region of PLN. Removing the unique luminal
domain of zfPLN (°®SFHGM) resulted in loss of function,
whereas adding this domain to human PLN had a minimal
effect on SERCA inhibition. We conclude that the luminal
extension contributes to SERCA inhibition but only in the
context of zfPLN. Although this domain is distinct from the
SLN luminal tail, zfPLN appears to use a hybrid PLN-SLN
inhibitory mechanism. Importantly, the different zebrafish
PLN isoforms raise the interesting possibility that sarcoplas-
mic reticulum calcium handling and cardiac contractility
may be regulated by the differential expression of PLN func-
tional variants.
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The regulation of calcium transport across the sarcoplasmic
reticulum (SR)* membrane plays a central role in the muscle
contraction-relaxation cycle. Following the release of calcium
from the SR during muscle contraction, the reuptake of calcium
into the SR lumen determines the rate of relaxation as well as
the amount of calcium available for subsequent contractions.
Reuptake involves the active transport of calcium into the SR,
which is accomplished by an ATP-dependent calcium pump
(SERCA). In cardiac and smooth muscle, SERCA is regulated by
phospholamban (PLN), a 52-amino acid integral membrane
protein (1, 2). The interaction between SERCA and PLN is con-
trolled by the B-adrenergic pathway, where the phosphoryla-
tion of PLN by cAMP-dependent protein kinase (PKA) reverses
SERCA inhibition and modulates the overall SR calcium load
(3). In fast-twitch skeletal muscle and the atria of the heart,
SERCA is regulated by sarcolipin (SLN), a 31-amino acid ho-
molog of PLN (4, 5). There is a high degree of sequence homo-
logy in the transmembrane regions of PLN and SLN, suggesting
asimilar mode of interaction with SERCA (6, 7). Although stud-
ies have demonstrated that PLN and SLN use distinct structural
elements and mechanisms to regulate SERCA (8, 9), crystal
structures of the SERCA-SLN (10, 11) and SERCA-PLN (12)
complexes are remarkably similar to one another.

The topology of PLN is organized into three domains as fol-
lows: an a-helical cytoplasmic domain (residues 1-20), a linker
domain (residues 21-30), and an «-helical transmembrane
domain (residues 31-52) (13-16). The cytoplasmic domain
makes a small contribution to SERCA inhibition, yet it has two
phosphorylation sites (Ser'® and Thr'”) that play a critical role
in the regulation of PLN inhibitory function. Indeed, several
hereditary mutations in this domain are associated with early-
onset, lethal heart failure in humans (17-19). The linker
domain of PLN can also interact with SERCA, although resi-
dues such as Lys*’, GIn?°, and Asn®° appear to modulate the
physical interaction with SERCA rather than making a direct
contribution to inhibition (20). Finally, the transmembrane
domain of PLN encodes most of its inhibitory properties, which

“The abbreviations used are: SR, sarcoplasmic reticulum; SERCA, sarcoplas-
mic reticulum calcium ATPase; PLN, phospholamban; SLN, sarcolipin;
zfPLN, zebrafish PLN; PKA, protein kinase A.
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zfHEAD zfMID 2fTAIL
| — r 1 | — |
Human PLN MEKVQYLTRSAIRRASTIEMPQQARQKLONLFINFCLILICLLLICIIVMLL
Dog MDKVQYLTRSAIRRASTIEMPQQARONLONLFINFCLILICLLLICIIVMLL
Pig MDKVQYLTRSAIRRASTIEMPQQARONLONLFINFCLILICLLLICIIVMLL
Rabbit MEKVQYLTRSAIRRASTIEMPQQARONLONLFINFCLILICLLLICIIVMLL
Mouse MEKVQYLTRSAIRRASTIEMPQQARONLONLFINFCLILICLLLICIIVMLL
Rat MEKVQYLTRSAIRRASTIEMPQQARONLONLFINFCLILICLLLICIIVMLL
Zebra finch MEKVOHMTRSALRRASTIEVNPQARQRLONLEFVNFCLILICLLLICIIVMLL
Chicken MEKVQYITRSALRRASTLEVNPQARQRLQELFVNFCLILICLLLICIIVMLL
Stickleback MERVOHMTKSAIRRASQIEVNPQAKRNLQELFVNFTLILICLLLIYIIVLLSS

Zf Isoform 1

MERVOHMTRSAIRRASNIEVNPQTKRNLODLIINFSLILICLLLIYIIVLIM

Zf Isoform 2a MEKVQHMTRAAIRRASTMEVPQQAKONMQELFVNFCLILICLLLIYIIVLIM
Zf Isoform 2b MEKVQHMTRAAIRRASTMEVPQOAKONMQOELFVNFCLILICLLLIYIIVLLISFHGM

MGINTRELFLNFTIVLITVIIMWLLVRSYQY
MMERSTQELFLNFMIVLITVLIMWLLVKQYQDS
| |

Cytoplasmic domain

Luminal
domain

Transmembrane domain

FIGURE 1. Sequence alignments for primary structures of PLN and SLN from representative species. There are three zebrafish PLN isoforms (isoform 1,
UniProt XTWCE4; isoform 2a, UniProt E7F215; and isoform 2b, NCBINM_001201561). Herein, zebrafish PLN isoform 2b is referred to as zfPLN. The cytoplasmic,
transmembrane, and luminal domains are indicated. Sequence variations, as compared with human PLN, are indicated in boldface. The three clusters of

sequence variation (zfHEAD, zfMID, and zfTAIL) are indicated.

manifest as a decrease in the apparent calcium affinity of
SERCA (21, 22). The PLN transmembrane domain is highly
hydrophobic and contains residues that are either critical for
inhibitory function (e.g. Leu®' and Asn®%) or involved in self-
association to form a pentamer (leucine-isoleucine zipper) (23,
24). Comparatively, SLN has a short cytoplasmic domain (res-
idues 1-7), a transmembrane domain homologous to that of
PLN (residues 8 —26), and a short, unique luminal domain (res-
idues 27-31). Like PLN, the cytoplasmic domain of SLN is
involved in regulating the interaction with SERCA (25, 26).
However, unlike PLN, much of the inhibitory activity of SLN
relies on its unique luminal domain rather than its transmem-
brane domain alone (8).

