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postulates two rounds of whole genome duplication took place
in that period (10). These findings are similar to the evolution
of other proteins in the junctional membrane complex, includ-
ing the intracellular CRC, NCX, and the Ca’" release-activated
Ca®* channel subunit Orai. The whole genome duplication
theory also suggests that an additional round of replication
(3R) took place in the teleosts (32). The genomes of D. rerio
and T. nigroviridis harbor six and seven possible JPH genes (or
pseudogenes), respectively (data not shown). Although the
fragments are too short to pass our inclusion criteria or be
included in the phylogeny tree, they could be the traces of the
additional paralogs predicted by the 3R hypothesis.
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Fig. 6. Alignment of published JPH2 muta-
tions associated with cardiomyopathy in pa-
tients. Four mutations in JPH2 associated
with heart disease have been published. The
mutation is highlighted by a black box, and
the alignment of the mutated site is shown by
the gray shading. S101R, Y141H, and S165F
from Ref. 27; G505S from Ref. 31.

Another interesting finding is the peculiar position of JPH4.
The longer branch length in JPH4 implies that it has undergone
the most sequence changes, which suggests it has been under
less evolutionary pressure than the other JPHs. This may
indicate that whereas JPH 1-3 all have very specific roles in
skeletal and cardiac muscle and in the brain, respectively, JPH4
may only have an accessory or complementary role in the
brain. The expression of JPH3 and 4 in almost identical regions
of the brain supports this hypothesis: both are most highly
expressed in the hippocampus, granule cells of the cerebellum,
caudate putamen, nucleus accumbens, and the olfactory bulb

and anterior olfactory nuclei. Additionally, JPH3 has a low
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level of expression in the ventrolateral, ventroposterior, and
posterior thalamic nuclei and spinal gray matter, whereas JPH4
is undetectable in these regions (37). Furthermore, in knockout
mouse models a phenotype was only apparent when both JPH3
and 4 where knocked out simultaneously (34).

Interestingly, other junctional membrane proteins seem to
have lost the fourth isoforms predicted by the 2R hypothesis
altogether [e.g., NCX (39) and RYR (48) only have three
isoforms], suggesting that JPH4 may have a redundant function
(as suggested by the knockout data). Conversely, the evolu-
tionary conservation of JPH4 in vertebrates suggests that it
may have evolved to carry out a particular function (probably,
but not necessarily similar to JPH3 function) that was not
detected in the knockout model but was sufficient to maintain
JPH4 conserved in the genome. Additional studies of the
function of JPH4 and indeed JPHs in general will help to
answer the question of whether JPH4 is a gene on its way out
or has developed a particular function yet to be discovered.

Our search also found a low but consistent similarity be-
tween JPH and phosphatidylinositol-4-phosphate-5-kinases
[PIP(4,5)K] in protists and some plants (data not shown). This
is probably the result of the presence of multiple MORN motifs
with these sequences, which have been found to bind the nega-
tively charged membrane lipids, in particular PtdIns(4,5)P2 and
PtdOH (23). This suggests that the PM-associated region of
JPH could play a role in signaling regulation through PIP2,
although no data have been published on whether it acts
upstream or downstream in the pathway. The Drosophila gene
Undertaker, which encodes two small transcripts, also contains
MORN motifs, suggesting they may be generic membrane
binding domains. Although Undertaker was reported recently
as a novel JPH (9), Undertaker actually has very little simi-
larity to the prototypic structure that is highly conserved among
all JPHs examined in this study, including the Drosophila
JPHs. However, its role in calcium signaling and forming of
junctional complexes between the PM and ER/SR membranes
suggests that there may be a larger family of JPH-like mem-
brane proteins, and those examined here (§ MORN domains,
an a-helical structure and a TM domain) may constitute a
specific subgroup.

Functional Roles of JPHs

In excitable cells, intracellular signaling processes occur
locally within periplasmic subspaces often referred to as mi-
crodomains. The assembly of these JMCs enables communi-
cation between the PM and intracellular compartments such as
the SR/ER. JPHs are believed to play an essential role in the
proper assembly of these JMCs in muscle and neuronal cell
types (37, 46). In cardiac myocytes, a complex network of PM
invaginations called T-tubules propagate the depolarization
signal, which originates at the cell surface, throughout the cell
interior. JMCs are found at regular intervals along the T-
tubules, where the PM comes into close proximity to the SR
membrane. Here, the cellular depolarization signal triggers the
opening of voltage-sensitive L-type Ca>" channels, allowing
the influx of extracellular Ca®* into the cell. After entering the
JMC, Ca?" diffuses until it reaches cardiac CRCs (RyR2) on
the SR membrane to trigger channel opening. This in turn
allows the release of large amounts of Ca?>* from the SR,
increasing the cytoplasmic Ca’" concentration several-fold

(50). This amplification of Ca?* is termed CICR (12) and plays
a critical role in the initiation of contraction of cardiac myo-
cytes. The short distance between the LTCC and RyR2 is
thought to be critical for efficient triggering of RyR2-mediated
SR-stored Ca?" release by extracellular Ca®>*. Conversely,
improper approximation or alignment of LTCC and RyR2
channels in the JMC has been observed in hypertrophic and
failing hearts (45, 54). Suboptimal coupling between cytoplas-
mic and SR Ca®" channels results in a decreased excitation-
contraction coupling efficiency and impaired contractility of
the heart. Other studies have shown that disruption of JPH
expression in cardiac muscle by genetic deletion of JPH2 in
mice leads to the formation of fewer and improperly aligned
JMC:s as evidenced by the lower incidence of 12 nm junctions
between the PM and SR (46). At the whole organism level,
absence of JPH2 in mouse heart muscle causes abnormal,
stochastic heartbeats and death by embryonic day 10.5 (46).
Loss of JPHI in mice results in poor skeletal muscle function,
resulting in early postnatal death of JPHI knockout mice as a
result of an inability to feed (24). These findings attest to the
critical role of JPHs in the formation and functionality of
JMCs.

