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The Role of the Myosin Light Chain Domain in Force Generation and

Maintenance

Jeremy Gollub

Conformational changes in the myosin motor domain, coordinated with alternate strong

binding to actin and nucleotide, generate force and relative displacement between actin

and myosin. The best-accepted model involves amplification of small changes at the

myosin nucleotide site by rotation of the myosin light chain (LC) domain. In order to

characterize the role of the LC domain in force generation and maintenance, I have

measured the orientation of the LC domain in various physiological states of muscle and

myosin fragments. The myosin regulatory light chain was site-specifically labeled with

spin probes, and electron paramagnetic resonance spectroscopy was employed to monitor

probe orientation.

Probes were first placed on skeletal muscle myosin LC domains in an effort to

characterize the “power stroke” or force-generating transition. These experiments

revealed a high degree of order in “rigor” or post-power stroke LC domains, which was

largely unaffected by head-head and head-rod interactions. A very weak, but distinct,

order was observed in relaxed and active fibers. Interestingly, the post-power stroke

orientation was stabilized by an interaction between the LC domain and the myosin

filament.

Probes were placed next on the smooth muscle myosin LC domain. Smooth muscle

myosin was observed to have two post-power stroke states, distinguished by an axial

rotation of the LC domain. Smooth and skeletal myosin both end their power strokes in
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the “intermediate” state; smooth muscle myosin was observed to rotate an additional

~24° into the “final” state upon release of MgADP. Two factors influenced the

energetics of the two states. MgADP binding stabilized the intermediate state.

Mechanical strain could stabilize either: the leading head of each myosin was biased to

the intermediate state, while the trailing head was biased to the final state. Presumably,

heads under strain in active muscle would be biased to the intermediate state, prolonging

attachment to actin. RLC phosphorylation decreased apparent MgADP affinity. These

results led to a model for the “latch” state of smooth muscle, a physiological state

characterized by high tension, low velocity of contraction, and low energy consumption

accompanied by dephosphorylation of myosin heads.

º, ºk
Roger Cooke, Ph. D.

Thesis committee chairman
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Chapter 1 Introduction

1-1 Muscle and Motor Proteins

Motor proteins serve many vital biological functions. Individual rotary motors drive

bacterial flagella (1, 2) or synthesize ATP in mitochondrial membranes (3). In eukaryotic

cells, small groups of motors from the myosin, kinesin, and dynein families transport

vesicles and organelles, segregate chromosomes, and pinch off daughter cells during

mitosis (4-9). Large, highly ordered arrays of myosin and actin in muscle cells articulate

the skeleton, pump blood, and regulate pressure and elasticity in many organs. A large

variety of specialized motor proteins have evolved to fill these roles and many others (10

12). Historically, muscle has received the most study (13), producing volumes of results

about muscle mechanics and physiology in addition to the molecular mechanism of force

generation by the actomyosin motor system. More recently, researchers have

increasingly worked on nonmuscle myosins and kinesins. The recent discovery that the

myosin and kinesin families are closely related structurally has at once simplified, or at

least rationalized, and broadened the field of motor protein research (14-17).

Experimental research on muscle is thus of interest on several levels, from the medical

and biological importance of muscles themselves to basic questions of single-molecule

motility and protein structure and dynamics.

While muscles contain a full complement of eukaryotic proteins, the bulk of the

muscle cell is given over to the actin- and myosin-based contractile apparatus. That

apparatus differs in some details between muscle types, and even, to a lesser extent,

between quite similar muscles, in organization, regulation and protein complement.



However, the fundamental mechanism of contraction is very similar across all types.

Muscles fall into several broad classes. The three classes of vertebrate muscle are

skeletal, smooth, and cardiac, each with its own biological tasks and evolutionary

specializations. Additional classes of muscles include invertebrate muscle types such as

insect flight muscle and the scallop “catch” muscle.

Skeletal muscle makes up a large fraction of the vertebrate body. Articulating the

skeleton, these muscles provide motion, locomotion, and posture. Their evolutionary

specialization is thus for speed and strength, to a certain extent at the expense of

economy. Medically, skeletal muscle is perhaps the least interesting type, with few

diseases of note aside from muscular dystrophy and conditions such as chronic fatigue of

the diaphragm, few of which are involved with the actomyosin contractile apparatus as

such (18). Scientifically, however, skeletal muscle is of great and enduring value. As

further discussed in chapter 3, skeletal muscle cells are highly organized and regular, and

particularly amenable to many avenues of experimentation.

Smooth muscles are the most diverse of the mammalian muscles in form and in

function. Smooth muscles line the circulatory system, gut, airways, and organs,

constricting, relaxing, or providing peristalsis as needed (18). Generally without skeletal

muscle's need for quick response, smooth muscles are specialized in economy.

Compared to skeletal muscle, all smooth muscles contract slowly, but with greater force

for the same energy consumption; as a rule, the slower the muscle, the more economical

in generation and maintenance of force (19). A variety of important disorders involve

smooth muscle, such as asthma, hypertension, and pre-term labor, so the study of smooth

muscle regulation and physiology is of direct medical significance. Unfortunately, the



small (compared to skeletal muscle) cells and poorly organized (again, compared to

skeletal muscle) actomyosin machinery of smooth muscle make it a less tractable

medium for investigation of basic motor protein function than skeletal muscle. However,

the differences between the two muscle types make such investigation very illuminating.

My work along these lines, and smooth muscle in general, are discussed in more detail in

chapter 4.

The third type of mammalian muscle, cardiac, is of great and obvious importance.

Cardiac muscle serves only one purpose: it is evolutionarily optimized to contract

continually for a very long time. Adaptations include quick cessation of contraction

when deprived of oxygen, which aids in recovery from minor ischemia. In terms of

organization, cardiac muscle is composed of small cells but is otherwise more similar to

skeletal than to smooth muscle, albeit with a regulatory system that differs from both.

While most disorders of the heart are more related to the supporting circulatory system or

to regulatory mechanisms than to the actual machinery of contraction, at least one

disease, familial hypertrophic cardiomyopathy, can arise directly from defects in myosin

itself (20).

Various other, non-mammalian muscle types have their own specialized adaptations.

Insect flight muscle, evolved to support very short contractions at frequencies higher than

the stimulating nervous system can attain, has the most highly ordered actomyosin lattice

of any muscle type (21). The "catch" muscle of certain shellfish holds shells closed with

great force, with a relatively small amount of tissue and very low energy consumption

(22). Differences in regulation, myosin isoform content, and actin- or myosin-associated
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proteins tune each muscle for its particular task, elaborating on a basic mechanism of

force generation that so far seems essentially consistent across all muscle types studied.

The muscle myosins, in all their diversity of sequence and function, all fall into the

myosin II subfamily, characterized by hexameric structure (two identical heavy chains,

and two copies each of two light chains) comprising two motor domains and a long

coiled-coil rod, among other features. The other known myosins are currently

categorized in an ever-increasing number of different subfamilies, each with distinctive ---

sequence and/or structural motifs affecting mechanical function, cellular function, ■ º º
regulation, target proteins besides actin (cargo), and so on (10, 12). Many of the myosins º º
are involved in vesicle or organelle transport along the actin cytoskeleton; others

s: - -

presumably crosslink or manipulate the cytoskeleton in processes such as cell division nº e

and filopod extension. At least three non-muscle myosins, for example, serve essential # *

roles in hearing: Myosin VIIa is required for structural integrity of hair cell bundles and º
--

apparently plays a role in their development; myosin VI helps to rigidly anchor K.
ºr "

stereocillia; and myosin la is involved in adaptation, apparently serving to adjust the as: º

tension on strain-sensitive ion channels (23-26).

The kinesin superfamily of microtubule-associate motor proteins is closely related to

the myosins. Whereas the myosins variously translocate or move along actin, the

kinesins partner with microtubules to tow organelles, segregate chromosomes, and

perform other motor-dependent tasks within the cell (5, 8). Actin and microtubulin are

unrelated proteins, and myosin and kinesin have no apparent sequence homology. It was

a surprise, then, when the x-ray structure of kinesin revealed great structural homology

between the two proteins (14). It is now clear that the two families of motor proteins are



1-2 Research Goals

The body of my research, presented here, speaks to certain fundamental aspects of motor

protein structure and function. I have investigated the conformational changes in myosin

underlying the generation and maintenance of force. My approach has been largely

spectroscopic, using electron paramagnetic resonance (see chapter 2) and fluorescence

spectroscopy to monitor the conformational state of the myosin motor in various

physiological states of the muscle fiber. I have focused on the putative lever arm of the

myosin motor. Structural techniques have provided snapshots of the myosin motor and

its partner actin. My aim has been to animate those pictures and elucidate just how

chemical energy is converted into mechanical work.

In chapter 3, I present my inquiries into the role of the myosin light chain domain,

thought to serve as a lever arm, in force generation. Working in skeletal muscle, I have

monitored the orientation of the putative lever while putting the muscle through its paces:

activation, relaxation, and various non-physiological states. The results provide some

insight into the specific conformational changes that drive muscle contraction.

Additionally, they speak to the interactions between the myosin motor domain and

surrounding proteins, including the actin and myosin filaments and other motor domains.

In chapter 4, I present my work on the "latch" state of smooth muscle. In

characterizing a specific rotation of the light chain domain, I have developed a model for

the basic mechanism underlying this highly economical, force-maintaining state of

certain smooth muscles. These experiments and model speak to fundamental questions

of force generation, as well.



1-3 Actomyosin Structure and Ultrastructure

All muscle types share common

structural elements, from basic protein

structures to the assembly of actin and

myosin into filaments, and the

interactions between them. I will

briefly discuss these structures here.

More detail on filament organization

and cell morphology can be found in

chapters 3 (skeletal muscle) and 4

(smooth muscle). None of this is

intended to provide an exhaustive

description or review; for that, the

reader is directed to the references

cited here and the many other works

on these topics.

Live muscles contain a sizeable

complement of proteins involved in

contraction. Most, however, are

passive structural elements, or

regulatory. Purified actin and myosin

together are fully competent to

produce force and motion in vitro. I

A Myosin Monomer Myosin Filament Actin Filament
4 motor domain
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Figure 1-1 Diagrammatic representations of
actin and myosin. A) The myosin monomer is
a large, hexameric protein, consisting of two
heavy chains and two copies each of two light
chains. The heavy chains form the catalytic
domains (black ovals), extend through the
light chain domains as O-helices, and together
form a long coiled-coil (lines). The essential
(ELC) and regulatory (RLC) light chains wrap
around the O-helical portion of the heavy
chain (shaded circles). Myosin monomers
form filaments with cross bridges (HMM)
extending out at 143 Ä intervals, with a
helical repeat of 429 Å. Globular actin
monomers (~55 Å across) form double-helical
filaments with a ~14-monomer pitch. B)
Actin and myosin filaments form a regular
array in the sarcomeres of skeletal muscle.
Myosin filaments form a regular hexagonal
array, straddling the center of the sarcomere
(the “M-line”). Actin filaments extend in
from the “Z-line” on either side; in the region
of overlap, they occupy the trigonal positions
between myosin filaments.



therefore concentrate on these two essential proteins; others of import will be mentioned

in later chapters. The organization of actin and myosin filaments was elucidated in the

1950’s, in large part by Hugh Huxley and coworkers. In the sarcomeres (the basic

contractile unit) of skeletal muscle, myosin filaments are aligned parallel to one another

in a hexagonal array, with actin filaments occupying the trigonal positions between or

around them, so that in the region of overlap of the two sets of filaments each myosin

(thick) filament is surrounded by six actin (thin) filaments (Figure 1-1) (27, 28). “Cross

bridges” extend from the myosin filament, interacting with actin in the overlap region

(29); these were identified as “heavy meromyosin” (HMM), the myosin heads and a

portion of the rod, described below, on the basis of early work by Szent-Györgyi (30).

During contraction the length of the filaments remains constant, but the region of overlap

increases as the filaments slide past one another (31, 32). Models for the underlying

mechanism of filament sliding are discussed below and in chapter 3.

The actin monomer is a globular protein, about 5 nm across, composed of four

subdomains. The atomic-resolution monomer structure (33-35) has been fit into low

resolution, x-ray diffraction patterns of actin filaments, yielding a model of actin filament

structure (36, 37). Subdomains 3 and 4 form the core of the double-stranded, helical

filament, while subdomains 1 and 2 project toward the periphery. Cross-linking and

mutagenesis studies show that subdomain 1 contains sites for interaction with myosin

(38, 39). The filament pitch is ~14 monomers or 74 nm per turn, although due to its

double helical nature the diffractive unit is half that; myosin binding sites occur every 5.5

nm (Figure 1-1).