Because of its role in the heart, most structural and func-
tional studies of PLN have concentrated on its mammalian
forms. Nevertheless, PLN is found in many nonmammalian
vertebrates, including birds, amphibians, and fish (27, 28). This
ubiquitous expression emphasizes the importance of PLN as a
regulator of calcium transport in cardiac muscle of many
organisms. There is a remarkable degree of sequence homology
between the mammalian forms of PLN with mainly as few as
one or two amino acid substitutions between them all. In birds
and fish, however, PLN shows much greater divergence. For
example, chicken and zebrafish PLN are 83 and 68% identical to
human PLN, respectively. Indeed, sequences have been
reported for three zebrafish PLN isoforms (Fig. 1), and com-
pared with human PLN, isoform 2b (referred to as zfPLN
herein) contains 13 sequence variations and five additional res-
idues at the C terminus. Most of the residue differences
between human and zfPLN cluster in three distinct regions,
suggesting that these more complex sequence changes could
alter PLN function. The most intriguing variation in zfPLN is
the addition of a C-terminal tail (residues 53—57). Unlike other
PLN proteins, zfPLN has an additional five amino acids that
extend into the SR lumen (Fig. 1). Itis important to note that the
C-terminal sequence of PLN in all mammals and birds is per-
fectly conserved (Met®°-Leu-Leu®?). In zfPLN, this sequence is
modified to the longer and more polar Leu®’-Leu-Ile-Ser-Phe-
His-Gly-Met®”, with the last five residues being reminiscent of
the luminal Arg*”-Ser-Tyr-Gln-Tyr?' sequence of SLN. So far,
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it is not known whether zfPLN can regulate SERCA and
whether this regulation resembles that of human PLN or SLN.

Given the high sequence diversity between zebrafish and
human PLN, as well as the presence of a unique zfPLN luminal
extension, we characterized the ability of zfPLN to regulate
SERCA. We found that zebrafish and human PLN have compa-
rable effects on SERCA activity and that both can be reversed by
PKA-mediated phosphorylation of PLN. Human PLN chimeras
containing regions of the zfPLN sequence resulted in altered
SERCA inhibition. Thus, despite similar function, the zebrafish
sequence variations are context-dependent and not synony-
mous with human PLN. Further study of the unique luminal
domain of zfPLN indicated that it contributes to SERCA inhi-
bition; however, this domain is not functional when transferred
to human PLN, and it cannot be replaced with the SLN luminal
tail. We conclude that the luminal extension of zfPLN is a dis-
tinct structural element and that zfPLN has characteristics
reminiscent of both PLN and SLN.

EXPERIMENTAL PROCEDURES

Expression and Purification of PLN—Human and zebrafish
(Danio rerio; isoforms 2b) PLN variants were expressed and
purified as described previously (29). Mutants were confirmed
by DNA sequencing (TAGC Sequencing, University of Alberta)
and by MALDI-TOF mass spectrometry (Institute for Bio-
molecular Design, University of Alberta). To phosphorylate
PLN, detergent-solubilized PLN was treated with the catalytic
subunit of PKA (Sigma) (30).

Co-reconstitution of SERCA and PLN—Established proce-
dures were used to purify SERCA1la from rabbit skeletal muscle
(31, 32) and SERCA2a from porcine cardiac muscle (33).
SERCA1la (30) and SERCA2a (33) were then reconstituted into
proteoliposomes with PLN. The co-reconstituted proteolipo-
somes typically yielded final molar stoichiometries of 1 SERCA
to 4.5 PLN. The SERCA and PLN concentrations were deter-
mined by BCA assay and quantitative SDS-PAGE (34).

Activity Assays—Calcium-dependent ATPase activities of
the co-reconstituted proteoliposomes were measured by a cou-
pled enzyme assay (35). The coupled enzyme assay reagents
were of the highest purity available (Sigma). All co-reconsti-
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tuted peptide constructs were compared with a negative con-
trol (SERCA reconstituted in the absence of PLN) and a
matched positive control (SERCA co-reconstituted in the pres-
ence of either wild-type human PLN or zebrafish PLN isoform
2b). A minimum of three independent reconstitutions and
activity assays were performed for each peptide, and the cal-
cium-dependent ATPase activity was measured over a range of
calcium concentrations (0.1 to 10 um) for each assay. This
method has been described in detail (30). The K, (calcium
concentration at half-maximal activity), the V, .  (maximal
activity), and the n;; (Hill coefficient) values were calculated
based on nonlinear least squares fitting of the activity data to
the Hill equation using SigmaPlot software (SPSS Inc., Chi-
cago). Errors were calculated as the standard error of the mean
for a minimum of three independent measurements. Compar-
ison of K., V. and n;; parameters was carried out using
analysis of variance (between subjects, one-way analysis of vari-
ance) followed by the Holm-Sidak test for pairwise compari-
sons (SigmaPlot).

Kinetic Simulations—Reaction rate simulations have been
used to describe the transport cycle of SERCA in the absence
and presence of PLN (36, 37) and SLN (8), and we have adopted
this approach to understand SERCA inhibition by zfPLN. Based
on reaction rate constants determined for the transport cycle of
SERCA (21, 38), we performed a global nonlinear regression fit
of the model to each plot of SERCA ATPase activity versus
calcium concentration using Dynafit (BioKin Ltd., Watertown,
MA). An underlying assumption is that the rate constants (21,
38) are a valid starting model for the kinetic simulations and
that these values are close to the correct solution for SERCA in
the presence of regulatory peptides. In optimizing the fit for
SERCA in the presence of regulatory peptides, all reaction steps
were initially allowed to vary. In this initial fit, rate constants
that did not change more than the average error (in the kinetic
simulations) were held at the starting model value. Each of the
remaining rate constants were systematically varied to test
whether they improved the fit to the experimental data (based
on the sum of squared residuals). Rate constants that did not
improve the fit to the experimental data were held at the start-
ing model value. For the final fit, the remaining rate constants
(typically 2—4 rate constants) were allowed to vary to minimize
the discrepancy between the experimental data and the kinetic
model. The starting points for the kinetic simulations included
global fits previously reported for the following: (i) SERCA
alone (38), (ii) SERCA in the presence of wild-type PLN (21, 36),
and (iii) SERCA in the presence of wild-type SLN (8). Errors
were calculated as the standard error of the mean based on
standard deviations calculated by Dynafit. A one-sample ¢ test
was used to evaluate the statistical significance of individual
rate constants versus previously determined values (8, 21, 36,
38).

RESULTS

Human Versus Zebrafish PLN—Herein we focused primarily
on SERCAla in the presence of human and zebrafish PLN;
however, we also tested zfPLN in the presence of the cardiac
SERCAZ2a isoform. Unless explicitly stated, we use the terms
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“SERCA” to designate the SERCAla isoform and “zfPLN” to
designate zebrafish PLN isoform 2b.

