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ABSTRACT

Studies have shown that the fetal cardiac myocyte contains less
sarcoplasmic reticulum (SR) relative to the adult myocyte. Studies of
mammals born in an immature state (altricial), show that the SR Ca2+-
ATPase (SERCA) is primarily responsible for sequestering Ca2+ in the mature
myocyte, while the sarcolemmal Nat-Ca2+ exchanger (NCX) is relatively
more important in the immature myocyte. I hypothesized that in sheep, a
precocial mammal, there is a gradual decrease in the myocyte's use of the
NCX during development with concomitant increase in the myocyte's use of
the SERCA. To test this hypothesis I used Northern blot analysis to compare
the expression levels of the genes which code for the SERCA and the NCX.
The cDNA probe specific for the rabbit SERCA2a was a generous gift from Dr.
David MacLennan. Preliminary studies tested the cross-reactivity of this
probe between rabbit and sheep and the results were positive. No
modifications of the SERCA2a ¢cDNA probe were made. The cDNA probe
specific for the guinea pig cardiac NCX was a generous gift from Dr. Ken
Philipson. Unfortunately the cDNA probe did not cross-hybridize well with
the sheep gene. A fetal sheep heart cDNA library was constructed, and with
subsequent screening using a sheep specific cDNA probe, I cloned the sheep
NCX gene.

Utilizing PCR-based cloning methods, I generated a fetal sheep heart
cDNA library. Clones were analyzed for sequence homology with known
NCX sequences. Sequence analysis revealed all clones were truncated near
nucleotide +1330. Using PCR based cloning with genomic DNA as the

template, the 5'-end of the ovine cardiac NCX gene was obtained. The ovine
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cardiac NCX is 96% homologous to the bovine NCX at the nucleotide level
and 97% identical at the amino acid level. Northern blots of total RNA from
hearts of fetal (80 days gestation; 150 day term) and adult animals were
sequentially probed with the NCX and SERCA specific cDNA probes. The
SERCA mRNA levels were lower in the fetal sheep heart compared to the
adult. This was similar to the expression observed in the altricial rabbit heart.
This finding correlated with western blot data. In support of these findings I
also probed the blots with a cDNA probe specific for the rabbit ryanodine
receptor gene (also a gift from Dr. MacLennan). The mRNA levels of the
ryanodine receptor were lower in the 80 day fetal heart compared to the adult
heart. To our surprise, the NCX mRNA levels were comparable across the
ages. This finding correlated with western blot analysis. I conclude that in
precocial mammals the maturational expression pattern of the NCX is

different from that observed in the altricial mammal.
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Chapter I: Introduction



Section I: The Development of the Heart:
An Overview



SECTION I: CARDIAC DEVELOPMENT: AN OVERVIEW

The sole responsibility of the heart is to serve as the muscular pump
which drives the circulation. Although this function may seem simple, the
mechanisms that underlie heart function throughout the lifetime of a
mammal are complicated. While cardiac function was studied as far back as
200 B.C. (10), developmental cardiac physiology has only recently become a
subject of investigation. Both fetal and adult hearts use the same muscle
events which lead to appropriate tissue perfusion: contraction and relaxation.
Although the fetal heart is capable of performing these tasks throughout
gestation, many functional and cellular differences distinguish it from the
adult heart. Adult myocardium develops greater tension per cross-sectional
area than does immature myocardium (1,2,3,4,5), and immature myocardium
relaxes more slowly than adult myocardium (6). Thus it is apparent that the
heart undergoes changes which affect both systolic and diastolic function as it
develops. Although several functional studies have characterized these
changes (1,7,8,9), the cellular and molecular bases that underlie these changes

have not been thoroughly investigated.

Altricial vs. Precocial mammals:

Most studies of heart development have been performed using small
altricial mammals such as rats and rabbits. These species undergo much of
their cardiac development postnatally whereas the sheep, a large precocial
mammal, is more mature at birth. The fetal sheep heart has been shown to be

an important model of the immature human heart (11,12, 13). The fetal



Figure 1: (From Brooks et al.)

(a) 29 days gestation

Schematic representation of 29 day fetal sheep cardiac myocyte. A few myofibrils (Mg)
are present although not organized. No sarcoplasmic reticulum is visible.
Mitochondria are scattered throughout the cytoplasm.

{b} 51 days gestation -

Schematic representation of 51 day fetal sheep cardiac myocyte. Myofibrils are
localized to the periphery, just beneath the sarcolemma. Evidence of forming
sarcoplasmic reticulum (SR) is observed near the myofibrils. Mitochondria are more
abundant yet still observed throughout the cytoplasm

{c) 145 days gestation {term)

Schematic of 145 day fetal sheep cardiac myocyte (term is 150 days). The myofibrillar
content has increased as well as the organization. The myofibrils are seen extending
more internally compared to less mature myocytes. Mitochondria are becoming
organized between the myofilaments.



sheep heart is large enough to allow for chronic preparations which are not
physically possible in rats and rabbits. Such preparations allow for
perturbations to be induced while hemodynamics and other features of heart

function can be monitored in the intact unanesthetized animal.

Ultrastructure & Development:

All mammalian species follow a standard pattern of cardiac
development. Whether myocyte ultrastructure develops postnatally (altricial)
or prenatally (precocial) a similar sequence of events occurs. In general, the
major change in myocyte ultrastructure is a progressive increase in the
amount and organization of contractile protein and the development of an
elaborate internal membrane system. In this discussion, cardiac myocytes will
be considered to be immature regardless of species until the adult
organization is present. Figure 1 is a schematic of the major cellular changes
at various ages in the developing sheep myocyte. The key features will be
discussed individually below. Of particular interest however, is the increase
in sarcoplasmic reticulum content and formation of transverse tubules with
development (figure 2). These adaptations are necessary to ensure that the
excitation contraction coupling system operates throughout the enlarging

cell.

Myofibrils:

The bundles of myofilaments in striated muscle are collectively called
"myofibrils"; each muscle fiber contains thousands of these myofibrils, as
seen in the cross section of figure 2. The myofibril itself is made up of both
myosin and actin filaments which are the contractile proteins of the muscle.

With electron microscopy a clear alternating pattern of light and dark bands



SARCOLEMMA\ T-TUBULE

SARCOPLASMIC
RETICULUM:
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Figure 2: Schematic representation of a cross-section through a mature cardiac myocyte. This
figure shows a good representation of the T-tubular and sarcoplasmic reticulum (SR) network.
The T-tubules are seen invading the myocyte and running parallel to the myofilaments. In the
mature cardiac myocyte an intimate relationship between the mitochondrion, sarcoplasmic
reticulum and myofilaments exists. This is depicted here. The sarcoplasmic reticulum network
is seen surrounding and in close approximation to the myofilaments . The mitochondria are
organized around the myofilaments as well. The longitudinal SR extends from one end of the
saromere to the other. The SR terminal cisternae is seen abutting the T-tubule membrane.

(From Katz, 1992).



Figure 3: Electronmicrograph of a 130 day fetal sheep cardiac myocyte. A single sarcomere unit
is shown here. Although this is a rather mature myocyte i.e. T-tubules are present (arrow) the
myofilaments are still observed near the sarcolemmal (double arrow). The T-tubule is
localized to the Z-disk as it is in the adult myocyte. Also visible are glycogen granules which

are localized between the two visible myofilaments. (From K. Thornburg with permission)



are seen (Fig 3). The light bands (isotropic, I-bands) are composed of
primarily actin filaments, while the dark bands (anisotropc, A-bands) contain
myosin filaments as well as the ends of the actin filaments. The dark band
traversing the midregion of the I-band is the Z band (Z-line, Z-disk, Z-body).
The region between two consectutive Z-lines demarcates an individual
sarcomere, the contractile unit of the muscle.

The immature myocyte is characterized by randomly scattered
myofibrils which are localized to the periphery (14-18) (fig 1). As development
continues the myofibrils become more organized and extend to the cell
interior. The newborn lamb myocyte has an appearance very much like the
adult myocyte, with myofibrils aligned in long parallel rows from one end of
the cell to the other (11). Recent studies have identified a very large (3
megadalton) structural protein, titin (157). It is at least 1um in length and
extends from Z-disk to M-line. Titin has been shown to interact with actin
and myosin (158) and has thus been hypothesized to serve as the template for
sarcomere formation. Future studies on the development of this protein will
be interesting because it it likely that the expression and localization of titan

will show significant maturational patterns similar to the contractile proteins.

Sarcoplasmic Reticulum:

The myofibrils are surrounded by the intracellular membranous
network know as the sarcoplasmic reticulum system (fig. 2). The
sarcoplasmic reticulum is composed of two major parts: a) long longitudinal
tubules that terminate in b) large chambers called terminal cisternae that abut
the transverse tubules. The sarcoplasmic reticulum (SR) is the main storage

site for activator Ca2+ in the mature myocyte.



Although SR has been observed at birth in all mammalian species
studied, many studies have shown that the immature myocyte lacks a well
developed and probably functional SR (18-24). During the course of devel-
opment, the SR content increases and becomes greatly organized. The
maturational increase in cell size has been linked with the development and
localization of the SR close to the myofibrils. A close relationship between
the contractile units and the source of activator calcium is required to ensure
an efficient contractile system in the adult myocyte. The adult myocyte,
(figure 2a), is organized such that the SR extends from one end of the cell to

the other in close proximity to the myofibrils and mitochondria.

Transverse (T) tubules:

Extending deep into the cell interior of each myocyte are invaginations
of the sarcolemma, the transverse tubules (T-tubules). These T-tubules
penetrate deeply into the myocyte providing a connection between the
extracellular space and the interior of the myocyte (figure 2). The T-tubules
also interlace among the myofibrils; in cardiac muscle, there is a single T
tubule at each Z-disk.

The T-tubules are one of the last organelles to form in the developing
myocyte. As the myocytes grow in size the distance between sarcolemma and
the myofibrils increases. Without the T-tubule a diffusional limitation
would eventually prevent growing cells from contracting normally. It has
been suggested that as the myocyte grows in diameter, the T system penetrates
so that the cell becomes divided into manageable "units" of similar size (19).
This sub-division arrangement results in an adequate surface-volume ratio

for each unit such that myofibril activation is not limited by diffusional



constraints. Indeed the T-tubules have been shown to increase in number

and surface area as the cell volume increases (16,17, 18,19,20,27).

Mitochondria:

The immature myocyte has abundant glycogen granules with few and
scattered mitochondria (18-22). These findings indicate that prenatal my-
ocytes have potential for a high rate of anaerobic metabolism. The functional
glycogen content is reduced and mitochondria numbers increased as
development proceeds. With the concomitant increase in the density of
myofibrils, mitochondria aggregate around the myofibrils. This arrangement
of mitochondria and myofibrils in the mature myocyte ensures an adequate
energy supply for the contractile apparatus.

Together, these studies suggest that all mammalian species follow a
similar pattern of ultrastructural development regardless of their particular
developmental schedule (altricial vs. precocial). The cues for each event
during development are not understood but it is likely that alterations in the

hemodynamic and humoral environment are both important.

Functional Maturation:

The immature heart behaves much the same as the adult heart. At all
stages of development, the heart beats in a rhythmic fashion thus forcing
blood through the vascular network. Studies in cats, rats, rabbits and sheep
indicate that the immature heart is significantly different from that of the
adult (4,27). While many studies have shown that the immature heart
develops less tension when compared to the adult (1,5), Friedman
demonstrated that the fetal sheep myocyte is "intrinsically” the same as the

mature myocyte. This was determined by normalizing the tension generated



by the amount of contractile protein per myocyte. The immature
myocardium of the sheep fetus generated a normalized tension similar to the
adult myocardium. Thus, it is evident that the immature heart is weaker
than the adult, but that individual sarcomeres are similar in strength.

Friedman elegantly showed, using the force-velocity relationship, that
the fetal sheep myocardium has an equal unloaded velocity of shortening of
contraction (Vimax) to adult myocardium (1). The Vmax is an index of myosin
ATPase activity which determines that rate of cross-bridge recycling (see
Section Il.c). Thus, at least in sheep, developmental changes in the intrinsic
properties of the individual myofibrils do not occur. Other species, however,
undergo developmental changes in the type of myosin heavy chain (MHC)
expressed. Each type has a unique ATPase activity. The developing rat heart
has been shown to switch from the fast MHC isoform (V1) to the slow MHC
isoform (V3) postnatally (28-30). This has functional and energetic
significance because the V3 isoform is more efficient.

The immature heart is also different than the mature heart with
respect to diastolic relaxation. The half -time to relaxation is greater in
immature hearts than mature hearts {6). In the adult, myocardial relaxation is
dependent upon the SR-dependent sequestration of cytoplasmic Ca2+
following systole. Differences between mature and immature hearts have
been hypothesized to be due to the poorly developed SR in immature
myocardium. To address this question, investigators have studied the
response of fetal hearts to isoproterenol, a B-adrenergic agonist (4,31).
Isoproterenol stimulateé the SR Ca2*-ATPase thus increasing the rate at
which Ca?* is taken up from the cytoplasm, thereby enhancing myocardial
relaxation. The response to isoproterenol is significantly less in newborn

rabbits and puppies (4,31). From these studies it is apparent that the lack of



abundant SR could be responsible for the slower rate of relaxation in the
immature heart.

Studies from this lab have also shown significant developmental
changes in the sheep heart function. By measuring the diastolic properties of
the intact near term fetal heart in vivo, Hirsch et al showed that the time
constant T (msec) , an index of the rate of relaxation, was not significantly
different compared to the adult (32). Two explanations may explain these
results: a) the fetal lamb heart has functional SR similar to the adult, or b) the
fetal lamb heart has an additional powerful calcium extrusion mechanism.

These two issues will be discussed further below.
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Section II: Calcium and Excitation-Contraction
Coupling



SECTION II.A: GENERAL CALCIUM HOMEOSTASIS

The calcium jon (Ca2+) is important for maintaining normal cell
function in all mammalian species. Because Ca2* homeostasis has been the
subject of many textbook level reviews, this section will serve simply as an
overview of the current principles. Ca2* has been shown to play many
intracellular signaling roles and thus regulatory mechanisms have evolved
to maintain plasma and intracellular Ca2* concentration within strict limits
(107-3-107-7 M). The concentration of calcium in the extracellular
compartment, including blood plasma, is controlled by the movement of
calcium in to and out of bone deposits in response to parathyroid hormone
(PTH) and calcitonin (CTN) (1). Together, PTH and CTN act to increase or
decrease Ca?+ absorption from the bone matrix as needed to maintain Ca2+
concentration in the extracelluar fluids within the normal physiological
range.

Total plasma Ca2+ concentration is maintained at approximately 3.0
mM yet only 50% of this total is ionized (33). Circulating calcium is found in
one of three states: (a) 40% is bound to plasma protein, (b) 10% is complexed
with anions such as citrate or phosphate, and (c) 50% is in free ionized form.
It is ionic calcium which is important for most signalling functions of
calcium, including regulation of bone formation, neuronal communication,
and muscular contraction.

Intracellular Ca2* is maintained at micromolar levels by the
cooperative action of specialized proteins (36). Unlike the free Ca2+ in the
circulation which represents about 50% of the total [Ca2+]o, cytoplasmic free

CaZ+ is maintained at 0.1% or less of the total [Ca2+]j in the resting cell (37).
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Active transport mechanisms are responsible for maintaining the
micromolar resting Ca2+ levels (see below).

The inward movement of Ca2+ across the cell membrane is primarily
governed by voltage-dependent Ca2* channels. The voltage-dependent Ca2+
channel is a uni-directional transporter thus only contributing a net gain in
cytoplasmic Ca2*. These channels open in response to membrane
depolarization which allows Ca2* to flow down its concentration gradient
into the cell. The electrochemical gradient for Ca2+ across the cell membrane
is the driving force for the Ca2* flux through the channel. This situation is
particularly suited for Ca2* to serve as an intracellular signaling molecule
since even minor changes in the permeability of the plasma membrane for
calcium will produce significant increases in the cytoplasmic Ca2+

concentration.

Intracellular Calcium Homeostasis:

Calcium can be classified as a second messenger because it controls
cellular events via reversible complexation to specialized Ca2+ binding
proteins (38). In excitable cells such a neurons and myocytes, Ca2+ serves to
induce intracellular events in response to a propagating action potential by
interacting with target proteins. Synaptic communication is, for example,
controlled by the [Ca?*] within the nerve ending. The nerve impulse
increases the permeability of the ending to Ca2+, and the Ca2+ is responsible
for the release of neurotransmitter. Muscular contraction, as will be discussed
below, is mediated by Ca2+ interacting with the Ca2+ binding protein
troponin in response to membrane depolarization (section ILc) (35).

Two classes of intracellular Ca2* binding proteins have been

characterized; soluble and intrinsic membrane proteins. The soluble proteins

12



Ligand Kg [Ligand];

(uM) (uM)
Camodulin 0.38 24
Troponin C 0.50 70
Phosphocreatine 71 x 103 12x103
SR binding sites 1.0 47
SL binding sites 100 1124

Table 1. Properties of Ca2+ ligands, based on data from Fabiato (1983). (Data is
as represented in original report)
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are relatively small (Mw 10-20kD) and are responsible for reversibly binding
CaZ2+ in the cytoplasm and translating the stimulus. Table 1 lists the
important Ca?* binding proteins and membrane binding sites which are
known to participate in Ca2+ buffering. Calmodulin and troponin-C are
perhaps the most widely known examples of this class of protein. Both of
these proteins have multiple CaZ* binding sites and undergo conformational
changes to induce subsequent intracellular events. Calmodulin, for example,
has been shown to mediate the activity of many cellular enzymes, including;
a) adenylate cyclase, b) cyclic nucleotide phosphodiesterase, c)
phospholamban, and the endo(sarco)plasmic reticulum Ca2+-ATPase (40).
Thus it is apparent that Ca2* can induce cellular events either directly (e.g.
muscular contraction via troponin-C), or indirectly (e.g. SR Ca2+ uptake via
phospholamban) (53).

