
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Expression and function of the histidine-rich calcium-binding protein

Permalink
https://escholarship.org/uc/item/9mv0b73m

Author
Jaehnig, Eric

Publication Date
2006
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9mv0b73m
https://escholarship.org
http://www.cdlib.org/


Expression and Function of the Histidine-rich Calcium-binding Protein

by
-

Eric Jaehnig

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Biomedical Sciences

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

Approved:

Committee in Charge

f California, San Francisco

- - - - - - - - - - - - - - - -

(6,2307.4%/Vº■■ º
Dat University Librarian

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



| dedicate this work to my late grandfather, Gordon Jaehnig, for

encouraging me to cultivate my scientific curiosity during my childhood. He has

also provided me with the inspiration to pursue my dreams and shown me that a

successful career in science and engineering is not only possible but worthwhile.

º-Ç{1.

iii



ACKNOWLEDGEMENTS

Foremost, I would like to thank Brian Black for serving as my thesis

advisor, providing scientific advise, and teaching me not just how to be a scientist

but also how to be an effective communicator and present my work in a concise

and meaningful manner. I am also grateful to the members of my committee, Lily

Jan, Roger Cooke, and David Julius, for their scientific input on both my thesis

project and my developing career.

I also need to thank the members of the Black laboratory, past and

present, for their contributions to my work. It would be more accurate to state

that I helped Josh Anderson with the analysis of the transgenic HRC reporter

mice than the other way around. I am grateful for the work he has done in

enlightening us about the embryonic expression of HRC. I owe both Stephanie

Greene and Eric Ho an enormous debt of gratitude for managing the mouse

colony. I also thank Analeah Heidt for helping me with the skeletal muscle

analysis and providing the electron micrograph of skeletal muscle, Evie Dodou

for performing the EMSA, Morgan Royce-Tolland for her help with the

isoproterenol-induced hypertrophy pilot, Dwayne Bisgrove for generating the

adult heart library, and the rest of the lab for their help throughout my studies.

I am also grateful for the assistance of several other people at UCSF,

including Ya-Jun Li from Pao-Tien Chuang's lab and Alex Fay from Lily Jan's lab

for helping me generate the HRCBP antibody. Reba Howard, a graduate student

in Dan Minor's lab, helped me with the affinity chromatography experiments and

;

-

-:

:

iv



with the initial stages of the work that will hopefully lead to the crystallization of

the HRCBP CTD. I also thank Ivo Cornelissen in Shaun Coughlin's lab for

lending me his expertise on mouse physiology whenever I neeeded it. Finally, I

would like to acknowledge Andrew Tauscher from Jennifer LaVail's lab for his

assistance with electron microscopy.

Several people outside of UCSF have also provided me with invaluable

assistance with these studies as well. I need to acknowledge Ben Wilkins from

Jeff Molkentin's lab at the University of Cincinnatti for teaching me the surgical

techniques for inducing cardiac hypertrophy. Both Andrew Lokuta from the

University of Wisconsin, Madison and Yong Ji from the University of Cincinnatti

have been instrumental in helping me develop and implement the in vitro calcium

handling assays.

Finally, I need to thank my family and friends, particularly my parents and

grandmothers, for being supportive of me while I pursued my Ph. D. Most

importantly, I thank Ashley Chen for her loving support and assistance as I

prepared my dissertation.

Fig. 3 and 6-9 were originally presented in Molecular and Cellular Biology

Vol. 24(9):3757-3768; HRC is a direct transcriptional target of MEF2 during

cardiac, skeletal, and arterial smooth muscle development in vivo by J. P.

Anderson, Dodou, E., Heidt, A. B., De Val, S.J., Jaehnig, E. J., Greene, S. B.,

Olson, E. N., and Black, B. L., 2004. The figures and related text in the figure

legends, results, and methods sections are presented here with permission from

the authors and from the American Society for Microbiology.

2

--

:



ABSTRACT

The histidine-rich calcium-binding protein (HRCBP) is a calcium-binding

protein expressed exclusively in the sarcoplasmic reticulum (SR) of muscle

tissue in rabbit. Here we confirmed that HRCBP is also expressed specifically in

striated muscle in the mouse and characterized its localization in the heart. We

also examined the transcriptional regulation of HRC, the gene encoding HRCBP,

during embryonic development by using the human HRC promoter to direct

expression of a lacz reporter construct in transgenic mice. This transgene was

sufficient to direct expression specifically to the embryonic heart (8.5 dpc) and to

the somites (9.0 dpc), the skeletal muscle precursors. Expression in the heart

and skeletal muscle persisted throughout development and was also observed in

arterial smooth muscle. Furthermore, expression in all three muscle lineages

was dependent on a conserved MEF2 site, suggesting that MEF2 factors

regulate the transcription of HRC and other SR genes.

HRCBP binds calcium in a high capacity low affinity manner reminiscent of

other SR calcium buffering proteins. Furthermore, HRCBP localizes to the junctional

SR and interacts with triadin, a component of the calcium release channel complex,

suggesting that HRCBP is involved in calcium handling by the SR. To determine the

function of HRCBP in vivo, we inactivated HRC, the gene encoding HRCBP, in mice.

HRC knockout mice exhibited reduced body weight beginning at 11 months of age,

which was marked by reduced skeletal muscle and fat mass. In addition, HRC null

:
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mice displayed a significantly exaggerated response to the induction of cardiac

hypertrophy by isoproterenol compared to their wild type littermates.

Although we did not observe any significant defects in calcium handling in the

hearts of HRC null mice, expression of the cardiac isoform of triadin (triadin 1) was

upregulated in these hearts to compensate for the loss of HRCBP. These

observations suggest that HRCBP may indirectly modulate inactivation of the

ryanodine receptor (RyR) in response to changes in the luminal calcium

concentration. Specifically, HRCBP may antagonize the inhibitory effect of

calsequestrin on the ability of triadin to stabilize the open conformation of the RyR as

luminal calcium stores are depleted.
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INTRODUCTION

Muscle contraction

Contractile muscle cells can be segregated into three different lineages:

skeletal, cardiac, and smooth muscle. Skeletal and cardiac muscle are

Considered striated muscle because their contractile units, or sarcomeres, are

organized longitudinally in a repeating pattern which appears as alternating

striations of light and dark bands under the microscope (Fig. 1A). Each

sarcomere is bordered by adjacent Z disks and contains two sets of thin

filaments and one set of thick filaments (Fig. 1B). As shown in Fig. 1B, the thin

filaments are polymers of actin attached to the Z disks. The thick filaments are

composed of myosin || multimers, are centered within each sarcomere, overlap

the thin filaments, and correspond to the dark bands (Fig. 1A,B). Two sets of

myosin heads lie on opposite ends of the thick filaments, while the tails are

directed towards the centers of the filaments, resulting in a symmetrical

arrangement (Fig. 1B). During contraction, the myosin heads bind to and walk

along the actin filaments towards the Z disks, resulting in shortening of the

sarcomeres and, thus, the muscle cells (reviewed in [1, 2]).

Contraction in spindle-shaped smooth muscle cells also occurs when

myosin Il filaments slide along actin filaments [3]. However, the filaments are not

organized into sarcomeres and run in different directions in the same cell,

resulting in overall contraction of the cell, not just unidirectional cell shortening [3,

4]
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Calcium and Excitation-Contraction coupling

Excitation-contraction (E-C) coupling is the process whereby the

extracellular excitation stimulus is coupled to intracellular contraction. In all three

muscle lineages, calcium serves as the major signaling intermediary, although

the mechanism of E-C coupling varies between different muscle lineages.

In skeletal muscle, binding of the neurotransmitter acetylcholine to

acetylcholine receptors results in membrane depolarization. Excitation of the

muscle membrane results in the activation of voltage-gated L-type calcium

channels called dihydropyridine receptors (DHPR). The DHPRs span T-tubules,

or invaginations of the plasma membrane juxtaposed with the sarcoplasmic

reticulum near the junction between the light and dark bands of the sarcomere.

The sarcoplasmic reticulum (SR) is a tubular network of endoplasmic reticulum

that surrounds the myofilament and specializes in the storage and rapid

exchange of calcium. The DHPR is directly coupled to the SR calcium release

channel, the ryanodine receptor (RyR). Activation of the DHPR results in

opening of the RyR and the release of calcium from the SR to the cytoplasm.

This calcium then binds to troponin C, resulting in the translocation of

tropomyosin and the uncovering of myosin binding sites on the actin filaments.

Contraction occurs as myosin binds to and walks along the actin filaments.

Relaxation occurs once the cytoplasmic calcium concentration is restored to the

basal level by the sarcoplasmic-endoplasmic reticulum ATPase (SERCA), which

pumps calcium back into the SR, and by extrusion of calcium from the cell via the

sodium-calcium exchanger (NCX) (reviewed in [5-7]).



In cardiac muscle, the plasma membranes of pacemaker cells, specialized

cardiomyocytes in the pacemaker node, depolarize and repolarize cyclically [8,

9]. When pacemaker cells depolarize, the change in membrane potential is

transmitted rapidly to neighboring cells via gap junctions in the intercalated disks

connecting the cardiomyocytes. This results in the activation of voltage gated ion

channels and the subsequent depolarization of the neighboring cardiomyocytes.

This change in membrane potential is in turn propagated to neighboring cells,

and the signal for contraction is spread throughout the heart. As in skeletal

muscle, excitation of the cardiomyocyte membrane results in the activation of

DHPRs (6, 7, 10]. However, the DHPR and RyR are not physically coupled, and

the influx of calcium via the DHPR is required to activate the RyR. The

remainder of the process is similar to E-C coupling in skeletal muscle (6, 7].

E-C coupling in smooth muscle is less well defined. As in striated muscle,

membrane depolarization results in the activation of L-type calcium channels and

the influx of calcium [4, 11, 12]. In addition to activating calcium release from the

SR via both RyRs and inositol triphosphate (IP3) receptors, the calcium entering

the cell also contributes to the signal for contraction [4]. Contraction can also be

stimulated in the absence of membrane depolarization pharmacologically via

activation of the IP3 receptors [4]. In contrast to striated muscle, smooth muscle

contraction results from from calcium-calmodulin interacting with and activating

myosin light chain kinase (MLCK) [3,4]. Phosphorylation of myosin light chain

by MLCK activates myosin, resulting in slower, more sustained contractions in

smooth muscle than in striated muscle [3,4].



The sarcoplasmic reticulum of striated muscle

The SR is a specialized network of endoplasmic reticulum that surrounds

the myofibrils in striated muscle (6, 7, 10]. The SR serves as the major

intracellular storage compartment of exchangeable calcium and can be loosely

divided into two regions based on protein content, morphology, and

sedimentation properties [6, 10, 13-15). The majority of SR consists of a tubular

network of light or longitudinal SR (LSR), while the heavy or junctional SR (JSR)

consists of terminal cisternae budding from the LSR adjacent to T-tubules (Fig.

2). Cardiac muscle also contains corbular SR, heavy SR unassociated with T

tubules [7]. The LSR membrane is enriched with SERCA and serves as the

primary site for calcium re-uptake into the SR following contraction (Fig.2). The

JSR is the site of calcium release from the SR. Calcium release is mediated by

the RyR and its associated multiprotein complex, which includes calsequestrin,

junctin, and triadin (Fig. 2) [15-17]. Calsequestrin, the most abundant calcium

binding protein in the SR, possesses a high calcium-binding capacity but binds

calcium with moderate affinity via long acidic amino acid repeats [18-20).

Calsequestrin appears to sequester calcium in the JSR, decreasing the luminal

calcium concentration and concentrating calcium at the site of release from the

SR. In addition to serving as the major calcium buffering protein in the SR,

calsequestrin may also regulate calcium release (21-23). Consistent with this

model for the role of calsequestrin in the SR, the cardiomyocytes of

calsequestrin-overexpressing mice have reduced contractility due to increases in

SR calcium stores and impaired calcium release from the SR [24-26). Junctin
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and triadin may also regulate calcium release, although the precise roles of these

proteins in E-C coupling remain unclear [21, 23, 27-32].

The histidine-rich calcium-binding protein

The histidine-rich calcium-binding protein (HRCBP) is another SR protein

that may be involved in calcium regulation by the SR during E-C coupling.

HRCBP was originally identified as a low-density lipoprotein (LDL)-binding

protein [33]. Further studies revealed that the expression of HRCBP is restricted

to striated and arteriolar smooth muscle in the rabbit [33-35]. In rabbit skeletal

muscle, immuno-EM studies indicated that the protein localizes to the lumen of

the SR and to the perinuclear space [33].

HRCBP contains an N-terminal hydrophobic signal sequence and a C

terminal laminin-type EGF-like domain that may bind zinc and serve as a domain

for interaction with other SR proteins [34, 36, 37]. However, the bulk of HRCBP

consists of several acidic amino acid repeats that appear to serve as calcium

binding sites through ionic interactions since HRCBP, like calsequestrin, has a

high capacity for binding calcium in vitro [38]. Furthermore, subcellular

fractionation and co-immunofluorescence studies indicated that HRCBP

colocalizes with calsequestrin and triadin in the JSR of skeletal muscle [39–41].

In addition, HRCBP has been shown to interact with triadin in vitro by co

immunoprecipation and overlay blotting [40, 42, 43]. Finally, although

overexpression of HRCBP in vitro in rat cardiomyocytes resulted in increased SR

calcium load, transgenic overexpression of HRCBP in vivo in the mouse heart



resulted in impaired calcium re-uptake by the SR and impaired relaxation without

an increase in SR calcium load (44–46). Taken together with the results of these

overexpression studies, the localization of HRCBP to the SR, its calcium binding

properties, and its potential interaction with triadin all indicate that HRCBP may

play a role in regulating calcium handling by the SR during E-C coupling.

In the first chapter of this thesis, I describe the expression pattern of

HRCBP in the adult mouse, in the adult heart, and throughout embryonic

development. Furthermore, we describe a role for MEF2 transcription factors in

regulating the expression of HRCBP during development. In order to further º: ºf .--
define the function of HRCBP in vivo, we generated mice lacking HRCBP. In the == ...} º
second chapter, I describe the phenotype of these knockout mice and relate the º
phenotype to the potential function of HRCBP in SR calcium handling. ==
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Figure Legends

Figure 1: Sarcomeric organization of striated muscle. (A) Electron microscopy

of skeletal and cardiac muscle tissue from adult mice reveals a striated pattern of

alternating light and dark bands. Multiple contractile units, or sarcomeres, are

stacked longitudinally within each skeletal muscle fiber (left) or cardiomyocyte

(right) and are bordered by Z-disks. The electron micrograph of cardiac muscle

tissue was obtained with the assistance of Andrew Tauscher, and the electron
*=

micrograph of skeletal muscle tissue was kindly provided by Analeah Heidt. (B) º
.

Structural organization of the sarcomere. Each sarcomere contains two sets of - º

actin filaments attached to Z-disks and one set of myosin filaments E.
(corresponding to the dark bands in A) centered within the sarcomere. The |- -

heads of the myosin molecules are oriented towards the Z-disks on both ends of º

the myosin filament, while the myosin tails are directed towards the center of the !---
filament. During contraction the myosin heads bind to the actin filaments and 3.
walk towards the Z-disks. -

Figure 2: Schematic organization of T tubules and the SR in cardiac muscle.

The SR can be loosely divided into the longitudinal and junctional SR. The

longitudinal SR is a network of SR tubules that runs longitudinally along the

length of the cardiomyocyte and surrounds the myofilaments. SERCA pumps

span the membranes of the longitudinal SR and are responsible for calcium re

uptake into the SR during relaxation. Phospholamban, a cytoplasmic protein



anchored to the SR membrane, regulates the activity of SERCA. The junctional

SR is located at the junction of the SR with the T tubules and is the site of

calcium release from the SR. T tubules are invaginations in the muscle cell

membrane that bring the DHP receptors in close proximity to the SR, resulting in

rapid activation of RyRs after membrane depolarization. The ryanodine receptor

(RyR) is the calcium release channel of the SR and its activity may be modulated

by other SR proteins including junctin, triadin, and calsequestrin.
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Figure 1: Striated muscle
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Figure 2: Organization of the SR
in Cardiac muscle
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Chapter 1: The expression and transcriptional regulation of

HRCBP in the developing and adult mouse

INTRODUCTION

Skeletal muscle precursor cells originate in the somites, segmented

regions of mesoderm that line both sides of the neural tube (reviewed in [47]).

The precursor cells in the myotome of the somite proliferate and then migrate

into the limb buds. In the limb buds, the specified skeletal myoblasts continue to

divide and expand the muscle cell population until they withdraw from the cell

cycle and undergo differentiation. During the process of differentiation,

myoblasts align themselves in a longitudinal fashion and undergo cellular fusion

to produce multinucleate myotubes. At this time, contractile protein expression is

upregulated to facilitate the ordered construction of myofilaments. Two waves of

muscle formation occur in the limbs (reviewed in [47, 48]). The first wave gives

rise to primary fibers, which primarily assume slow-twitch phenotypes, and

occurs between 11 and 14 days post coitum (dpc) in the limbs of the developing

mouse. Secondary fibers form over the primary fibers between embryonic days

(E) 14 and 16 and eventually assume fast-twitch phenotypes. Contractile protein

expression and myofilament formation continues postnatally, resulting in

hypertrophic growth of the skeletal muscle fibers.

The process of cardiac muscle differentiation in the heart is less well

defined. Cardiomyocytes are also derived from the mesoderm (reviewed in [49]).

At around 7.5 dpc in the mouse, a crescent of mesodermal cells forms near the
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cranial end of the embryo. The cells of this cardiac crescent migrate towards the

midline and form a linear heart tube. At approximately 8.5 dpc, the embryonic

heart tube begins to undergo rightward looping. Looping results in the venous

pole, or the caudal portion of the heart tube, migrating towards the cranial region

behind the arterial pole, or the cranial portion of the heart tube. The heart is then

remodeled, resulting in the formation of the right and left ventricles and the right

and left atria. Remodeling occurs during embryonic development, and

cardiomyocyte proliferation continues to contribute to heart growth until birth [49,

50). After birth, most cardiomyocytes have withdrawn from the cell cycle, and

most of the increase in heart size is due to hypertrophy of the maturing

cardiomyocytes as contractile proteins are incorporated into a more extensive

array of myofilaments [50]. Although cardiomyocytes do not achieve their final

fully differentiated state until after birth, myocardial cells are capable of

contraction early in embryonic development, and heart contraction is initiated at

the linear heart tube stage [49].

The SR is a muscle-specific organelle that also matures during

differentiation. Electron microscopy (EM) revealed that the SR in skeletal muscle

is sparse and unorganized prior to differentiation [51]. Although triads containing

DHPRs, RyRs, and calsequestrin can be detected prior to myoblast fusion,

transverse T tubules do not form until the myofibrils are constructed during

differentiation, and the triads consist of peripheral couplings of the SR with the

plasma membrane [48, 51-53]. As the myofilaments are laid down, SERCA

expression is dramatically increased, and longitudinal SR, which can be detected
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by EM, begins to appear [48, 52, 53]. In addition, the peripheral couplings are

replaced by triads with fully formed and transversely oriented T tubules.

The SR of cardiac muscle undergoes a similar developmental process. In

rabbit, cardiac SR is sparse, and T tubules are absent at birth (reviewed in [54,

55]). Both the DHPR and RyR are expressed in the fetal rabbit heart, but do not

colocalize (54, 55]. In the early neonatal heart, DHPR and RyR colocalize at

peripheral junctions of the plasma membrane [54, 55]. Later in development, T

tubules form, and junctions between T tubules and the SR replace the peripheral

junctions. SERCA expression is increased, and longitudinal SR also appears

during neonatal development [54]. Although the heart begins to beat early in

cardiac development, calcium release from the immature SR does not initially

regulate contraction. Rather, calcium influx via the DHPR and via reversal of

NCX pump activity appears to regulate contraction during early heart

development [54, 55]. However, calcium release from the SR contributes to the

signal for contraction in later stages of embryonic development because both

ryanodine (RyR inhibitor) and thapsigargin (SERCA inhibitor) can partially ablate

the calcium transient of fetal rat cardiomyocytes [56]. As the SR and T tubules

form, the SR assumes responsibility for the bulk of intracellular calcium

exchange, and NCX expression decreases [54, 55].

Despite the fact that the SR is not fully developed until after muscle

differentiation is well underway, SR components are expressed early in muscle

development. In the mouse, calsequestrin mRNA can be detected by in situ

hybridization in the heart as early as 8 dpc and in the somites at 10 dpc [57]. In

13



addition, the cardiac isoform of RyR (RyR2) is expressed in the heart at 8.5 dpc,

while the skeletal muscle isoform (RyR1) is expressed in the somites beginning

at 9.5 dpc [58]. In the chick, where myoblast fusion occurs at approximately E11,

RyR1 could be detected as early as E4 [59]. Calsequestrin (E5) and SERCA

(E6) were also detected early in chick skeletal muscle precursors [60, 61].

Furthermore, RyR and calsequestrin appear to localize to future triads in a

concurrent fashion [53]. Although SR protein expression begins early in

myogenesis, RyR, calsequestrin, and SERCA are all upregulated dramatically

during differentiation in both cardiac and skeletal muscle (62, 63]. The early

expression of these SR proteins suggests that, even though the SR appears

underdeveloped in the embryo, the immature SR contributes to calcium signaling

embryonic development.

