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this cysteine would be oxidized within 30 seconds (see
Chapter III), the fact that most of the cysteine does not
react with SR is not surprising.

Several proteins are labeled by 33S-cysteine far more
heavily than they are stained by Coomassie Blue (as shown by
comparing Figure 23 with Figure 25), suggesting that these
proteins contain highly reactive sulfhydryls. Of particular
note in this regard are several low molecular weight
proteins, a pair of proteins of molecular weight “150 and
165 kDa, the 290 kDa brotein, and the high molecular weight
proteins at the extreme tops of the gels. In contrast, very
little calsequestrin is labeled by 33S-cysteine, despite its
rather heavy Coomassie Blue stain. This simultaneously
confirms that calsequestrin is located inside the vesicles
(hence not exposed to the radiolabel) and indicates that the
labeled proteins are covalently attached to the 33S-
cysteine, since no exchange of label with calsequestrin
appears to occur, even after the vesicles have been
destroyed and the proteins have been denatured by addition
of SDs.

Several groups have recently reported identification,
purification, and reconstitution of the Ca2?* release protein
(76, 86-90, 100). All implicate the 290 kDa protein found
near the tops of the gels. Their conclusions are supported
by the observation that this protein is strongly labeled by

33g5-cysteine and seems to be very labile to tryptic
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proteolysis. However, as shown in Chapter IV, one minute of
proteolysis does not produce significant changes in CaZ2+
permeability, and yet the 290 kDa protein apparently is
cleaved several times over this time interval. If this
protein is indeed the Ca2* release protein, as indicated by
the ryanodine binding studies, it may undergo extensive
proteolysis before its transport rate is stimulated. If
this protein also contains the regulatory binding sites, it

would seem rather remarkable that none of these sites are

‘altered by such extensive proteolysis (see Chapter IV).

Perhaps this is an indication that the binding sites reside
on another protein or on a domain of the 290 kDa protein
which is not sensitive to trypsin. It should be pointed
out, however, that in an abstract for the February, 1988
meeting of the Biophysical Society, Chu et al (147) reported
that the ultrastructure of this protein as found in the
membrane is unchanged by limited tryptic proteolysis. This
suggests that even though the protein is very labile to
trypsin, the essential structure of the protein (including.,
perhaps, the modulatory binding sites) is unaltered, despite
being cleaved. The conditions under which those experiments
were carried out have not appeared in print and so a
comparison between that work and the work presented here is
difficult to make at this time.

The data presented here support the hypothesis that the

290 kDa protein is involved in Ca2+ release but do not rule



out the possibility that other proteins are involved as
well. Several proteins are both labile to trypsin and quite
heavily labeled by $3S-cysteine, despite being such minor
components of the SR that they do not even show up under
Coomassie Blue staining. Actually, being inert to trypsin
does not necessarily indicate lack of a role in Ca2* release
or regulation of Ca2?* permeability. Given that the
modulatory binding sites of the Ca2t* release system are not
altered by tryptic proteolysis, it is not unreasonable to
postulate that the 150 and 165 kDa proteins, which bind 33s-
cysteine (Figure 23) and t4C-doxorubicin (84) and are inert
to trypsin, might contain (some of) the regulatory binding
sites of the activating mechanism of the Ca2?t release
system. If so, tryptic stimulation of Ca2?* release may be
the result of an altered interaction between these peptides
and the 290 kDa Ca2?* channel peptide. As discussed in the
following chapter, subjecting the purified Ca2t* channel to
an analysis similar to that outlined here may be a fruitful

approach to settling such questions.



CEAPTER VI
CONCLUDING REMARKS

When the work presented in this dissertation was first
begun in the summer of 1982, the field of Ca2* release from
the sarcoplasmic reticulum was much smaller, dominated by
rhysiologists working with isolated muscle fibers.
Biophysicists studying isolated SR vesicles were primarily
interested in the mechanism of active transport, and found
the SR to be an ideal system to study this phenomenon due to
its simplicity relative to other biclogical membranes and

the high density of its active transport protein, the Ca2+*

pump. The questions the biophysicists were addressing

mainly concerned the molecular mechanisms by which the pump
translocates Ca2* across the membrane, an issue yet to be
resolved.

One of the principal tools of a researcher dissecting
the inner workings of a biological system is an inhibitor of
that system. By finding an inhibitor of an enzyme, the
researcher gains information about the sites which catalyze
processes carried out by the enzyme. Hg?* had been known as
an inhibitor of the Ca?* pump (28, 38, 93, 102, 110, 112),
and when I began my work with Dr. Abramson, we (meaning

nmyself, Lyle Weden, and Dr. Abramson) were attempting to use
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Hg2?* as a probe of the Ca2t* pump. Lyle had already carried
out some experiments (summarized in Figure 3, Chapter II)
which were similar to experiments carried out by other
workers previously. These other workers had created
conditions which abolished the transmembrane Ca2+* gradient,
in order to study the pump's activity under optimal
conditions, and had used Hg2* to inhibit the pump. 1In
Lyle's study, the SR was allowed to generate the Ca2+
gradient, and interesting differences were found between his
work and the previous work. Specifically, Lyle found that
at low concentrations, Hg?* actually stimulates the activity
of the Ca2* pump, and inhibits it only at higher
concentrations. A parallel study showed that at Hg2+
concentrations which stimulate the pump, active accumulation
of Ca2?* within the vesicles was inhibited. Dr. Abramson
suggested that the explanation for these observations might
be that perhaps Hg?* activates some Ca2?t* permeability
pathway: this would abolish the transmembrane gradient,
allowing the pump to operate at optimal rate, and would
account for the low Ca2* uptake observed in the presence of
low concentrations of Hg2*. With Dr. Abramson's guidance, I
began to study the Ca2* permeability of isolated SR vesicles
and found the hypothesis to be correct: Hg2t* definitely
activates a Ca2* permeability pathway at a much lower
concentration than that required to inhibit the pump. The