The intrinsic membrane Ca?+ binding proteins are responsible for
translocating  Ca2+ across cellular membranes. The cardiac myocyte is
considered to have a large buffering capacity for CaZ+ considering that total
cell Ca2* content can increase by several mM/L cell water while free Ca2+
increases only by uM/L cell water (41). Calcium transport proteins serve as
high capacity Ca?+ buffers. Eukaryotic cells contain Ca2+ transport systems in
the plasma membrane (sarcolemma), in mitochondria, and in

endo(sarco)plasmic reticulum,
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SECTION IL.B: CALCIUM POOLS AND CALCIUM TRANSPORT PROTEINS

Studies by Langer have defined five kinetic phases associated with the
Ca2+ exchange in the ventricular muscle (Table 2) (62). This early study
looked at isotopic Ca2*+ exchange in perfused papillary muscle. In this
preparation, papillary muscle is perfused with isotonic Ringer solution
containing #°Ca2* until steady state uptake is reached (approximately 60 min).
At this point, the perfusion solution is changed to isotonic Ringer containing
"cold” Ca2* and the effluent is collected at regular time points. Although
switching between perfusates (5-10 sec) and sampling rate (2-6 drops/min) was
not very fast, distinct kinetic phases were observed (fig. 4).

Quantitative analysis of the 45CaZ2+ in effluent indicated four
exponential phases; each is thought to represent a distinct Ca2* compartment.
The plot in figure 4 represents the rate at which 45Ca2+ is "released” or
exchanged from within the papillary muscle into the perfusion solution. The
most rapidly exchanged (t1/2=0.3 min) 45Ca2+ comes from the vascular space,
termed Phase 0. Because the movement of Ca2* within the vasculature is
not hindered by membrane barriers, this fraction exchanges very rapidly.
Phase 1 (t1/2=1.2 min) represents the Ca2+ which is localized to the interstitial
space. This fraction exchanges more slowly since the Ca2+ must pass from the
interstitial space into the vasculature.

The more slowly exchangeable Ca2+ pools were then hypothesized to
reside within the cell although precise localization could not be made using
the papillary muscle preparation. In order to further localize the
intracellular Ca2* compartments a better perfusion system had to be
developed. Langer and colleagues successfully developed a non-perfusion-

limited Ca2* exchange system which helped define subcellular Ca2+
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Table 2: Summary exchangeable Ca2* pools, From Langer (1968).

Phase Rate Constant (min-1) T1/2 of Exchange Probable Origin
0 8.5 0.2 Vascular
1 0.59 1.2 Interstitial
2 0.116 6.0 Membrane bound
3 0.021 33 Intracellular

L2

........
.

e
Seeen,
ey

COUNTS/MIN /MIN

PHASE 3,2=00197

25

MINUTES

Figure 4: Semilogarithmic plot of 45Ca2+ activity in the venous effluent from
an arterially perfused papillary muscle. The papillary muscle was preloaded
with 45Ca2+ containing solution for approximately 60 min until steady state
was reached. Venous effluent was collected and 45Ca2+ was measured. The
solid dots () represent the actual washout curve, whereas the (°) represents
the resolved kinetic phases. Four phases are shown, each of which represents
the efflux of CaZ* from a specific Ca2+ pool (see table 2 above).
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compartments (63). In this preparation isolated rat ventricular myocytes are
studied under conditions which allow perfusion rates up to 40 ml/min
without being washed away. Rapid effluent collection and on-line
scintillation counting provide a means of observing rapidily exchangeable
Ca2+ compartments. Furthermore, because of the ease with which solutions
can be changed, chemical probes are used to define subcellular sites of
particular Ca2* pools.

Using the non-perfusion-limited flow system described above, Langer
reported four Ca2+ compartments associated with the isolated cell. Using
Lanthanum (La3*), an ion which binds to the sarcolemma and effectively
displaces ions non-specifically Langer et al had previously determined that a
large La3+ displaceable pool exists (139). However, the resolution was limited
in these studies as indicated above. Figure 5.a shows the effect of adding La3+
to the cells. It is apparent that a significant amount of Ca2+ is localized to
cellular sites which are accessible to La3*. With the non-perfusion limited
system a very rapidly exchanged (t;,,<lsec) La3+ displaceable Ca2+
compartment was observed. Figure 5.b is a 4#5Ca2+ washout curve which
shows that the La3* displaceable pool has already exchanged by 2 seconds after
washout is initiated. Based on these findings the rapidly exchangeable Ca
compartment has been localized to the sarcolemma.

In addition to the rapid compartment, an "intermediate" com-
partment with biphasic kinetics (t;,,= 3 and 19 sec) was observed. Caffeine
and ryranodine were added to the perfusion solution to test if the
intermediate Ca?*+ pool was localized to the SR. The results of this test are
shown in figure 6. Upon the addition of caffeine (arrow), 49°CaZ+ was released
into the effluent suggesting that it may have been derived from the SR.

Furthermore, ryranodine, which depletes the SR Ca2+ stores, was used to

17
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Figure 5: (A)Typical 45Ca2+ washout curve using the non-perfusion system of Langer. During
the first 30 minutes of the trace cells are absent from the flow chamber, thus the counts /min
(CPM) at this point represent the background. With addtion of cells the CPM increases
significantly and reaches a plateau by 60 minutes. This indicates that the cells have taken up

45Ca2+ and a steady state has been reached. At about 75 minutes La3+is added to the flow
chamber and CPM drop rapidly. The magnitude of the displaced Ca indicates that nearly 50%

of the Ca is localized to a site which is La3* accessible. (B) This plot shows the first 10 seconds
of a typical 45Ca2+ washout curve. At the 2 second point 1.0mM La3+ was added to the

perfusion solution. No additional 49Ca2* release is observed. This tinding indicates that the
La3+ pool is depleted within 2 seconds of initiating the washout.
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Figure 6: Effect of caffeine and ryanodine + caffeine on 45Ca2+ washout. The top curve is a
standard washout curve except that 10 mM caffeine was added to the perfusion solution at 20
seconds. Caffeine induces the release of Ca2* from the SR by opening the Ca?* release channel,
The increase of CPM at this point represents the release of Ca2* from the SR. The lower trace
represents the 45Ca2+ washout curve from cells which have been preincubated in the presence
of 1uM ryanodine for 60 minutes. This preincubation period was performed to "empty" the SR
Ca stores. The addition of 10 mM caffeine was repeated in the ryanodine treated cells and the
amount of Ca released from the SR was decreased significantly. The time constants of the post-
caffeine washout curves were comparable to the time constant associated with the
intermediate compartment. This supported the hypothesis that the intemediate compartment
was associated with the SR.
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further test this hypothesis. The lower trace in figure 6 is the 45Ca2+ washout
curve in the presence of ryanodine. The magnitude of the 45Ca2+ release is
reduced, thus supporting the hypothesis that the intermediate Ca2+ pool is
localized to the SR.

Finally, a "slow" compartment (t,,,= 3.6 min) was observed and
suggested to be localized to the mitochondria. The mitochondria have been
shown to accumulate Ca?* by a proton-augmented exchange mechanism (67).
Using NaH;POy4 as a proton donor and Warfarin as an inhibitor of
mitochondrial respiration, it has been shown that the slow compartment is
localized to mitochondria (results not shown). Due to the slow time constant
of Ca2*+ exchange associated with the mitochondrial Ca2+ pool, it is clear that
this pool is not affected by beat-to-beat changes in cytoplasmic Ca2+.

The Ca2* compartments described in the preceding paragraphs are
cellular compartments in addition to the two compartments previously
described for the vascular and interstitial space. As expected, some Ca2+ is
not exchanged at all during exchange studies. This could be due to the
limitations of the methodology or, more likely, the irreversible binding of
Ca2+ to intracellular and or extracellular matrix materials. Nonetheless, the
Ca2* compartments which are exchanged and the transport proteins which
mediate them are important for further consideration. In every case,
(excluding the rapid La3*-displaceable Ca2+ compartment), the exchange of
Ca?* is mediated by a specific transport protein. A brief description of the Ca2+
transport proteins of the cardiac myocyte is given here to serve as an

introduction to Ca2* transport across cellular membranes.
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Calcium Transport in the Sarcolemma (SL):

Three mechanisms are responsible for transport Ca2+ across the SL; a)
voltage-sensitive Ca2+ channels, b) Ca2+-ATPases, ¢) sodium-calcium
exchangers (NCX). Each of these transport systems has a different kinetic
property and each is designed to satisfy the requirements of cells during the
cardiac cycle.

Studies using the patch clamp technique have shown that the Ca2+
channels across species are very similar (45). Two unique Ca?* channels have
been identified in cardiac cells from several mammalian species including the
rabbit, dog, sheep and guinea pig (44). A low threshold Ca2+ channel has been
described in atrial tissue (46). This is the T-type channel which has a
relatively small Ca2+ conductance of 8 pico siemens (pS) and is not believed to
contribute significantly to Ca2* influx in ventricular myocytes. However due
to the low threshold of activation and relative abundance in sinoatrial nodal
cells, this channel is thought to be important in pacemaking of some species
(47).

The second well characterized voltage-dependent Ca2+ channel is the
high threshold, large conductance L-type channel. This channel is abundant
in ventricular myocytes of most species (44) and is known to provide most of
the CaZ+ current for the plateau of the cardiac AP. The L-type channel has a
Ca?+ conductance of 15-25 pS. Upon membrane depolarization the L-type
channel opens and large quanities of Ca2+ enter the cell. The rate at which
Ca2* enters, or magnitude of the Ca2* current is dependent on the number of
channels open and the driving force. The probability that a given channel
will be open increases as the membrane depolarizes.

The L-type Ca2+ channel is also regulated by Ca2* and B-adrenergic

stimulation. As cytoplasmic [Ca2*] rise during the plateau phase, the Ca2+
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channels begin to inactivate in response to the elevated [Ca2+]. This limits the
duration of the AP as well as the amount of Ca?+ which can enter during a
single beat. During B-adrenergic stimulation the Ca2* current is enhanced.
This effect is mediated by Gg (stimulating G-protein), which stimulates a cyclic
AMP-dependent protein kinase that phosphorylates the channel and directly
increases the probability of opening (48). The net result of B-adrenergic
stimulation on cardiac myocytes is an increase in the strength of contraction
as more CaZ* channels open.

The SL Ca2+-ATPase probably does not contribute to the beat-to-beat
regulation of intracellular Ca%*. However, it does participate in the
maintainance of basal sarcoplasmic Ca2* levels (41). The SL Ca2+-ATPase is a
high affinity (Km=0.5umol/I) low capacity (0.5nmol/mg SL/sec) transport
system (42). This ATPase functions to pump Ca2+ out of the cell into the
extracellular space. Because of the high affinity it will continue extruding
CaZ?* even during rest when small quantities of Ca2* may leak across the SL.
However, it does not have the capacity to be important when intracellular
Ca2+ concentrations are high. Even though this Ca2*-ATPase appears to play a
minor role in controlling cytoplasmic Ca2+ it has been shown to be
modulated by both calmodulin (37) and cAMP-dependent protein kinase (43).

The SL NCX is a large-capacity (20nmol/mg SL/sec) low-affinity Ca2+
pump (1-20 mmol/1). Unlike the two previously mentioned SL CaZ+
transport sytems, the NCX is electrogenic and reverses pumping direction
depending on Ca2+ and Na* concentration gradients (49). This reversal is
possible because the NCX is driven by the electrochemical gradient for Na+.
During the cardiac action potential when membrane is depolarized and

cytoplasmic Nat* levels are increased the NCX may transport Ca2t into the
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cell. Such a reversal would result in accumulation of Ca2+ within the

myocyte.

Calcium Transport Across Intracellular Membranes:

The Ca2* crossing the sarcolemma triggers important intracellular
events and thus is vital to myocyte function, but most of the calcium needed
for cell activity is extracted from intracellular stores. Two organelles actively
participate in Ca2+ buffering, the mitochondria and the sarcoplasmic
reticulum. Mitochondria are thought to play a minor role in regulating
cytoplasmic Ca2+ levels (5,35,38). However because the control of
mitochondrial matrix Ca2* levels is essential for cellular processes a brief
mention of the Ca2* buffering system will be made.

Although originally believed to be an important player in maintaining
cytoplasmic Ca2*, mitochondria are now known to contain very little Ca2+
(35). The mitochondrion is important however, in maintaining
mitochondrial matrix Ca2* for energy production. Ca2*+ accumulates within
mitochondria via a uniporter which is driven by the proton-motive force
across the inner membrane (37). Matrix Ca2+ is removed via an
electroneutral NCX which is different than the NCX found in the
sarcolemma. The mitochondrial NCX is a low affinity slow transport
mechanism (37). Together, the uniporter and NCX maintain matrix [Ca2+] yet
so little Ca?* is exchanged that they do not contribute a significantly to the
changes in cytoplasmic Ca2* pool.

The sarcoplasmic reticulum (SR) is the predominant intracellular
storage organelle for Ca2*. It is similar in structure to the endoplasmic
reticulum of non-muscle cells. The SR is separated into discrete regions, each

of which performs a specific function with respect to Ca2* handling. Fig. 7 is a
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simplified diagram of the key structures including the T-tubule, SR and
sarcomere. The junctional SR which abuts the T-tubules is the site of Ca2+
release, whereas the longitudinal SR which is juxtaposed to the myofibrils is
the site of Ca2* sequestration. Together, these distinct sites control the
movement of Ca2+ into and out of the cytoplasm to control myocardial
contraction.

The movement of Ca2+ into and out of the SR is responsible for the
normal function of cardiac myocytes. As described later, myocardial
contraction is dependent on a transient increase in cytoplasmic [Ca2+]. The SR
serves as the storage site for the bulk Ca?* needed for contraction. Studies on
the Ca2+ binding capacity of the SR have supported the role of the SR in
myocardial Ca2+ regulation (57,58). Ca2+* is stored within the terminal
cisternae of the SR complexed with the Ca2* binding protein, calsequestrin.
This protein binds Ca?* with high-capacity and with moderate affinity and
has also been shown to interact with the SR Ca2+ release channel protein (50).

The release of Ca2+ from the SR is currently believed to be dependent
on the influx of Ca2+ across the SL via L-type CaZ+ channels. The ryranodine
receptor is a calcium-modulated protein which is believed to be responsible
for the phenomenon called "calcium-induced calcium release” (51). The Ca2+
release channel is a oligomeric complex which binds the plant alkaloid,
ryanodine, with great affinity (52) This feature has made it possible to purify
the receptor in vitro. However, due to its large size (Mw=450kD) it has been
difficult to study. Nonetheless studies using ryanodine have shown that
myofibril activation and subsequent contraction is dependent on this channel
(54). In a study by Tseng, it was shown that contraction does not occur when
the rynanodine receptor is inhibited by the presence of ryanodine (5mM). As

shown in figure 8, ryanodine inhibits SR Ca2+ thereby reducing tension
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Figure 8: This figure shows the effect of ryandine (5mM) on action potential (top), aequorin
light signal (middle), and force development (bottom) in papillary muscle. In the presence of

ryanodine the release of Ca2* from the SR is reduced as indicated by the diminshed aequorin
light signal. As a result of this, the force developed is drastically reduced as well. These

findings support the need for SR Ca2* release for normal contractile function in cardiac muscle.
The action potential in the presenced of ryanondine is prolonged due to the lessened inhibition

of the inward Ca2* current by the low internal Ca2*. (From Tseng, 1988)
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development. Interestingly, the application of ryanodine appears to prolong
the cardiac AP as well. This has been attributed to the lack of Ca2*-dependent
inactivation of the L-type CaZ* channel. With the Ca2* channel open for an
prolonged period of time the plateau phase of the AP would be extended as
shown in fig 8.

Although it is not clear how the protein works, two components of the
release channel have been described. The largest part of the protein has been
localized to the site where the T-tubule and SR meet. This "foot" protein is
thought to serve as a direct connection between the SL and the SR. The actual
Ca2+* channel has been identified at the C-terminal region of the protein.
Together, the foot protein and the Ca2+ channel function as the trigger
mechanism for SR Ca2+ release.

For the cardiac myocyte to contract in a cyclic fashion, the Ca2*+ which
was released from the SR at the onset of contraction must be sequestered into
the longitudinal SR. The longitudinal SR is juxta-posed to the myofibrils and
mitochondria. If ones considers that Ca2+* is pumped into the SR lumen at
the expense of ATP, the location of the mitochondria next to the SR and
myofibrils is ideal for efficient EC coupling. The longitudinal SR contains a
high-affinity (Km<0.5 umol/1) Ca2+ sensitive ATPase (SERCA). This protein
makes up 90% of total SR protein (6, 24). Based on studies of isolated SR
membrane vesicles it is now known that the SERCA protein is responsible for
the rapid diastolic fall in cytoplasmic Ca?* which precedes myofibrillar
relaxation. (25, 56, 57,58).

The SERCA is activated by B-adrenergic stimulation via phos-
phorylation of the regulatory protein, phospholamban (53,59,60). This
protein is an integral SR membrane protein which is in a 1:1 molar ratio with

the SERCA. Phospholamban is a homotetramer which, when
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phosphorylated by cAMP-dependent or calmodulin- dependent protein
kinase, stimulates Ca2* uptake by the SERCA (61). It is apparent that Ca2+
movement through the SR is complex and under strict control. Together, the
Ca?+ release channel of the junctional SR and the SERCA of the longitudinal
SR regulate the myocyte Ca2* cycle in an organized fashion. The combined
effects of B-adrenergic stimulation on both the L-type Ca2* channel and the
SERCA indicate a coordinated and complex system for controlling the

dynamic changes in the intracellular [Ca2+] during even a single heart beat.
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SECTION I1.C: CALCIUM AND MYOCARDIAL CONTRACTION

It is well accepted from the studies performed by Ringer over a century ago
that myocardial contraction is dependent on extracellular Ca2* (39). To discuss the
function of the heart on any level it is important to have at least a basic
understanding of the cardiac cycle and how it relates to individual myocytes.
Cardiac function has been studied by virtually every discipline in the basic sciences
and many defintions have arisen to describe the way the heart works.
Physiologists describe the cardiac cycle by measuring arterial pressure and cardiac
output over time, while electrophysiologists describe the cardiac cycle by
measuring cellular ionic currents. Cell and molecular biologists provide elegant
descriptions of how the contractile proteins interact and how the genes which code
for these proteins are controlled and expressed. The combined efforts of these
disciplines has provided a skeleton of information regarding the mechanisms that
underlie the cardiac cycle.