HRCBP is a muscle specific protein that also localizes to the SR. HRCBP

was initially identified as a 165 kDa protein in fast and slow twitch muscle and in

the heart by [*]-LDL binding [33]. Immuno-EM studies using an antibody

generated against rabbit HRCBP revealed that the protein localized to the lumen

of the SR and to the perinuclear space in rabbit skeletal muscle [33].

Furthermore, RNA dot blotting of rabbit tissue demonstrated that HRC mRNA

was specifically expressed in skeletal and cardiac muscle [34]. Further

immunofluorescence analyses revealed that the protein was also expressed in

the smooth muscle of the arteries and arterioles of several organs [35].

Subcellular fractionation studies of rabbit skeletal muscle also suggested that the

protein was enriched in the junctional SR [39].

14



In this chapter, I present a thorough analysis of the expression of HRCBP

in the adult and developing mouse. In order to determine the expression pattern

of HRCBP during embryonic development, we utilized the promoter of human

HRC, the gene encoding HRCBP, to direct expression of a lacz reporter gene.

This promoter encompassed 2.6 kb of sequence upstream of the transcriptional

start site of human HRC, the transcriptional start site, and 116 base pairs of 5'

untranslated sequence (Fig. 3A). Since the first intron lies approximately 2 kb

downstream of the translational start site [36], we hypothesized that the majority

of the cis-regulatory elements modulating HRC expression would be included this

2.7 kb region. Sequence comparison of this promoter region in human and

mouse revealed a highly conserved (> 80%) region of 141 base pairs (green box

in Fig. 3A) containing a conserved consensus binding site for MEF2 transcription

factors (Fig. 3B).

MEF2 proteins are members of the MADS box family of transcription

factors and regulate the expression of muscle specific proteins [64]. In

Drosophila, a single MEF2 factor, D-mef2, is required for differentiation in all

three muscle lineages [65). Vertebrates express four MEF2 proteins, MEF2A, -B,

-C, and -D [64]. Although MEF2 factors are widely expressed, mice with

mutations in the Mef.2c gene die prior to 10 dpc with defects in cardiac and

vascular development [66, 67]. Furthermore, differentiation of vertebrate skeletal

muscle myoblasts was inhibited when a dominant negative form of MEF2A

lacking the trans-activation domain was overexpressed in cultured myoblasts

[68]. In skeletal muscle, MEF2 proteins cooperate with heterodimers of

15



myogenic bhLH and E protein transcription factors to activate expression of

muscle specific genes [64]. Since MEF2 factors regulate muscle development

and differentiation by regulating the expression of muscle specific proteins, we

investigated the role of the HRC MEF2 site in regulating the expression of HRC.

The studies presented in this chapter demonstrate that murine HRCBP

shows a protein distribution consistent with the results reported for rabbit

HRCBP. Furthermore, we found that the protein was present throughout the

myocardium of all four chambers of the adult heart. The HRC promoter was

sufficient to direct expression of the lacz reporter specifically to skeletal muscle

and to the heart. Therefore, we used transgenic mice containing the HRC-lacz

transgene to characterize HRC expression during embryonic development. The

HRC-lacz promoter was active in the heart early after looping of the linear heart

tube, in the somites by 9.5 dpc, and in the branchial arch arteries by 11.5 dpc.

Furthermore, the consensus MEF2 binding site in the HRC promoter was

required for the expression of HRC-lacz in cardiac, skeletal, and smooth muscle

during mouse embryonic development.

RESULTS

Tissue distribution of HRCBP in the adult mouse

Previous analyses of the tissue distribution of HRCBP in the adult rabbit

demonstrated that the protein and its corresponding mRNA transcripts were

specifically expressed in skeletal, cardiac, and arteriolar smooth muscle (33-35].
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To examine the distribution and localization of HRCBP in mice, we generated

and affinity purified a polyclonal antibody to the evolutionarily conserved C

terminal domain of mouse HRCBP.

Western analyses of tissue and organ homogenates from adult mice using

the anti-HRCBP antibody demonstrated that murine HRCBP is expressed

specifically in striated muscle (Fig. 4). Anti-HRCBP detected a single 160 kDa

band, corresponding to HRCBP, in skeletal muscle and heart (Fig. 4, lanes 1, 2)

but not in the stomach, intestine, bladder, brain, or kidney (Fig. 4, lanes 3-7). We

did not detect HRCBP in the aorta, uterus, liver, or esophagus (data not shown).

These results indicate that HRCBP is specifically expressed in the striated

muscle of mice and are consistent with the protein distribution pattern previously

reported for HRCBP in rabbits [33, 34].

HRCBP is expressed throughout the adult myocardium

While the localization of HRCBP Within skeletal muscle has been

previously reported [33], the localization of the protein within the heart had not

been evaluated previously. Therefore, we analyzed the protein's distribution

within the heart by immunohistochemistry. Adult heart sections treated with anti

HRCBP showed robust staining in both the left and right ventricles as well as the

left and right atria (Fig. 5A), whereas the control showed essentially no staining

throughout the heart (Fig. 5B). Furthermore, HRCBP appeared to be widely

distributed throughout each chamber and did not localize to a specific region. In

the ventricles, HRCBP was detected in the myocardium of the compact layer and
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the trabeculae as well as in the myocardial cushions that lay between the two

layers (Fig. 5A).

Previous studies examining the distribution of HRCBP in rabbit skeletal

muscle revealed a striated banding pattern consistent with localization to a

specific region along each sarcomere [33]. Further studies of skeletal muscle

demonstrated that HRCBP colocalizes with triadin [40] and is enriched in

junctional SR fractions [39]. To determine if HRCBP displays a similar

subcellular localization pattern in cardiac muscle, we examined longitudinally

oriented cardiomyocytes from the compact layer at high magnification (100x).

Fig. 5C demonstrates that HRCBP does indeed display a striated banding

pattern in cardiac muscle, suggesting that the protein is localized to a specific

region within the SR, presumably the JSR, of cardiac muscle as well.

The human HRC promoter directs lacz expression specifically to cardiac,

skeletal, and arterial smooth muscle during embryonic development in the

ITIOUSG

To determine the expression pattern of HRCBP during embryonic

development, we generated transgenic mice in which the human HRC promoter

directed expression of a lacz reporter gene. To do this, we fused the region of

human genomic DNA starting 2.6 kb upstream and ending 0.1 kb downstream of

the transcriptional start site of HRC gene with a promoterless lacz reporter

construct (Fig. 3A). When injected into mouse oocytes, this construct (HRC

lacz) directed expression of the lacz transgene specifically to skeletal, cardiac,
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and arterial smooth muscle (Fig. 6). We assessed lacz expression by incubating

the embryos in a staining solution containing X-gal, a substrate for the B

galactosidase protein encoded for by the lacz gene; as a result of this

incubation, cells expressing lacz stained blue.

As shown in Figure 6D, we observed expression of the lacz reporter gene

in the developing skeletal muscle of transgenic embryos at 13.5 dpc. Expression

could also be seen in the somites, which give rise to skeletal muscle, earlier in

embryonic development (9.5 and 11.5 dpc, Fig. 6B and C respectively). We also

observed expression in the embryonic heart at 13.5 dpc (Fig. 6H), indicating that

the 2.7 kb region of the human HRC gene was sufficient to direct expression

specifically to striated muscle during murine development. Expression in the

heart was observed as early as 8.5 dpc (Fig. 6A), at all developmental stages

thereafter (Fig. 6B, F, and H), and in adulthood (Fig. 9H) and was restricted to

the ventricles at all stages. Restriction of expression to the ventricles was

somewhat surprising given that HRCBP was detected throughout all four

chambers by immunohistochemistry (Fig. 5). However, it is possible that

transgene construct we used here does not recapitulate the entire endogenous

expression pattern of HRC or that the level of expression required to maintain

protein levels within the atria is not strong or consistent enough to be detected

with the lacz transgene.

We also observed expression in the branchial arch arteries (BAA) at 11.5

dpc (Fig. 6C and F) and in the smooth muscle of the aorta (Ao), but not of the

cardinal vein (CV), trachea (Tr), or eosophagus (Es) (Fig. 6G and H), indicating
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that HRCBP is expressed specifically in arterial, but not other types of smooth

muscle. Arterial specific smooth muscle expression is consistent with the results

of Pathak et al., which indicated that HRCBP is present in arteriolar smooth

muscle [35]. By contrast, we did not detect HRCBP in the aorta of the adult

mouse by western blot (data not shown) or immunohistochemistry (Fig. 5A),

suggesting that the protein is absent or only weakly expressed in the aorta of the

adult mouse. However, the latter observations are also consistent with the

published expression pattern for the adult rabbit, where the protein was present

in small arteries and arterioles but only weakly expressed in larger arteries [35].

Mef’ family members bind to and trans-activate the MEF2 cis-regulatory

element of HRC in vitro

The human HRC promoter contains a 141 bp region that is highly

conserved between mouse and human (Fig. 3B). Sequence analysis of this

conserved region revealed a consensus binding site for MEF2 transcription

factors (Fig. 3B). Given that MEF2 factors regulate the expression of numerous

muscle specific genes, we investigated the role of this MEF2 cis-regulatory

element in the transcriptional regulation of the HRC promoter.

Our first step was to confirm that this MEF2 element served as an

authentic binding site for MEF2 factors. As shown in Fig. 7, we demonstrated

that MEF2A bound specifically to the HRC MEF2 site using an electrophoretic

mobility shift assay (EMSA). For this assay, we radiolabeled double-stranded

oligonucleotides containing the HRC MEF2 site with [*P]-dCTP. When we
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incubated the oligonucleotide with recombinant MEF2A and loaded the reaction

on a nondenaturing polyacrylamide gel, the mobility of the oligonucleotide was

altered by binding of MEF2A (Fig. 7, lane 2, band indicated by MEF2 arrow)

while the oligonucleotide's mobility was not altered in a reaction lacking MEF2A

(Fig. 7, lane 1). Binding of MEF2A to the MEF2 site was specific and could be

inhibited with an excess of unlabeled oligonucleotide containing either the HRC

(Fig. 7, lane 3) or myogenin (Fig. 7, lane 5) consensus MEF2 binding sites.

Furthermore, this inhibition was lost when the MEF2 sites of the unlabeled

competitors were mutated to prevent MEF2 binding (Fig. 7, lanes 4 and 6).

Finally, when the MEF2 site of the labeled HRC oligonucleotide was mutated,

MEF2A protein could no longer bind to and alter the mobility of the mutated

oligonucleotide (Fig. 7, lane 8).

After demonstrating that MEF2 factors could bind to the HRC MEF2 cis

regulatory element, we then determined if MEF2 factors activated the HRC

promoter in cultured cells. The human HRC promoter was not active in

fibroblasts, as we observed only minimal basal activity in 10T1/2 cells (Fig. 8A,

lane 2). By contrast, when we transfected skeletal muscle myoblasts (Fig. 8A

lane 6) or myotubes (Fig. 8A, lane 8) with a CAT reporter gene under the

regulation of the full-length human HRC promoter (HRC-CAT), we observed

robust activation. However, 10T1/2 cells co-transfected with HRC-lacz and

either an expression construct for MEF2A (Fig. 8B, lane 3) or MEF2C (Fig. 8B,

lane 5) displayed an approximately 10 fold increase in reporter activity over cells

receiving HRC-lacz and the empty expression construct (Fig. 8B, lane 1).
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Furthermore, the ability of MEF2 factors to trans-activate the HRC promoter was

dependent on the cis-regulatory MEF2 element since mutation of the MEF2 site

within HRC-lacz (mMEF2 reporter) prevented trans-activation by both MEF2A

(Fig. 8B, lane 4) and MEF2C (Fig. 8B, lane 6).

The MEF2 cis-regulatory element is required for expression of HRC in vivo

To determine the role of the HRC MEF2 site in the regulation of HRC in

vivo, we mutated the MEF2 site within context of the full-length HRC promoter

lacz transgene and generated HRC MEF2 mutant transgenic embryos (mMEF2).

As shown in Fig. 9, mutation of the conserved MEF2 element resulted in a

reduction in expression in the somites early in embryonic development (Fig. 9

compare D and E to A and B) and a complete loss of expression in skeletal

muscle at later stages (Fig. 9, compare F with C) when compared to the wild type

HRC transgene. The MEF2 site was also required for expression in both the

heart and arterial smooth muscle. While expression in the heart was robust at all

stages in wild type HRC transgenic embryos and in transgenic adult mice (Fig.

9A, B, G, and H), expression was ablated in mMEF2 transgenic mice (Fig. 9D, E,

J, and K). Expression in the smooth muscle of the aorta (AO) and other major

arteries (the carotid (Ctd) and subclavian (SubCL) arteries) was also lost in the

mMEF transgenic mice (Fig. 9, compare G, H, and I to J, K, and L). Taken

together, these results demonstrate that the HRC promoter is regulated by MEF2

transcription factors in cardiac, skeletal, and smooth muscle throughout

embryonic development and in the adulthood.
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DISCUSSION

This chapter focused on expression analyses of the histidine-rich calcium

binding protein in the developing and adult mouse. In the adult mouse, HRCBP

was specifically expressed in striated muscle. HRCBP was expressed in a

striated pattern in the myocardium of all four chambers of the adult heart,

suggesting that the protein localizes to a specific region within each sarcomere.

Finally, we used transgenic mice carrying a reporter gene under the regulation of

the human HRC promoter to define the transcriptional regulation of HRC

expression in the developing mouse. Expression was observed in the

developing heart beginning at 8.5 dpc and in the skeletal muscle precursors of

the somites 9.0 dpc. We also observed expression in the branchial arch arteries

beginning at 11.5 dpc. Furthermore, expression was dependent on a conserved

MEF2 consensus binding site, suggesting that MEF2 transcription factors

activate muscle-specific transcription of HRC.

The developmental expression pattern we observed for HRCBP is

consistent with the expression patterns of other SR proteins. Initiation of

expression of both calsequestrin and RyR has been reported in the developing

mouse heart by 8.5 dpc and in the somites by 10 dpc (57, 58]. In addition,

expression of RyR, Calsequestrin, and SERCA has been observed early in

developing skeletal muscle in chick [59-61]. Notably, this expression occurred

several days prior to fusion of the myoblasts into myotubes. Similarly, the HRC

promoter was active in undifferentiated myoblasts in culture (Fig. 8A), providing

additional evidence that HRCBP is expressed prior to the differentiation of
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myoblasts into myotubes. Collectively, the observations that HRCBP and other

SR proteins are expressed prior to muscle differentiation and to the formation of

the mature SR suggest that SR-mediated calcium signaling may be important for

muscle development. In fact, contraction and calcium signaling have both been

implicated in fiber type switching in skeletal muscle and in hypertrophy of both

skeletal and cardiac muscle (69-71]. This most likely represents a mechanism

whereby muscle activity determines the size and identity of the muscle in order to

accommodate demand. However, it may be possible that myocyte growth during

development is also dependent on SR-mediated calcium signaling and, thus, on

the expression of SR proteins prior to differentiation. In fact, cardiac RyR2

mutant mice die by E10 with enlarged calcium-filled vacuoles, suggesting that

RyR2 is required for the proper maintenance of calcium homeostasis during

cardiac development [72]. Since calcium entry via membrane depolarization

mediates contraction at this stage in heart development [54], calcium release via

RyR2 may be required for a process other than contraction. Future studies

directed at determining the effects of perturbing calcium handling by SR proteins

during embryonic development should reveal whether or not the primitive SR

plays a role in muscle differentiation.

The developmental expression pattern of HRCBP appears to overlap with

the expression patterns of RyR and calsequestrin. Given that RyR and

calsequestrin colocalize within the ER/SR early in muscle development, our

observations suggest HRCBP may also be incorporated into the SR at the same

time. Meanwhile, SERCA appears to be processed co-translationally and
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inserted into the SR membrane upon translation, and the expression of RyR and

calsequestrin peaks earlier in muscle differentiation than the expression of

SERCA [48, 52, 53, 73). Taken together, these observations support a model in

which the junctional SR, containing the multi-protein calcium release channel

complex, forms early in muscle development and in which most of the SERCA

protein gets incorporated into the SR as the longitudinal SR matures later.

Our immunohistochemical analyses of HRCBP expression in the heart are

also consistent with the potential colocalization of HRCBP, RyR, and

calsequestrin in the junctional SR. HRCBP is expressed in a specific location

within each sarcomere, resulting in a striated banding pattern. This is consistent

with several earlier observations suggesting that HRCBP is localizes specifically

to the JSR in skeletal muscle. A striated banding pattern was also seen in

immunofluorescence studies on skeletal muscle fibers [33, 40]. In addition, this

banding pattern overlapped with the expression of the skeletal muscle isoforms

for calsequestrin and triadin, components of release channel complex [40].

Finally, HRCBP was found to be enriched in the JSR of skeletal muscle in

subcellular fractionation studies [39]. Taken together, these observations

suggest that HRCBP localizes to the junctional SR in both cardiac and skeletal

muscle and, therefore, may be involved in the regulation of calcium release from

the SR.

Junctional SR-like calciosomes may also mediate the release of calcium

from the SR of arterial smooth muscle. Arterial smooth muscle expresses all

three isoforms of the RyR (skeletal muscle, cardiac, and brain) and the cardiac
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isoform of SERCA (SERCA2a).[74, 75]. A role for RyR mediated calcium release

in arterial smooth muscle has been proposed for regulating vascular tone [11, 76,

77]. Ironically, calcium release from the SR may be involved in a negative

feedback pathway that antagonizes contraction in this model. Local activation of

L-type calcium channels results in the activation of individual RyR or groups of

adjacent RyRs. Calcium sparks released from the RyR then activate coupled

calcium sensitive potassium channels in the plasma membrane, which contribute

to hyperpolarization of the muscle cell membrane and subsequent relaxation.

Although this pathway appears to be the primary calcium signaling event

involving calcium sparks in arterial smooth muscle, calcium sparks were not as

tightly coupled to the activation of calcium-sensitive potassium channels in

esophageal smooth muscle cells [77, 78]. Given that HRCBP is expressed

specifically in arterial and not other types of smooth muscle, it will be interesting

to determine if this represents a difference in SR calcium handling between

arterial and other types of smooth muscle and if HRCBP plays a role in this

process specifically in arteriolar smooth muscle. Further studies comparing the

roles of junctional SR-like calciosomes in arterial smooth muscle and in other

types of smooth muscle might provide some insight into a common mechanism

of function for HRCBP in all three muscle cell lineages.

Heterogeniety within arterial smooth muscle populations might also be

reflected in the expression pattern of HRCBP. Despite the fact that HRC was

expressed in the aorta and the major arteries branching from it in our transgenic

reporter mice (Fig. 6), we were unable to detect the protein in the aorta in the
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adult mouse (Fig. 5). Furthermore, Pathak et al. found that the protein was

abundantly expressed in arterioles and small arteries, but weakly expressed or

absent in larger arteries [35]. These observations suggest that HRCBP may be

present specifically in the smooth muscle of small arteries and arterioles. Since

constriction of the small arteries and arterioles regulates blood flow to specific

tissues and organs whereas constriction of large arteries and aorta contributes to

the regulation of global blood pressure [79], these observations may suggest a

potential role for HRCBP specifically in the calcium signaling pathway regulating

smooth muscle contractility during the modulation of local control of blood flow.

The discrepancies in the aorta and the atria between the endogenous

expression of HRCBP and the expression of the transgenic HRC reporter mice

may reflect experimental complications with using transgenic reporter mice. It is

possible that the activity of the HRC promoter is influenced by the surrounding

chromatin when the transgene is integrated into the mouse genome. However,

we injected DNA on multiple occasions when generating the transgenic embryos,

and observed nearly identical expression patterns in each case. Another more

likely possibility is that, while the 2.7 kb promoter may contain the cis-acting

elements required for the basic expression pattern of HRC, there are additional

elements located outside of the region we tested that may play a role in fine

tuning the expression of HRCBP. For example, the HRC promoter may direct

expression to all arterial smooth muscle cells, but an additional element may

repress expression in the aorta and large arteries. Likewise, there may an

additional enhancer element that directs expression to the atria. Alternatively,

27



the differences we observed may reflect variation in HRCBP expression in

different species since we used the human HRC promoter to generate our

reporter lines and since the message for HRCBP was detected in the human

aorta by PCR amplification from a cDNA library [80]. The fact that we used a

human promoter to test expression in mice may have led to other complications.

Differences in transcription factor recognition sequences or the organization of

enhancer elements between the human and mouse promoters may have

resulted in incomplete recapitulation of the endogenous expression. For

example, we may not have observed atrial expression because the binding site

for an essential atrial-specific cofactor may be slightly different in mouse or

because the mechanism of transcriptional activation may not be conserved

between human and mouse. Finally, it is important to note that the HRC reporter

transgene only provides an indication of the transcriptional activity of the

promoter and not steady state protein levels.