The myosin monomer is a hexameric protein of about 450 kDa molecular weight,

consisting of two identical heavy chains and two copies each of two light chains. Each

set of one heavy chain and two light chains forms a "head," which are joined by a long

coiled-coil domain formed by the two heavy chains. (Figure 1-1). The c-terminal two

thirds of the coiled-coil domain, called light meromyosin (LMM), forms the core of the

myosin filament. The remainder of the molecule, heavy meromyosin or HMM, consists

of the remaining coiled-coil domain (S2) and the two "heads" (S1), each consisting of a

catalytic domain and a light chain domain (LC domain) (40). (Nomenclature – HMM,

LMM, Subfragment-1 or S1, Subfragment-2 or S2 – arises from early studies of

proteolytic digestion of the myosin molecule.) Heads, or "cross bridges," project from

the myosin filament every 14.3 nm; the helical repeat of the filament is 42.9 nm (29, 40).

The helical mismatch between actin and myosin filaments is considerable, but the myosin

heads and S2 domain are sufficiently flexible that all heads are able to bind to actin in the

absence of ATP (rigor) (41-45).

The myosin head, or S1, contains all of the machinery required to translocate actin

filaments; indeed, the catalytic domain contains the entire molecular motor, the LC

domain serving both regulatory functions and as a lever (see chapters 3 and 4). The

atomic-resolution structure of S1, determined by Rayment and colleagues in 1993 (46), is

shown in Figure 1-2. The globular catalytic domain, containing binding sites for both

actin (shown in green in Figure 1-2) and MgATP, is formed entirely from the heavy

chain. The heavy chain then extends in a long (8.5 nm.) O-helix, from about 1 nm within

the catalytic domain out to the rod (blue in Figure 1-2). The two calmodulin-like light

chains wrap around and stabilize this helix, forming the LC domain. Functional analyses



of the LC domain indicate that it acts

a lever with its fulcrum near the origin

of the 8.5 nm helix within the

catalytic domain (47–50). Structural
º

SN sº LC Domain

studies indicate that rotation of the LC
Actin Binding Region SH1/SH2F

domain involves considerable Figure 1-2 Atomic structure of the chicken
fast skeletal myosin head (46). Light chains

rearrangements throughout the include residues not resolved in the crystal
structure, modeled by Dr. Michael Lorenz.

"converter domain," the section of the Structures of interest are colored. The long
o:-helix which forms the core of the light

catalytic domain nearest the light chain domain, residues 770–843, is shown in
blue. The structure homologous to switch I,

chains, rather than a simple rotation of residues 235 – 245, is shown in aqua. The
region equivalent to switch II, residues 466 —

one or a few bonds (51, 52). 506, is colored orange; it includes a loop
which interacts with the nucleotide and a

Structures of the catalytic domain highly conserved helix. Interacting with the
switch II helix is another conserved helix,

with various bound nucleotides and residues 689 – 708, colored magenta, which
contains two reactive cysteine residues

phosphate analogs (52-54) and (“SH1” and “SH2”). The major region of
interaction with actin, “below” the large cleft,

structural homologies between the is shown in green.

nucleotide binding structures of myosin (and the kinesins) and the G proteins (15, 16, 46,

55, 56) suggest a mechanism whereby myosin's nucleotide state determines its

conformation, based on the analogous structures and mechanisms of the G-proteins. The

core of the catalytic domain is a seven-stranded fl-sheet, which subsumes the four

stranded sheet common to the G proteins. The nucleotide pocket, above the sheet, is

formed by a contiguous region originating in these four strands. One strand precedes a

"P-loop" motif which is common to many nucleotide-binding proteins. The adjacent

strand continues into the "switch II" region, which includes a highly conserved glycine

10



which senses the Y-phosphate, causing a significant shift and rotation of the switch II loop

and helix (orange in Figure 1-2) when the nucleotide goes from tri- to diphosphate. The

next strand continues into the "switch I" loop (yellow in Figure 1-2), which buries the

phosphates and undergoes modest conformational changes upon loss of the Y-phosphate,

as well. The strand on the other side of the P-loop strand continues into a helix (shown in

pink in Figure 1-2), containing two highly reactive cysteines ("SH1" and "SH2") in

skeletal myosin, which lies adjacent to the switch II helix and has been observed to move

between nucleotide states of the molecule (53, 54). The observed conformational

changes between bound nucleotides, and the very close homology to the G proteins, thus

suggest that these structural elements are the main route of communication between the

nucleotide site and the rest of the protein. Relevant to my work in particular is the fact

that the switch II helix and the adjacent SH1-SH2 helix provide a direct route of

communication between the nucleotide pocket and the converter domain, and thus to the

LC domain. Thus changes at the nucleotide site lead to changes in the position of the

converter domain and putative lever arm, as indicated by crystallographic studies (51-54,

57).

The atomic-resolution structures of actin and myosin have been assembled into

filaments, and docked together, by fitting into the low-resolution envelopes provided by

low-angle x-ray diffraction and electron microscopy (36, 58, 59). Docking the S1 and

actin structures requires rearrangements of surface loops; early dockings required partial

closure of the large cleft in the catalytic domain of myosin to avoid steric clashes (59),

whereas more recent computational analysis indicates that the cleft actually must open

slightly (60). Motions of this sort within the myosin head are thought to be important for

11



coordination of ATP hydrolysis and actin binding (see below), since the Y-phosphate

must escape the nucleotide pocket without displacing the rest of the nucleotide, and may

be released by rearrangements in the structure caused by opening and closing of the cleft

(61). The precise actin binding interface of the myosin head cannot be determined from

these dockings, but many of the residues involved are known from cross-linking and

mutagenesis experiments. The major site of interaction is centered on a helix-loop-helix

motif on the lower jaw of the cleft (green in Figure 1-2), containing hydrophobic residues

that are critical to the interaction with actin (62). A number of charged groups are also

involved in the actomyosin interaction, including a loop connecting the upper and lower

jaws of the cleft, disordered in the crystal structures of myosin, which may form an initial

nonspecific bond with actin (38, 39).
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1-4 Kinetic Mechanism of Myosin

The cyclic interaction of myosin, actin, and ATP produces force and work, with ATP

hydrolysis the ultimate source of energy. As described above, some of the structural

elements of myosin allow for communication between the nucleotide site and the lever

arm; other elements suggest avenues of communication between the actin binding site

and the nucleotide site, allowing coordinated binding of actin and ATP to the motor.

Long before these structural elements had been identified, said coordinated binding was

elucidated by a variety of experiments. Eisenberg and Moos determined that actin

activated the myosin ATPase according to Michaelis-Menten kinetics (63, 64). Their

results suggested that ATP binding at the nucleotide site reduced the affinity of myosin

for actin (65).

Studying pre-steady state kinetics of HMM ATPase activity, Lymn and Taylor

showed that the rate of the ATP hydrolysis step was about the same with or without actin

present (actually somewhat slower with actin). Actin activated myosin ATPase activity

by potentiating product release, which is rate-limiting in the myosin ATPase cycle.

Determining that ATP-induced dissociation of myosin from actin is much faster than

hydrolysis, they thus demonstrated that hydrolysis takes place primarily on free myosin,

while product release takes place after, and is catalyzed by, reassociation with actin.

Rebinding to actin is thus the rate-limiting step in this scheme, shown in Figure 1-3 (66).

This scheme is readily reconcilable with models of force production in which the

working transition is associated with product release, and repriming of the head is

associated with hydrolysis.

*s---
-- *
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M 4—P. M.T 4—P. M.D.P 4–2. M-D 4–P M Detached

| | | | |
A-M “–- A-M-T “—-A-M-D-P-4—- A-M-D “–P-A-M Weakly Attached

| | | | |
A.M -> A.M.T +->A-M-D-Pe-3 A.M.D +-> A.M Strongly Attached

Figure 1-3 Kinetic schemes of the actomyosin interaction. A: actin; M: Myosin; T:
ATP; X: hydrolysis products; D: ADP; P: orthophosphate. A) The original Lymn
Taylor scheme, with the corresponding states of the rotating cross bridge model (66).
ATP binding detaches myosin from actin. Hydrolysis occurs mostly in the detached
state, whereas product release occurs mostly with myosin bound to actin. The force
generating transition occurs upon product release, displacing the actin filament. B)
The more detailed kinetic scheme of Geeves et al. (67). The binding of myosin to
actin is a two-step process, starting with an initial, weak interaction and ending with a
strong bond. All possible transitions are shown, but only the A-M-D and A-M states
are favored for the weak-to-strong transition.

Despite revision and extension over the years, the central elements of the Lymn

Taylor kinetic scheme for myosin remain unchanged. Evidence has accumulated that

myosin binds to actin in a two-step process, first binding weakly and/or nonspecifically,

followed by an increasingly strong, very specific interaction. The initial binding is

mostly electrostatic, while the strong bond has a strongly hydrophobic, as well as

electrostatic, character. A more complete and detailed kinetic scheme, shown in Figure

1-3, was therefore developed by Geeves and coworkers (67).
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1-5 Theories of Contraction

The detailed mechanism by which the

actomyosin interaction generates

force is the central, and still unsolved,
Figure 1-4. The A. F. Huxley (1957) model

question in the muscle research field. of muscle contraction. Sites of actin-myosin
interaction are attached to the myosin

The history of speculation and | filament by Hookean springs. The rates of
attachment (f) and detachment (g) are

experiment on this topic stretches functions of the displacement of the
interaction site from its equilibrium position.

back over a century and makes | The attachment rate increases with positive
displacement up to a maximum. The rate of

fascinating reading (13, 68). In the detachment also increases with positive
displacement, but less rapidly; in the realm of

interest of space, however, I present negative displacement the rate of detachment
is constant and high. The ultimate source of

only an abbreviated history of some of energy for contraction is thus the thermal
fluctuations that displace the interaction site

the work leading to the currently best- about its equilibrium position. ATPase is
necessary to bias the “thermal ratchet,” as

accepted models. required by the laws of thermodynamics.
Adapted from (69).

Pulling together what was then

known about the muscle filament structure and muscle mechanics and energetics, in 1957

Andrew Huxley proposed a model of muscle contraction based on the capture of thermal

fluctuations to do work. He proposed that myosin interacted with actin at sites that

fluctuated about their equilibrium position as they absorbed thermal energy, pulling out

or compressing a spring-like elastic element. Operating independently, these site would

cyclically bind to and release actin. Rates of attachment and detachment depended upon

position; the attachment rate f would increase linearly with stretch up to a maximum

displacement, while the detachment rate g would increase more slowly with stretch but

was always at a high, constant level when the spring was compressed (see Figure 1-4).
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ATP binding caused dissociation, while hydrolysis and product release enabled

reattachment. Upon attachment, the elastic element would pull the two filaments past

each other (69).

While this model has not perfectly withstood the test of time, the basic idea is still

quite workable with only relatively minor extensions to fit newer, non-equilibrium

mechanical and energetic data, such as a two-step binding process to account for a falloff

in energy liberation as maximal contraction velocity is approached (70, 71). The

essential elements of this sort of "thermal ratchet" model are that 1) force is preexisting in

the "attachment site," so that tension is an immediate consequence of binding, and 2) the

ultimate source of energy is thermal, with ATP hydrolysis serving to bias a thermal

ratchet and thus providing a maximum to the thermal energy that can be captured. A

number of experimental results, and to a certain extent my own work (discussed in

chapter 3), are supportive of thermal ratchet models of contraction.

At about the same time as Andrew Huxley published his initial model, Hugh Huxley

published electron micrographs showing connections, or cross bridges, between actin and

myosin, tentatively identified as HMM (29, 30). These cross bridges could of course be

identified with the actin attachment sites in A. F. Huxley's 1957 model. Electron

micrographs suggested another well-accepted model, the rotating cross bridge or "rowing

oar" model. It was evident that cross bridges were bound to actin at a variety of angles

(72), suggesting that cross bridges might initially bind to actin at one angle, and then

undergo a "power stroke," rotating to a final angle and thus displacing the actin filament.

