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1. INTRODUCTION

This review deals with the regulatory system of striated muscle. In current parlance,
the term regulatory system refers to those proteins that are located in the so-called thin
filaments of muscle. The main constituent of these thin filaments is actin, and accord-
ing to the sliding filament model of muscle contraction the contraction of muscle is
due to the interaction of myosin located in the so-called thick filaments with actin. The
interaction of actin and myosin is considered to be a cyclic process accompanied by the
hydrolysis of ATP in which a certain portion of the myosin molecule, the so-called
head, attached to actin undergoes a change in its relation to the thin filament, some-
times referred to as attitude, detaches and is again ready to accept another ATP mol-
ecule to start a fresh cycle. This conceptual framework rests on the discoveries of the
ATPase activity of myosin pioneered by Engelhardt and Ljubimova,' the separate ex-
istence of actin and myosin as distinct entities,? the localization of myosin and actin in
discrete filaments,® 5 and the recently elaborated scheme of ATP hydrolysis by myosin
(compare References 6 to 8).

For some time after the essentials of the dual sliding filament model had been estab-
lished, it remained something of a puzzle how the electric depolarization of the plasma
membrane of the muscle cell elicited by a nerve impulse led to activation of the con-
tractile apparatus. The early work of Heilbrunn and Wiercinsky,® showing that mi-
croinjection of Ca* into a muscle cell led to contraction, suggested the participation
of calcium ions in the activation process. This view, however, remained dormant for
almost a decade until it became clear that the concentration of myoplasmic Ca**, which
in turn is regulated by the sarcoplasmic reticulum, controls in some way the interaction
of actin and myosin, the activity of the actomyosin ATPase, and ultimately the devel-
opment of force and contraction in muscle.

Our understanding of the problem of regulation of muscle contraction entered a new
phase with the discovery by Ebashi and colleagues!®-** of a protein system that was
necessary for the Ca?* sensitivity of actomyosin. It is at this point that the detailed
examination of the problem in our review begins. We shall discuss the components of
the regulatory protein system, viz., tropomyosin, and the troponin complex. The lo-
calization of tropomyosin in the thin filaments was suggested by Hanson and
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Lowy.'*'¢ Ebashi and colleagues'*-** made the logical suggestion that troponin, which
is closely associated with tropomyosin, is also localized in the thin filament (as we shall
see) at regular intervals, each molecule being associated with one troponin complex.
The triggering step in the activation of muscle is the combination of Ca?* with one of
the troponin subunits, viz., troponin C. In view of the localization of the Ca** receptor
in the thin filaments, the system prevalent in vertebrate striated muscle is referred to
as the regulated thin filament. This contrasts with the thick filament regulation, present
in a variety of lower organisms, such as molluscs, discovered by Szent-Gyorgyi and
colleagues,'”"'* where Ca** binds directly to myosin, and with the system in smooth
muscle, where according to the majority of workers in the area, Ca** regulation occurs
through the activation of a kinase catalyzing the phosphorylation of a component of
myosin (although the participation of additional factors can at present not be ex-
cluded). We shall not deal with these thick filament or myosin-regulated systems and
the reader is referred to several recent reviews.?*-?’

Since the early 1970s the generally accepted view concerning the mechanism by which
the interaction of Ca?* with the thin filament-bound regulatory system controls the
actin and myosin system has been that in the relaxed muscle, actin and myosin are
dissociated. Upon the binding of Ca?* to troponin, a chain of events is initiated which
results in the binding of myosin to actin. It has also become very generally accepted,
on the basis of X-ray diffraction and electron microscopic investigations to be dis-
cussed in detail in this review, that the activation process is accompanied by movement
of tropomyosin on the actin filament; a detailed scheme has evolved that can be sub-
sumed under the term steric blocking. According to this view, myosin competes with
tropomyosin for binding sites on actin; thus inhibition of actin-myosin interaction is
the result of direct blocking by tropomyosin. It has, however, been clear from the
beginning that in its purest form this view is untenable since, as we shall see, early
evidence existed showing that in the presence of Ca**, the actin-myosin system contain-
ing the regulatory proteins behaves differently from the pure actin-myosin system,
which suggests additional changes than simply the removal of steric blocking.

More recently, both biochemical and structural evidence has been put forward, pos-
ing a serious challenge to the steric blocking model. These problems, together with
evidence bearing on various cooperative phenomena among tropomyosin units and the
associated actin monomers, will be discussed. The most radical challenge to the views
developing since the Cold Spring Harbor Symposium of 1972, which seemed to witness
an essential understanding of the structural and biochemical basis of regulation in
striated muscle, comes from recent data suggesting that not only is the problem of
steric blocking moot, but that the essence of regulation lies not in the control of the
binding of myosin to actin but rather in changes in certain crucial kinetic transitions
of actin-bound myosin. Clearly the last word has not been pronounced on these prob-
lems and we hope the evidence presented in this review will help the reader to obtain a
reasonably clear view of the present, often unclear, situation and help in reaching their
eventual clarification.

The reader is referred to a number of other recent reviews that touch upon topics
presented here. These include articles dealing with the structure and function of
troponin®*?® and other related calcium binding proteins,?**-3* as well as actin®** and
tropomyosin.***” Other articles address the problem of thin filament regulation®®-*? and
the current challenges to the steric blocking model.*-** Finally, the nature of the actin-
myosin-ATP interaction is reviewed by several groups.”-844

1. TROPONIN

Ebashi and Kodama''** showed that the calcium requirement for ATPase activity
of actomyosin depended on the presence of tropomyosin and another protein factor,
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Tabie 1
PROPERTIES OF TROPONIN
SUBUNITS
Subunit Mol wt® Characteristics®®
TnC 17,8467* Ca** binding
TnT 30,5032 Tropomyosin binding
Tnl 20,8978 Inhibition of actomyosin

ATPase activity
Note: Superscript numbers refer to references.

= Calculated from the amino acid sequences.

which they named troponin. It was subsequently shown that troponin binds calci-
um**-*% and, attached to tropomyosin, is part of the thin filament.*® Early studies on
the electrophoretic behavior of troponin led to the conclusion that it was a single ho-
mogeneous protein*’%® and reported molecular weights ranged from 35,000 to
80’000.14,46.51.52

A. Subunits

The first evidence that troponin consisted of at least two proteins was put forward
by Hartshorne and Mueller.** They obtained two fractions, troponin A and troponin
B, both of which were required to confer calcium sensitivity on actomyosin in the
presence of tropomyosin. Schaub and Perry®? and Schaub et al.** established that one
of the two fractions inhibited actin activation of ATP hydrolysis by myosin, while the
other, named ‘““EGTA sensitizing factor’’, was required for calcium control of ATP
hydrolysis. Various other workers at that time separated troponin into two to four
fractions®*-® using gel electrophoresis and ion-exchange chromatographic techniques.

The differences in the numbers and properties of troponin components isolated in
various laboratories were largely resolved in two papers by Greaser and Gergely.**-*°
They reported separation of four fractions using DEAE-Sephadex chromatography in
6 M urea with approximate M, of 14,000, 21,000, 24,000, and 35,000 on SDS gels.
Reconstitution experiments indicated that the three larger components were involved
in modulating actomyosin ATPase activity, while the 14,000-Da component was con-
sidered a product of proteolysis. A study of the physical and physiological properties
of the three essential subunits led to the currently accepted nomenclature in which the
last letter in each abbreviation relates to a specific subunit property. Thus, TnC is the
Ca**-binding subunit; TnT, the tropomyosin, binding subunit, serves as a link to attach
the troponin complex to the thin filament via tropomyosin; and Tnl, the inhibitory
subunit, by itself prevents ATPase activity in a system containing tropomyosin and
actomyosin (Table 1). It should be noted that the precise relation of the inhibition of
actomyosin ATPase by Tnl alone to its role in the inhibition of the complete system in
the absence of Ca** has not been firmly established; this point will be further discussed
below. Troponin B of Hartshorne and Mueller®*? and the inhibitory factor of Schaub
and Perry*? were shown to be binary complexes of Tnl and TnT, whereas troponin A%*
or EGTA sensitizing factor®*-** is essentially identical to TnC.

Early studies involving reconstitution of thin filaments from isolated compo-
nents®®-¢'-%> and quantitative analysis on polyacrylamide gels of myofibrillar prepara-
tions®® support the view that troponin consists of one molecule each of TnC, Tnl, and
TnT. This subunit stoichiometry has, however, not gone unchallenged. Recently, Sper-
ling et al.,®® using a novel preparative method, reported the isolation of a troponin

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

238 CRC Critical Reviews in Biochemistry

complex with the subunit composition TnT-Tnl;-TnC on the basis of electrophoresis,
analysis of the cysteine content, and ultracentrifugation. The failure of previous prep-
arations to yield this composition, they argue, results from selective proteolysis of one
of the Tnl moieties. It is, however, difficult to envision this in light of the variety of
techniques currently employed to isolate troponin, a number of which include steps
specifically designed to remove or inactivate proteolytic enzymes, 57667

B. Troponin C

TnC, first separated from the troponin complex as troponin A, was identified as
the Ca* receptor moiety. In a number of closely following reports, TnC was shown to
be a highly acidic protein (pI = 4.1 to 4.4%¢) containing a large number of aspartic and
glutamic acid residues,455-58:6° Its molecular weight was placed at 17,000 to 24,000 with
values of 18,300 to 18,500 emerging as the most reliable based on high-speed analytical
ultracentrifugation®*%¢ and SDS polyacrylamide gel electrophoresis.®® Other properties
of TnC noted in earlier studies were (1) the unusually low A.s/ A6 ratio,’s:%° ascrib-
able to the high phenylalanine to tyrosine ratio coupled with the absence of trypto-
phan;® (2) the presence of about 30% o-helical content as determined by circular di-
chroism;*®? (3) the heat stability;** (4) the ability of the protein to refold after denatur-
ation in 6 M guanidine hydrochloride;** and (5) the ability of TnC to solubilize
the other troponin subunits in low ionic strength media.*® Although TnC was originally
believed to remain monodisperse in solutions varying widely in ionic strength owing to
its high net charge at neutral pH, it has been recently shown to form dimers®® in the
presence of millimolar Ca?*.

I. Calcium Binding

Early studies on the Ca**-binding properties of TnC were hampered by the lack of
well-defined protein preparations and by the technical difficulties in controlling the
free Ca** levels. Without the use of metal buffers, sufficiently low Ca** concentrations
could not be realized, presumably because of contaminating Ca?*. The high affinity
sites of TnC went undetected in studies involving equilibrium dialysis and ultrafiltra-
tion.®® Similar problems were encountered in work using ion exchange resins to control
Ca?* levels.*6-48:55.60.7¢ The yse of Scatchard plots’ gave rise to problems in data analysis
leading to a wide range of numbers and affinities of Ca?*-binding sites in the earlier
literature,46-48.35.60.69.70.72 iz one to five sites with affinity constants of 10° to 10* M ~*,

Potter and Gergely’ incorporated Ca**-EDTA or Ca**-EGTA buffer systems into
their equilibrium dialysis medium and used a computerized nonlinear least squares
curve-fitting procedure’’s instead of the Scatchard plot. Assuming several classes of
independent binding sites, they obtained the best fit to their data with four Ca**-bind-
ing sites falling into two classes: one class containing two high affinity sites that also
bind Mg?* competitively, referred to as the Ca**-Mg?* sites, and the other containing
two lower affinity sites that selectively bind Ca?**, the Ca*-specific sites. In addition,
two other Mg?**-specific sites were suggested by this work; however, further indication
of their existence has proved elusive with the exception of a single recent paper
by Sperling et al.*® The properties of the metal binding sites in Tn are summarized in
Table 2.

2. Parvalbumins as Structural Models for TnC

The amino acid sequence of rabbit skeletal TnC’”-7® reveals that it consists of a single
polypeptide chain of 159 residues. Its calculated molecular weight is 17,846 and net
charge at neutral pH is —30, assuming that all carboxyl, amino, guanidino, and imida-
zole groups are dissociated. There are no tryptophan residues, only one each of cys-
teine (#98), proline (#50) and histidine (#135), and two each of asparagine (#150, #142)
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Table 2
BINDING CONSTANTS OF CALCIUM
AND MAGNESIUM TO TnC
Sites Ke. (MTY) K (M) Ref.

Ca**-Mg™ 2x107 5 x 10? 73
2 x 108 73

Ca®*-specific 5x10° 73
2 x10? 76

Mpg?**-specific 5x10° 73

¢ In the presence of 2 m M MgCl..

and tyrosine (#10, #109). Perhaps most important were the observations of Collins et
al.”” and Collins,”® who recognized four homologous regions in the sequence, each of
which presumably contained one of the four Ca*-binding sites of Potter and Gergely,”?
which were also homologous to similar regions previously described in another group
of intracellular Ca?*-binding proteins, the parvalbumins.

Although known for many years to exist in the muscle of certain fish and amphibi-
ans,® the parvalbumins were first characterized by the chemical and physicochemical
studies of Hamoir et al.®'-®*® and Pechere et al.,®*-* who established their evolutionary
relatedness and common physical properties on the basis of extensive studies carried
out on parvalbumins isolated from a wide variety of species. Parvalbumins are typi-
cally low molecular weight (~12,000), acidic (pI = 4.0 to 4.5), water-soluble peptides.
In 1971-72, studies conducted by Pechere and colleagues®”-®® and by Nockolds et al.*®
established that parvalbumins from hake and carp muscle each bind 2 mol of Ca?* per
mole protein (K~2 x 10" M '), which led to their designation as muscle calcium bind-
ing proteins (MCBPs). The determination of the amino acid sequences from hake®®
and carp®! parvalbumins and the X-ray diffraction studies on crystals of the latter,
leading to their three-dimensional structure,®?-** have contributed significantly to our
understanding of TnC.”?

In carp parvalbumin, the 108-residue polypeptide chain is folded into 6 a-helical
segments of about 8 to 12 residues each, designated A to F, starting from the amino
terminus. Between each pair of helices lies a stretch of 12 residues that form a reverse
turn or loop. The loops between helices C and D and between E and F each bind a
Ca? ion. The Ca*-binding loops are rich in carboxylate-containing amino acid side
chains (e.g., Asp 51 and 53 and Glu 59 and 62 in the CD loop; Asp 90, 92, and 94 and
Glu 101 in the EF loop) that contain ligands for coordination with Ca* ions.*? The AB
region of the molecule, although it exhibits the same helix-loop-helix arrangement as
the CD and EF regions, does not bind Ca** owing to the lack of sufficient ligands in
its loop.

The spatial arrangement of the helix-loop-helix unit was described by Kretsinger and
Nockolds®? as being similar to a right hand whose thumb and forefinger, extended at
approximately right angles to each other, point toward the COOH-terminus of helix F
and the NH,-terminus of helix E, respectively. The middle finger, curled towards the
base of the thumb, traces the course of the Ca?*-binding loop around the bound ion
(Figure 1). The term ‘“‘EF hand’’ has become commonly used to describe the structure
of Ca**-binding regions in intracellular metal binding proteins. This is perhaps an un-
fortunate development insofar as the designation tends to obscure specific differences
that exist within the overall helix-loop-helix arrangement of the different sites. Even
within carp parvalbumin, a bend in the D helix at residue 65 causes the helix to turn
outward, a feature not seen in the homologous E helix. In this paper, we will refer to
Ca*-binding domains implying the a-helix-loop-a-helix arrangement.
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FIGURE 1. Spatial arrangement of the helix-loop-helix of a Ca*-
binding domain represented by the three fingers indicated of a right
hand. The left side of the figure depicts the positions of the alpha
carbon atoms of the EF loop of carp parvalbumin taken from the X-
ray structure.®? (Reproduced, with permission, from the Annual Re-
view of Biochem., Volume 45, © 1976 by Annual Reviews Inc.)

With the availability of the above information on parvalbumin and the sequence of
TnC, Collins and colleagues’ and Kretsinger and Barry®* described the latter as con-
sisting of four Ca**-binding domains, numbered I to IV, starting from the NH,-termi-
nus of the molecule. Each domain contained residues that, by their homology to par-
valbumin, suggested the same helix-loop-helix arrangement and thus, a similar overall
three-dimensional structure. The best alignment (i.e., that giving the largest number of
amino acid identities and conservative replacements) of the two proteins occurred when
the AB, CD, and EF domains of carp parvalbumin were positioned opposite domains
I1, IT1, and IV of TnC (Figure 2).

3. Three-Dimensional Structure

There is no direct X-ray crystallographic support for models of TnC structure owing
to the difficulty of obtaining stable crystals that are large enough to obtain high reso-
lution patterns. Crystals of rabbit skeletal TnC prepared in the presence of MnCl,*
were not sufficiently stable when exposed to X-rays to allow resolution beyond 8 to 10
A. Recently, Strasburg et al.°® obtained stable crystals of ’gnC from chicken skeletal
muscle which yielded good diffraction spots out to about 2 A and thus seemed suitable
for high resolution work. Until results on these crystals are available, the best model
of TnC remains that proposed by Kretsinger and Barry®** on the basis of TnC-parval-
bumin homologies and the fundamental assumption that homologous primary struc-
tures yield superimposable tertiary folds. With the constraints of packing and connec-
tivity, their model considers domains I and II and III and IV to constitute two
parvalbumin-like halves, their twofold axes being coincident and antiparallel. The best
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FIGURE 2. Amino acid sequences of rabbit skeletal TnC and carp parvalbumin (MCBP). The homology
of the sequences is particularly clear in the metal-binding regions. The circled residues act as metal binding
ligands.”°* Amino acid code: A = Ala; C = Cys; D = Asp; E = Glu; F = Phe; G=Gly; H=His; I = Ile: K
=Lys; L =Leu; M = Met; N=Asn; P=Pro; Q=GIn; R=Arg; S=Ser; T=Thr; V=Va, W=Trp; Y =
Tyr.

fit was obtained with a separation of 35 X and a rotation by 20° of one half with
respect to the other about the common axis. Figure 3 schematically illustrates the fea-
tures of the model. In it, TnC appears as a prolate ellipsoid of revolution in which four
Ca**-binding loops are open to the surface of the molecule. Loops I and II and loops
IIT and IV constitute two pairs at either end of the long axis of the molecule. The two
sites in the NH,-terminal half have been identified as the low affinity, Ca?*-specific
sites; those in the COOH-terminal half are the Ca**-Mg?*sites (see Section II). Cg’* ions
bound to sites within the same class are separatedofrom each other by about 11 A while
those bound to different classes are about 33 A apart. Among other features that
emerge from the Kretsingeroand Barry model are that Tyr 109, located in the sequence
of loop 11, is also close (<5 A) to loop IV and may serve as a fluorescent reporter group
of metal binding to either site and that the thiol group of Cys 98 is partially buried.
Both of these predicted features have since been confirmed by experiments on the
protein in solution (see below).