The fact that expression in the transgenic reporter mice reflects

transcriptional activity allowed us to investigate the nature of the transcriptional

regulation of the HRC gene. We found that HRC-lacz reporter activity in all three

muscle lineages was dependent on a consensus binding site for MEF2

transcription factors. This is the first study implicating MEF2 factors in the

regulation of SR protein gene transcription in vivo. The promoters of SERCA1,

phospholamban, RyR1, RyR2, and calsequestrin2 have been analyzed in vitro

(81-86). While the majority of these promoters also contain consensus MEF2

sites, the transcriptional regulation of these genes by MEF2 factors has not been
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explored. Recent studies have demonstrated that MEF2 factors may regulate

the trancription of the gene encoding junctin in both C2C12 myoblasts and in rat

soleus muscle [87]. Given that MEF2 factors regulate the expression of several

muscle specific genes involved in contraction and energy metabolism, it seems

likely that MEF2 factors may also regulate the expression of genes encoding for

SR proteins. Determining if the transcription of SR proteins or a subset

(junctional or longitudinal) of SR proteins is coordinately regulated may also

provide insight into the development and assembly of the SR. One important

issue to resolve is whether the transcription of JSR proteins is coordinately

regulated and whether MEF2 factors may play a role in this coordinated

transcriptional regulation. If JSR proteins are expressed simultaneously, it may

suggest the junctional SR forms as a unit independently of the longitudinal SR.
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FIGURE LEGENDS

Figure 3: The HRC promoter. (A) The HRC promoter and enhancer region

used for the analysis of HRC expression is depicted. The human HRC promoter

(-2609 to +117, relative to the transcriptional start site) was cloned into CAT and

lacz reporter constructs such that transcription initiated from the HRC

transcriptional start site (red arrow) and translation initiated from translational

start site of the reporter transcript. The green box depicts the location of the

evolutionarily conserved 141 bp element shown in (B). Black arrow, HRC

translational start site; B, Bam Hl; N, Ncol; Bg, Bglll; P, Psp■ 406l. (B) Sequence

alignment of the evolutionarily conserved 141 bp element from the upstream

promoter of the human HRC gene with the corresponding upstream region of the

mouse HRC gene. The 141 bp element in the human HRC promoter is located

between base pairs -608 and -468 relative to the transcriptional start site and

contains a conserved consensus binding site for MEF2 transcription factors

(box).

Figure 4: Tissue distribution of HRCBP in the adult mouse. HRCBP localizes

specifically to striated muscle. Homogenates of skeletal muscle (lane 1), heart

(lane 2), stomach (lane 3), intestine (lane 4), bladder (lane 5), brain (lane 6), and

kidney (lane 7) were subjected to SDS-PAGE and western blotting with rabbit

anti-HRCBP followed by peroxidase-conjugated goat anti-rabbit secondary

antibody (top) or mouse anti-o-tubulin followed by peroxidase-conjugated goat
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anti-mouse secondary antibody (bottom). Signal was detected by

chemiluminescence using ECL plus (Amersham). While similar levels of o

tubulin were detected in all samples, the 160 kD band corresponding to HRCBP

was only detected in skeletal muscle and heart (lanes 1 and 2). Bars on the right

depict the position of Full Range Rainbow molecular weight markers

(Amersham).

Figure 5: Analysis of HRCBP expression in the adult heart reveals that HRCBP

is present throughout the myocardium. The dark staining shows the localization

of HRCBP in the heart by immunohistochemistry of paraffin sections treated with

rabbit anti-HRCBP followed by peroxidase-conjugated goat anti-rabbit secondary

antibody and Nickel-DAB staining (A, C). HRCBP is present throughout all four

chambers of the adult mouse heart (A). HRCBP is present in a striated banding

pattern (arrowheads in panel C) in longitudinally oriented cardiomyocytes from

the compact layer of the left ventricle viewed at 100x magnification. Background

staining in control sections treated with secondary antibody but not primary

antibody is shown in panels B and D. Bar is equal to 10 pm. LA, left atrium; LV,

left ventricle; RA, right atrium; RV, right ventricle.

Figure 6: Analysis of HRC promoter activity during embryonic development in

vivo. The HRC promoter and enhancer (-2609 to +117, relative to the

transcriptional start site the HRC gene) was fused to a lacz reporter gene and

used to generate transgenic mice. The promoter directed expression specifically
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to skeletal, cardiac, and arterial smooth muscle and, thus, recapitulated the

endogenous expression pattern of HRCBP. (A-D) Whole mount pictures of X

gal-stained embryos at 8.5 dpc (A), 9.5 dpc (B), 11.5 dpc (C), and 13.5 dpc (D)

show blue staining where the reporter gene is expressed. (E-G) Transverse

sections from representative X-gal stained embryos at 11.5 dpc. (H) Whole

mount picture of an X-gal stained heart from a 13.5 dpc embryo. Expression in

the heart (hrt) was detected beginning at 8.5 dpc (A) and continued throughout

development (B, C, E, F, and H). At later stages, expression appeared to be

restricted to the ventricles (F, H). Expression was also detected in the somites

(S) at 9.5 (B) and 11.5 dpc (C, E) and in skeletal muscle-derived from the

somites at 13.5 dpc (D). The HRC promoter also directed expression to the

branchial arch arteries (BAA, C, E, F) and the smooth muscle of the dorsal aorta

(DA; C, G) at 11.5 dpc and to the aorta (AO) and carotid (Ctd) and subclavian

(SubCL) arteries at 13.5 dpc (13.5). No expression was observed in the smooth

muscle of the trachea (Tr), esophagus (Es), or cardinal vein (CV), indicating that

the promoter directed expression specifically to arterial smooth muscle (G).

These experiments were performed in large part by Josh Anderson, with my

assistance. Bar, 100 pm; LA, left atrium; LV, left ventricle; NT, neural tube; RA,

right atrium; RV, right ventricle.

Figure 7: MEF2 factors bind to the putative MEF2 site in the HRC promoter in

vitro. Electrophoretic shift mobility assays were employed to determine if in vitro

translated MEF2A could bind to and alter the mobility of radiolabeled double
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stranded oligonucleotides representing the HRC MEF2 site (lanes 1-6) or a

mutant version of the HRC MEF2 site (lanes 7 and 8). MEF2A bound to and

shifted the mobility of the wild type (lane 2) but not the mutant (lane 8) HRC

MEF2 site. Binding was specific and could be inhibited by a 100-fold excess of

the unlabelled HRC (HRC; lane 3) and myogenin (My; lane 5) MEF2 sites but not

by a 100-fold excess of the unlabelled mutant HRC (mHRC; lane 4) and mutant

myogenin (mMy; lane 6) MEF2 sites. EMSA analyses were conducted by Evie

Dodou.

Figure 8: MEF2 factors trans-activate the HRC promoter in vitro. (A) The HRC

promoter contains the cis-regulatory elements required to direct transcription

specifically in muscle cells. HRC-CAT (HRC, lanes 2, 5, and 8), myogenin-CAT

(myogenin; lanes 3, 6, and 9), and promoterless pCAT-Basic (Basic; lanes 1, 4,

and 7) reporter constructs were transfected into 10T1/2 fibroblasts (lanes 1-3),

C2C12 myoblasts (lanes 4-6), and C2C12 myotubes (lanes 7-9). Expression

from both the HRC and myogenin reporter constructs was activated in myoblasts

(lanes 5 and 6, respectively) and myotubes (lanes 8 and 9, respectively), while

the levels of expression of both reporter constructs in fibroblasts (lanes 2 and 3)

were similar to the level of the background control (lane 1). Data are expressed

as percentage of activity of a constitutive SV40-CAT reporter plasmid transfected

into each cell type and represent the mean values of five independent

transfections. Error bars represent the standard errors of the means. (B) MEF2

factors trans-activate expression from the HRC promoter in 10T1/2 cells. The full
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length HRC promoter (wild type) and a mutant version of the full length promoter

with the MEF2 site disrupted (mMEF2) were fused to a lacz reporter construct.

10T1/2 cells were cotransfected with these reporter constructs and with either

empty expression vectors (lanes 1 and 2) or vectors expressing MEF2A (lanes 3

and 4) or MEF2C (lanes 5 and 6). While the empty expression construct failed to

activate lacz expression from either reporter construct (lanes 1 and 2), both

MEF2A and MEF2C trans-activated expression from the wild type HRC reporter

construct (lanes 3 and 5, respectively). In addition, both MEF2A and MEF2C

failed to activate expression from the promoter when the MEF2 site was mutated

(lanes 4 and 6, respectively). The trans-activation assays were performed by

Brian Black. The data shown represent the means from three independent

transfections, and the error bars represent the standard errors of the means.

Figure 9: The MEF2 site in the HRC promoter is required for expression in vivo.

Transgenic lacz reporter mice were generated using both the full length wild type

HRC promoter (wild type; A-C and G-H) and a full length promoter with a

mutation in the MEF2 site (mMEF2; D-F and J-L). While the wild type promoter

directed expression, as indicated by blue X-gal staining, to the heart (hrt) at all

stages of development (A-C, G) and in the adult (H), the mutant MEF2 promoter

failed to direct expression to the heart at any stage (D-F, J, and K). Furthermore,

the mutant promoter did not express lacz in the somites (S) at 9.0 dpc (compare

D with A) or in skeletal muscle at 16.5 dpc (compare F with C) although weak

expression was observed in the somites at 11.5 dpc (compare E with B). Finally,
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mutation of the MEF2 site resulted in the loss of expression in arterial smooth

muscle. In mMEF2 transgenic mice, expression was lost in the dorsal aorta (DA)

at 11.5 dpc (compare L to I) and in the aorta (AO) and carotid (Ctd) and

subclavian (SubCL) arteries at 16.5 dpc (compare J to G) and in adult mice

(compare K to H). These experiments were performed in large part by Josh

Anderson, with my assistance. Bar, 100 pm; CV, cadinal vein; Es, esophagus;

LA, left atrium; LV, left ventricle; NT, neural tube; RA, right atrium; RV, right

ventricle; Tr, trachea.
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Figure 3: The HRC enhancer
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Figure 4: Tissue distribution of HRCBP
in the adult mouse
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WWVAvre 6: Analysis of HRC expression during
embryonic development in vivo
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Figure 7: MEF2 factors bind to the putative
MEF2 site in the HRC enhancer in Vitro
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Figure 8: MEF2 factors trans-activate
the HRC enhancer in vitro
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Figure 9: The MEF2 site in the HRC promoter
is required for expression in vivo
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Chapter 2: The role of HRCBP in E-C coupling and

cardiovascular function

INTRODUCTION

Immunoelectron microscopy demonstrated that HRCBP localizes to the

lumen of the SR and to the perinuclear space within skeletal muscle fibers [33].

Furthermore, subcellular fractionation studies indicated that HRCBP is enriched

in the junctional SR [39]. Immunofluorescence studies showing co-localization of

HRCBP with the calsequestrin and with triadin provide further evidence for the

localization of HRCBP to the junctional SR (JSR) rather than the longitudinal SR

(LSR) [40]. While these studies were performed on skeletal muscle, our

observations that HRCBP is also found in a striated banding pattern in the heart

(Fig. 5) suggest that HRCBP also localizes to the JSR in cardiac muscle.

In addition to the its localization to the site of Calcium release from the SR,

HRCBP also displays calcium binding properties reminiscent of calcium buffering

proteins known to play a role in the regulation of calcium by the ER/SR [33, 38].

Calsequestrin, calneticulin, and sarcalumenin, and HRCBP all contain large

stretches of acidic amino repeats that appear to sequester calcium via charge

charge interactions [20]. Stains-all, a cationic dye, stains most proteins red, but

calcium-binding proteins stain blue because binding of the dye to proteins with

high anionic amino acid content alters the absorbance properties of the dye (88].

All of these calcium buffering proteins, including HRCBP, stain blue when treated

with Stains-all and bind calcium in a high capacity, low affinity manner in vitro
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[20, 33]. Calsequestrin binds 750-1000 nmol calcium/mg protein with a Ka of

0.8–1.3 mM (89). Likewise, purified HRCBP also binds calcium with a high

capacity (200 nmol/mg protein) and low affinity (K3-1.9 mM) [38]. The calcium

binding properties of HRCBP suggest that the protein may play a role in calcium

handling by the SR.

Consistent with a role for HRCBP in regulating SR calcium handling,

overexpression of HRCBP in rat cardiomyocytes resulted in an increase in SR

calcium stores [44, 46]. However, one might predict that overexpressing any

calcium binding protein in the SR would result in an increased number of calcium

binding sites within the SR and, therefore, an increased calcium storage

capacity. Thus, this phenotype may not reflect an increase in the normal function

of the protein. The fact that calsequestrin appears to represent at least 20% of

total JSR protein while HRCBP only comprises about 1% of total JSR protein is

consistent with the notion that calsequestrin, and not HRCBP, is the major

determinant of SR calcium storage (90). Furthermore, transgenic overexpression

of HRCBP in the mouse heart failed to produce an increase in the amount of

releasable calcium in the SR [45]. However, the recovery of the intracellular

calcium concentration to basal resting levels during relaxation was impaired in

these mice, suggesting that HRCBP may play a role in regulating either calcium

uptake by the SR or inactivation of calcium release from the SR [45].

The localization of HRCBP to the junctional SR favors a role for the

protein in calcium release from the SR. Furthermore, HRCBP has been shown

to interact with triadin in vitro by two independent groups using different
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experimental assays [40, 42]. Triadin also interacts with the ryanodine receptor

and may regulate RyR activity [15–17, 21, 23, 91-94). In reconstituted planar lipid

bilayers containing RyRs, cardiac triadin was found to stabilize the open state of

the calcium release channel [21]. Furthermore, overexpression of triadin in the

mouse heart resulted in an impaired recovery of the intracellular calcium

concentration during relaxation, presumably because the excess triadin inhibited

the inactivation of calcium release from the RyR [28]. Taken together, these

observations suggest that HRCBP may also play a role in regulating calcium

release from the SR.

To determine if HRCBP plays a role in the regulation of calcium handling

by the SR during excitation-contraction coupling, we investigated the function of

HRCBP in vivo by inactivating the HRC gene in mice by targeted disruption.

HRC null mice are viable, indicating that HRCBP is not required for E-C coupling

and muscle contraction. However, HRC knockout mice displayed a reduction in

body weight after one year of age and an increased susceptibility to cardiac

hypertrophy induced by isoproterenol. These results suggest that muscle

contraction may be inefficient in these mice, presumably due to subtle defects in

E-C coupling. When we analyzed the calcium handling properties of cardiac

homogenates from HRC null mice, we observed no defects in SR calcium uptake

or in the activity of the RyR. However, the level of triadin was dramatically

increased in the hearts of HRC knockout mice, suggesting that triadin may be

upregulated in order to maintain SR calcium handling in the absence of HRCBP

and preserve cardiac function. Since HRCBP may be regulating calcium
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handling via interactions with other SR proteins, we also investigated the role of a

putative protein interaction domain in the C-terminus of HRCBP in mediating

protein-protein interactions. We found that this laminin-type EGF-like C-terminal

domain (HRCBPCTD) bound to an as yet unidentified 90 kD protein in cardiac

homogenates and may mediate multimerization of full length HRCBP.

RESULTS

Generation of HRC null mice

To generate HRC null mice, we replaced the first exon and the

transcriptional and translational start sites of the HRC gene with the neomycin

resistance cassette in reverse orientation by homologous recombination (Fig.

10A). Recombination also introduced an additional EcoRI site 5' to exon 2,

which allowed us to distinguish between the wild type and HRC null alleles by

Southern blot analysis using probes located outside the targeting vector at both

the 5' and 3' ends (Fig. 10A). Both probes were used independently to identify

gene targeting in embryonic stem cells (data not shown), and the 3' probe was

used to discriminate between the wild type and targeted alleles in mice (Fig.

10B). Using this Southern blot strategy, we confirmed the genotypes of mice

heterozygous and homozygous for the HRC null allele (Fig. 10B). In addition, we

used anti-HRCBP to examine HRCBP protein levels in striated muscle (Fig.

10C). When equivalent amounts of skeletal muscle and heart homogenates

were analyzed by western blot, the 160 kD band corresponding to HRCBP was

... -sas
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detected in striated muscle tissue from wild type and heterozygous mice but not

in tissue from homozygous null mice, indicating that targeting resulted in a true

null allele (Fig. 10C). Cº-tubulin immunoblotting confirmed that equivalent

amounts of homogenate were loaded for each genotype (Fig. 10C).

HRC null mice are viable, fertile, and appear to have normal striated muscle

Homozygous HRC null mice are present at Mendelian frequency at

weaning (Table 1), are viable into adulthood, and are fertile. Furthermore, heart

and skeletal muscle tissue from 6 month old HRC null mice display no obvious ... --

evidence of abnormalities when analyzed histologically (Fig. 11A, B). Masson's *** * *-

trichrome stained sections of skeletal muscle fibers from the femoral muscle º
":-

groups of wild type and HRC null six month old female mice appear to be similar -:

(Fig. 11A). The muscle fibers of the HRC knockout mice are not disorganized

and do not show signs of fibrosis (Fig. 11A). In addition, the sarcomeres, as --
-

* →
assessed by the alternating striations of light and dark bands, are aligned in a ---

=="
gº

regular repeating pattern in the HRC null fibers which resembles the pattern seen —º

in the wild type fibers. Furthermore, HRC null hearts mice are similar to wild

type control hearts and show no evidence of hypertrophy or dilation (Fig. 11B).

Masson's trichrome staining revealed no evidence of fibrosis in either the wild

type or HRC knockout hearts from six month old male mice (Fig. 11B).
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HRC knockout mice display age-dependent weight reduction

The body weights of young male HRC knockout mice were similar to those

of their wild type littermates, but 11 and 13 month old HRC null male mice had

significantly reduced body weights compared to their wild type littermates (Fig.

12A). At 11 months of age, HRC null mice weighed 32.3 g, while their wild type

littermates weighed 35.8 g (p=0.037, n=10). At 13 months of age, HRC knockout

mice had an average body weight of 28.3 g, while wild-type males weighed

35.6 g (p<0.0001, n=16).

To determine if this weight difference was specific for certain tissues and

organs or if it reflected a decrease in overall size of the animal, we measured

heart, kidney, crural skeletal muscle, and abdominal fat pad weights from

13 month old wild type and HRC null mice and normalized the tissue weights to

tibia length. As shown in Fig. 12B, HRC null mice displayed a significant

reduction in skeletal muscle (89% of wild-type control, p=0.035, n=8), and fat pad

weights (75% of control, p=0.019, n=4) while the heart and kidney weights

remained unchanged.

The decrease in skeletal muscle and fat mass was somewhat reminiscent

of cardiac cachexia, a wasting syndrome commonly associated with heart failure

and marked by loss of skeletal muscle and fat mass [95). However, histological

analysis did not reveal any obvious signs of hypertrophy or myopathy in the

hearts of HRC null mice at 13 months of age (data not shown). Consistent with

our observation that wild type and HRC null mice had similar heart weights (Fig.
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12B), no obvious differences in heart size, morphology, or fibrosis were observed

in frontal sections of hearts from wild type and HRC null mice (data not shown).

Furthermore, the decreased body weight does not appear to be due to

skeletal muscle degeneration since gross histological analysis of the crural

muscle groups of HRC null mice revealed no obvious evidence of fibrosis,

myofibril disorganization, or centrally located nuclei (data not shown). The only

skeletal muscle differences we observed between wild and HRC knockout mice

were a slight decrease in muscle fiber size (1175 + 111 um”, HRC knockout, vs.

1414 + 137 um”, wild type; n=4) and a slight decrease in fast-twitch fiber content

(62.8 + 1.8%, HRC knockout, vs. 67.1 + 0.6%, wild type; n=4) in the soleus

muscles of HRC null mice (data not shown). These observations are consistent

with a primary defect in E-C coupling or contraction which results in an increased

metabolic demand and in increased consumption of energy stores in the HRC

null mice.

HRC null and wild type mice display no differences in a voluntary exercise

assay and in exercise-induced hypertrophy

HRCBP is not required for the regulation of calcium by the SR during E-C

coupling since the HRC knockout mice survive into adulthood. However, the

protein may still play a non-essential regulatory role in excitation-contraction

coupling. To determine if HRC null mice have a diminished capacity for exercise

due to impaired skeletal or cardiac muscle contractility, we compared the

performances of three month old male wild type, heterozygous, and HRC null
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mice in a voluntary exercise assay. Mice were given access to a hamster wheel,

and the distance and time each mouse spent running on the wheel each night

was recorded for five consecutive nights. As shown in Fig. 13, wild type,

heterozygous, and HRC null mice displayed no differences in the distance run

per night (panel A), in the time spent running each night (panel B), or in average

speed (panel C). Wild type mice ran 3.5 km/night and spent 3.8 h running,

resulting in an average speed of 0.92 km/h, while HRC knockout mice ran 4.4

km/night and spent 5.0 h running, resulting in an average speed of 0.88 km/h.

Meanwhile, heterozygous mice ran 3.6 km/night and spent 4.8 h running,

resulting in an average speed of 0.74 km/h.

We also evaluated the performances of wild type and HRC knockout mice

at 11 months of age since HRC null mice began to display a reduction in body

weight at this age. As shown in Fig. 14A, we observed no differences in the

distances run by wild type (2.14 km/night) and HRC null (2.24 km/night) mice

during the first five nights of exercise, the same time frame we used to evaluate

the exercise abilities of three month old mice. We then allowed these mice to

continue running for a total of 28 days because four weeks of exercise has been

shown to induce cardiac hypertrophy previously [96]. Throughout the course of

the experiment, HRC null mice ran slightly less than wild type mice (Fig. 14B).

While wild type mice ran 6.76 km/day (24 h period) and HRC knockout mice ran

4.78 km/day, this difference was not significant (p=0.12). As shown in Fig. 14C,

four weeks of wheel running resulted in a significant increase in heart size for

both wild type (14%, p=0.047) and HRC null mice (19%, p=0.015). Although the

* - sº
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hearts of exercised HRC null mice displayed a slightly greater hypertrophic

response than the hearts of exercised wild type mice, this difference was not

significant (Fig. 14C, p=0.47).