Hg2* binding site appears to be a sulfhydryl group which is
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oxidizable by several sulfhydryl oxidants. My contributions
to this study are summarized in Figures 4 and 5 and Table I
of Chapter II.

The significance of the research presented in Chapter
II is twofold. First, it cast a new light on the previous
studies of the Ca2* pump and called into question several
conclusions and generally accepted notions about the pump.
It showed that Hg2* does not "uncouple" the ATP hydrolysis
function from the Ca2?* translocation function. It also
showed that the mechanism of Hg2+- and other sulfhydryl
reagent- activated release of Ca2* is not due to leakage
back through the inhibited pump or to leakage through pre-
existing pathways: Hg?* activates a Ca2* permeability
pathway. Later work showed that this pathway has many
characteristics in common with the pathway by which Ca2+ is
released in response to added Ca2*. That is, heavy metal-
induced Ca2?* release is similar to Ca2?*-induced Ca?* release
(74) . Apparently, perturbation of a sulfhydryl on the Ca2*-
induced Ca2* release protein will activate this protein.
Heavy metal activation of this protein is not the result of
general denaturation or degradation of the membrane or of
this protein, since the uptake capacity of the SR is
restored by the Ca2+ release inhibitor ruthenium red.

Prior to publication of our paper showing that heavy
metals induce Ca?t* release from isolated SR, only a handful

of papers had been published on Ca2* release from isolated



169
SR vesicles. In 1973, Kasali and Miyamoto reported that
"depolarization" of SR vesicles by ionic substitution led to
Ca2+ release (148), but in 1976 Meissner and McKinley (48)
showed that the release of Ca2* under Kasai and Miyamoto's
conditions was the result of osmotic rupture of the SR
vesicles and not of depolarization-induced activation of a
Ca2+ release pathway. Ca2+-induced Ca2+* release from
isolated SR vesicles was first observed by Ohnishi in 1979
{57) and later by Miyamoto and Racker in 1981 (113, 114).
Our publication of heavy metal-induced Ca2* release from
isolated vesicles appeared in print in 1983, almost
simultaneously with Bindoli and Fleischer's very similar
work with organic mercurials (115). Numerous other papers
concerning Ca2+* release from isolated vesicles began to
appear at about that time, most of which were studies of
Ca2+-induced Ca2* release.

With repeated demonstrations that isolated SR vesicles
could be induced to release Ca2*, it became conceivable that
the Ca2?* release system, or at least a major portion of it,
could be identified and isolated from SR vesicles. This
appeared to be a much simpler problem than attempting to
identify and isolate the Ca2?* release system from whole
muscle cells. We knew from work described in Chapter II
that heavy metals activate the Ca2* release system at low
concentrations, so I designed a series of experiments with

the objective of labeling the release system with



170

radiocactive heavy metals, namely Ag*, Hg2+*, and Cu2+, The
labeled release system would then have been separated from
the other SR proteins by electrophoresis. In order to
validate the protocol, it was first necessary to determine
whether the heavy metals, once bound to the critical
sulfhydryl of the release protein, would exchange with other
sulfhydryls which become exposed under the denaturing
conditions which prevail when running a polyacrylamide gel
(see Chapter V). If exchange did occur, the attempt to
identify the Ca2?2* release system with radiocactive heavy
metals as a label would have had to be abandoned.

The assays which were to determine whether exchange
occurs were Ca2?* release experiments in which Ca2?* was
actively taken up by the SR using ATP as energy source, and
then the Ca2* was released upon addition of heavy metal. A
sulfhydryl-containing compound, namely cysteine, was then
added: if heavy metal ion exchange occurred between the
added cysteine and the critical sulfhydryl of the CaZ2+
release system, the Ca2* should have been taken back up into
the vesicles. In the course of such an experiment, it was
found that cysteine actually enhances, rather than inhibits,
Cu2+-induced release, shown in Figure 6 of Chapter III. 1In
fact, micromolar cysteine and Cu2+ at a concentration too
low to cause release by itself will, when added together,

induce rapid Ca2?* release from isoclated SR vesicles.
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Following a period of study of the interactions between
sulfhydryl groups and Cu2+, including discussions involving
Drs. Joann Loehr and Michael Albrich of the Oregon Graduate
Center, it became apparent that Cu2t*/cysteine-induced Caz+
release might involve the covalent attachment of cysteine to
the critical sulfhydryl of the Ca2* release protein which is
perturbed by heavy metals. If so, 3%S-cysteine could be
used as a label and the problem of label exchange between
the critical sulfhydryl of the Ca2* release protein, and
other sulfhydryls which become exposed after solubilization
in detergent, could be eliminated. Much of the work
presented in Chapter III is devoted to ascertaining whether
the reaction which results in Cu2t*/cysteine-induced Ca2+
release is in fact due to covalent attachment of the
cysteine to a protein sulfhydryl via a mixed disulfide bond.
This portion of Chapter ITI, along with the autoradiograph
presented in Chapter V (Figure 23), indicates very strongly
that Cu?* does indeed catalyze the formation of a mixed
disulfide between the exogenous cysteine and the critical
sulfhydryl of the Ca2?t release protein.