4. Properties of the Metal Binding Loop

The binding of Ca** or Mg?* to a particular loop in TnC or its homologs depends on
how well the loop conforms to the coordination geometry and chemistry of the ion.
Calcium and Mg?* have ionic radii of 0.99 and 0.64 A, respectively. In aqueous solu-
tion, Mg?* maintains a closely regular octahedral hexacoordinated state. Mg?*-O bond
angles and distances tend to be invariant, the latter ranging from 2.00 to 2.12 Ain a
variety of simple ligands and crystals (compare Reference 97). In the case of Ca*,
water molecules, while also octahedrally oriented (C.N. 6),°® are considerably more
mobile and the ion can shift easily to coordination numbers of 7°and 8. Bond angles
vary vu;idely as do Ca?*-O distances which range from 2.30 to 2.82 A with an average of
2.40 A.*®* Thus Mg? requires a specific geometry of its ligands for tight binding,
whereas Ca?* is perhaps better able to conform to the irregular geometries of coordi-
nation sites in biological molecules. Not only do the two ions differ in coordination
geometry, but also with respect to the nature of the coordinating atom: Ca** ions prefer
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1l IV

1

FIGURE 3. Schematic diagram of TnC structure showing the four
Ca®-binding loops (I to IV) and the flanking helices.”* Note that an
NH,-terminal segment, residues 1 to 14, for which there is no homol-
ogous sequence in parvalbumin, is not shown. (From Gergely, J. and
Leavis, P. C., Muscle Contraction: Its Regulatory Mechanisms,
Ebashi, S., Maruyama, K., and Endo, M., Eds., Springer-Verlag,
Berlin, 1980, 191. With permission.)

oxygen atoms, Mg®* nitrogen. In proteins that tightly bind Ca®*, generally three or
more of the ligands are derived from carboxylate groups, the others being donated by
carbonyl groups of the peptide backbone or ether groups of the side chains.

The metal binding sites of parvalbumin and TnC appear precisely tailored to accom-
modate the Ca?* ion with high affinity. Kretsinger and Nockolds®* have shown that in
parvalbumin, the Ca** ions are coordinated by six oxygen ligands arranged octahed-
rally. They designated the six ligands as +X, Y, and +Z, corresponding to the axes
of a local coordinate system in which the origin is at the center of the ion. Comparison
of the sequences of the two binding loops of parvalbumin with those of the four TnC
loops, as well as a variety of loops from other intracellular Ca**-binding proteins,
reveals remarkable similarities (Table 3).2°79-°° First, the loops are typically 12 amino
acid residues long and the coordinating ligands are contributed by residues occupying
positions 1, 3, §, 7, 9, and 12, starting from the NH,-terminus of the loop. In some
cases, when a suitable oxygen ligand does not occur at the appropriate coordinate
position, it is instead donated by a nearby ligand in the loop (e.g., each of the two
oxygen atoms in the carboxylate groups of Asp 92 and Glu 101 in MCBP forms one of
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Table 3
PRIMARY STRUCTURES OF HOMOLOGOUS CALCIUM
BINDING PROTEINS — COMPARISON OF THE AMINO ACID
SEQUENCES OF THE CALCIUM BINDING LOOPS*

Protein Domain Sequence® Amino acids

Paravalbumin AB KAARDS F DHKA 19—28
(carp muscle) CD DOQDKSGFIEEDE 51—62
EF DSDGDGKIGVDE 90-—101

TnC (rabbit I DADGGGDISVKE 27—38
skeletal muscle) 11 DEDGSGTIDFEE 63—74
m DERNADGYIDAEE 103-—114
v DKNNDGRIDFDE 139—150

Calmodulin I DKDGNGTITTKE 2031
(calf brain) 1 DADGNGTIDFPE 5667
[§1} DKDGNGYISARE 93—104
v NIDGDGEVNYEE 129140

Alkali light DRTGDSKITLSQ 59—70
chain (rabbit DEQMNAKIEFEQ 96—108
skeletal muscle) DKEDGTVGMGARE 136—147
QEDSNGCINYER 171—182

Calcium binding DKNGDGEVSFEE 57—68

protein (swine
intestinal mucosa)

¢ Key to one-letter code for amino cids: A = Ala; C = Cys; D = Asp; E = Glu; F = Phe;
G = Gly; H = His; I = Ile; K = Lys; M = Met; N = Asn; P = Pro; Q = GIn; R = Arg;
S=Ser; T=Thr; V=Val; Y = Tyr.

the octahedral vertices around the bound Ca** [compare Reference 30]) or by one or
more water molecules. Virtually all of the loops contain at least four carboxylate li-
gands, although the number of carboxylate-containing residues in a given loop is not
directly correlatable with binding strength.

Although these features, common to the over 50 12-residue loop sequences currently
available for comparison, are useful indicators of Ca** binding per se, it is nonetheless
difficult to deduce solely from an examination of a loop sequence either the strength
or specificity of its interaction with the ion. Early speculation based on differences in
the loop sequence aimed at distinguishing sites of the high and low affinity class led to
contradictory results.®#!% Several recent predictive studies appear, at least, partially
successful. Vogt et al.'°* have developed a method based on the frequency distribution
of “B-turn forming residues’’ in the loop. They found that loops that are known to
bind Ca?* have a high frequency of f-turn forming residues (compare Chou and
Fasman'°?) located in the first and third tetrapeptide of their 12-residue loops relative
to loops that do not bind Ca?*. Although the presence of these residues correlates well
with Ca?*-binding as such to a particular loop, it does not provide information con-
cerning strength or specificity of the binding. Potter et al.’*® and Kretsinger'® propose
that the presence in the loop of a glycyl residue between the calcium coordinating
ligands at positions Y and Z confers a Ca**-specific lower affinity status in the loop.
Finally, an extensive analysis of 45 loops by Reid and Hodges'® predicts the Ca®
affinity on the basis of the identities of residues in key positions within the 12-residue
sequence; viz., positions 7 and 10. According to their findings, the size and orientation
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of these residues can modulate the replacement of water molecules in the cation hydra-
tion shell subsequent to initial ion-pair formation with a single negatively charged
group and prior to chelation by the other coordinating groups in the loop. Reid and
Hodges'® further offer a ‘‘two-site cooperative model’’ in which metal binding to one
of a pair of sites induces a conformational change that affects the positions of the side
chains of residues 7 and 10 in both loops. This can result either in the destabilization
of metal binding to the first site or the enhancement of binding to the second.

Although there is little doubt that differences in the position and identities of key
residues within a dodecapeptide loop contribute to its metal-binding properties, the
flanking a-helices as well as more distant parts of the molecule are likely to exert an
influence. Reid et al.!*'*? prepared synthetic analogs of domain III of TnC in which
the loop itself and the a-helix on the COOH-terminal flank of the loop were intact, but
the NH,-terminal o-helix was clipped at various points. Their shortest peptide, com-
prising residues 103 to 123, was able to bind Ca?*, but with an apparent binding con-
stant of only 3.1 x 10> M . In contrast, when the peptide was lengthened to include
the missing a-helix (residues 90 to 123), the binding constant increased by four orders
of magnitude to 5.1 x 105 M ™.

Evidence for longer range, viz., site-site, influence on binding properties was first
dramatically demonstrated by the studies of Coffee and Solano'®® on parvalbumin.
They showed that when the molecule was cleaved between its two Ca**-binding sites,
leaving each domain intact, metal binding was entirely lost. This was attributed to the
loss of a single hydrogen bond that stabilized the tertiary fold of the intact protein.
Leavis et al.'®*® have shown that the two high affinity sites in TnC, when separated into
two single-site proteolytic fragments, display only moderate affinities for Ca* and
essentially no Mg?* binding. It is only when the two sites are present in the same peptide
that they acquire the ‘‘native’’ high affinity Ca**-Mg?** binding characteristics.

5. Calcium-Dependent Conformational States of TnC

A number of spectral changes accompany the binding of Ca** to the Ca*-Mg*
sites which includes changes in UV absorption,''® '*? intrinsic (tyrosine) fluores-
cence'™ ¢ and fluorescence polarization,''?® laser Raman spectrum,''’ circular di-
chroism,58:111-114.3181122 and optical rotatory dispersion.'?* The increase in circular di-
chroism in the 222-nm region indicates an increase in a-helical content from about 30%
in the divalent cation-free protein to about 50% on saturation of the Ca*-Mg?* sites.
This corresponds to the formation of two 8- to 10-residue a-helical regions''' and a
general “‘tightening’’ of the structure which is supported by hydrodynamic data that
show an increase in the S,,,, and a decrease in the viscosity of a TnC solution upon
addition'*?'* of Ca?* and by the observation that the susceptibility of the protein to
tryptic digestion is decreased with Ca** present.'?® In addition to the far UV changes in
circular dichroism, changes also occur in the near UV circular dichroism and absorb-
ance,'!! suggesting an involvement of phenylalanine residues. On the basis of the dis-
tribution of phenylalanine residues in the amino acid sequence, one of the helical seg-
ments formed has been located on the NH,-terminal side of site I1I (Figure 4) and the
other on the COOH-terminal side of site IV (helices E and H of Kretsinger and
Barry®*). In the absence of Ca?**, the addition of millimolar concentrations of Mg?*
induces qualitatively similar changes in the above spectral properties to those brought
about by Ca*', although only ~40% of the Ca®>-induced fluorescence change and
~85% of the far UV circular dichroism change can be elicited by Mg?*.***

Recently, 'H-NMR spectroscopy has been used to study the solution conformation
of TnC. In the NMR spectrum of a folded protein, resonance lines arising from various
amino acids are shifted from their primary positions (i.e., the positions they would
occupy in a configuration in which they are accessible to the solvent). These so-called

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 16, Issue 3 245

(KEDAKGKSEE

o

{(KEDAKGKSE E
ae

135 135

FIGURE 4. Ca?*-induction of helical structure in a stretch of residues (#91 to 102) flanking metal binding
site I1I in troponin C.*4?

secondary shifts depend upon H-bonding, shielding caused by nearby charged groups,
the degree of ionjzation of ionizable groups, and ring current shifts produced by aro-
matic groups (compare Reference 126). In the case of TnC, secondary shifts in a num-
ber of resonances indicate a Ca**-induced increase in secondary structure in the high
affinity regions of the protein. Other changes detected by 'H-NMR include Ca*-in-
duced broadening of resonances assigned to tyrosine, phenylalanine, glutamate, and
aspartate residues, all indicative of increased constraints on their movement.'?”-13!
Many of these changes have also been observed in tryptic fragments of TnC containing
only the two Ca*-Mg?* sites,!32:133

Ca*-induced changes in the COOH-terminal half of TnC are also reflected by the
behavior of various optical and spin probes attached to Cys 98, located within the NH.-
terminal helix of region III,'*°-1*4-'3% and to other residues in the molecule.!?-13%-14¢
Furthermore, the reactivity of Cys 98 to various thiol reagents is reduced by Ca?*.'**
Other residues showing Ca**-dependent environmental changes are Lys 136 and 140, in
which reactivity to acetylation is decreased by Ca?*;'*' His 125, in which pK is de-
creased;'?”'2® and Tyr 109, which shows a change in interactions involving its phenolic
hydroxyl group.''s- 17

In contrast to the large changes brought about by Ca?" binding to the sites in the
high affinity class, binding to the Ca?*-specific sites is generally believed to produce
more subtle structural perturbations.!'!127:128.130 The circular dichroism analysis of
Nagy and Gergely''! concluded that the observed far UV changes may be interpreted
as an addition of a peptide unit or two to one or more of the preexisting helical seg-
ments in the NH,-terminal half of the molecule. According to two other reports,*'®**°
up to 40% of the secondary change in the whole molecule results from Ca?* binding to
the low affinity sites in the pCa range of 6 to 5. The latter observations are difficult to
reconcile with experiments at higher protein concentrations in which spectral changes
are essentially complete on addition of 2 mol of Ca**/mol'*! and with results from
circular dichroism studies on TnC and its proteolytic fragments,’® laser Raman spec-
troscopy,!'” and "H-NMR spectroscopy.'?”-128142 A]] of these studies are consistent with
relatively small (~10%) changes in secondary structure.

Changes occur in the tertiary structure upon occupation of the Ca**-specific sites in
addition to whatever secondary structural changes occur. While '"H-NMR studies pro-
vide little clear-cut evidence of backbone changes, broadening of several resonances
corresponding to hydrophobic side chains of leucine, isoleucine, and phenylalanine
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FIGURE 5. A:(A) 'H-NMR spectra of the tryptic fragment TRI1C of TnC (residues 9 to 84) in the absence
(apo-TR1) and presence of Ca?* (Ca-TR1). (B) Resolution-enhanced spectra of aromatic resonances and
upfield methyl signals. In the spectrum of apo-TR1, the stars indicate the positions of the two ring-current-
shifted phenylalanine signals {6 = 6.64 and 6.42 ppm) and the two upfield methyl signals corresponding to
Ile (6 = 0.19 ppm) and Leu (4 = —0.16 ppm).'** These shifted resonances all disappear upon addition of
Ca?**. B: Schematic representation of the conformation of regions I and II of TnC involving helix-helix
contacts between the NH;-terminal helix of region I and the COOH-terminal helix of region II in the absence
of Ca*. The structure is represented as two regions comprising a stretch of approximately 30 residues, each
in the helix-loop-helix configuration by analogy with parvalbumin.** (From Gergely, J. and Leavis, P. C.,
in Muscle Contraction: Its Regulatory Mechanisms, Ebashi, S., Maruyama, K., and Endo, M., Eds., Sprin-
ger-Verlag, Berlin, 1980, 191. With permission.)

residues suggests local changes in their environment attributable to changes in the ter-
tiary fold. In particular, the disappearance of ring-current-shifted resonances arising
from one or more phenylalanine residues upon the addition of the third and fourth
Ca®* to TnC suggests the loss of hydrophobic contacts between pairs of phenylala-
nines.127,128

Recently fresh light has been shed on this process by studies on TnC fragments
containing only the Ca*-specific binding domains and including only five of the ten
phenylalanine residues of the parent protein (TR1C, residues 9 to 84 and TH]1, residues
1 to 120'#?). The hydrophobic side chain signals in the spectra of the fragments are the
same as in intact TnC, suggesting that the local environments of the relevant side
chains are retained in the fragments. A more detailed analysis of the upfield ring-
current shifted Phe resonance (d = 6.64 and 6.42 ppm) suggests that in the apoprotein,
two pairs of phenylalanine residues, separated by some 50 residues in the primary
structure, interact to stabilize the tertiary folds of the peptide. On the basis of the
tentative coordinates proposed by Kretsinger and Barry,* the most likely mutually
stabilizing pairs are 19 to 72 and 23 to 75 (Figure 5). Binding of Ca* to sites I and I1
results in a loss of these contacts as well as in changes of the environments of leucine
and isoleucine residues in which interactions probably also contribute to the stability
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of the apoprotein. All the changes are consistent with the bending or sliding of helices
A and D relative to one another.'*?

The following picture of the overall structure of TnC emerges from the studies de-
scribed above. In the apoprotein, domains I and II, constituting the NH,-terminal half
of the molecule, are highly organized with preformed a-helical segments, each contain-
ing eight to ten residues flanking each of the two sites. This structure is stabilized by
hydrophobic contacts involving phenylalanine, leucine, and isoleucine residues. Ir1 con-
trast, in domains I1I and IV, constituting the COOH-terminal half, only two of the
four potential helices (F and G) are actually coiled, while the others exist in an extended
configuration. Binding of the first two Ca®* ions to sites Il and IV induces the coiling
of helices E and H,*"* which would account for ~90% of the observed increase in
secondary structure induced in the molecule by Ca** and the concomitant formation of
stabilizing Phe-Phe linkages in the COOH-terminal half of the molecule, which stabi-
lize the new Ca,-TnC conformation.'** These hydrophobic contacts appear to involve
phenylalanine residues located in helices E and H.'*? In addition, the COOH-terminal
half of Ca,-TnC appears to be stabilized by an as yet unspecified salt bridge.'** It is
interesting to note that the protein in this form, which is likely to be the form in which
it exists in relaxed muscle (viz., either Ca,- or Mg,-TnC), is highly symmetrical insofar
as both halves have a high degree of secondary structure stabilized by hydrophobic
bonds arising from side chains in homologous positions. The subsequent binding of
Ca?* to regions I and II results in the loss of the NH,-terminal hydrophobic contacts
leading to a tertiary structural change in this region, possibly accompanied by the ad-
dition of one or two turns to, or a tightening of, the preexisting helices (compare
References 111 and 142).

6. Assignment of High and Low Affinity Sites in Troponin C

The first experimental clues as to which of the four sites in TnC are the high affinity
and which are the low affinity sites came from studies employing optical and spin
probes attached to Cys 98, which is located within domain III. The fact that the spec-
tral properties of these probes were sensitive to the binding to the protein of the first
two metal ions suggested that site 111 belonged to the Ca**-Mg?* class.'** The identifi-
cation of site I as a low affinity Ca**-specific site is suggested by binding studies on
cardiac TnC which reveal two high affinity Ca*-Mg?* sites, but only a single low affin-
ity site.103-139.143.144 A comparison of the amino acid sequences of cardiac and skeletal
TnC shows only conservative replacements in all regions of the molecule save the loop
of domain I. Amino acid substitutions involving key coordinating ligands suggest that
in cardiac TnC!* and TnC from slow miuscle,**¢ site I is nonfurctional (Figure 6).

More direct assignments of the regions have come from Ca*-binding studies using
proteolytic fragments of TnC produced by digestion with CNBr, trypsin, and
thrombin'®® and by chemical modification of carboxylate-containing side chains.'*’
Both studies have established that the Ca**-specific sites are in domains I and I while
the Ca?®*-Mg?* sites are in domains III and IV.

7. Kinetics

Information on the two classes of metal binding sites in TnC obtained from equilib-
rium binding studies has been usefully supplemented by kinetic studies. These have
been done chiefly by means of stopped-flow fluorescence spectroscopy, but kinetic
information is also derived from NMR spectra.

Stopped-flow studies depend on the availability of suitable intrinsic or extrinsic chro-
mophores that report either the combination of the metal with the protein or the sub-
sequent structural rearrangement, or both. Thus, the rate of an optical change ob-
served on mixing Ca?* or Mg?* with TnC or those observed on the removal of the ions
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FIGURE 6. Comparison of the amino acid sequences in Ca**-binding loop I of bovine cardiac and
rabbit skeletal TnC.'* Circled residues in skeletal TnC are the metal binding ligands.

by chelation do not necessarily represent the rate of the combination of the metal with
the protein or its dissociation, respectively. They may represent reactions that follow
metal binding or dissociation; hence, their relation to the measured equilibrium con-
stants is not always simple. In general, the following scheme applies:

ky ky
M+P === MP =" MP*
=1 -2

The equilibrium binding constant is given by K, = k,k,/k.;k_,. If the conformational
changes associated with the second step are rate limiting, the measured rate constants
would be k, and k_,. NMR exchange measurements also provide information about k,
and k_,.

Stopped-flow spectroscopic measurements have utilized Tyr 109 of skeletal TnC as
an intrinsic fluorophor'#*-'*®* as well as various reagents (BIPM, ANM, and
DACM)'#-137 attached to Cys 98 as reporters of binding at the high affinity sites.
Dansylaziridine (DANZ)'*! has been reported as being preferentially attached to Met
25 and as a reporter of changes at the low affinity sites, although some changes occur-
ring at the high affinity sites are also reflected in its spectral behavior (compare Table
4). Experiments with the luminescent metal Tb** provide direct information about its
binding and dissociation at the high affinity sites.'?!