In this section I will discuss the cardiac cycle as a sequence of events which
are dependent on transient fluctuations in cytoplasmic [Ca2+]. Figure 9 is a
modified diagram taken from a classic description of the cardiac cycle by Dr. Carl J.
Wiggers (47). In this scheme, all events which can be measured in an intact
animal are included; arterial blood pressure, ventricular pressure, ventricular
volume, and the electrocardiogram. The first step in understanding the cardiac
cycle is recongnizing that two main periods or phases exist, systole and diastole.

Cardiac systole can be defined as the period of myocardial contraction. As
the ventricle contracts, pressure within it rises until such point where blood is
ejected into the great arteries. This is indicated in figure 9 by the pressure and
volume tracings. During ejection, ventricular pressure increases while

ventricular volume decreases. The period of myocardial relaxation is termed
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diastole. For the heart to function in a rhythmic fashion it must be able to relax to
allow the ventricles to refill with blood. This period is also represented in figure 9
by the pressure and volume tracings. In this case, ventricular pressure is falling
while ventricular volume is rising. Because the focus of the remainder of this
discussion will be on Ca2+, I will refer systole as the period during the cycle when
intracellular Ca2+ is at peak levels (10uM) and to diastole is the period when
intracellular Ca2+ is at resting levels (0.2uM).

The underlying stimulus for myocardial contraction at the cellular level is
the action potential which, unfortunately, can not be measured in the intact
animal. However, the electrocardiogram (ECG), which is a representation of the
electrical activity of the whole heart, can be measured. The ECG is divided into
well defined periods which are conserved across mammalian species. Briefly, the
first peak or "P-wave", represents atrial depolarization. Because membrane
depolarization is the stimulus for myocardial contraction, the atrial pressure rises
just following depolarization. The second and most prominent wave is termed
the "QRS" complex which represents ventricular depolarization and just precedes
ventricular contraction.  The most interesting wave for this discussion is,
however, the "T-wave". This wave represents ventricular repolarization. During
diastole, the ventricular myocardium relaxes and the ventricular chamber fills
with blood in preparation for another beat.

How do ventricular contraction and relaxation correspond to the action
potential? To answer this, it is necessary to examine the cardiac cycle at a more
cellular level. Figure 10 represents the cellular events of each heart beat; a) action
potential, b) Ca2+ transient, c¢) force development (54). The stimulus for
myocardial contraction is the cardiac action potential which is represented in
panel "a". The timing of each event is indicated by the vertical marks. The most

important event, aside from the action potential, is the rapid rise in cytoplasmic
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Figure 10: This figure shows the cellular events underlying the cardiac cycle action potential
(top), aequorin light signal (middle), and force development (bottom) in papillary muscle. The
action potential is the stimulus for myocardial contraction. The Ca?* which enters during the
action potential stimulates the SR to release its Ca2* stores, panel b. As indicated by the

vertical mark, the increase in [Ca2+]i is necessary for force development. Recall the studies
with ryanodine, (same study, fig 8) supported this. (From Tseng, 1988)
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[Ca2*]; (panel b). This occurs prior to the onset of tension development (panel c),
as shown by the vertical marks. Recall that when SR Ca2+ is inhibited by
ryanodine contraction does not occur (fig. 8) (54). Together these components
represent the major cellular events which underlie the cardiac cycle described

above.

Excitation-Contraction Coupling :

In order for the action potential to stimulate sarcomere shortening the
membrane depolarization must be translated into a signal which the myofibrils
can respond to. The process by which this translation occurs has been called
“excitation-contraction"coupling (EC coupling) (70). To begin this discussion, it is
necessary to understand the genesis of the cardiac action potential.

Three main ionic currents underlie action potentials of cardiac myocytes;
INa, Ica and Ik. Fig. 11 shows a typical action potential from a ventricular myocyte
and the underlying membrane conductances for Na*, Ca2+ and K+. The upstroke
of the action potential is due to the rapid influx of Na* ions through voltage
dependent Na* channels. With an adequate excitatory stimulus, the Vm can be
depolarized to the threshold potential for the Na* channel. The threshold
potential is the potential at which Na* channels open and allow Nat to enter the
cell (fig. 11). Following the fast Na* current a slower inward current is observed
which has been attributed to the flux of Ca2+* via the L-type Ca2* channel. The
influx of Ca2+ carries two postive charges per ion thus contributing to membrane
depolarization. Unlike Nat channels, L-Ca2+ channels are inactivated slowly
which results in a plateau phase in the action potential, (Fig.11). The ventricular
myocyte action potential is long and can last up to 400ms.

Finally, the repolarization phase is dependent on the outward flux of K+

ions. By examining the bottom panel of fig.11 it is clear that the slow opening of
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Figure 11: Schematic of a cardiac action potential and the ionic conductances (g"X") which are
responsible for its shape. The upstroke of the action potential is due to the rapid opening of

Na+ channels. With a threshol level stimulus the fast Natchannels open, as represented by
the increase in gNa*. This channel does not remain open long as it is inactivated by the
depolarized membrane potential. Following the upstroke, the L-type Ca2* channels open as
indicated by the increase in gCa2*. The influx of Ca2+ gives rise to the plateau phase of the
cardiac action potential. During the plateau phase K* channels open slowly as indicated by

the gradual increase in gK*. The combination of inactivating Ca2* channels and opening K+
channels gives rise to the repolarization phase. (Modified from Opie, 1991)
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the K+ channel contributes to the plateau phase. With the slow inactivation of the
L-type Ca?* channel and the activation of the K+ channel the plateau phase begins
to fall off until the membrane potential is back to resting levels. Together these
currents make up the action potential which serves as the stimulus for muscular
contraction.

The process by which the electrical stimulus (action potential) is translated
into a mechanical event (muscle contraction) is called excitation-contraction
coupling (EC coupling). Although each muscle type exhibits unique properties
with respect to EC coupling, similarities between muscle types do exist. One event
common to all muscle types is the need for transient increases in cytoplasmic
[Ca2+] followed by Ca2* binding to the contractile proteins. In both skeletal and
cardiac muscle the predominant source of "activator" Ca2+ is the SR. However,
the mechanism by which the Ca2+ stores are released during a contraction differ
between the two muscle types.

In skeletal muscle, a direct coupling between membrane depolarization and
SR calcium release has been identified. (71) In this system, charge movement
within the T-tubule membrane "triggers" the release SR Ca2* stores. Although the
precise "trigger" mechanism has not been identified, pharmacological studies
suggest an important role of the L-type Ca?+ channel (72,73). An exciting study by
Tanabe and colleagues using dysgenic skeletal myotubes clearly showed a role for
the L-type Ca2+ channel in skeletal muscle EC coupling (74). The dysgenic
myotube lacks both mechanical activity and a measurable slow-inward current
prior to cDNA injection. In myotubes which were injected with ¢cDNA a slow
inward current was detected under voltage-clamp conditions. In this study EC-
coupling was restored following the expression of cDNA encoding the L-type Ca2+
channel. These results confirmed that functional incorporation of the Ca2+

channel had occurred. In addition, the injected myotubes were observed to
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spontaneously contract. Control and injected dysgenic myotubes retained
mechanical activity in the absence of extracellular Ca2+* supporting a
depolarization-induced-Ca2+-release. Together these results support the
hypothesis that the L-type CaZ* channel serves as the charge sensor responsible for
SR Ca2+ release, although not everyone is convinced.

The mechansim of SR Ca2* release in cardiac muscle is much different
than that described for skeletal muscle. Unlike skeletal muscle in which Ca2+
release is triggered by membrane depolarization alone, cardiac SR Ca2+ stores are
believed to be released in response to the influx of Ca2* via the L-type Ca2+
channel (50). Although the L-type Ca2+ channel has been shown to play an
integral role in SR release in striated muscle (74), it functions differently in cardiac
muscle. Ca?* influx through L-type Ca2+ channels is not involved in activating
SR calcium release in skeletal muscle cells as it appears to be in cardiac muscle
cells. (68,75,77). The basis for these cell type differences is not completely clear.
The L-type channels in cardiac muscle has faster activation kinetics compared to
those in skeletal muscle (76).

In the skinned myocyte preparation, myocytes are mechanically skinned of
their sarcolemma while their organelles, including the SR, remain intact (78).
Using these skinned cardiac myocytes, Fabiato showed that small quantities of
Ca2+ can stimulate the release of Ca2+ from within the SR. Thus, the intracellular
millieu can be controlled by changing the perfusion solution. Fabiato determined
that the rate of Ca?* influx triggers the release of SR Ca2+. They observed that
increasing the calcium concentration at the outer surface of the SR (skinned
myocyte) caused Ca?* release from the SR when the rate of increase was high, but
merely caused CaZ+ accumulation when the influx rate was low. (79) Analysis of
the Ca?+ current under votage clamp conditions in the intact myocyte support this

suggestion. Two components of the Ca2+ current have been characterized: a) fast
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inital component which inactivates and b) slow component which corresponds to
noninactivating channels (141). The fast inactivating phase may serve as the
stimulus for SR Ca2* release, while the slow phase may contribute to SR loading
described above. It is interesting to note that the Ca2+ channel found in skeletal
muscle myocytes do not have a fast kinetic phase (76). This may explain, in part,

the lack of Ca2+-induced Ca2+ release in skeletal muscle.

Contractile Proteins of Muscle:

The proteins which mediate muscular contraction are similar all muscle
types. Actin and myosin are the major contractile proteins which make up thick
and thin filaments and are responsible for sarcomere shortening in striated
muscle. The thin filaments are attached to Z-bodies (Fig. 12.B) that demarcate
individual sarcomeres. Thick filaments which are roughly twice the diameter of
the thin filaments are interspersed among the thin filaments. A cross-section
through the A band, as shown in figure 12.C, shows the microanatomy of the
sarcomere. Thick filaments are surrounded by six thin filaments. This
arrangement is the optimal configuration for actin-myosin interaction and
subsequent tension development.

Thick filaments are composed of myosin which is a complex protein made
up of 6 different polypeptides, 2 myosin heavy chains (MHC), and 4 light chains
(MLC) The MHC are configured together in a rod-like helix with each chain
forming a globular domain at the C-terminus. This globular "head" region
protrudes from the main myosin body on a hinge like stalk (Figure 13). This head
region contains the actin binding sites as well as intrinsic ATPase activity. The
myosin ATPase allows the head to cleave ATP and to use the energy derived from

the ATP's high energy phosphate bond to energize the contraction process.
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Thin filaments are composed of actin, tropomyosin and troponin.
Although actin is the primary contractile protein of the thin filament,
tropomyosin and troponin serve key roles as regulators of actin-myosin
interaction. Troponin (TPN) is actually a complex of proteins which function
together to regulate actin-myosin interaction. TPN is composed of three proteins;
TPN-C (calcium), TPN-I (inhibitory), and TPN-T (tropomyosin). Together these
proteins interact to control the steric positioning of tropomyosin within the
groove of the actin polymer . TPN-C is a Ca2* binding protein which, upon
binding Ca2+, induces a conformational change in tropomyosin (Fig. 13). At rest,
tropomyosin resides in the groove of the actin molecule where the myosin head
units will bind. Upon Ca2* binding to troponin-C, tropomyosin makes a
conformational change that alters its position relative to actin such that the
myosin binding sites are exposed. This conformational change allows the
subsequent actin-myosin interaction to proceed. Subsequent relaxation occurs as a
result of cytoplasmic Ca2* returning to sub-micromolar levels (0.2uM). At rest,
cytoplasmic Ca2+* levels are below the Kp of TPN-C Ca2* and hence the steric
inhibition by tropomyosin is established once again.

Actin and myosin interact by way of cross-bridges. The cross-bridges are like
loaded springs, which upon releasing energy as a result of ATP hydrolysis, cause
the actin and myosin to move in relation to each other. Myosin is a complex
protein which has intrinsic ATPase activity. It is this activity which is responsible
for releasing the energy required for muscular contraction.

Formation of the actin-myosin complex, via cross-bridge formation, is
dependent on the binding and subsequent hydrolysis of ATP by the myosin head.
When ATP is bound to the myosin head, there is a weak binding conformation
between actin and myosin, and when inorganic phosphate is released, there is a

strong binding conformation (Fig. 13) In the presence of elevated Ca2+
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myosin-thick filament. The globular head, which contains the ATPase activity protrudes from
the main thick filament via a stalk. It is this stalk region which behaves like a spring during
sarcomere shortening. The thin filament is shown here as the actin polymer complexed with
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in this schematic. This binding induces a conformational change in the thin filament complex
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actinomyosin complex to form, ATP must be bound to the myosin head unit. With subsequent
ATP hydrolysis by the intrinsic ATPase activity of the myosin head unit, a strong binding
affinity of myosin for actin occurs and the final result is the a formation of the actin-myosin
bond. The energy for the actual contraction is derived from the release of Pj. (B) Relationship
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(physiological systole) and following ATP hydrolysis the myosin heads go through
an oarlike motion from a 90° configuration to a 45° angle with respect to the
myosin body. This motion pulls the actin filaments toward the center of the A
band resulting in sarcomere shortening. This is depicted in figure 13.b. The
lowering of free Ca2* ion concentration (physiological diastole) causes the
dissociation of the TPN-C-Ca2+ complex and hence the detachment of crossbridges
and the decrease in force.

The celluar mechanisms which lead to the diastolic fall in cytoplasmic Ca2+
are the subject of this thesis. The interaction of myosin and actin described above
applies to immature cardiac myocyte contraction as well as for adults. However,
the source of activator Ca2* and the mechanism by which cytoplasmic Ca2+ is
sequestered is different at each stage of maturation. As described in section I, the
immature cardiac myocyte, by definition, lacks a well developed SR. Considering
the importance of the SR in EC coupling it is important to understand how the
immature heart functions without it. The following sections will focus on the
calcium transport proteins which are responsible for sequestering Ca2* and the

roles each play during development.
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SECTION IIILA: SARCOPLASMIC RETICULUM Ca2+ ATPase

History:

The sarcoplasmic reticulum (SR) is now known to be the major
intracellular Ca%* storage organelle in Cardiac myocytes. This, however, was
not known until the 1960's when several groups independently discovered
that microsomal fractions isolated from skeletal muscle contained
membranous vesicles which could actively accumulate Ca2+ (85,86). Prior to
1960, research on a soluble "relaxing factor” from muscle homogenates was
underway. It had been observed that the supernatant from high-speed
centrifugations of muscle homogenates had a relaxing effect on actomyosin
(87). Two theories were developed to explain this effect. Microsomal
mediated relaxation was thought to be due to: a) Ca?* binding to specific
receptors (86) or b) active Ca2*+ accumulation (85).

Studies on isolated skeletal muscle microsomes by Hasselbach and
Makinose, provided the first evidence that relaxation was due to the active
transport of Ca2* into the microsome (85). In this study, Ca2* uptake by
microsomes was augmented by the presence of oxalate and dependent on the
hydrolysis of ATP. Oxalate acts to precipitate Ca2+ within the microsome and
effectively maintains a low microsomal free [Ca2+]. In the presence of oxalate
more Ca2* is accumulated because the total free [Ca2+] within the microsome
is reduced, thus enhancing the [Ca2+] gradient across the vesicle membrane.
Martonosi and Feretos also studied skeletal muscle microsomes, and
confirmed the observations of Hasselbach (89). Results from many
laboratories indicate that Ca2* transport is mediated by a Mg2+-dependent,

membrane bound ATPase (89,90).
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Biochemistrv & Function:

The SR Ca?*-ATPase belongs to the "P-type" family of ion transport
proteins. This class of proteins include; a) plasma membrane Na*+/K+ATPase,
b) Ca2*+ and H*ATPases also of the plasma membrane, and ¢) Ca2+ ATPase of
the SR (SERCA). These proteins are included in the P-type class because they
form a phosphorylated ("P") intermediate as part of their reaction cycle
(80,91). Biochemical studies indicate that the P-type transport proteins are
phosphorylated with the y- phosphate of ATP on a conserved aspartic acid
residue in the polypeptide chain (83). Most of the members of this class,
(Nat/K+ ATPase excluded), consist of a single "o polypeptide chain (70-
100kD) and have significant sequence homolgy. Due to the conserved nucleic
acid sequences, members of this class have been hypothesized to come from a
common ancestor (81,82).

A schematic showing how Ca2* is transported by SERCA is shown in
figure 14. The first step in this reaction is the binding of Ca2+ and ATP to the
cytosolic face of the enzyme. The affinity (Kd) of the SERCA for Ca2+ is
approximately 0.5umol/l, which is sufficient to promote binding in the low
[Ca2*]j environment.  Following the inital binding reaction, the protein
undergoes a conformational shift such that bound Ca2+* is now on the
intraluminal face of the enyzme. The energy contained in the acyl-phosphate
bond is used to translocate Ca2* into the SR lumen. Once the Ca2+ is released
into the SR lumen, inorganic phosphate (Pj) is released and the enzyme
returns to its native state, ready to pump more CaZ+,

Regulating the rate and extent of Ca2+ transport into the SR affects
changes in myocardial contractility. The force of contraction is dependent on
the release of Ca2* from the SR. The amount of Ca2* released is a function of

the amount of Ca2* sequestered during the relaxation phase of the previous
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Figure 14: Schematic representation of the mechanism of action of the SERCA. The movement

of Ca2™* across the SR membrane is coupled to the hydrolysis of ATP. Two Ca2* ions are shown
binding to the cytoplasmic side of the SR membrane followed by subsequent ATP binding, ATP

hydrolysis and subsequent Ca2* translocation. The energy stored it the acyl-phosphate bond is
used to fuel the "uphill" movement of Ca2t. Once Ca2* is released into the SR lumen the Pi is

released and the protein "resets" with the Ca2+ binding site on the cytoplasmic side. (From
Katz, 1992)
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beat. This amount is dependent on the rate at which the SERCA pumps Ca2+
into SR. The SERCA is directly regulated by both Ca2+ and ATP (ADP) via
simple enzyme kinetics. Ca?* and ATP serve as substrates for the SERCA.
When cytoplasmic Ca2+ is elevated (systole) the SERCA will be stimululated
to pump Ca?* into the SR. SERCA-mediated CaZ+ transport is also regulated
by the sympathetic nervous system via B-adrenergics stimulation.