The second half of Chapter III is concerned with
establishing that the Ca2* permeability pathway activated by
Cu2*/cysteine is the Ca2* release protein, and does not
merely represent some general degradation of the membrane or
of any transmembrane protein. The effects of pH, Mg2*,

ionic strength, and Ca2?* release inhibitors such as
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tetracaine and ruthenium red indicate that the pathway
activated by Cu2?2*/cysteine is indeed the Ca?* release
protein; independent studies of the effecté of adenine
nucleotides, performed by Ms. Jan Stuart, corroborate this
conclusion (99). In view of the fact that known modulators
of Caz* release also modulate Ca2t release activated by
Cuzt*/cysteine, it was proposed in Chapter III that
sulfhydryl oxidation may be one of the steps linking
depolarization of the T-tubule to Ca2?* release from the SR
in vivo. The work presented in Chapter III, including the
proposal that sulfhydryl oxidation may couple depolarization
of the T-tubule to Ca2?* release from the SR, was published
in 1986 (75). Prior to publication of this work, only one
other molecular mechanism of physiological Ca2?+ release had
been proposed, that being Schneider and Chandler's
electromechanical linkage theory (52). In view of recent
information regarding the identity of the Ca2?* release
protein (76, 86-90, 100, 149), it is entirely possible that
the two proposals (as well as the "phenomenological" model
of Ca2*-induced Ca?* release) reflect different facets of
the same mechanism. In another aspect of the work presented
in Chapter IIXI, attention was drawn to some previous work
which had shown that animals which are genetically
predisposed toward muscular dystrophy, when fed a diet which
includes sulfhydryl reducing agents, live longer and

experience the debilitating effects of the disease later in
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their lives (129). Also, elevated Ca2* concentrations in
the muscle cells is correlated with onset of the disease
(130), and it was suggested that some forms of muscular
dystrophy may be the result of pathological oxidation of the
critical sulfhydryl of the Ca2* release protein.

The results of the attempt to label the Ca2t release
system with 33S-cysteine were ambiguous: several proteins
covalently bind 23S-cysteine. If only one protein had been
labeled, the identity of the Ca2t* release protein would have
been unequivocally established. In an attempt to remove
some of the ambiguity of the 235S-cysteine labeling studies,
the tryptic modification work presented in Chapter IV was
begun. It seemed likely that Cu2*/cysteine would not induce
Ca2?* release from tryptically modified SR (see introduction
to Chapter V for rationale). If this were the case, a
protein which binds 235S-cysteine before proteolysis, but
does not bind cysteine after proteoclysis, would have been
more likely to be the Ca2?* release protein than a protein
which didn't have these characteristics. The basic premise
of this scheme turned out to be unfounded, however: rather
than inhibiting Ca2* release, limited tryptic modification
of the SR stimulates Ca2+ release. This surprising result
did not hold as much promise for the purpose of identifying
the Ca2* release protein, but was investigated further
because it promised to yield some information about the

mechanism and regulation of the Ca?* release system.
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The significance of the work presented in Chapter IV
is, like the heavy metal work, twofold, and in similar ways.
First, by establishing the true nature of the effect of
tryptic proteolysis on Ca2?* uptake by isolated SR vesicles,
it reveals previously-held misconceptions (97) about the
mechanism by which the Ca2?* pump functions. It is not an
exaggeration to say that, prior to publication of the work
presented in Chapter II, active Ca2* uptake was synonymous
with active Ca2?* transport. The possibility that inhibition
of uptake could be due to activation of Ca2* permeability,
rather than inhibition of transport, was never tested
correctly, and the result of this neglect was generation of
some erroneous theories of active transport (93, 97, 102).
The work presented in Chapters II and IV outline the types
of control experiments and the conditions under which they
should be carried out in order to distinguish between the
two phenomena. This is significant in itself, but the more
interesting aspects of Chapters II and IV concern the Ca2*
release system, not active Ca2?+ uptake. Chapter II has been
discussed above, and when augmented with Chapter III
indicates that Ca2* release from the SR may involve some
transient perturbation of a sulfhydryl group. The important
fact of Chapter IV is that trypsin stimulates the activation
of the Ca2* release system. This suggests the possible
existence of a separate protein, associated with the actual

channel, whose function is not Ca2?* transport per se, but
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regulation of the Ca2?* release channel. The channel peptide
of the Ca?t release system has been recently identified as
the 300 (350) kDa, ryanodine binding, “spanning protein"
found at the triadic junction between the SR and the T-
tubules (44-47, 76, 86-90, 100, 149). This protein can be
extensively cleaved by trypsin (see Figure 25) and yet, on
the whole, the tryptically modified Ca2+ release system of
isolated SR vesicles rgtains most or all of its
pharmacological characteristics. One possible extension of
my research would be to investigate the Ca2+* transport
characteristics of isolated Ca2?* channels incorporated into
an artificial membrane after tryptic modification.