For the removal of Ca** by EGTA from the high affinity sites, utilizing the fluores-
cence of tyrosine, a rate constant of 1.3 sec™* has been obtained.®-'*° This value is in
good agreement with the rate constant obtained from the small increase in the fluores-
cence of DANZ-TnC*? and with that derived from the exchange of Tb** with Ca?*,'*!
The fact that changes are found in the spectrum of the DANZ fluorophor attached to
a site in an NH,-terminal domain under conditions when Ca?* is being removed from
the high affinity sites in the COOH-terminal half of the molecule indicates that struc-
tural changes in one half of the molecule affect the other half. Whether or not these
rates represent the actual rate of dissociation or whether they represent a rate-limiting
conformational change — which, however, appears unlikely in the light of NMR
results'??-128.133 _ the important point emphasized by Johnson et al.**? and by Robert-
son et al.'** is that the rate of removal from these sites would be too slow to assign to
them a control role in the regulation of muscle contraction which occurs on a time
scale of milliseconds. This conclusion is in agreement with the previously proposed
view that the low affinity sites are the regulatory ones. lio and Kondo!*” report a rate
constant of 3.7-sec™ for the process involving Ca?* removal from the high affinity sites
when the reporter fluorophor is an analinonaphthalene label (ANM) attached to Cys
98.

The combination of metal ions with a protein is a second-order process and a de-
tailed study at various free metal ion concentrations would be required in order to
evaluate the second-order rate constant. Under the conditions that experiments of this
nature are usually carried out, Ca** and EGTA are first premixed to give the desired
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Table 4
RATE CONSTANTS FOR THE
BINDING AND RELEASE OF
CALCIUM AND MAGNESIUM FROM
BINDING SITES ON TnC**?

Ion Sites K. (s€C7") ko (seC™?)
Ca®* Ca*-Mg™* >350 1
Mg** Ca’*-Mg** 99—115 8
Ca™ Ca*-specific >350 230—350

free Ca?* and then added to the protein in the stopped-flow apparatus. Even if the final
Ca?* concentration is such that only combination at the high affinity sites is intended,
owing to the initially higher Ca?** concentration, transient combination at the low affin-
ity sites of TnC may occur and complicate the interpretation of results. This was the
case in the work of both Johnson et al.'*? and Iio and Kondo!*? when the DANZ label
was used to monitor the binding of Ca** at a final pCa of about 6 to the high affinity
sites. There was a rapid increase — within the mixing time of the instrument — of
fluorescence resulting from binding to the low affinity sites followed by a decrease at
a rate of ~230 sec™', indicating dissociation from these sites as the final pCa is ap-
proached. Iio and Kondo!'?*® also showed a slow, 23 sec™, rate process attributable to a
conformational change. In the light of the results with tyrosine fluorescence,’*” the 23
sec”! rate is likely to be the result of Ca** binding to the high affinity sites. The on-rate
for the process monitored by ANM fluorescence has been found to be characterized by
a constant of 157 sec™ at pCa = 5.89. This process is followed by a lower rate (6 sec™")
that may be due to a slower conformational change. The combination of Ca** with the
low affinity sites, monitored by DANZ, occurs rapidly within the mixing time of cur-
rently available instruments. These high rates (>230 sec™") are consistent with diffusion-
controlled processes at Ca?* concentrations of 107¢ M.

The on-rate monitored with tyrosine fluorescence is characterized by a constant of
23 sec™?, suggesting a slow conformational change following Ca?* binding to the high
affinity sites which, as indicated by the rate reported using ANM, would occur almost
ten times faster.

Experiments carried out in the presence of Mg?* are somewhat harder to interpret.
Johnson et al.*s? reported an off-rate of 8 sec™? for Mg?** which would limit the binding
of Ca** to the Ca**-Mg?* sites previously occupied by Mg?*. lio and Kondo'*? observed
a biphasic reaction on combination of Ca?* with what they considered the low affinity
sites monitored by DANZ. The first phase was within the dead time of the instrument;
the second phase may well have been due to the binding of Ca” to the high affinity
sites limited by the dissociation of Mg?*, rather than a conformational change induced
by binding to the low affinity sites. It is somewhat puzzling that lio and Kondo'?’ also
report a biphasic reaction for the removal of Ca* from the low affinity sites when
Mg?* is at the high affinity sites. The change is small, but if it is confirmed by other
workers, it would suggest that TnC containing Mg?* at the high affinity sites undergoes
a secondary change upon removal of Ca?* from the Ca*'-specific sites. It is equally
puzzling that the Ca**-binding rate to the high affinity sites monitored by ANM fluo-
rescence is describable in terms of two processes, one characterized by an apparent
first-order rate constant of about 26 sec™* followed by a slower step with a constant of
1.65 sec™'. If the high affinity sites were indeed occupied by Mg?*, then the fastest
process observed should not be faster than the Mg?* off-rate. Iio and Kondo'?*” state
that there is an exchange process involving Ca?** and Mg?* which occurs at a high rate
so that it is complete within the instrumental lag time. This too is hard to understand
if the reported Mg?** off-rate is of the order of less than 10 sec™.
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Kinetic measurements of metal-protein interactions in the troponin system are
clearly of great interest since they provide the link between the molecular, biochemical,
and physiological processes. To date, the kinetic studies provide the strongest evidence
implicating the low affinity sites as the triggers of contraction. As mentioned above,
the rate of Ca?* binding to the high affinity sites under conditions prevailing in muscle
would be limited by the relatively slow dissociation of Mg?** from these sites; its rate of
release is far too slow in comparison to the tension decay in relaxing muscle. On the
other hand, Ca?* binding to, and release from, the Ca**-specific sites can take place on
a time scale consistent with activation and relaxation in vivo.

8. Binding of Ions other than Calcium and Magnesium

Calcium bound to TnC per se or to TnC forming a complex with the other subunits
exchanges, at least partially, with a number of mono-, di-, and trivalent cations.
Fuchs'®* first showed that Ca* could be partially displaced from troponin by divalent
cations, the effectiveness in decreasing order being Cd** > Sr** > Pb* > Mn?**. Under
the experimental conditions, no exchange was seen with Mg?**, Ba**, Ni**, Zn*, and
Co?*, although it has since been shown that this second set of cations can bind to the
protein in the absence of Ca**.?2>!%¢ The earlier work indicated that those ions most
successful in competing ».yith Ca** for protein binding sites had about the same ionic
radius as Ca?*; viz., ~v1 A. Theoradii of the ions in the above list that are capable of
displacing Ca** range from 0.8 A for Mn** to 1.2 A for Pb*.

Only two monovalent ions, H* and Na*, have been reported to bind to TnC. Lehrer
and Leavis*s” showed that H* ions induce changes in the spectral properties of the
protein similar to those induced by Ca** with a K477 = 10¢ M -'. This was interpreted
as being due to proton binding to carboxylate-containing amino acid residues in the metal
binding sites that, because of their close grouping in the loop, possess abnormally high
pK values. A subsequent report by Robertson et al.'*® suggests that H* competes with
calcium at the Ca** -specific, but not the Ca?*-Mg?* sites, reflecting the different values
of K¢,/Ky for the two classes of sites. Sodium has also been shown to bind weakly to
TnC?** both at the high affinity and low affinity sites.

The trivalent lanthanide ions have been widely used as Ca?** substitutes in parvalbu-
min and TnC owing to their calcium-like preference for octahedral coordination with
oxygen atoms and their similar ionic radii.’*® Furthermore, the fact that a number of
the lanthanides are either luminescent or paramagnetic makes them attractive as re-
porter groups of the environments of metal binding sites on proteins. It was shown in
the mid 1970s's':'62 that Tb* substituted for the EF but not the CD calcium in carp
paravalbumin. In subsequent reports, however, the ability of the CD site to also bind
Tb** has been demonstrated, although the exchange rate with Ca** was considerably
slower than at the EF site.!?

In the case of TnC, several early reports*®*'*® suggested that one of the two Ca** ions
bound to the high affinity sites was preferentially replaced by Tb**. However, Leavis
et al.’*' subsequently demonstrated that Tb** exhibited the same preferential binding
as does Ca?* for the two Ca?**-Mg?* sites, as judged from fluorescence titrations in
which the Tb** was excited via Tyr 109 of the protein. Furthermore, Tb** readily displaces
both high affinity Ca** ions and produces qualitatively similar conformational changes
(see below). More specific information concerning Tb** and Eu®* binding to TnC was
recently reported by Wang et al.!*® based on competitive Ca?* titrations of Tb,-TnC
where X ranges from 2 to 6. By following the Ca*" displacement of Tb** or Eu** either
by monitoring tyrosine-sensitized metal luminescence or by direct pulsed-laser excita-
tion of the metal, they were able to calculate binding. constants for Tb3 and Eu®** to
both classes of Ca**-binding sites on TnC (Table §). Whether lanthanide ions can sub-
stitute for Ca’ in activating actomyosin ATPase activity remains an open question. A
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Table 5
BINDING CONSTANTS FOR
TERBIUM AND EUROPIUM
BINDING TO TnC'¢¢

Sites. KTb (M-l) K‘-'u (Ml)
Ca*»*-Mg** 5.2x 108 4.7 x 10°
Ca?*-specific 9.7 x 10¢ 5.3 %107

THE EFFECT OF CA2+ AND UREA ON COMPLEX FORMATION BETWEEN TNI AND
TNC FRAGMENTS

PEPTIDE -UREA +UREA

NAME STRUCTURE +Ca2Y | caZt | aca2t
| i i W

NG I WMISS + + +

TRyC 89w Ww W59 + + +

TR,E 101 Wi \Wwisg + * -

CBg 84— W-mi3s + - -

TRy'E 101" W \is3 .
THy 2w Wiss | - -

THy 'WMIZO + - +

TR,E =W _ MW p——w 100 + -
TR4C 9 M _M—WA_M 84 * -
CBg 46 -W\_pT7 * - -

FIGURE 7. The effects of Ca* and urea on complex formation between Tnl and fragments of TnC.
Roman numerals denote binding sites; arabic numerals, residues. Urea, when present, is at a concentration
of 8 M (see text).'s?

recent paper by Ooikawa et al.'®” suggests that lanthanides inhibit activity; however,
the extremely high metal concentrations used in their studies make the physiological
relevance of their findings questionable.

9. Regions of the TnC Sequence that Interact with the Other Troponin Subunits

. Proteolytic fragments of TnC have provided considerable information on those
stretches of its amino acid sequence that constitute sites of interaction with the other
troponin subunits, Tnl and TnT. TnC can form a binary complex with Tnl that is
stable both in the absence and presence of Ca**. In denaturing solvents (e.g., 6 Murea),
however, Ca®* is required to maintain the stability of the complex.'° The binding of a
variety of TnC fragments to intact Tnl under various conditions!®?1%:1¢® hag provided
evidence that three different regions of TnC are involved: helix 11, residues 50 to 60;
helix 111y, residues 90 to 100; and helix IVy; residues 126 to 136 (see Figure 7). Of the
three regions, only the last appears to bind Tnl whether or not Ca** is present;**® this
would account for the stability of the complex of Tnl with native TnC in the absence
of the cation. Interactions with Tnl involving regions IIly and Il require the binding
of Ca** to the Ca*-Mg?* and Ca**-specific sites, respectively. The former site appears
to be responsible for the stability of the TnC-Tnl complex in 6 M urea (note in Figure
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7, for example, that the fragment TR2C, containing region IIIy, forms a urea stable
complex in the presence of Ca?*, whereas fragment TR2E, in which region IIl is miss-
ing, does not); region Il is likely to function in thin filament activation. The assign-
ment of interaction zones in various segments of the primary structure is consistent
with chemical studies. The reactivities towards alkylation of six of the surface lysine
residues on TnC are reduced upon formation of a 1:1 complex with Tnl. The six are
to be found in the three putative interaction sites indicated by the fragment studies. !

The two regions in which binding to Tnl is Ca** dependent comprise stretches of the
TnC sequence in which structure or accessibility are known to be affected by Ca*
binding. Thus, residues 90 to 100 (1ily), which exist in an unordered configuration in
the apo-protein and become folded into an a-helix upon Ca?* or Mg?* binding to sites
III and IV,"' comprise one of the Ca**-dependent Tnl binding sites. In the case of
residues 50 to 60, containing the other Ca**-sensitive Tnl binding site, although the a-
helical structure is not appreciably affected by Ca?', tertiary structural changes occur
when Ca?* binds to sites I and II,*** resulting in an increased solvent exposure. This
increased solvent exposure deduced from '"H-NMR spectra is also reflected by the in-
creased reactivity of Lys 52.'%! In contrast to the two Ca?**-sensitive Tnl binding sites,
the Ca*-independent site is in a region (residues 126 to 136) in which structure and
accessibility appear unaffected by Ca* or Mg?>*.'1!132

Although the three sites differ in their structural dependence upon Ca?*, they do
possess similarities that may provide some insight into their Tnl-binding properties. In
the presence of Ca?**, all have similar distributions of acidic residues aligned along one
surface of their respective helices (Figure 8). These residues may form bonds with the
abundant basic groups on the Tnl surface.

It is more difficult to pinpoint specific sites of interaction between TnC and TnT
than between TnC and Tnl. Although TnT forms a binary complex with TnC that is
stable with or without Ca?**, none of its proteolytic fragments do.'*® In 1978, Leavis et
al.'®® found a fragment of TnC comprising residues 121 to 159 that formed a weak
complex with TnT, but a more recent study'®® casts doubt on the significance of this
interaction. Instead, it now appears that one or more sites exist on the NH,-terminal
half of TnC that form Ca?-dependent links. For example, TRI1C (residues 9 to 84)
forms a weak interaction while TRIE (residues 1 to 100) binds more strongly. This
observation, along with the finding that Lys 84, 88, and 90 have reduced reactivities in
the TnC-TnT complex relative to TnC alone, implicates region 84 to 100 as a second
site even though it is already implicated in binding to Tnl. The cross-linking studies of
Ohara et al.'”® support the view that sites of interaction with TnT exist in both halves
of the TnC molecule.

C. Troponin I

A protein that inhibits the Mg?*-stimulated ATPase activity of actomyosin was first
isolated by Hartshorne and Mueller®? and independently by Schaub and Perry;** it
became known as troponin B or inhibitory factor. This factor was subsequently shown
to be heterogeneous,*s-*® consisting of two protein components with molecular weights
of 37,000 and 24,000. Greaser and Gergely®® first demonstrated that the ability to in-
hibit ATPase activity resided in the 24,000-dalton component which they named tro-
ponin I (Tnl).

Maximal inhibition by Tnl in the absence of the other regulatory proteins of the thin
filament requires approximately one Tnl per actin monomer; the inhibition is, as might
be expected, independent of the presence of calcium.®!”* If tropomyosin is added to
the system, the number of Tnl molecules necessary for maximum inhibition is about
half that in its absence,'”! indicating that tropomyosin extends the Tnl inhibition over
several actin monomers in the actin chain. If TnC is now added to such a system, the
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FIGURE 8. Representation of the relative posi-
tions of amino acids in alpha-helical segments 1y,
Illy, and IV,. For purposes of comparison, all three
helices are shown in the same spatial orientation.'*®
Note the alignment of Glu (E) and Asp (D) residues
in each helix {(drawn from coordinates given in Ref-
erence 94).

inhibition is neutralized whether or not Ca?* is present.!*®* The TnC-Tnl complex is
bound to the actin-tropomyosin filament in the absence of Ca?*, but dissociates in its
presence.'’? The addition of the third troponin component, TnT, is necessary for the
reversible Ca?*-sensitive inhibition.*®* When TnC is replaced with the homologous Ca?**-
binding protein calmodulin in the complex with Tnl, calmodulin confers Ca** sensitiv-
ity on the ATPase activity.'”® In this case, however, Tnl alone was bound to actin in
the absence of Ca?* when the system was inhibited. Tnl combined with calmodulin and
was dissociated from the filament in the presence of Ca** when the system was active.
Thus, Tnl could not bind simultaneously to both calmodulin and actin, although it
can, in the absence of metal ions, bind to both TnC and actin; the formation of the
TnC-Tnl complex does not require Ca?*.

Tnl is a single polypeptide chain containing 179 amino acid residues (Figure 9). Its
molecular weight, calculated from the sequence,'’ is 20,864, somewhat lower than the
21,000 to 24,000 daltons estimated from its mobility on polyacrylamide gels.53-56:¢® The
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FIGURE 9. Amino acid sequence of rabbit skeletal Tnl.'”* Circled residues are phosphorylation sites (see
text).

protein has 44 basic and 35 acidic amino acid residues which accounts for its isoelectric
point of 9.3.'7® Other features of its amino acid composition include two tyrosyl resi-
dues (#43, #79), a single tryptophyl (#158), and three cysteinyl residues (#48, #64, and
#133).774 It has recently come to light that the oxidation state of the cysteinyl residues
is related to its ability to form functional complexes with the other troponin sub-
units.'’¢'”? Only complexes that incorporate reduced Tnl appear to regulate ATP hy-
drolysis when mixed with actin and tropomyosin.’’® Air oxidation of isolated Tnl,
which leads to the loss of biological activity, produces structural changes. Thus differ-
ences are found in both near and far UV circular dichroic spectra of binary and ternary
complexes of Tnl with the other subunits depending on whether reduced or oxidized
Tnl is in the complex.!’%*”” Furthermore, the far UV CD spectrum of the reduced
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carboxamidomethylated cardiac Tnl differs substantially from that of the unmodified,
presumably oxidized, protein.

The amino acid sequence in Tnl contains two stretches of residues containing unu-
sually high densities of basic residues.’* The most basic sequence comprises a stretch
of 34 residues, from Leu 102 to Met 135, containing 12 basic and only a single acidic
side chain. A second region from Lys S through 27 contains six basic and no acidic
side chains. It is interesting that these two stretches have been identified as sites of
interaction with other thin filament proteins*’® and both contain a residue phosphoryl-
atible by enzymes present in muscle (see below).

Isolated skeletal muscle Tnl undergoes phosphorylation catalyzed by phosphorylase
kinase, principally at Thr 11. Ser 118 is phosphorylated by a 3',5"-cyclic AMP-depend-
ent protein kinase isolated from bovine cardiac muscle.!”®!* The rate of phosphoryl-
ation at both sites is reduced by formation of the TnC complex.'®*-**? This must be due
to the interaction of the subunits since TnC does not directly affect the activity of the
phosphorylating enzymes since the conversion of phosphorylase a into phosphorylase
b by phosphorylase kinase, for example, is unaffected by its addition.!”® Addition of
Ca?* to the TnC-Tnl complex further inhibits the phosphorylation of Thr 11, although
formation of the complex using previously phosphorylated Tnl is not hindered.*®? This
suggests that although the interaction with TnC renders the site of phosphorylation
inaccessible to the enzyme, the site itself is not involved directly in complex formation
with TnC. The fact that Tnl is partially phosphorylated in freshly isolated fast skeletal
troponin (~0.5 mol phosphate per mole Tnl'®?) leaves open a possible physiological
role for the reaction. At any rate, phosphorylation provides a useful probe of the
environments of Thr 11 and Ser 118. In cardiac muscle Tnl,'®* serine residues at posi-
tions 20 and 146 in the amino acid sequence constitute sites for 3',5'-cyclic AMP-
dependent protein kinase catalyzed phosphorylation;*® Ser 72, Thr 138, Thr 162, and
Ser 20 are phosphorylated by phosphorylase b kinase.!®® In the former case, the reac-
tion rate is unaffected by complexation of the Tnl with TnC and phosphorylation at
Ser 20 appears to decrease the sensitivity of actomyosin ATPase to Ca?*.186-18¢

No direct information on the three-dimensional structure of Tnl is available. Early
esimates of a-helix and f-sheet content based on Chou and Fasman’s'®* predictions
from the amino acid sequence'®® or on far UV circular dichroism studies*****! are 30 to
50% and 9 to 20%, respectively. One factor possibly contributing to this rather broad
range of values, other than the intrinsic uncertainties in the analyses, may be the failure
to define the oxidation states of the thiol groups (see above). Four reverse turns in the
Tnl molecule have also been deduced from the Chou-Fasman analysis:**° two of these
are in regions of the sequence known to interact with TnC and actin, viz., residues 5
to 8 and 109 to 112 (see below).