Activation of the sympathetic nervous system stimulates the
myocardium to increase force of contraction and rate of relaxation (48). This
is important during periods of exertion such as physical work or exercise. B-
adrenergic stimulation enhances myocardial contraction by modulating the
activity of both the L-type Ca2+ channel and the SERCA. The B-adrenergic
effect is mediated by a cAMP-dependent protein kinase A. This protein
kinase phosphorylates both the L-type Ca2* channel and the SR protein,
phospholamban (PLN). Phophorylation of the L-type CaZ+ channel enhances
the Ca2+ current, resulting in a larger Ca2+ influx. Because the magnitude of
the Ca2* current serves as the trigger for SR calcium release in cardiac
myocytes, this effect increases the amount of Ca2+ released from the SR and
thus the force of contraction.

In addition to increasing the amount of Ca2+ released, the rate of Ca2+
uptake via the SERCA is enhanced by cAMP dependent phosphorylation of
phospholamban. The structure of PLN is similar to the regulatory region of
the sarcolemmal Ca2*-ATPase (93). Both of these regulatory mechanisms
function by inhibiting Ca2+ transport by interferring with Ca2* binding. In the
native state, PLN inhibits the SERCA. Thus the SERCA normally has Ca2+
transporting reserve. Upon phosphorylation of PLN this inhibition is
removed and Ca2* transport is enhanced. In addition, phosphorylation of

PLN increases the CaZ+ sensitivity of the SERCA. Together, the increased
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Ca2* sensitivity and rate of uptake into the SR results in enhanced myocardial
relaxation.

The SERCA exists in several forms and fast-twitch, slow-twitch, cardiac,
and non-muscle forms of the enzyme have been identified (94). Biochemical
studies support the existence of unique muscle specific SERCA isoforms.
Cardiac and skeletal muscle SERCA have been differentitated at the
nucleotide level (96) and by the fact that the activity of the cardiac SERCA is
regulated phospholamban which has not been detected in fast twitch muscle
(55). Although it has been difficult to measure significant biochemical
differences between fast twitch and slow twitch muscle isoforms, clinical
studies suggest that differences must exist. A genetic basis for different
skeletal muscle forms of the ATPas is suggested by Brody's disease (98). This
disease, manifesting as a diminished capacity for skeletal muscle relaxation,
results from a deficiencey of Ca2+-ATPase in fast twitch, but not in slow twitch

muscle.

Molecular Biology:

Much of the work presented in this section was done by D.H.
Maclennan and colleagues who were repsonsible for first purifying the
SERCA protein in 1970 (84). The first cloning studies were performed on
skeletal muscle using probes designed from partial cDNA sequences which
were deduced from amino acid sequences (84). Although the focus of this
disussion is the cardiac SERCA, the goal of the original cloning experiments
was to characterize the skeletal muscle Ca2+-ATPase.

Discovery of the cardiac muscle Ca2+-ATPase clone was fortuitous.
Using primers designed from previously determined sequence of the fast

twitch muscle Ca2+-ATPase gene, this group screened a rabbit skeletal muscle
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Figure 15: Northern blot analysis of rabbit muscle mRNA. Poly(A) RNA from rabbit fast
twich, slow twitch and cardiac muscle was separtated on a 1% denaturing agarose gel and
subsequently transferred to solid support for sequential hydrizations. In panel "A", the 3' UTR
of the slow twitch skeletal muscle clone was used. Message specific for this clone was detected
in cardiac (C) and slow twitch (S) muscle but not fast twitch (F) muscle. In panel "B", the
3"UTR of the fast twitch skeletal muscle clone was used. Message specific for this clone was
detected in fast muscle only (F). (From Brandl et al., 1986).
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cDNA library. Two cross-hybridizing clones (pFA1 and pCA3) were isolated
and their sequences were analyzed for homology to the deduced ATPase
amino acid sequence of fast twitch Ca2+-ATPase. Clone pFAl was highly
homologous with the fast twitch Ca2t-ATPase, whereas clone pCAS3 shared
only some homology. Clone pCA3 contained 3722 base pairs and coded for a
complete protein of approximately 110kD. Although this clone coded for a
protein which was slightly smaller than the protein coded for by clone pFAl,
the deduced amino acid sequence was 84% homologous. Together these
indicated that the clone probably coded for a Ca2*+-ATPase, although the tissue
origin was not known.

The first indication that clone pCA3 coded for a cardiac ATPase isoform
came about when a tryptic digest product of rabbit cardiac SR was isolated
(156) and sequenced. Trypsin cleaves the Ca2*-ATPase into two characteristic
peptides between amino acid residues 505 and 506 (87). Near this cleavage
site is the binding site for fluorescein isothioyanate (FITC). The deduced
amino acid sequence of the FITC site in clone pCA3 is TSMS which divergent
from that of clone pFA1 (AAVGN).  The homology bewteen the FITC of
clone pCA3 and that from the major trypsin product reported by Briggs was
100%. This provided the first evidence that clone pCA3 may represent the
cardiac Ca2+-ATPase.

Studies by Brandl et al. suggested that the slow twitch and cardiac
muscle Ca2*-ATPase may arise from a common gene. Using northern blot
analysis Brandl (95) showed that the slow twitch and cardiac Ca2+-ATPase
transcript were detected with the 3' untranslated region (UTR) of clone pCA3,
whereas the fast twitch transcript was not (figure 15.a). Similarly, when the
same northern blot was probed with the 3'UTR of clone pFA1 only the fast

twitch transcript was detected (Fig. 15.b). Although these results do not prove
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that the slow-twitch and cardiac Ca2+-ATPase originate from the same gene
they do suggest it. Structural and functional similarties exist between slow
twitch and cardiac muscle Ca2+-ATPase genes/proteins. Immunological
studies using antibodies raised against the cardiac Ca2*-ATPase detected the
protein in both cardiac and nonmuscle tissue but not in fast twitch muscle.
Furthermore, antibodies against the regulatory protein PLN have detected the
protein in slow and cardiac muscle but not fast twitch muscle. This supports
the hypothesis that slow and cardiac muscle may share structure -function
similarities.

Subsequent studies have revealed that a common gene (SERCA2)
codes for both the cardiac and slow-twitch muscle isoforms and that the
alternative splicing is responsible for the two isoforms (140). In summary,
three genes encoding five SERCA isoforms have been identified: SERCAla
(adult fast-twitch muscle), SERCA1b (neonatal fast-twitch muscle), SERCA2a
(cardiac/slow-twitch muscle), SERCA2b (smooth/nonmuscle), SERCA3

(isoform expressed in muscle and nonmuscle tissues) (134).
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SECTION II1.B: SARCOLEMMAL SODIUM-CALCIUM EXCHANGER

The discovery of the cardiac sodium-calcium exchanger (NCX) occured
in the late 1960's. However, in 1921, pioneering work by Daly and Clark
suggested an antagonistic relationship between Na* and CaZ+ with respect to
myocardial contractility. In these early studies, a positive inotropic effect was
observed when extracellular [Na+] was reduced. The inotropic effect was
similar to that observed when extracellular [CaZ+] is increased. By 1960 it was
clear that the inotropic response observed in earlier studies (99) was specific
for Na* alone and not other monovalent cations (100). This set the stage for
rapid discoveries regarding the role of extracellular Na+* in Ca2+ transport
across the sarcolemma. Several independent studies observed that isotopic
45Ca2+ uptake by intact hearts or isolated papillary muscle could be enhanced
by removing extracellular Na+ (61,101-103).

By 1970 the concept of a cardiac sarcolemmal ion transporter specific for
Na+ and Ca2*+ was becoming accepted, although the details were obscure.
Much of the work to define the Na* dependent inotropic response was carried
out by Reuter and colleagues. They measured 4°Ca2* efflux from guinea pig
atria under varying ionic conditions (104). Figure 16 is a summary of their
results. By examining panel "A", it is apparent that as extracellular Na+* is
reduced, the amount of Ca2+ in the effluent increases. The bottom trace (a) is
the control value ([Na],=149mM). Under conditions when [Na], is reduced
{(b), [Na]o=81mM, and (c), [Na],=47mM]} the amount of Ca2+ in the effluent is

increased. Panel "B" represents the dependence of Ca2+ efflux on the ratio of
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Figure 16: Relationship between Ca2+-dependent efflux from guinea pig atria and
extracellular [Na*]. Panel "a" shows the effect of reducing [Na+]o on the Ca2+ efflux, () is
high Na+ at 149 mM, (x) is moderate Na+ at 81mM and (°) is low Na+ at 47 mM. It is apparent
from this figure that as [Na+]o is reduced the Ca2+-activated fraction increases. Panel "b" is a
plot of the dependence of Ca2+ activated efflux on the ratio [Ca2+]/[Na*]? This plot is merely
a summary of panel "a". A nearly linear dependence between the Ca2+—dependent fraction of
Ca?* efflux and Ca2+]/ [Na+]2 the ratio was observed, regardless of variations in the absolute

concentrations of either ion over a fairly broad range (b). These data suggest that the two ions
may bind to share the same site on the proposed transporter. (From Reuter and Seitz, 1967).

&l



[Ca2+];/[Na*]%. An interesting observation was made regarding the kinetics of
the "transporter". The apparent Km of the "transporter” for Ca2+ increased
with increasing [Nat],, suggesting a competitive relationship for the two ions
with respect to binding to extracellular sites.

With the development of the isolated sarcolemmal vesicle system
(105), advances in the understanding of this apparent competitive ion
transporter resulted. This model is extremely useful because both intra- and
extravesicular compartments can be experimentally manipulated. Using
crude cardiac sarcolemmal preparations Reeves and Sutko (106) concluded
that the apparent co-transporter was localized to the sarcolemmal. It was Pitts
however that further characterizd the transporter by measuring 45Ca2+ uptake
into sarcolemmal vesicles and determining a stoichiometry of 3Na+* to 1Ca2+
transported across the sarcolemmal (108). Fig 17 (Fig. 3 from 107) is an
representation of this type of study. Briefly, isolated vesicles are first
generated that have either high intravesicular Nat ([Na+t];=160mM) or low
intravesicular Na+* ([K+];=160 mM) and then 45Ca2+ is introduced to the
extravesicular medium. 45Ca2+ uptake occurs when intravesicular [Na*]i is
elevated (Fig X.x, trace "a") but does not occur when K+ is substitued for the
Nat (trace "b"). If Na* is added to the extravesicular medium as indicated by
trace "c" in fig. X.x, 43Ca2+ is reduced. This is due to a reduction of the Na+
gradient across the vesicle membrane. From these studies it is clear that the

driving force for Ca?* uptake is the transarcolemmal Na+ gradient.
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Biochemistry and Function:

The stoichiometry of ion exchange for the cardiac NCX has been
difficult to determine with confidence. Although it is now well accepted that
the cardiac NCX is an electrogenic ion co-transporter; exchanging three Na+
for one Ca?* early studies disputed this. Using the isolated vesicle system
Pitts and colleagues measured 22Na* coupled 45Ca?* uptake and determined
an exchange ratio of 2.9-3.1 (108). Similar conclusions have been made using
isolated cardiac myocytes and intact ventricular myocardium (109,110).

During the last decade the cardiac NCX has been purified and
subsequently cloned. Purification of this protein was troubled by the lack of a
detectable marker during the purfication steps as well as its relatively low
abundance in tissue (111). Nonetheless, after several inconsistent reports of
isolated proteins which retained exchanger activity (112-114), a 120kD protein
was purfied from canine ventricle which appeared to be the NCX (115). In
this study three predominant protein forms were observed, 160kD, 120kD and
70kD molecular weight. All three protein species retain exchanger activity
when incorporated in proteoliposomes.

Further analysis under non-reducing conditions suggests that the
160kD protein represents a non-reduced dimer of the 120kD and 70kD
proteins (Fig.. 18.a). The 70kD protein appears to be the active proteolytic
fragment of the 120kD protein (Fig 18.b, 18.c). The protein fraction in lane "b"
is prior to treatment with chymotrypsin and lane "c" is the same sample after
treatment. Thus it appears that the 70kD protein may be a product of
proteolysis. These results have since been reproduced by others.

Two models have been proposed to explain the mechanism of action of
the cardiac NCX, '"simultaneous" and "consecutive". There is evidence

supporting both models, and the question "how does the exchanger
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Figure 18: SDS-PAGE of purified the SL NCX protein. In lane "a" the protein is run under non-
denaturing conditions which gives a predominant band at 160 kD. Under moderate denturing
conditions, as in lane "b", three characteristic bands are observed, 160kD, 120 kD and 70 kD.
The 70 Kd band is believed to be a proteolytic digest product due to the observation that it
increases when the sample is pretreated with chymotrypsin (lane "c"). (From Philipson, 1988).
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function?" remains open; a brief description of both models will be presented
here. The "simultaneous" model suggests that Na* and Ca2+ bind to the
protein and are translocated at the same time. The "consecutive” model on
the other hand, requires the binding of Na* and its translocation prior to the
binding of Ca2* and its subsequent translocation. A major principle to which
proponents of both sides agree is that for the exchanger to function by a
consecutive mechanism the affinity of the exchanger for Ca2* must be
dependent on the binding and [Na*],. Durkin et al argue against the
consecutive model because they have not been successful at observing half-
turnover reactions of the exchanger (118). In a consecutive model the
complete transport cycle must occur as two events (two half-reactions).
Therefore, if the mechanism of action is consecutive then the half-turnover
reactions should be detectable. The simultaneous model is supported by
studies which have shown that the affinity (Kd) of the exchanger for Ca2+ is
independent of Nat binding to the extracellular face of the exchanger
(109,116,117).

Using the excised giant patch on ventricular myocytes, Hilgemann
found strong evidence for the consecutive model (119). With the giant patch
technique it is relatively easy to manipulate the ionic compositions of both
cytoplasmic (pipette solution) and extracellular (perfusion solution) spaces.
He found that the affinity of the exchanger for both ions was dependent on
the concentration of the counter-ion, figure 19. As mentioned above, for a
transport reaction to occur in two consecutive steps, the Kd (dissociation
constant) for one ion species should decrease as the counterion concentration
decreases (120,121). These studies argue that the consecutive model

represents the mechansim of exchanger transport.
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Figure 19: This figure shows that the affinity of the NCX for each ion is dependent on the
concentration of the respective counter ion. Panel "a" is a plot of the Kd(CaZ+) vs. increasing
[Na+]. Panel "b" is a plot of the Kd (Na+) vs. increasing [Caz+]. These results show that the
binding of one ion is dependent on the presence of the other ion. This supports the suggetion that
the NCX operates by a consecutive mechanism. (From Hilgemann et al., 1991)
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The cardiac NCX has been shown to be sensitive to Ca2+, Na+, and
ATP concentrations. The effect of altering the concentrations of Na+t and Ca2+
are relatively simple to understand. These ions serve as the substrates for the
exchanger and thus increasing the concentration of one will result in a
displacement of the other, thus driving the reaction in the appropriate
direction. For example, when [Nat]; is elevated as it is during quabain
treatment, a positive inotropic response is observed. This response can be
attributed to the reduced efflux of Ca2* from the cell as [Nat]; is elevated and
the driving force for the exchanger is reduced.

The mechanism of action of ATP on the NCX is not as straight forward.
The regulation of NCX activity by MgATP, unlike that of the SERCA, appears
to be independent of intracellular kinases (122). In the study by Salow and
Briggs, the stimulatory of effect of ATP was not blocked by kinase inhibitors or
reversed by phosphatases. It was known, however, that the NCX activity is
mediated by the lipid environment (123), therefore this group hypothesized
that ATP may be involved in maintaining membrane lipid asymetry. The
proposed mechanism of action being aminophospho-lipid translocase, an
ATP-dependent enzyme which helps to maintain the lipid asymetry of the
sarcolemma. It was shown that anionic phospholipids enhance exchanger
activity whereas cationic phopholipids diminish it (123). In support of the
role these phospholipids may play in NCX activity, Langer et al have
identified a NCX- dependent exchangeable Ca2+ pool in intact cells. Analysis
of this Ca2* pool revealed that it was dependent on the presence of anionic
phopholipids in the inner leaflet of the sarcolemma (65,65,66). It is apparent
that the regulation of Ca2+ transport via the NCX is complicated and further

studies are required to increase our understanding of its function.
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Molecular Biology:

The cardiac NCX has been cloned from a number of species including;
dog, cow, human and rat (123-127). The cardiac NCX ¢cDNA is very well
conserved across all these species. Using a polyclonal antibody raised against
a partially purified canine NCX protein, Philipson and colleagues (123)
screened a Agtll expression library, and isolated a 3.2kb clone (A4); it was
analyzed further to see if it coded for the cardiac NCX. Northern blot analysis
of canine cardiac poly(A+) enriched RNA with a probe from clone A4,
detected a 7.0 Kb transcript. This suggested that the full length cDNA
trancript coding for the NCX was more that two times the size of the first
positive clone. However, to test if this clone coded for a functional protein,
RNA was synthesized from it and injected into Xenopus oocytes. No
detectable exchanger activity was observed, suggesting that this clone did not
code for the full length protein.

Because the initial clone hybridized to a single transcript on northern
blot it was used to screen a canine heart oligo(dT) primed ¢cDNA library.
Positive clones were subsequently characterized by sequence and restriction
endonuclease analysis. These clones were approximately 6.0 Kb in length and
extended more 3' than clone A4. However, none of the clones had a poly(A+)
tail (signifying the end of the protein). One clone, TB11, looked promising
because it had the longest 5 extension, suggesting that it may carry the
inititation site. To test this, RNA was synthesized from clone TB11 and
injected in Xenopus oocytes. Six days following injection, [Na+};-dependent
exchanger acitivity was detectable, figure 20. Thus, it was apparent that this
group had successfully cloned and expressed the canine cardiac NCX.