The next task in this field is to elucidate the
mechanism which couples depolarization of the T-tubules to
Ca2* release from SR. The Ca2* release channel of SR
appears to be in contact with both the T-tubule and SR
simultaneously. This unique arrangement lends considerable
support to Schneider and Chandler's voltage—dependent charge
movement hypothesis (52) but does not prove it nor
disqualify the other proposed Ca2?* release mechanisms. The
isolated, reconstituted channel is still modulated by Ca2*,
supporting the Ca2?+-induced Ca2* release mechanism (149),
and the work I have presented in Chapter V shows that the
channel covalently binds cysteine when in the presence of

Cu2¢t., Probably, the final picture of the mechanism of Ca2*
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release from SR will be a combination of several of the
current theories.

All of the research presented in this dissertation has
potential utility for dissecting the purified Ca2* channel
and hence for determining the mechanism of Ca2?* release from
the SR in vivo, and perhaps for determining the nature of
certain muscular diseases. For example, tryptic proteolysis
may have no effect on the transport characteristics of the
isolated release protein; this would indicate that some
other protein, not present in the purified preparation of
Ca2* channel, is intimately connected with the Ca2* release
process, perhaps as a regulatory protein. Alternately, if
the isolated release protein is stimulated by trypsin, it
may be possible to dissect regulatory domains from
activating domains. A combination of tryptic modification
and 33S-cysteine labeling experiments may reveal the role of
the c¢critical sulfhydryl by showing whether 33S-cysteine
binds to an activating domain or to a regulatory domain. If
it should turn out that the 23S-cysteine binding site is
part of an activating domain, this will add weight to the
hypothesis (proposed in Chapter IIXI and reference 75) that
sulfhydryl oxidation (perturbation) is an aspect of the
mechanism which couples depolarization of the T-tubules to
Ca2t* release from the SR. If the converse is true, then
perhaps sulfhydryl oxidation is part of a regulatory

mechanism. Regardless of the final outcome, as pointed out



177
throughout this dissertation, this research represents a
significant contribution to the literature of the
sarcoplasmic reticulum, in terms of its implications for
Ca2t* release and for its information regarding the
mechanisms of active transport. It has also cast new light
on, and generated interest in, the role of sulfhydryl groups
and sulfhydryl oxidants in biological systems and their

pathologies.
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APPENDIX A

JUSTIFICATION OF THE RATE EQUATION

The Ca2+* channels of the SR catalyze the physical
transport of Ca?* ions from within the lumen of the SR
across the SR membrane to the cytosol; the corresponding
process for isolated SR vesicles takes Ca2?* from the inside
of the vesicles out to the extravesicular space. Under most
conditions the channels are at least slightly active, so one
usually encounters an appreciable Ca2* efflux rate from
isolated vesicles even in the absence of any activators of
the Ca2* channels; addition of an activator such as cAMP
increases the rate of Ca2t* transport. The simplest model of
activation of the Ca2* channels parallels the Michaelis-~
Menten model of enzyme kinetics, and for this reason the
simplest model of activation of the Ca2* channels of the SR
will be called the Michaelis-Menten model (see ref. 43 for
more details on this and other kinetic models outlined
below). In the Michaelis-Menten model it is assumed that
there is one binding site for the activator per functional
channel. The rate of Ca2+ transport (in units of moles Ca2*
transported per second per milligram protein) across the
membranes of a population of vesicles, in the presence of a

concentration of activator [A]., is given by:
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1) V([A]) = Vo x [E]l + Va x [Ea]
where

V([A]) is the overall average rate of transport of Ca2+
(through both activated and un-activated channels) for the
population at activator concentration [A]l; Vo is the rate of
transport through a single, unactivated channel in units of
moles Ca2?2* transported per second; Va is the rate of
transport through a single activated channel; [E] is the
number of free, unactivated channels per milligram protein:;
and [EA] is the number of bound, activated channels per
milligram protein. The total number of channels per
milligram protein, Etotai, is given by

[Eltota:r = [E]l + [EA].

The channels are activated by the binding of activator
to its binding site, with a dissociation constant Kact, and
go back to the unactivated state when the activator/site
complex dissociates. The maximum rate of transport, found at
saturating concentration of activator, would be:

Vaax = Va X [Eltotar.

The minimum, or base rate of transport, found at zero
activator concentration, would be:

Vbase = Vo X [Eltotai.

Define the response function, R([A]), by the
relationship:

2) R([A]) = V([A]) - Vbase
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Recalling equation 1 and substituting for Etota1:

R([A])

V( [A]) - Vbase

Vo x [E]) + Va x [EA]) - Vo x ([E] + [EA])

(Va - Vo) [EA].
The maximum response, Rsax, is given by:
Reax = (Va = Vo) X [Eltotai.
Dividing R([A]) by Rsaxz. cancelling common terms, and
applying the definition of the dissociation constant, a
result similar to the Michaelis-Menten equation is obtained:
R [EA] ([E] [A])/Ract [a]

3) - — - _
Ruazx [E]ltotal fElx(1 + [A]/Kact) Ract + [A]

As noted above, the Michaelis-Menten model is the
simplest model of activation of the Ca2* channels of the SR.
However, one cannot assume a priori that this equation is an
adequate description; it is often found that the functional
form of an enzyme has several activator binding sites which
may interact with each other.