SERCA was co-reconstituted into proteoliposomes in the
absence and presence of zfPLN. The co-reconstitution proce-
dure has been described in detail (29, 30, 36, 37, 39—-41). The
final molar ratio in the proteoliposomes was 1 SERCA to 4.5
zfPLN to 120 lipids, and there was no observable difference in
the reconstitution efficiency of human versus zebrafish PLN.
PLN is known to form pentamers observable by SDS-PAGE (2),
and similar behavior was observed for zfPLN (Fig. 2). With
these proteoliposomes, the calcium-dependent ATPase activity
of SERCA was measured, where SERCA reconstituted in the
presence of human PLN served as a positive control. Under
these conditions, proteoliposomes containing SERCA alone
yielded an apparent calcium affinity (K.,) of 0.46 um and a
maximal activity (V,,,,) of 4.1 wmol mg * min~ ' (Table 1).
Inclusion of human PLN in proteoliposomes decreased the
apparent calcium affinity (0.88 um calcium; AK, of 0.42) and
increased the maximal activity (6.1 umol mg ' min™ % AV,
0f2.2) of SERCA. Incorporation of zfPLN into proteoliposomes
with SERCA resulted in a K, value similar to that for human
PLN (0.85 uMm calcium; AK, of 0.39) and a slightly higher V,
value (6.9 wmol mg~ ' min~*; AV, __of 2.8). Thus, despite the
sequence variation in zfPLN, it had regulatory properties simi-
lar to human PLN. A similar approach was used to study the
effects of human and zebrafish PLN on SERCA2a, and there
was no discernible difference in their regulatory properties
(Fig. 3).

A hallmark of mammalian PLNs is the ability to reverse
SERCA inhibition by PKA-mediated phosphorylation at Ser"®
(2, 42). To test this, we phosphorylated zfPLN with PKA fol-
lowed by co-reconstitution into proteoliposomes with SERCA
(43). As expected, phosphorylation of zfPLN reduced the
apparent calcium affinity of SERCA to near control levels
(Table 1; K, values of 0.55 and 0.46 uM calcium, respectively).
This compared well with findings for human PLN, where phos-
phorylation resulted in complete reversal of SERCA inhibition
(K, of 0.45 uwm) (30, 41).

Functional Contributions of Zebrafish PLN Sequence
Variation—The primary structural variations in zfPLN can be
grouped into three distinct regions (designated zfHEAD,
zfMID, and zfTAIL), as well as three transmembrane residue
changes at Tyr*®, Leu®, and Ile®* (Fig. 2). Each of the three
regions contains a cluster of residues that differ from the
human PLN sequence. There are three residue changes in
the N-terminal helix (Tyr® to His, Leu” to Met, and Ser'® to
Ala), seven residue changes in the linker region (Ile'® to Met,
Met®® to Val, Arg® to Lys, Lys*” to Asn, Leu®® to Met, Asn®° to
Glu, and Ile? to Val), and five residues added to the C terminus
(Ser®®-Phe-His-Gly-Met®”). Although many of the residue
changes are conservative, they represent more global sequence
variations compared with the traditional alanine-scanning
mutagenesis that has been used to study PLN function (20, 24,
36, 37). To investigate the functional consequences of these
sequence variations, we created chimeric peptides that con-
sisted of human PLN containing each of the zebrafish regions.

We first focused on the cytoplasmic domain chimeras
(zfHEAD and zfMID) and a single residue change in the trans-
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FIGURE 2. Functional data for wild-type human and zebrafish PLN co-reconstituted into proteoliposomes with SERCA1a. A, sequence alignment for
human and zebrafish PLN. The differences in sequence composition are underlined, and the three clusters of sequence variation (zfHEAD, zfMID, and zfTAIL) are
indicated with brackets. B, topology model for zfPLN. C, SDS-PAGE of zfPLN (5 n.g of protein; 16% gel). Pentameric and monomeric zfPLN are indicated. Shown
are ATPase activity (D) and normalized ATPase activity (E) as a function of calcium concentration for SERCA alone (solid black line), SERCA in the presence of
wild-type human PLN (solid gray line), and SERCA in the presence of zfPLN (dashed line). The V.., Kc., and ny values are given in Table 1. Each data point is the

mean = S.E. (error bars) (n = 3).

membrane domain (Cys*® to Tyr; Fig. 4 and Table 1). The cal-
cium-dependent ATPase activity was measured for SERCA in
the presence of each peptide. Inclusion of the zfHEAD chimera
in proteoliposomes with SERCA resulted in a similar increase in
K, as seen for human PLN (K, values of 0.94 and 0.88 um,
respectively). Surprisingly, the zfHEAD chimera did not
increase the maximal activity of SERCA. Compare V,_ values
for SERCA alone (4.1 wmol mg ' min~ '), SERCA in the pres-
ence of ZtHEAD (4.3 umol mg™" min~"), SERCA in the pres-
ence of human PLN (6.1 umol mg ™' min~"), and SERCA in the
presence of zfPLN (6.9 wmol mg ' min ™~ '). Next, we tested the
zfMID chimera in proteoliposomes with SERCA. Compared
with human PLN, the zfMID chimera was a super-inhibitor of
SERCA (K, values of 0.88 and 1.1 uM calcium, respectively),
while maintaining the characteristic increase in maximal activ-
ity (Table 1). Finally, the Cys*® to Tyr mutation had a small
effect on the ability of human PLN to alter the apparent calcium
affinity (K, values of 0.89 and 0.88 um, respectively) and max-
imal activity of SERCA (V.. values of 6.6 and 6.1 umol mg ™"
min ', respectively). However, the Cys*® to Tyr substitution
resulted in a monomeric variant of human PLN by SDS-PAGE
(data not shown), despite the fact that both human and
zebrafish PLN can form pentamers.
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Functional Contributions of the Zebrafish Tail—A distinctive
feature of zfPLN is the C-terminal luminal domain (Ser®>-Phe-
His-Gly-Met®”), which is lacking in all other known PLN
sequences. Although SLN contains a luminal domain that con-
tributes to SERCA inhibition (4, 8, 44), the key question was
whether or not the luminal extension of zfPLN contributes to
its inhibitory properties. We created two truncation variants of
zfPLN, one with the last five C-terminal residues removed and
another with the last six residues removed (designated
zfPLN(—5) and zfPLN(—6), respectively; Fig. 5). It should be
mentioned that removal of the luminal tail did not affect the
ability of either of the truncated peptides to form pentamers by
SDS-PAGE (data not shown). Inclusion of zfPLN(—5) in pro-
teoliposomes resulted in a moderate loss of SERCA inhibition
(K, 0f 0.70 uM calcium; 62% of zfPLN inhibitory capacity), and
its effect on V,,,, did not significantly differ from that of zfPLN
(Table 1). The zfPLN(—6) truncation behaved in a similar man-
ner, with a K, of 0.67 um calcium (54% of zfPLN inhibitory
capacity). Thus, the luminal extension of zfPLN appeared to
encode ~40% of its inhibitory activity. This contrasts with what
is known for PLN and SLN, where the inhibitory activity of PLN
is encoded by its transmembrane domain (~80% (37)), and the
inhibitory activity of SLN depends on its luminal tail (~75%
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TABLE 1