By cloning the cDNA which codes for the cardiac NCX it was now

possible to analyse the protein's structure. The deduced amino acid sequence

58



- n
[} N -3 o
PR U T TR T

H
P |

Ca?* uptake (pmol/oocyte/10 min)
o

Wat cRNA  cRNA
o (Low Na%)

Homn

Figure 20: 45Ca2+ uptake studies using Xenepus oocytes. Lane "a" represents the basal uptake
by oocytes following injection with sterile water. Lane "b" represents the NCX mediated
45Ca2+ by oocytes injected with cRNA for the NCX. Land "c" confirms that the enhanced Ca2+
uptake is mediated by the NCX because the uptake is reduced to control levels in the absence of

intracellular Na*. (From Nicoll et al, 1990).

_ Extracellular

Membrane

Intraceitular

Cardiac

Figure 21: Topograhy of the cardiac NCX as determined from the deduced amino acid sequence
from clone TB11. (From Philipson and Nicoll, 1992).
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from the combined cDNA sequences of overlapping clones was determined.
The coding region of the cDNA was 2910 bases in length and coded for a
protein of 970 amino acids with an apparent molecular weight of 108 kD.
Topography analysis of the deduced amino acid sequence indicates that the
mature cardiac NCX contains 11 transmembrane domains with a large, 520
amino acid, hydrophilic intracellular domain (Fig. 20).

Native proteins in myocytes and expressed proteins in ococytes share
similar regulatory properties suggesting that regulation is intrinsic to the
protein and not due to accessory intracellular proteins. As described above,
such regulatory properties include Na+, Ca?*, and ATP dependent regulation.
In addition, a region (20 amino acids) of the intracellular loop has been
shown to have homology to a calmodulin-binding domain. When a
synthetic peptide homologous to this region is added to the cytoplasmic face
of giant membrane patches exchanger activity is attenuated (128). The effect
of this "exchanger inhibitory peptide" (XIP) is specific and relatively potent.
Because XIP is homologous to a calmodulin binding domain it is thought to
act by interferring with a Ca?* binding site of the NCX.

To investigate the potential role of the intracellular loop, mutant
clones which all or part of the loop deleted were engineered and expressed in
Xenous oocytes. Interestingly enough, the clones still had exchanger activity.
However, the regulation of the mutants was different compared to the wild
types. Figure 22 is a summary of the results obtained with the mutant clones.
The index of exchanger activity in this study was the exchanger current
associated with the electrogenic pumping mechanism. It is apparent that
regulation of the NCX by the proposed exchanger inhibitory peptide is
dependent on some regions within the intracellular loop (top trace). The

exact function of this calmodulin-binding domain has not been defined to
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date, but these studies support the hypothesis that the NCX is regulated by

intracellular accessory proteins, such as calmodulin,
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Figure 22.a: Schematic of the deletion mutant engineered to study the role of the large
cytoplasmic hydrophilic domain of the cardiac NCX. The top sequence represents the native
c¢DNA sequence with the regions of interest defined in the lower portion of the figure. The
mutants are labelled as A with the number of the base pairs corresponding to the region deleted
listed. For example A240-679 represents a mutant which had base pairs 240-679 deleted. Using
these mutant clones this group was able to characterize region of the NCX protein which are
repsonsible for a) ion binding and transport, b) Ca2+ regulation, c) Na+ inactivation, and d) XIP
interation. ( From Matsuoka, 1993).

A240-679\
1562-685/
75
)
§ 50 | 7
= Chymotrypsin-
treated wild-type
28
L ' Wild-type\‘
0 g L 1 é

0 10 20
XIP (uM)

Figure 22.b: Data from the study of the mutant clones depicted in figure 20.a. In this figure,
NCX activity it measured as the current associated with the movement of Ca2+ across the
membrane. XIP, when applied to the cytoplasmic face of the NCX, attenutates NCX activity.
In this study deletional mutant were made which removed part or all of the coding sequence for
cytoplasmic loop of the NCX. These mutants, when expressed can be studied for functional
differences compared to wild-type clones. In this figure, the lower trace is the wild-type clone
which shows signiificant attentuation of the NCX in the presence of the XIP peptide. The
middle trace shows that the inhibiting effects of XIP can be reduced with prior chymotrypsin
treatment of the wild-type protein. The top trace is the activity of the mutants in the presence
of the XIP peptide. These results indicate that the regulatory site of the XIP peptide resides in
the hydrophilic loop domain corresponding to the coding sequence of base pairs 562-685.
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SECTION III.C: DEVELOPMENT OF THE SERCA AND NCX

Morphological studies on developing cardiac myocytes have shown a
developmental pattern for the sarcoplasmic reticulum (Section I). The SR
content is lower in the immature cardiac myocyte than in the mature cell (18-
24). These observations have led investigators to search for an understanding
of how the immature heart functions without a well developed SR. The
question "how is Ca2* controlled during the cardiac cycle?” is most
interesting. To address this question, investigators have studied CaZ2+
transport using models including the intact heart, isolated papillary muscle,
and membrane vesicles from hearts of increasing gestational ages. In
addition, studies have been performed to understand the expression patterns
of SERCA and NCX during development. This section will review pertinent

findings.

SERCA studies:

Some investigators have used the intact heart or isolated papillary
muscle to examine developmental changes in myocardial function (Section
I). However, such models are not adequate to study Ca2* transport across
cellular membranes. Therefore, isolated membrane vesicles have been used
to study the functional aspects of the Ca%* transport proteins (130-133). These
studies indicate that all species studied follow a similar developmental
pattern although on different time lines. Nayler and Fassold showed that
preterm rabbits and guinea pigs have significantly lower SERCA activity
compared to the adult (130). Similarly, studies in the fetal sheep have
indicated that the immature SR has lower SERCA activity (131-133,).
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A complete description of the development of the cardiac SERCA was
presented by Lynn Mahony (142). Experiments with isolated SR vesicles from
hearts of various ages corroborated earlier descriptions of developmental
changes in the SERCA made by others (132, 133). Briefly, cardiac SR vesicles
isolated from fetal sheep accumulate less Ca2+ than those from adult sheep.
Fig 23 represents the time course of Ca2* uptake by the SR vesicles in this
study. To determine if the reduced Ca?* uptake was based on the density of
active pumps, the radiolabeled acylphosphate intermediate was quantitated in
each sample. Similar findings have been reported more recently in the
developing rabbit heart (137).

During the transport of Ca2*, the pump can phosphorylated with
radiolabeled y-32phosphate of ATP. This step allows individual pump
molecules to be tagged, thus allowing the total number of active pumps to be
quantified. The reduced Ca2* uptake of the fetal hearts could be explained by
fewer pump protein molecules. In postnatal hearts, the number of pump
protein molecules was not reduced, although Ca2+ uptake was still low.
Therefore, the efficiency of the SERCA at each age was determined. The
coupling ratio of mol Ca2* transported /mol ATP hydrolyzed was calculated
(Fig. 24. In this figure the vesicles from the immature hearts are observed to
pump Ca?* inefficiently. Thus reduced Ca2+ uptake by the isloated vesicle
may be due to the expression of a particular SERCA isoform with lower
activity or perhaps the expression of specific regulatory proteins in the mature
heart.

David Maclennan's group addressed the developmental expression
pattern of SERCA isoforms in rabbit heart (134). Recall that this group first
purified the SERCA protein and cloned it from rabbit heart. Using Northern

blot analysis of total RNA from rabbit hearts of increasing age they showed
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Figure 23: Ca2+ uptake by SR vesicles isolated from sheep hearts of various developmental
ages (fetal 100-105 (°), fetal 128-132 (*), newborn (A), postnatal 4 weeks (A, postnatal 8 weeks

(@), maternal (). From this figure it is apparent that as the heart matures Ca2+ uptake by the
SR increases. This description agrees with morphological data which show a low density of
SR in immature myocytes.(From Mahoney, 1988).
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Figure 24: Developmental profile of the coupling efficiency of isolated SR vesicles from sheep
hearts of various developmental ages (same as in figure 23). The coupling ratio is lowest in the
SR vesicles from the most immature hearts and appears to increase with development. This
suggests that the SERCA in the immature hearts may be pumping less effeciently than the
SERCA in the adult hearts. This may be due to regulatory proteins, and or expression of
different isoforms. (From Mahoney, 1988).
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that the SERCA2a gene (cardiac/slow twitch) increases throughout gestation
with peak levels in the adult rabbit heart. In contrast, the expression of
SERCA2b (smooth nonmuscle) was low in the rabbit heart and did not change
significantly throughout development (Fig 25). The results from the
morphological, physiological, and molecular studies on the SR and its
components described here support the hypothesis that another mechanism

is responsible for Ca2+ cycles in immature cardiac myocytes.

NCX Studies:

Although developmental studies of the cardiac NCX are limited, the
recent cloning of the cardiac NCX gene greatly advanced the progress in this
area (124). However, even now, less is known about the developmental
regulation of NCX than of the cardiac SERCA. Using sarcolemmal vesicles
isolated from the hearts of neonatal and adult mongrel dogs, Hanson et al
studied Nat-dependent Ca2* uptake (136). The NCX mediated uptake was
greater in vesicles isolated from neonatal hearts compared to those from
adult hearts. These results support the hypothesis that the NCX is more
active in the immature cardiac myocyte, possibly compensating for
inadequate SERCA activity.

Artman and colleagues provided the first evidence that expression of
the NCX gene is upregulated in the fetal rabbit heart (137). This study
correlated Na+-dependent Ca2+ uptake by isolated SL vesicles with western
blot analysis of the NCX protein (Figure 26). The essential findings from this
study agreed with the hypothesis that the NCX is relatively more active in the
immature heart than the adult. Chen et al performed an elegant study
looking at the localization of the rabbit cardiac NCX during development in

the rabbit (138). Monoclonal antibodies were used to localize the NCX in
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Figure 25: Developmental expression of the SERCA2a and SERCAZ2b genes in rabbit heart. The
SERCAZ2b gene, which codes for the smooth/ non-muscle isoform is shown to not change over the
course of development in the heart. The SERCA2a gene, which codes for the slow/cardiac
isoform, however is expressed at increasing levels as the heart matures. (From Arai, 1992).
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isolated rabbit ventricular myocytes of increasing gestational ages. During
development the localization of the NCX shifts from widely distributed
throughout the sarcolemma in the very immature myocyte to the T-tubules
in the adult myocyte. Although the results of this study were not
quantitative, they showed that the immature myocyte has abundant NCX

protein and thus may rely heavily on it for normal EC coupling.
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Figure 26: Panel "a” shows the results of 45Ca2+ uptake assays using isolated SL vesicles from
rabbit hearts of various developmental ages (FT= fetal, NB= newborn, IM=juvenile,
AD=adult). From theses studies it is apparent that NCX activity, as measured by Na+
-dependent Ca uptake, is greater in the immature rabbit heart than the adult rabbit heart.
Panel "b" is summary of slot-blot analysis of NCX protein abundance in SL vesicles from the
same groups of animals. The greatest immunoreactivity was observed in the immature hearts.

These findings correlate well with the 45Ca2‘*‘uptake data. (From Artman, 1992).
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Chapter II: Ca2+ Transport Proteins in the
Developing Sheep Heart



The idea that all mammalian species follow a predetermined set of
developmental events during heart development has been set forth in the
preceeding sections. Such developmental events include the maturation of
the SR and T-tubules conconmitment with an increase in myocyte size.
Combined with the development of these membrane systems is the
development of the calcium transport proteins, including the SERCA and the
SL-NCX. The work presented has led to the theory that the immature
myocyte lacks a well developed SR and is thus more dependent on the SL-
NCX for Ca2+ extrusion during diastole. Much of this work has been done
using the rabbit, a small altricial mammal. I have proposed that more studies
need to be performed on a larger mammalian model which may give a better
insight into the breadth of biological mechanisms across species and may
represent the development of the human heart more closely. The
developing fetal sheep heart has been suggested to be such a model for
human development (17).

The fetal sheep is a valuable model for studying the cardiovascular
system for several reasons including, the 150 day gestation period and the
large size of the fetus. Studies from the Thornburg lab have taken advantage
of these properties to perform chronic studies which are impossible in
smaller animal models. For example, this lab has successfully characterized
the response of the fetal coronary bed to hypoxia (143). This was an important
study because we observed that the fetal coronary bed has the capacity to dilate
beyond what was previously predicted from adult studies. In this study we
showed that the dilatory hypoxic response of the coronary bed is mediated in
part by nitric oxide. This study would have been difficult to do in the small
mammal because of the technical difficulties associated with instrumenting

the heart with coronary artery and coronary sinus catheters. To further
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our understanding of the events which take place during development of the
heart [ have proposed to study the maturation of the Ca2+ transport proteins
in the sheep heart. Many laboratories have studied the fetal sheep heart so
that new infomation can be placed in the context of normal sheep heart
function. However, there is a large gap in our knowledge of the maturation of
the myocyte in sheep, except for a general description of the myocyte size
changes during development. The integration of calcium transport protein
expression with heart development is still understudied. Therefore, I have
performed the proposed project for the following reasons to: a) gain new
information regarding the development of the heart in a large mammal, and
b) use this information as the basis for future studies in the fetal sheep heart
under chronic experimental conditions. The following sections focus on the
experiments I have performed during the course of my study of this subject.
In order to characterize the maturation of the SERCA and SL-NCX the project
has been divided into three main sections, a) cloning of the sheep SL-NCX
gene, b) maturational expression of the SERCA and SL-NCX genes, and c¢)

western blot analysis of these proteins during development.
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Materials and Methods



Section IV: General Techniques



SECTION IV: GENERAL TECHNIQUES

IV.1 Preparation of E. coli Competent Cells:

The first step in this molecular based study was to generate stable stocks
of complementary DNA which were specific for the genes of interest. Thus it
was necessary to make bacterial cells competent to receive plasmid DNA.
This was done by submitting the bacteria to ionic and cold shock treatment.
Briefly, a single loop from a stock of E.coli strain JM 101 was cultured
overnight at 37°C in Luria Broth (LB). The following day an aliquot was
subcultured into LB at 37°C with vigorous aeration until an optical density
(OD) of 0.3-0.5 was reached. Cells were then pelleted by centrifugation at
2500x g at room temperature for five minutes (Beckman, Accuspin FR),
decanted, and resuspended in 2.4 ml of 50mM calcium chloride in a sterile
50ml conical tube (Stardstedt). The cell suspension was then brought up to
1/2 the original culture volume with ice cold 50mM CaCl; and left on ice for
30 minutes. Following the incubation on ice the cells were pelleted at 2500x g
at 4°C. At this point the cells were "competent” and ready to be
"transformed"” with plasmid DNA. Competent cells were then aliquoted and

snap-frozen in Njliq and stored at -80°C for future use.

IV.2 Transformation of E. coli Competent Cells:

200ul of aliquoted competent cells in an eppendorf tube were placed on

ice and allowed to thaw partially. 100ng of plasmid DNA was added to the
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competent cells and mixed by gentle stirring with the pipette tip. The cells
were then incubated on ice for thirty minutes, heat shocked 45 seconds at 42°
C, then incubated two minutes on ice. 200ul of LB medium was added and
the cells were incubated, with shaking, for 45 minutes at 37° C. Following this
incubation, 10ul, 50pl, and 100ul aliquots were plated out on individual LB

agar plates containing 50ug/ml ampicillin and incubated at 37° C overnight.

IV.3 Plasmid Extraction:

Our lab has been successful extracting plasmid DNA using the method
provided by the QIAGEN plasmid kits. Briefly, single recombinant colonies
were used to inoculate 1-500ml of LB medium containing 100ug/ml
ampicillin. The cultures were allowed to grow to log phase (5-12 hours) at
37°C with vigorous aeration. Following the incubation period the cells were
pelleted by centrifugation at 4000 rpm for 10 minutes. The plasmid DNA was
then isolated following the protocol from the manufacturer. The final

plasmid was resuspended in 50-500ul Tris EDTA (TE).

IV.4 Phenol:Chloroform Extraction and Ethanol Precipitation:

Prior to using plasmid DNA for sequencing or other manipulation
which requires a clean template, the DNA was extracted twice with
phenol:cholorofrom (1:1) followed by a single extraction with chloroform.
One volume of the phenol:chloroform solution was added to the DNA
solution and vortexed for thirty seconds. The suspension was then
centrifuged at 14,000 rpm in a bench top centrifuge (Eppendorf Model#5402)

for two minutes at room temperature. The top aqueous layer was transferred
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to a clean tube and the extractions were repeated as described. The DNA in
the final aqueous phase collected was then precipitated with 0.1 volume 3M
sodium acetate pH 5.2 and 2.5 volumes ice-cold 100% ethanol, and incubated
at -80°C for a minimum of thirty minutes. The DNA was then pelleted by
centrifugation at 14,000 rpm at 4°C in a refrigerated table top centrifuge
(Eppendorf). The DNA pellet was subsequently washed with 1.0ml ice-cold
70% ethanol, recentrifuged and dried under vacuum. The DNA pellet was
resuspended in sterile water, and the concentration and purity of the DNA in
solution was determined by measuring the optical density (OD) at 260 nm and

280 nm (151).