The functional form of enzymes which have multiple
sites for binding the same substrate is often a dimer or
trimer or some higher order oligomer of identical or nearly
identical subunits; the oxygen carrier hemoglobin, for
example, has four nearly identical subunits, each with an
oxygen binding site (23). When all sites are unoccupied, the
association constants of the activator for the various sites
are identical or nearly so. Upon binding of an activator

molecule to one of the sites, however, the affinities of the
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remaining unoccupied sites for the activator may change: the
oxygen binding sites in hemoglobin undergo enormous changes
in affinity for oxygen when one or more of the sites is
bound. A rate equation for a Ca2?* channel with two identical
activation sites, which may interaqt, is developed below as
an example of a more complicated activation scheme. For this
development it is assumed that each subunit is a channel in
itself but that two such subunits are always found closely
associated, so that the activation binding sites may
communicate. Note that this analysis must reduce to the
Michaelis-Menten form in the case where the binding sites
are identical and do not interact.

A Ca2* channel dimer with two activation sites has two
forms in which one of the sites is bound. It may not be
possible to distinguish between these two forms
experimentally, but they are in principle different. Let
these two forms be known as EA and AE. The equilibrium
expression for the binding of one activator molecule to a
channel dimer which has both activator sites unoccupied is

the sum of the equilibria for binding to each of the empty

sites:
[EA] = ki[E][2a]
[AE] = kilE][A]
[EAltotar = 2 x (ki[E][A])
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Where [EAJtota1 is the sum of the two singly occupied forms;
this quantity is proportional to the average response of the
population of vesicles to activator; ki is the association
constant of the activator/site complex for this reaction. As
noted above, occupation of one site of the dimer may change
the affinity of the other site for the activator. A two-site
Ca2* channel dimer with both activator sites occupied is in

equilibrium with both forms of the singly-bound channel:

[Eaz] = kz[EA][A]
[EAz] = k= [AE] [A]
2[EAz] = kz2[A] [EAJtotar = 2kzk:[E][A]2
thus
[EAz] = kz2ki[E][A]2

where kz is the association constant for this reaction.

Assume that the response of a channel dimer to an
activator is the sum of the responses of its subunits, and
that the response of one subunit is independent of the state
of the other subunits of the oligomer. Under these
conditions the ratio of the response of the population of
channels to a given concentration of activator [A] to the
maximum response possible would be:

R([A]) (Va - Vo)[EA]total + Z(Va - Vo)[EAz]

Rmax 2(Vn - Vo)[E]total
Cancelling common terms and substituting the appropriate

expressions yields:
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R([A]) [E] (2k1 [A] + 2kzki [A]2)
Rmax ) 2[E] (1 + 2ki[A] + kz2kai[A]2)
thus
R([A]) ki [A] + kzki [A]2
4) Rmax ) 1 + 2ki[A] + k2ki[A]2

This equation is known as the Adair equation, or rather a
version adapted for analyzing channels. Consider the
following extreme cases:

1. Binding of activator to each site is independent of
the state of the neighboring site in the oligomer, i.e. ki =
kz.

2. Binding of activator to the second site is greatly
facilitated by having the first site bound, i.e. k: » k:.

3. Binding of the second activator molecule is

completely inhibited by the binding of the first, i.e. k2 «

K.
Case 1: ki = k2. The 2dair equation becomes:
R([A]) ki [A1(1 + ki [A]) ki [A]
Rmax (1 + kafal)2 (1 + ka[A])
Switching to dissociation constants and making the
substitution Kact = 1/ki, results in the Michaelis-Menten

equation, as expected.
Case 2: ki « k2. Terms involving only ki are neglected
and the Adair equation becomes:

R kikz [A]2

Rmax 1 + kikz[A]2
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Substitution of the averaged dissociation Kact for 1/kik:
vields the Hill equation, with Hill coefficient 2:

R [a]z

Rmax Kact + [A]2

This is a special case of the more general form of the
Hill equation, shown in Chapter IV. Note that the form of
this equation is the same as that of the Michaelis~Menten
equation, with the exception that the latter has a Hill
coefficient of 1. In general, for the case where binding of
an activator molecule to an oligomer is facilitated by the
prior binding of activator to other sites on the oligomer,
the Hill coefficient will be between one and the total
number of binding sites on the oligomer; such an enzyme is
said to bind substrate with positive cooperativity. The Hill
coefficient cannot exceed the number of binding sites,
though it can be less.