A more recent refinement of this model is that the catalytic domain has been

spectroscopically observed not to rotate after binding actin (73-77); together with the
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atomic-resolution structure of S1, this suggests that any rotation must take place in the

LC domain (see chapter 3).

While the rowing oar model is currently the best accepted picture of actomyosin force

generation, many questions remain. The "rigor" or nucleotide-free state of actomyosin is

commonly taken to represent the end of the power stroke, but the nature of the initial pre

power stroke state and of the working transition are not known (however, see chapters 3

and 4 for recent data). Also, the driving mechanism is not well understood. One

possibility is that ATP hydrolysis effectively cocks a spring in the myosin head; the

stored energy would then be released upon binding actin as the head relaxes to its post

power stroke conformation. This model is difficult to evaluate because the energetics of

the internal conformational changes associated with ATP hydrolysis are not known.

Other possibilities are variants on thermal ratchet models. The myosin head might

preferentially bind to actin in a pre-power stroke conformation, and then absorb thermal

fluctuations, biased by ATP binding, hydrolysis, and product release, pushing the lever

arm over into the post-power stroke state (71). The very energetically favorable

formation of the strong actomyosin bond provides enough energy to account for the work

done, and the progressive formation of this bond could capture the fluctuations driving

the power stroke (78).

Many elements of the rotating cross bridge model of contraction remain speculative,

and the essential model itself is by no means proven. Much of my work, presented in

chapters 3 and 4, serves to both refine and test this model. As will be seen, my results are

generally supportive of the model, and may serve to help discriminate between some of

its variants. Additionally, I present results suggesting certain structural interactions

17



between myosin heads, and the myosin head and filament, which help to clarify the

precise mechanisms by which myosin functions.

º

º

:
º sº

18



Chapter 2 Experimental Approach

Various results, techniques and methodologies are common to the great bulk of my work.

For the sake of readability, I present here much of the material that could otherwise be

repeated several times in the following chapters. This chapter contains a general

discussion of electron paramagnetic resonance spectroscopy, the methods common to

many of my experiments, specifics of the probe-protein systems I have employed, and

the dynamic characteristics of those probes.

2-1 EPR Spectroscopy

Several structural techniques have been employed to discern conformations of the myosin

head. X-ray crystallography has revealed the atomic-resolution structures of the actin

monomer and the myosin head. Lower resolution structures of the actin-myosin complex

from electron microscopy have been used to build atomic-level models of the actin

filament and its interaction with myosin. Spectroscopic techniques are necessary,

however, to check these structures against results in more nearly native conditions, and to

provide animation to the structure as the head goes through its paces. While low-angle x

ray diffraction, neutron diffraction and fluorescence spectroscopy have proven highly

informative, electron paramagnetic resonance (EPR) spectroscopy stands out as uniquely

suited to answer the question of how myosin's putative lever arm moves during force

generation and maintenance.

EPR spectroscopy is exceedingly sensitive to the orientation of paramagnetic probes,

allowing the resolution of multiple conformations of a protein. EPR experiments also

provide a wealth of additional information about a spin probe, allowing characterization
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of properties of the local environment
CH3

of the probe and the mobility of the CH3

|ASL-T Hºc-º-N N.—O
spin label or the underlying protein. § CH3

A spin label is a small molecule CH3

containing an unpaired electron spin,

the spin probe, and a reactive group Ph.MTSS SSO2CH3

such as a maleimide or iodoacetamide
N.

by which the probe is attached to a &
Figure 2-1 The two nitroxide spin labels

substrate. All experiments discussed employed in this project. IASL
(4–(2–Iodoacetamido)-2,2,6,6 – tetra— methyl

here employ one of two nitroxide spin –1—piperidinyloxy), available from Aldrich,
reacts with cys-108 of gizzard RLC via the

labels, shown in Figure 2-1. From the iodoacetamide group shown. PhMTSS (1-
oxyl – 3 — methanethio-sulfonyl – methyl-4-

spectrum of an ensemble of probes — phenyl – 2,2,5,5 – tetramethyl – 2,5 – dihydro
—1,4–pyrrole), synthesized by Kalman Hideg

EPR requires, as a practical minimum, (92), forms a disulfide bond with the reactive
thiol. In both probes, the unpaired electron is

10% – 10° spins, as discussed below – localized mainly on the nitrogen. The probes'
primary (z) axis emerges normal to the figure

one can ascertain the relative as drawn, the x-axis is the N – O bond, and
the y-axis is perpendicular to those two.

orientation of probe and applied

magnetic field, so the orientation of a labeled protein surface in an ordered array such as

a muscle fiber may be monitored. One can also extract information on the probe

environment; e.g., polarity (aqueous vs. lipid), or proximity to charged sidechains, or

distance to an interacting spin (practical range 10 – 25 Å). Conventional EPR spectra

also reflect probe tumbling with correlation times from nanoseconds to microseconds,

which can be extended to milliseconds using saturation transfer EPR. If the probe is
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firmly attached to a substrate such as a target protein or stretch of nucleic acid, the

mobility of the substrate can thus be determined.

The actual data obtained from a conventional EPR experiment such as the ones

described here typically consist of a plot of the first derivative of absorption (of

microwave energy, by spin probes) versus magnetic field strength (see Figure 2-4).

Absorption versus frequency could equally be used, and is mathematically equivalent.

However, all commercial spectrometers vary magnetic field strength at a fixed radiative

frequency, since this is technically easier than varying frequency. Similarly, the first

derivative of absorption is generally used for the abscissa, since most spectrometers

rapidly modulate the magnetic field over a small range to obviate drift in the microwave

frequency. The information described above is contained in the shape, location and

amplitude of absorption lines. The interpretation of spectra is in some sense model

dependent, the model being the physics of the interaction of an electron spin with applied

magnetic and radiation fields, discussed below.
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2-2 Physics of EPR Spectroscopy

The following is a brief description of the physics of EPR spectroscopy, concentrating on

the aspects most pertinent to the experiments described here. This should by no means be

taken as a complete treatise on the subject; many fine works are available to serve that

purpose (for overviews especially relevant to this work, see references (79, 80)). Where

not otherwise referenced, this section draws heavily on the excellent work by Alger (79).

General considerations The interaction of an unpaired electron with atoms,

molecular bonds, and other electrons as well as applied magnetic and microwave fields is

quite complex. The total energy of the ion has been described by the following

Hamiltonian:

H = H'+H., + H., +H., + H2 + Hi + Ho +H, +H.

where

Energy (ergs
H' = free ion or coulomb energy 2×10."
He = Stark crystalline or electrostatic energy 2×10°
H. = electronic spin-orbit interaction energy 2×10" - 2×10°
H... = electronic spin-spin interaction energy 2×10"
Hz = Zeeman (electron — external field interaction) energy = 2×10°

BH-(L+2S)
Hi■ = Hyperfine energy (dipole-dipole coupling of electron and 2×10° - 2×10"

nuclear magnetic moments)
Ho = Quadrupole/higher electrostatic interaction energy between 2×10°

electron and nucleus
Ha = Nuclear Zeeman (nucleus – external field interaction) 2×1020

energy

The range of energies in this table determine the conditions under which EPR

experiments are performed. The effects of interest in the experiments described here are

the Zeeman and hyperfine interactions. Energies appropriate to excite these transitions

are too small to excite transitions involving the higher energy terms (free ion, Stark, or

sº "
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spin-orbit coupling interactions), and generally too large to excite quadrupole, nuclear

Zeeman, or exchange (H,) interactions. Selectivity is thus quite good: EPR detects only

unpaired electron spins. If desired, spin-spin interaction effects can be avoided by using

a system of spins substantially diluted by dielectric material, as in the experiments

described here.

The energy required to excite Zeeman effect transitions depends on the applied

magnetic field. To achieve the energies given above (E = hv = 10" eV), which allow use

of microwave-band radiation, the applied field must be in the easily-achieved range of

1000-5000 Gauss. The energy of a single transition is then very small, however, so that

even under ideal conditions of a single, very narrow absorption band the minimum

number of probes that can be detected is around 10”, while practically speaking more are

desirable and usually necessary.

The Zeeman effect The Zeeman effect is the coupling of an unpaired electron's

magnetic moment, p, to an external magnetic field, H, illustrated in Figure 2-2. The

Zeeman Hamiltonian can be written

Hz = gºff.H.S = gºff.H.S,

where gº is the free spin g value, g is the spectroscopic splitting factor g = 1+ [(J(J+1) +

S(S+1) + L(L+1)] / 2J(J+1), J is the electron angular momentum, S is the spin angular

momentum, L is the orbital angular momentum, B, is the Bohr magneton, le|h/4ttmc, Ho

is the static magnetic field (which defines the z axis), and S, is the component of the

electron magnetic moment along the z axis. From quantum mechanical considerations,

the allowable values of S, are m, = +1/2 in a system with one spin, such as the nitroxide

spin labels employed here. The energetic difference between the two states is then AW =
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gift. Ho. This difference is much
Electron Spin

smaller than kT at room temperature, t m, = +1/2
so the difference in population of the

two states is very small. Nonetheless, E | ge■ eho
application of an oscillating magnetic

field (2TVH!) via microwave radiation º ms = -1/2

H

Figure 2-2. The Zeeman effect. An electron
in a magnetic field must align its magnetic
moment either parallel (m, = −1/2) or
antiparallel (m, = +1/2) to the field. The
energetic difference between the two states is
gºš.H, increasing linearly with magnetic field

at the resonant frequency (v = AW/h)

causes absorption of energy as the two

states are driven toward equal

population, the higher-energy (m, =
strength.

+1/2) state being populated at the

expense of the lower-energy (m, = –1/2) state. The applied radiation field drives

stimulated absorption in proportion to the number of electrons with m, = -1/2, and

stimulated emission in proportion to the smaller number of electrons with m, = +1/2,

perturbing the thermal equilibrium in the direction of equal populations of the two states.

The spectroscopic splitting factor, g, is asymmetric and must be described as a tensor,

g. g is conveniently diagonal for a nitroxide spin probe when the z-axis is defined by the

2p-T orbital of the nitrogen on which the unpaired electron is localized, and the x-axis is

defined by the nitroxide bond. Asymmetry in g (g, + g., + g,) means that the Zeeman

effect is sensitive to probe orientation, an effect that can be used to determine

macromolecular orientation as described below. Differences in the tensor values are

small, however; typical values for a nitroxide probe are g., a 2009, g, a 2005, g, a

2.002.

-------
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Relaxation and lineshape The line shape resulting from net absorption of energy,

from which information can be extracted, depends upon relaxation processes and on local

inhomogeneities in the magnetic field. The process of stimulated absorption and

emission can be continued until the two populations are equal; there is then no net

absorption of energy and the system is “saturated.” In conventional EPR experiments,

however, this is not desirable, so the amount of energy added to the system (a function of

the ratio of time spent at resonance conditions versus the total time between sweeps) is

kept low. This results in minimal perturbation of the spin system, which relaxes toward

equilibrium with characteristic time constants. There are two general relaxation

processes with distinct time constants: longitudinal and transverse.

Longitudinal or spin-lattice relaxation time (Tl) is determined by the transfer of

energy from the spin system to the lattice. The two major mechanisms are the “direct”

and “Raman” processes. In the direct process, energy is transferred from an electron spin

to a vibrational mode of the lattice with a very similar frequency (81). The direct process

is important only at temperatures below 4° K. The Raman process dominates at high

temperatures. In this case, a phonon is inelastically scattered in the process of flipping a

spin (82).

Transverse or spin-spin relaxation time (T,) is determined by interaction between

unpaired electrons and other magnetic dipoles in the spin system such as magnetic nuclei,

impurities, and, if the system is not dilute, other probes. While energy is not dissipated,

local disturbances can be spread across the system, potentially enhancing the spin-lattice

interactions. Relaxation is described by the Bloch equations:
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dS./dt + S./T, -YH,öS, = 0

dS/dt + S/T, + YH,öS, - YHS, = 0

dS/dt + S/T + YH,öS, = So/T

where

Y = CO/Ho.

Spectral line shape is determined in large part by TI and T2, as well as by

inhomogeneities in the magnetic field. If various unpaired electrons “see” slightly

different fields due to proximity to magnetic nuclei or other effects, the absorption lines

are broadened accordingly since not all electrons achieve resonance at the same time and

spectral position. In a simple system controlled by spin-lattice relaxation, where the

system is close to thermal equilibrium throughout, the line shape is Lorentzian (83, 84).