HRC null mice display increased susceptibility to isoproterenol-induced

hypertrophy

The observation that 11 and 13 month old HRC null mice exhibit lower

body weights than their wild type littermates suggests that muscle performance

may be energetically inefficient in these mice. Therefore, we considered the

possibility that loss of HRCBP may result in subtle defects in calcium handling

and contractility that are not readily apparent under normal laboratory conditions.

To determine the consequences of the loss of HRCBP in response to a

pathological stimulus, we examined the responses of six month old male wild

type and HRC null mice to the induction of cardiac hypertrophy by chronic 3

adrenergic receptor stimulation.

To do this, we surgically implanted HRC null and wild type male mice with

mini-osmotic pumps containing either isoproterenol in PBS or PBS alone.

Prolonged subcutaneous administration of isoproterenol has been shown

previously to produce cardiac hypertrophy [97, 98). After 10 days of treatment,

we removed the hearts and examined them for evidence of cardiac hypertrophy

(Fig. 15). Wild type (panels A, E) and HRC null (panels C, G) hearts from mice

treated with PBS alone were similar in size. Treatment with isoproterenol

resulted in a dramatic increase in the size of hearts from wild type mice (compare

51



panels A, E to panels B, F). Likewise, treatment of HRC null mice with

isoproterenol resulted in a strong hypertrophic response (compare panels C, G to

panels D, H). However, the hypertrophic response to isoproterenol treatment

was substantially greater in HRC null mice than in wild type mice (compare

panels B, F to panels D, H), indicating an exaggerated hypertrophic response in

mice lacking HRCBP.

We quantified the extent of hypertrophy by calculating the heart weight to

tibia length ratios for each group and normalizing to PBS-treated wild type mice

(Fig. 16). Consistent with the results shown in Fig. 15, there was no difference in

the sizes of hearts from wild type and HRC null mice treated with PBS alone

(saline treated). However, while isoproterenol treatment resulted in a significant

increase in the size of hearts from wild type mice (28%), the hypertrophic

response was exaggerated in hearts from HRC knockout mice (46%). The

increase in heart size of HRC null mice treated with isoproterenol was

significantly greater than that of wild type mice treated with isoproterenol

(p=0.0132, n=19). It appears that this increase in heart size in HRC null mice

may be due to additional concentric hypertrophy and not to further progression to

dilated cardiomyopathy, since we observed no signs of chamber dilation (Fig.

15). Interestingly, heterozygous mice treated with isoproterenol showed an

intermediate increase in heart size, suggesting that mice with only a single copy

of the HRC gene may have an intermediate phenotype. Our finding that HRC

null hearts exhibited a greater hypertrophic response than wild type hearts to

isoproterenol treatment suggests that HRC null hearts may have defects in
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cardiac function and are unable to compensate as well as wild type hearts to

preserve cardiac function under pathological conditions.

Calcium handling appears normal in cardiac homogenates from HRC null

mice

Since contractility is regulated by intracellular calcium levels during E-C

coupling, we investigated the possibility that defective calcium handling by the

SR may underlie the increased susceptibility to isoproterenol-induced cardiac

hypertrophy seen in HRC null mice. Because HRCBP localizes to the junctional

SR and has been shown to interact with triadin, which is associated with the

RyR, we investigated the possibility that HRCBP is involved in calcium release

from the SR [39, 40, 42]. To measure the activity of the calcium release channel

in the hearts of HRC knockout mice, we assayed [*H)-ryanodine binding to

cardiac homogenates from HRC null mice since binding of ryanodine to low

affinity sites on the RyR is dependent on the activation state of the receptor [99].

We measured [*H]-ryanodine binding to homogenates from wild type and HRC

null mice over a range of free calcium concentrations to evaluate the calcium

dependent activation of the RyR (data not shown). We found no difference in

[H]-ryanodine binding to homogenates from wild type and HRC null hearts at

each free calcium concentration. To determine if [H]-ryanodine binding to HRC

null cardiac homogenates is reduced at higher free calcium concentrations, we

compared [*H)-ryanodine binding to cardiac homogenates from wild type and

HRC null mice at pCa 2.7 using three independently generated sets of
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homogenates. Overall, ■ h]-ryanodine binding was similar in cardiac

homogenates from wild type and HRC null mice at pCa 2.7 (Fig. 17A); wild type

homogenates bound 105.5 frnol ryanodine/mg protein and knockout

homogenates bound 82.4 frnol ryanodine/mg protein. Although we observed a

slight reduction in ryanodine binding to HRC null homogenates, the reduction

was not significant (p=0.33), indicating that ryanodine receptor activity and, thus,

calcium release is not significantly altered in HRC knockout hearts.

Furthermore, the SR calcium loading capacities of cardiac homogenates

from wild type (47.9 nmol Ca"/mg protein) and HRC knockout (65.4 nmol

Ca”/mg protein) hearts were also similar (Fig. 17B), suggesting that loss of

HRCBP does not significantly affect SR calcium storage capacity (p=0.34).

Finally, we found no difference in the calcium uptake kinetics of homogenates

derived from wild type and HRC null hearts when we employed a fluorimetric

assay, suggesting that calcium uptake into the SR of HRC-null mice is normal

(Fig. 17C). Using Fura-2 fluorescence as an indirect measure of calcium

concentration, we observed a similar rate of decline in calcium concentration for

wild type and HRC knockout homogenates after activating SERCA with ATP and

stimulating calcium uptake into the SR (Fig. 17C). These results suggest that

calcium handling by the SR of HRC knockout mice is normal, at least in vitro.

Triadin protein levels are elevated in HRC knockout hearts

We next investigated the possibility that the expression of other SR

proteins may be altered as a compensatory response to preserve SR calcium
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handling function in hearts lacking HRCBP. To address this possibility, we

compared the protein levels of calsequestrin (CSQ), the ryanodine receptor

(RyR), phospholamban (PLB), and triadin in wild type and HRC null hearts (Fig.

18). CSQ, RyR, and PLB levels appeared to be identical in wild type and HRC

null hearts (Fig. 18A, B, C). O-tubulin, a cytoplasmic protein we used as a

loading control, was not differentially expressed between wild type and knockout

hearts (Fig. 18D). By contrast, triadin protein levels were significantly increased

(152% of wild type, p=0.0027) in the absence of HRCBP (Fig. 18E, F). Given

that triadin and HRCBP have been shown to interact, it is possible that increased

triadin expression may compensate, at least in part, for the loss of HRCBP.

An unidentified 90 kD protein binds to the C-terminus of HRCBP

The most likely mechanism by which HRCBP may modulate calcium

handling is by interacting with and regulating the function of other SR proteins.

HRCBP has been shown to interact with triadin in vitro [40, 42]. Furthermore, our

observation that triadin levels may be increased in HRC null hearts suggests that

this interaction may be important for the function of HRCBP. However, Lee et al.

demonstrated that triadin interacts with the calcium binding domain of HRCBP

and not the cysteine-rich C-terminal domain (CTD) [42]. Whereas there is

considerable variation in the calcium binding domain of HRCBP, the CTD is

highly conserved in mammals (Fig. 19A), suggesting that the CTD is a critical

determinant of HRCBP function. Although HRCBP has only been observed in

mammals, the CTD is also present in a walleye protein, aspolin 2 (100].
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Sequence alignment of this domain reveals that it contains 14 cysteine residues,

and the spacing between these cysteines is nearly completely conserved

between mouse, human, rat, rabbit, and walleye (Fig. 19A). Prosite scan

analysis of the mouse HRCBP CTD indicated that it contained the core element

of a laminin-type EGF-like domain signature (LE, Fig. 19B). Although the

conserved region of the HRCBP CTD extended beyond the core LE signature

sequence, the fact that the LE domains may mediate protein-protein interactions

suggest that the CTD may mediate the binding of HRCBP with other proteins in

the SR [101].

To determine if the HRCBP CTD mediated the interaction of HRCBP with

other SR proteins known to play a role in calcium handling, we first attempted to

identify binding partners for HRCBP with a yeast 2-hybrid screen. We fused a

cDNA library from adult mouse heart to the GAL4 activation domain (AD) and

screened the library for clones that interacted with either full length HRCBP or

the HRCBP CTD. To do this, we fused both full length HRCBP cDNA and the

cDNA fragment encoding the HRCBP CTD to the GAL4 DNA binding domain

(DNA-BD). We then cotransfected a yeast strain in which expression of both a

lacz gene and a gene (HIS3) required for growth in media lacking histidine was

dependent on recruitment of the GAL4 AD to its promoter with both the cardiac

AD library and either the HRCBP cDNA-DNA-BD construct or the HRCBP CTD

DNA-BD construct. In this screen, interaction of a library clone with the DNA-BD

fusion protein results in the recruitment of the AD to the GAL4 dependent

promoters controlling HIS3 and lacz expression. We then selected for clones
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interacting with full length HRCBP or the HRCBP CTD by selection on media

lacking histidine and by X-gal staining. When screening with both baits, we

identified several positive clones (data not shown). However, most of the

positive clones were mitochondrial and not SR proteins. The only SR protein

identified in these screens was SERCA2, but the fusion construct was in the

wrong frame (data not shown). Furthermore, when the positive clone was

retested for activation along with a clone in which the frame was corrected,

neither clone was able to activate transcription (data not shown).

We also tested for the interaction of HRCBP with the cardiac isoform of

the ryanodine receptor (RyR2) by co-immunoprecipitation. However, when we

immunoprecipitated RyR2 from cardiac homogenates, we failed to co

irmmunoprecipitate HRCBP (data not shown). Likewise, when we immuno

precipitated HRCBP from cardiac homogenates, we failed to co-immuno

precipitate RyR2 (data not shown).

As an additional approach to identify HRCBP-interacting proteins, we

employed an affinity chromatography assay. For this assay, we cloned the cDNA

fragment encoding the HRCBP CTD into a MBP fusion construct, transfected the

construct into E. coli, and induced expression of the construct to generate the

MBP-HRCBP CTD fusion protein. After allowing either MBP-HRCBP CTD or

MBP-3-galactosidase to bind an amylose column, we tested for binding of

proteins from a cardiac homogenate to the column. When we treated the column

with maltose, a 90 kD band eluted with MBP-HRCBP CTD (Fig. 20A, lane 3).

Binding of this 90 kD protein with the HRCBP CTD was specific since the band
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did not elute with the MBP-3-galactosidase control (Fig. 20A, lane 2). Since the

predominant skeletal muscle isoform of triadin (Trisk.95) is approximately 95 kD

and since HRCBP has been shown to interact with triadin, we considered the

possibility that the 90 kD protein we observed in this affinity chromatography

assay was triadin [40, 42,102]. However, when we performed a western blot on

the elution fraction containing the 90 kD protein, we failed to detect triadin (Fig.

20B, lane 5). As a positive control, we included an aliquot from the same cardiac

homogenate used for the affinity chromatography experiment (Fig. 20B, lane 1).

The triadin antibody detected the predominant cardiac isoform of triadin (Triadin

1) as well as two skeletal muscle isoforms (Trisk 95 and Trisk 51) in the cardiac

homogenate, confirming that the 90 kDa protein is not triadin (Fig. 20B, compare

lane 5 with lane 1). This is consistent with previous studies demonstrating that

triadin interacts with the acidic amino acid repeat region of HRCBP and not the

CTD we used for these experiments. Future studies directed at identifying the 90

kD protein that interacts with the HRCBP CTD may give insight into the

biochemical mechanism by which HRCBP regulates E-C coupling.

The C-terminal laminin-type EGF-like motif may mediate multimerization of

HRCBP

The HRCBP CTD may also mediate multimerization of HRCBP. When we

analyzed the purified MBP-HRCBP CTD by SDS-PAGE, we often observed

dimers and occasionally tetramers, even after reduction of the protein with DTT

(Fig. 21A). Since HRCBP purified from skeletal muscle has been shown to
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multimerize in a calcium dependent fashion [103], the observation that the MBP

HRCBP CTD tends to form multimers suggests that the HRCBP CTD may

mediate multimerization. However, the MBP-HRCBP CTD fusion protein is a

cysteine-rich protein expressed in the cytoplasm of E. coli, an environment which

may result in reduction of the cysteine disulfide bridges of the CTD. As a

consequence, reduced cysteine residues may be exposed to and interact with

other molecules, resulting in non-specific aggregation of the MBP-HRCBPCTD

and other proteins. Therefore, we transferred the HRCBP CTD to a MBP fusion

construct containing a signal sequence which directed the protein to the

periplasm of the bacteria, an oxidative environment that may allow the protein to

form stable disulfide bridges. Periplasmic expression of MBP-HRCBP CTD (peri.

MBP-HRC CTD; Fig. 21B, lanes 7 and 8) was not as robust as cytoplasmic

expression (cyto. MBP-HRC CTD; lanes 3 and 4). However, similar banding

patterns were observed for both cytoplasmic and periplasmic expression of the

MBP-HRCBP CTD (compare lanes 3 and 4 with lanes 7 and 8, respectively).

When the protein was reduced with DTT, MBP-HRCBP CTD existed primarily as

a monomer, although the dimer was also present (lanes 3 and 7). In the

absence of DTT, the primary form of periplasmically-expressed MBP-HRCBP

CTD was a dimer, but both tetramers and monomers were also observed (lane

8). These results suggested that the HRCBP CTD domain forms stable disulfide

bridges, even in the cytoplasm of E. coli and that the multimers we observed

consist of HRCBP CTD olgimomers and not non-specific protein aggregates.
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\nterestingly, when cardiac homogenate was reduced with DTT (Fig. 21B,

lane 1), the primary form of the full length protein was a monomer. However, in

the absence of DTT, the predominant species of the full length protein was a

higher order multimer (lane 2), providing additional evidence that the cysteines in

the H RCBP CTD are important for multimerization of the full length protein. To

deterrnine if the HRCBP CTD mediates multimerization of full length HRCBP, it

will be necessary to determine if full length HRCBP requires the CTD for

multirrherization.

DISCUSSION

The localization and calcium binding properties of HRCBP and its

interaction with triadin suggested that HRCBP may play a role in excitation

Contraction coupling by regulating calcium handling by the SR [38–40, 42]. To

investigate the role of HRCBP in E-C coupling in vivo, we generated mice lacking

HRC, the gene encoding HRCBP. HRC knockout mice were fertile, viable, and

displayed no skeletal or cardiac muscle defects at six months of age. However,

HRC null mice showed a significant reduction in body weight compared to age

and sex-matched wild type controls beginning at 11 months of age. Furthermore,

*reduction in body weight was marked by reduced fat and skeletal muscle

"*s, suggesting that HRC null mice may suffer from inefficient muscle

*action and may have a higher metabolic demand than their wild type

*nterparts. Although the hearts of 6 month old HRC knockout mice were

indistinguishable from the hearts of age- and sex-matched wild type controls,
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prolonged administration of isoproterenol, a B-adrenergic receptor agonist,

resulted in a significantly greater hypertrophic response in HRC null hearts than

in wild type hearts. Taken together, these observations suggest that the HRC

null mice suffer from subtle defects in cardiac and skeletal muscle contraction,

presumably due to defects in E-C coupling. Although we observed no calcium

handling defects in cardiac homogenates from HRC knockout mice in vitro,

triad in levels were increased by 52% in HRC null hearts over the levels in wild

type hearts, suggesting the HRC knockout hearts partially compensated for the

loss of HRCBP by increasing triadin expression in order to maintain SR calcium

handling function and preserve cardiac contractility. Here, I discuss in detail how

the in vivo phenotype of the HRC knockout mice may relate to the role of HRCBP

in SR calcium handling. I then consider the biochemical mechanism by which

HRCEP may regulate calcium handling.

One potential explanation for the reduced body weight observed in HRC

null mice is that increased metabolic demand by the heart might result in the

depletion of fat stores in these mice. In the myocardium, ATP is primarily

Consurned by three major proteins, the sodium-potassium ATPase, SERCA, and

myosin [ 104]. Therefore, defects in SR calcium handling could result in

inefficient use of ATP by SERCA or myosin. In support of this notion, treatment

of heart slices with a concentration of ryanodine sufficient to induce calcium leaks

Via the ryanodine receptor resulted in a significant increase in energy

Consumption by the tissue [105]. Furthermore, inhibition of SERCA by transgenic

expression of a constituently active phospholamban protein resulted in the
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upregulation of several proteins involved in fatty acid and glucose metabolism

[106]. Perhaps HRC null mice have subtle defects in calcium handling that do

not impair contractility severely enough to induce morphological adaptation by

the heart but still place increased metabolic demand on the heart.

Inefficient calcium handling or contraction in skeletal muscle may also

Contribute to the reduced body weights of the older mice. At rest, skeletal muscle

accounts for approximately 20% of the metabolic rate of the whole animal

whereas the heart only accounts for 11% of the basal metabolic rate [107, 108].

Furthermore, during heavy work in humans, 87% of body oxygen, an indirect

measure of oxidative metabolism, is consumed by skeletal muscle while the

heart only consumes 5% of the oxygen [107]. Therefore, defects in skeletal

muscle calcium handling or contractility may also contribute to increased energy

Consumption in the HRC knockout mice.

Consistent with the notion that inefficient skeletal muscle contraction may

result in lower body weight, deletion of the genes encoding for two of the fast

twitch skeletal muscle isoforms of the myosin heavy chain, MyHC IIb and MyHC

■ ld/x, resulted in significantly lower body weights beginning at two months (MyHC

ldº) and 3.5 months (MyHC IIb) [109]. However, the contribution of increased

overall nnetabolic demand to these phenotypes is uncertain, since these mice

also haci dramatically reduced skeletal muscle weights and since the authors

never assessed adipose tissue in these mice. A better example may be the

Whenotype of mdz mice, which lack dystrophin, a structural component that helps

maintain muscle cell integrity during contraction [110, 111]. These mice actually
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displayed weight loss at 18 months of age despite having slightly increased

skeletal muscle mass [111]. However, mox mice also suffer from cardiac

abnormalities, so it is difficult to assess whether or not the reduction in body

weight was due to a higher metabolic demand by skeletal muscle or the heart

[112]. Nonetheless, these studies support the notion that inefficient calcium

handling and/or contraction in the hearts or skeletal muscle of HRC knockout

mice may result in depletion of metabolic stores and, therefore, a reduction in

body weight at later stages in life.

Cardiac hypertrophy, a compensatory response to increased load or

defects in myocyte contractility, results in activation of a fetal gene transcription

program, elevated protein synthesis, increased myocyte size, and enlargement of

the heart [113]. In mouse models of heart disease, cardiac hypertrophy is

Commonly induced by treatment with isoproterenol or by acrtic banding.

Recently, a handful of reports have described transgenic or knockout mice with

morphologically normal hearts that show an exaggerated hypertrophic response

to isoproterenol or aortic banding. Most of the mice described in these reports

POSsessed genetic perturbations of proteins known or suspected to play a role in

regulating the hypertrophic response. Knockout mice of histone deacetylase

(HDAC) 5, HDAC 9, calsarcin 1, and FHL2, a cardiac specific LIM domain

transcription factor, all provide examples where young adult mice had normal

hearts, but showed an increased hypertrophic response to isoproterenol or aortic

banding [114-117). These proteins are suspected to play a role in regulating the

transcriptional pathways activated by the induction of cardiac hypertrophy. In
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addition, mice overexpressing ornithine decarboxylase and S

adenosylmethionine decarboxylase, both of which regulate polyamine synthesis,

displayed a similar phenotype [118, 119]. Polyamines may be involved in cell

growth and hypertrophy, but they may also regulate the potassium inward

rectifier current and, thus, cardiomyocyte excitation [118, 119). Mice

heterozygous for PPARy, another protein which may be involved in regulating

transcription during cardiac hypertrophy, also displayed an increased sensitivity

to hypertrophy induced by acrtic constriction [120).

The mice described above most likely displayed an exaggerated response

to hypertrophic induction because disruption of the normal hypertrophic response

in these mice required additional compensation to preserve cardiac function.

Likewise, compensation for calcium handling or contractility defects due to the

lack Of HRCBP in the cardiac SR may have resulted in a reduced ability for HRC

null mice to respond to hypertrophic stimuli. The phenotype of transgenic mice in

which cº-MHC was replaced by 3-MHC lends support to the possibility that mice

with m Orphologically normal hearts that have already undergone compensatory

changes have a decreased ability to respond to hypertrophic stimuli [121].

Isoform switching from o-MHC to B-MHC is a common compensatory response

observed in cardiac hypertrophy (122). When o-MHC was replaced by B-MHC,

transgenic hearts had moderately reduced contractility even though they

appeared to be morphologically normal [121]. However, these mice displayed a

dramatically greater hypertrophic response to isoproterenol than the wild type

COntrols did.
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The studies presented here demonstrate that the loss of HRCBP

expression in vivo results in increased susceptibility to a hypertrophic stimulus.

The localization of HRCBP to the SR, combined with its calcium binding

properties, suggests that the defect in HRC null mice is due to impaired calcium

handling. Similarly, loss of a single copy of the gene encoding the NCX1, the

primary cardiac isoform of the channel responsible for extrusion of calcium from

the cardiomyocyte during relaxation, results in a cardiac hypertrophy phenotype

Similar to that of HRC null mice [123). Presumably, this predisposition to cardiac

hypertrophy, which manifests as increased sensitivity to a hypertrophic stimulus,

is due to less efficient contractility when calcium handling is defective.