The selective cleavage of Tnl into short peptides using both chemical (cyanogen
bromide, cyanylation) and enzymatic (trypsin) reagents has provided a tool for inves-
tigating functionally important regions in the sequence. Two peptides, CF2 (residues 1
to 47) and CN4 (96 to 117), have been shown to bind to TnC,*’® indicating that the two
proteins may interact at more than one site, a conclusion also arrived at by comple-
mentary studies on TnC.'*? 1¢® Studies employing surface labeling of Lys residues of
Tnl by reductive methylation!?? or alkylation'®* show changes upon TnC binding in the
reactivities of Lys residues 31, 40, 98, 105, and 107, all located within the two peptides
above. Changes upon complexation in the reactivities to acetic anhydride of Lys 70
and 78 indicate a third region of possible contact between the two proteins.'®

The CN4 peptide of Tnl also binds to actin and retains 40 to 75% of the inhibitory
activity of intact Tnl on Mg?*-stimulated actomyosin ATPase activity. Also, as is the
case with Tnl, the inhibitory activity of CN4 is greatly enhanced by the addition of
tropomyosin.'’® Thus, this rather remarkable peptide, only 21 residues long, binds to
both TnC and actin and inhibits ATP hydrolysis.
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FIGURE 10. Tnl peptide CN4 (residues 96 to 116). Circled residues (all Arg) are those whose 'H-NMR
resonances are perturbed by the addition of actin to the peptide: boxed residues are those perturbed by the
addition of TnC. (From Grand, R. J. A., Levine, B. A, and Perry, S. V., Biochem. J., 203, 61, 1982. With
permission.)

Recent studies aimed at the further understanding of the mechanism of the inhibi-
tory action of CN4 have involved the synthesis of analogs of the peptide. Talbot and
Hodges'* have produced a 20-residue analog that preserves the exact sequence from
Lys 98 through Arg 113, but contains four residues (Arg-Val-Arg-Ala) corresponding
to positions 114 to 117 that are not the same as those in the native sequence. This
peptide exhibits inhibitory behavior similar to that of Cn4, suggesting that the last four
residues are not critical for activity. A peptide corresponding to residues 101 to 115
was shown by Nozaki et al.!®® to inhibit actomyosin ATPase; however, two smaller
peptides, residues 101 to 109 and 110 to 115, were inactive when tested separately or in
equimolar mixtures. Thus, the minimum *‘critical’’ peptide preserving CN4-like behav-
ior appears to be the tridecapeptide, 101 to 113. Recently, on the basis of 'H-NMR
studies, Grand et al.!*® have identified specific residues in CN4 that are perturbed by
interaction with either TnC or actin (Figure 10).

D. TnT

TnT, the tropomyosin-binding subunit of the troponin complex, is the largest of the
three components, consisting of a single polypeptide chain with 259 amino acid resi-
dues and a molecular weight of 30,503 (Figure 11).'*” Although the protein possesses
an almost equal number of acidic and basic amino acid side chains (61 Asp + Glu, 64
Arg + Lys and 6 His!®”), the isoelectric point, determined by isoelectric focussing, is
9.1.'7* TnT has a high polar amino acid content (~50%) and at physiological pH values
the charged residues are distributed more or less evenly throughout the sequence with
the exception of the terminal regions: at the NH,-terminus (residues 1 to 39) acidic
residues predominate (18 Glu + Asp, 4 His, no Arg or Lys) and at the COOH-terminus
(residues 221 to 259), a stretch of 13 basic, with only two acidic, residues occurs.'®’
The even distribution of the remainder of the charged residues suggests that TnT is an
open structure with extensive solvent interactions. A Chou and Fasman'®? prediction
of the secondary structure yields 37% o-helix and 10% p-sheet with seven fS-turns'®’
which agrees well with the circular dichroic spectral analysis of TnT by Wu and Yang'®*
who obtained 38% o-helix and 14% f-sheet. Although the overall organization of the
protein is unknown, a circular dichroism analysis of TnT proteolytic fragments'®® in-
dicates that most of the o-helical structure is localized within residues 71 to 151 and
159 to 227, both sites of TnT binding to tropomyosin (see below).

The hydrodynamic and spectroscopic studies of Prendergast and Potter'®® first sug-
gested that the shape of TnT is elongated and rod-like rather than ellipsoidal. This
view of the protein was given additional credence by the recent work of Ohtsuki*®
using antibodies against two chymotryptic TnT fragments, T, and T,, corresponding
approximately to the NH,- and COOH-terminal halves of the protein. Electron micro-
graphs of thin filaments treated with these antibodies showed transverse striations in
which positions with respect to the H-zone of the sarcomere depended upon whether
anti-T, or anti-T, was used. Thus, the first anti-T, striation occurred 40 nm from the
filament end whereas that for anti-T, occurred at 27 nm (Figure 12). This result indi-
cates that the TnT molecule indeed extends over an appreciable distance along the thin
filament and suggests that the length of the TnT rod is 13 nm or more. More recently,
Flicker et al.?°%* have provided direct visualization of troponin. Their electron micro-

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 16, Issue 3 257

10 20

160 170
M G A N Y%Y L A K A D QKR GKI K QTAUREM
180 190 200
K K K T L A ERIRIKUPULWNIDUHILSDEZKTILRTDEZK
210 220

A K EL WDTULYQULETUDI KT FETFSGEIKTULIKRAQ

230 240 250

K ¥ D I M NV R ARV EMTULAIKU F S K KA AGTT A
K G K V G G R W K-OH
FIGURE 11. The amino acid sequence of TnT.'’ Circled residues are phosphorylatable (see text).

graphs of rotary shadowed molecules reveal the troponin complex to contain a globular
moiety and a rod-like tail portion. The globular part of the molecule appears to contain
the TnC and 1‘nI subunits while the tail is identified as TnT and is approximately 185
A long by 20 A wide.

TnT is present in a phosphorylated form (at Ser 1) in the native troponin com-
plex.!®-20t If jsolated TnT is incubated with phosphorylase kinase, not only Ser 1
(phosphorylation site I), but two other groups in the protein, identified as Ser 149 or
150 (phosphorylation site 1I) and Ser 156 or 157 (phosphorylation site IIJ'*7-2°*:2°?) can
be phosphorylated. Addition of TnC or Tnl to TnT decreases the rate of in vitro
phosphorylation by phosphorylase kinase at all three sites.?°! The recent work of Ris-
nik et al.?°? has suggested that while phosphorylation at sites II and 111 is catalyzed by
phosphorylase kinase, that at Ser 1 is catalyzed by a specific TnT kinase present as a
contaminant in standard phosphorylase kinase preparations. No significant phospho-
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FIGURE 12. Diagram illustrating the distribution along the thin filaments of antibodies raised against the
T, and T, fragments of TnT. The polarity of the filament is indicated by its attachment to the Z-band. (From
Ohtsuki, 1., J. Biochem., 6, 491, 1979. With permission.)

rylation of TnT is catalyzed by 3',5'-cyclic AMP-dependent protein kinase.'®* So far
no physiological role for TnT phosphorylation has been found.

TnT binds directly to TnC, Tnl, and tropomyosin,$-5%-203-205 I the case of TnC, the
in vitro formation of a binary complex has been shown in some studies to require Ca**
concentrations in excess of physiological levels in active muscle.??%-2°32°¢ Grabarek et
al., however, have demonstrated complex formation even in the absence of metal
ions.'*® Cross-linking studies carried out on native troponin do indicate some TnC-
TnT contact, although the major cross-linked products are TnC-Tnl and TnT-
Tnl.?9%-2°7 Several proteolytic fragments of TnT bind to TnC in the pesence of Ca** as
demonstrated by affinity chromatography.'*®:2°® These include the peptic fragment (P2
(residues 159 to 209),'°® a peptide (B2, residues 206 to 258) produced by cleavage at
Trp 205 by 2-(2-nitrophenylsulfenyl)-3-methyl-3’-bromoindolenine, i.e., BNPS-
skatole'®®, and both-subfragments of the chymotryptic T, peptide of Ohtsuki,?*® which
have recently been identified by Pearlstone and Smillie*®® as residues 159 to 227 and
228 to 259. Of the two, the 159 to 227 fragment binds to TnC more strongly.?°® All of
the above TnC-binding peptides are derived from the stretch between residues 159 and
259, viz., the carboxy-terminal 2/5 of the TnT molecule, The binding between TnC
and TnT is also supported by changes in the reactivities of residues in the latter. Hitch-
cock et al.?*® have recently shown that the reactivity to alkylating agents of a number
of Lys residues in TnT is decreased upon complexation with TnC. Most are spread
throughout the region of the sequence comprising the above fragments and include Lys
176, 178, 185, 196, 200, 202, 223, 226, and 241. As mentioned above, phosphorylation
at sites 1l and III is depressed in the TnC-TnT complex, possibly implicating Ser 149
to 150 and 156 to 157 as regions of contact.

The interaction with Tnl appears to involve more than one region in TnT. Thus both
fragment CB3 (a cyanogen bromide fragment containing residues 1 to 70) and P2 (res-
idues 159 to 209) of TnT interact with Tnl as shown by gel chromatography.?'® The
first fragment contains the highly acidic stretch of residues (1 to 39) mentioned previ-
ously, while the second is the peptic fragment that also binds TnC. A smaller CNBr
peptide, CBS (residues 152 to 175), partially overlaps the sequence of P2 and has been
shown'®® to bind to Tnl but not to TnC, whereas another peptide, CB4 (residues 176
to 230), binds to TnC but not Tal. Thus it appears that the P2 peptide may bind to
Tnl at its NH,-terminal end and to TnC at its COOH-terminus. Again, lysine reactivity
studies (decreased reactivites of Lys 54, 62, 63, 176, 178, 185, 196, 200, and 202)>* as
well as the phosphorylation studies?®? on the TnT-Tnl complex support the conclusions
derived from the fragment work.

Multiple sites of interaction appear to be characteristic for proteins of the thin fila-
ment, as further illustrated by TnT binding to tropomyosin. The strong binding of the
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TnT fragment CB2 (residues 71 to 151) to tropomyosin points to one region.?''-2'* This
region of TnT contains a large fraction of the a-helical structure of the protein and
Nagano et al.?'* have suggested that its interaction with tropomyosin may involve the
formation of a triply coiled coil. The second site is included in the chymotryptic T,
fragment (159 to 259) of Ohtsuki**® and has recently been narrowed to the 159 to 227
subfragment.?*®

11I. TROPOMYOSIN

Tropomyosin, discovered and isolated in the 1940s by Bailey,*'®* had no known role
in muscle until the early 1960s. Ebashi and colleagues!®'*2*¢ first showed that the ac-
tivity of purified actomyosin from rabbit skeletal muscle showed a dependence on Ca?*
only when another component that they called native tropomyosin was present in the
system. Native tropomyosin was subsequently shown to consist of Bailey’s tropo-
myosin plus another protein factor named troponin by Ebashi and Kodama.'* A num-
ber of early papers, notably those of Martonosi*!” and Lakiet al.,*'® indicated that tropo-
myosin was associated with the actin filaments. Hanson and Lowy*® were able to vis-
ualize the arrangement of actin monomers in micrographs of negatively stained actin
filaments and described their structure in terms of a two-stranded helix. Tropomyosin
may occupy the long pitched groove between the coiled strands. This picture was fur-
ther refined by three-dimensional image reconstructions from electron micrographs?'®
and by X-ray diffraction studies*****! leading to the conclusion that the tropomyosin
molecules actually lie slightly out of the groove in closer association with one actin
chain than with the other. The implications of this view for regulatory mechanisms will
be discussed below.

A. Chemical Properties and Structure

Tropomyosin is a fibrous molecule of about 66,000 daltons. In denaturing media,
under reducing conditions, it dissociates into two 33,000 dalton subunits.??> Subse-
quent work has shown that two types of subunits exist, designated « and ,2** which
form either homo aa- and ff- or hetero aff-dimers.??*2* A comparison of the amino
acid sequences of the a and f# components reveals a high degree of similarity. Of the
284 residues,??s-??7 there are 39 substitutions, essentially all conservative (i.e., chemi-
cally similar side chains, see Figure 13). The substitutions of Glu for Ala 41 and Ser
229 and Asn for His 276 in the $ subunit results in a change in the net charge that,
presumably, makes it possible to separate the two chains by ion exchange chromatog-
raphy in the presence of urea.?*® Another difference between the two chains is the
presence of a Cys residue at position 36 in the 8 chain in addition to Cys 190, which is
common to both chains.

The significance, if any, of the existence of two different tropomyosin chains is not
clear, although slight differences have been reported in their physicochemical proper-
ties. The ratios of the o and § forms present in a particular muscle appear to depend
upon its type.??8-23° [n fast twitch skeletal muscle, a/f8 ~ 4 and the predominant molec-
ular species is ae, with some aff present.??¢245 Although in both slow twitch striated
and smooth muscles the ratio is closer to 1,***-22® some workers have suggested?3°-23?
that a-tropomyosin is confined to type II and f-tropomyosin to type I fibers, implying
that the two cell types contain ea, and BS-tropomyosin, respectively. This finding has,
however, been contradicted by analyses of the proteins in typed single fibers showing
essentially equal amounts of the « and 8 forms in both fiber types.**? Finally, it has
been shown that embryonic muscle cells contain a high proportion of § chains and the
a/f ratio changes during development.?**2** Furthermore both a and f subunits may
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FIGURE 13. Amino acid sequences of the -, and f-chains of rabbit skeletal tropomyosin.?*” Only those
residues are shown in the -tropomyosin sequence that differ from their counterparts in the a-chain.

exist in two variants, a phosphorylated and a nonphosphorylated form, in various
developing muscle types.?$

Both chains have a high a-helix content (>90%);?* they are arranged in the intact
tropomyosin molecule as a two-stranded coiled-coil??*-2*7 with its structure stabilized
primarily by hydrophobic interactions between regularly spaced nonpolar side chains
in each of the two strands?***¢ and secondarily, by coulombic interactions between
vicinal charged side chains. 238241
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FIGURE 14. Top: The heptapeptide repeat in tropomyosin. The seven residues are designated a to g with
nonpolar residues (N) found at positions a and d and a high proportion of basic (B) and acidic (A) residues
at positions g and e, respectively. The possible ionic interactions that can occur between the g and e positions
of the two helices of the coiled coil are indicated by the double-headed arrows. Bottom: Axial view of the
two coiled coil helices looking from the NH,-terminal end. The coiled coil structure is stabilized by interac-
tions of nonpolar core residues in positions a and a’ and d and d’. Electrostatic interactions occur between g
and e’ and ¢’ and g’.2**24° (From Smillie, L. B., Trends Biochem. Sci., 4, 151, 1979. With permission.)

The amino acid sequence of tropomyosin has provided insight into the details of
interchain interactions.??*??¢ Throughout the entire 284-residue sequence of each
chain, a regular pattern of repeating heptapeptides emerges in which nonpolar residues
are found at positions a and d**! (Figure 14). Furthermore, a high proportion of basic
amino acids occurs in position g and acidic ones in position e. Since the two helical
chains run in the same direction with 3.6 residues per turn, nonpolar residues from one
chain face non-polar residues from the other in the surface of contact between the two.
The basic residues in position g of one chain line up with acidic residues in position e
of the preceding heptapeptide in the other chain leading to stabilizing electrostatic
interactions.?*! The overall structure corresponds to the classic ‘‘knobs and hole’’ type
of alignment proposed in 1953 by Francis Crick?*? for coiled-coil structures in general.

Because of the quasi-equivalent repeating heptamers, the interacting amino acid res-
idues in the two tropomyosin chains could, in principle, be brought into proximity
when the two chains are aligned either in register or staggered with respect to one
another by any integral multiple of seven residues. An early analysis of the sequences
yielded a model in which a 14-residue stagger??¢ was most favorable in that it optimized
hydrophobic contacts between the chains. This model was also considered attractive
because it contained single-stranded stretches of residues at either end of the molecule,
allowing for the head-to-tail aggregation. However, overwhelming evidence from sub-
sequent studies for the chains being in register included the observations that: (1) com-
plementary Cys 190 residues in the two chains can be cross-linked either by air**** or
disulfide exchange?*® oxidation, (2) the near ultraviolet circular dichroism and absorp-
tion spectra?4¢-24¢= of tropomyosin tyrosyl residues indicate ring-ring interaction in
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FIGURE 15. (a) The unit cell and locations of tropomyosin molecules in the kite-shaped crystal lattice.
The arrowheads indicate the orienation but not the ends of the molecules in the filaments. (b) The unit cell
in (a) drawn in three dimensions to show the direction of the tropomyosin strands (line AB) along the body
diagonal of the cell. The dashed lines in the bc plane show the projection of the tropomyosin strands as seen
in (a). Only two of the several tropomyosin strands in the unit cell are shown for clarity.?s$44* (With permis-
sion from Caspar, D. L. D., Cohen, C., and Longley, W., Tropomyosin: crystal structure, polymorphism
and molecular interactions, J. Mol. Biol., 41, 87, 1969. Copyright: Academic Press Inc. (London) Ltd.)

complementary strands, and (3) the addition of pyrene maleimide labels to the two Cys
190 residues results in the appearance of an exited state dimer.?¢’->*® In-register align-
ment is also favored because the staggered model is too long to fit the crystal and
paracrystal repeat distances.?**' Furthermore, the nonstaggered model would provide
pseudoequivalent surfaces for each of seven actins and matches the troponin repeat
distance.?**

Considerable information concerning the physical properties of the tropomyosin
molecules has come from the studies on tropomyosin crystals from a variety of spe-
cies.?**-255 These crystals, which contain 95% water, are made up of a network of
filaments formed by molecules bonded head-to-tail, running along the body diagonal
of the unit cell. Cross-connections between tropomyosin strands give rise to a kite-
shaped mesh in electron micrographs. Each strand in the electron micrograph (EM)
represents two filaments running along opposite body diagonals. The distinctive kite
shape of the mesh, which is due to a sinusoidal bend in the filaments, gives rise to short
and long arms in the EM pattern (Figure 15). With the use of mercury as a marker of
the locations of the cysteine residues,?%*2%% Cys 36 has been located within the short
arm, whereas Cys 190 occurs at the approximate midpoint of the long arm. This infor-
mation plus that obtained by matching the predicted and actually obtained electron
density maps along the filament axis have led to the conclusion that the molecule begins
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and ends in a short arm. Two strands cross the molecule, one about one third of its
length from the NH,-terminus, the other close to the COOH-terminus.?s$

A single molecule within the filament is 410 = 4 A long.?s® Since a fully helical 284-
residue molecule would be 423 & long, there appears to be an eight- to nine-residue
overlap at the ends of the ngolecule. This implies that in the thin filament, the tropo-
myosin axial repeat of 385 A results from twisting of the supercoil when it is bound to
the actin helix. Phillips et al.?s* have calculated an average radius of bending of 45.2 A
for the actin-bound tropomyosin, about four times the radius of the sinuosoidal bend
in the crystal lattice. Thus, the molecule must contain regions in its structure with a
high degree of flexibility, a supposition supported by observed slight irregularities in
electron density maps,?** by diffuse scattering in X-ray photographs suggesting molec-
ular vibrations,?*s and by changes in bending of the tropomyosin induced by the addi-
tion of troponin to the crystal.?s!.252.25¢

Further evidence for the flexibility comes from fluorescence anisotropy decay studies
on labeled tropomyosin in solution. Wahl et al.?*” showed that both the monomer and
polymer (head-to-tail) have rotational correlation times considerably less than those
expected for rigid molecules of the same size, indicating axial bending along the entire
length of the molecule. Troponin addition decreased this axial bending of tropomyosin
and this effect was partially reversed by adding calcium to the system.