Case 3: k2 « ki. Terms involving kz are dropped from
thé Adair equation:

R([2a]) ki [A] fa]

Rmax 1 + 2ki[a] Ract + 2[Aa]

This is not of the Hill equation form. Transforming this to

a form suitable for a Hill plot, one finds that
Log(R/Raax—-R) = Log([A]) - Log(Ract + 2[A])

A Hill plot ( Log(R/Rmax-R) vs Log([2]) ) for this type of

interaction between sites would clearly not be linear; were



184

one to try to fit a line to this plot, the best fit curve
would have a slope (Hill coefficient) less than one.
Activation with a Hill coefficient of less than one is known
as negative cooperativity, indicating that binding is not
independent, but rather than being facilitated, the second
({or nth) activator binding is inhibited by prior activator
binding. |

The motivation for developing the mathematics of the
two-activator site channel dimer given here is to show the
limits of information accessible to this kind of analysis.
Hill plots are a good place to begin a kinetic analysis,
because the results of a Hill plot will indicate whether
development of a more complicated theory than simple

Michaelis~Menten kinetics is necessary.



APPENDIX B
PASCAL PROGRAM FOR ESTIMATING KINETIC PARAMETERS

The program on the following pages is written in Pascal
and is designed to estimate the kinetic parameters Raax.,
Kact, and the Hill coefficient h from data representing Caz+
efflux rate vs activator concentration. Using screen
prompts, the program first allows the user to set a
tolerance for convergence of the equilibrium constants. The
procedure Readdata asks for the rate of efflux in the
absence of activator (Vvbase), then an estimate of the
maximum efflux rate at saturating activator concentration
(Vmax), and then the raw data. Readdata subtracts the basal
efflux rate, Vvase, from the raw efflux rates to obtain the
response function of the channel, R([A]), to that activator.
The values of R([A]) and [A] are put into separate arrays.

The Hillplot procedure arranges the response and
activator data in a form suitable for a regression analysis
on a Hill plot, while the Haneplot procedure arranges these
data into a form suitable for a regression analysis on a
Hanes plot. The program is set up to run the Hill
regression first so that an estimate of the Hill coefficient
is made and fed into the Haneplot procedure; the Hanes

analysis provides a new estimate of Reax which is £ed back



196
into the Hillplot procedure.  Both procedures produce
estimates of the binding affinity (Kact) of the
activator/site complex. The process repeats until the
estimates of KRact which are produced independently by each
procedure converge to within the tolerance set at the

beginning.
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(ETXTEXSEIEXTEXLILELERXE PROGRAM HANEHILL EFEXISITEERBEAELEEXECAIRRRREXIXELDY

Program HaneHill;

Type Analray = Arrayl1..501 of Real:

Type Datarray = Array(1..50] of Real;

Var Sary.Vary,Rary.Xary,Yary,Xarry,Yarry.HillRmax,VY¥: Datarray;

var Vmax.Vbase.Rmax,Diff: Real;

Var LCC,Rmaxy.Stoich,Ks,Xintcpt.Yintcpt,Slope,SX.SS,SY: Real;

var Diffl,Diff2,Ratio,KsH,Ratio?2,RatioN: Real:

Var A,B,C.1,CTR.Expo,CTR1,CTR2,CTRS,CT,F.G,H: Integer;

Var Flag,Flagl,fFlag2,Flag3.Flag4,FlagS,Flagé: Eoolean;

Var LCCHP,LCCLR,Naray,Nsray. Kshray,Kishray.Ksray,Kisray,Rmaxi,
SRmaxi .STC,CTT: Analray;

Var HillX,HillY,HaneX,HaneY: Datarray:;

(EEXXXEETEARKXLLIERILLEALE3I83 REGRESS S EAEFABASAAIEX TR SR RABEXSBXERXEXRAL

{Perform Regression Analysis on Data in X and Y Arrays; CTR4 is the number
of entries in each array (may vary from run to run): SX,SS,and SY are the
standard deviations in X-int, Slope, and Y-int to be outputl

Procedure Regress{Var Xary,Yary: Datarray; Var CT: Integer;
Var LCC, Xintcpt,Yintcpt.Slope,SX,SS5,SY: Real);
Var K, L: Integer; .
vVar SumX,SumY,SumXY,SumXX,SumYY,M,Xint,B,Varnc,D.Vinc,
varB, varM, SDR, SDM, SDX: Real;
Regin
SumX := O3
SumY := Q3
SumXY:= O3
SumXX:= O3
SumYY:= O3
Vinc := Q;
For Kz= 1 to CT Do Begin
SumX = SumX + Xaryf{K1l;
SumY := SumY + Yary{k3;
SumXY:= SumXY+ XaryI[KlsYarylK]l;
SumXX:= SumXX+ SGR(XaryiXl);
Sum¥YY:= SumYY + SOR(Yaryl¥Kl);
Ends
LCC:= (CT¥SumXY-SumX&SumY) /(SART ((CTXSumXX~-SumXETSumX) £ (CTESumYY-SumYXSumY¥)));
D := CTESumXX - SAR(SumX);
M = (CTEXSumXY - SumX¥SumY)/D;
B := (SumXX¥SumY - SumX:SumXY)/D;
Xint := -B/M; N
For L 2= 1 to CT Do Eegin
vinc := Vinc + SER(Yaryl{L) - B - MsXary(L1);
End;
Varnc 2= Vine/(CT - 2);
SDE := SGQRT(VarnciSumXX/D);
SDM := SA@RT(CTxVarnc/D)3
SDX 3= SORT(SER(SDB) + SQR(SDMEXE) ) /M3
Slope = M3

Xintcpt := Xintj;
Yintcpt := Rj;

SX := SDX;
SS := SDM;
Sy := SDB;

End;
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Procedure Readdata(Var Sary,Vary,Rary: Datarray: Var 11 Integer3 Vbase:Real);
Var N: Inteqer; S,V: Realg .