Other examples of hypertrophic compensation due to contractility defects

in the hearts of mice with altered expression of other proteins involved in

excitation-contraction coupling have also been described. The overexpression of

CalseCluestrin resulted in decreased cardiac calcium transients and contractility

and in heart defects ranging from cardiac hypertrophy to heart failure depending

on the genetic background [24, 25, 124, 125). In addition, the overexpression of

both triadin and junctin resulted in impaired relaxation and in cardiac hypertrophy

|28, 3OI - Furthermore, overexpression of a constituently active form of

Phospholamban inhibited calcium re-uptake into the SR and, thus, cardiac

relaxation [126]. These mice displayed cardiac hypertrophy while

phospholamban knockout mice and mice overexpressing a form of SERCA

incapable of being inhibited by phospholamban displayed an increase in cardiac

Contractility and were able to attenuate cardiac hypertrophy in some instances
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[126-129). As these studies demonstrate, cardiac hypertrophy and other forms of

compensation occur in hearts with defects in calcium handling. Although we did

not observe any defects in the hearts from HRC null mice under normal

conditions, the increased susceptibility these mice displayed to isoproterenol

induced cardiac hypertrophy suggests that HRC null hearts may also have

defects in calcium handling.

Our observation that HRC null mice display an increased hypertrophic

response to an external stimulus has important implications for the role of SR

Calcium handling in pathologic cardiac hypertrophy in humans as well. While the

examples cited above involved artificial genetic perturbation of SR proteins in the

mouse, changes in calcium handling and in the expression of SR proteins have

been reported in cardiac hypertrophy and heart failure in humans [130-132].

Furthermore, mutations in the ryanodine receptor and calsequestrin genes are

associated with catecholaminergic polymorphic ventricular tachycardia (133,

1341. NMore importantly, heart disease in humans is commonly a complex

disease associated with many environmental and genetic risk factors (135]. The

increased response of HRC null mice to cardiac hypertrophy induced by

isoprote renol suggests that mutations in HRC, in combination with other genetic

and environmental factors, may also contribute to pathologic cardiac hypertrophy

and heart failure in humans. Therefore, it will be important to determine if

mutations in HRC are associated with cardiac disorders in humans. If so, these

mutations may serve as useful diagnostic tools to test for predisposition to heart

disease.

*
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Our observations suggest that HRCBP may play a non-essential

regulatory role in calcium handling. HRCBP is not required for muscle

Contraction since the cardiac and skeletal muscle of six month old HRC null mice

is morphologically indistinguishable from their wild type controls. However,

subtle defects in calcium handling in hearts or skeletal muscle from mice lacking

HRCBP or the compensatory changes the hearts of HRC knockout mice undergo

in response to these defects may result in increased energy consumption in

order to maintain normal function. Therefore, the reduction in body weight in

older ARC null mice may be a consequence of a higher metabolic demand by --

Cardiac or skeletal muscle lacking HRCBP. Although the hearts of HRC null mice º
were morphologically normal, these mice most likely displayed an increased º
hypertrophic response to isoproterenol because they required additional -:
Compensation to overcome defects in contractility when exposed to a —º

pathological stimulus. =-
~,

HRCBP may play a role in E-C coupling by interacting with and regulating -->
the furnction of other SR proteins. In vitro studies have suggested that HRCBP ->
can bind to triadin, a SR protein associated with the RyR [16, 17, 40, 42,91].

Therefo re, it is possible that HRCBP may also indirectly influence calcium

release from the SR via its interaction with triadin.

TThe interaction between HRCBP and triadin is mediated by the calcium

binding acidic amino acid repeats of HRCBP, but the protein also contains an

evolutionarily conserved region in the C-terminus (HRCBPCTD) that may also

mediate protein-protein interactions [42]. The fact that the HRCBP CTD domain
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is the most conserved portion of the protein suggests that it plays a critical role in

the function of the molecule. There are two types of acidic amino acid repeats in

HRCBP, and the number and sequence of these repeats vary considerable

between mammalian species [36]. However, Clustal W alignment revealed that

the HRCBP CTD is highly conserved in mammals (79% of the amino acid

sequence is identical, and 91% shows strong similarity). Furthermore, although

Current data suggest that the protein is specific to mammals, the CTD has also

been identified in a walleye protein, aspolin 2 (100]. The amino acid sequences

of the mouse HRCBP CTD and of the aspolin 2 CTD are 71% conserved, with

39% of the amino acids being identical. Notably, 14 cysteine residues are

completely conserved in the CTDs of every species analyzed, and the spacing of

these cysteines is also nearly completely conserved. The only difference in

spacing was observed in Aspolin 2, where a missing amino acid shifted the last

two cysteines one amino acid towards the N-terminus. Interestingly, although the

amino acid sequence of HRCBP and aspolin 2 are highly divergent outside of the

CTD, the bulk of the remaining sequence of both proteins is greatly enriched in

acidic amino acids, suggesting that each of these proteins consists of a non

Conserved but essential calcium-binding domain and a highly conserved

cysteine-rich CTD. Prosite analysis of the mouse HRCBP CTD revealed that this

domain contains the consensus motif for a laminin-type EGF-like domain.

Laminin is a component of the basal membrane, and LE motifs mediate the

interaction of laminin with another basal membrane protein, nidogen [101]. This

.:
:-
º
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suggests that the HRCBP CTD may also mediate the interaction of HRCBP with

other SR proteins.

When we employed an affinity chromatography assay to identify proteins

interacting with HRCBP, we discovered that a 90 kD protein from cardiac

homogenate specifically bound the HRCBPCTD. Further analysis revealed that

this 90 kD protein is not triadin, the best known SR candidate since the skeletal

muscle isoform is 95 kD (102). Future studies directed at identifying and

characterizing this novel binding partner for HRCBP should provide insight into

the role of the HRCBP CTD in the SR.

Another possibility is that the HRCBP CTD mediates the interaction of

HRCBP with itself. Purified HRCBP forms multimers in a calcium dependent

manner [103]. In the absence of calcium, gel filtration of the HRCBP complex

indicated that the protein existed as a heptamer; however, as the calcium

Concentration increased, the complex dissociated into lower order oligomers. In

Saturating calcium concentrations, the purified full length protein existed as a

dimer. Our observation that the HRCBP CTD alone forms multimers suggests

that the HRCBP CTD may mediate multimerization of the full length protein. In

the absence of calcium, the CTD may be available for interactions with

neighboring HRCBP molecules, but calcium binding may alter the conformation

of the protein, resulting in masking of the CTD. Alternatively, calcium dependent

multimerization may be mediated by the acidic amino acid repeat region while

the HRCBP CTD mediates calcium independent dimerization of the protein since

the protein still forms dimers when saturated with calcium (103). Consistent with
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this model, dimers were the most abundant species of periplasmically-expressed

MBP-HRCBP CTD when the protein was subjected to SDS-PAGE in the absence

of a reducing agent. In the future, mutation of the HRCBP CTD in the context of

the full length protein should reveal whether or not the CTD mediates

multimerization of the protein. However, establishing the relevance of the

different oligomeric forms of HRCBP to the function of the protein will probably be

more difficult and yet more informative.

Our observation that triadin is upregulated in the hearts of HRC null mice

may also provide a hint about the biochemical function of HRCBP. We observed

an increase the cardiac isoform of triadin (triadin 1) whereas the skeletal muscle

isoform (Trisk 95) was increased when HRCBP was overexpressed in the heart

and in cardiomyocytes [44, 45]. One possible explanation for this discrepancy is

that different isoforms of triadin may play different roles in regulating the RyR.

Specifically, in vitro studies have suggested that Trisk 95 inhibits RyR activity

while triadin 1 appears to stabilize the active state of the channel [21, 23, 93, 94].

Consistent with these models for triadin activity, the overexpression of Trisk 95 in

cultured rat skeletal myotubes inhibited calcium release from the SR while the

transgenic overexpression of triadin 1 in the heart resulted in impaired recovery

of the calcium concentration to basal resting levels after calcium release from the

SR peaked [28, 31, 136]. The impaired recovery of the calcium transient in the

hearts of transgenic mice may be the result of excess triadin 1 stabilizing the

active state of the RyR and holding it open during the recovery phase (21, 28, 31,

32]. Triadin 1 overexpression also resulted in an increased frequency of calcium

º
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sparks, individual calcium release events associated with single RyR or clusters

of associated RyRs, both in vivo and in cultured cardiomyocytes [28, 31, 32].

Since Trisk 95 and triadin 1 appear to have opposite effects on RyR activity, the

two isoforms may be expressed differentially during compensation for loss of

versus gain of HRCBP function. Specifically, Trisk.95 may be upregulated in

order to compensate for increased HRCBP activity while triadin 1 may be

upregulated to compensate for the loss of HRCBP activity. Based on these

observations, I propose a model in which HRCBP helps stabilize the active state

conformation of the RyR. Since preservation of SR calcium handling in the heart

is critical for maintaining cardiac function, triadin 1 may be overexpressed in the

hearts of HRC null mice to activate the RyR and ensure sufficient calcium

release from the SR. Likewise, Trisk.95 may be expressed in the hearts of HRC

overexpressing mice to inhibit the RyR and prevent excessive calcium release.

Furthermore, HRCBP may regulate calcium release from the SR in

response to changes in the luminal calcium concentration. In reconstituted

planar lipid bilayers, the addition of triadin 1 and junctin stabilizes the active state

of the RyR independent of the luminal calcium concentration [21]. When

calsequestrin was added to the luminal side, it inhibited the ability of triadin 1 and

junctin to stabilize the active conformation of the RyR in a calcium dependent

manner. At high luminal calcium concentrations, calsequestrin had no effect, but,

as the calcium concentration dropped, calsequestrin inhibited the ability of triadin

to increase the open state probability of the RyR. Since binding of calsequestrin

to triadin is calcium-dependent, the inhibition of triadin by calsequestrin was most
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likely due to increased binding of calsequestrin to triadin as the calcium

Concentration was lowered [16, 21]. These observations suggest a model in

which Calsequestrin functions as a luminal calcium sensor that helps inactivate

the RyR when the SR calcium stores are depleted. The interaction of HRCBP

with triadin is also calcium-dependent [42]. In the absence of calcium, the

negatively charged acidic amino acids are free to bind positively charged KEKE

motifs in the luminal portion of Trisk.95, but higher calcium concentrations result

in increased calcium binding to the acidic amino acid repeats and displacement

of triadin. The KEKE motifs also serve as the calsequestrin and RyR binding

domains of triadin and are present in the three predominate isoforms (triadin 1,

Trisk51, and Triskø5) found in the heart [17, 102]. Therefore, HRCBP

presumably binds to triadin 1 in a similar fashion. Given the observation that

triadin 1 is overexpressed in the absence of HRCBP, one possible explanation is

that HRCBP binds to and promotes the ability of triadin 1 to increase the open

probability of the RyR at lower luminal calcium concentrations. Therefore,

HRCBP may be acting to partially offset the inhibition of the RyR by calsequestrin

as the luminal calcium concentration drops and to fine-tune the process whereby

calcium release from the RyR is inactivated.

As a result, the loss of HRCBP may result in premature inactivation of the

RyR and a reduction in the amount of calcium released. Since the amount of

calcium released correlates with the extent of myocyte contraction and since

preservation of cardiac function is critical, this decrease in calcium release may
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not be well tolerated in the heart [9]. As a result, triadin 1 may be upregulated in

to maintain calcium release from the SR in HRC null hearts.

In order to confirm this model for the function of HRCBP, more extensive

analysis of the biochemical mechanisms by which the protein contributes to E-C

coupling needs to be performed. Specifically, the effect of adding HRCBP to

reconstituted planar lipid bilayers on the open state probability of the RyR at

various calcium concentrations needs to be evaluated. Furthermore, it will be

important to determine if HRCBP, calsequestrin, and the RyR all compete for the

same binding sites on triadin and what the relative affinities of the binding of

these proteins to triadin are in order to establish whether calsequestrin and

HRCBP compete with each other to regulate RyR activity or whether they are

acting independently. Isolated cardiomyocytes provide a means of measuring

calcium handling in a physiological context [137]. Therefore, comparing the

calcium transients and calcium sparks of cardiomyocytes isolated from HRC null

mice and their wild type littermates may be a more informative means of

analyzing SR calcium handling than our in vitro assays were. If our model is

correct, we might expect to see a faster recovery of the calcium transient or a

decrease in calcium spark frequency in HRC null hearts whereas the in vitro

ryanodine-binding assay presumably only provides an indication of the activation

and not inactivation of the RyR. Since triadin 1 expression is upregulated in

hearts lacking HRCBP, it would also be interesting to cross the HRC null mice

with mice overexpressing triadin 1 and determine if the loss of HRCBP can

partially offset the effect of excess triadin on the inactivation of RyR2 and partially
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restore the relaxation parameters in triadin 1 overexpressing hearts. Finally, it

will also be important to characterize the calcium handling properties of skeletal

muscle from HRC knockout mice since there is not as much pressure to

rigorously preserve calcium handling in skeletal muscle and since triadin 1 is not

expressed in skeletal muscle [102]. Therefore, compensation for the lack of

HRCBP in skeletal muscle may not be as dramatic and SR calcium handling

defects may be more readily detectable.
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HRC genotype Observed
-

Expected

+/4- 43 36

+/- 74 72

-/- 27 36

Table 1: HRC null mice are present at Mendelian frequencies at weaning. 154

mice genereted by crosses of mice heterozygous for HRC were genotyped at

weaning. The number of mice of each genotype are presented here (observed)

and were not significantly different from the values predicted by standard

Mendelian inheritance (expected), as determined by chi-square analysis (chi

square value = 3.67, 2 degrees of freedom). */+, wild type mice;

+/-, heterozygous mice; -/-, HRC null mice.
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FIGURE LEGENDS

Figure 10: Generation of HRC null mice. (A) Schematic representation of the

targeting strategy for generating the HRC null allele. The transcriptional and

translational start sites and exon 1 were replaced by a neomycin resistance

cassette in reverse orientation by recominator of homologous flanking

sequences. Blue boxes represent exons of the HRC gene. Yellow and green

boxes represent neomycin (NEO) and thymidine kinase (TK) selection cassettes

(arrows indicate orientation), respectively. The locations of the 3' and 5' probes,

which reside outside the homology arms, are shown. E, EcoRI; B, Bamhl; P,

Psp■ 4061; S, Sall; X, Xhol. (B) Southern blot analysis of tail DNA from wild type

(+/4), heterozygous (+/-), and homozygous HRC null (-|-) mice. Homologous

recombination introduced an additional EcoRI site 5' of exon 2 in the targeted

HRC null allele, resulting in a smaller EcoRI digestion product. Arrows indicate

the position of the wild type (wt) and HRC null (mut) alleles in EcoRI digested

genomic DNA probed with the 3' probe shown in panel A. (C) Immunoblotting

confirms the absence of HRCBP in striated muscle from HRC null mice. Skeletal

muscle and heart homogenates from age- and sex-matched wild type (+/4),

heterozygous (+/-), and homozygous HRC null (-/-) mice were probed with anti

HRCBP (top) and anti-o-tubulin (bottom). Whereas similar levels of o-tubulin

were observed in every sample, HRCBP was only present in skeletal muscle and

heart from wild type and heterozygous mice and was absent in muscle from HRC
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null mice. Bars on the right depict the position of Full Range Rainbow molecular

weight markers. BSA, bovine serum albumin.

Figure 11: Skeletal muscle and hearts from HRC null mice display no obvious

morphological defects. Paraffin sections of skeletal muscle and hearts from HRC

knockout mice and wild type age- and sex-matched controls were stained with

Masson's Trichome stain to detect the deposition of connective tissue (blue

staining) associated with fibrosis. (A) Representative longitudinal sections of

femoral muscle from six month old female wild type and HRC null mice are

similar. The muscle fibers and sarcomeres, as indicated by the striated banding

pattern, show no signs of disorganization in HRC knockout mice when examined

at 20x magnification. (B) Representive frontal sections from six month old male

wild type and HRC knockout hearts are also similar. Specifically, the HRC null

heart shows no signs of hypetrophy, dilation, or fibrosis.

Figure 12: HRC display a reduction in body weight beginning at 11 months of

age. (A) While wild type (wt) and HRC null (ko) male mice had similar body

weights at 5, 6, and 8 months of age, HRC knockout mice displayed a significant

reduction in body weight compared to wild type controls at 11 and 13 months of

age. At 11 months of age, wild type mice weighed 35.8 + 4.3 g while HRC null

mice weighed 32.3 + 2.4 g (p=0.037, n=10). At 13 months of age, wild type mice

weighed 35.6 g + 3.9 g while HRC null mice weighed 28.3 + 2.3 g (p<0.0001,

n=16). Error bars in the figure represent the standard error of the mean

-

f
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(standard deviation is presented in text of figure legend). (B) HRC null mice had

decreased skeletal muscle and fat pad weights at 13 months of age. While

hearts and kidneys from wild type and HRC null mice had similar weights, crural

skeletal muscle (89 + 7% of wild type, p=0.035, n=8) and abdominal fat pads (75

+ 12% of wild type, p=0.019, n=4) from HRC null mice weighed significantly less

than those from wild type mice. Organ and tissue weights are expressed as

percent of wild type weight + standard deviation. Error bars in the figure

represent the standard error of the mean. P-values were calculated using

unpaired, two-tailed t-test analyses.

Figure 13: Three month old HRC null mice display no running defects in a

voluntary exercise assay. Male wild type (wt), heterozygous (het), and HRC null

(ko) mice were placed in a cage with a rodent wheel, and the distance each

mouse ran over a 16 h period each night was recorded (A). In addition, the

amount of time each mouse spent running during that 16 h period was measured

(B). Finally, the average nightly speed of each mouse was determined (C). Wild

type mice ran 3.5 + 0.5 km over a 3.8 + 0.2 h period each night, resulting in an

average speed of 0.92 + 0.17 km/h. Heterozygous mice ran 3.6 + 0.5 km over a

4.8 + 0.8 h period each night, resulting in an average speed of 0.74 + 0.05 km/h.

HRC null mice ran 4.4 + 1.7 km over a 5.0 + 1.5 h period each night, resulting in

an average speed of 0.88 + 0.19 km/h. The mean nightly values for three mice

of each genotype plus standard deviations are presented in the figure legend.

The error bars in the figure represent the standard error of the mean.
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Figure 14: 11 month old HRC null mice display neither running defects nor an

exaggerated response to exercise-induced cardiac hypertrophy. (A) Average

nightly distance run by 11 month old male wild type and HRC knockout mice

during the first five nights. Wild type mice ran 2.14 + 0.47 km (n=5) while HRC

null mice ran 2.24 + 0.59 km (n=4) during the first five nights of wheel running.

(B) Average daily (24 h) distance run by wild type and HRC null mice during the

entire four week course of the exercise-induced hypertrophy study. Wild type

mice ran 6.76 + 1.05 km (n=5) while HRC null mice ran 4.78 + 2.25 km (n=4)

during the first five nights of wheel running, but the difference in distance run

between wild type and HRC null mice was not statistically significant (p=0.12).

(C) Heart weight/tibia length ratios of wild type and HRC null mice either provided

with an exercise wheel (run) or not (no run) for 28 days. Wheel running resulted

in a statistically significant increase in heart size in both wild type (114 + 11% of

no run wild type hearts, n=5, p=0.047) in HRC knockout (119 + 14% of no run

wild type hearts, n=4, p=0.015), but the difference between the heart sizes of

exercised wild type and HRC null mice was not statistically significant (p=0.47).

Heart sizes are expressed as percent of no run wild type heart weight/tibia

length. Standard deviations are presented in the text of the figure legend, while

the error bars in the figure represent the standard error of the mean. P-values

were calculated using unpaired, two-tailed t-test analyses.
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Figure 15: HRC null hearts show an exaggerated hypertrophic response to

isoproterenol treatment. Six month old male wild type and HRC knockout mice

were subcutaneously implanted with mini-osmotic pumps delivering isoproterenol

(ISO, 60 mg/kg body weight/day) in PBS or PBS alone are shown. Isoproterenol

treatment resulted in a dramatic increase in heart size in both wild type (B, F) and

HRC null (D, H) mice when compared to mice treated with PBS alone, where wild

type (A, E) and HRC null hearts were similar in size (D,H). The hearts from HRC

knockout (D, H) mice treated with isoproterenol were larger than the hearts of

isoproterenol treated wild type (B, F) mice. Photographs are of whole mount

hearts (A-D) and hematoxylin and eosin stained frontal sections (E-H). Bar, 1

mm, LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Figure 16: HRC null hearts show an exaggerated hypertrophic response to

isoproterenol treatment. Six month old wild type (+/4), heterozygous (+/-), and

HRC null (-/-) male mice in a near congenic C57BL/6 background were treated

with isoproterenol in PBS to induce cardiac hypertrophy or with PBS alone.

Isoproterenol treatment resulted in a statistically significant increase in heart

weight to tibia length (hw/tl) ratio in mice of the each genotype (*, p<0.0001 in

every case). Bar graphs depict the mean heart weight to tibia length (hw■ tl) ratios

of each group normalized to and expressed as percentages of the mean hw■ t

ratio of wild type mice treated with PBS. No significant differences in hw■ tl were

observed among the three genotypes when mice were treated with PBS alone.

However, HRC knockout mice treated with isoproterenol showed a significantly
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greater increase in hw/t ratio (146 + 22% of PBS treated 4/+, n=19) than

isoproterenol treated wild type mice (128% + 11% of PBS treated 4/+, n=14)

(p=0.0132). Heterozygous mice treated isoproterenol exhibited an intermediate

hw/t ratio (137% of PBS treated 4/+). Data presented here were obtained from

two independent experiments. P-values were calculated using unpaired, two

tailed t-test analyses. Error bars in the figure represent the standard error of the

mean for each group.