One site of local instability in tropomyosin appears to involve the region containing
Cys 190. Several studies using fluorescent?*® 258 or spin labels?s°-2%?= specifically attached
to the Cys 190 residues within a tropomyosin molecule have shown that guanidinium
chloride or thermal denaturation results in a local change in the immediate environ-
ment of the probe that precedes the more generalized melting of the structure and
dissociation of the two chains. This local change typically occurred at ~1.0 M guani-
dinium chloride or at temperatures between 30 to 35°C, whereas the global unfolding
required >3.5 M guanidinium chloride or temperatures >60°C. Further studies em-
ploying intrinsic (Tyr) fluorescence polarization,?®® optical rotation,?*¢!-2** and 'H-nu-
clear magnetic resonance?¢* suggest that this loss of structure initiated at Cys 190 is
propagated along the length of the molecule towards both the NH,— and COOH-
terminal ends.

Comparison of the denaturation of tropomyosin, in which two chains had been
cross-linked by air- or disulfide-exchange oxidation of the two Cys 190 residues with
that of preparations in which the Cys residues were kept reduced by the presence of
dithiolthreitol or were alkylated,?®* has shed further light on the states of the tropo-
myosin molecule. Cross-linking shifted the concentrations of guanidinium chloride or
the temperature required for the main helix-coil transition to higher values, indicating
that the disulfide bond afforded some protection against complete unfolding, but made
the intermediate local chain separation around the cross-linked residues more pro-
nounced (Figure 16). This somewhat unexpected resuit can be explained if one consid-
ers that bringing the two thiol groups close enough to interact introduces a strained
conformation in the molecule. Space filling models show that in the native coiled-coil
a-helical structure, the two groups point away from one another.?¢® Further work using
pyrene maleimide®’-2*® or didansylcysteine**® to label both Cys 190 residues suggests
that the (labeled) protein can exist in two states: in one the molecule is fully helical and
the thiols are further apart; in the other local chain separation occurs that allows
the probes to interact. In the case of the pyrene label, this interaction gives rise to an
excited-state pyrene dimer detectable by its excimer fluorescence,?*72*® while with the
dansylcysteine probes, to species with new excited-state lifetimes.?%® The two states
exist in equilibrium; increasing temperature and ionic strength shift the equilibrium
toward the locally unfolded state. The fact that head-to-tail polymerization of tropo-
myosin labeled at Cys 190 was inhibited, the degree of inhibition, depending upon the
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FIGURE 16. Unfolding of uncrosslinked (----) and disulfide crosslinked (———) rabbit skeletal tropo-
myosin as revealed by circular dichroism. (From Lehrer, S. S., Graceffa, P., and Betteridge, D., Ann. N.
Y. Acad. Sci., 366, 285, 1981. With permission.)

label used, implies that local perturbations in the Cys 190 region may exert effects 94
residues away at the COOH-terminus. Similar perturbations may be caused by the
binding in this region of troponin. This would be of significance insofar as any factor
that influences the head-to-tail polymerization of tropomyosin may also be expected
to affect its ability to bind to actin. This will be further discussed below.

As previously mentioned, the length of the tropomyosin molecule in crystals, deter-
mined by X-ray studies, is 410 A compared to a predicted value of 423 X fora 284°-
residue helix. Since the chains are in register, this implies that an approximately 13-A
stretch, or 8 to 9 amino acid residues, are involved in the head-to-tail overlap of the
molecules. McLachlan and Stewart?*' indeed showed that there was an excellent fit
between the broad faces of the two supercoils in which there were several nonpolar and
several possible electrostatic interactions, viz., Ala 277 and Ile 284 fit against Mets 1
and 8, respectively; Thr 282 with Met 10; and Asp 280, His 276, and the COOH group
of Ile 284 with Lys 6, Asp 2, and Lys 7 (Figure 17). Experimental results consistent
with this model were provided by Johnson and Smillie?®” who sequentially removed
COOH-terminal amino acids with carboxypeptidase A. Loss of the last four residues,
but not the last three, resulted in a loss of polymerizability. This points to Met 281 as
also playing a key role in stabilizing the hydrophobic core of the overlap region. The
same work also showed that polymerizability was lost when Lys 7 was acetylated, pre-
sumably disrupting salt-bridge formation with the COOH group of Ile 284, and when
Met 8 was modified. More recently, Mak and Smillie?®® and Trueblood et al.?*® have
studied thin-filament interactions using carboxypeptidase A-digested tropomyosin
preparations (see below). It should be pointed out here that the recent X-ray work of
Phillips et al.?** does not exhibit the requisite densities at the overlap regions that might

be expected from the simple overlap of coiled-coils suggested from the work discussed
above.
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FIGURE 17. Schematic diagram of the end-to-end overlap model of tropomyosin interactions. The broad
supercoil face at the carboxyl ends of two parallel unstaggered helices in the left-hand molecule. ({)) overlaps
the broad face of the amino end of the right-hand molecule (Q). (i) Side view of the narrow edge of the
supercoils. Amino acids of the second helix in each molecule are visible behind, drawn with 3.5 residues per
turn. (ii) View from above, looking at the broad face. The right-hand molecule is now below. Dotted lines
indicate the salt bridges and the shading shows important van der Waals contacts. The region of overlap
involves 9 amino acids in each chain and is 13.5 A long. (With permission from McLachlan, A. D. and
Stewart, M., Tropomyosin coiled-coil interactions: evidence for an unstaggered structure, J. Mol. Biol., 98,
293, 1975. Copyright: Academic Press Inc. (London) Ltd.)

B. Sites of Tropomyosin Interaction with TnT and Actin

One troponin complex binds via the TnT subunit to each tropomyosin molecule,
examination of crystals indicating that it occupies a position about 100 to 150 A from
the COOH-terminal end of the molecule.?’! Recent studies on tryptic fragments of

‘tropomyosin?!?27°2"! further pinpoint the interaction as principally involving, although

not exclusively confined to, residues 190 to 284. An intriguing result in these studies is
the observation that TnT or CB1 (a TnT fragment comprising residues 1 to 151) can
cross-link the NH,- and COOH-terminal halves of tropomyosin even though neither
TnT nor CBI1 binds to the NH,-terminal fragment alone. This finding coupled with the
fact that TnT is a rod-shaped molecule at least 130 A long (see section on TnT) has led
to the suggestion that TnT may extend over the entire COOH-terminal one third of the
tropomyosin molecule including the region of head-to-tail overlap, thereby stabilizing
tropomyosin polymers (Figure 18).2%=
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FIGURE 18. A tropomyosin molecule in the crystal lattice showing
the positions of the Cys residues (#36 and 190). Inset: The arrange-
ment of the troponin components (I, T, and C) on the tropomyosin
filament.?s* (Reproduced from Phillips, G. N., Jr., Fillers, J. P., and
Cohen, C., Biophysical Journal, 1980, 32, 485, by copyright permis-
sion of the Biophysical Society.)

The specific nature of the TnT-tropomyosin interaction remains unknown, although
Nagano and colleagues®'* and Mak and Smillie?'? suggest that the tropomyosin-binding
region of the TnT is a-helical and may form a triply stranded coiled-coil with the
COOH-terminal one third of tropomyosin. This might be expected to affect the con-
formational dynamics of the molecule resulting in the decrease in flexibility mentioned
above.

The fact that tropomyosin makes contact with seven monomeric actin units suggests
that some type of equivalent or quasi-equivalent interaction occurs at each of the seven
regions of contact. Accordingly, one might expect to see some repeating pattern of
surface residues at a repeat distance of t,approximatcely 58 A or one seventh the molec-
ular length of 410 A. As%uming 1.49 A as the average residue translation along the
coiled-coil axis,?”? the 58-A repeat would correspond to a periodicity of about 39 resi-
dues. Parry**® and Stone et al.**® found groupings of nonpolar, acidic, and basic resi-
dues with a repeat of 19% residues extending through the entire sequence, suggesting
not 7 but 14 quasi-equivalent spatial arrangements of surface residues. The existence
of this pattern is reinforced by Fourier analyses of the distributions of acidic, basic,
and nonpolar residues along the chain axis.?”> This revealed a strong 19.73-residue
periodicity of acidic residues grouped into 10- to 12-residue wide bands and occurring
exactly 14 times in the 410 A length of each chain (Figure 19). The two chains together
in the supercoil would therefore contain 14 pairs of acidic zones, each pair rotated 90°
with respect to its neighbors. Stewart and McLachlan?”? speculate that the 14 regions
correspond to two sets of actin-binding sites and that these acidic regions along the
tropomyosin axis may link to similar acidic sites on actin subunits, the bonds involving
Mg?** bridges between negatively charged residues on the two proteins as well as salt
bridges and hydrophobic interactions. It has been further speculated that a change
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Outer Non-Polar

FIGURE 19. Amino acid squence of tropomyosin drawn in the 19% repeat pattern with 14 bands in the
first 275 residues. Negative charges are ringed (O) and are concentrated in two zones in each repeat. Non-
polar groups in outer positions b, ¢, and f of the coiled-coil (see Figure 14) are marked ((}) and lie in a
sharply defined hydrophobic zone. Boxes show (i) residues 1 to 9 and 276 to 284, which are believed to
overlap in the head-to-tail linkage and (ii) residues 197 to 217 postulated to form the troponin binding site.
For clarity, one or more residues that lie near the end of a repeat are also shown at the beginning of the next
repeat 36444

from the off-state to the on-state in muscle would involve a one-quarter turn of the
tropomyosin to the alternative set of sites.

It should be pointed out that those regions of the tropomyosin molecule with greater
internal flexibility (i.e., decreased a-helical stability) in the COOH-terminal third (see
above) might contain actin-binding zones that vary in their affinity for actin. Further-
more, any structure-stabilizing effects of troponin binding to this region might modu-
late the tropomoyosin-actin interaction.?*?2%!

IV. ACTIN

The discovery of actin, which is now recognized as the major thin filament protein,
by Straub? in 1942 in Szent-Gyorgyi’s laboratory, opened up a new epoch in the bio-
chemistry of muscle. What in the early literature was described as myosin turned out
to be the complex of two proteins, myosin and actin. Actin itself can be extracted from
acetone-dried muscle powder with distilled water. It is present in the watery extract as
a globular protein, G-actin. The molecular weight of skeletal G-actin, on the basis of
its amino acid sequence (Figure 20), is 41,785.%7¢

On addition of various salts, conventionally about 0.1 M for monovalent cations
and about 1 mM for divalent cations, a G-actin solution undergoes a change marked
by an increased viscosity and the appearance of birefringence of flow, suggesting the
presence of large asymmetric molecules. These are so-called F- (for fibrous) actin pro-
duced through polymerization of the globular units.? The average molecular weight of
F-actin is of the order of 3 x 10° (see Reference 275) and its length 10 uwm or longer, in
contrast to actin filaments in vivo which have a length of 1 um per half sarcomere.?’®
The factors that limit the length of actin filaments in vivo have not been identified,
although the involvement of other proteins associated with the filament, e.g., tropo-
myosin, and a-actinin, has been suggested.?”7?78
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10 20
Ac-D E T E D T A L V C D DG S G L VK AGVF A& G DD
30 ko 50
AP R AV FP S IV GRPIRHEQGV MV GMOGAQHK
60 70
D SY VGDEAQSZKRGTIULTULEKTY®PTIGHWG
80 30 100
1 I T NDDMETZ KTIWHUHTTFYNZETLU RV APEE
110 120
H P TLLTEA APILNUPIEKANTP RET KM T GQTIMTFE
130 140 150
T F N V P A M Y V A I Q & VL SLYASGURTTG

160 170
I1 VLD SGDGVY THNV?PTIYESGT YA ATLUPHA ATI

180 190 ' 200
M RLDLAGRTDLTD D DJ?YLMEKTILTTET RTGTYSTF
210 220
VT TAER®RETIUVRDTITZ KT QEKTLTECTYUVALUDTFTEN
230 240 250
E M A T A A S S SLETZKS SYETLZPDGEUVITTIG
260 270
N ERF ACPETTULTFAQPS?PTIGMESA AGTIHE
280 290 300
T TY NS IMEKXCDTIDTIZ RIEKTDTULTYA ANINIUVMSG

310 320
G T TMUYPGTADI RMAO QI KTETITA AL APZSTMK

330 340 350

[

K I I A P PERZIKYS VW IGOGSIULASL ST
360 370

FQQMWTITZ KA QEYUDEWAGT?PSTI UV HRIK C F-OH

FIGURE 20. Amino acid sequence of rabbit skeletal muscle actin.*”* H* is 3-methyl-histidine.
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G-actin contains tightly bound Ca* or Mg** (K,,, ~ 105 M ),?7-281 and ATP (K., v
10'° M -1),282:28 [ mol of each per mole actin, which can undergo rapid exchange with
added Ca® or ATP, respectively,?®*2% as shown by radioactive tracer experiments.
Although various studies have suggested that the cation and nucleotide were bound as
complex to a single site on the actin molecule,*®¢-2% recent studies indicate that they
bind to different sites on the protein;?*? thus according to a recent NMR study, the two
are separated by at least 16 A.*° Both the Ca?** and ATP bound to actin can be ex-
changed by other metals and nucleotides, respectively.?®'-?** It appears likely that both
the bound metal and nucleotide are necessary in G-actin to stabilize its tertiary struc-
ture — removal of either leads to the irreversible denaturation of the protein and the
loss of its polymerizability,?8!-295-29¢

Although G-actin was originally thought of as a spherical protein, three-dimensional
reconstructions of electron micrographs of actin filaments combined with myosin
subfragment-1 (decorated filaments) suggested over a decade ago?!® that actin mono-
mers are somewhat asymmetric with dimensions of 5.5 (axial) x 3.5 (radial) x 5.0 (tan-
gential) nm with respect to the filament axis. More details of the actin structure
emerged from electron microscopic studies of gadolinium (Gd)-actin
sheetg?9¢a.296b.296c.419 and from X-ray diffraction studies of crystals of the actin-DNase
complex.*'® Both approaches led to an actin molecule containing two globular domains
separated by a cleft, but the dimensions deduced by the two groups are slightly differ-
ent; viz., 6.7 X 4.0 x 3.7 nm from the X-ray studies and 5.6 x 4.3 x 3.3 nm from the
electron microscopic work.

A more recent reconstruction of the actin monomer, while reaffirming the essential
correctness of the earlier description, shows clearly that actin is kidney-shaped, about
6.7 nm in its longest dimension and is flattened to a thickness of about 3 nm.*%“ Each
of the two lobes is an elongated domain with its long axes perpendicular to the kidney
long axis. The two lobes are of unequal size, the larger of the two having a long axis
of about 5.5 nm. The best fit of the monomer structure derived from X-ray crystallog-
raphy into the F-actin helical structure determined from negatively stained
paracrystals?”®* was obtained by aligning the monomer with its kidney axis approxi-
mately at right angles to the helix axis. Intermonomer contacts are made between the
smaller domains of neighboring subunits and are mostly within 1 nm of the filament
axis. The maximum diameter is 10 nm, and the minimum is 6.5 m. The larger domains
lie at large radius. The proposed structure allows flexibility in the azimuthal direction,
as earlier suggested by Egelman et al.,*!s as well as being consistent with hinges at right
angles to the helix axis that would allow deformation of rafts of cross-linked actin
filaments from a rectangular to the trapezoidal array.?*¢/2%%¢

The 10-nm filament diameter of this analysis, as well as those of Egelman et al.?*¢*
involving a simpler two-sphere monomer, and of Egelman and Padron,?**% based on
X-ray diffraction of actin filaments, is significantly larger than the 7- to 8-nm value
derived from electron microscopy!s?**3¢® and more recently deduced from electron
micrographs of Pt-shadowed freeze-dried actin filaments.?*** If one accepts the smaller
diameter, a parallel alignment of the monomer major axis with the filament axis, as
previously proposed,?'®-2952-2%6¢ would follow.

The F-actin filament, once formed, exhibits considerable flexibility — bending mo-
tions were first demonstrated by the quasi-elastic laser light scattering experiments of
Fujime and colleagues®?¢™2?6=37% and later by electron microscopy,?*” fluorescence po-
larization of labeled filaments,?*¢ saturation transfer EPR of spin-labeled filaments,***
and most recently by direct microscopic visualization of filaments labeled with a flu-
orescent probe.?*®” The correlation times characterizing these motions range from sec-
onds to nanoseconds; the motions may involve whole filaments, subunits within fila-
ments, or segments within subunits. In the case of labels, particularly for faster mo-
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tions, it becomes difficult to distinguish between motions attributable to the protein
and those of the probe itself relative to its attachment site. Addition of tropomyosin

. and troponin in the absence of Ca? results in a more rigid filament; however, the

addition of Ca** restores the flexibility to the level of the pure actin filament.??*"37° In
addition to the bending motions along the filament, fluctuations also appear to occur
in the twist of the actin helix, i.e., how individual subunits are positioned azimuthally
with respect to one another. Although values have been reported for actin filaments in
paracyrstals®®®* or in cross-linked bundles*** and fibers,**** Egelman et al.*'* have re-
cently emphasized the existence of variations in the twist along the axes of isolated
filaments, giving rise to fluctuations of about 10° in the azimuthal angle between ad-
jacent monomer units. In addition to the bending and twisting motions of the overail
filament, Yanagida and Oosawa?®® also suggest some degree of rotational freedom of
the monomer subunits within the filament on the basis of their fluorescence polariza-
tion studies.