JPH in Disease

In humans, mutations in JPH2 are associated with HCM (27,
31). Indeed, several distinct missense mutations identified in a
cohort of unrelated patients with HCM were found to impair
the ability of JPH2 to maintain the critical dyadic geometry
necessary for proper CICR through in vitro analyses. In rodent
genetic models of HCM and dilated cardiomyopathy (DCM),
reduced JPH?2 expression has been associated with pathogen-
esis of these diseases (33). Furthermore, in rodent models of
“compensated” and “decompensated” pressure-induced hyper-
trophy, this downregulation of JPH2 occurred early during a
period of intermolecular remodeling, ultimately resulting in
uncoupling of CICR and disease pathogenesis (54). Whether
this downregulation is a maladaptive physiological response or
directly contributory to the failing myocyte remains unan-
swered.

Trinucleotide repeat expansion in the JPH3 gene has been
associated with Huntington disease-like 2 (HDL2), a disease
characterized by progressive dementia, ataxia and movement
disorders (including chorea) (20). The expanded CAG/CTG
repeats may result in the formation of RNA foci associated
with cellular toxicity (43). Therefore, it appears that JPH3
defects associated with HDL2 may not involve JPH3 expres-
sion abnormalities although this remains to be determined.

Posttranslational Modifications

One advantage of a large alignment of protein sequences is
that it allows conservation to be assessed at the single amino
acid level. This degree of resolution is important to identify
key residues involved in posttranslational modifications and
protein binding. Phosphorylation is a common mechanism to
modify protein function, and is known to regulate calcium
signaling (6, 51). For example, PKA phosphorylation of phos-
pholamban increases Ca®>™ entry into the SR, improving car-
diac relaxation (5). We identified several possible phosphory-
lation sites on human JPH isoforms, some of which correlate
with previously proposed sites. In vivo confirmation of even
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some of these sites could reveal regulatory pathways that
directly affect intracellular calcium signaling.

The variable nature of regulation site predictions from these
different approaches confirms that they all suffer from intrinsic
biases and limitations. However, it is interesting to note that
some predictions cluster in highly conserved regions across
isoforms, suggesting generic JPH regulation sites. Some sites
are consistently predicted in regions that are highly conserved
in one specific isoform. These could serve as isoform-specific
regulatory sites. For example, the two postulated phosphory-
lation sites in mouse JPH3 are highly conserved in all species
but are only found in JPH3 isoforms, suggesting an isoform-
specific function or regulatory mechanism. These findings are
the first step in determining how and where each JPH isoform
is regulated. It is also interesting to note that most of these sites
are in the joining and divergent regions, supporting the hy-
pothesis that these two domains are responsible for protein
interaction and regulation.

Protein-protein Interactions

Little information is available on JPH regulation and inter-
actions with other proteins. Interactions are difficult to explore,
since they span from transient (such as a phosphorylation
event) to prolonged (binding to another structural element to
form a complex, such as TM segments in the SR membrane),
with highly variable effects. The two most likely sites for
protein-protein interactions would be the joining region and the
divergent region, since these are both highly conserved but do
not seem to play a role in forming JPH structure.

Two protein-protein interactions have been specifically re-
ported in the literature: JPH1 was shown to coimmunoprecipi-
tate with RyR1 (40) and JPH2 coimmunoprecipitated with
caveolin-3 (33). Interaction with RyR1 supports the hypothesis
of JPH being a key structural component of the JMC and opens
an avenue of research into how CICR is regulated. Caveolin-3
forms caveolae in muscle and is involved in the proper forma-
tion of T-tubules and the scaffolding of the PM; mutations in
CAV3-encoded caveolin-3 have been associated with myopa-
thies (52), long QT syndrome (49), and sudden infant death
syndrome (7). Binding of caveolin-3 to JPH could thus be an
important component for the formation of JMCs in myocytes.
Large-scale analyses of protein interactions have shown three
additional binding candidates: SMAD3 coimmunoprecipitated
with JPH1(15), slc2a4 (the glut-4 glucose transporter) in rats
coimmunoprecipitated with JPH2 (13), and a coimmunopre-
cipitation showed an interaction between JPH3 and STK23, a
serine/threonine kinase (11). Although these large-scale ap-
proaches using tagged proteins are less precise, they do point to
a variety of possible interactions and regulatory pathways that
JPH could influence.

Summary

JPHs are proteins found in JMC in excitable cells, where
they play a critical role in approximating the plasmalemmal
and SR/ER membranes. A phylogenetic analysis of over 60
JPH proteins from over 40 species revealed that JPHs are
highly conserved in evolution, in particular the MORN motifs
found in all species. Our data suggest that an ancestral form of
JPH arose at the latest in a common metazoan ancestor and that
in vertebrates four isoforms arose, probably following two

rounds of whole genome duplications. The increasing number
of available JPH sequences yields significant insight into the
molecular evolution and the functional roles of JPHs in excit-
able cells. Our analysis is consistent with the emerging concept
that JPHs serve dual important functions in excitable cells:
structural assembly of JMC and regulation of intracellular
calcium signaling pathways.
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