However, if inhomogeneities are great and spin-spin relaxation (T,) is slow, the line

shape becomes gaussian. Many spectra are mixtures of the two line shapes. Typical

values of T, and T, for nitroxide spin

probes are around 10°s.

The hyperfine interaction The

hyperfine interaction (Figure 2-3) is

the magnetic interaction between an

unpaired electron spin and its

surrounding nuclei. In the case of a

nitroxide spin probe such as employed

here, these are primarily the nitrogen

on which the electron is localized, the

m

m = +1/2 /TA +1
e-H- 0
H= -1

gf■ H i
A----1

w : 0
m = -1/2 \–w- +1

Figure 2-3 The hyperfine interaction for a
nitroxide spin probe. Magnetic interaction of
the unpaired electron (spin 1/2) and nitrogen
nucleus (spin 1) splits the Zeeman absorption
line into 3 lines. The energy levels depend
upon probe orientation.

tº- --- … s.
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oxygen with which it is shared and to a lesser extent the other atoms of the ring (see

Figure 2-1). Since the magnetic interaction of these atoms is not homogenous, the

hyperfine interaction depends on the orientation of the spin probe relative to the applied

magnetic field. The relevant portion of the spin Hamiltonian is then

H=g■ }H, 4 AM = gbH, + A,I,S, + A.I.S., + A,I,S,

where A is the hyperfine interaction tensor (in units of magnetic field strength) and I is

the nuclear spin (I =1, so M = +1, 0, or -1, for a nitroxide). This has the effect of

splitting the Zeeman absorption line into 21 + 1 lines (hyperfine structure; see Figure 2

3), with the degree of splitting dependant upon probe orientation. The effect of

asymmetry in g is to differentially broaden and shift the position of these lines, resulting

in an asymmetric spectrum. A and g are diagonal in the same coordinate frame, with the

z-axis taken as the 2p-T orbital of the nitrogen containing the unpaired electron and the X

axis as the nitroxide bond; for nitroxide probes of the sort shown in Figure 2-1, typical

values are in the range of A, = 70–100 Gauss, A, as A, = 10–20 Gauss (85).

The spin Hamiltonian The spin Hamiltonian is usually written including additional

variables to describe fine structure in the absorption:

H=g■ H0+ AM, + D(S,” – S(S+ 1)/3) + E(S.*—S,”)+....

Interactions such as spin-spin coupling, spin orbit coupling, and the Stark effect can lift

the degeneracy of spin states, introducing fine structure when the resonance transitions

are in the range excitable by EPR fields and wavelengths. D and E thus represent the

splitting between energy levels in the absence of an applied magnetic field. Finally, the

quadrupole interaction and nuclear Zeeman effect may be included in the complete spin

Hamiltonian:
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H = ... + Q(I,” – I(I + 1)/3) — g|3|H.I

In general for conventional EPR experiments, and specifically for the ones described

here, however, only the g and A tensors, representing the Zeeman and hyperfine

interactions, are important.
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2-3 Interpreting Spectra

Orientation EPR is used in the work

at hand to observe orientational, and 2%
hence conformational, changes of ".
myosin in muscle fibers. Muscle

fibers provide a cylindrically

Symmetric array of myosin and actin 45° J J J
filaments of almost crystalline order. ■ ■ ■
Specifically labeling a particular

90°

residue on the myosin head — in these

experiments, cys-108 of the

regulatory light chain — therefore cº:
yields what is in essence a very dilute, 10 G

cylindrically symmetric crystal of spin *

Figure 2-4 Orientation dependence of
probes, to the extent that the myosin hyperfine structure. The angle of the

principle axis of the spin probe relative to the
heads themselves are well ordered and magnetic field determines the splitting of the

absorption lines. An isotropically oriented,
the probes are immobilized and immobile probe population gives rise to a

characteristic “powder” spectrum, which is
consistently aligned on the protein the spherically-weighted sum of all possible

oriented spectra.
surface. This system lends itself well

to analysis of the orientation of the spin probes, using the asymmetry of the g and A

tenSOrS.

In a cylindrically symmetric system, the orientation of the probe can be described in

terms of a tilt angle, 6, representing the inclination of the probes’ principle axis to the
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symmetry (i.e., filament) axis, and a twist angle () about the principle axis. These angles

will generally be distributions of some variety, with the full widths at half maximum

usually written A0 and A(p. The twist angle () can in principle be determined from the

position and shape of the absorption lines, due to the asymmetry in g. However, the

difference between g, and g, is small (typical values for nitroxide probes are 2009 and

2005, respectively), so spectral sensitivity to twist is often limited. Since A, x A, as A,

the spectra are exquisitely sensitive to the tilt angle 0, as described by Barnett and

colleagues (86). As can be seen in Figure 2-4, the splitting of the three lines produced by

the hyperfine interaction in a nitroxide probe is determined by 0, while the line shape is

affected by A0, though the two effects are not independent. The tilt angle distribution can

thus be read more or less directly from experimental spectra. An especially powerful

aspect of EPR spectroscopy is that the spectrum of multiple probe populations is not an

average, but rather a superposition of the spectra of each population, allowing

deconvolution of the spectrum and characterization of each significant population.

Mobility EPR spectra are also sensitive to probe mobility, e.g. the tumbling of a free

probe in solution, or the rotational freedom of a protein to which a probe is bound. The

anisotropy of g and A is effectively reduced by dynamic averaging of the probes’

orientations. The spectral effects of probe tumbling fall into two distinct classes,

depending on whether the correlation time t, is in the realm of fast or slow exchange.

Rotational correlation times in the range of 10" – 10” s are reflected in the

Lorentzian line widths of the absorption lines, with increasing, differential widening as tº

increases (85). This is the realm of “fast exchange”: the probes exchange between two

states (orientations) more quickly than they can be distinguished, according to the
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Heisenberg uncertainty principle, AHAt 2 h. Orientations that would, if static, give rise to

distinct absorption lines are instead averaged to a single, intermediate line. From 10°–

10° S, the position of the lines is also affected, ultimately approaching, in a disordered

sample, the random or “powder” spectrum shown in Figure 2-4 (87). This is the realm of

“slow exchange”: spectral lines are not averaged, but the anisotropy of the tensors is

reduced by probe rotation that is sufficiently fast to present a range of orientations during

a single measurement. Slower tumbling has no further effect on conventional EPR

spectra, since the time scale is slow compared to that of conventional EPR measurements.

Similarly, EPR is insensitive to correlation times faster than ~10's (88).

Saturation transfer EPR (89) can be used to measure slower correlation times, in the

range 10°-10's. Sufficient energy is introduced into the system at a specific spectral

position to fully saturate probes in the corresponding orientation. That is, probes in that

orientation are equally distributed between spin states, so there is no net absorption of

energy and hence no signal at the corresponding spectral position. As probes tumble,

rotating away from the critical orientation, the population of probes at any given

orientation is driven away from thermal equilibrium by the influx of probes which have

thus been saturated. Away from the critical orientation, of course, the probe populations

relax toward equilibrium as described above. The characteristic tumbling time can thus

be extracted from the degree of reduction in signal at any specific spectral position close

enough to the critical position to experience a substantial alteration in spin state

population.
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2-4 The Probe-Protein System

Use of EPR to determine protein conformation and dynamics typically involves site

specific labeling of the target protein. Selection of the probe site can be critical for

maximal sensitivity to orientational changes or a particular local environment.

Unfortunately, the actual placement of probes depends on more than the wishes of the

experimenter. Spin labels must be reacted with specific residues, depending on the

reactive group attached to the spin probe; e.g., to cysteines, or histidines, or the protein's

amino terminus. In native, non-engineered proteins, this limits site selection to, for

example, the most reactive cysteine in the protein, or to one that can be selectively

unprotected or isolated from the larger protein. Site-directed mutagenesis to introduce a

specific attachment site can sidestep this problem, but introduces all of the difficulties

inherent in modifying protein sequence. In either case, introduction of a probe moiety as

large as or larger than a bulky sidechain has the potential to disrupt protein-ligand or

protein-protein interactions, or to disrupt protein structure if buried, further limiting site

selection. Finally, when one has arranged for a reactive residue at the perfect site to

study the question at hand, one is faced with selecting a suitable spin label from the

limited, if sizeable, number available. The environment of the probe site (including steric

considerations, the presence of nearby polar or hydrophobic residues, and the proximity

of bound paramagnetic metal ions) determines whether a given probe will have desirable

characteristics at that site.

Despite these warnings (and more from helpful colleagues) that determination of a

useable spin probe-protein system is neither easy nor automatic, my project was blessed

early on with a quick success in the form of the gizzard RLC – IASL system, described
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below. All of the published work included here was carried out with this first system. As

discussed below, however, the system was less than ideal in terms of probe mobility and

limited in probe placement, so I devoted considerable effort to improving the

technologies of probe placement and immobilization.

Native light chains Hambly and colleagues employed the native rabbit skeletal RLC

(or light chain-2 (LC2) in the nomenclature of skeletal muscle) to observe the orientation

of the LC domain in various physiological states (90, 91). This approach was

complicated by the presence of two reactive cysteine residues on the light chain, and by

the location of the more reactive of the two in the LC2 – LC1 (light chain-1, or the

essential light chain) interface. This project therefore began with an effort to use the

RLC of chicken gizzard myosin. While not native to the first muscle studied, rabbit

psoas, this light chain had the advantages of a single cysteine, cys-108, positioned near

the site of the more reactive cysteine on skeletal LC2 but not in the LC1 – LC2 interface,

and of a higher affinity for the skeletal heavy chain than has the skeletal LC2. The spin

label 4-(2-Iodoacetamido)-2,2,6,6-tetramethyl-1-piperidinyloxy (4-(2-Iodoacetamido)-

TEMPO or IASL; see Figure 2-1) was quickly found to be fairly well immobilized on the

RLC (see section 2-6) and well ordered in rigor fibers (see chapter 3). No other

sulfhydryl-reactive spin labels then available to me satisfied both requirements; indeed,

illustrating the difficulty of finding a good system, 3-(2-Iodoacetamido)-PROXYL,

differing from IASL only in that the spin probe is a five- rather than six-membered ring,

was not well immobilized. Much later, after the published work included here was

largely completed, a new spin label, 1-oxyl-3-methanethiosulfonyl-methyl-4-phenyl

2,2,5,5-tetramethyl-2,5-dihydro-1,4-pyrrole (abbreviated Ph.MTSS, after the non
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phenylated parent compound MTSS; see Figure 2-1) was kindly provided by Dr. Kalman

Hideg (92). PhMTSS was found to be less mobile (described below) and more clearly

oriented (see chapter 3) on gizzard RLC than was IASL, and merits further work.

Monofunctional mutants Gizzard RLC provides a single, well positioned (for my

purposes) cysteine residue. In this it is unusual among RLCs. However, its use in

systems other than smooth muscle raises questions as to the generality of results. A

promising alternative is the use of site-directed mutagenesis to produce a “native” light

chain with a single cysteine in a desirable location. To this end, I proposed a variety of

mutant skeletal LC2s, some of which were produced by the lab of Lee Sweeney, U. Penn.

These mutant chicken fast skeletal LC2s had cysteines either partially buried (T150C) or

at the back of a cavity formed by the heavy chain O-helix and the LC2 loop connecting

the N- and C-terminal lobes (L92C, A95C). Unfortunately, while several spin labels

screened against these light chains were immobilized to various degrees, none produced

ordered spectra in fibers. A possible explanation for this lack appears when one looks

beyond the flat molecular diagrams in Figure 2-1. Upon examination of the three

dimensional structure of a nitroxide spin probe, it appears that the probe's ring moiety is

not planar, but essentially cylindrical. Thus despite the probe being spatially restricted in

a small pocket on these mutant light chains, no single orientation is particularly favored.

Additionally, several of the spin labels employed seemed to interfere with binding of the

LC2 to the myosin heavy chain, perhaps due to steric interference with protein folding

(entirely possible in T150C) or protein-protein interaction.