A. Actin Polymerization

The polymerization of actin is accompanied by the hydrolysis of the bound
ATP.??7-2%8 ADP remains tightly bound while the phosphate is released. Polymerization
stops when the actin monomer concentration drops below the so-called critical concen-
tration, as first shown by Oosawa and colleagues.?*®-*°* ATP hydrolysis continues after
polymerization has stopped,?°**°* the rate of this steady-state hydrolysis, which in-
volves the exchange of G-ADP units in the filament for G-ATP units in solution,
depending upon the ionic conditions.3°°-*°” It has now been established that actin mon-
omers attach and detach at the ends of the filaments.***°® which exhibit polarity as
shown by the formation of arrowheads on addition of myosin subfragment 1 or HMM.
There is good evidence that the monomers attach preferentially to the barbed end of
the arrowhead, while the detachment is favored at the pointed end.?%-*!!

The first step in the polymerization process is the formation of nuclei consisting of
three to four monomers. This process may be accomplished not only by ATP hydrol-
ysis, but P; may also remain bound at this stage.*'? The existence of G-ATP units in
the nuclel has recently been considered.3!3-314

Several recent studies have addressed the possibility of G-actin undergoing changes
before nuclear formation. Rich and Estes,?'s in studying the susceptibility of actin to
enzymatic proteolysis, discovered a new monomer form that was generated by the
addition of KCl to subcritical concentrations of G-actin. The new form, although
clearly monomeric and containing bound ATP, showed a decreased susceptibility to
digestion, which is characteristic of F-actin. They concluded that this novel actin rep-
resented a conformationally distinct form of monomer that precedes nucleation. This
view is supported by recent spectroscopic studies;*'® however, it is contradicted by
pulse-fluorometry studies on an actin-bound probe that indicated that no change oc-
curred in the G-actin structure until after its incorporation into the filament.**” If such
a prenucleation actin exists, a scheme of polymerization might be?*¢

cations G*-A

G-A === G*A 5= N-A s F-A

monomer monomer nucleus filament

where G*-A is the “‘activated’’ prenucleation form.
While end-to-end association of actin filaments has been reported,*® spontaneous
fragmentation of filaments — in contrast to fragmentation produced by mechanical
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effects and by ultrasound®'® — has recently been invoked?'*3?° to explain certain au-
tocatalytic features of the polymerization process. We shall briefly refer below to var-
ious proteins that induce filament shortening.

While polymerization of actin can occur in the presence of nonhydrolyzable nucleo-
tides (e.g., ADP, AMP-PNP),3**322 the continuous addition of monomers at one end
and the removal at the other requires steady hydrolysis of ATP (treadmilling).302-304.304=
Earlier studies left open whether additon of monomers in the steady state could take
place along the length of the filaments (exchange diffusion) in addition to the ends.
Wegner,?®? based on the analysis of phosphate liberation and ADP exchange during
polymerization, concludes that nucleotide release and rebinding were mainly associated
with the filament ends referred to above, pointed and barbed, respectively. The recent
work of Brenner and Korn,*?** however, suggests that exchange diffusion may play a
more important role than treadmilling depending on the ionic conditions. Clearly,
more work is needed to answer this question.

While the earlier studies by Oosawa’s group???-3°? defined the critical actin concen-
tration as that below which no polymerization could take place, Wegner’s work?® and
that of Kirschner®* point to two additional critical concentrations: one — the lowest
-— at which polymerization at the barbed end begins and another — the highest — at
which growth at the pointed end begins. The previously defined net critical concentra-
tion — constant length of filaments — falls between the two. Very recently it has been
shown that millimolar Ca** or Mg?* is required for the fast exchange of monomers and
that, depending on the divalent metal concentration, the differences in the addition
and dissociation rates at the two filament ends can be varied.?*¢ Since the driving force
for the monomer flux through the filament either during elongation or in steady state
treadmilling is the hydrolysis of ATP at the elongating end of the molecule, the mon-
omer flux becomes zero as the ATP concentration reaches its equilibrium value.?°3-3%4
Further experiments aimed at a better understanding of actin polymerization, particu-
larly in nonmuscle systems, are necessary and the recent use by Taylor et al.*** of
fluorescence energy transfer between actin monomer units within a filament appears
promising.

A variety of factors indigenous to muscle tissue have some regulatory activity in
actin polymerization. Thus, in addition to the above-mentioned mono- and divalent
cation-induced actin polymerization, several other muscle proteins including
myosin,**® tropomyosin,>? and e-actinin®’-*?? can affect the rate or extent of polymer-
ization. In addition to these muscle proteins, the recent emphasis on nonmuscle actins
has led to the discovery of an ever-increasing list of nonmuscle intracellular proteins
involved in actin assembly. These include proteins that affect either the nucleation
(e.g., profilin)®®*° or the elongation stage (e.g., capping protein)*** of filament forma-
tion and may or may not be sensitive to intracellular Ca** concentrations. Several re-
cent reviews have provided compilations of these agents and the mechanisms of their
actions on actin. In many instances, a variety of effects may be understood in terms of
a factor’s preferential binding to the pointed or barbed end of the filaments (compare
References 34, 35, and 332 to 334).

B. Functionally Important Amino Acid Residues in Actin

With the availability of the amino acid sequence of actin,?”* it has become possible
to localize those residues that may play a functional role in actin structure and dynam-
ics. SH groups are essential both for ATP binding and polymerization and for combi-
nation with myosin.?*s-*7 Of the five Cys residues in actin,®** three can be labeled in
the native molecule®*® without affecting its polymerizability or ATP-binding character-
istics. Of those, Cys 373, adjacent to the COOH-terminal phenylalanyl residue, is the
mostreactive. Inaddition toreacting selectively with Cu?*,3*°itcan belabeled with a variety
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of SH-directed optical®?#341-343¢ or gpin probes®#*-347 that can serve as indicators of
either conformational changes in the protein#4-3*’ or of interactions between actin and
other muscle proteins,324-341-343.347 The recent work of Tao and Cho,*** for example, in
which acrylamide is used to quench the fluorescence of Cys-373-bound IAEDANS has
provided evidence that this thiol group is located in a region of the molecule that is
partially covered in the F-form of actin as well as by the addition of tropomyosin. The
above-mentioned studies of Taylor et al.®** utilize donor and acceptor molecules at-
tached to this residue to study intersubunit energy transfer in actin filaments. The
reactivity of Cys 373 increases upon the combination of actin with HMM subfragment
1, suggesting either the proximity of the group to the myosin heads or at least some
coupling between the region of actin containing Cys 373 and that directly involved in
myosin binding.3®

Another residue in actin that functions as an internal probe is Tyr 69, located near
the single N-methylhistidine residue in the protein. Tyr 69 is selectively nitrated by
tetranitromethane, and changes in the absorption of light at 425 nm by the resulting
nitrotyrosyl residue suggest that it may be somehow involved in the polymerization
process.®*® In other studies, the fluorescent ATP analog, e-ATP, has been attached to
the nucleotide binding site on the protein for energy transfer measurements.

A recent study by Lu and Szilagyi*s® has provided insight into the surfaces of the
protein involved in polymerization. They measured differences in the reactivities of the
various lysines on the protein surface in F- vs, G-actin and found that polymerization
reduced the reactivities of several, viz., Lys 61, 68, 113, and 283. The decrease in
reactivity can be explained if the affected residues are located in the area of contact
between monomers, although one cannot rule out conformational changes in the pro-
tein. An intriguing observation in this work was that Lys 335 exhibited a substantial
increase in reactivity in the polymerized form of actin, although it decreased again if
actin was complexed with either myosin subfragment-1 or tropomyosin, It would be of
interest to determine whether this increased reactivity in Lys 335 reflected a confor-
mational change in actin induced by its incorporation into the filament or whether it
might occur upon addition of KCl to actin at a subcritical concentration.

V. INTERACTIONS AMONG THE THIN FILAMENT PROTEINS

A. Troponin Intersubunit Interactions

The regions in the primary structures of the three troponin subunits that are believed
to be sites of subunit-subunit interaction are summarized in Table 6. Much of our
current information on the details of the assembly of the troponin complex comes from
studies on binary complexes. Major findings concerning the properties of these com-
plexes are treated below.

1. TnC-Tnl

Formation of the TnC-Tnl complex requires Ca?*. The need, in vitro, for a reducing
agent such as 2-mercaptoethanol or dithiothreitol suggests that in the native state the
thiol groups are in the reduced form. If the complexation is carried out in the presence
of 6 M urea followed by its removal by dialysis,*® the final product does not seem
different from that obtained in the absence of urea. Under nondenaturing conditions,
the complex, once formed, is stable whether or not Ca?* is present.'!® If Ca®* is present,
the complex is not dissociated even in solutions containing up to 8 M urea as demon-
strated by gel electrophoresis.!!® This apparent stabilization of the complex in urea by
Ca**, consistent with earlier studies of Perry et al.,'”* formed the basis for suggestions
by Margossian and Cohen,?** and by Ohnishi et al.**! that Ca** may ‘‘tighten’’ the
TnC-Tnl interaction in the native state as well during regulation.
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Table 6
SITES OF INTERACTIONS BETWEEN TROPONIN
SUBUNITS

Putative binding regions®
(amino acid residues)

Subunit
bound TnC Tnl TnT
TnC 1—47417 176—230¥193:200
101 —113178. 104198
TnI 50_60')]09,]69 1__702 10
90— JQQ>100.168.169 152— 17519
126—136¢°
TnT 1—100#1¢9:170 40—782°*°

121—15910°0.170
Note: Superscript numbers are references.

* In many cases the actual site of interaction is within the stretch of
residues corresponding to a characterized peptide.

Requires Ca*.

¢ Based on Lys reactivities in the Tnl-TnT complex.

Several more recent studies also point to stronger binding between TnC and Tnl in
the presence of Ca?* than in its absence.

1. The addition of Ca?* to the high affinity sites of the complex decreases the
quenching by acrylamide of a fluorescent probe introduced into a known site of
interaction between the two proteins (viz., Cys 98 of TnC).*s?

2. Cross-linking of Tnl to TnC by a heterobifunctional cross-linking reagent at-
tached at one end to thiol groups on either Tnl or TnC is increased by
Ca?*.297:353(]t should be noted that changes in the extent of cross-linking may also
result from conformational changes brought about by Ca?* in either protein that
increase the number of potentially reacting side chains rather than by stronger
binding per se.)

3. Extensive washing of myofibrils with an EDTA-containing solution removes
TnC.?% The extraction is, however, prevented by the inclusion in the wash solu-
tion of either Ca?** or Mg?* in concentrations sufficient to saturate the high affin-
ity sites of the TnC.38

4,  Grabarek et al.?*¢ have used a kinetic approach to estimate the TnC-Tnl binding
constant. They measured the rate of exchange of unlabeled TnC with fluores-
cently labeled TnC in complex with Tnl. Addition of the unlabeled protein to the
complex resulted in a fluorecence change attributable to the dissociation of the
labeled TnC from the complex. The dissociation was more rapid in the absence
of Ca? (k = 0.07 sec™!) than in its presence (k = 0.006 sec™*), a finding consistent
with the stabilizing effect of the cation. If one assumes a diffusion-limited on-
rate for complex formation in either case (viz., ~ 108 sec™* M '), the equilibrium
constants for the TnC-Tnl interactions in the absence and presence of Ca?** would
be 10° and 10'® M !, respectively.

Since either Ca?* or Mg?* (in the ternary complex) enhances the stability of the com-
plex, it seems that it is the high affinity Ca?*-Mg?* sites that are involved. This further
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implies that the TnC-Tnl interaction is always strong in vivo insofar as these sites are
always saturated with either Mg?* or Ca**. In terms of the attachment sites between the
two proteins (see Table 6 and section on TnC), these studies suggest that in resting
muscle (low cytoplasmic Ca’*), TnC has a two-pronged attachment to Tnl involving
the Ca?*-insensitive region of residues 126 to 136 and the Ca*- (and, presumably
Mg?*-) dependent site at residues 90 to 100 of TnC and 101 to 113 of Tn].16:178.194.195
The only remaining site of interaction between the two proteins, involving residues 50
to 60 of TnC and 1 to 47 of Tnl, must then become effective only during activation of
the muscle.

Corresponding to the enhancement by Ca** of the binding of TnC to Tnl, there is,
as might be expected, an increase in the Ca** and Mg?* binding affinities in the complex
as compared with TnC alone.” There is, in effect, only a single class of sites in the
complex with respect to their affinities depending on [Mg**] (see Table 2). This, how-
ever, is not to be construed as suggesting that all four become simultaneously occupied
by Ca* when muscle is activated. Binding of Ca® to the high affinity sites in vivo
could only occur after Mg?* dissociates, a relatively slow event (k = 8 sec™!) compared
to the diffusion-controlled binding of Ca** to an unoccupied site.'s?

In as much as the activating effect of Ca** involves a change in TnC that is somehow
transmitted to Tnl leading to the latter’s release from actin and tropomyosin, a key
problem that awaits solution is the exact nature of the information transfer between
the subunits. Large conformational changes in Tnl are ruled out by studies showing
that Ca?-induced changes in circular dichroism in the TnC-Tnl complex are only
slightly greater than the sum of those in the separate subunits.'?* Several optical and
spin probes on Tnl complexed to TnC respond to Ca?* binding.*$*%57-3¢ One in partic-
ular, IAFEDANS, shows spectral changes that occur upon the binding of Ca?* to the
low affinity Ca**-specific sites of TnC, without any change in the far UV circular di-
chroism.?**” Thus the extrinsic probes report changes in their immediate environments
induced by Ca?*; whether this reflects structural changes in Tnl per se or whether
changes occur on the surface of Tnl near the probe owing to altered interactions with
TnC is as yet unresolved.

2. TnC-TnT

A large number of studies have independently demonstrated the formation of a bi-
nary complex between TnC and TnT,-6:-16%.170.204 although the exact conditions nec-
essary for complex formation differ from group to group. Several reports®!-}7°2%4 in-
dicate that high Ca** concentrations (>0.1 mM) are necessary for the two proteins to
interact, while according to others,!*® Ca?* is not essential for complex stability. Rele-
vant to this controversy is the idea that if complex formation was heavily dependent
on Ca?* levels, then one might expect that the complex, once formed, would bind Ca?*
with an affinity higher than TnC alone, as is the case in the TnC-Tnl complex. This
has recently been shown to be the case for the TnC-TnT complex in our laboratory
(unpublished).

In spite of the unequivocal evidence that TnT can bind to TnC in binary complexes,
the extent to which TnT directly interacts with TnC in the ternary complex is unclear.
The lysine reactivity studies of Hitchcock,*! for example, indicate that the lysine resi-
dues of TnC that exhibit reduced reactivities in the TnC-TnT complex are the same
ones in which reactivities are reduced in the TnC-Tnl complex. Furthermore, addition
of TnT to a TnC-Tnl complex does not change the pattern of lysine reactivities found
in the binary complex. Other studies also suggest limited TnC-TnT contact:

1. Leavis and Tao?5? showed that the reduction in solute quenching of a fluorescent
probe attached to Cys 98 on TnC was nearly the same for the TnC-Tnl and TnC-

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 16, Issue 3 275

TnT complex, suggesting that Tnl and TnT could occupy the same binding site
on TnC in the absence of the third subunit. Again, however, formation of the
ternary complex did not further increase the quenching.

2. A variety of cross-linking studies carried out on whole troponin using either non-
specific cross-linkers?°¢-2¢? or a specific heterobifunctional reagent, with one at-
tachment at a thiol group,*®” failed to demonstrate more than marginal TnC-TnT
linking, even though significant cross-linking of TnC-Tnl and Tnl-Tn occurred.

3. Grabarek et al.?*® have recently shown that the rates at which TnC exchanges
with labeled TnC complexed with either Tnl or Tnl-TnT are essentially the same,
which suggests that TnT does not substantially change the binding strength of
TnC to the complex.

5. Finally, the Ca?* binding affinity of the TnC-TnlI-TnT complex is identical to that
of the TnC-Tnl complex, indicating that TnT does not produce detectable
changes in the properties of the TnC subunit.”®

Notwithstanding the above considerations, a role for the TnC-TnT interaction in the
ternary complex is suggested by other studies. Ca*-dependent changes in the trypto-
phan fluorescence of TnT complexed to TnC have been recently demonstrated in this
laboratory (unpublished), suggesting the possibility of direct transfer of structural
changes between the two proteins, in agreement with earlier studies using dansyl chlo-
ride.?s! Also, Ca* weakens the binding of the T, fragment of TnT to tropomyosin as
indicated by affinity chromatography?*¢® and cross-linking studies*** when TnC or TnC-
Tnl is present in the system.

It must be remembered that the Ca?**-dependent, reversible regulation of actomyosin
ATPase activity is possible only when all three troponin subunits are present in the
system. In a system containing all of the thin filament proteins excepting TnT, the
ATPase activity cannot be shut off.?%8-1%* Thus TnT plays a crucial role in thin filament
regulation. However, whether it exerts its effects through a direct but perhaps weak
interaction with TnC or indirectly through its interaction with Tnl remains to be re-
solved.

3. Tnl-TnT

Although interaction between Tnl and TnT was suggested by the composition of
troponin B,%3-%% or inhibitory factor, and by the paracrystal studies of tropomyosin
containing the two subunits,?** details of their binding were largely ignored, perhaps
owing to their relatively low solubilities in dilute salt solutions. The question was re-
opened in 1975 when Hitchcock’s cross-linking studies®®® suggested that the two pro-
teins were within 0.6 nm of each other in whole troponin. Katayama,3** using affinity
chromatography, and Horwitz et al.,'’® using circular dichroism and gel filtration,
demonstrated that TnT and Tnl formed a 1:1 complex in KCl solutions ranging from
0.15 to 0.5 M. The circular dichroism of the complex, when compared with the sum of
the spectra from the individual components, indicated that complex formation resulted
in substantial conformational changes. The oxidation state of the three thiol groups of
the Tnl moiety (see above) was a critical factor. The complex formed without prior
reduction of the thiols exhibited a spectrum that was different from that of the native
complex and did not confer Ca?* sensitivity on actomyosin ATPase activity when
mixed with the other thin filament proteins. Both the spectrum and the Ca** sensitivity,
however, showed the ‘‘native’’ properties upon reduction of the complex.'’® Hincke et
al.'”” have made similar observations for the complex from cardiac muscle.

From an evaluation of the studies on intersubunit interactions in troponin, it cur-
rently appears that each of the three proteins interacts with the other two, in some
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cases at multiple points of contact. It is clear that strong interactions exist between
TnC and Tnl and between Tnl and TnT and that there are perhaps more tenuous TnC-
TnT connections. The conformations of all three subunits in the troponin complex are
probably somewhat different from those of the isolated subunits. This has been shown
directly for the TnI-TnT complex,’’®!”” and in the case of the TnC-Tnl complex, it can
be inferred from the fact that the Ca** and Mg?* binding affinities are changed.” At
present there are no definitive studies that directly demonstrate global conformational
changes resulting from Ca* binding to troponin, although several cross-linking studies
indirectly indicate that such changes might take place. These include the observations
that Ca** modulates the extent of intersubunit cross-linking in troponin2°?-?s3:*¢* and
that troponin, once cross-linked with dimethyl suberimidate, loses its capacity to con-
fer Ca?* sensitivity on actomyosin ATPase activity,?°® presumably owing to the inabil-
ity of the cross-linked protein to undergo conformational change.