Figure 17: Calcium handling is normal in cardiac homogenates from HRC null

mice. (A) Ryanodine binding as an indirect measure of SR calcium release

channel activity in wild type (wt) and HRC knockout (ko) mice. Cardiac

homogenates (250 pg protein) were incubated with 5 nM ('H]-ryanodine for 90

min. at 37°C, and the amount of ryanodine bound to each homogenate was

measured with a scintillation counter. Ryanodine binding to wild type

(105.5 + 20.5 frnol ryanodine/mg homogenate) and knockout (82.4 + 30.0 frnol

ryanodine/mg homogenate) homogenates was not statistically different (p=0.33,

n=3). Data expressed are the mean values from experiments performed in

duplicate on three independently prepared sets of homogenate preps. Standard

deviations are presented in the text of the figure legend, while the error bars in

the figure represent the standard error of the mean. P-values were calculated

using unpaired, two-tailed t-test analyses. (B) Calcium loading capacity of the

SR from wild type and HRC null mice. Cardiac homogenates (100 pig protein)

were incubated with 50 pm *CaCl2 and 3 mM ATP for 20 minutes at 37°C, and
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the amount of calcium loaded was measured with a scintillation counter. The SR

calcium loads of homogenates from wild type (47.9 + 10.9 nmol Ca"/mg

homogenate) and HRC knockout (65.4 nmol + 17.0 Ca"/mg homogenate) were

not significantly different (p=0.34, n=2). Data expressed are the mean values

from experiments performed on two independently prepared sets of

homogenates. Standard deviations are presented in the text of the figure legend,

while the error bars in the figure represent the standard error of the mean. P

values were calculated using unpaired, two-tailed t-test analyses. (C)

Fluorimetric assay for calcium uptake by the SR of wild type and HRC null mice.

Cardiac homogenates (375 pig protein) were incubated at 37°C in uptake buffer

containing Fura-2, and the ratio of Fura-2 fluorescence when excited 340 nm to

fluorescence when excited at 380 nm provided an indication of the

extramicrosomal calcium concentration. Calcium uptake was initiated by the

addition of 2.5 mM ATP, and CaCl2 was added in 1 pm increments (arrowheads).

Finally, 10 mM EGTA was added to determine baseline fluorescence. No

difference in the shape of the calcium uptake curve was observed between

homogenates from wild type and HRC knockout mice. The traces shown are

representative of three independent experiments performed on two independent

sets of homogenate preparations.

Figure 18: Triadin expression is increased in the hearts of HRC knockout mice.

Cardiac homogenates from age- and sex-matched wild type (wt) and HRC

knockout (ko) mice were analyzed by western blot with antibodies to

sº

---

sº

º

sº

º

* * *

º

*

82



calsequestrin (CSQ; A), the cardiac ryanodine receptor (RyR; B),

phospholamban (PLB, C), o-tubulin (D) and triadin (E). Equivalent amounts of

total protein from wi and ko cardiac homogenates were subjected to SDS-PAGE

and transferred to PVDF membranes for western analyses. After treatment of

the membranes with primary antibodies and peroxidase-conjugated secondary

antibodies, signal was detected by chemiluminescence. The levels of

calsequestrin (A), ryanodine receptor (B), and the pentameric form of

phospholamban (C) were nearly identical in wild type and HRC null hearts. The

similar o-tubulin levels in wt and HRC null homogenates confirmed that

approximately equal of amounts of protein were analyzed (D). In contrast to

CSQ, RyR, and PLB, triadin expression was increased in HRC knockout hearts

(E). Bars on the left depict the position of Full Range Rainbow molecular weight

markers. (F) Triadin expression is significantly increased in HRC null cardiac

homogenates (1.52 fold increase in triadin expression in HRC knockout mice

compared to wild type mice; p-0.0027, n=3). Triadin levels from three

independent sets of cardiac homogenates from age- and sex-matched wild type

and HRC knockout mice were analyzed in independent experiments, and the

level of triadin was normalized to the level of o-tubulin for each sample.

Normalized triadin levels in homogenates pooled from age-matched wild type

and HRC null mice were compared in pairwise analyses. Data are expressed

relative to wild type triadin protein level, and the p-values were calculated using a

two-tailed, paired t-test. Error bars represent the standard error of the means.
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Figure 19: Sequence analysis of the conserved C-terminal domain of HRCBP.

(A) Evolutionary conservation of the HRCBP/Aspolin 2 CTD. The alignment of

the C-terminal domains (CTD) of rat, human, and rabbit HRCBP, along with the

CTD of aspolin 2 from walleye with the mouse HRCBP CTD is depicted here.

The common HRCBP/aspolin 2 CTD contains 14 conserved cysteine residues,

marked by the green boxes, and the spacing between the cysteines within the

CTD is almost exactly conserved. The amino acids are color coded to reflect

conservation; red amino acids are identical to mouse, pink amino acids are

conserved with mouse, and black amino acids are not conserved. (B) The

HRCBP CTD is a laminin-type EGF-like domain. Prosite scan analysis of mouse

HRCBP revealed that the CTD contains the signature of a laminin-type EGF-like

(LE) domain. Shown here are the positions of the EGF-like domain signature 1

(EGF-1) and the laminin-type EGF-like domain signature (LE) relative to the

HRCBP CTD. Amino acids defining the EGF-1 domain are depicted in red, while

the amino acids defining the LE domain are depicted in blue. The highly

conserved cysteine residues are shown in green.

Figure 20: Affinity chromatography of cardiac homogenate with MBP-HRC CTD

reveals a novel 90 kD binding partner. Cardiac homogenate was loaded onto an

amylose column containing bound MBP-HRC CTD or MBP-Lacz fusion protein.

After washing the column, the MBP fusion protein and any of the proteins bound

to it were eluted with maltose. The inputs and elution fractions were then

subjected to analysis by SDS-PAGE. (A) Silver stained gel of elution fractions.
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A 90 kD band eluted with the MBP-HRC CTD (lane 3). This band did not elute

with MBP-Lacz (lane 2) or with MBP-HRC CTD when the column was incubated

with homogenization buffer without cardiac tissue (lane 4). An aliquot of the

cardiac homogenate used as input was loaded in lane 1. Bars on the right depict

the position of Full Range Rainbow molecular weight markers. (B) Triadin

western blot of elution fractions. Cardiac homogenate and elution fractions from

the affinity chromatography experiment were subjected to SDS-PAGE and

transferred to a PVDF membrane. The membrane was probed with mouse anti

triadin followed by peroxidase-conjugated anti-mouse secondary antibody, and

signal was detected by chemiluminescence. The cardiac isoform (triadin 1) and

two skeletal muscle isoforms (Trisk 51 and Trisk 95) were detected in the cardiac

homogenate (lane 1). However, none of the triadin isoforms could be detected in

elution fractions from affinity chromatography experiments of cardiac

homogenate with MBP-Lac Z (lanes 2-4, lane 2 corresponds to lane 2 in (A)) or

with MBP-HRC CTD (lanes 5-7, lane 5 corresponds to lane 3 in (A)). Bars on the

left depict the position of Full Range Rainbow molecular weight markers.

Figure 21: The MBP-HRCBP CTD multimerizes when expression is directed to

both the cytoplasm and the periplasm of E. coli. (A) SDS-PAGE and Coomassie

blue staining of purified MBP-HRCBP CTD in the presence and absence of

reducing agent (+/- DTT). When reduced with DTT, the predominant species of

MBP-HRCBP is a monomer of approximately 65 kD, but a dimer (130 kD) is also

present. In the absence of DTT, the monomer (~55 kD) is still the predominant
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species, but the dimer (-110 kD) is more prevalent, and the tetrameric and

additional higher order species also appear. (B) The cDNA corresponding to the

HRCBP CTD was cloned into two different MBP fusion constructs. One directed

expression of MBP-HRC CTD to cytoplasm of E. coli (cyto. MBP-HRC CTD),

while the other contained a signal sequence which directed MBP-HRC CTD

expression to the periplasm (peri. MBP-HRC CTD). E. coli were transfected with

both constructs and with an MBP-Lacz fusion construct. After inducing

expression of the fusion proteins, bacterial lysates were subjected to SDS-PAGE

in the presence or absence of a DTT and western blotting with anti-HRCBP. The

HRCBP antibody detected the MBP-HRCBP CTD (lanes 3,4,7, and 8) but not

the MBP-Lacz fusion proteins (lanes 5 and 6). In the absence of DTT treatment,

the periplasmic MBP-HRCBP CTD fusion protein appeared most prominently as

a dimer, but tetramers and monomers were also present (lane 8). After

treatment with DTT, the monomer became the most abundant species, although

a small amount of dimer was still observed (lane 7). Notably, the MBP-HRCBP

CTD formed these higher order structures regardless of whether expression of

the fusion protein was directed to the cytoplasm (lanes 3 and 4) or to the

periplasm (lanes 7 and 8). Cardiac homogenate containing endogenous full

length HRCBP in the presence (lane 1) or absence (lane 2) of DTT was also

evaluated. Interestingly, endogenous HRCBP (thick arrows) forms a higher order

structure in the absence of DTT (lane 2), but reduction of HRCBP with DTT

(lane 1) results in a shift towards the monomeric form.
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Figure 10: Generation of HRC null mice
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Figure 11: Skeletal muscle and hearts from
HRC null mice display no obvious

morphological defects
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Figure 12: HRC null mice display a reduction
in body weight beginning at 11 months of age
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Figure 13: 3 month old HRC null mice
display no running defects in a

voluntary exercise assay
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Figure 14: 11 month old HRC null mice do not
display an exaggerated response to exercise

induced cardiac hypertrophy
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wildtype

Figure 15: HRC null hearts show an
exaggerated hypertrophic response

to isoproterenol treatment
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Figure 16: HRC null hearts show an
exaggerated hypertrophic response

to isoproterenol treatment
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Figure 17: Calcium handling is normal in
cardiac homogenates from HRC null mice
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Figure 18: Triadin expression is increased
in the hearts of HRC knockout mice
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Figure 19: Sequence analysis of
the conserved C-terminal domain of HRCBP

A. Evolutionary conservation of the HRCBP/Aspolin 2 CTD
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Figure 20: Affinity chromatography of
cardiac homogenate with MBP-HRCBP CTD

reveals a novel 90 kD binding partner

A. Silver stained gel of elution fractions

B. Triadin western blot of elution fractions
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:



Figure 21: Multimerization of the
HRCBP CTD
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METHODS

Electron microscopy

To obtain cardiac tissue for electron microscopy (EM), adult mice were

sedated with 0.1-0.2 mg sodium pentobarbital per g body weight. The chest and

ribs were opened up, and the heart was perfused with with phosphate-buffered

saline (PBS; 2.68 mM KCI, 1.47 mM KH2PO4.8.10 mM Na2HPO4.0.08% NaCl).

The ventricles were further perfused with 4% paraformaldehyde (PFA) in 0.1 M

sodium cacodylate pH 7.4 (CaC buffer) before removing the heart and chopping

the ventricles into small chunks (approximately 4 mm”). The chunks were

incubated in the same fixative for an additional 4 h at 4°C and then washed in

CaC buffer without PFA for 1 h. The fixed tissue was then dehydrated,

embedded in Epoxy resin, and sectioned by Andrew Tauscher following standard

protocol for the LaVail lab. An electron micrograph obtained at 10,000x is shown

in Fig. 1. The skeletal muscle tissue was processed in a similar fashion by

Analeah Heidt, Ivo Cornelissen, and Andrew Tauscher, and Analeah Heidt

provided the electron micrograph of skeletal muscle.

Generation of MBP-HRCBP CTD

The C-terminal 418 nucleotides, corresponding to nucleotides 1834-2251

of Genbank NM_0104.73 sequence, of mouse HRC cDNA were excised from

pBS.HRCBP by digesting with Bst Y1. The sequence of this fragment follows:

>>ºsºn

99



gatcCtggaggaaaacctactacctitCaCCattatcCCaaacCCactCGCtgggagagaggtggC

CagagaaggttcCagtgaagaggagagcCgtgaggtoacaggtoagcaggatgcCCaggagta

CgaaaattaccagoCagggtotttgtgtggctactgttctitctgcaacC9atgtacCJaatgtgaaag

CtgtcactgtgatgaggagaaCatgggggaacactgtgacCagtgtcagoactgtcaattotgctac

Ctctgtc.cgctggtgtgtgacacgctotgcactCcaggaagctacgttgactatttctoctoctotctgtat

CaagcCCtggctgacatgttggagactocagagcCCtgacCtggCCgCCtggcaagagctgcatct

atttctitgaataaa

This fragment was then sub-cloned into prSETa (Invitrogen) to generate

pRSETa-HRCBP CTD. The fragment was then excised from pKSETa-HRCBP

CTD by digesting with HindIII and Bamhil. The fragment was further subcloned

into pMal-c2x (New England Biolabs) in order to generate an expression

construct with the C-terminus of HRCBP fused to maltose binding protein (MBP).

Sequence analysis confirmed that the HRCBP CTD was in frame with MBP.

This construct (pMal-c2x-HRCPB CTD) was used to generate and purify

fusion protein (MBP-HRCBPCTD) following the protocol for the pNal Protein

Fusion and Purification System (New England Biolabs). Briefly, BL21 codon plus

bacteria (Stratagene) were transformed with pl/al-c2x-HRCBPCTD.

Transformed bacteria were propagated at 37°C in 1 liter of LB containing

ampicillin (100 pg/ml, p.mal plasmid selection), chloramphenicol (30 pg/ml,

maintains codon plus plasmid), and tetracycline (20 pg/ml, bacterial strain

selection). When the A600 reached approximately 0.6, 1 mM isopropyl-3-D-

thiogalactopyranoside (IPTG) was added to induce expression of the MBP

HRCBP CTD protein. After 4 h of expression, the cells were pelleted and
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resuspended in 30 ml of column buffer (20 mM Tris pH 7.4 containing 200 mM

NaCl and 1mM EDTA). After freeze-thawing the cells, 0.5 mg/ml lysozyme was

added, and the extract was incubated on ice for 30 min. To further disrupt the cell

membranes, the extract was sonicated with 3 15 s bursts at setting 7 (Fisher

Scientific 550 Sonic Dismembranator). The extract was then centrifuged for

40 min. at approximately 28,000 x g (14,000 rpm in JLA 16.250 rotor), and the

supernatant was filtered (0.45 pm pore size). MBP-HRCBP CTD was purified

from the filtered supernatant using affinity chromatography. An amylose column

(Minor lab liquid chromatograph) was loaded with the supernatant, washed with

50 ml column buffer, and treated with column buffer containing 10 mM maltose to

elute the bound fusion protein.

Generation of GST-HRCBP CTD

The HRCBP CTD fragment from pKSETa-HRCBP CTD was excised by

digestion with Bamhl and EcoRI and sub-cloned into pGEX-2T to generate an

expression construct for a GST-HRC C-terminal domain fusion protein (GST

HRCBPCTD). GST-HRCBP CTD was purified following the GST Gene Fusion

System protocol (GE Healthcare). Briefly, BL21 codon plus cells were

transformed with pCEX-2T-HRCBP CTD and grown under the conditions

described for MBP-HRCBP CTD. Once the culture reached A600 of 1.0,

expression was induced by incubation with 1 mM IPTG for 2 h. Cells were then

pelleted, frozen, and resuspended in 25 ml PBS containing 1 tablet of Complete

protease inhibitor cocktail (Roche). Cell membranes were disrupted as

.
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described above for MBP-HRCBP CTD. To purify GST-HRCBP CTD, the filtered

supernatant was incubated with 400 pil glutathione sepharose 4B (GE

Healthcare) for 30 min. at 4°C. The resin was centrifuged for 10 min. at 500 x g

(1500 rpm in a Beckman GS-6R tabletop centrifuge), and most of the

supernatant was decanted. The remainder of the slurry was loaded onto a 5 ml

syringe containing a cotton plug at the bottom to generate a sepharose column.

The column was washed with 12 ml PBS, and the GST-HRCBP CTD was eluted

with 10 mM reduced glutathione in 50 mM Tris pH 8.0.

Generation of rabbit polyclonal antibody to the C-terminus of HRCBP

Elution fractions from the batch purification of MBP-HRCBP CTD were

pooled, and the protein concentration (0.75 mg/ml) was determined by

comparison with known quantities of BSA using SDS-PAGE [138]. 1.5 mg MBP

HRCBP was further purified by SDS-PAGE on 7.5% polyacrylamide gels. The

gels were lightly stained in an aqueous solution containing 0.05% Coomassie

brilliant blue, and the band corresponding to MBP-HRCBP CTD was excised and

used for injection (the polyacrylamide served as adjuvant). To generate

antibody, two rabbits were subjected to the following regimen: primary injection

with 150 pig antigen, followed by booster injections of 100 pig each performed

once a week for 5 weeks beginning one month after the primary injection. The

rabbits were first bled prior to the third booster, and further bleeds were collected

each consecutive week for 3 weeks. The rabbit was exsanguinated with the

º
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fourth and final bleed. The injections, bleeds, and serum preps from the bleeds

were performed by Animal Pharm Services, Inc.

To affinity purify antibody from the immune serum, the serum was passed

over a column containing GST-HRCBP CTD covalently linked to Affigel 15 resin.

Elution fractions containing GST-HRCBP CTD from 2 batches of purification

were pooled and passed through a PD10 desalting column (GE Healthcare) to

replace the Tris buffer with 10 mM HEPES pH 7.0. By comparison with BSA

standards using SDS-PAGE, the final concentration of the purified protein was

approximately 0.5 mg/ml. 1.75 mg of the fusion protein was then covalently

linked to Affigel 15 resin (Biorad) to generate a column for affinity purification of

HRCBP-specific antibodies from the serum. Briefly, the fusion protein was

incubated with 1 ml of the Affigel resin for 5 h at 4°C, and then the reaction was

quenched by incubating with 0.1 ml ethanolamine pH 8.0 for an additional 2 h.

The mixture was then loaded onto a 10 ml syringe with a cotton plug in the tip to

generate the affinity column. The column was washed with 25 ml 10 mM HEPES

pH 7.0, 10 ml 100 mM glycine pH 2.5, 10 ml 10 mM Tris pH 8.8, 10 ml 100 mM

triethylamine pH 12, and 20 ml 10 mM Tris pH 7.4. Bleed 2 from rabbit 1882 was

heat-inactivated for 30 minutes at 55°C and loaded onto the column to affinity

purify HRCBP CTD antibodies. The column was washed twice with 10 ml 10 mM

Tris pH 7.5 followed by two additional 10 ml washes with 500 mM NaCl in 10 mM

Tris pH 7.5. The antibody was then eluted from the column under acidic

conditions with 10 column volumes 100 mM glycine pH 2.5. Tris pH 8.0 was

added to a final concentration of 100 mM to neutralize the acid, and this elution

: :
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;
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fraction was dialyzed overnight at 4°C against PBS containing 10% glycerol and

0.02% NaN3.

Western blots of murine tissue homogenates

Tissue homogenates were prepared from adult mice following modification

of the initial steps of a protocol for preparing SR microsomes [139]. After

sacrificing the animals, tissues were quickly removed and placed in 3-5 volumes

(1 ml/g tissue weight) ice-cold MMB (20 mM sodium-PIPES pH 6.8 containing

10% glycerol, 2 HM leupeptin, 100 p.N PMSF, and 500 piM benzamidine). For the

quantitation of triadin, RyR2, calsequestrin, phospholamban, and d-tubulin levels

in wild type and HRC null hearts, the hearts of 5 HRC null mice and 5 age- and

sex-matched wild type controls were pooled for each sample and processed as

described below (Cardiac microsome homogenates). The tissue was

homogenized for 20-30s using the Powergen 35 tissue homogenizer (Fisher) at

low to medium speed. The homogenized tissues were then centrifuged at

8000 x g for 20 min. The supernatant was then mixed with SDS-PAGE loading

buffer in order to obtain a mixture with a final concentration of 50 mM Tris pH 6.8,

2% SDS, 10% glycerol, 30 mM dithiothreitol (DTT) and 0.01% bromophenol blue.

This mixture was boiled 10 min. and frozen.

Homogenates were normalized to d-tubulin levels (as determined by

western blot) and loaded on SDS-PAGE minigels (Biorad Miniprotean II). SDS

PAGE gels were prepared according to Laemmli and ranged in acrylamide

concentration (5% for ryanodine receptor, 5-6.5% for HRCBP, 10% for d-tubulin,

;
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and calsequestrin, and 12.5% for triadin; 29:1 acrylamide: bis-acrylamide).

Proteins were transferred overnight to Imobilon PVDF membranes (Millipore)

using the Biorad MiniTrans-Blot wet transfer system. Membranes were blocked

with TBST (13mm Tris pH 7.4, 150 mM NaCl, 0.05% tween 20) + 10% nonfat dry

milk for 1 h at room temperature, incubated with primary antibody 1 h at room

temperature (or overnight at 4°C), washed with TBST + 1% milk, incubated with

peroxidase-conjugated secondary antibody 1 h at room temperature, and

washed again. Luminescent bands were detected by using the ECL Plus

detection kit and Hyperfilm-ECL (Amersham Biosciences). To quantitate triadin

and triadin levels, the films were scanned and saved as TIFF files. Bands were

then outlined and quantified using the volume function in ImageOuant (Molecular

Dynamics, Inc.).