IV.5 Isolation of Total RNA:

The method used to isolate quality total RNA from whole tissues was
based on the single-step acid-phenol method (154). One gram of tissue was
homogenized in 10ml of Solution D in a sterile 50ml RNase free Nalgene
tube (28.7x103). The tissue was homogenized using a polytron on medium
speed until the tissue was entirely dispersed. To the homogenate the
following were added in order; (a) 0.1 volume 2M sodium acetate, pH 4.0, (b)
1.0 volume water saturated phenol, pH < 4.0, and (c) 0.33 volumes
chloroform:isoamyl alcohol (24:1). The sample was vortexed following each
addition and placed on ice for fifteen minutes. The sample was then
centrifuged at 10,0000 rpm for twenty minutes in a Beckman JA-20 rotor. The
aqueous phase was carefully removed to a clean RNase free 50 ml Nalgene
tube; the RNA was precipitated by adding 1.0 volume of cold isopropanol and
incubating the tube at -20°C for 1 hour. The RNA was then pelleted by

centrifugation as described above. The RNA pellet was subsequently

74



resuspended in one-third the original volume (3.33ml) of Solution D. The
RNA was precipitated again with an equal volume of isopropanol and
pelleted as described above. The pellet was then washed with 1ml of 70%
ethanol (DEPC), centrifuged for five minutes at 10,000 rpm and allowed to air-
dry; the RNA was then resuspended in 1.0 ml of DEPC- treated H>0. The
concentration and purity were determined by measuring the OD at 260 nm
and 280 nm. The RNA was generally precipitated again with 0.1 volume 3 M
sodium acetate and 2.5 volumes 100% ethanol at -80°C overnight. This final
precipitation was necessary to obtain a stock RNA solution of approximately
5mg/ml. To determine the integrity of the RNA a 5pl aliquot was
electrophoresed on a formaldehyde denaturing gel (1% agarose (w/v), 1.2M
formaldehyde, 1X mops). The RNA was denatured prior to electrophoresis by
adding 1.0 volume of RNA sample buffer-1 and heating at 65°C for 5 minutes.
To the denatured RNA 0.1 volume 10X RNA loading buffer was added. The
RNA was electrophoresed in 1X MOPS running buffer at a constant voltage of
100 volts until the dyes had separated sufficiently. RNA integrity was
determined to be good when, by visual inspection, the 28S ribosomal band

appeared at least twice as intense as the 18S band.

IV.6 Preparation of Northern Blots:

RNA was denatured by the addition of an equal volume of RNA
sample buffer-1 and heating at 65°C for five minutes. The RNA was
immediately placed on ice and 0.1 volume of 10X RNA loading buffer was
added to the sample. The RNA was electrophoresed on a formaldehyde
denaturing gel (1% agarose (w/v), 1.2M formaldehyde, 1X mops), for 2-4

hours at a constant voltage of 75 volts in 1X MOPS running buffer. When the
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RNA had run a sufficient distance, the gel was rinsed in DEPC-treated H,0 to
remove residual formaldehyde. While the gel was rinsing, a piece of

Genescreen Plus was cut to the same dimensions as the gel and allowed to
wet by capillary action in dH,O. Meanwhile two pieces of 3MM filter paper
were also cut to the same dimensions as the gel and wetted with Northern
transfer buffer. The blotting apparatus was the same as that described by
Sambrook et al (151). Briefly, the gel is arranged on top of a piece of 3MM
filter paper which was suspended over the transfer buffer by a glass support.
The Genescreen Plus membrane was then laid carefully on the gel,
eliminating all bubbles. Next, a layer of two wet 3MM filters were placed on
the membrane followed by a stack of absorbent paper towels. As buffer is
drawn into the towels, the separated RNA is transferred from the gel to the
membrane by capillary action (blotting). To facilitate transfer, a moderate
weight is placed on top of the paper towels. Transfer is allowed to proceed for
approximately sixteen hours. When transfer was complete, the membrane
was wrapped in plastic wrap (polyvinyl-chloride) and the RNA was cross-
linked to the membrane by brief exposure to UV light (Hoeffer Mighty Brite).
The membrane was stained with methylene blue. Because this stain is fully
reversible it does not interfere with subsequent hybridization steps.
Methylene blue is specific for RNA and can be used to determine the
efficiency of transfer, as well as the integrity and the relative amount of RNA
in each lane. The membrane was immersed in methylene blue solution for
three minutes at room temperature and then rinsed with DEPC-treated water
until the background was low. The methylene blue was then completely
removed by rinsing the membrane in the primary wash solution at 65°C for
10 minutes with gentle agitation. The blot was then probed with radiolabeled

cDNA fragments or stored at -20°C.
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IV.7 Low Melt Extraction:

Restriction endonuclease digested plasmid DNA was electrophoresed
on a 1% low melting point agarose gel in order to isolate and subsequently
purify the desired cDNA fragment. A gel slab containing the DNA fragment
of interest was cut out with a clean razor blade and transferred to a 1.5ml
eppendorf tube. To this tube an equal volume of TE buffer, pH 8.5 was added.
The tube was then heated at 65°C for five minutes and then vortexed. The
tube was then frozen quickly at -80°C for five minutes. Next the sample was
thawed out by placing the tube at 42°C. While the sample was thawing, the
tube was "flicked" several times in order to disrupt the agarose matrix. The
agarose was then pelleted by centrifugation at 14,000 rpm (Eppendorf) for ten
minutes at room temperature. The supernatant containing the desired DNA
was then transferred to a clean 1.5ml eppendorf tube and stored at -20°C until
needed. Generally, a 10ul aliquot was tested on a 1.0% agarose (w/v) gel to

confirm that the extraction was successful.

IV.8 Radiolabeling DNA Fragments:

Our lab has been successfully using the Random Primed Labeling Kit
from Boehringer Mannheim. Briefly, 100ng of template DNA was transferred
to a 1.5ml eppendorf tube denatured by heating at 95°C for ten minutes, and
then rapidily chilled on ice. To the DNA the following was added: 2.0ul of
reaction mixture, 1.0ul of each dNTP (specifically dATP, dTTP, and dGTP),
5.0pl of 0-32P-dCTP (Dupont Easytides 10nCi/pl), and 1.0 pl Klenow enzyme
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(2U/ul). All of the reagents, except for the 32P-dCTP were supplied in the kit.
The tube was then centrifuged briefly to collect contents at the bottom and
then incubated for at least one hour at 37°C. At the end of the incubation
period, the reaction was stopped by placing the tube on ice. The radiolabeled
probe was precipitated with 40ug of tRNA, 12ul of 7.5M ammonium acetate
and 100ul of 100% ethanol, incubated at room temperature for ten minutes,
and then pelleted by centrifugation at 14,000 rpm for ten minutes at room
temperature in a bench top Eppendorf centrifuge. The DNA pellet was then
resuspended in 400ul of 2X SSC and total radioactivity in 1.0pl was
determined with a liquid scintillation counter (Beckman LS6000SC). The

radiolabeled probe was then stored a -20°C.

IV.9 Probing of Northern Blots:

Northern blots were hybridized with radiolabeled probes according to
the method described by Sambrook et al (151). The membrane was prepared
as described in section 4.6 and then prehybridized in 15ml of hybridization
solution for one to sixteen hours at 37°degrees in a rotating incubator, Hybaid
(Mini Hyb Oven). Following the incubation period, denatured radiolabeled
DNA was added directly to the hybridization solution and was allowed to
continue hybridizing for a minumum of twelve hours at 42°C. When
hybridization was complete, the hybridization solution was transferred to a
sterile 50ml Sarstedt conical tube and stored at -20°C. The hybridization
solution when stored in this manner can be used repeatedly until the isotope
has decayed 2 half-lives. The membrane was washed repeatedly in
approximately 100ml wash solution to reduce non-specific binding . First, the

membrane was rinsed quickly in primary wash solution to remove excessive
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hybridization solution, then gently agitated for twenty minutes in fresh wash
solution at room temperature. The membrane was then washed with
approximately 100ml of secondary wash solution at the hybridization
temperature for 20 minutes. Washing was continued with the secondary
wash solution until the background was reduced to approximately 2000
counts per minute. The blot was exposed overnight at -80°C to X-ray film
with two intensifying screens; the film was subsequently developed with an

automated film processor.

IV.10 Western Blot Background:

Western blotting was used to substantiate the gene expression patterns
observed with the northern blots. Antibodies specific for SERCA and NCX
were commercially available. A mouse monoclonal antibody against the
SERCA protein was obtained from Affinity Bioreagents Inc. This antibody
was positive for cross-reactivity with the sheep SERCA. A rabbit polyclonal
antibody against the canine NCX was obtained from SWant Inc. This
antibody was also positive for cross-reactivity with the sheep NCX.

In order to draw a complete picture of the developmental expression of
the calcium transport proteins it was important to determine whether or not
the genes being expressed were actually representing the amount of protein
present in a particular age group. The western blot technique is useful for this
purpose because it detects the total amount of antigen present in a particular
population of proteins. Because each protein is present on a different cellular
membrane and in such different amounts two protein isolation protocols
were employed. The SERCA is present in much greater abundance relative to

the NCX and a crude protein extraction was sufficient for antigen detection.
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The NCX protein is present at much lower concentrations therefore a more
purified membrane preparation had to be employed for appropriate antigen

detection.

IV.11 Crude Protein Extraction for SERCA:

Whole tissue was gently homogenized in 10 volumes (e.g. 1g/10 ml) of
protein extraction Solution I with a Brinkman Polytron. Homegenization
was complete when the tissue appeared evenly dispersed. The homogenate
was then boiled for five minutes after which time the DNA was sheared by
passing the homogenate through a 26 gauge needle several times. Any
remaining debris was pelleted by a one minute centrifugation at 14,000 rpm in
an eppendorf bench top centrifuge at room temperature. The supernatant
was removed and the protein concentration was determined using a protein
assay kit (Sigma) which was based on the method of Lowry. The proteins

were stored at -80°C.,

IV.12 Sarcolemmal Protein Extraction for NCX:

Whole tissue was gently homogenized in 10 volumes of protein
extraction Solution II with a Brinkman Polytron. Homogenization was
complete when the tissue appeared evenly dispersed. The homogenate was
centrifuged in a Beckman JA-20 rotor at 8500x g for fifteen minutes at 4 C.
The supernatant was then centrifuged in a Beckman Ultracentrifuge (Becman
L8-M) at 100,000x g for sixty minutes at 4°C. The pellet was resuspended in

50ml of protein extraction Solution II. The protein concentration was
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determined using a protein assay kit (Sigma) which was based on the method

of Lowry. The proteins were stored at -80°C.

IV.13 FElectrophoresis of Proteins:

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was employed to separate the isolated protein on a size basis. I followed the
method described by Laemmli for discontinuous gels. Generally, a 4.0%
stacking and 7.5% separating gels were cast and run in a Tris, glycine buffer.
Briefly, the 7.5% separating gel (Hoeffer Scientific) was poured and a small
amount of 0.01% SDS was overlaid to facilitate polymerization,
approximately 30 minutes. The 0.01% SDS was removed and the stacking gel
was rinsed with sterile deionized water. The 4.0% stacking gel was then
poured on top and allowed to polymerize, approximately 15 minutes.
Twenty to thirty mg of total protein was transferred to a 1.5ml eppendorf tube
and an equal volume of 2X sample buffer followed by boiling for five
minutes. The sample buffer contains 100mM dithiothreitol which serves
reduce disulfide bonds in the proteins. Boiling the protein helps disaggregate
proteins such that separation is enhanced. The protein samples were then
loaded into the wells and electrophoresed at a constant amperage of 25mA
until the leading dye front reached the bottom of the gel. Generally, proteins
were run in duplicate so that half of the gel could be stained with 0.1%
Coomassie Blue for total protein detection and the other half could be
transferred for subsequent immunoblotting. The gel to be stained was soaked
in a 0.1% Coomassie Blue for 1 hour and destained for 2 hours to overnight.

The longer the destaining process the greater the resolution of proteins.
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IV.14 Transfer of Proteins: Electroblotting:

Electroblotting (BioRad) was used as an efficient method for
transferring proteins from a polyacrylamide gel to a solid nitrocellulose
support (BioRad). Prior to electroblotting, two 3MM filters, and a piece of
nitrocellulose were cut to the same dimensions as the gel and soaked, along
with the gel, in transfer buffer (25mM Tris, 190mM glycine) for five minutes.
The blotting apparatus was then set-up as follows: (a) support pad (BioRad),
(b) 3MM filter paper, (c) gel, (d) nitrocellulose membrane, (e) 3MM filter
paper, (e) another support pad. The key to setting up the blot was to ensure
that no air bubbles were trapped between the layers and that the nitrocellulose
membrane was on the anode side of the gel. The proteins were transfered for
eight to 12 hours in the cold room. In addition to transferring in the cold
room an internal ice pack was included to in order to prevent the apparatus
from overheating. When transfer was complete the apparatus was
disassembled and the nitrocellulose membrane was marked to orient the

proteins later. The membrane was then ready for immunoblotting.

IV.15 Immunoblotting:

The nitrocellulose membrane containing the proteins of interest was
first incubated in a blocking solution for one hour with gentle agitation at
room temperature. This incubation serves the purpose to block non-specific
binding sites on the nitrocellulose membrane. The membrane was then
washed two times for five minutes with gentle agitation at room temperature
with 1X TBST. The membrane was then incubated for one hour as described

above in 1X TBST containg the primary antibody. The optimal primary
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antibody titer was determined by trial and error and was different for each
antibody studied. The polyclonal rabbit anti-canine SLEX antibody worked
well when diluted 1:3500, whereas the monoclonal mouse anti-SERCA
antibody worked well at a 1:3000 dilution. Following the primary antibody
incubation the membrane was then washed four times for five minutes each
with 1X TBST as described above. The membrane was then incubated in 1X
TBST containing the secondary antibody (1:3000) for forty-five minutes to one
hour at room temperature with gentle agitation. The secondary antibodies
were, (a) Horse anti-mouse IgG for the mouse monoclonal antibody (Vector
Labs), and (b) Goat anti-rabbit IgG for the rabbit polyclonal antibody (BioRad).
Each of these secondary antibodies has been conjugated with alkaline
phosphatase, which is used for colorimetric detection of the antibody in
subsequent steps. Following the incubation with the secondary antibody the
membrane was washed with 1X TBST as described above.

Colorimetric detection of antibody-antigen complex is accomplished by
incubating the membrane in a solution containing substrate for alkaline
phosphatase. In the presence of bromochloroindolyl phosphate/nitro blue
tetrazolium (BCIP/NBT) substrate alkaline phosphatase generates a black-
purple precipitate at the enzyme site. Just prior to developing the blot 10ml
fresh alkaline phosphatase buffer was made up and 66l of NBT (Promega)
and 33pl BCIP was added and the solution was mixed well. The blot was then
incubated in this developing solution for up to thirty minutes with gentle
agitation. It was important to keep an eye on the blot as the color developed
so that the reaction could be stopped once the band of interest was detected.
The reaction was then stopped by the addition of 20mM EDTA in 1XTBST.
The membrane was photographed to obtain a permanent record since the

color faded with time.

83



Section V: Polymerase Chain Reaction
Amplification and Cloning of the
Sodium-Calcium Exchanger



SECTION V: POLYMERASE CHAIN REACTION AMPLIFICATION AND

CLONING OF THE SHEEP SODIUM-CALCIUM EXCHANGER GENE

V.1 Design of Primers:

In order to amplify a cDNA fragment coding for the sodium-calcium
exchanger gene using PCR, I designed primers which would define a
particular region of the known exchanger sequence. I performed a search of
the Gene Data Banks using a PC based search protocol to obtain sequence
information on the sodium-calcium exchanger. The homology of sequences
from several species (human, bovine, and canine) was between 91% and 93%,
suggesting that the gene is well conserved. Nonetheless, the hybridization
levels on sheep RNA by Northern blot was poor using a probe from the
cDNA fragment coding for the guinea pig Na+*-Ca2+ exchanger (donated by Dr.
Philipson). I therefore decided to amplify the gene from sheep heart cDNA
using PCR. Specific oligonucleotide primers which defined region (+2566-
+2925) of the canine sodium-calcium exchanger sequence (124) were designed
and synthesized. The nucleotide sequence corresponding to the sense primer
was 5'-CCAGACACATT GCAAGCAAAG-3', and the nucleotide sequence
corresponding to the antisense primer was 3-CCTGTGAAATTCCAGGAA-5'.
The concentration of primers in the stock solutions was determined by
measuring the O.D. at 260 nm by spectrophotometry. Working primer

solutions (25mM) were made and all primers were stored at -20°C.



V.2 cDNA Synthesis:

cDNA was synthesized from adult sheep heart total RNA using reverse
transcriptase (RT). Five micrograms of total RNA was resuspended in 9ul of
sterile distilled water and to this 1.0ul of 10X random hexamer solution was
added (Boehringer-Manheim). The RNA was denatured by heating at 70°C
for ten minutes and then quickly chilled on ice. To the sample the following
was also added: 4.0ul 5X RT buffer, 2.0ul 0.1M DTT stock, 1.0ul 10mM dNTP
stock, and 1.0l sterile water. The sample was mixed well, briefly centrifuged,
then heated at 37°C for two minutes. 1.0ul of RNase inhibitor (Promega
28U/pl) and 1.0ul of Superscript RT were added and the sample was
incubated at 37°C for one hour. The template RNA was then removed by
incubating the sample with 1.0ul of RNaseA (10mg/ml) at 37°C for an

additional thirty minutes. The single strand cDNA was then stored at -20°C.

V.3 PCR Amplification

The PCR reaction mixture contained the following: 1.0ul sheep heart
cDNA (0.1mg/ml), 10.0ul 10X buffer, 4.0ul 50mM MgClp, 16ul 10mM dNTP
mixture, 4.0ul 25mM sense primer, 4.0ul 25mM anti-sense primer, 60.5ul
sterile water, and 0.5l ATaq polymerase. The sample was overlaid with 50ul
of mineral oil prior to starting the PCR to prevent evaporation. The thermal
profile for the PCR reaction was an initial denaturation at 94°C for two
minutes; 30 cycles of alternate annealing at 55°C for two minutes, extension at
72°C for three minutes and denaturation at 94°C for one minute; a final
extension at 72°C for five minutes (Biometra Personal Cycler). When the

PCR was complete, the mineral oil was carefully removed and the sample
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was extracted with 50ul of chloroform to remove any residual oil. The
sample was vortexed and the aqueous layer containing the DNA was
transferred to a clean 1.5ml eppendorf tube. Ten ul of the PCR reaction was
combined with 0.1 vol 10X DNA loading buffer and was electrophoresed
through a TAE 3% agarose (w/v) gel containing 0.5mg/ml ethidium bromide.
A single band of approximately 350 base pairs indicated the PCR product was

correct and the reaction was then stored at -20°C.