Kinetic parameters for SERCA in the absence and presence of phos-
pholamban variants

The following abbreviations are used: hPLN, human phospholamban; hSLN, human
sarcolipin; ph-hPLN, phosphorylated hPLN; zfPLN, zebrafish PLN isoform 2b; ph-
zfPLN, phosphorylated zfPLN; zfHEAD, hPLN chimera containing the three-resi-
due changes in the N-terminal helix of zfPLN (Tyr® to His, Leu” to Met, and Ser'° to
Ala); zfMID, hPLN chimera containing the 7-residue changes in the linker region of
zfPLN (Ile'® to Met, Met®® to Val, Arg” to Lys, Lys*” to Asn, Leu®® to Met, Asn*’ to
Glyu, and Ile* to Val); C46Y, hPLN containing a Cys™ to Tyr substitution;
zfPLN(—5), zfPLN lacking last five residues; ZfPLN(—6), zfPLN lacking last six res-
idues; hPLN(+5), hPLN chimera containing the last five residues of zfPLN;
hPLN(+6), hPLN chimera containing the last six residues of zfPLN; zfPLN-SLN,;,
zfPLN chimera containing the last five residues of SLN; F54A, Phe** to Ala mutant
of zfPLN; H55A, His* to Ala mutant of zfPLN; F54A,H55A, double mutant. For
statistical analysis, between subjects one-way analysis of variance followed by the
Holm-Sidak test was used for pairwise comparisons against SERCA in the absence
and presence of wild-type human PLN.

Vinax K, Hy n
wmol mg ' min~* M

SERCA 41+0.1 0.46 * 0.02 1.7+01 32
hSLN 2.9+ 0.1%° 0.80 + 0.02** 1.4+ 0.1 10
hPLN 6.1+ 0.1 0.88 *+ 0.03“ 2001 9
ph-hPLN 6.3 + 0.1 0.45 *+ 0.02° 1.7+01 4
ZfPLN 6.9 + 0.14* 0.85 + 0.01¢ 1.5+ 0.1 12
ph-zfPLN 5.6 + 0.1 0.55 + 0.01* 1.7+01 3
zfHEAD 4.3 +0.1° 0.94 + 0.04% 1.6x01 7
zfMID 5.9 + 0.1%" 1.1 = 0.05%* 14+01 8
C46Y 6.6 = 0.1%° 0.89 + 0.03% 1.6+01 4
zfPLN (—5) 7.2+ 0.1%° 070 +0.03** 16+01 8
zfPLN (—6) 6.4 + 0.1 0.67 +0.03** 16+01 6
hPLN (+5) 5.7 + 0.1%° 094 +0.02** 16+01 8
hPLN (+6) 6.8 + 0.14° 076 = 0.02**  16*+01 6
ZfPLN-SLN,,;, 4.7 = 0.1%* 1.5 = 0.06“* 20+01 5
F54A 6.1 +0.1° 110 £ 0.02%* 17+01 3
H55A 7.0 +0.1¢ 1.02 £ 0.02%  14+01 3
F54A,H55A 5.8 + 0.1 158 £ 0.02% 1.8+01 2

“ p < 0.05 compared with SERCA in the absence of wild-type human or zebrafish
PLN.
 p < 0.05 compared with SERCA in the presence of wild-type human PLN.

Normalized ATPase
Activity

0.01 0.1 1 10
[calcium, pM]

FIGURE 3. Functional data for wild-type human and zebrafish PLN co-re-
constituted into proteoliposomes with SERCA2a. Shown are normalized
ATPase activities as a function of calcium concentration for SERCA2a alone
(solid black line), SERCA in the presence of human PLN (inverted triangles, solid
gray line), and SERCA in the presence of zfPLN (squares, dashed gray line). The
Kc, values for human and zebrafish PLN were indistinguishable from one
another (1.2 = 0.1 um calcium; n = 3).

(8)). Nonetheless, there is an interesting parallel between the
luminal extensions of zZfPLN and SLN in that they both contrib-
ute to SERCA inhibition, albeit with different magnitudes of
SERCA inhibition (~40% versus ~75%, respectively).

A characteristic of the SLN luminal tail is that it is a distinct
and transferable SERCA regulatory domain (8). When trans-
ferred to human PLN, a chimera containing the SLN luminal
tail resulted in super-inhibition of SERCA. To characterize this
behavior for the zfPLN tail, we generated three chimeric con-
structs. The first chimera contained the last five residues of
zfPLN added to the C terminus of human PLN and the second
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FIGURE 4. Cytoplasmic and transmembrane human-zebrafish PLN chime-
ras. A, topology model for zZfHEAD and zfMID chimeras (white, conserved
residues; gray, variant zebrafish PLN residues). K, (B) and V., (C) values were
determined from ATPase activity measurements for SERCA in the absence
and presence of zfHEAD, zfMID, and C46Y chimeras. Each data point is the
mean * S.E. (error bars) (n = 4). The V,,... Kc., and ny, are given in Table 1.
Asterisks indicate comparisons against SERCA in the presence of wild-type
human PLN (p = 0.05).
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FIGURE 5. Removal of the zfPLN luminal tail. A, topology model for zfPLN
with the truncation sites for zZfPLN (—5) and zfPLN (—6) indicated with arrows
(white, conserved residues; gray, variant zfPLN residues). K., (B) and V., (C)
values were determined from ATPase activity measurements for SERCA in the
absence and presence of zfPLN (—5) and zfPLN (—6) truncation variants. Each
data point is the mean = S.E. (error bars) (n = 4). The V.., Kc., and n, values
aregivenin Table 1. Asterisks indicate comparisons against SERCA in the pres-
ence of zfPLN (p = 0.05).

chimera contained the last six residues (designated hPLN(+5)
and hPLN(+6), respectively; Fig. 6). In co-reconstituted pro-
teoliposomes with SERCA, these two chimeras resulted in only
minor changes in the apparent calcium affinity and maximal
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FIGURE 6. Transferring the luminal tail of zfPLN to human PLN. A, topology
models of hPLN (+5) and hPLN (+6) chimeras (white, human PLN residues;
gray, zebrafish PLN luminal residues). K, (B) and V,,,,, (C) values were deter-
mined from ATPase activity measurements for SERCA in the absence and
presence of hPLN (+5) and hPLN (+6) variants. Each data point is the mean +
S.E. (error bars) (n = 4). The V.. Kc,, and n, are given in Table 1. Asterisks
indicate comparisons against SERCA in the presence of wild-type human PLN
(p = 0.05).

activity of SERCA as compared with human PLN (Table 1).
Thus, unlike SLN, the luminal domain of zfPLN did not retain
inhibitory function when transferred to human PLN. In the
third chimera we tested, the luminal domain of zfPLN was sub-
stituted with that from SLN (*’RSYQY added after Ile®? of
zfPLN; designated zfPLN-SLN,,;;; Fig. 7). If a functional parallel
exists between these two luminal domains, we might expect this
chimera to have normal zfPLN function. However, if these
domains are distinct, we would expect to observe the super-
inhibition of SERCA reported previously for a human PLN-
SLN chimera (8). Including zfPLN-SLN,,; in the proteolipo-
somes resulted in potent super-inhibition of SERCA (K, of 1.5
mm) and only a small increase in the maximal activity of SERCA
(Ve Value of 4.7 wmol mg ™' min ). Because these are SLN-
like qualities, it led us to conclude that the luminal domain of
zfPLN has a distinct regulatory function that cannot be
replaced by the luminal domain of human SLN.