Another mutant LC2 similar to one I had contemplated, rabbit skeletal LC2 with a

cysteine substituted at position 49 (C49), was kindly provided by William Shih in the lab
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of Jim Spudich at Stanford University. This residue is exposed at the extreme end of S1

distal from actin, putting it at the opposite end of the light chain from cys-108 of gizzard

RLC. Three spin labels, 4-(2-maleimido)-TEMPO and 3-(2-maleimido)-PROXYL

(MSL-T and –P) and 3-(5-fluoro-2,4-dinitroanilino)-TEMPO (FDNA-SL) were fairly

immobile on C49, and showed order in rigor fibers, possibly due to interaction with a

nearby hydrophobic patch on the LC2 surface. However, despite an initial, extremely

promising result with MSL-T, subsequent spectra never showed a high-enough degree of

orientation to support extensive work.

Both of these classes of mutations, producing partially buried or entirely surface

exposed reactive residues, continue to hold promise. The ability to place a probe

precisely where desired is extremely powerful for application in situations where portions

of a macromolecule move differentially or experience different environments, as

demonstrated by Hubbell and colleagues (93-95). However, the essential requirement of

the experiments described here, that the probes be ordered in the myofilament matrix,

renders the endeavor, while theoretically quite rewarding, uncertain in practice.

Bifunctional mutants An extremely promising approach to the issue of probe

orientation and mobility is the use of a bifunctional spin label, which would allow the

probe to be “nailed down” at two ends. Bifunctional rhodamine probes were used with

two-cysteine mutant LC2s by Savido-David and colleagues (96) to monitor the

orientation of the LC domain, with great success. The double attachment considerably

restricts the mobility of the probes, while precise knowledge of the positions of the two

sulfhydryls from the Rayment et al. crystal structure (46) allows determination of the LC

domain orientation, rather than merely that of the probe. Combining this power with the
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advantages of EPR spectroscopy should provide a very potent tool for observing protein

conformation, and to this end two-cysteine mutant LC2s have been produced by William

Shih, and bifunctional spin labels synthesized by Nariman Naber and Marija Matuska of

Roger Cooke's lab at UCSF. The desire to graduate having outstripped the pace of

synthesis and experiment, however, this system remains an enticing potential at the time

of this writing.
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2-5 Methods and Materials

Much of the work I discuss here was carried out using fairly consistent techniques. In

order to avoid redundancy, in this section I briefly describe the common elements of the

methods and approaches I employed. Methods relevant only to a particular section or set

of experiments, and specifics of the common methods when they differ from those

described here, are presented separately in the individual sections.

Protein purification A number of muscle proteins were employed in various

experiments. Purification and proteolysis techniques varied slightly between experiments

but were largely similar. Smooth myosin: chicken gizzard myosin was purified by the

method of (97). Gizzard RLC: chicken gizzard RLC was isolated from gizzard myosin as

follows: the final myosin pellet was dissolved in a minimum volume of 0.5 M KCl, 1 mM

NaHCO3 and 1 mM DTT at pH 7.5. The gizzard myosin (10-15 mg/ml) was denatured

in 8 M Urea, 50 mM Tris (pH 8), 1 mM DTT and stirred for 2 hours at room temperature.

ETOH was added to a final concentration of 50%. Gizzard RLC was isolated with a 50

70% ETOH precipitation and the RLC pellet was brought up in a minimum volume and

dialyzed against a binding buffer (0.12 M KAc, 20 mM MOPS (pH 7.0), 5 mM MgCl2,

1 mM EGTA). Purity of gizzard RLC was checked via SDS gel electrophoresis. Smooth

myosin S1: to prepare "papain S1," filamentous smooth muscle myosin (4 mg/ml) in

0.2M ammonium acetate (pH 7.8), 2 mM EGTA, 1 mM DTT was digested with 2 pg/ml

papain (Sigma, 20 U/mg protein) for 27 min at 25°C. After quenching with 5 p.g/ml

leupeptin, the sample was centrifuged to give S1 in the supernatant (98). Sucrose was

added to 4 mg/mg protein and the sample was frozen at -80°C. To prepare "V8 S1,"

smooth muscle myosin was digested with Staphylococcus aureus protease as described

37



(99) except that diisopropylfluorophosphate (50 p.NM) and DTT (2 mM) were included in

the dialysis and column buffers. V8 S1 was used immediately without freezing. Smooth

HMM: gizzard HMM was prepared by proteolysis from purified smooth muscle myosin

(100). Skeletal myosin S1: rabbit skeletal muscle S1 was prepared by papain digestion of

myofibrils as previously described (101). Skeletal HMM: rabbit skeletal HMM was

prepared by papain digestion of myofibrils as previously described (102). Myosin light

chain kinase (MLCK); MLCK was prepared as previously described (100).

Paramagnetic labeling of RLC The sulfhydryl group of Cys-108 of chicken gizzard

RLC was labeled with one of two paramagnetic probes: 4-(2-Iodoacetamido)-2,2,6,6-

tetramethyl-1-piperidinyloxy (IASL) (Aldrich, Milwaukee, WI), or 1-oxyl-3-

methanethiosulfonyl - methyl - 4 – phenyl - 2, 2, 5,5-tetramethyl-2,5-dihydro-1,4-pyrrole

(PhMTSS) (provided by Dr. Kalman Hideg). The RLC was incubated in rigor solution

(see details of solutions in each section) with 10 mM DL-dithiothreitol (DTT) and 5 M

guanidine HCl for 8-12 hours at 0°C to reduce disulfide bonds. DTT and guanidine HCl

were removed by 4 hr dialysis at 4°C with rigor solution containing 0.1 mM tris-(2-

carboxyethyl) phosphine, hydrochloride (TCEP) (Molecular Probes, Eugene, OR),

followed by gel filtration into rigor solution, after which 1 mM IASL was added. After

labeling for 12 hours (IASL) or 3 hours (PhMTSS) at 0°C, free spin label was removed

by extensive dialysis into exchange solution.

Exchange of native for labeled RLC There were two goals in light chain exchange:

maximization of signal (complete exchange), and minimization of nonspecific binding of

labeled RLC in muscle fibers. Exchange procedures differed slightly depending on

whether the substrate was smooth or skeletal, muscle tissue or purified myosin fragment.
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Procedures also evolved over time; I began using BSA pretreatment and washing with

CHAPS and high salt to reduce nonspecific binding only after publishing two papers.

Specifics of RLC exchange are given in each section.

EPR sample mounting Three methods were used to mount samples for EPR

spectroscopy. Solution samples were contained in a small (25 – 50 pul) glass capillary,

plugged at one or both ends, with the plug kept out of the active region in the microwave

cavity to eliminate spurious paramagnetic signals. Solid samples were either mounted on

a ~1 cm × -2 cm “flat cell,” covered with a glass cover slip and sealed with vacuum

grease, or tied with silk thread (muscle fibers only) in a “flow cell,” a small glass

capillary held in the cavity’s active region and connected via silicon tubing and a

peristaltic pump to a solution reservoir.

EPR spectroscopy Specifics of machine settings varied somewhat between

experiments, due for the most part to a gradual loss of functionality as the EPR machine

broke down. Experimental protocols also differed, as requirements changed and my

ideas on how to conduct good experiments evolved. Details are presented in each

section. All spectra were X-band, first derivative spectra, collected on an ER/200D EPR

spectrometer from Bruker, Inc., (Billerica, MA).
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2–6 Motional Characteristics of Probes Used

As noted above, gizzard regulatory light chain with either IASL or PhMTSS (92) was

used in most of my experiments. The motional characteristics of these two probes are

described in this section in order to avoid redundancy in later sections. Characteristics of

both probes were found to be essentially independent of the preparations studied, whether

skeletal or smooth, fibers, HMM or S1.

Cys-108 of chicken gizzard RLC corresponds to val-103 of the chicken skeletal LC2.

Those light chain crystal structures that have been determined are very similar (46, 103),

so by extension, I assume that cys-108, like val-103, faces across the gap between light

chains, on the same side of the protein as the nucleotide pocket (see Figure 1-2). Spin

probes on cys-108 are thus positioned near the middle of the light chain domain, a critical

site for examining orientation and motion of the putative lever arm.

The discussion of IASL is reproduced from Zhao et al., 1996 (104), with minor

modifications.

IASL Figure 2-5 shows a series of EPR spectra of randomly oriented samples at low

and high temperatures: free IASL in solution (Figure 2-5a), IASL-labeled gizzard RLC in

solution (Figure 2-5b), and randomly oriented (minced) labeled rigor fibers (Figure 2-5c).

The solid and dashed lines were obtained at 24°C and 4°C, respectively. Temperature

had little effect on the samples in solution, but there was a noticeable effect in randomly

oriented fibers (Figure 2-5c). Both high and low field peaks broadened at lower

temperature, indicating a shift to a more immobilized probe.

The free IASL and IASL labeled gizzard RLC in solution are cases of rapid tumbling

(t. = 10-12 ~ 10-9s). For this case, t, can be determined by the line width of the three
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peaks, which are related both to t. and

to the anisotropy of the hyperfine

interaction (85). The ratio of the line

heights between the central peak and

low-/high- field is increased as to

decreases. The correlation times were

calculated from Eq. (5) in Stone et al.

(85). In the case of labeled RLC in C
solution (Figure 2-5b), the ratios of

line heights of the central peaks to the Figure 2-5. First-derivative X-band
absorption EPR spectra of disordered IASL

peaks in the low- and high-field were samples at 24 °C (solid lines) and 4 °C
(dashed). (A) 10 p.M free IASL solution in

1.03 and 1.39, respectively. The 25 pull capillary. There was no difference
between spectra obtained at high and low

width of the central peak-to-peak | temperatures. (B) 1 mg/mL IASL-labeled
gizzard RLC solution in 25 pull capillary. The

separation was 2.6 Gauss. The IASL probe was attached to Cys-108 on
gizzard RLC. There was no difference

calculated to from the equations of between the spectra obtained at high and low
temperatures. (C) Randomly oriented,

Stone et al. (85) for the labeled light | labeled, rigor fibers in a flat cell. The base
line for each spectrum was 93.5 Gauss.

chain in solution was 6.6 × 10−10 s.

The to of free IASL (Figure 2-5a) obtained from a similar calculation was 6.0 × 10-11 s.

The correlation time of the bound probe was smaller than that expected for a protein of

the size of RLC, (5-8) × 109s. This indicates that the probe attached to a free light chain

had a high degree of mobility, relative to the protein.

When labeled RLC was exchanged onto myosin heads, the lines broadened, showing

that the motion of the probe was restricted and/or slowed down. Figure 2-5c (solid line)
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shows the spectrum of isotropically oriented rabbit psoas fibers exchanged with IASL

gizzard RLC, in rigor conditions at 24°C. The spectrum of randomly oriented fibers in

relaxing conditions was identical (data not shown). The spectrum was composed of two

components, appearing as two overlapping peaks in the low field but better separated in

the high field region. These components arose from populations of probes with different

degrees of motional freedom, reflecting different conformational states of the light chain

or LC domain (see chapter 3). At 4°C (Figure 2-5c, dashed line) there were apparently

three motional populations (notice the three overlapping peaks in the low field region,

corresponding to three better-separated features in the high field region) including one

midway between the two seen at 24°C. This change could be an effect of the reduction in

Brownian motion with temperature, but since Brownian motion depends on absolute

temperature this is unlikely to account for a large change in the spectrum. More likely,

the new population represents a conformational state of the protein stabilized by the

lower temperature, or a mode of probe-protein interaction likewise stabilized.

Interpretation of these spectra is model dependent. As described in the next chapter,

the spectra of oriented rigor fibers showed that the probe motion was not isotropic, but

was spatially restricted. Making the simplifying assumption that the probes were

undergoing rapid (sub-nanosecond) motion within cones, the half width of the cone can

be estimated following the calculation of Griffith & Jost (105). The measured values of

splitting were compared to a rigid limit value obtained in the absence of motion. The

rigid limit value for the splitting between high - and low-field was determined to be 68

Gauss at 24°C by treating randomly oriented fibers with saturating ammonium sulfate

(data not shown). The splittings between the high- and low- field peaks for the two
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populations in the random spectrum at 24°C were 64 Gauss and 39 Gauss (Figure 2-5c,

solid line). The calculated order parameters were 0.8 and 0.2, and the half widths of the

cones were ~31° and ~72°, respectively (105). The relative contributions were difficult

to determine, but the more mobile component contained more spins than the more

immobile one. The almost unrestricted motion of the more mobile component, according

to this analysis, suggested that rapid rotation in a cone was not an ideal model for this

population of probes. The nearly isotropic nature of this component meant that the

rotational correlation time could be estimated by the method of Stone et al. (85) from the

relative heights of the three lines. The peak heights were determined from an

approximate spectrum for this component obtained from a difference spectrum, described

in the methods section in section 3-3. The estimated rotational correlation time of the

probe (<1-2 ns) was much faster than the expected rotational motion of the light chain.