V.4 Subcloning of Sodium-Calcium Exchanger cDNA:

In order to generate a permanent stock of the PCR amplified cDNA
which encoded a portion of the sheep sodium-calcium exchanger I subcloned
the PCR product into a plasmid vector. For this purpose I used the TA
Cloning Kit available from Invitrogen and followed the manufacturers
suggested protocol. With this kit I was able to subclone the PCR product
directly from the PCR reaction mixture without further modification, since
the random hexamers provided in the kit (which were used for the PCR
amplification step) have linkers which facilitate the cloning of the PCR
product directly into the plasmid vector. The ligation reaction was set up as
follows: 1.0ul of PCR reaction mixture, 5.0ul of sterile water, 1.0ul of 10X
buffer (supplied in the kit), 2.0ul of PCR vector (supplied in the kit), and 1.0ul
of T4 DNA ligase. The sample was then allowed to incubate overnight at
167

The sample was collected by brief centrifugation in a bench top
Eppendorf centrifuge. Two pul of 0.5M B-mercaptoethanol was added and the
sample was mixed gently by flicking the tube. One pl of the ligation reaction

was then used to transform E. coli cells as described in Section 4.2. The
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transformed cells were plated out on LB plates containing 100ug/ml
ampicillin, 40pug/ml X-gal, 40ug/ml IPTG and allowed to grow overnight at
37°C. The following day colonies which appeared white on the plate were
picked as positive recombinants.

The multiple cloning site of the PCR vector supplied in the TA
Cloning Kit is located within the LacZ gene of the vector. This gene encodes
for B-galactosidase and is expressed in the presence of the inducer IPTG. With
the substrate X-gal and the inducer IPTG present in the growth media,
transformed cells containing the intact LacZ gene will metabolize X-gal and
take on a blue color. However, cells which have been transformed with
plasmids containing DNA sequences inserted at the multiple cloning site
will not express the LacZ gene. The ligated PCR product disrupts the coding
sequence of the LacZ gene thus generating white colonies in the presence of
X-gal and IPTG.

Twenty positive recombinants were picked and individually cultured
in LB media, and plasmid was extracted as described in section 4.3. Plasmid
DNA was digested at the ligation site with EcoR1, to release the insert. The
digestion mixture contained 8.0ul of the plasmid DNA prep, 1.0ul of 10X One-
Phor All buffer (Pharmacia), and 1.0ul EcoR1 (Pharmacia, 10U/pl). The
reaction was incubated at 37°C for one hour, after which it was terminated by
the addition of 0.1 vol of 10X DNA loading buffer. The digest was then
examined on a 1% agarose (w/v) TAE gel. Clones containing the 350 bp insert
were identified and subsequently cultured in 500ml of LB media overnight at
37°C with shaking. Large quantities of plasmid DNA were isolated with the
QIAGEN kit as described in section 4.3 and extracted twice with

phenol:chloroform as described in section 4.4. The DNA was stored at -20°C.
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V.5 DNA Sequencing :

The amplified cDNA PCR product was sequenced by the dideoxy chain
termination method (152) using ATag Version 2.0 (USB) kit with o-355-d ATP.
This method utilizes dideoxy-nucleotide derivatives (ddNTP's) which, when
incoporated into a DNA sequence prevent further chain elongation, and
allow single bases to be resolved on a polyacrylamide gel. Sequencing was
performed from both directions using the sense and antisense primers
described earlier for the PCR reactions. The double-stranded plasmid DNA
(5ug) was first denatured with an alkali solution containing 0.4M NaOH and
0.4M EDTA at 37°C for ten minutes. The DNA was then chilled on ice for 5
minutes and precipitated with 0.2 volumes 2M sodium acetate, pH 5.2 and 4
volumes ice-cold ethanol. The DNA was precipitated at -80°C for a
minimum of thirty minutes and then pelleted by centrifugation at 14,000 rpm
at 4°C for thirty minutes in a table top Eppendorf refrigerated centrifuge. The
DNA was washed with 500ml of 70% ice-cold ethanol, centrifuged again as
described above, and dried under vacuum (Savant). The DNA pellet was
then resuspended in 50ul of sterile water. A 9.0pl aliquot of the denatured
DNA was transferred to a 1.5ml eppendorf tube on ice, and the remaining
denatured DNA was stored at -20°C.

The annealing reaction was initiated by the addition of 2.0ul of the
sense primer (25mM) and 2.0ul Tag reaction mixture (supplied in the kit) to
the tube. A second tube containing 9.0ul of the denatured DNA was set up for
the antisense primer. The samples were then heated at 75°C for five minutes
and then allowed to cool slowly to room temperature for 25 minutes. Once
the annealing reaction was complete, the sample was placed on ice. The

chain extension reaction was initiated by addition of 2.0ul labeling mix which
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includes the deoxy-nucleotriphosphates (dNTP's), 0.75ul 35S dATP (10uCi/pl),
0.25ulTaq polymerase (32U/ul) and dH,0 to a final volume of 17.5ul. The
tubes were incubated at 45°C for five minutes. Termination of chain
elongation was achieved by the addition of ddNTP's to the sample. The
extension reaction was divided among four eppendorf tubes containing 4.0ul
of termination mix which correspond to each of the four bases, (e.g. ddGTP,
ddATP, ddTTP, ddCTP). The samples were then heated to 70°C for 10
minutes and placed on ice. Four pl of stop solution was added to each
sample and they were placed on ice.

The sequencing reactions were analyzed by separating them on a
21x50cm polyacrylamide gels composed of 5% (v/v) Long Ranger gel solution
(AT Biochem), containing 8M Urea and 1.2X TBE. Samples were heated at
80°C for 5 minutes and placed on ice prior to loading . The sequencing gel
was run in 0.6X TBE at a constant power of 110W and maintained at 50°C for a
period of two to eight hours. When the electrophoresis was complete, the gel
was transferred to Whatman 3MM paper, covered with plastic wrap and
subsequently dried at 80°C under vacuum for 1 hour. The dried gel was then

exposed to X-ray film overnight at room temperature.

V.6 _Generation of Exolll Deletions:

Unidirectional deletions were made in plasmid based clones using a
protocol based on the Erase-a-base system (Promega) which employed
Exonuclease III and S1 nuclease.

Two micrograms of the plasmid DNA was digested with two different
restriction enzymes, both unique to the polylinker site of the plasmid vector,

but not within the insert. One of the enzymes had to generate a four base 3'
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overhang to be resistant to the activity of the Exonuclease III; this protects the
sequence primer binding site. The second enzyme had to leave a 5’ overhang
or blunt end, making it vulnerable to Exonuclease III digestion. After
digestion, the DNA was purified using Magic Clean-up resin (Promega). The
DNA was eluted off the column in a volume of 54l to which was added 6pl
of 10 x Exolll buffer. 800U of Exonuclease IIl was added to a reaction tube,
prewarmed for two minutes at 37°C. 5pl aliquots were removed at 30 second
intervals to 1.5 ml Eppendorf tubes on ice, containing 7.5ul of S1 nuclease
mix. After all of the time point samples were removed, the S1 tubes were
incubated at room temperature for thirty minutes. 2ul of S1 stop buffer was
then added and the S1 nuclease inactivated by heating at 70°C for ten
minutes. To determine the extent of the Exonuclease III digestion, 2ul
aliquots were removed from each time point and analyzed on a 1% (w/v),
IXTBE agarose gel. If a sequential reduction in size of the linearized plasmid
was observed, then 1ul of Klenow mix was added to each remaining sample
and the reaction was allowed to proceed for five minutes at 37°C. 1ul of
dNTP mix (0.125 mM of all four dNTPs) was added and incubated for another
ten minutes. The samples were then transferred to room temperature and
50ul of ligase mix was added and the tubes were incubated at room
temperature for one hour. The entire sample volume was then used to
transform 200pl of competent XL-1B cells (section 4.2). Ten recombinants,
from each time point, were picked and the rapid plasmid mini-preparation
method (section 4.3) was used to prepare plasmid DNA. The recombinants
were sized by running 10ul aliquots of the plasmid sample in a 1% (w/v), 1X
TBE agaraose gel, along with the full size undeleted clone as a size reference

point. Plasmids were then chosen from each time point that gave the correct
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size range of overlapping clones. Clones were then sequenced as described in

section 5.5.

V.7 Construction of fetal sheep heart cDNA library:

The cDNA library was constructed with the ZAP-cDNA synthesis kit
from Stratagene according to the manufacturers recommended protocol;
unless stated specifically, all the buffers and enzymes were provided in the
kit. Total RNA was extracted from 2.0g of 130 day fetal sheep heart as
described in section 4.5. Two milligrams of the total RNA was further
purified by poly (A+) isolation, using the oligo-dT chromatography based kit
from Promega. The integrity of the message enriched RNA was determined
by spectrophotometry as well as visually, by ethidium bromide staining on a
1% agarose (w/v) TAE gel. Five micrograms of the poly (A+) RNA was
pelleted by centrifugation at 14,000 rpm at 4°C for 30 minutes in a table top
refrigerated centrifuge. The RNA pellet was washed with 500ul of ice-cold
DEPC treated 75% ethanol, recentrifuged, dried under vacuum, and
resuspended in 36.5ul of DEPC treated water (0.1%). The first strand cDNA
synthesis reaction contained 5.0ul 10X first strand synthesis buffer, 3.0ul first
strand methyl-dNTP mix, 2.0ul linker-primer solution (1.4 mg/ml), 1.0ul
RNase inhibitor, and 36.5ul poly (A+) RNA (5ug). The RNA was heat
denatured at 65°C for 10 minutes and rapidly chilled on ice. The annealing of
the primer-linkers to the RNA occurred during a ten minute incubation at
room temperature. cDNA synthesis was initiated by the addition of 2.5ul
(100U/ml) Stratascript RNase H- reverse transcriptase. To monitor the quality
and quantity of cDNA synthesis 5.0ul of the reaction mixture was transferred

to a tube containing 0.5ul of a-32P-dATP (800uCi/mmol). Both samples were
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incubated at 37°C for one hour after which time the control tube containing
the radiolabeled cDNA was stored at -20°C and the remaining cDNA was
placed on ice.

Second strand cDNA synthesis was inititiated by combining 40.0ul of
10X second strand buffer, 6.0ul of second strand dNTP mix, 288.1ul sterile
water, 2.0ul a-32P-dATP (800uCi/mmol), 5.7ul of RNaseH (1.1U/ml), and
13.2ul of DNA polymerase I (7.6U/ml). The reaction tube was incubated at
16°C for 2.5 hours. The DNA was extracted once with 1.0 volume
phenol:chloroform (1:1) and once with 1.0 volume chloroform. The aqueous
layer was transferred to a clean tube and the DNA was precipitated as
described in Section 4.4. To determine the quality and quantity of cDNA
synthesized, 5.0ul aliquots of each reaction mixture were separated on a 1%
alkaline gel. Following electrophoresis the gel was wrapped in plastic wrap
and dried under vacuum. The dried gel was exposed to X-ray film (Dupont)
for 2 hours and then the film was developed with an automated developer.
The cDNA was visible as a smear throughout the length of the lanes of the

gel, indicating a good cDNA synthesis reaction.

V.8 Ligation of Adapters to the cDNA:

To facilitate the ligation of cDNA into the vector, EcoR1 adapters were
ligated to the ends of the cDNA. These adapters provide a cohesive end to the
cDNA which is also present in the vector, thus making ligation between
c¢DNA and the uni-ZAP II vector easier. The protocol was provided by the
manufacturer, so only a brief description will be given in this section. In
order to ligate the EcoR1 adapters, the cDNA had to first be modified by
blunting the ends. The blunting reaction contained 42.0ul cDNA prep, 5.0ul
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10X buffer #3, 2.5ul blunting ANTP mix and 1.0ul Klenow fragment (1U/pul).
The blunting reaction was performed at 37°C for thirty minutes. To stop the
reaction, an equal volume of sterile water was added and the DNA was
subjected to a single phenol:chloroform (1:1) extraction, followed by one
extraction with chloroform. The DNA was precipitated for a minimum of
thirty minutes on ice with 7.0ul of 3M sodium acetate and 226.0ul of 100%
(v/v) ethanol. The DNA was pelleted by centrifugation at 14,000 rpm at 4°C
for sixty minutes. The pellet was washed briefly with 800ul of 80% (v/v)
ethanol, recentrifuged, dried under vacuum and resuspended in 7.0ul of the
EcoR1 adapter solution. The ligation reaction contained 1.0 pl 10 X buffer #3,
1.0 pl of 10 mM dATP, 1.0 pl of T4 DNA ligase (4 Weiss U/ul), and 7.0 ul of
the cDNA adapter mix. Ligation was performed overnight at 4°C. The
following day the ligase was inactivated by heating at 70°C for thirty minutes.
The sample was collected by a brief centrifugation and allowed to cool to
room temperature for five minutes.

To facilitate ligation of the cDNA into the vector the adapters were
phosphorylated using T4 polynucleotide kinase. The kinase reaction
contained 1.0ul of 10X buffer #3, 2.0ul of 10mM dATP, 6.0ul of sterile water,
1.0nl of T4 polynucleotide kinase (10.0U/ul), and the previous ligation
reaction. The tube was incubated for thirty minutes at 37°C. The kinase was
then inactivated by heating for thirty minutes at 70°C. The sample was
collected by a brief centrifugation and allowed to cool to room temperature for
five minutes, then digested with Xhol to release the EcoR1 adapter from the
5'-end of the cDNA strand. The result of this modification is the directional
cloning of the cDNA into the ZAP vector. To the sample 28.0ul of SHO1
buffer supplement and 3.0ul of SHO1 (40U/pl) were added. The digestion was
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performed at 37°C for 1.5 hours. Following the incubation period the sample

was cooled to room temperature.

V.9 Size Fractionation cDNA:

The EcoR1 adapters which were not ligated to the cDNA were then
separated from the cDNA by size fractionation through Sephacryl S-400 spin
columns (supplied in the kit). To the sample 5.0ul of 10X STE buffer was
added and the sample was applied to the spin column. The sample was
centrifuged in a table top centrifuge at 400x g for two minutes. The first
fraction was collected and set aside. A second fraction was collected by the
addition of 60ul of 1X STE and centrifuged as described above. A final fraction
was then collected with the addition of another 60ul of 1X STE and
centrifugation.  The c¢DNA fractions were extracted once with
phenol:chloroform (1:1) and once with chloroform alone. The DNA was
precipitated on ice for sixty minutes by adding an equal volume of 100% (v/v)
ethanol. The DNA was pelleted by centrifugation at 14,000 rpm for sixty
minutes at 4° C as described earlier. The pellet, which contained the majority
of counts, was washed briefly with 80% (v/v) ethanol, recentrifuged and dried
under vacuum. The pellets were then resuspended in 10.5ul of sterile water.
The cDNA concentrations in each fraction were determined using an

ethidium bromide plate assay (Stratagene) with known standards.

V.10 Ligation of cDNA into the Uni-ZAP Vector:

Ligation reactions were set up for each fraction collected. The ligation

reactions contained 100ng of cDNA, 0.5ul of 10X buffer #3, 0.5ul of 10mM
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rATP, 1.0ul of the Uni-ZAP vector (Img/ml), and sterile water to a final
volume of 4.5ul. To this, 0.5ul of T4 DNA ligase (4Weiss U/ml) was added

and ligation was performed at 12°C overnight.

V.11 Packaging of the cDNA Iibrary:

Packaging is the step when the cDNA vector construct is introduced
into the host phage. Prior to packaging, the library host cells (XL1-blue MRF'")
had to be prepared. A single colony of SL1-blue cells was picked from a plate
(LB-tet, (12.5ug/ml) and used to inoculate 50ml of LB medium containing
0.2% (v/v) maltose and 10mM MgSO4. The cells were grown for four to six
hours (ODg0<1.0). The cells were then pelleted by centrifugation at 2000 rpm
for 10 minutes at room temperature in a table top centrifuge. The pellet was
resuspended in 0.5 volumes of 10mM MgSO4. The final cell concentration
was adjusted to an ODgQ of 0.5 with 10mM MgSO4. The library was packaged
using the Gigapack II packaging extract (Stratagene) following the
manufacturers protocol. The packaging reaction was performed for two
hours at room temperature, after which 500ul of SM buffer was added to the
tube and the sample was mixed gently. To this, 20ul of chloroform was added
and the sample was again mixed gently, then centrifuged. The supernatant,

which contained the packaged library, was then stored at 4°C.

V.12 Titrating the cDNA Tibrary:

Serial dilutions of the packaging reaction were performed in order to
titrate the library. To titer the library, the supernatant was diluted (1:10, and
1:100) with SM buffer and 1.0ul of this dilution was added to 200ul of XL1-blue
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cells (ODgp@ of 0.5) The phage was allowed to adhere to the bacteria for
twenty minutes at 37°C. After this incubation the following was added to the
cell-phage suspension: 5ml NZY top agar at 48°C, 15pl of 0.5M IPTG (in
water), and 50ul of X-gal (250 mg/ml in DMF). The cells were plated
immediately onto NZY plates, and allowed to set for ten minutes, and then
incubated at 37°C for 8-12 hours. The total number of plaques was counted
and the efficiency (plaque forming units (pfu/pg) of the packaging was

calculated with the formula:

Number of plaques x dilution factor x 1000ul
total pg packaged x total ml plated

In addition to titering the library, an estimate of the quality of the
cDNA library was made by comparing the number of recombinant plaques to
the number non-recombinant plaques. It was estimated that greater than 95%
of the plaques were recombinants, suggesting that a high quality library had

been generated.