Mutagenesis of the Zebrafish Luminal Domain—Aromatic
residues play a key role in regulating SERCA from the luminal
side of the SR membrane, as observed for the luminal domain of
SLN (4, 8, 44) and the C-terminal tail of the ubiquitous
SERCA2b splice variant (45, 46). For this reason, we focused on
the role of Phe®* and His®® in the luminal tail of zfPLN. We
substituted alanine residues at these positions in the wild-type
zfPLN sequence (Phe®* to Ala, His®® to Ala, and the double
mutant) and co-reconstituted the mutant peptides into proteo-
liposomes with SERCA. Calcium-dependent ATPase activity
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FIGURE 7. Replacing the luminal tail of zfPLN with the luminal tail of
human SLN, and mutagenesis of the luminal tail of zfPLN. A, topology
model for wild-type zfPLN and zfPLN-hSLN,,; (white, conserved PLN residues;
gray, variant zebrafish PLN residues; black, human SLN luminal domain). K¢,
(B) and V. (C) values were determined from ATPase activity measurements
for SERCA in the absence and presence of zZfPLN-hSLN,,; chimera and zfPLN
alanine mutants (F54A, Phe* to Ala; H55A, His>® to Ala; and the double
mutant F54A,H55A). Each data pointis the mean = S.E. (error bars) (n = 4). The
Vi nax Kcar @and ny; are given in Table 1. Asterisks indicate comparisons against
SERCA in the presence of wild-type zebrafish PLN (p = 0.05).

measurements revealed that mutation of one or both residues
resulted in super-inhibition of SERCA (the K, values were
1.10, 1.02, and 1.58 M, respectively; Table 1 and Fig. 7). At first
glance, the observed super-inhibition may seem counterintui-
tive. Tyr*! of SLN and Phe®* of zfPLN are at homologous posi-
tions (Fig. 1), yet the alanine substitutions have opposite effects
(Table 1) (8). However, the sequence of zfPLN’s luminal exten-
sion extends further into the SR lumen, and it forms a distinct
structural element compared with the SLN tail. Importantly,
zfPLN’s luminal extension must enable a precise level of
SERCA inhibition over the calcium concentrations required
for normal cardiovascular function. The potent inhibition
observed for the alanine mutants (Phe®* to Ala, His®>® to Ala,
and the double mutant; Table 1) and the SLN tail chimera
(zfPLN-SLN,,;; Fig. 7) suggests that the luminal extension of
zfPLN has selectively evolved to avoid super-inhibition of
SERCA.

Kinetic Simulations for Zebrafish PLN—From the above
results, it is clear that the luminal domain of zZfPLN contributes
to its inhibitory function in a manner that is distinct from other
vertebrate forms of PLN and SLN. To gain insight into this
mechanistic difference, we used kinetic reaction rate simula-
tions to describe calcium transport by SERCA in the absence
and presence of zZfPLN. In the simulated reaction scheme, cal-
cium binding to SERCA occurs as two steps linked by a confor-
mational change that establishes cooperativity (Fig. 8 E +
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FIGURE 8. Partial reaction scheme for calcium transport by SERCA. Cal-
cium binding involves three distinct steps (21, 38) as follows: binding of the
first calcium ion (A¢, and A,.,), a conformational change that establishes
cooperativity (B, and B,,), and binding of the second calcium ion (C,, and
Crev)'

rev rev

Ca<> ECa<> E'Ca + Ca<> E'2Ca) (21, 36). Kinetic simulations
for human PLN revealed that it primarily affects the SERCA
conformational change (ECa <> E'Ca; rate constants By, and
B...). This manifests as a decrease in the apparent calcium affin-
ity of SERCA and an increase in cooperativity for binding of the
second calcium ijon. Kinetic simulations for human SLN
revealed that it uses a different mechanism (8). Although SLN
also targets the SERCA conformational transition (ECa <
E'Ca; B, and B,,,), the primary effect is on binding of the first
calcium ion (E + Ca <> ECa; Ag,, and A,,.,).

What is the mechanism used by zfPLN? Despite having a
primary structure that is largely homologous to human PLN,
performing the kinetic simulations for zZfPLN (Table 2) revealed
that its mechanism of regulating SERCA more closely resem-
bles that used by SLN. Effects were observed on both binding of
the first calcium ion to SERCA (E + Ca <> ECa; increase in
A,..), as well as the SERCA conformational change (ECa <>
E'Ca; increase in B,,,). However, there was one major differ-
ence between zfPLN and SLN. Human PLN and zfPLN increase
the maximal activity of SERCA, whereas SLN decreases the
maximal activity (Table 1). These changes in maximal activity
occur through a shift in the equilibrium for the SERCA confor-
mational change (ECa — E’Ca; increase or decrease in By,
respectively). Although the SERCA conformational change is
not the rate-limiting step in the reaction cycle, it is the slowest
step in calcium binding (21). Nonetheless, the effect of zfPLN
on binding of the first calcium ion to SERCA is a SLN-like trait
attributable to its luminal domain. To test this notion, we per-
formed the kinetic simulations on zfPLN lacking the five lumi-
nal residues (zfPLN(—5); Fig. 5 and Table 2). The expectation
was that the SLN-like effect on binding of the first calcium ion
to SERCA (E + Ca <> ECa; increase in A ) should be reversed
by removal of this domain. Indeed, we found that A ., was
reduced, indicating that the luminal domain of zfPLN was
responsible for this effect.