Therefore this component arose from probes that were bound to, but not immobilized by,

the protein and thus did not report the protein orientation. The less mobile component,

on the other hand, was substantially restricted by the protein surface and did report the

protein orientation. At 4°C (Figure 2-5c, dashed line), the more mobile population

(smaller splitting) decreased, and a new population with intermediate mobility was

evident. Also, the splitting of the outermost component increased somewhat, indicating

decreased mobility.
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Ph.MTSS A new spin label,

PhMTSS (see Figure 2-1),

synthesized by Dr. Kalman Hideg

(92), was kindly made available by B

Dr. Wayne Hubbell (UCLA).

PhMTSS was found to be better C

immobilized on gizzard RLC than Figure 2-6. X-band, first derivative EPR
spectra of A) 100 p.M Ph.MTSS in solution;

was IASL, as discussed below, and to B) -1 mg/mL gizzard RLC labeled with
PhMTSS, in solution; C) Randomly oriented

be differently and arguably better | myofibrils containing PhMTSS-labeled
gizzard RLC. All spectra were taken at

ordered in the filament matrix (see 22° C.

chapter 3).

Figure 2-6 shows EPR spectra of PhMTSS in solution (Figure 2-6a), bound to gizzard

RLC in solution (Figure 2-6b), and bound to gizzard RLC in disordered skeletal

myofibrils (Figure 2-6c). Ph.MTSS tumbled rapidly in solution. The ratios of line heights

of the central peak to the low- and high-field peaks were 1.04 and 1.14, respectively; the

central peak-to-peak separation was 1.75 Gauss. Following Stone et al. (85) and Marsh

(88), the calculated tº was 4-8x10" s.

Unlike IASL, PhMTSS is substantially immobilized by binding to cys-108 of the

gizzard RLC (see Figure 2-6b). Only one population of probes is apparent; the mobility

is such that there are two peaks in the low-field region. The splitting of the outermost

peaks is ~63.4 Gauss (low field peak to high field trough). Tumbling is much slower

than that of the free probe, with tº in the range of 10° – 10°s. The treatment of Stone et

al. is hence inapplicable, but that of Goldman et al. (87) is useful. In the absence of
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experimental data, I take the “rigid limit,” or maximal splitting, for a powder spectrum of

this nitroxide probe to be ~70 Gauss. Then the order parameter S = A'/A, where A is the

rigid limit and A’ the experimentally observed splitting, is ~0.91, equating to a

correlation time of ~ 1.4×10°s. This is in fair agreement with the calculated correlation

time of RLC, 5 to 8 nanoseconds, indicating that the probe is essentially immobile on the

protein.

A single motional population is also evident in the spectrum of PhMTSS-labeled

gizzard RLC in disordered myofibrils (Figure 2-6c). Following Griffith and Jost (105),

this population can be modeled as probes tumbling rapidly in a restricted cone, since the

spectra of oriented samples show that the probes are ordered (chapter 3). Once again, it

is assumed that the rigid limit is ~70 Gauss. The splitting (low field peak to high field

trough) is ~69 Gauss; the order parameter S is ~0.98, indicating a cone of half width 5°.

This is quite immobile; indeed, if the rigid limit is actually less than ~70 Gauss, perhaps

completely immobilized. Since it is also well ordered (see chapter 3), it therefore reflects

the orientation of the LC domain.
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º

45



Chapter 3 Skeletal Muscle Myosin Conformations and the Power Stoke

My project began with an attempt to identify and characterize the myosin power stroke –

the grail quest of muscle research. The basic mechanism of force generation is believed

to be the same in all muscle types and, indeed, in all myosins. I therefore began with

skeletal muscle, the easiest mammalian muscle type to work with, with confidence that

my results would be broadly applicable to motor protein research in general, and

specifically to interesting therapeutic targets like cardiac and vascular (smooth) muscle.

3-1 Skeletal Muscle

Skeletal muscle cells consist of an extremely regular, repeating array of actin and myosin

filaments and associated protein, with much of the rest of the cellular machinery

squeezed to the sides. Myosin alone makes up about 25% of the cells' dry weight.

Skeletal muscle cells are long and polynucleate, often stretching the entire length of the

**muscle. Individual cells are essentially bundles of parallel “myofibrils,” which are

themselves a repeating series of sarcomeres, the basic unit of contractile machinery. The

sarcomere consists of a double-hexagonal array of overlapping actin (thin) filaments,

coming in from the Z lines at either end, and myosin (thick) filaments, centered on the M

line in the middle of the sarcomere. Myosin heads (S1) emerge from the myosin filament

and interact with actin in the region of filament overlap. More detail on the filament

structure is given in chapter 1.

The skeletal actomyosin interaction is regulated by intracellular calcium

concentration, which controls thin filament activation. Below about pCa 8, tropomyosin,

a long, actin-associated protein, blocks strong binding of myosin heads to actin.

º
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Stimulation of the muscle fiber induces intracellular release of calcium from the

sarcoplasmic reticulum. At pCa 6, in a fully activated muscle, calcium binding to the

actin-associated troponin complex causes tropomyosin to be repositioned, allowing

strong actin – myosin interaction. Phosphate release from myosin is greatly stimulated

by the interaction with actin, so myosin ATPase activity is fast (~ 5–30 s” depending on

muscle type) in active muscle when myosin heads can interact with actin and generate

force, and slow (~ 0.03 – 0.07 s”) in relaxed muscle when such interaction is not favored

(106). Since a single tropomyosin blocks binding to seven actin monomers, cooperative

activation by strongly bound heads is also possible (107). Fully activated, fast skeletal

muscles contract at ~3 lengths per second; fast isoforms of skeletal myosin translocate

actin filaments at ~7.4 pm/s in in vitro motility assays (40, 106).
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3-2. The Power Stroke

S1 contains all of the essential components of a motor. Specifically, it contains the

apparatus for displacing actin 5 – 10 nm, the unit step size. The “rowing oar” model of

muscle contraction, discussed in chapter 1, suggests that displacement arises from a

rotation of the myosin head. Other possibilities include melting and refolding of the S2

region of myosin, thus providing a tether of variable length for the head (108), and

similar ideas. Models as far removed from the mainstream of the field as length changes

in the actin filament (109, 110), with coordinated binding and release of myosin heads,

have not been conclusively disproved. However, there is significant evidence, beginning

with the electron micrographs discussed in chapter 1, that the light chain (LC) domain

does indeed rotate during muscle contraction. Some of this evidence was known at the

outset of this project and provided its justification; these results will be discussed first,

below. Important newer results supporting the LC domain's role as a lever arm in the

myosin motor will be reviewed in the discussion of my experiments with skeletal muscle.

The atomic structure of the myosin head reveals two distinct domains, catalytic and

light chain domain, and suggests the possibility of relative motion of the two domains

(46, 55). Spectroscopic studies initially concentrated on the catalytic domain (74, 77,

111, 112). Spin probes attached to SH1 (Cys-707 of the myosin heavy chain) revealed

that the catalytic domain was highly ordered when bound to actin in rigor, and

disordered, undergoing Brownian motion, in relaxed fibers. In active fibers, 12% - 20%

of probes were ordered as in rigor while the rest were disordered as in relaxation,

implying that a fraction of heads were strongly bound to actin while the rest were

detached, although the actual fracton attached is still a matter of contention (74, 77, 111,

º
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113). Selective population of a pre-power stroke state by addition of high levels of Pi

showed that this state was also ordered as in rigor (77). The catalytic domain therefore

does not rotate during the power stroke; while strongly bound to actin, it rigidly

maintains a single orientation.

These results, coupled with the atomic structure of the head, led to the model that the

light chain domain rotates relative to the catalytic domain in order to generate a

displacement of the actin filament. Hambly and colleagues used spin probes on the

regulatory light chain (RLC) of rabbit psoas muscle myosin to investigate this possibility.

They found that, like the catalytic domain, the light chain domain was ordered in rigor.

However, the LC domain was highly disordered in both relaxed and active fibers, with no

apparent difference between the two states (90, 91). While this result can be reconciled

with a role for the LC domain as a lever arm, amplifying conformational changes in the

catalytic domain, it is not particularly supportive of a rigid rotation of the LC domain

from a pre-power stroke orientation to a post-power stroke orientation.

When this project began, however, several results had suggested that such a rigid

rotation could indeed underlie the power stroke. Fluorescent probes attached to the RLC

were found to rotate transiently upon step changes in muscle length (113). This

demonstrated that the orientation of the LC domain could be altered by applied torque.

The change in orientation differed in rigor vs. active fibers, suggesting that the average

angle of LC domains differed in the two conditions. The observed change in

fluorescence was small, however, complicating the interpretation of the result. Since

fluorescence spectroscopy lacks the spatial resolution to resolve multiple populations of

probes at different angles, the data could not distinguish between many probes rotating
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slightly or a small population rotating through a large angle (but see section 3-5 for

newer, more precise results).

Studies of myosin function found a correlation between LC domain length, varied by

addition or subtraction of light chain binding motifs, and the velocity generated in in vitro

sliding assays, indicating that the LC domain functioned as a lever arm (48-50).

Additionally, the LC domains of smooth muscle myosin and a non-muscle myosin were

observed to rotate upon release of ADP via cryoelectron microscopy, a result that will be

discussed in more detail in chapter 4. While the rotation was somewhat small to be the

power stroke and occurred at the wrong point in the chemomechanical cycle, it was of the

type expected in many models and indicated that a similar rotation could be involved in

the power stroke itself (114, 115).

With substantial evidence that the LC domain does indeed rotate, why did Hambly’s

spin probes fail to detect two or more distinct orientations? Plausible reasons fall into

two categories. Conventional EPR measures steady-state distributions of probes: data

collection is slow, on the order of seconds or minutes, and, frequently, multiple spectra

must be averaged to reduce noise. Although populations as small as 5% of probes can be

resolved in ideal circumstances (see chapter 2), the technique could be blind to a well

defined, consistent pre-power stroke orientation of the LC domain which is occupied only

transiently. Additionally, the long time course of measurements means that active fibers

must be held isometric during data collection; the muscle cannot be allowed to shorten

during measurement, as it might during fluorescence spectroscopic experiments with time

resolutions on the order of 50 ps. It is possible that the LC domains of strongly bound

heads in an isometric fiber are distributed across the entire angular sweep of the working
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stroke, producing a spectrum that appears disordered. Thus the mechanism of muscle

contraction might not lend itself to measurement by conventional EPR.

Other possible reasons for the experiments' failure to detect the power stroke,

however, are concerned with details of the methods employed rather than the

phenomenon measured. A spin probe is most sensitive to rotation of its principle axis.

An unfortunately-oriented probe might be insensitive to a sizeable rotation of the LC

domain to which it is attached. Equally, as discussed in chapter 2, an ideal probe is hard

to come by. Hambly’s probes were somewhat mobile, and produced a randomly-oriented

population as well as an ordered one. Either effect could obscure the critical pre-power

stroke population of LC domains.

A new spin probe on the LC domain, therefore, might pick out the pre-power stroke

state. It would in any event provide important confirmation of Hambly and colleagues’

results concerning the orientation of the LC domain in the post-power stroke state in both

fibers and S1 bound to actin. This was the motivation for my two studies of skeletal

muscle, one with the spin probe IASL bound to gizzard regulatory light chain, published

in Biochemistry (104), and a second with the spin probe PhMTSS on the same light

chain. Results and discussion of both studies follow in the next sections (the spin probes

and the mobility characteristics of the two probe – protein systems are discussed in

chapter 2). While the results do not conclusively characterize the power stroke, they shed

significant light on actin – myosin, myosin head — myosin filament, and myosin head –

myosin head interactions.
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3-3 The Orientation of Paramagnetic Probes on the Light Chain Domain of

Skeletal Muscle Myosin

The following is excerpted, with minor modifications, from my published work on

skeletal muscle in Zhao et al., 1996 (104). An extension of the published work, using a

novel spin probe (Ph.MTSS; see chapter 2) is presented in the next section. Discussion of

both sets of results is combined in section 3-5.