Antibodies and dilutions used follow: mouse monoclonal C3-332 pg/ml

(anti-ryanodine receptor 2, MA3-916 from Affinity Bioreagents), rabbit anti

HRCBP CTD 1:100-1:200, rabbit anti-calsequestrin 1:2500 (PA1-913 from

Affinity Bioreagents), mouse monoclonal GE 4.90 1:1000 (anti-triadin, MA3–927

from Affinity Bioreagents), mouse monoclonal 12G10 1:1000 (antiq-tubulin,

Thazath, et al. [140), obtained from the Developmental Studies Hybridoma Bank

at the University of lowa), peroxidase-conjugated anti-mouse IgG 1:25,000

(Sigma), and peroxidase-conjugated anti-rabbit IgG 1:25,000 (Sigma).
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Immunohistochemistry

The heart was dissected from a wild type adult male mouse, incubated in

PBS at 37°C for 5-10 minutes, and fixed overnight in 10% neutral buffered

formalin. The heart was then dehydrated and cleared with xylenes using the

Leica ASP300 tissue processor (medium tissues program) and embedded in

paraffin for frontal sections. 7 pm paraffin sections were rehydrated and

subjected to antigen retrieval (Antigen Retrieval Citra, Biogenex). After treating

the slides with 3% hydrogen peroxide to deplete endogenous peroxidase activity,

the tissue was blocked with PBS containing 3% normal goat serum (NGS) and

0.1% triton X-100. The sections were then incubated overnight with primary

antibody (1:50 rabbit anti-HRCBP or no antibody) in PBS + 0.1% triton X-100,

washed with PBS, incubated with secondary antibody (1:250 peroxidase

conjugated anti-mouse IgG or peroxidase-conjugated anti-rabbit IgG), and

washed again. The sections were then treated with Nickel-DAB stain (DAB

Peroxidase Substrate Kit, Vector Laboratories, Inc.) to detect peroxidase activity

and mounted with Cytoseal 60 (Richard-Allan Scientific).

Reporter constructs for the HRC expression studies

The region from -2609 to +117 relative to the transcriptional start site of

the human HRC gene was subcloned from a lambda GT10 genomic library as a

Sall-Pspí4061 fragment into pBluescript SKII(+) (pBS) digested with Sall and

Clal. The HRC upstream fragment was further subcloned from this pBS-HRC

promoter construct into the promoterless AUG-3-gal plasmid [141] to generate

º
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the HRC-lacz reporter construct and into pCAT-Basic (Promega) to generate the

HRC-CAT construct. The myogenin promoter (-1565 to +18) was previously

cloned into pCAT-Basic to generate pNYO1565CAT (142]. The

pCDNA1.MEF2A and pCDNA1.MEF2C expression plasmids were also

constructed previously [143]. PCR mutagenesis by gene splicing by overlap

extension (gene SOEing) was used to mutate the MEF2 cis-regulatory element in

HRC-lacz. Introduction of the mutant sequence,

5'-cctagotggatcctocqccCtggcctag-3', was confirmed by sequencing.

Lacz transgenic embryos and mice

Transgenic reporter contructs were digested, gel-purified, and resuspended in

5 mM Tris pH 7.4 containing 0.2 mM EDTA at a concentration of 2 ng/ml. Pronuclear

injection of mouse embryos with the DNA was performed as described previously

[144], and these embryos were implanted into psu.edopregnant CD-1 female mice.

Embryos were then harvested at the indicated times for the transient analysis of

HRC expression or allowed to develop into adult mice to generate stable transgenic

lines. For genotyping, genomic DNA was extracted from the yolk sacs of the

embryos or the tails of the mice, digested with EcoRV, and analyzed by Southern

blot with a radioactive lacz probe. All experiments using animals complied with

federal and institutional guidelines and were reviewed and approved by the UCSF

Institutional Animal Care and Use Committee.

3-galactosidase expression in lacz transgenic embryos and tissues was

detected by 5-bromo-4-chloro-3-indolyl-[3-D-galactopyranoside (X-gal) staining
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[144]. In this staining procedure, 3-galactosidase cleavage of a substrate results

in a blue color. Older embryos were then dehydrated in ethanol and cleared with

a 1:1 mixture of benzyl alcohol and benzyl benzoate for 3 hr in order visualize

staining beneath the skin. For histological analysis, X-gal stained embryos were

fixed with 4% paraformaldehyde overnight and then processed using the Leica

ASP300 tissue processor (lacz embryos program). 5 pm sections were cut using

a Leica RM2155 microtome, mounted on glass slides, and counterstained with

Nuclear Fast Red.

Electrophoresis Mobility Shift Assays (EMSA)

Recombinant MEF2A protein was generated by in vitro transcription and

translation from the pCDNA1.MEF2A plasmid using the TNT Quick coupled

transcription-translation system (Promega). 2 pig reticulocyte lysate containing

recombinant MEF2A or 2 pig unprogrammed reticulocyte lysate was pre

incubated for 1 h at room temperature in binding buffer (40 mM KCI, 15 mM

HEPES pH 7.9, 1 mM EDTA, 0.5 mM DTT, 5% glycerol) containing 1 pig of

poly(dl-dc.). Where indicated, a 100-fold excess of competitor oligonucleotide

was added 10 min. prior to addition of the end-labeled probe. Double stranded

oligonucleotide probes were end-labeled with ■ ”P]-dCTP using Klenow and

purified using non-denaturing tris-borate EDTA polyacrylamide gels and added to

the reaction mixtures. After 20 min. at room temperature, the reactions were

loaded onto a 6% nondenaturing polyacrylamide gel. The oligonucleotides for
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the myogenin wild type and mutant MEF2 sites have been characterized

previously [145]. The oligonucleotide for the wild type HRC MEF2 site was

5'-tccCagotgtatttatagocctggcctagocca-3', while the oligonucleotide for the mutant

HRC MEF2 site was 5'-tccCagotggatcctococcotggcctagocca-3'.

Analysis of HRC reporter construct activity in cell culture

C3H10T1/2 (10T1/2) fibroblasts were incubated with the Dulbecco's modified

Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), and C2C12

myoblasts were incubated with DMEM + 15% FCS. Differentiation of C2C12

myoblasts into myotubes was accomplished by incubating the cells in DMEM

supplemented with 2% horse serum as described previously [146]. The calcium

phosphate precipitation method was used to transfect cells [144]. For the trans

activation experiments, 10T1/2 cells were transfected with 5 pig HRC-lacz along with

5 pig pCDNA1.MEF2A, pCDNA1.MEF2C, or the parental pCDNA1/amp expression

vector (Invitrogen). Cellular extracts from transfected cells were prepared by

sonication as described previously [144] and used for chemiluminescent 3

galactosidase assays performed with the luminescent 3-gal kit (Clontech). Relative

light units (RLU) were detected with a Tropix TR717 microplate luminometer (PE

Applied Biosystems). For the analysis of HRC-CAT expression in various cell types,

10 pig of HRC-CAT, myogenin-CAT (pMYO1565CAT), pCAT-Basic (Promega), or

constitutively active simian virus 40 (SV40)-CAT was transfected into 10T1/2

fibroblasts, C2C12 myoblasts, or C2C12 myotubes. Chloramphenicol transferase

(CAT) assays were performed on extracts of sonicated, heat inactivated cells as

}

}
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described previously [147,148]. Reactions were carried out at 37°C for 5 h, and thin

layer chromatography followed by phosphorimager analysis (Molecular Dynamics,

Inc.) was used to quantify CAT activity.

Generation of HRC null mice and genotyping

To generate the HRC targeting vector, we initially isolated a genomic clone

encompassing the HRC locus by screening a mouse Sv129 genomic library

(Lambda Fixll, Stratagene) with the mouse HRC cDNA. A 2.6 kb Xhol-Sac

fragment of the HRC locus, which encompasses exons 2 through 6 was used as the

3’ homology arm. A 1.2 kb Bamhl-Pspí406 fragment that encompasses the

majority of the HRC promoter and promoter but does not include the transcriptional

start site was used as the 5’ homology arm. Homology arms were cloned into

plasmid NeoTKXho (kind gift of R. Behringer), which contains the PGK-Neo and

MC1-TK cassettes for positive and negative selection, respectively [149]. º

The HRC targeting vector was linearized with Notl, gel purified, and

introduced into KG-1 embryonic stem (ES) cells, which were derived from the }

129SVEv mouse strain, using standard procedures for ES cell electroporation [150).

Electroporated cells were then plated on Sto-1 feeder cells, which were previously

treated with Mitomycin C (Sigma) to block DNA replication in the feeder cells [150].

ES cells were simultaneously subjected to positive selection in 180 pg/ml G418

(Gibco-BRL) and negative selection in 2 JM Ganciclovir (kind gift of Syntex

Chemicals, Boulder, CO). Following selection for 10 days, 384 colonies were picked

and grown to confluence on Sto-1 feeder cells in flat bottom 96 well plates in the
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presence of 180 pg/ml G418. Expanded ES cell clones were then frozen in 96 well

plates and were also further expanded in the absence of feeder cells for DNA

preparation and Southern analysis according to standard procedures [150). Correct

gene targeting resulted in the replacement of the transcriptional and translation start

sites and the entire first exon of HRC, which accounts for the majority of the HRCBP

protein.

Correct targeting also resulted in the introduction of an additional EcoRI site

into the HRC locus, which was detected using probes that are external to the

targeting vector at both the 5' and 3’ ends. The 3’ probe, an EcoRI-Sac fragment

that resides outside the region of the HRC locus used for the homology arms,

detects a 7.9 kb EcoRI fragment from the wild type allele and a 3.8 kb band from the

targeted allele. The 5’ probe, a Sacl-Bamhl fragment that also resides outside the

region of the HRC locus that was used for the homology arms, detects a 7.9 kb

EcoRI fragment by Southern analysis from the wild wpe allele and a 4.7 kb band

from the targeted allele. ES cell clones were screened independently with both the

3' and 5’ probes. Sixteen clones were properly targeted based on Southern

analyses with both probes and two of these were expanded and used to generate

high percentage chimeric mice by injection into the blastocysts of C57BL/6 mice.

Male chimeric mice were bred to wild type C57BL/6 mice and screened for

germline transmission of the mutant allele by Southern analyses using the 3’ probe

described above. Following germline transmission of the allele, HRC heterozygous

mice were backcrossed to wild type C57BL/6 mice for seven generations to achieve

near congeneity of the mutant alelle in an otherwise C57BL/6 background. While
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ten generations of backcrossing is commonly used to achieve a level of congeneity

with approximately 99.9% of the offspring carrying the recipient genome, seven

generations of backcrossing also produces offspring with a large proportion of

recipient DNA (approximately 99.2%) [151]. All experiments using animals complied

with federal and institutional guidelines and were reviewed and approved by the

UCSF Institutional Animal Care and Use Committee.

Organ/tissue weight and histological analysis

Tissues and organs were harvested from 2, 6.5, and 13 month old HRC- r

null mice and their sex-matched wild-type littermates. After sedating the animals

with 0.1-0.2 mg sodium pentobarbital per g body weight, the hearts were quickly

dissected out and incubated in PBS at 37°C for 5-10 minutes prior to weighing. º

The left kidneys and both abdominal fat pads were then removed and weighed.

For skeletal muscle, the gastrocnemius, soleus, and plantaris muscles were *

removed and weighed as a single muscle group (crural muscle group). In |

addition, the quadriceps were also removed and weighed. The tibia was |

removed, cleaned, and measured using calipers.

For histological analysis, the tissues were fixed overnight in either 4%

paraformaldehyde in PBS or 10% neutral buffered formalin. Then the tissues

were dehydrated and cleared with xylenes using the Leica ASP300 tissue

processor (medium tissues program). For the quadriceps and crural muscle

groups, the tissues were dehydrated by hand, using overnight incubations in

70%, 70%, 95%, 100%, and 100% ethanol. The tissue was then cleared with
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toluene for 3 h. Cleared tissue was embedded in paraffin, and 5-7 pm sections

generated with a Leica RM2155 microtome were allowed to adhere to Fisher

Superfrost Plus slides. Hearts were oriented to obtain frontal sections, while the

crural group and quadriceps muscles were oriented for both longitudinal and

frontal sections. In some cases, the soleus muscle was dissected from the Crural

group prior to fixation, processed using the medium tissues program, and

oriented to obtain transverse sections. Selected slides were either stained with

Hematoxylin and Eosin (H&E, UCSF anatomy department histology laboratory

protocol), Masson's Trichrome Stain (MTC, from Theory and Practice of

Histotechnology [152]) to detect fibrosis, wheat-germ agglutinin-TRITC (WGA

TRITC) to measure fiber size [153], and anti-skeletal muscle myosin (MY-32)

followed by Alexa Flour (AF) 498 anti-mouse (Invitrogen) to measure fiber type.

The WGA-TRITC stain was performed by bringing the sections to water and

treating them with 50 pg/ml WGA-TRITC in PBS. After incubating the sections

for 1 h at room temperature or overnight at 4°C, the slides were washed 4x with

PBS and mounted with either Slowfade Light or Slowfade Gold (Invitrogen) to

enhance and preserve fluorescence. The MY-32 immunohistochemistry was

performed by bringing the transverse sections of soleus muscle to water,

blocking with 3% NGS for 30 min., incubating with 1:300 MY-32 in 3% NGS in

PBS for 1 h, washing 4x with PBS, incubating with AF 594 anti-mouse antibody

in PBS, washing 4x with PBS, and treating with Slowfade Gold. Pictures of the

sections were obtained using a Nikon Microphot FX-A fluorescence microscope.
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To measure fiber size, serial transverse sections of the soleus were

obtained, slides containing every 40th section were stained with H&E, and slides

containing serial sections adjacent to sections with the greatest cross-sectional

area for each individual soleus muscle were stained with WGA-TRITC. Pictures

were taken at 10x magnification, and the areas of 300-400 cells of each soleus

muscle sectioned were measured using Image.J (NIH). To accomplish this in the

Image.J program, the scale was set to 1.701 pixels/um, each cell was outlined

using the polygon tool, and the area outlined was measured.

Voluntary exercise assays

Voluntary exercise assays were conducted essentially as described

previously [96]. Briefly, three month old wild type, heterozygous, and HRC knockout

mice (3 mice per group) were housed individually in oversized microisolator rodent

cages (25 cm x 48 cm x 25 cm) containing standard metal rodent wheels (11.5 cm

diameter) suspended from the wire cage top. A bicycle computer (Sigma Sport

model BC 800) was mounted on each wheel such that the magnet passed the

sensor with each revolution of the wheel. The distance run on the wheels was

recorded from 6 pm to 10 am each night for five consecutive nights. The exercise

assays were performed under standard light/dark conditions and mice were provided

unlimited access to food and water throughout the course of the experiment.

In order to assess exercise-induced cardiac hypertrophy, the mice were

allowed to run as described above for 28 days since previous studies indicated that

4 weeks of running was sufficient to induce physiologic hypertrophy [96]. 11 month
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wild type and HRC null mice were housed in a cage containing either a mouse wheel

or no wheel for the duration of the experiment (5 mice per group). After 28 days, the

mice were weighed and sacrificed, and the hearts and quadriceps were removed,

weighed, and processed for histological analysis (described above). Tibia length

measurements were also taken.

Induction of cardiac hypertrophy

Cardiac hypertrophy was induced in 6.5 month old wild type and HRC null

male and female mice by administering isoproterenol as described previously

[97,98]. Isoproterenol (60 mg/kg body weight/day) in PBS or PBS alone was

administered for 10 days using mini-osmotic pumps (Alzet model 2002). The

mice were anesthetized with isofluorane, and the pumps were inserted

subcutaneously along the right side of the spine via an incision in the lower left

side of the back. The incision was closed with 4-0 silk sutures, and the mice

were allowed to recover on a slide warmer set to 37°C. 10 days after the

surgery, the mice were weighed and anesthetized with 0.1-0.2 mg sodium

pentobarbital per g body weight. The hearts were then dissected from the mice,

incubated in PBS at 37°C for 5-10 minutes, weighed, and processed as

described above. Prior to dehydration, whole mount pictures of the fixed hearts

were taken with a Leica DC camera attached to a Leica dissecting microscope at

a magnification of 1.0x. The tibias were also removed, and the lengths of the

bones were measured using calipers.
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Cardiac SR microsome homogenates

Hearts from five age- and sex-matched congenic mice per group were

pooled, and homogenates were prepared following the initial steps of a cardiac

SR microsome preparation protocol described previously [139]. Briefly, the

hearts were minced with a razor blade in 5 volumes of MMB. The tissue was

then homogenized with 320-30 second bursts using the Powergen 35 tissue

homogenizer (Fisher) at low to medium speed. The tissues were then further

homogenized using a PFTE mortar and pestle. For this step, the pestle was

spun using a Sears Craftsman Drill (9101121) set to 60% power with a Staaco

variable autotransformer. Homogenization consisted of two sets of 10 strokes

(while spinning, the pestle was pressed to the bottom of the pestle and then

withdrawn for each stroke), followed by a 30 second rest on ice. The

homogenized tissues were then centrifuged at 8000 x g for 20 min. All steps

were performed on ice or at 4°C. The supernatant was then filtered through

three layers of gauze and frozen down in 100 pil aliquots with liquid nitrogen.

Homogenates were normalized to protein content as quantified by Bradford |

assay and confirmed by q-tubulin western blot.

['H]-ryanodine binding assay

To assess RyR activity at various free calcium concentrations, [*H]-

ryanodine binding to cardiac microsome preps were measured using a

modification of a method described previously [154]. Briefly, 0.934 mM, 0.980

mM, 1.27 mM, or 3.00 mM CaCl2 was added to ryanodine binding buffer (25 mM
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imidazole pH 7.4, 1 M KCI, O.95 mM EGTA; 250 pl/reaction) to test ryanodine

binding over a range of free calcium concentrations. By using WebMaxChelator

we determined that these concentrations of calcium chloride yielded free calcium

concentrations of pCa 5.5, 4.5, 3.5, and 2.7, respectively

(http://www.stanford.edu/%7ecpatton/webmaxc/webmaxcS.htm). Cardiac

microsome homogenate (final concentration of 1 pg/ul) and 5 nM ('H]-ryanodine

(0.25 pici■ ml) were added, and the samples were incubated at 37°C for 90 min.

The binding reaction was performed in duplicate over the entire range of free

calcium concentrations on a single set of homogenate preps and in duplicate or

triplicate at pCa 2.7 on three independently prepared sets of homogenates.

Reactions were then filtered through 0.45 um HA filters (Millipore), which retained

the microsome membranes. Prior to filtration, the filters were placed in Swinnex

filter holders (Millipore) and attached to a Promega Wizard miniprep vacuum

manifold. After vacuum filtration, the filters were washed 4x with 250 pl

ryanodine binding buffer lacking EGTA using the vacuum manifold. The filter

was then removed and dissolved in 4 ml ethylene glycol monoethyl ether

(Sigma). The samples were then treated with 4 ml Scintiverse (Sigma) and

quantified by detecting decays per min. (dpm) with the ■ ”H] program of a LS 6500

Multipurpose Scintillation Counter (Beckman Coulter). Non-specific background

binding, assessed by adding 12 JM cold ryanodine to reactions run in parallel,

was subtracted, and amount of ryanodine bound was determined by converting

dpm to frnol ryanodine (1 pil of 122 nM ('H]-ryanodine, or 0.122 frnol ryanodine,

yielded a count of 13,000 dpm).
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[*Ca”] loading assay

Calcium loading capacity was assessed in a manner similar to the ■ h]-

ryanodine binding assay. Cardiac homogenates (100 pg/ml) in the uptake buffer

described above (fluorimetric calcium uptake assay) were incubated with 50 pm

*CaCl2 (5 pCi/ml) and 3 mM potassium-ATP for 20 min. at 37°C. Samples were

then filtered through 0.45 pm HA filters using the same vacuum filtration method

described above (■ ’H]-ryanodine binding assay). After washing 2x with 2 ml

uptake buffer, the filters were processed as described above for the ryanodine

binding assays. Calcium loading was quantified by detecting counts per min

(cpm) with the [*Ca"] program of a LS 6500 Multipurpose Scintillation Counter

(Beckman Coulter). Non-specific background binding, assessed by pre-treating

reactions run in parallel with 1 HM thapsigargin for 3 min prior to ATP addition,

was subtracted, and amount of calcium loaded was determined by converting

cpm to nmol calcium (100 plof 100 p.M (*CaCl2], or 0.01 pmol calcium, yielded a

count of 2.6 x 10°cpm). Data presented in Fig. 17B represent the average of a

single experiment performed on 2 independent sets of homogenate preps.

Fluorimetric calcium uptake assay

Uptake buffer (20 mM imidazole pH 7.0, 100 mM KCI, 5 mM MgCl2, 5 mM

potassium oxalate, 10 mM NaN3) containing cardiac microsome homogenate at a

concentration of 750 pg/ml and 2 g|M Fura-2 (Invitrogen) was incubated with

continuous stirring in a 0.5 ml quartz cuvette at 37°C in a Photon Technology
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International fluorimeter. To assess extramicrosomal calcium levels, the ratio of

light emitted at 510 nm when excited at 340 nm to light emitted when excited at

380 nm was measured. Calcium uptake was stimulated by the addition of

2.5 mM potassium-ATP. After the calcium levels stabilized, 1 pm CaCl2 was

added, and uptake was allowed to proceed for 8 minutes. Then an additional

1 HM CaCl2 was added. This process was continued until calcium uptake was no

longer observed. Finally, EGTA was then added to a final concentration of

50 mM to chelate the remaining extramicrosomal calcium. When the samples

were pre-treated with 1 pm thapsigargin, a SERCA inhibitor [155], uptake was no

longer observed, indicating that this assay is specific for SERCA-mediated

calcium uptake into the SR. The results shown in Fig. 17C are representative of

3 experiments run on 2 independent sets of homogenate preps.