DISCUSSION

Of Humans, Rabbits and Zebrafish—The goal of this study
was to examine functional differences between human and
zebrafish PLN in reconstituted proteoliposomes with SERCA.
We used an in vitro reconstitution system that is designed to
mimic cardiac SR membranes while offering the opportunity
for detailed mechanistic insights (30, 36, 37, 41). However, this
system uses rabbit skeletal muscle SERCAla as an effective
substitute for the cardiac-specific isoform SERCA2a (33).
Although we also examined human and zebrafish PLN in pro-
teoliposomes with porcine cardiac muscle SERCA?2a (Fig. 3), it
is important to recognize that our primary focus was on human
and zebrafish PLN and rabbit SERCAla. Thus, the primary
structure of zfPLN could simply reflect compensatory sequence
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changes in response to the primary structure of zebrafish
SERCAs. In other words, sequence differences between rabbit
SERCA1la and zebrafish SERCA2a might account for the func-
tional differences observed with zfPLN. To consider this, we
mapped sequence variations for human and zebrafish
SERCAZ2a onto the structure of rabbit SERCA1a (Fig. 9). Rabbit
SERCA1la, human SERCAZ2a, and zebrafish SERCA2a have
~85% identical amino acid sequences. The differences localize
to the surface of the protein, and there are no sequence varia-
tions in the PLN binding groove on SERCA (M2, M6, and M9
(10)). This indicates that differences between human, rabbit,
and zebrafish SERCA isoforms cannot account for our func-
tional results.

Human Versus Zebrafish PLN—The primary structure of
PLN is practically invariant in mammals, with typical sequence
variations at one or two residue positions (e.g. Glu® to Asp and
Lys®” to Asn). However, nonmammalian vertebrates have con-
siderable sequence variation with as many as 18 residues differ-
ing from the human PLN sequence. Zebrafish contain two
genes for PLN (Fig. 1), isoform 1 on chromosome 17 and iso-
form 2 on chromosome 20 (two variants of isoform 2 have been
reported). The primary difference between the two isoforms is
the C-terminal extension present in isoform 2b (designated
zfPLN herein). Transcripts (cDNA) encoding these proteins
have been found in a variety of zebrafish tissues, including the
heart (UniGene Dr.76091). We decided to functionally charac-
terize zfPLN because it has the highest sequence variation
among the known PLN genes, and it has a unique luminal
extension that could be involved in SERCA regulation. In addi-
tion, nonmammalian PLNs have not been studied, and many of
them contain sequence variations in the same regions of the
protein. Because this is the first detailed characterization of a
nonmammalian form of PLN, we wanted to understand
whether there are differences in how PLN from lower organ-
isms regulates SERCA activity. Because PLN is a major deter-
minant of cardiac contractility, we wished to identify structural
elements that differentiate human PLN from a nonmammalian
ortholog.

Incorporating zfPLN into proteoliposomes with SERCA, we
found that it altered the apparent calcium affinity of SERCA to
an equivalent degree as human PLN (Fig. 2 and Table 1). This
inhibition was reversed by PKA-mediated phosphorylation,
confirming that zfPLN can respond to (-adrenergic stimula-
tion. This led us to conclude that despite the high sequence
variations between zebrafish and human PLN, they have
remarkably similar physical and functional characteristics.

Zebrafish HEAD—Considering the different regions of PLN
as distinct structural elements, we first investigated three
sequence variations in the N-terminal a-helix of zfPLN (Tyr® to
His, Leu” to Met, and Ser'° to Ala; Fig. 4). The zfHEAD chimera
retained the ability to inhibit SERCA (Table 1). Perhaps this is
not surprising given the conservative nature of the amino acid
changes. However, unlike human and zfPLN, the chimera was
unable to stimulate the maximal activity of SERCA. In previous
studies of human PLN, alanine substitutions of Tyr® and Leu”
were found to have less of a stimulatory effect on SERCA max-
imal activity (37). Thus, the residue changes at these two posi-
tions (Tyr® to His and Leu” to Met) account for the functional
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TABLE 2
Rate constants from kinetic simulations (s~" = S.E.)

* indicates one-sample ¢ test significantly different from previously reported rate constants (21), p < 0.01. ** indicates one-sample ¢ test significantly different from rate
constants for SERCA alone, p < 0.01. *** indicates one-sample ¢ test significantly different from rate constants for both SERCA alone and SERCA in the presence of PLN,
p < 0.01. All other rate constants were not significantly different and were fixed at the reported rate constant values (21).

Reconstituted proteoliposomes

Rate
constant? SERCA® PLN SLN zfPLN zfPLN(—5)
Agor 190,700 * 600* 190,000 157,200 = 700*** 119,500 = 400*** 114,800 = 400***
oy 400 400 64,000 £ 600*** 34,900 * 400*** 400
Ratio® 477 475 2.5 3.4 287
B... 40 26,000 * 1000** 132,000 = 4000*** 92,000 = 3000%** 15,000 = 4000%**
Ratio® 0.75 0.00172 0.000167 0.00056 0.0035
Cror 1,810,000 = 40,000* 250,000 = 2000** 1,810,000 1,810,000 1,810,000
oy 16 16 16 16 16
Ratio 113,125 15,625 113,125 113,125 113,125
SSR? 0.002 0.004 0.001 0.001 0.005

“ Only rate constants with S.E. values were allowed to vary during the kinetic simulations. See “Experimental Procedures” for further details.
b Rate constants for SERCA in the absence of PLN (updated values from Trieber et al. (36)); these rate constants are used as the starting point for kinetic simulations of

SERCA in the presence of PLN, SLN, zfPLN, and zfPLN(—5).
¢ Agor was divided by A,..; By, was divided by B,.,; and Cg,, was divided by C,,.

rev’

4 Sum of squared residuals (SSR); minimization of the sum of squared residuals between the kinetic model and experimental data is shown.

FIGURE 9. Sequence variation between human and zebrafish SERCA2a
and rabbit SERCA1a. Surface representation of SERCA1a (gray) with the non-
conservative amino acid variations between the human SERCA2a and rabbit
SERCA1a shown in red and the zebrafish SERCA2a and rabbit SERCATa shown
in green. PLN is shown as a blue ribbon diagram.

consequences of the ztHEAD chimera. The effect of PLN on the
maximal activity of SERCA is only observed at high protein to
lipid and PLN to SERCA ratios that mimic cardiac SR mem-
branes (36, 47), and this effect is not reversed by PKA-mediated
phosphorylation (30). Residues that contribute to the V, .
stimulation of SERCA are found in the cytoplasmic and trans-
membrane domains of PLN (30, 36, 37). In addition, the trans-
membrane domain of PLN by itself does not stimulate SERCA
activity (40). Presumably then, SERCA interactions and cou-
pling between the cytoplasmic and transmembrane domains of
PLN underlie the effect on maximal activity.

There are two competing models for how the cytoplasmic
domain of PLN participates in SERCA inhibition. In a recent
model, the cytoplasmic domain of PLN does not interact with
SERCA in the inhibitory complex, instead it adopts either a
membrane-associated helix or a disordered state (48). In the
prior models for the SERCA-PLN inhibitory complex (49, 50),
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Tyr® and Leu” are proximal to the hinge region that connects
the N- and P-domains of SERCA (Fig. 10). It is notable that such
an interaction could impact the flexible interface between the
N- and P-domains. Because this region undergoes large confor-
mational changes during calcium transport, it suggests a possi-
ble mechanism for how PLN can influence the turnover rate of
SERCA. It is also notable that these residue changes have con-
text-dependent effects on SERCA. Zebrafish and human PLN
stimulate the maximal activity of SERCA, whereas the zfHEAD
chimera is unable to do so.