The nitroxide probes previously used by Hambly and colleagues to study the RLC

were mobile on the protein surface and attached to a single site. An unfortunate probe

orientation might render the probe insensitive to a change in the orientation of the LC

domain. Alternately, the observed probe disorder could be the result of local disorder of

the protein surface. Hence, we have placed a paramagnetic probe on a second site, Cys

108 of chicken gizzard regulatory light chain, which was exchanged for native RLC in

skinned, glycerinated, rabbit psoas muscle fibers. Although this probe also shows some

restricted motion relative to the protein, the amplitude of the motion is a little smaller

than that found previously, and the probe's preferential orientation in rigor fibers is more

along the fiber axis than that of the previous probe. In addition we were able to obtain far

better results with labeled myosin subfragments, eliminating some ambiguities in the

earlier work.

The location of the IASL probe on myosin can be determined to a good

approximation. In the crystal structure of myosin, the two light chains wrap around an 85

A long alpha helix that extends from the catalytic domain to the rod. The RLC occupies

approximately one half of the helix adjacent to the junction with the rod (46). The spin

probe was attached to Cys-108 of chicken gizzard RLC, which was exchanged for native
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RLC. The location of the probe can be inferred by analogy to the crystal structures of

chicken skeletal myosin (46, 55). Cys-108 of chicken gizzard RLC corresponds to Val

103 of chicken skeletal RLC, which is located close to the catalytic domain, facing the

gap between light chains, and on the same side as the nucleotide pocket. RLC structures

that have been determined are very similar, suggesting that Cys-108 of gizzard RLC is

located in a similar position (46, 103). Thus the spin probe is positioned near the middle

of the myosin LC domain, a critical site for examining orientation and motion of the lever

a■ IIl.

Methods and Materials

Methods not described here may be found in chapter 2.

Exchange of gizzard RLC for rabbit RLC Thin strips of rabbit psoas muscle, 1-2

mm in diameter, were dissected and chemically skinned, as described (116). The skinned

rabbit fibers were dissected into small bundles and incubated in an exchanging buffer (10

mM PO4, 20 mM EDTA, 50 mM KCl, pH 7.0) at 35 °C with additional 0.5~ 1 mg/ml

IASL-labeled gizzard RLC for 2 hours, with occasional shaking. Since this procedure

may extract troponin C as well as the native RLC, after the extraction and exchange the

exchanged fiber was washed for 10 minutes with the binding buffer, and additional

Troponin C (about 1 mg/ml) was added for 30 minutes on ice. About 80-100% of the

native RLC was exchanged for gizzard RLC as determined by gel electrophoresis.

EPR spectroscopy EPR measurements were performed with an ER/200D EPR

spectrometer from Bruker, Inc., (Billerica, MA). X-Band, first derivative absorption

spectra were obtained with the following setting: microwave power, 25 m W; center field,
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3475 Gauss; time constant, 100 ms. The sweep time was 10 seconds, modulation was 2

Gauss at a frequency of 100 kHz, and total sweep width was 93.5 Gauss. About 100

exchanged fibers mounted in a flow cell (77) were located in the center of a TE102

cavity. Each spectrum used in data analysis represented the average of 20-40 distinct

sweeps over a single experimental preparation. Spectra taken for shorter times (5-10

sweeps) were similar except for poorer signal-to-noise. Temperature was maintained by

slowly blowing cooled or heated air through the cavity and monitored by a small

thermistor embedded in the flow cell adjacent to the fibers. EPR experiments were taken

at 4°C and 24°C. Spectra were reproducible between experiments on individual

preparations, indicating that fiber function was not greatly impaired by the experimental

conditions. Spectra of relaxed myofibrils were obtained by flowing a relaxing solution

past myofibrils that were immobilized by glass wool.

Spectral simulations The experimental spectra were compared to spectra simulated

from a solution to the spin Hamiltonian using a program written by Dr. P. Fajer (Fajer et

al., 1990a). Two angles, 0 and (), define probe orientation relative to the fiber axis, with

0 representing the angle between the probe's principal axis and the magnetic field (the tilt

angle) and () representing the twist about this axis. The data did not permit accurate

modeling of (). The average twist angle, (bo, was arbitrarily set at 45° and modeled as a

Gaussian distribution with full width 10°. The presence of the component P2 (defined

below and in Figure 3-1a) presented a problem, since it overlaps the low-field features of

P1 (defined below), and a highly mobile probe population is not easily simulated.

Because P2 was present with a magnitude that differed between preparations, an

approximate pure component was generated from the difference between spectra from
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different preparations. An artificial spectrum based on these difference spectra,

smoothed to reduce noise, was used in subsequent fits to data. Model spectra were

generated to fit component P1 by variation of the angle of the principal axis to the

magnetic field, 60, and of the distribution about this central angle. A grid search

algorithm was employed to determine the best fit. Fitting was carried out primarily on

the spectra of fibers aligned parallel to the magnetic field, which are more sensitive to

changes in tilt angle. Simulations of fibers aligned perpendicular to the field using the

angular distribution obtained also fit the corresponding data.

Mechanical measurements Measurements of fiber mechanics were performed at

both 4°C and 24°C, as described by (77, 116).

Solutions Rigor buffer contained 120 mM KCl, 5 mM MgCl2, 1 mM EGTA, 20

mM MOPS (pH 7.0). For relaxing solution, additional 5 mM MgATP, 30 mM creatine

phosphate (CP) and 5 mg/ml creatine phosphokinase (CK) were added to the rigor buffer.

Activation of fibers was induced by adding -1.1 mM CaCl2 into the relaxing solution

(final pCa ~4).

Results

Rotational mobility of the probe There are two populations of spin probes on the LC

domain. One is fairly immobile, and can be modeled as a case of rapid diffusion in a

cone of full width -60°. Probes in this population report on the orientation of the LC

domain. The second population is quite mobile, equivalent to rapid diffusion in a cone of

full width ~144°; this second population does not provide any useful information on LC

domain orientation. See chapter 2 for a more detailed analysis of IASL mobility.

* -----
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Orientation of probes in rigor

fibers Figure 3-1 shows EPR spectra

obtained from a bundle of labeled

fibers in rigor. The fibers were

mounted either parallel (solid line) or

perpendicular (dashed line) to the

static magnetic field. Two

populations of probes were evident in

the parallel spectrum at 24°C (Figure

3-1a, solid line). One population, Pl

(indicated in Figure 3-1a), was

ordered, producing broad peaks seen

at low- and high-field as well as some

of the intensity of the central peak.

The ordered signals were produced by

probes attached to gizzard RLC Cys

108 bound properly on the myosin

RLC binding site. Another

population, P2 (indicated in Figure 3

1a), gave rise to the second low field

smaon

Figure 3-1 Effect of orientation of labeled
(IASL) rigor fibers on EPR spectra. The
fibers were set in a flat cell and placed in the
center of a TE102 cavity. The fibers were
oriented parallel (solid line) and
perpendicular (dashed line) to the magnetic
field at (A) 24°C and (B) 4°C. P1 and P2 are
defined in text. Great differences between the
parallel and perpendicular spectra indicate
that the spin probes attached to the LC
domain were highly ordered in the rigor state.
For the parallel spectra, the splittings between
the low- and high-field peaks of P1 were 64
Gauss and 67 Gauss for 24°C and 4°C,
respectively. (C) The spectrum of labeled
fibers at 24°C oriented parallel to the
magnetic field (solid line, from (A) above)
compared to a simulated spectrum (dashed
line). The simulated spectrum is the sum of a
simulated oriented component (0. = 48°4.3°,
A6 = 16°4: 4°), contributing to P1, and an
empirical mobile component contributing to
P2.

peak and first high field peak, and also contributed some intensity to both the first peak in

the low field and to the central peak. P2 was not orientation-dependent and was similar

to the more mobile component in the random spectrum (Figure 2-5c), suggesting that it
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arose from the more mobile probe population. The relative fraction of ordered and

mobile probes was determined from double integration of the spectral components

associated with P1 and P2, described below. The ratio of intensity of P2 to P1 depended

on the preparation, suggesting that P2 arose in part from light chains that were not

correctly attached to RLC sites on myosin, rather than solely from a different

conformation of the LC domain (contrast Figure 3-1a and Figure 3-5a). P2 represented

~70% of the probes in Figure 3-1a and ~30% in Figure 3-5a, two representative

preparations. In the spectra of fibers in rigor aligned perpendicular to the magnetic field

(Figure 3-1a, dashed line) the mobile component, P2, was little changed, while P1 moved

inward and under P2 in the low field, forming a shoulder on the P2 peak. At 4°C (Figure

3-1b) the spectra were similar: the splitting of P1 was slightly wider, and P2 was reduced

in intensity.

Two angles, 0 and (), define probe orientation relative to the fiber axis; 6, the main

determinant of the spectral shape, represents the angle between the probe's principal axis

and the magnetic field. Spectra were simulated for P1 for different distributions of 0,

added to the spectrum determined for P2, and compared to the data for fibers in rigor, as

described in Methods. The spectral component P1 best fit a Gaussian distribution

centered at 48° 4: 3° with a spread about this angle of 16° + 4° full width at half

maximum (see Figure 3-1c). Errors were estimated by simulating a series of spectra and

determining the range of values that produced equivalent fits to the data. An important

caveat to this analysis is that probe mobility averages the hyperfine tensor values and

narrows the spectra overall, an effect that is difficult to model exactly. Because we have

used tensors that describe the spectrum of a rigid probe, the absolute values of the probe

** --
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distribution determined above are not exact. Because the mobility of the probes alters the

tensors by approximately 10%, the perturbations produced in the analysis should also be

about 10%. For the parallel spectra, the splittings between the peaks at low and high field

were temperature dependent. The splitting was increased from 64 Gauss at 24°C to 67

Gauss at 4°C. This suggests that the lower temperature further restricted the motion of

the oriented population of probes.

EPR spectra of relaxed fibers Spectra of fibers in relaxing conditions are presented

in Figure 3-2, for fibers parallel (solid lines) or perpendicular (dashed lines) to the

magnetic field. For the higher temperature (Figure 3-2a), parallel and perpendicular

spectra were almost identical to each other, indicating that probes were highly disordered

in this state. For the lower

temperature (Figure 3-2b), a

considerable difference between the

parallel and perpendicular spectra was

seen, indicating that the LC domain

was partially ordered. The spectrum

of randomly oriented, relaxed fibers
Figure 3-2 EPR spectra of relaxed, IASL

was similar to that of randomly labeled fibers at (A) 24°C and (B) 4°C. The
fibers were oriented parallel (solid line) and

oriented fibers in rigor conditions perpendicular (dashed line) to the magnetic
field. At 24°C, the parallel and perpendicular

(data not shown; see Figure 2-5c for spectra of the relaxed fibers were identical,
indicating that the probes were disordered.

rigor data). This indicates that the But at 4°C there were considerable
differences between the parallel and

mobility of the LC domain was the perpendicular spectra, indicating that the
probes were partially ordered.

same in rigor and relaxing conditions.
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EPR spectra of active fibers Figure 3-3c shows EPR spectra of labeled fibers,

generating active isometric tension, aligned parallel to the magnetic field. The spectra of

active fibers were identical to those of relaxed fibers at both high and low temperatures.

Figure 3–3d shows the difference between relaxed and active spectra. These spectra were

flat to within the experimental error. This indicates that the LC domain, in activation as

in relaxation, appeared disordered at the higher temperature but partially ordered at the

lower temperature. No novel orientations, which would produce differences between º:- a

spectra, were seen at either temperature in active fibers as compared to relaxed fibers. |--* - i.

Figure 3–3 EPR spectra of IASL-labeled fibers at (I) 24°C and (II) 4°C: (A) fibers in
rigor; (B) relaxed fibers; (C) active fibers; (D) difference between active and relaxed
spectra. The labeled fibers were placed in a capillary and aligned parallel to the
magnetic field. The fibers were perfused with solutions producing rigor, relaxation
and active tension generation. The relaxed solution was obtained by adding 5mm
ATP, 30mM CP, 5mg/ml. CK to the rigor solution. Activating solution was obtained
by adding -1.2m.M CaCl2 into the relaxing solution. The difference spectra (D) were
flat within our experimental error, indicating no difference in the spectra of active and
relaxed fibers.