Yeast 2 hybrid screen

The MATCHMAKER Two-Hybrid System 2 (Clontech) was employed to

identify binding partners for HRCBP and the CTD of HRCBP. This system uses

a “bait" fused to the GAL4 DNA binding domain (GAL4BD) and a library of

potential “prey" clones fused to the GAL4 activation domain (GAL4AD). The

“bait"-GAL4BD fusion protein binds to a promoter, but transcription is only

activated when a “prey" clone containing the GAL4AD interacts with the “bait".

For our assays, the full length HRCBP cDNA and the HRCBP CTD were both

used to Construct "baits".
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To generate the HRCBP cDNA "bait" (p.AS2-1-HRCBP), the full length

HRCBP cDNA was excised from pBS.HRCBP by digestion with Pvull and Bamhl

and ligated into the paS2-1 “bait" vector. To accomplish this, p8S.HRCBP was

digested first with Psp■ i 4061 to eliminate potential contaminating restriction

enzyme digest products. This digestion was then further digested with Pvull and

Bamhl to generate the full-length 2.3 kb HRCBP cDNA fragment. The paS2-1

vector was first digested with Ncol, blunt-ended by Klenow fill-in of the

overhanging 3' ends, and further digested with Bamhil. After QIAquick gel

purification (Qiagen), the 2.3 kb HRCBP cDNA fragment was ligated with the

digested vector such that the 5' blunt Pvull-digested end of the fragment ligated

with the blunt end of the linear vector and the 3' Bamhl-digested end ligated with

the Bam! I digested end of pâS2-1. The sequence of the HRCBP cDNA

fragment used follows:

CtgaagcCagoctggtoagacgctoagctgctaaacgtoCCCatgggcttcCaggggcCatggttg

CacactigtotcCtttgggcCacagtggcCatCctgctggtocCtcCagtggtgaCCCaggagttgag

aggggcCggtotgggcCtgggcaactggaacaacaatgcaggcatcCCtgggtoctoagaggac

ctatoaactgagtttggtoacCacatcCaCCggggatatoaaggtgagaaggacagaggcCacag

agaagagggtgaagactictoCagggaatatggCCaCagggtocaagacCacaggtaCCCtggc

CgCJaggttggagaggagaatgtctotgaagaggtottcagagggcatgttagacagotcCacgg

gCaccgggaacatgacaatgaagatttaggagactoggcagagaaccacctoCCCagacagag

gagcCacagocacgaagatgaggatggcattgtctoCagtgagtatoacCJtcacgtoCCCaggc

atgCCCaCCatggCCaC9gagaggaagatgatgacgatgatggaggagaggaggaggagag

ggtggatgtgatggaggactCtgatgataatgaacacCaggtocatggtoaccagagcCactCaa
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aggagagagatgaactCCatCatgCCCaCagcCaCaggcacCaaggcCaCagtgatgatgacg

atgacgatggtgtctotactgagcatggacacCaagctoacagatatoaggatcatgaggaggaa

gacgatggggactoagatgaagacagtCacaccCacagagttcaaggcCgagaagatgaaaat

gatgatgaagaC9gtgactCtggtgaatacagaCaCCatacCCaggacCaCCaaggcCaCaac

gaagagcaagatgacgatgatgatgatgatgatgatgatgaagataaagaagactCCaCtgago

accggCaCCagaCCCaaggcCacaggaaggaagaagatgaggatgagtoagatgaagatgat

CatCatgtctoCaggcatggacgcCaaggctatgaagaagaagaagatgatgatgatgatgatgg

agatgatgactotactgagoatgtgcatcaagCCCaCagacacagagaCCatgagoaCaaagat

gatgaggatgactoagaagaagactacCatcatgtcCCCagcCatggCCgCCaaagcCaCCaaa

atgaggaagaggaagatgaggctgtatocactgaacactggCaCCagtotcCtagaCatgctoac

CatgatctggacgtgagagtgaagaagaggtagcagtoaagtacagoCaCCatgttgcaagcCa

CCgtoCCCaaggcCacaatgctgacagggaggaggactctotagaagaacacatgaatgaagto

CCaggCCatCaCCaCCacagagcctoCaggggtgatgatgaggacatttctactgagtttggCCaC

aaggcCCCCagCCaCaggctacaagatcaagatgaaagggcgaggcagggtoacagagagc

CtgttcagggaaagattgctoatcagoCCCtgcaacCCaCaggacCCagttcaagagaatcaagg

aaggaaggtgaCCaCagctotcaagagggagatgaagacCCagagcagaggcaagcCCata

gtgaggaggagaaggaggaggaggaggaggaggaggaggaggaggaggaggaggagga

gaaagaggggggcCatagoctoCCCatgagoCaggaagatgatgaagaggaagaaaaagatg

agaaagaaagcaaggtagaCagggctgcagtttcagotcCactgagcCatCataggaagcagg

gggaggaagaggaggaggaagaggaggaggaagaggaggagatcCtggaggaaaaccta

CtacctitCaCCattatcCCaaacCCactCGCtgggagagaggtggCCagagaaggttcCagtgaa

gaggagagcCgtgaggtoacaggtoagcaggatgcCCaggagtacgaaaattaccagoCagg

gtotttgtgtggctactgttctitctgcaacCJatgtacCJaatgtgaaagctgtcactgtgatgaggag
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aacatgggggaaCactgtgaCCagtgtcagoactgtcaattctgctacctotgtcCgctggtgtgtga

CacgctotgcactoCaggaagctacgttgactatttctoctoctotctgtatoaagcCCtggctgacatg

ttggagactocagagcCCtgaCCtggCCgCCtggcaagagctgcatctatttctitgaataaa

To generate the HRCBP CTD “bait" (p.AS2-1-HRCBPCTD), the same

Bstyl fragment used to generate pKSETa-HRCBP CTD (generation of MBP

HRCBPCTD) was ligated with Bam!—ll-digested paS2-1. EcoRI digestion was

performed to test orientation of insert in potential candidate clones. Since an

EcoRI site lies in the vector immediately 5' to the insert and an additional EcoRI

site lies in the 3' end of the insert, clones with the insert in the forward (5' to 3')

orientation yielded digest products of 8.4 kb and 450 bp, while digestion of clones

with the insert in the reverse orientation yielded products of 8.8 kb and 10 bp.

Both “baits" were then sequenced to ensure that mutations had not been

introduced and that the fusion proteins were in-frame with the GAL4DB.

To amplify an adult heart "prey" påCT library prepared by Dwayne

Bisgrove, 40 separate 50 pil aliquots of electrocompetent XL1 blue bacteria were

electroporated with 50 ng of the library using a Biorad Genepulser set to 1.8 kV,

25 HF and 2000. Using this strategy, we obtained a transformation efficiency of

1.8 x 10° colony forming units. Each transformation was amplified by incubating

in 3 ml LB containing 100 pg/ml ampicillin (LB Amp) for 7.5 hours at 37°C. The

cultures were then pooled in groups of 10 and used to inoculate 4300 ml LB

Amp cultures, which were grown to stationary phase. These cultures were then

pooled, and plasmid was purified from the bacteria using the Plasmid Mega Kit
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(Qiagen). The volume of the library was then adjusted to yield a concentration of

1|Ig/ul.

The “baits" were introduced into the Y190 yeast strain (Clontech) by

transformation according to the protocol described in the Matchmaker Two

Hybrid System 2 manual. Y190 are auxotrophic for histidine, leucine, and

tryptophan, but the paS2-1 plasmid contains the gene necessary to overcome

tryptophan auxotrophy. Therefore, the transformations were plated on CSM-TRP

(Complete Supplement Media minus tryptophan, BioTO1 Systems) to select for

dones receiving the “bait" plasmid. Yeast containing the paS2-1-HRCBP cDNA

plasmid (Y190-HRC cDNA) were then transformed with the paCT library. 3 1/5

(10 pig paCT library) and 1 full (33.8 pig påCT library) large scale transformations

were performed and plated on CSM-His-Leu-Trp + 25mm 3-amino-1,2,4-triazole

(3AT). Aliquots were also plated on CSM-Leu-Trp to determine transformation

efficiency (yeast receiving a pACT clone overcome leucine auxotrophy).

Respective transformation efficiencies of 26,000, 40,000, 74,000, and 130,000

colony forming units per pig påCT DNA were obtained. Interaction of the “prey"

with the “bait" results in the activation of transcription of the HIS3 and lacz loci in

Y190 and allows the yeast to grow in the absence of histidine. In each case, 3

10 large 3 mm pink colonies, several smaller pink colonies, and hundreds of

Smaller white Colonies were observed. 66-100 of the most robust Colonies from

each of these screens were restreaked and grown on CSM-His-Leu-Trp + 50 mM

3AT plates. The colony lift filter assay (Yeast Protocols Handbook, Clontech)

was performed on restreaked positive clones to determine if lacz expression was
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also activated. In each case, the 15-20 most robust HIS3 and/or lacz expressors

were restreaked on CSM-Leu + 10 pg/ml cyclohexamide plates to eliminate the

“bait" plasmid. Plasmid DNA from clones which did not auto-activate in the

absence of the “bait" was then prepared (Yeast Protocols Handbook) and used to

transform electrocompetent DH5d bacteria using the same electroporation

conditions described for the pâCT library and plated on LB Amp plates. Colonies

were then used to inoculate and grow 3 ml LB Amp cultures, and the plasmid

was isolated using the Wizard Plus Miniprep kit (Promega). Potential positive

clones were digested with Xhol to verify the presence of insert prior to analyzing

the sequence of the insert.

A similar strategy was employed to test for "prey" that interact with the

HRCBP CTD “bait". However, paS2-1-HRCBP CTD inhibited growth of the

yeast. Therefore, we performed a large scale simultaneous transformation of

Y190 with 40 pig paS2-1-HRCBP CTD and 20 pig of the cardiac paCT library.

This resulted in a low transformation efficiency of 140 cfu/ug of library DNA, but

we identified 9 large colonies and approximately 50 medium sized colonies.

After restreaking the potential positive clones, we identified 7 robust clones.

These clones were processed in a similar fashion as the postitive clones from the

HRCBP cDNA screens. Lacz expression was not used as a criterion for

selection since the HRCBP CTD "bait" activated lacz expression in the absence

of “prey".
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Co-immunoprecipitation

HRCBP and the cardiac isoform of the ryanodine receptor (RyR2) were

immunoprecipitated from cardiac homogenates prepared as described above

(cardiac SR microsome homogenates). Cardiac homogenates were solubilized

as described previously [156]. Briefly, 95 pil of homogenate (3.2 pg/ul) was

incubated with 10 pil of 10x permeabilization buffer (500 mM Tris pH 7.4, 1.5 M

NaCl, 10 mM EDTA, 20% Tween-20, 20 p.m. leupeptin, 1 mM PMSF, 5 mM

benzamidine) for 30 min on ice. The permeabilized homogenate was then

diluted to 1 ml with IP buffer (50 mM Tris pH7.4, 150 mM NaCl, 1 mM EDTA,

2 HM leupeptin, 100 pN PMSF, 500 p.M benzamidine) and precleared with 20 pil

protein A/G agarose slurry (Santa Cruz Biotechnology, Inc.) for 2 h. After

centrifuging this mixture at 1000 x g (2500 rpm) for 30 s in a 5415C

microcentrifuge (Eppendorf), the supernatant was extracted and used for

immunoprecipitation (IP) reactions. For the IPs, 180 pil of the precleared

homogenate was incubated with either a 1:10 dilution of the HRCBP antibody,

10 pg/ml C3-33 (RyR2 antibody), or no primary antibody for 3 h. Protein A/G

agarose was then added, and the incubation was allowed to proceed for an

additional 3 h. The IPs were then centrifuged again, decanted, and washed 3x

with 1 ml IP buffer (10 min. each wash). The agarose pellets were resuspended

in 60 pil SDS-PAGE loading buffer and analyzed for the presence of HRCBP,

RyR2, and calsequestrin by western blot as described above (using a 1:500

dilution for anti-HRCBP and a 0.5 pg/ml dilution for C3-33). All steps of this

procedure were carried out on ice or at 4°C.
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MBP-HRCBP CTD affinity chromatography

Expression of MBP-HRCBP CTD and MBP-Lacz from p■ /al-c2x-HRCPB

CTD and p■ al-c2x respectively was carried out as described above. The

bacterial lysates were then loaded onto makeshift columns generated from 10 ml

syringes containing 1.5 ml amylose resin. After washing the columns 2x with

9 ml column buffer, 40 ml of solubilized cardiac homogenate was loaded onto the

columns. The cardiac homogenate was prepared as described above (tissue

preps for western analyses), solubilized by treatment with 10 mg/ml CHAPS, 1 M

NaCl, and 1 mM DTT for 15 min. at room temperature followed by 1 h on ice.

The insoluble material was then pelleted with a 25 min. spin at 20,000 rpm in the

Ti’0 rotor of the Beckman L8-80M Ultracentrifuge, and the supernatant was

diluted 1:10 with 20 mM Tris pH 7.4, 1 mM DTT, 2 HM leupeptin, 100 piM PMSF,

and 500 pm benzamidine immediately prior to the affinity chromatography

experiment. Then the columns were washed with 2 x 10 ml column buffer.

Proteins binding to the MBP fusion proteins eluted with the MBP fusion protein

when 10 aliquots (elutions) of 1 ml 10 mM maltose 2 g|M leupeptin, 100 HM

PMSF, and 500 pm benzamidine in column buffer were added to the column. As

a control for non-specific proteins in the MBP-HRCBP CTD lysate that might be

mistaken for proteins binding to the CTD, we included an additional control in

which 20 mM Tris pH 7.4, 0.1% CHAPS, and 1 mM DTT without cardiac

homogenate was loaded on to the MBP-HRCBP CTD column. All steps of this

procedure were carried out on ice or at 4°C.
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Proteins in the cardiac homogenate (input) and the elution fractions of the

chromatography experiment were visualized by SDS-PAGE of the fractions on a

large 6.5% polyacrylamide gel followed by silver staining the gel. The presence

of triadin in the elution fractions was assessed by western blot as described

above (using a 1:2000 dilution of the triadin antibody). Silver staining was

conducted by treating the gel with consecutive 10 min. incubations in 50%

methanol, 5% methanol, 32.6 p!M DTT, and 0.1% AgNO3. The gel was then

incubated in 6% Na2CO3"H2O + 0.037% formaldehyde until protein bands

developed. The reaction was then terminated by the addition of citric acid

monohydrate.

Multimerization of MBP-HRCBP CTD

To generate an expression construct directing MBP-HRCBP CTD to the

periplasm, the HRCBP CTD was subcloned into pMal-p2x to generate pNial-p2x

HRCBP CTD. Since pN■ al-c2x and pl/al-p2x contain the same restriction sites in

the same frame, this subcloning was conducted as described above for p■ /al

c2x-HRCBP CTD. Periplasmic protein lysates were harvested as described in

pMal Protein Fusion and Purification System handbook (New England Biolabs).

The pNial-p2x-HRCBP CTD plasmid was introduced into BL21 codon plus

bacteria, and induction of expression in a 50 ml culture of transformed bacteria

was performed as described for p\Mal-c2x-HRCBP CTD (generation of MBP

HRCBPCTD). After induction was complete, the cells were resuspended in
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20 ml 30 mM Tris pH 8.0, 20% sucrose, and 1 mM EDTA and incubated at room

temperature for 10 min. The cells were then pelleted and resuspended in 20 ml

ice cold osmotic shock fluid (5 mM MgSO4) and shaken for 10 min. to release

periplasmic protein. The bacteria were pelleted again, and supernatant

containing periplasmic protein was analyzed by SDS-PAGE. Periplasmic protein

extracts containing MBP-HRCBP CTD, purified cytoplasmic MBP-HRCBP, and

cardiac SR microsome homogenate were all treated with SDS-PAGE loading

which either contained or lacked 30 mM DTT and subjected to SDS-PAGE as

described above. Western blots with 1:1000 anti-HRCBP and Coomassie blue

staining were utilized to determine the effects of DTT reduction on endogenous

HRCBP and MBP-HRCBP CTD expressed in both the cytoplasm and periplasm.

Towards crystallization of the HRCBP CTD

The initial strategy for crystallization of the HRCBP CTD was to purify

MBP-HRCBP, cleave with Tev to separate MBP and the HRCBP CTD, and

expose the HRCBP CTD to an array of conditions conducive to seeding crystals.

Therefore, the HRCBP CTD was subcloned into pSV272, a MBP expression

construct containing a Tev cleavage site between MBP and its polylinker. To

accomplish this, the HRCBP CTD was PCR amplified from p■ /al-c2x-HRCBP

CTD using primers (5'Narl-HRCZnF and H3HRCZnF3') that introduced a Nar1

site into the 5' end of the HRCBP CTD. The PCR product was then subcloned

into pCR2.1-TOPO using the TOPO-TA cloning kit (Invitrogen) and consequently

removed from the pCR2.1-TOPO vector by digestion with Nar1 and Bam! #1.
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This fragment was then subcloned into Narí- and Bamh1-digested pSV272.

Expression and purification of this fusion construct (MBP-Tev-HRCBPCTD) was

performed as described above (Purification of MBP-HRCBPCTD), with a few

exceptions. The bacteria were resuspended in 50 ml lysis buffer (100 mM Tris

pH 8.8, 10% sucrose, 200 mM KCI, 25 mM 3-octoglucoside, 1 mM PMSF,

20 pg/ml lysozyme) instead of column buffer. Since the pSV272 vector also

contains a Hiss tag, the MBP-Tev-HRCBP CTD was first enriched from the lysate

by Ni‘’-affinity chromatography using a POROS MC column and then further

purified by affinity chromatography with the amylose column. Purified MBP-Tev

HRCBP CTD was then cleaved with Tev by incubating with 2 aliquots of Tev

(kindly provided by Minor lab) in a total volume of 50 ml in 250 mM KCl 10 mM

PO3 buffer pH 7.3 for 2.5 to 16 h at room temperature. The HRCBP CTD was

then isolated from MBP by Ni‘-affinity chromatography using a POROS MC

column; the His-tagged MBP bound to the column while the HRCBP CTD

remained in the flowthrough.

Unfortunately, cleavage of the MBP-HRCBP CTD resulted in degradation

of the HRCBP CTD, which was stabilized by the presence of MBP. However,

crystallization of unstable proteins stabilized by fusion with MBP has been

described recently [157]. In most of the studies cited, the linker between MBP

and the introduced protein had been reduced to 3-5 alanine residues, and the

charged amino acids near the C-terminus of MBP had been changed to alanine

residues [157]. Reba Howard in Dan Minor's laboratory previously generated

pSV3A, a modified pSV272 expression construct in which the linker was reduced
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to 3 alanines. I further modified pSV3A to mutate the charged amino acids in the

C-terminus of MBP using the Quikchange stratagy (Stratagene) and convert

|NAASGROTVDEALKDAQTNAA to INAASGROTVDAALAAAQTNAA. This

involved using two overlapping primers (pSV3AmodA and pSV3AmodB)

containing the mutant sequence to amplify the full length plasmid from pSV3A,

followed by digestion of the methylated parental plasmid with Dpni. The

undigested daughter plasmid (pSV3Amod), containing the primers with the

mutant sequence, were then transformed into E. coli and amplified. I then

attempted to generate pSV3Amod-HRCBP CTD using two cloning strategies.

The first involved PCR amplification of the HRCBP CTD from pSV272-HRCBP

CTD with a primer (PstlHRCZnF5') introducing a Pstl site in 5' to the CTD and

with the H3HRCZnF3' primer described above. This PCR product was digested

with Pstl and HindIII for ligation with Pstl- and HindIIl-digested pSV3A. The

alternative strategy involved digesting pSV3Amod with Pstl, generating blunt

ends, digesting with HindIII, and ligating with Xmnl- and Hindlll-digested HRCBP

CTD from p■ al-c2x-HRCBP CTD. In both cases, restriction products were

generated, but transformations with the ligations failed to yield any clones

containing the desired insert.

The oligonucleotides used to generate these constructs included:

5'Narl+RCZnF, 5'-gcgcaaggcgc.catcctggaggaaaacct-3'; H3HindIIIHRCZnF3',

5'-acgacggccagtgcCaagcttcga-3'; pSV3Amod/A, 5'-gatcaacgc.cgc.cagoggtogtoag

actgtcgatgcCgcCCtggCCgCCgcgcagactaatgctgca-3'; pSV3Amodb, 5'-gcattagtot

gcqcggcggcCagggcggcatcgacagtotgacgacC9ctggcggcgtt-3"; Pstl||RCZnF5',
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5'-gcgcaagctg cagocatcctggaggaaaacctactacc-3'. PCR conditions for PCR

amplification of the HRCBP CTD inserts involved one 5 min. cycle at 99°C to

denature the DNA, 30 cycles of amplification (95°C for 1 min., 55°C for 30 s, and

65°C for 1 min.), and one 10 min. cycle at 65°C. The Quickchange PCR reaction

was performed using Pfu turbo polymerase under the following conditions: one

5 min. cycle at 95°C, 30 cycles of amplification (95°C for 1 min., 52°C for 80s,

and 68°C for 15 min.), and one 20 min. cycle at 68°C.
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