Zebrafish MIDDLE—The largest cluster of residue changes
between zebrafish and human PLN occurs in the linker region
and extends into the N-terminal part of the transmembrane
helix (Ile'® to Met, Met® to Val, Arg®® to Lys, Lys*” to Asn,
Leu®® to Met, Asn® to Gluy, and Ile*® to Val; Fig. 4). Although
the residue changes are mainly conservative, there are several
essential residues in this region of PLN. A zfMID chimera with
these seven substitutions on the wild-type human background
resulted in gain of inhibitory function and a more pronounced
shift in the apparent calcium affinity of SERCA (Fig. 4 and Table
1). Thus, despite the conservative nature of the residue differ-
ences in zfPLN, one or more of the changes in the chimera
altered human PLN function.

It has been proposed that polarity or positive charge in the
linker region of PLN modulates the interaction with SERCA by
destabilizing the SERCA-PLN inhibitory complex (49). Resi-
dues such as Lys*” and Asn®® of PLN are thought to be impor-
tant for reducing the binding affinity such that SERCA inhibi-
tion occurs over a narrow range of calcium concentrations. In
prior studies, alanine substitution of Ile'®, Met*°, Arg” or Ile*®
had little impact on PLN function (20), suggesting that the con-
servative substitutions found at these positions in zfPLN are
unlikely to alter function. However, alanine substitution of
Asn*” (rabbit PLN; Lys*” in humans), Asn®’, or Ile*® resulted in
gain of function (super-inhibition of SERCA). Thus, one or
more of these latter three residues are responsible for the
zfMID gain of function. The gain of function previously
observed for an Ile® to Ala mutant was attributed to disruption
of the PLN pentamer (24). Herein, the zfMID chimera harbor-
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FIGURE 10. Interactions between zfPLN and SERCA. A, to understand
changes in the cytoplasmic domain of zfPLN, a molecular model for the inter-
action with SERCA is shown (50). Residues that differ from the human PLN
sequence are shown in stick representation and are color-coded. The boxes
indicate the relative positions of the zZfHEAD, zfMID, and zfTAIL chimeras. B,
close-up view of the zfHEAD chimera based on the molecular model. C,
close-up view of the zfMID chimera based on the reported structure of the
SERCA-PLN complex (12) and the molecular model (50). D, close-up view of
the zfTAIL chimera based on the reported structure of the SERCA-PLN com-
plex (12). Phe** and His>* (red) are in proximity to the luminal end of M1-M2 of
SERCA (particularly Phe®® and Phe®?, which are in light blue). The zfTAIL region
of zfPLN is shown as a continuous a-helix, although we anticipate that it may
be partially unwound in the SERCA-PLN inhibitory complex.

ing the Ile®® to Val mutation was pentameric, indicating that
this residue change is not responsible for the gain of function
behavior of the chimera. Molecular models for the inhibitory
complex place Lys*” and Asn®° of PLN proximal to a positively
charged cluster of residues on SERCA (Fig. 10). In the reported
structure of the SERCA-PLN complex (12), Lys*” and Asn*°
have been mutated to alanine and cysteine, respectively, and
these two residues sit below the positive charge cluster on
SERCA. Nonetheless, Lys®” in human PLN is an asparagine in
zfPLN and most mammalian species, so it is unlikely that this
change has an effect on SERCA inhibition. With this in mind,
the Asn®’ to Glu substitution must modulate the binding affin-
ity of PLN and cause super-inhibition of SERCA (Fig. 10). The
glutamate substitution at this position validates the hypothesis
that Asn® is proximal to several positively charged residues in
SERCA. As noted above for the zfHEAD chimera, there is a
context-dependent effect of the Asn®® to Glu substitution.
Zebrafish and human PLN have similar effects on SERCA activ-
ity, whereas the zfMID chimera results in super-inhibition.
Zebrafish Transmembrane Domain—The few residues in the
transmembrane domain of zfPLN that differ from the human
sequence are Cys*® to Tyr, Met®® to Leu, and Leu®” to Ile. The
most interesting of these residue changes is the aromatic Tyr*®
in zfPLN, which is reminiscent of the tryptophan residue at the
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homologous position in SLN (Trp??; Fig. 1). Herein a Cys*® to
Tyr mutant of human PLN had wild-type like properties even
though it was unable to form stable pentamers by SDS-PAGE.
In the available models for the PLN pentamer, Cys46 faces out-
ward into the hydrocarbon core of the lipid bilayer (16, 51). It is
known that the PLN pentamer is stabilized by a leucine-isoleu-
cine zipper and that mutation of any of these residues destabi-
lizes the pentamer and increases the prevalence of the mono-
meric form (24, 52). However, the three cysteine residues in the
transmembrane domain of PLN also appear to be important for
pentamer stability (53). Therefore, it may not be surprising that
replacement of Cys*® with a tyrosine destabilizes the human
PLN pentamer. In addition, it is intriguing that zfPLN, harbor-
ing Tyr, still forms pentamers. It should be noted that the
luminal extension of zfPLN does not play a role in pentamer
formation, as the tailless truncation constructs still form pen-
tamers (data not shown). Thus, given that both zfPLN and SLN
have an aromatic residue at this position (Tyr*® and Trp*?,
respectively), examination of their sequences provides insight
into determinants for pentamer formation. In zfPLN, the ten-
dency of Tyr*® to destabilize the pentamer must be offset by
compensatory features that allow oligomerization. Based on
the available PLN sequences, the presence of Tyr*® is usually
accompanied by Val®*® and Leu®®, which are Ile** and Met™® in
human PLN (Fig. 1). These latter residues are required for pen-
tamer formation (23, 24), and the conservative amino acid
changes in zfPLN may serve to accommodate the disruptive
contributions of Tyr*®. In addition, SLN has a charged residue
(Arg®) at the equivalent position of Met®® in human PLN,
which may further destabilize the oligomeric forms in the case
of SLN.

Zebrafish TAIL—In mammals and birds, the C terminus of
PLN is a perfectly conserved structural and functional domain
(Met>°-Leu-Leu®?; Fig. 1). However, the C terminus of zebrafish
PLN isoform 2b contains five additional residues that are rem-
iniscent of the luminal extension of SLN, a highly conserved
structural and functional domain unique to this protein.
Because this could suggest convergent evolution of SLN and
zfPLN, we were interested in the potential function of this
unique domain. For SLN, the luminal domain plays a role in SR
retention and SERCA inhibition (8, 44, 54), and this contrasts
with what is known for PLN. PLN lacks a luminal domain, and
SR retention occurs via the di-arginine motif in its cytoplasmic
domain (55). Because the di-arginine motif is conserved in
zfPLN, it seems unlikely that its luminal domain would perform
the redundant task. Thus, the question was whether the luminal
domain of zZfPLN makes a contribution to its inhibitory activity.