B. Actin-Tropomyosin

Hanson and Lowy'¢ first suggested that tropomyosin is located in the long-pitched
grooves of the double actin helix. The precise position was later shown to be slightly
asymmetrical, the tropomyosin molecules actually lying slightly toward the periphery
of the filament in closer association with one of the actin strands than the other.3¢-%¢#
A considerable body of evidence has accrued in the past decade from X-ray and elec-
tron microscopic investigations that tropomyosin is shifted from its peripheral position
closer to the groove upon addition to the filaments of Ca?*.2%*-*’¢ These structural
studies, coupled with biochemical observations that actomyosin ATPase activity is in-
hibited in the absence of Ca?* and activated in its presence,® led to the proposal by
several groups that tropomyosin in the peripheral position sterically blocked the bind-
ing of myosin to the actin filament®*¢*-*”! and contraction was possible only after a shift
in the position of tropomyosin. As pointed out by Murray and colleagues,*® for very
fast muscles the shift in position would have to be correspondingly fast; k ~ 10? sec™.
This could imply that the attachment between tropomyosin and individual actin mole-
cules in the filament is rather weak in spite of the fact that the molecules remain asso-
ciated even under conditions where free tropomyosin concentrations are extremely
low,%’® a situation normally suggestive of strong binding. Alternatively, the binding
could be strong but the rates of exchange of tropomyosin between two positions on the
actin surface could be rapid.

The light scattering studies of Wegner®’s have contributed to our understanding of
these interactions. At 38°C, in solutions containing 0.1 M KCI and >1 mM Mg?**, he
obtained highly cooperative binding of tropomyosin to actin. The curves were analyzed
in terms of equations developed by McGhee and von Hippel®’® for cooperative binding
of large ligands to a one-dimensional lattice with overlapping binding sites and as-
sumed three types of tropomyosin binding to actin:

1. Binding of isolated tropomyosin to seven adjacent actin monomer units along the
filament (there are no neighboring tropomyosins for head-to-tail interactions).

2.  The bound tropomyosin has one bound neighbor.

3. The bound tropomyosin interacts with two neighboring tropomyosin molecules,
one on each side.

In this scheme, the equilibria in question can be defined using two constants, K,, for
binding of an isolated tropomyosin to an actin heptamer, and w, defined so that
e™®T js the free energy difference between singly bound tropomyosin and tro-
pomyosin interacting with one neighbor. Thus the binding constant for type 2 binding,
K., is the product of the two, viz. K, = wK,; for type 3 binding, K; = w?K,. Wegner’s
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analysis of his binding studies yields, for the experimental conditions, K, =1 to 3 x 10
M™, 0 =0.7to 1.5% 10° M-, While the binding of isolated tropomyosin to the actin
heptamer is, as expected, rather weak, the overall association of the two proteins is
considerably stronger, owing to the interactions between contiguous tropomyosin mol-
ecules, viz., w K; ~ 2 x 10° M ! and «’K, ~ 2 x 10° M !, Thus the tropomyosin
molecules on the actin filament may be viewed as being strongly attached as a result of
their head-to-tail continuity. The importance of the head-to-tail contact in maintaining
the integrity of the complex is underscored by the results of recent experiments in which
carboxypeptidase A-digested tropomyosin is shown to bind only weakly®’’-*’7¢ or not
at all**® to F-actin (the digestion cleaves several residues from the COOH-terminus of
the molecule eliminating the head-to-tail interaction). A number of other workers
have previously reported equilibrium constants for tropomyosin-actin interac-
tion.217-378-380.431 Ty apnears that in these cases the reported values correspond to asso-
ciation that involves both isolated tropomyosin-actin plus the head-to-tail binding to a
contiguous molecule, i.e., K, and K;.

A number of physicochemical factors influence the strength of the tropomyosin-
actin interaction. Generally speaking, conditions that favor the depolymerization of
actin also tend to dissociate tropomyosin. Low salt solutions, for example, used in the
purification of actin ([KCl] < 0.01 M) also decrease tropomyosin binding.?!” It is, how-
ever, also decreased by high salt, viz, ;= 0.6 M.3%"382 The concentrations most favoring
interaction range from 0.1 to 0.3 M. In the case of divalent cations, Wegner*’® has
shown that a fivefold increase in MgCl,, from 0.5 to 2.5 m M, doubled the values of K,
and w, although most of the increase in K, occurred between 0.5 and 1.5 mM MgCl,
and that of w between 1.5 and 2.5 m M MgCl,, the significance of which is not clear.
Tropomyosin-actin binding is also influenced by the temperature of the medium, the
affinity decreasing with increasing temperature particularly above 40°C.?753% [t is of
course necessary to consider all of these conditions when comparing published binding
constants between these two proteins.

In addition to the salt and temperature, the nature of the tropomyosin itself affects
its affinity for actin. Walsh and Wegner?** have shown that the eqguilibrium constant
for tropomyosin cross-linked by disulfide bond formation between the two Cys 190
residues is decreased by a factor of two compared to uncross-linked tropomyosin.
These authors make the point that, although the difference in the constant is small, the
highly cooperative nature of the binding under physiological conditions is sufficient to
shift the filament from a nearly completely covered to a nearly completely uncovered
state. Although no substantial differences in binding exist between the a- and f-iso-
morphs of tropomyosin from skeletal muscle,***tropomyosin isolated from equine
platelets?®¢ binds poorly to muscle actin, most probably owing to the deletion of 37
residues from its NH,-terminal end which appears to decrease its head-to-tail interac-
tions.?%”

Several of the other contractile proteins have also been reported to affect tropo-
myosin binding to actin. Eaton®®® and others.’? have shown that at low KCI or Mg?**
concentrations where binding is normally weak, the addition of heavy meromyosin
(HMM) or subfragment-1 to the system induced tropomyosin binding to actin, an un-
expected observation in light of earlier views of competition between the two proteins
for the same actin binding site. (The reciprocal phenomenon, viz., the induction of
HMM binding to actin by tropomyosin, had been reported earlier by Bremel and We-
ber.”?) The binding of tropomyosin containing whole troponin (TnT+TnI+TnC) or the
binary complex TnT-Tnl was recently studied by Wegner and Walsh®*®® using an equi-
librium scheme similar to that they employed for the binding of pure tropomyosin.*’s
They found that both troponin-tropomyosin, in the absence of Ca*, and TnT-Tnl-
tropomyosin have an affinity for F-actin which is about ten times higher than that of

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by 89.163.34.136 on 01/06/12
For personal use only.

278 CRC Ceritical Reviews in Biochemistry

pure tropomyosin in the isolated type of association (K, ~ 1.5 to 1.8 x 10* M ') and
about 200 to 300 times higher in the single contiguous ligand type of binding (K, ~ 4 x
10° M Y). Ca?* decreased the affinity of the troponin-tropomyosin complex for actin
by more than a factor of two (K, ~ 6600 M '), while the value of w, the head-to-tail
interaction parameter, remained unchanged. Finally, using a mixture of troponin-tro-
pomyosin-F-actin and TnT-Tnl-tropomyosin-F-actin in presence of Ca?* (this mixture
is expected to contain tropomyosin molecules both in the —Ca** and +Ca?* positions
on the actin surface), Wegner and Walsh®*®® found that the binding constant of adjacent
tropomyosin molecules in different positions on the filament is about one half that for
adjacent molecules in the same position.

The increased tropomyosin-actin affinity induced by troponin or TnT-Tnl as de-
scribed above may result primarily from the interactions of the Tnl component. This
subunit is well-known to interact with both actin'’2*°° and TnT*!?¢!77:*¢5 and via the
latter’s attachment to tropomyosin ties the four molecules—actin, tropomyosin, TnT,
and Tnl—together. It also appears that Tnl may also directly bind to the tropomyosin;
this follows from the old observation that Tnl alone could inhibit pure actin from
interacting with myosin and that this inhibition could be enhanced by the addition of
tropomyosin®® and from more recent direct measurements of Tnl-tropomyosin inter-
action using affinity chromatography.**! That Tnl may directly cross-link tropomyosin
to actin is further suggested by the demonstration by Cote and Smillie**® that pure Tnl
induced the binding of platelet tropomyosin to muscle actin. These considerations,
coupled with the well-established observation that the Tnl-actin bond is weakened by
TnC,172:204.39 particularly in the presence of Ca?*, and that the hydrolysis of ATP is at
the same time uninhibited, provide compelling evidence for the view that troponin, in
the absence of Ca?*, acting principally through the Tnl subunit, stabilizes the tropo-
myosin-actin interaction in the ‘‘off’’ state.

C. Overall Assembly of the Thin Filament Proteins

There are extensive interactions between the five constituent proteins of the thin
filament (Figure 21a). The intersubunit interactions of troponin have been documented
above as have those between tropomyosin and actin. The additional connections link-
ing each troponin complex to actin-tropomyosin were originally viewed in terms of
two-site binding in which the Tnl moiety was bound to actin and the TnT moiety to
tropomyosin.é172:392-3%¢ The question of a direct Tnl-tropomyosin link suggested by
early observations that a TnC-Tnl complex could bind to actin-tropomyosin, but not
to actin alone'’22%* and that Tnl enhanced tropomyosin binding to actin®*®* was une-
quivocally settled by the demonstration that Tnl could bind to a tropomyosin affinity
column.?*! In Figure 21a we have left out a direct connection between TnT and actin,
although it had been suggested by past studies carried out under nonphysiological
conditions®*®¢*” or when a modified actin was studied.?*® Katayama*®* has pointed out
that the a-helical portion of the T, fragment of TnT exhibits patterns of repeating
charged residues similar to those of tropomyosin which may account for its ability to
mimic the latter with respect to actin binding.

The addition of Ca** to complexes of the thin filament proteins appears to affect the
properties of almost all of its interprotein interactions (Figure 21b). The strengthening
of the tie between TnC and Tnl has been noted in many studies!*®-172:204.393 and is likely
to involve Ca**-induced binding between loci in the amino acid sequences of the two
proteins in addition to the sites of attachment that exist in the absence of Ca** (see
above). The increased TnC-TnT interaction has also been mentioned, although the
precise nature of this change is unknown. The weakening of the bond between TnT
and tropomyosin indicated by the dashed line is suggested by the recent work of Pearl-
stone and Smillie*** who have shown that the T, peptide of TnT can be dissociated
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FIGURE 2]1. (a) Diagram showing the intrathin-filament interactions in the absence of Ca**. A = actin;
Tm = tropomyosin; T = TnT; I = Tnl; C = TnC. (b) In the presence of Ca?** virtually all interactions are
modified, i.e., bonds involving TnC with Tnl and TnT are strengthened while those of Tnl to actin and
tropomyosin and of TnT to tropomyosin are either weakened or abolished (see text). The tropomyosin-actin
interaction changes as is indicated by both structural and biochemical studies (see section VI).

from a column of immobilized tropomyosin by the addition of TnC or TnC-Tnl in the
presence of Ca*. Finally, the curved line between the actin and {ropomyosin indicates
the still poorly understood difference in their interaction in the activated and inhibited
state.

Although it seems reasonable that the various changes in the interactions among the
thin filament proteins result from, or are at least accompanied by, changes in the con-
formation of a number of them, demonstrations of such changes are few. With regard
to troponin itself, fluorescent probes specifically attached to sites on TnC?**° and Tnl**°
in the thin filament exhibit spectral changes upon Ca** binding interpretable as changes
induced in TnC that are somehow transmitted to the Tnl component. Ca** also seems
to modulate the extent of cross-linking by various agents of TnC and TnlI?*®7-3%3:3¢2 and
TnC and TnT'™ and to affect the number of surface NH,-groups available for chemi-
cal modification in troponin,'!192.193.209.362

Tonomura et al,“°° using electron spin resonance, and more recently, Wahl et al.,?*’
employing anisotropy decay of a tropomyosin-bound probe, have presented evidence
that the flexibility of tropomyosin complexed to troponin is dependent upon Ca®** in
the micromolar range. How this relates, if at all, to conformational changes in the
molecule, such as the local unfolding described previously, remains unresolved. In the
case of actin, structural modifications brought about by Ca**-binding to the filament
are suggested by changes in the linear ultraviolet dichroism.*°**? Although it is outside
the purview of this review, it bears mentioning that several studies have demonstrated
that myosin subfragment 1 binding to actin induces conformational changes in the
latter (e.g., References 403, 404).

A number of cross-linking studies indicate that such Ca**-induced conformational
changes as do occur in the thin filament proteins appear to be necessary in the regula-
tory mechanism. Hitchcock?®® showed that isolated troponin cross-linked with various
dimethylimido esters lost the ability, when incorporated into the thin filament, to con-
fer Ca?* sensitivity on the actomyosin ATPase activity, although it retained its ability
to bind to actin-tropomyosin and to Ca?. In other studies,?8°49%-4%¢ glytaraldehyde-
cross-linked actin*®®® was shown to activate the ATPase activity of myosin subfrag-
ment-1, but the activation could not be controlled by addition of troponin-tropo-
myosin to the system. This was interpreted to mean that the cross-linked actin was
frozen in an active conformation. This further implies that the action of troponin-tropo-
myosin in the native system must in part involve the induction of a change in the
structure of actin. Finally, Mikawa*’” used glutaraldehyde to cross-link the complete
thin filament. If the cross-linking was carried out in the presence of Ca?**, the system
was frozen in the ‘“‘on’’ state — viz., actomyosin ATPase was activated even in the
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absence of Ca** — whereas when EGTA was present, the system permanently remained
in the inhibited state.

No correlation has yet been made between the conformational changes suggested by
these studies, carried out on proteins in solution, and the change in the azimuthal angle
of the troponin-tropomyosin complex with respect to a projection of the filament that
links two nearest-neighbor actin monomers on a plane perpendicular to the filament
axis as described in the earlier structural studies.**¢-3’* The application to this problem
of fluorescence energy transfer in which donor and acceptor fluorophors are attached
to components of the regulatory complex and to actin (or vice versa), respectively, may
be promising for the detection of such a change in solution. This will require, however,
the successful solution of complications arising from the stoichiometry of the thin
filament proteins that results in a 1:7 ratio of donor to acceptor or acceptor to donor.
It has also been calculated by Tao and Morris*® that, depending on the locations of
the probes, substantial movement of tropomyosin, could take place over the actin sur-
face without significant effects on the energy transfer efficiency. A Ca**-dependent
change in the transfer efficiency between an actin-bound donor and an acceptor on
TnC has been reported.*®

VI. MECHANISM OF REGULATION

By the early 1970s X-ray diffraction studies, as well as analysis of light diffraction
of electron micrographs, suggested differences in the thin filament structure of relaxed,
rigor, and activated muscles. These led to what became known as the steric blocking
model of regulation. Before we discuss it and more recent developments concerning
the mechanism of regulation, a discussion of the structural aspects seems in order.

A. Structural Aspects of Regulation :

In 1963, before troponin was discovered and before a functional role for tropo-
myosin was found, Hanson and Lowy'® had suggested that tropomyosin might lie in
the long-pitch groove of the actin filaments. This proposal acquired more substance
when Moore et al., applying three-dimensional reconstruction techniques to electron
micrographs, showed the presence of additional material, compared with pure actin
filaments, in the long-pitched grooves.** Also taking into account developments relat-
ing to the biochemistry of the tropomyosin-tropinin system, they suggested that this
material may correspond to the tropomyosin-troponin complex. Analysis of X-ray dif-
fraction patterns from live vertebrate muscle showed that in the resting state the second
actin layer line is absent and the third layer line is visible while in contracting muscle
the second layer line is stronger than the third. These results were interpreted?¢®-371410
as being due to the movement of tropomyosin from a position in contact with one of
the two strands of actin monomers in resting muscle to a more central position in the
long-pitch helical groove in activated muscle (Figure 22a). Lowy and Vibert*'* found
similar transitions in molluscan muscle, although in that case regulation is based on
the interaction of Ca?* with myosin.

Spudich et al.,*¢®* working with reconstituted thin filaments, demonstrated that the
extra density seen in three-dimensional image reconstructions was indeed due to the
presence of regulatory proteins and was located asymmetrically in relation to the
groove. Wakabayashi et al.*”> found that there was a difference in the position of the
density corresponding to tropomyosin if one compares the actin-tropomyosin system
with actin-tropomyosin-Tnl. They reported the tropomyosin-actin system as the equiv-
alent of the active state and the actin-tropomyosin-Tnl system as that of the inhibitory
state; in the latter, the extra density was even more asymmetrically placed with respect
to the central groove than in the active state.
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FIGURE 22. Schematic illustrations of the evolution of the regulation story (see Reference 42). (a) View
looking down the thin filament axis towards the Z-line showing the two actin strands (assumed continuous
for ease of representation) and the two tropomyosin positions (T, 8 = 50° and 8 = 70°) deduced from X-ray
diffraction data.*¢”-3’* Note that these data also allow the tropomyosin positions to be bottom left and top
right in contrast to the arrangement shown. (b) The myosin head (S-1) attachment position according to
Moore et al.*¢ is close to tropomyosin position ‘b’ (the blocking position; 8 = 50°), but it is away from
position ‘a’ (the active position, 8 = 70°). (¢) Seymour and O’Brien*" concluded that tropomyosin is on the
opposite side of the actin strand from Moore et al.’s myosin head position. (d) Reconstruction of decorated
thin filaments by Taylor and Amos*' place the myosin on the same side with tropomyosin, being counter-
clockwise from the groove so that steric blocking can still occur, It would be difficult to envisage steric
blocking with (c), but possible with (b) or (d). (Reprinted by permission from Squire, J., Nature, 291, 614,
Copyright © 1982, Macmillan Journals Limited.)

A comparison of the suggested location of the subfragment 1 binding on the actin
monomers, deduced from studies on thin filaments decorated with subfragment 1,3
with the proposed location of tropomyosin in resting muscle led to the conclusion that
in relaxed muscle tropomyosin and subfragment 1 would occupy the same site on actin
(Figure 22b).***-*"! This is the basis for the steric blocking model for regulation. The
calcium-induced movement of tropomyosin, it was thought, would lead to vacating of
the site and would thus permit the binding of subfragment 1. As pointed out by
O’Brien and colleagues,*!? while the azimuthal shift in the position of tropomyosin
could unequivocally be deduced from the diffraction data, the relation of the binding
sites of tropomyosin and subfragment 1 cannot be determined without ambiquity un-
less the polarity of the actin filaments was the same as in experiments?*¢ from which
the subfragment 1 position has been deduced. Seymour and O’Brien*'? have turned to
the use of thin filaments attached to Z lines, in which polarity*** can be compared with
that of decorated filaments for three-dimensional image reconstruction. Their results
indicate that tropomyosin in the thin filament is located on the opposite side of the
groove from the position of subfragment 1. This can be best described by saying that
if one looks down the thin filament towards the Z line (Figure 22c), for a given actin

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

282 CRC Critical Reviews in Biochemistry

monomer subfragment 1 would be in a clockwise position from the equator and the
tropomyosin in a counterclockwise position.