Begin
N 1= 313
Repeat
Writeln(’Enter S”);
Readln(S);
Sary{N] = S
Writeln("Enter V’);
Readln(V);
If V > Umax then Writeln(’WRONG'!¢!!’) else
Varyf{N]) :=
Rary(N] := Vary(N] - Vbase;
N := Neis
Until S = O3
1 := N-2;
End:

{EXXTETTXSXTLRLELER ISR EBLEXE HILLPLOT EXS3EEEEELXXSELEITEREELEREESND
{8338 Transform data into Response R and set up for Hill Plot xx¥8)

Frocedure Hillplot(Var Sary,Vary,Rary,Xary.Yary: Datarray; 1:lInteqger;
Var Rmax: Real; Var CT:Integer);
var CTR4,P,J: Integer;
Begin
CTRG := I;
For J := 1 to CTR4 Do Begin .
If Rmax > Raryl(J] then begin
XaryfJl := LN(SarylJdl): :
YaryflJ) := LN(Raryl[Jl/ (Rmax-RarylJl}))s
End
Else CTR4 := CTR4-13;
Endg
Writeln(® *);
Writeln("szss3HILLESX2S%);

Writeln(’ Xary Yary’)s
For P:= ] to CTR4 do
Writeln(xaryfPl:8,’ *,YaryElfl:8) 3
CT := CTR4;

End;

{EXXITTLETTRLELLILEEEIRLXEET HANEPLOT ESESSEEXKERSRLLAREIILAEEERLLD

FProcedure HanePlot (Var Sary,Vary,Rary,Xary,Yary: Datarray; 1:1Integer;
Var Vbase,Rmax,Stoich: Real; Var CTilnteger)g
Var CTRS,Q@,J: Integer;
Var Xarry,Yarry: Datarrays
Begin
CTRS := I3
For J = 1 to CTRS Do Begin
I¥f Rma»x > RaryLlJl then begin
Xary{J) := EXP(StoichsSLN(Sary(Jl)):
Yaryld) := EXP(StoichSLN(Sary{J)))/(RarylJl);
End
Else CTRY 1= CTRS - 13
Endg
Writeln(® ’):
Writeln(>sx152s HanePlot 33338°);

priteln(’ Xary Yary’)
For Q@ 3= § to CTRS do
Writeln(XxarylQJ:8," ', YarylQ1)

End;

198
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(S35288328332338588335888888 NAIN PROGRAM SS38888383S5888855588888

Bagin
Writeln(’Enter Vbase’)} {Vbase is the rate of transport)
Readln (Vbase)} {in the absence of stimulant)
Writeln(’Enter Vmax’)g (Vaax is the rate with saturating)
Readln (Vaax) {concentration of stimulant (gquess))
(Reaxi,etc are the saxisua response’
Rmax :1= Vmax - Vbase} {of the system and are used in)
Rmaxy:= Vmax - Vbases {various ways i1n the program)}
HillRmax{1) := Rmaxs
A 1= 1; :
Readdata(Sary,Vary,Rary,l,Vbase)} {Read raw data)
Writeln(’C(Substratel’.’ Transport velocity’);
For CTR := § to 1 Do Begin
Writeln(Sary(CTR):110,’ *y VaryI[CTRI310)}
Ends
Repeat

HillPlot (Sary,Vary,Rary,Xary,Yary.l,Reax,CT);
For F:= § to CT Do Begin
HillX{F) s= Xary{FJl: HillYLF) s:= Yary[(F); End;
Regress (Xary, Yary,CT,LCC,Xintcpt, Yintcpt,Slope,SX,S5S,S5Y) ¢
Stoich := AES(Slope)s
KsH t= EXP(-Yintcpt)}
Naray(A) = Stoichs;
Nsray[A) 1= 553
Kghray[A) := KsM:
KishraylAl:= SYIKsH;
LCCHPLA) 1= LCCs
RatioN 1= (Naray[LAl-Narayl[A-1)) /Naray[Al}
Flagh s RatioN < -0.13
Flagbd 3= RatioN > 0.1
14 A >= 2 Then
1¥ FlagS then Stoich := 0.98NarayfA-1) Else
1f Flagé then Stoich 3= 1.1SNaraylA-11;
STCLA) = Stoich;
HaneFPlot (Sary,Vary.Rary, Xary,Yary, I,Vbase,Rmax,S5toich,CT);
For Gi:= 1 to CT Do Begin
HaneXIG) = Xary(Gl; HaneY(G) s= Yaryl(6Gl; End;
Regress(Xary, Yary,CT,LCC, Xintcpt,Yintcpt,Slope,SX,SS,SY) s
ks t= ~(Xintcpt);
Ksray(Rl:= Ks3
CTTLAY 3= CT:
KisrayfA):= SX3
RmaxilA) := 31/Slope:
SRmaxilAl):= SS/SER(Slope)};
Ratio t= ABS( (Raaxi [A)-Roaxi[A-1]) /Rmaxif{Al);
Ratio2 := ABS((KeH-Ks) /KsH)§ )
LCCLBLAJ ;= LCC3
Diff := RmaxilAl - Rmax;
Diff1:= 0,18RmaxilAl;
Diff2:= 0. 13RmaxilAdg
Flagii= Diff > Difél;
Flagl:i= Di€f < Dré¢2y
1¢ Flagl then Raax 1= 1.13Rmax else
1¢ Flag2 then Ramax 3= 0.9SRmax else
Rmax 1= Raaxi[Als
A 1= Ael;
HillRmax[AJ:= Rmax;
Flagé:= Ratio2 < 0.05;
Flag 1= A = 15;
Until Flag4 or Flag:
For E = ] to 1 Do
VY[E) 3= Vbase ¢ ((RmaxilA-1) 8 (EXP(STCLA-1]3LN(Sary(Bl)))) /
(C((Ksray[A-1)eKsHray[A-11)/2) <+ EXP(STCLA-1JSLN(Sary{Bl))))
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($323ISTETXASLLITLIXLE Computing Over; The Rest Is Output SSEESSSESTTLETESIR}