In our studies of SLN, removal of its luminal extension
resulted in severe loss of inhibitory function (8). Similarly, the
zfPLN truncation variants lost much of their ability to inhibit
SERCA (~60% of the inhibitory capacity of full-length zfPLN).
Thus, the luminal extension of zfPLN contributes to SERCA
inhibition, and this is in marked contrast to all other known
PLN homologs. Importantly, there was little difference between
the two truncation variants (zfPLN(—5) and zfPLN(—6)), indi-
cating that Ile®*> does not contribute to the function of this
domain. The luminal extension of SLN was also shown to be a
distinct and transferable regulatory domain (8), and we
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wondered whether the same was true for the zfPLN luminal
domain. We found that the zfPLN luminal domain had only a
minor effect on human PLN inhibitory function (Table 1).
Thus, the luminal extension of zfPLN did not retain its func-
tional properties when added to the C terminus of human PLN.
Similarly, the luminal domain of zfPLN (**SFHGM) could not
be replaced by the luminal domain of SLN (*’RSYQY; Fig. 7).
Instead, a zfPLN chimera containing the luminal extension of
SLN resulted in potent super-inhibition of SERCA (Table 1),
consistent with a previous study of this domain (8). Thus, the
luminal domain of zfPLN has functional properties distinct
from both PLN and SLN, and it can only regulate SERCA in the
context of the primary structure of the full-length zebrafish
protein.

Zebrafish PLN Uses a Hybrid Inhibitory Mechanism—Given
the sequence variations in zfPLN, one would expect some
unique functional characteristics to accompany these changes.
Herein, we examined changes of a single residue (e.g. Cys*® to
Tyr) or groups of residues (e.g. zfHEAD and zfMID) in the back-
ground of human PLN. It is clear from our results that sequence
context matters. Therefore, despite mostly conservative se-
quence changes throughout its primary structure, residues
such as Glu®® and Tyr*® gave rise to normal PLN function in
zebrafish and aberrant functional properties when present in
human PLN. An excellent example of this is the unique luminal
extension, which contributes to zfPLN inhibitory function but
does not contribute to function when added to human PLN.
Thus, one conclusion is that the sequence variations among the
different PLN homologs are balanced in a way that results in an
almost identical PLN functional profile.

Comparing the linear sequences of PLN and SLN across spe-
cies, the luminal extensions consist of three to eight residues as
follows: *°MLL in human PLN, 2’RSYQY in human SLN, and
*°LLISFHGM in zfPLN (Fig. 1). At first glance, zfPLN appears
to contain a concatenation of typical PLN and SLN luminal
extensions. The last five residues (*>SFHGM) are reminiscent
of SLN, yet they are offset further into the lumen by three pre-
ceding residues (°*°LLI) that are reminiscent of mammalian
PLNSs. These latter three residues are homologous to the highly
conserved C terminus found in mammals and birds (**MLL),
whereas the two aromatic residues in zfPLN (Phe®* and His>®)
may align with the terminal Tyr*® and Tyr*! of SLN. Both Tyr*®
and Tyr*! of human SLN are important for SERCA inhibition,
and they result in loss of function when mutated to alanine (8).
We find that Phe>* and His>® of zfPLN are also important for
SERCA inhibition, yet they result in gain of function when
mutated to alanine (Table 1). This indicates a fundamental dif-
ference in the way luminal sequences modulate PLN and SLN
function. A luminal domain is required for SLN function (8), yet
itis absent (not required) for most homologs of PLN. In the case
of PLN in zebrafish, isoform 2b possesses typical SERCA inhib-
itory capacity, whereas isoform 2a lacks the luminal domain
and results in weaker SERCA inhibition. We conclude that the
zfPLN luminal domain contributes to SERCA inhibition, while
carefully avoiding super-inhibition.

In the structure of the SERCA-SLN complex (10, 11), Tyr*® of
SLN is proximal to Phe®® on M2 of SERCA, although Arg®” and
Tyr®' face away from SERCA. These latter two residues are
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positioned to protrude into the membrane at the hydrocarbon
core-water interface, thereby acting as ballast to properly posi-
tion SLN in the inhibitory complex (Fig. 10). Phe®* and His"® of
zfPLN may play a similar role in positioning zfPLN in the inhib-
itory complex. As a result, the complex sequence variations
throughout zfPLN result in different levels of SERCA inhibition
in the absence (zfPLN isoform 2a) or presence (zfPLN isoform
2b) of the luminal tail. Although this domain superficially
resembles that found in SLN, it uses distinct structural features
to achieve optimal SERCA inhibition.

Although mammalian and zebrafish PLNs have similar
inhibitory capacities, it is reasonable to expect that their dis-
tinct structural features result in mechanistic differences in the
way they regulate SERCA. Indeed, there are clear differences in
the ATPase activity isotherms for SERCA in the presence of
zebrafish versus human PLN (Fig. 2E). Although the apparent
calcium affinity of SERCA is similar, the curve shapes indicate
significantly higher cooperativity for calcium binding in the
presence of human PLN. This is because PLN alters a confor-
mational transition in SERCA that follows binding of the first
calcium ion, which in turn increases the cooperativity for bind-
ing of the second calcium ion (21, 36). Zebrafish PLN targets
this same step, yet it also alters the binding of the first calcium
ion to SERCA (Table 2). This latter effect is entirely encoded by
the luminal extension of zfPLN, and it is reminiscent of the
mechanism used by SLN (8). However, the luminal extensions
of zfPLN and SLN are distinct domains, even though they
achieve a similar mechanistic result in regulating SERCA. With
PLN primarily using its transmembrane domain to regulate
SERCA and SLN primarily relying on its luminal domain,
zfPLN uses a hybrid PLN-SLN mechanism with contributions
from both domains.

Finally, an interesting feature of the zebrafish genome is that
itencodes multiple PLN isoforms. Although gene duplication is
common in fish (56), the isoforms differ in their primary struc-
tures (Fig. 1). Isoform 2b has the unique luminal domain and
isoforms 1 and 2a lack this domain and more closely resemble
human PLN. Because the zfPLN luminal domain contributes to
SERCA inhibition, the isoforms also differ in their inhibitory
capacity. To the best of our knowledge, this is the first example
of an organism with distinct PLN variants. It raises the interest-
ing possibility that SR calcium handling and cardiac contractil-
ity may be regulated by the differential expression of PLN vari-
ants with different SERCA inhibitory capacities.
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