V.13 Amplification of the cDNA Library:

The primary library had to be amplified in order to obtain a more stable
stock before screening. To amplify the library, 20 aliquots of the primary
library containing 50,000 pfu were combined with 600ul of XL1-blue cells
(OD600 of 0.5) per plate, which would amplify a total of 1x106 pfu for
subsequent screenings. The tubes were incubated at 37°C for 20 minutes to
allow the phage to adhere to the bacteria. To each tube 5.0ml of NZY top agar

was added and the cells were mixed by inversion and then plated out on dry
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150mm NZY plates. The plates were left at room temperature until the top
agar set, then incubated at 37°C until the plaques were visible, approximately
six to eight hours. The plates were then overlaid with 10ml of SM and placed
at 4°C overnight. This step allows the phage to diffuse out into the buffer.
The following day the SM was transferred to a 15ml conical tube (Sarstedt)
and chloroform was added to a final concentration of 5% (v/v). The sample
was mixed well by inversion and left at room temperature for fifteen
minutes. The cell debris was pelleted by centrifugation at 500x g for ten
minutes. The supernatant was then transferred to a sterile 15ml conical tube
and chloroform was added to a final concentration of 0.33% (v/v). The

amplified library was retitrated and stored at 4°C.

V.14 Plating Out the cDNA Library:

A total of 1x100 pfu were plated out onto twenty 150mm NZY plates.
Each plate contained 50,000 pfu. Plating of the library was similar to that
described for the amplification step. Instead of allowing the phage to diffuse
into the SM buffer, the phage DNA was lifted onto a solid support for
subsequent screening. After the plaques were visible the plates were placed at
4°C for a minimum of four hours to prevent the top agar from sticking to the
nylon membrane during the lifting procedure. Plaques were lifted in
duplicates onto 137mm discs of Colony/Plaque Screen (NEN research
products). A disc was carefully laid on top of the plaques and left on for two
minutes. During this time, the disc was oriented by asymetrically marking
the membrane and plate using a 2ml syringe containing indelible ink
(Higgins, Black India drawing ink). After the plaques were lifted, the disc was
placed plaque side up onto 3MM filter paper which had been saturated with
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0.5M NaOH for two minutes. The disc was then transferred to a second 3MM
filter also saturated with 0.5M NaOH for another two minutes, then
neutralized by transferring it to 3MM filter paper which had been saturated
with 1M Tris/HCI pH 7.5 for five minutes. A duplicate disc was placed on the
dish and oriented with the same marks and treated as the first for each plate.
All filter discs were left at room temperature to dry, then sealed in a plastic
bag and stored at 4°C. The stock agar plates were overlaid with 10ml of

Hogness medium, covered with a fresh filter, and stored at -20°C.

V.1 creening of the cDNA Library:

The sheep specific probe for the sodium-calcium exchanger described
earlier was used to screen the fetal sheep heart cDNA library. A total of forty
library filters were prehybridized in 300ml solution containting IMNaCl, 1%
(w/v) SDS, 10%PEG 3350 (Sigma) and 100pg/ml denatured salmon sperm
DNA. The filters were prehybridized overnight at 60°C with gentle agitation.
The first radiolabeled sheep probe was generated by performing four reactions
as described in section 4.8. After the prehybridization step, the filters were
removed and the denatured a-32P-labeled sheep SLEX probe (2000cpm total)
was added to approximately 200ml of the prehybridization solution. The
filters were placed in the hybridization solution one at a time and were
hybridized overnight at 60°C. The following day the filters were washed once
in 1X S8C/1% (v/v) SDS for thirty minutes at 60°C, once in 0.5X SSC/0.5%
(v/v) SDS for thirty minutes at 60°C, and finally twice in 0.1X SSC/0.1% (v/v)
SDS for 30 minutes at 60°C. The filters were blotted dry and wrapped in

plastic wrap, then organized with their respective duplicates, and exposed
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overnight to X-ray film (Dupont) with an intensifying screen at room
temperature.

The following day films were developed with an automated film
developer. Positive clones were identified as those which were identical
between the duplicate filters. The filters were then aligned with their parent
dish, and positive clones were isolated by removing a lcm plug from the agar
dish using a cork bore. The agar plug was transferred to a sterile tube
containing Iml of SM buffer and chloroform was added to a final
concentration of 0.3%. The tube was mixed by inversion and the phage was
allowed to diffuse into the buffer for a minimum of five hours at room
temperature. Serial dilutions (102, 10-3, 10-4) of the phage containing SM
buffer were made, and these were plated out on 100mm NZY plates and
incubated overnight at 37°C. The resulting plaques were lifted onto 82mm
Colony/Plaque Screen (NEN Research) filter discs and screened with the
sheep specific SLEX probe as described above. This routine of screening,
picking, plating, and screening again, was repeated until single positive clones
could be identified on the agar plate. The final single positive clone once

obtained, was stored at 4°C in SM buffer.

V.16 In Vivo Excision of pBluescript Phagemids from the Uni-Zap Vector:

The Uni-Zap vector (Stratagene) has been engineered to facilitate the
recovery of the cloned cDNA as a phagemid in very few steps. The in vivo
excision process removes the cDNA insert from the Uni-ZAP vector arms
and results in a phagemid which can recircularize with the cDNA inserted
into the multiple cloning site. The protocol recommended by the

manufacturer was followed with slight modification. In a 50ml sterile conical
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tube, 200yl of XL1-blue plating cells, 200ul of recombinant phage stock (>1x10°
phage particles), and 10ul of ExAssist helper phage (Stratagene) were
combined. The phage was allowed to infect the bacteria by incubating at 37°C
for twenty minutes. 3mls of LB were added to the cells, and the incubation
was continued for an additional three hours at 37°C with shaking. The
sample was then heated at 70°C for fifteen minutes and the cell debris was
pelleted by centrifugation at 4000x g for fifteen minutes in a table top
centrifuge. The supernatant which contained the excised pBluescript
phagemid packaged as filamentous phage particles was carefully transferred to
a fresh sterile 50ml conical tube. This stock is stable for two months at 4°C.
To isolate the phagemid containing the cDNA, 10pl of phagemid stock was
combined with 200ul of SOLR cells, ODg(g +1.0 (Stratagene) and incubated for
15 minutes at 37°C. After this 10ul and 100ul of the phagemid-cell suspension
were plated out on LB plates containing ampicillin (100ug/ml). The plates
were incubated overnight at 37°C. Any resulting colonies represent
recombinant pBluescript double-stranded phagmid. The phagemid was

stored at -20°C
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SOLUTIONS:

Bacterial Strains :

XL1-Blue:

Growth Media (for 1 litre)*:

LB:
LB-agar:
NZYCM:

NZYCM
agar:

NZYCM-
TOP:

Hogness:

10g Bacto-tryptone, 5g Bacto-yeast extract, 10g NaCl.
as above plus agar to 1.5% (w/v).

10g NZ-Amine, 1g Casamino acids, 5g Bacto-yeast
extract, 5g NaCl, 2g MgSO4-7H20, pH7.5.

as above plus agar to 1.5% (w/v).

NZYCM medium plus Agarose 15 (Sigma) to 0.7% (w/v).

3.6mM KpHPO4, 1.3mM KH2PO4, 2mM Sodium citrate,
ImM MgS04-7H20, 15% glycerol (w/v).

*All media was sterilized by autoclaving, liquid cycle, 30 minutes*

General:

20xS5C:

20xMOPS:

10xTBE:

S0xTAE:

TE Buffer:

dNTP's:

3M NacCl, 0.3M Sodium citrate.

400mM Na.MOPS, 100 mM Sodium acetate, 20 mM
Na2EDTA.

0.9M Tris-borate, 0.02M Na2EDTA pH 8.0.
2M Tris base, 6% glacial acetic acid, 0.05M EDTA pH 8.0.
10mM Tris. HCl,pH 8.0, 1mM NaEDTA.

10mM dGTP, 10mM dTTP, 10mM dATP.
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Nucleic Acid Preparation and Manipulation:

Solution D: 4M Guanidine isothiocyanate, 0.02M Sodium citrate, 0.02M
N-Lauroylsarcosine, 0.7% B-ME.

10x DNA Loading
Buffer: 0.25% (w/v) Bromophenol Blue, 0.25% (w/v) Xylene
cyanol, 15% (w/v) Ficoll 400, 0.2M EDTA.

Methylene blue
Stain: 0.03% (w/v) Methylene blue, 0.3M Sodium Acetate.

FDB: 50% (v/v) formamide, 6% (v/v) formaldehyde, 1xMOPS.

10xRNA Loading

Buffer: 50% (v/v) glycerol, ImM Na2EDTA, 0.25% (w/v)
Bromophenol blue, 0.25% (w/v) Xylene cyanol FF.

Transfer
Solution: 10x SSC.

Hybridization
Solution:  50% (v/v) formamide, 0.25mM Nap2HPO4 pH7.2, 0.5M NaCl,

ImM EDTA, 7% (w/v) SDS, 10% (w/v) Dextran sulphate,
400ug/ml yeast tRNA.

1° Wash:  2xS85C/0.1% SDS.

2° Wash:  1x55C/0.1% SDS.

Protein Preparation and Manipulation:

Solution I: 2% SDS, 0.1M DTT, 60mM Tris, pH 6.8.

Solution II: 0.5mM EDTA, pH 8.0, 160mM KCl, 20mM MOPS, 100ug/ml
PMSF, 2ug/ml Aprotinin, 2ug/ml Leupeptin.

2x Sample
Buffer: 100mM Tris, pH 6.8, 200mMDTT, 4% SDS, 0.2%
bromophenol blue, 20% glycerol.

Coomassie

Blue: 0.1% Coomassie blue in 40% methanol, 10% glacial acetic
acid.
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Destain: 40% methanol, 10% glacial acetic acid.

Transfer
Buffer: 25mM Tris, 190mM glycine.

10xTBS: 8g NaCl, 0.2g KCl, 25 ml 1M Tris.HCI pH7.5.

Blocking
Solution: 5% nonfat milk, 1x TBS, 0.5% Tween-20.

Alkaline Phospatase

Buffer: 100mM NaCl, 5mM MgClp, 100mM Tris, pH9.5.

SM: 0.1IM NaCl, 8mM MgSO4-H20, 50mM Tris.HCI pH7.5,
0.01% (w/v) gelatin.

Phage

Solution:  3.75M ammonium acetate, 20% (v/v) PEG 8000.

STE

Buffer: 100mM NaCl, 20mM Tris, pH7.5, 10mM EDTA.
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Section VI: Results and Conclusions



SECTION VI: RESULTS AND CONCLUSIONS

VLI Cloning of Sheep :
Using PCR based cloning I amplified a sheep specific cDNA probe for

the cardiac NCX, pBNCX1 (figure 27.a). The amplified cDNA was
approximately 300-400 bp in length as expected from the target sequence.
Sequence and northern blot analysis of the PCR product confirmed that it
coded for a region of the cardiac NCX. Figure 28 is a sequence comparison
between the sheep cDNA probe and the region of interest within the canine
cardiac NCX ¢cDNA sequence showing high degree of homology. Figure 27.b
is a northern blot analysis of 129 day fetal sheep heart poly(A+) RNA probed
with clone pBSlexl. A single band is visible at approximately 7.0kb which
agrees with the previously NCX transcript size.

Clone pBSlex]l was subsequently used to screen a fetal sheep cDNA
library which I generated (Section 5.7). A total of 1x10% pfu were screened
under stringent conditions. Eight clones were picked and analyzed by
restriction endonuclease analysis. Four, (pBSlex2-pBSlex5), out the eight were
unique with respect to the restiction analysis and were characterized further.
Clones pBSlex2-4 were similar and appeared to vary only in the 5'end.
Because the native NCX cDNA is approximately 7.0 kb in length, I selected the
largest clones to characterize.

Clone pBSlex5 was unique and contained an Ecorl restriction site in
the 5'end that was not found in the other clones. This was of particular
interest because sequence analysis of the other clones revealed that they were
lacking the complete 5' coding region. To analyze this, I subcloned the 5'-end
and subsequent sequence analysis revealed no homology with the cardiac

NCX coding sequence. A search of various DNA databases also revealed no
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A

Figure 27: Panel A is a photograph of an agarose gel with the PCR product stained with
ethidium bromide. Lane 1 is a standard size ladder , lane 2 is the amplified product, and lane 3
is negative control. Panel B is a northern blot of 129 day fetal sheep RNA probed with the PCR

product, pBSlex1.

{¥s ¥

B

CCAGACACAT TTGCARAGCAA AGTGGCCGCC ACCCAGGACC AGTATGCGGA TGCATCCATA
CLREVREEEE TEEErr e s v tebere ey ot tr e et
AGTGGCAGCC ACCCAGGATC AGTATGCAGA CGCGTCCATA
CAGGCAGCAA CGCGGTGAAC GTCTTCCTGG GCATCGGTGT GGCCTGGTCC ATCGCCGCCA
CPOEEerr reee e e e pr e tE FE e e T
CTGGCAGCAA CGCGGTGAAC GTCTTTCTGG CCATCGGCGT GGCCTGGTCC ATCGCTGCCA
GGCCAACGGG GAACAGTTCA AAGT TGGCACGCTA GCTTTTTCTG TCACTCTCTT
CECEEETEEE T ||l||||l|| FEVEEEEEED TR P ||||ill||
GGCCAACGGG GAACAGTTCA CACGCTA GCTTTCTCTG T
GCTTTCATCA ATGTGGGGGT GCTG GGAGGC CAGAAATT-G GAGGTGAGCT
RN ERARRERRRERAR RN |l|||||l|| |||||||||| sHULEEEE=E TEEEELT T
GCTTTCATCA ATGTGGGGGT GGAGGC -AGAAATTCG GAGGTGAGCT
CGGACTGCCA AGCTCCTCAC ATCC TTTGTGCTCC TGTGGCTCTT GTACATTTTC
NRRRNRREARERRARRNANY ||||l||||| FECEEEVETE VEEEEEEEE T Ty
CGGACTGC TCCTCAC ATCC TTTGTGCTCC TGTGGCTCTT GTACATTT

TGGAGGCCTA CTGCCAC

RERERRRRAEIR AL
TGGAGGCCTA CTGCCAC

Figure 28: Sequence comparison of PCR amplified product (bottom sequence) and bovine cardiac
NCX sequence(top sequence). Underlined segments represent the primers used to for the PCR.
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significant matches. Therefore, clone pBSlex5 had what I believe to be a
splicing artifact, created during the synthesis of the cDNA library. This was
confirmed when the linker-adapter sequence was found at the 3'end of the
clone.

Clones pBSlex3, and pBSlex4 were identical throughout most of their
length except for two major discrepencies: clone pBSlex3 had a 500 bp 5
extension which was not homologous to any reported NCX sequence to date .
It also had a 105 bp insert adjacent to the poly(A) tail. Unlike clone pBSlex5,
this clone did not have the "linker-adaptor” sequence in it. Instead it
appeared that a second gene had been spliced onto the 5" end of the a portion
of the NCX coding sequence. This is shown in figure 29. The splice site is
apparent where the homology matches the bovine coding sequence at
basepair #1330 (underlined in fig. 29).

On a search of the DNA database (GenBank) with the 500bp sequence of
clone pBSlex3 no significant matches were found. Therefore I determined it
to be a splice artifact of unknown origin which occurred during the cDNA
library synthesis. It is likely that the artifact was related to an error of the
reverse transriptase. This is a reasonable explanation considering the length
of the clone (5.5kb). This finding was discouraging because I had invested
more than 6 months of time and was still 1.3 kb short of the complete coding
sequence.

Some type of cloning error or artifact was found in each clone studied.
I have attributed this to the large size of primary transcript. Every clone was
truncated near basepair #1330 (+/-50 bases), suggesting that the reverse
transcriptase had "difficulty" transcribing such a large RNA species into
¢cDNA. Therefore to complete the cloning project I had to design new

protocols for cloning the 5' end of the coding sequence. My first attempt
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5 ' ~CGGGCTG CAGGAATTCG GCACGAGCAG GTGCCCCACG AACGTGCGGT GCGTGACGGG
CGAGGGGGCG GCGCCTTICC GGCCGCGCCC CGGGTCCCEG GACGARGGGE TCTCCGCACC
GGACCCCGGT CCCGACGCGC GBCGGGGGLG CGLCGCGGLC GLGCCLCCEG GGGGGGACGC
GGGCGACGGC CCGCCGGCGG GGACGGGGGE GGACCGGCTA TCCGAGGCCG ACCGACGGCT
CCCGCGGCGC TGCCGTATCG GTTCCGCCTT GGCGGATTIC TGACTTAGEG GCGTTCAGIC
ATAATCCCAC AGATGGTAGC TTTGCCCCAT TGGGCTCCTC AGCCAAGGAC ATACACCAAA
TCTCTGAACC TGCGGTTCCT CTTCGTACTS AGCAGGATTA CCATGGCAAC AACACATCAT

CAGTAGGGTA ARACTAACCT GTTCACGACG GTCTAAACCC ATTGACCAA—//...3'
~ bp #1330 in bovine NCX
sequence

Figure 29: Sequence of the 468 bp 5' extension of clone pbSlex3. The underlined segment
corresponds to the site where homology begins with the bovine cardiac NCX sequence. From
this point on the homology is very high.
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involved PCR amplification and sequencing directly from the unamplified
and amplified cDNA library using PCR based cycle sequencing. I designed a
new antisense primer based on my ovine sequence and used the universal
T3 primer for the sense primer. As I had feared, these experiments were not
successful because the cDNA library which I had made was lacking the full
length cardiac clone.

I then designed new primers from the canine cardiac and the ovine
sequences using primer design software. These primers were used to amplify
the 5' coding sequence from genomic sheep DNA, using the PCR. Although I
was originally reluctant to use genomic DNA as the template due to the
possibility of complicating introns, these cloning efforts were successful. A
PCR amplification product was detected which corresponded to the
anticipated cDNA size. Figure 30 is a photograph of the PCR product, which
is approximately 1400 bp in length. Subsequent subcloning and sequencing of
this product revealed that it coded for the cardiac NCX, and did not contain
introns. With this new clone corresponding to the 5' coding region I have
successfully cloned and sequenced the complete coding sequence for the
ovine gene including the 3' untranslated region (UTR). Figure 31 is the
complete sequence of this gene including a comparison with the bovine
sequence. The shared identity is approximately 96%.
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