O’Brien and colleagues,*'* while agreeing with other workers on the direction of the
azimuthal movement of tropomyosin, place more emphasis on the radial changes in
the density than they ascribe to changes in the position of tropomyosin. They suggest
that under conditions corresponding to activation, tropomyosin is closer to the groove
but at a higher radial distance, while in the inhibited position, it is closer to the edge
of the thin filament but more integrated with the actin structure and hence at a lower
radial position. It also appeared that Ca®* induces changes in actin paracrystals in the
helical symmetry of the actin filament. However, it turns out that these differences
appear to be related to the packing of the filaments and to whether they are parallel or
antiparallel rather than to the state of activity, Thus the presence of tropomyosin and
TnT in the presence of Tnl results in an inhibited filament in which changes in helical
symmetry do not occur, and the key feature that can be related to activity is the posi-
tion of tropomyosin rather than parameters of the actin helix. The recent work of
Egelman et al.,*'® showing the presence of a variable twist in actin filaments and indi-
cating differences between filaments in paracrystals and in the native state, suggests
that interpreting results derived from paracrystals, where the packing of filaments may
be a dominant feature in terms of actin symmetry, may be rather risky.

More recently, Taylor and Amos*!¢ reexamined the problem of actin-myosin-tro-
pomyosin interaction by improved techniques for which the reader is referred to the
original work. They obtained three-dimensional reconstructed images of native thin
filaments and of purified actin decorated with rabbit myosin subfragment 1. Their
results show significant differences from the reconstructed images reported by Moore
et al.?*® and suggest that actin is located closer to the filament axis, compared with the
earlier work, and features of the density pattern previously assigned to subfragment 1
would be attributable to actin. Although the precise location of tropomyosin is still
somewhat conjectural, as is the case in Wakabayashi’s analysis,?’?*!” they agree with
O’Brien et al.*'? in placing tropomyosin in the counterclockwise position from actin
looking toward the Z axis. However, they also place the bulk of subfragment 1 in that
quadrant, thereby reopening the possibility of a steric blocking model (Figure 22d).

Most recent structural information, however, again raises serious questions with re-
gard to the validity of the structural basis of steric blocking. Recent data concerning
the shape of actin*'®*!" point to the need for possible changes in the detailed interpre-
tation of thin filament structure. Current data agree with those of Moore et al.,*%¢
suggesting an asymmetric actin monomer; however they point to a more tangential
location of the actin monomer axis with respect to the helix rather than the earlier axial
orientation. Amos et al.,**® in an attempt to incorporate the findings of Kassab’s
group**’ concerning the attachment of each subfragment 1 to two actin monomers, still
find a steric blocking mechanism compatible with the three-dimensional reconstruction
from thin filament micrographs (Figure 23).

Electron microscopic work on filaments decorated with molluscan heavy mero-
myosin fibers,*??423 g system subject to myosin-linked regulation, showing that changes
occur near the tips of the arrowheads depending on whether the regulatory chain is
present or absent, suggests that the inhibition of actomyosin ATPase activity is not
related to the presence of the light chains in a position that might directly change the
interaction with actin. While, in view of the differences in actin-filament-regulated and
myosin-regulated systems, the force of this conclusion for the former may not be over-
whelming, it adds to the body of evidence (discussed by Chantler)** that may require
us to take a fresh look at the mechanism of activator and inhibitor. The picture grows
even more complex as we turn to the biochemical data.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 16, Issue 3 283

Contact makes contact
No.1 no.2 with next
actin down

No.2 No1

FIGURE 23. Diagram of the proposed interactions in the rigor state between myosin heads (S-1), actin
monomers (A) in F-actin and tropomyosin molecules (T) which are thought to lie in the actin helix grooves.
This figure is an updated version of Figure 3 of Reference 420 provided by the authors. Distinct sites on each
S-1 contact two neighboring actin monomers and there is close contact between S-1 and tropomyosin that
may account for the stronger binding of S-1 to regulated actin than to unregulated actin.’®®*** Each actin
monomer consists of two stain-excluding domains (Aa and Ab) in agreement with other data;*'® S-1 consists
of three such domains (S-1a-c). (Reprinted by permission from Amos, L. A., Huxley, H. E., Holmes, K.
C., Goody, R. S. and Taylor, K. A., Nature, Vol. 29, 301, Copyright © 1981, Macmillan Journals Limited.)

B. Biochemical Aspect of Regulation

The scheme by which calcium binding to troponin causes a shift in the position of
tropomyosin permitting myosin heads to attach to actin offered a ready explanation
for the fact that Ca®* binding to a troponin complex attached to a tropomyosin mole-
cule affected all actins within the domain of that tropomyosin. A model that involved
tropomyosin influencing several — actually seven —— actin monomers also accounted
rather well for the observation by Bremel and colleagues*?** that at low MgATP con-
centrations, actomyosin ATPase increased with the MgATP concentration even in the
presence of EGTA. As the ATP concentration was further increased in the absence of
Ca?** the ATPase activity decreased, while with Ca?** added it increased to a plateau
corresponding to the saturation of myosin with ATP. The model also opened the way
to an understanding of cooperative phenomena in the interaction of myosin with reg-
ulated actin. When a fraction less than 50% of the actin monomers form rigor com-
plexes with myosin, all the monomers in the filament are turned on; their interaction
with myosin produces rapid turnover of the actin-ADP-P-myosin complex.*** In ac-
cordance with current practice we shall refer to actin that is combined with tropo-
myosin and troponin as regulated, although some phenomena observed within this
system are also encountered with actin-tropomyosin without troponin.

The high activity at low ATP concentrations could be explained by the formation of
so-called rigor links between myosin heads free of ATP and actin as a result of suc-
cessful competition with tropomyosin for the common site on actin. Consequently,
tropomyosin would be found to change its position and make the actin site available
for myosin heads carrying the hydrolysis products of ATP. Combination with actin
would lead to an accelerated release of the hydrolysis products (compare Reference
426). As the ATP concentration was increased, fewer rigor links could form and the
calcium requirement for activation emerged.

Even at the time of its formulation, the steric blocking model, in its purest form in
which it is assumed that in the presence of Ca** the troponin-tropomyosin system exerts
no effect on the actin-myosin interacton, was seen to be at variance with some experi-
mental facts. Bremel et al.*** showed that activation of myosin ATPase, interpreted at
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that time as enhanced binding of myosin by actin, was enhanced by tropomyosin-
troponin even in the presence of Ca?**. Weber and colleagues** used the concept of
potentiation earlier applied by Katz*?’ to the activating effect of tropomyosin to de-
scribe this phenomenon. They varied the ATP concentration and found a biphasic
effect; there was first an increase in actomyosin ATPase activity followed by a decline
at higher ATP levels. This was attributed to an increase in the ‘‘cofactor activity’’ of
actin owing to the formation of rigor bridges at low ATP concentration. In contrast to
the simple steric blocking model, all of these studies suggested that in the presence of
Ca?, activation was not complete and the system could exist in a state of higher activ-
ity, owing to, according to the earlier thinking, increased affinity between myosin and
actin after the initial binding of myosin. This was achieved, presumably, through the
rigor bridges whose higher affinity could overcome the lower affinity of the first
myosin-product complex within a given tropomyosin domain. It should be emphasized
that, in contrast to some current proposals, this cooperativity was confined to the
domain of a given tropomyosin molecule. Although cooperativity involving myosin
heads that underwent an ATPase cycle was suggested by the earlier experiments, more
definite evidence has recently been published.**®

The work of Eaton and colleagues*®® shows rather directly that myosin binding to
actin can be enhanced by tropomyosin and, conversely, the binding of tropomyosin is
also enhanced by the presence of myosin. They also furnish clear-cut evidence that at
low myosin or, actually, subfragment 1 concentration, the presence of tropomyosin
inhibits ATPase activity at all ATP concentrations if the myosin to actin ratio is low.
At higher myosin to actin ratios, inhibition occurs at saturating ATP concentrations
and gives way to activation at lower ATP concentrations, suggesting cooperativity be-
tween myosin heads, some of which may be in a rigor state. Tnl enhances tropomyosin-
actin binding, a finding complementary to that of Potter and Gergely'’? showing that
tropomyosin enhances the binding of Tnl to F-actin. The inhibitory effect of Tnl on
the actomyosin ATPase is attributable in part to effects on tropomyosin binding and
to modulation of the effect of bound tropomyosin.

Thus tropomyosin can be seen to exert a dual effect — even in the absence of tro-
ponin — depending on the concentration. The dual effect of tropomyosin was first
reported by Katz,**” who showed inhibition of actomyosin ATPase activity occurring
at high levels of ATP followed by activation as the ATP level drops owing to hydrol-
ysis. Additional reports have confirmed that the effect of tropomyosin may be either
inhibitory or activating,*?*** although the maximum inhibition reported was only
about 60%. Recently Lehrer and Morris**! published an account of their studies under
a wider range of conditions showing that at lower myosin subfragment 1 concentra-
tions, the ATPase activity is inhibited in comparison with pure actin — whether Ca*
is present or not — and that at higher myosin subfragment 1 concentrations, the activ-
ity exceeds that of the pure actin system (Figure 24). We shall return to the interpreta-
tion of these data in the light of a comprehensive theoretical proposal to deal with tropo-
myosin-troponin inhibition.

Sobieszek, in a recent study,**? analyzed the inhibitory effect of skeletal tropomyosin
on actin-activated myosin ATPase activity. The myosin in this case was represented by
subfragment 1 and heavy meromyosin which, being soluble at low ionic strength, per-
mitted a conventional kinetic analysis. He showed that tropomyosin reduced V... while
increasing the K,, obtained from a 1/V vs. 1/[actin] plot. Although the precise meaning
of K, for a modifier such as actin in a system containing many kinetic steps cannot
be interpreted in terms of a dissociation constant, the simplest interpretation is in terms
of an increase in the apparent affinity by a factor of six to ten, again a fact not readily
reconcilable with a mechanism such as steric blocking that would lead to a reduced
affinity.
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FIGURE 24. The dual effect of the regulatory proteins on the acto-S-1 ATPase activity. The presence of
tropomyosin in the acto-S-1 system results in inhibition of ATPase activity at low S-1 concentrations and
activation at higher S-1 (¢ ) relative to pure actin (O). The tropomyosin-actin curve is shifted by troponin
to the left in the presence of Ca®* (V) and to the right in its absence (A).**! (From Lehrer, S. S. and Morris,
E. P., J. Biol. Chem., 251, 8073, 1982. With permission.)

Analysis of the binding of subfragment 1 to reconstituted actin filaments, viz., actin-
tropomyosin-troponin, led to the demonstration of very strong cooperativity among
myosin heads in the absence of Ca?*; under these conditions very little binding took
place up to about 1 uM free subfragment 1 which was followed by a rather abrupt
initiation of binding as the subfragment 1 concentration was increased (Figure 25).4%
The cooperativity was greatly reduced in the presence of Ca** when the binding oc-
curred at lower subfragment 1 concentrations.

As mentioned above, explanations of cooperativity by Weber and colleagues*?*+2*
involved binding of several myosin heads within the same tropomyosin domain. In
view of there being seven actins in the domain of a tropomyosin molecule, this kind of
cooperativity would lead to a seventh power dependence on concentration if the clas-
sical Hill plot was used. Greene and Eisenberg*?® found that a Hill coefficient of 60
would be required to come close to their observed cooperativity. Good agreement with
the data was obtained with a model,*** including nearest-neighbor interactions between
troponin-tropomyosin units on F-actin without requiring cooperative effects among
myosins belonging to different tropomyosin units. The analysis was done in the frame-
work of an infinite one-dimensional Ising model, taking into account the effect of
subfragment 1 and calcium binding and utilizing the matrix method. The model pos-
tulates that tropomyosin-troponin units can exist in two states characterized by weak
and strong binding of myosin, respectively (Figure 26). There are seven actin units
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FIGURE 25. (A) Scatchard plot of S-1 binding to regulated (@) and unregulated (A) actin in the absence
of Ca?.*** (B) The same data plottéd as fraction of actin saturated with S-1 (8) vs. free S-1. In regulated
actin very little binding takes place until the concentration of S-1 reaches ~1 M where highly cooperative
binding (Hill coefficient ~60) occurs. In the presence of Ca®* (not shown) the cooperativity is reduced (Hill
coefficient ~7). (From Greene, L. E. and Eisenberg, E., Proc. Natl. Acad. Sci. U.S.A., 77, 2616, 1980.
With permission.)

within the range of one tropomyosin unit which contains a troponin with two metal
binding sites. These two sites correspond to the two calcium-specific sites as discussed
earlier. Interactions between nearest neighbors are modulated by Ca?* binding to the
right-hand member of each pair, corresponding to the asymmetrical location of tro-
ponin on tropomyosin (see above). In this model, state 1 is favored at low subfragment
1 concentrations, state 2 at high. Cooperativity is the result of there being seven actin
sites within a single troponin-tropomyosin unit and of nearest-neighbor interactions
between the units. It is assumed that interactions between neighboring units in the same
state are stronger than those between units in different states. Suitable values for the
parameters occurring in the model lead to a good fit between theory and experiment.
The model permits the calculation of the fraction of actin sites in the strong binding
state both as a function of Ca** and myosin heads. It appears that the weak binding
state is favored even in the presence of Ca?* at low myosin concentrations. The switch-
ing on, i.e., the favoring of actins in the strong binding state, can be brought about by
either Ca?* or myosin or a combination of the two. Thus, in a sense, the system is not
turned on uniquely by Ca?* and the question arises what the relation of the structural
changes produced by Ca?* in the absence of myosin to the activation of the thin fila-
ment is. In terms of the model the structural change observed in the presence of Ca**
alone would essentially correspond to the binding of Ca** to units in state 1. The struc-
tural counterpart of the switching over to state 2 as the result of subfragment 1 binding
remains to be resolved.

Evidence for cooperativity also emerges from kinetic studies of the binding of
subfragment 1 to pure and regulated actin filaments in the presence and absence of
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FIGURE 26. (a) Schematic representation of the two states of the troponin-
tropomyosin unit which includes seven actin sites. Each troponin has two
“‘regulatory’’ Ca?*-binding sites. (b) Illustration of the types of nearest-
neighbor pairs in a sequence of units.*** (From Hill, T. L., Eisenberg, E.,
and Greene, L., Proc. Natl. Acad. Sci. U.S.A., 77, 3186, 1980. With permis-
sion.)

Ca*.*% Binding monitored by light scattering or by an increase in the fluorescence of
a fluorophor attached to the Tnl moiety showed cooperativity. A better fit for the
binding data was obtained with the Hill et al.*** two-state model involving nearest-
neighbor interactions between tropomyosin units than without such interactions and
assuming cooperativity only within the seven-site binding units corresponding to a sin-
gle tropomyosin molecule. The fraction of sites apparently open for subfragment 1
binding (strong binding sites), deduced from equilibrium measurements, was 107 in
the absence of Ca?*, a value similar to that calculable from the data of Greene and
Eisenberg.*** However, the fraction of open sites inferred from kinetic measurements
is close to 15% . Transient kinetic results reveal cooperativity through a lag phase at
low but not at higher subfragment 1 concentrations. Interpretation of the kinetic re-
sults is complicated by a two-step binding process for pure actin, actin-tropomyosin,
and regulated actin plus Ca*'.

The model involving nearest-neighbor interactions between tropomyosin units offers
a framework in which the binding of myosin heads to regulated actin filaments can be
interpreted while maintaining a cooperative unit involving seven actins in accordance
with structural features. It is also possible to fit the data with more or less success by
assuming cooperative units of various lengths and having various types of flexibility
within the unit.*** An analysis carried out by Nagashima and Asakura**® involving the
use of a thiol-modified subfragment 1 in competition with unmodified subfragment 1
led to a satisfactory agreement between the binding of these myosin fragments and
their effect on ATPase activity without introducing interaction among tropomyosin
units, but only by taking values for the number of actin monomers within cooperative
units that exceed seven. Weber and colleagues*®“¥’ have suggested models in which
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FIGURE 27. Kinetic model of ATP hydrolysis by myosin showing possible step of regulation by troponin-
tropomyosin.*“* M = myosin or S-1; A = actin; T = ATP; D = ADP; TP-TM = troponin-tropomyosin; the
subscripts R and N are the refractory and nonrefractory states, respectively (see Reference 8). (From Chal-
ovich, J. M. and Eisenberg, E., J. Biol. Chem., 257, 2432, 1982. With permission.)

flexibility within tropomyosin is taken into account and which would explain certain
features of binding and ATPase experiments. Flexibility with tropomyosin units has
also been proposed to explain certain features of kinetic experiments.>*® The resolution
of the discrepancy between kinetics and binding data will require more work.

If one wishes to apply a modeling approach to the analysis of actin-activated steady
state myosin or myosin fragment ATPase activity, the situation is more complicated
than for equilibrium binding studies. Detailed analysis will require the knowledge of a
large number of kinetic constants and the steady state concentrations of various inter-
mediates. A detailed discussion of this problem is beyond the scope of this review. It
should be recalled that during the last decade the view introduced by Lymn and
Taylor*?¢ and by Trentham and colleagues® has gained general acceptance -— that ATP
is hydrolyzed on myosin heads and in the absence of actin the dissociation of products
is a slow process. The activation of actin is regarded as being due to the acceleration
of the release of the products, first phosphate and then ADP, from the myosin heads.
In all the preceding discussions of the mechanism by which the troponin-tropomyosin
system controls ATPase activity, it was assumed that in some way the interaction of
actin and myosin is inhibited, whether or not a simple steric blocking view is correct.

Recently two aspects of the kinetic mechanism have been brought into question by
Eisenberg and colleagues. One concerns a return to an older view that prevailed before
that of Lymn and Taylor**¢ and of Trentham et al.,® viz., that hydrolysis of ATP can
take place on undissociated actin-myosin complexes.**#4** This view would increase the
complexity of the actomyosin scheme since each kinetic step would have to be consid-
ered as taking place both on free myosin and myosin heads complexed with actin.

The second and perhaps more serious complication has to do with recent evidence
suggesting that the regulation of actomyosin ATPase activity by Ca** does not at all
involve changes in the fraction of myosin heads dissociated but would involve control
of one or more kinetic steps controlling transitions among intermedjates representing
myosin attached to actin. Chalovich et al.**44! have shown that under their experimen-
tal conditions, which include rather low ionic strength, subfragment 1 plus regulated
actin systems show no Ca?*-dependent change in the fraction of myosin heads bound
as deduced from light scattering and sedimentation studies, whereas the ATPase activ-
ity is greatly increased upon addition of Ca?*. These observations have prompted Chal-
ovich et al. to suggest that regulation would consist in the control of a kinetic step,
most likely that in which phosphate is released (Figure 27).

It would seem that until more information is available on the precise details of the
actin-myosin ATPase cycle, modeling may at best be of heuristic value and final judg-
ment on the applicability of a given model has to be withheld. Nevertheless, Hill et
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al.*** have proposed a framework in which the two-state actin filament model devel-
oped from binding studies can be adapted to the analysis of ATPase activity. Lehrer
and Morris**! have used this framework to analyze their data on the regulated ATPase
activity, as a function of subfragment 1 concentration. So far it appears that the co-
operative behavior did require the assumption of a small but definite difference in the
binding of the ATP and ADP-P complexes in the two postulated states. They also
found that the cooperative feature of the curves did depend in a critical way on the
nearest-neighbor interaction parameters. Considerably more work is required on both
the theoretical and experimental aspects.
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