Writeln(lst,’ E8ssXssXESTERSIEERTLIR2L2S RESULTS SEXESAKETISEILBEISAEISRELIEN" ) ;
writeln(lst,’ °);

writeln(lst,’Vmax (Guess) = ’*,Vmax:8," Vbase = ’',Vbase:8.” Rmaxy = * ,Rmaxy:8)}
writeln(lst,” *):
Writeln(lst, {Stimulant) Transport Velocity’);
For CTR 2= 1 to 1 Do
Writeln(lst,SaryICTR1I:9,” ' Vary[CTR1:9):

Writeln(lst,” ”);

Writeln(lst,’Number of Iterations: *,A):

Writeln(lst,’” *)j

Writeln(lst,’ SXXXEEEXSRSIIRARLRLALRLR8Y HILLPLOT ARRAYS KXRXTXXESEESRELLESELEE )
Writeln(lst,’” *);

Writeln(lst, "HillRmax Stoich S.p. STC KsH S.D. KsH LCC cT
’):

For CTR3 := 1 to (A-1) Do

Writeln(lst,HillRmax{CTR31:8,"’ ? JNarayI{CTR31:8," o Nsray[CTR31:8,’° T e
Kshray(CTR33}:8,’ * KishrayfCTKk3J:8," >y LCCHFPLCTRIN1B, *SECTTECTRI1 ) ;
Writeln(lst,’ *);

Writeln(lst,’ SXTEEXTLELLLILXILLLRRLESE HANEPLOT ARRAYS KXXEASERILSETXASETEERET™) 3
Writeln(lst,’” ");

Writeln(lst,. Stoich Rmax S.D. Rmax Ks S.D. Ks Le
C*)s
For CTR2 := § to (A-1) Do
Writeln(lst,STCICTR23:8,"” * .RmaxifCTR2]):8," * ,SRmaxi{Ctr2]:8,
d ', Ksrayl{CTR2]:8,°’ *,Kisray[CTR2]1:8,"’ 'L LCCLBICTR2):8) 3

Writeln(lst,” *);

Writeln(lst,’ SEXIXXTEEEERLLXLRXIILXLLRES DATA FILES S8ZTESITLSEILLETLATARAREE" ) ;
Writeln(lst,’ *); :

Writeln(lst,’Hill X Hill Y Hanes X Hanes Y");

For H := 1 to CT Do Begin

Writeln(lst,HillX{H):9,” * HillYEH]:9,’ ’ JHaneX[H1:9,* >, HaneYtH1:9) 3

End;

Writeln(list,” ~)3

Writeln(lst, SEXIXXNLAERLLRILASIERLELLEES BEST FIT 2SR NRLEEERSLEILEREELEE" )3
Writeln(lst,’ *);

Writeln(lst,’S v (Best Fit Curve)’);

For € := 1 to I Do Writeln(lst,SaryiCl:8,"’ *.VYICI:9);

Writeln(lst,’> °);

Writeln(lst, "SESIXEILEELTILIILIILENIELISLE5Y Bye Hye SEXELEELTSEXREILESELEAREELRE)
Writeln(lst,” *);

End.

{Main Program Description: Raw data is analyzed 1n a Hill Plot to
obtain the Hill coefficient of stimulation, then analyzed in a

Hanes plot to obtain the maximum response and the binding constant

of the stimulant. An initial gquess of the maximum velocity 1s requared
in order to make things go; the calculated maximum response (Rmax =
Vmax (guessed) - Vbase)., along with the original data., is used to
generate a Hill plot, from which estimates of the Hill Coefficient

and the binding constant of the stimulant are obtained. The Hill
coefficient is then used as an exponent of the substrate concentration
in 2 modified Hanes Plot: a new estimate of Rmax and an i1ndependent
estimate of Ks are thus obtained. The revised kmax i1s used in another
iteration of the Hill analysis, etc, etc until the two independent
estimates of Ks are nearly equal or until a set number of i1terations
of the whole routine have been performed.)