EPR spectra of labeled gizzard RLC exchanged SI/HMM bound to fibers in rigor

The spectra of labeled gizzard RLC—exchanged S1 (single myosin heads) bound to fibers

in rigor at two different temperatures are shown in Figure 3-4. The spectra were quite
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similar to those of labeled fibers, but

with notable differences. Figure 3-5

shows the parallel spectra of fibers,

HMM and S1 at 24°C. The splitting

between low- and high-field peaks of

the oriented components was ~64

Gauss for labeled fibers and HMM and | Figure 3-4 EPR spectra of unlabeled rigor
fibers with IASL-labeled S1. IASL-labeled

~62 Gauss for S1; the splitting of the gizzard RLC was exchanged for native rabbit
RLC in the proteolytic fragments, which were

mobile component was ~39 Gauss for then diffused into skinned fibers. The spectra
were taken at (A) 24°C and (B) 4°C. Fibers

each preparation. The spectrum of were aligned parallel (solid line) and
perpendicular (dashed line) to the magnetic

HMM was essentially identical to that | field. Washing the fibers with relaxing
solution resulted in elimination of the signal.

of the fibers, indicating that the

interaction of two heads is sufficient to change the LC domain orientation from that of S1

to that of intact myosin bound to actin. Addition of MgATP in rigor buffer washed out

both the ordered and mobile probes, demonstrating that the EPR signals arose from the

labeled HMM or S1.

The spectra of the labeled gizzard RLC—exchanged S1 taken at 24°C were fit in the

same manner as spectra of labeled fibers, above (data not shown). The orientation of the

immobile component (corresponding to P1 in labeled fibers) was found to differ slightly

from that of labeled endogenous myosin; it was equally well fit by a change in mean tilt

angle, 60, from 48° E 3° to 50° E 3°, or by a change in the distribution about the mean tilt

angle, A0, from a full width of 16+4° to 12+4°. The mobility of the probes was

determined from the spectra of randomly oriented myofibrils, with the label either on

---, a
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endogenous myosin or on S1 bound to

unlabeled myofibrils. The splitting of

the more immobilized component was A Fibers

the same for these two preparations,

showing that the differences observed

in the oriented samples did not arise

from changes in probe mobility. The

similarity in the spectra of C
S1

endogenous myosin and S1 indicated
Figure 3-5 EPR spectra of: (A) IASL

that the major determinant of the labeled rigor fibers; (B) unlabeled rigor fibers
with IASL-labeled HMM; (C) unlabeled rigor

orientation of the LC domain was the fibers with IASL-labeled S1. All spectra
were taken at 24°C with fibers aligned

interaction of the myosin head with parallel to the magnetic field. The great
similarity in the spectra indicates that the LC

actin. However, the orientation of this domain was ordered primarily by the
actomyosin bond. The orientation of the LC

region was changed slightly by the domain is very similar in intact myosin and
HMM, and only slightly different in S1, when

steric constraints of the filament array bound to actin.

in the rigor fiber.

Effect of stress on rigor fibers The atomic model of the acto-S1 complex suggests

that the LC domain may be flexible (55). This leads to the possibility that a passive force

could alter the conformation of the LC domain. Labeled muscle fibers in rigor buffer

were mounted in a capillary that extended through a microwave cavity with fibers

parallel to the magnetic field; see (117). Fibers were well lined up so that external force

could be homogeneously distributed inside the bundle of fibers. The EPR spectra were

monitored as stress was applied to the fibers at room temperature. The stress was slowly

º *
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increased up to 0.4 N/mm2. No change was found in either the splitting or line shape of

the EPR spectrum during or after the loading process. We conclude that the orientation

and motion of the probes were not affected by a steady external force.

Mechanics of rabbit muscle fibers with labeled gizzard RLC In a relaxing solution,

the exchanged fibers achieved the normal relaxed tension and stiffness. Fiber isometric

tension and stiffness were measured under isometric conditions. Active tension and

stiffness developed by the exchanged fiber were about 90% – 100% of control

(unexchanged) values (data not shown). We conclude that the chicken gizzard RLC,

bound to the LC domain of rabbit myosin, functions similarly to the native rabbit RLC in

isometric contraction, and the exchange procedure does not impair fiber function. A

similar result was found for exchange of gizzard RLC that carried a fluorescent probe

(118).
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3-4 A Novel Probe: LC Domains Labeled with Gizzard RLC-PhNITSS

As discussed below in section 3-5, the results presented above on experiments with

gizzard RLC-IASL were a valuable confirmation of the results of Hambly and colleagues

(90, 91) and provided new information on the interaction between the two heads of a

myosin molecule. Unfortunately, they were inconclusive on the question of the power

stroke, in part because the spin probe was still less than ideal. However, despite the

publication of intriguing results with gizzard RLC, labeled with the FDNA spin label, in

invertebrate muscle fibers, in my hands only IASL provided any sort of oriented

spectrum in skeletal muscle fibers until Dr. Wayne Hubbell kindly provided a new spin

label synthesized by Dr. Kalman Hideg, Ph.MTSS (see chapter 2). PhMTSS was

predicted by virtue of its ring structure to be quite immobile when bound to a cysteine in

an O-helix, and this indeed turned out to be the case when bound to cys-108 of the

gizzard RLC (see chapter 2). This had the virtue of eliminating the troublesome mobile

component seen in spectra of gizzard RLC-IASL in skeletal fibers. Since gizzard RLC

PhMTSS also turned out to produce an ordered spectrum in psoas fibers, it seemed

worthwhile to revisit some of the experiments described above with this new probe

protein system.

The promise of the gizzard RLC-PhMTSS system was indeed borne out. The probe

revealed not only order in fibers in rigor, but also a small degree of order in relaxed fibers

at room temperature. The probe also gave clear evidence that there are two

conformational states of the RLC and/or LC domain, and that the preferred orientation of

the LC domain in rigor could be established equally and fully by interaction of the

myosin head with either one of actin or the myosin filament.
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Methods and Materials

Methods were as described in section 3-3, for psoas fibers with gizzard RLC-IASL, and

in section 2–5, except as noted.

Exchange of gizzard RLC for native RLC Psoas fibers were dissected and skinned as

described in section 3-3. Small bundles of fibers were incubated in exchange solution

(50 mM KCI, 50 mM TES pH 7.0, 10 mM EDTA) with 1-2 mg/ml labeled gizzard RLC

and 3-5 mg/ml BSA for 2 hours on ice. Fibers were then heated to 33°C for 30 min in

the same solution. The solution was then cooled to 0°C and 2 M TES was added to a

total of 100 mM, 1 M MgCl, to 12 mM, and the fibers were incubated thus for 15 min.

Fibers were then transferred to rigor solution containing 180 mM KCl and 40 mM 3-[(3-

cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) and incubated for 2

hours at 0°C, shaking, and finally transferred to rigor solution.

EPR spectroscopy EPR spectra were taken as described in section 3-3, except:

sweep time was 50 s, time constant 500 ms, sweep width 126 Gauss; spectra were taken

at 5°C, 22°C, and 30°C; and a TM cavity was used. Spectra were truncated at an

effective sweep width of 100 Gauss in the figures shown here.

Sarcomere length measurements Bundles of fibers were placed in glass capillaries

and illuminated with a helium-neon laser, wavelength 630 nm, and diffraction patterns

measured at a distance of ~15 cm from the fiber bundles. Unstretched fibers had tight

patterns indicating sarcomere lengths of 2.2 – 2.4 p.m. Stretched fibers produced slightly

diffuse patterns, with the maximal intensity of the first diffraction line indicating a mean

sarcomere length of ~3.4 p.m.
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Results

Probe mobility PhMTSS on gizzard RLC is quite immobile. See chapter 2 for a

detailed discussion of PhMTSS mobility.

Orientation of probes in rigor fibers The spectra arising from PhMTSS-labeled,

oriented fibers at room temperature (~22°C) are shown in Figure 3-6a. Bundles of fibers

were mounted either parallel (solid line) or perpendicular (dashed line) to the applied

magnetic field. Two populations of probes were apparent in the parallel spectrum,

labeled P1 and P2 in the figure. Each population gave rise to well-separated peaks in the

low field region and more spread-out peaks in the high-field region; the central peaks of

both overlap, giving rise to the large central peak. One population, P1, was quite random,

appearing similar to the spectrum of randomly oriented probes in myofibrils shown in

Figure 2-6. P1 was not notably orientation dependent; in the perpendicular spectrum

(Figure 3-6a, dashed line) it is unchanged, overlapping in this orientation with the

spectral contribution of P2. P2, on the other hand, represented a population of ordered

probes. From its position in fibers oriented parallel to the magnetic field, the intensity in

P2 moved outward and overlapped P1 when the fibers were turned perpendicular to the

field. The origin of the spins contributing to P1 and P2 is discussed below.

The orientation of the probes contributing to P2, the oriented component, was

determined as described for IASL in section 3-3. The tilt angle 6 between the probes’

principle axis and the fiber axis was modeled as a Gaussian distribution with mean 00 =

72° + 3° and full width at half maximum A0 = 16° + 4°. Errors given are the intervals in

the grid of 00 and A0 on which spectra were simulated; fits were not as good to simulated

spectra one grid interval off in either variable. The twist angle, (bo, could not be

ºn-, a
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determined from the data and was

assumed to be 45°, with AQ) = 10°, in

all simulations. P1, the random

component, was very similar to the

spectrum of isotropically disordered,

labeled myofibrils shown in Figure 2

6, so that spectrum was used in fits to

the oriented spectra. Figure 3-6b

shows the spectrum of labeled fibers

aligned parallel to the magnetic field

and its deconvolution into these two

spectral components: the simulation

of oriented probes in P2 is shown as

long dashes, and the spectrum of

random probes for P1 is shown as

short dashes. Figure 3-6c shows the

actual spectrum compared to a linear

combination of the two model spectra

for P1 and P2. The relative intensities

of the two components, determined

Figure 3-6 First derivative X-band
absorption EPR spectra of psoas fibers
labeled with gizzard RLC-PhMTSS in rigor
at room temperature (~22 °C). Full width of
all spectra is 100 Gauss. A) Orientation
dependence. Fibers were mounted in a
capillary and aligned parallel (solid line) and
perpendicular (dashed line) to the applied
magnetic field. The difference in the spectra
indicates the presence of ordered probes. P1
and P2 (defined in the text) refer to the
parallel spectrum (solid line). B) Spectral
deconvolution. The spectrum of fibers
aligned parallel to the magnetic field (solid
line) was modeled as the sum of two
components: a simulated spectrum of probes
with 0 = 72° + 3°, A0 = 16° + 4° (long
dashes); and a random component (short
dashes), the spectrum arising from
isotropically disordered, labeled myofibrils
(see Figure 2-6). C) Comparison of data to
fit. The weighted sum of the components in
(B) (dashed line) is very similar to the
spectrum of fibers parallel to the magnetic
field (solid line). About twice as many spins
were in the random component as in the
oriented component.

approximately from the second integrals of the two model spectra, indicate that -67% of

probes are in P1 and ~33% are in P2. This ratio varied from preparation to preparation;
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in the equivalent spectrum from a different preparation shown in Figure 3-8b, relatively

more intensity is in P1.

EPR spectra of probes on acto-HMM Gizzard RLC-Ph.MTSS was exchanged for

native light chain on HMM (a two

headed myosin fragment), and the

HMM was allowed to bind to actin in

unlabeled psoas fibers. Spectra

arising from these preparations in

rigor conditions at ~22°C are shown

in Figure 3-7. The spectra were very

similar to the equivalent spectra from

labeled fibers, though with less

intensity in P1 (parallel shown in

Figure 3-7a). Figure 3-7b shows the

deconvolution of the spectrum of

labeled HMM aligned parallel to the

magnetic field. P1 was again

modeled using the spectrum of

random, labeled myofibrils. P2 was

modeled as for labeled fibers, but a

slightly different distribution of 6 was

found to fit better: 00 = 70° + 4°, A6 =

20° + 5°; the model spectrum was

C

Figure 3-7 EPR spectra of rabbit fast
skeletal HMM labeled with gizzard RLC
PhMTSS, bound to actin in unlabeled psoas
fibers, in rigor at room temperature (~22 °C).
A) Comparison to fibers. The spectrum of
fibers containing labeled HMM (solid line) is
very similar to that of labeled fibers (dashed
line, see Figure 3-6a) (both aligned parallel to
the magnetic field). Spectra of samples
aligned perpendicular to the magnetic field,
were likewise very similar (not shown). B)
Spectral deconvolution. The spectrum of
labeled HMM aligned parallel to the magnetic
field (solid line) was modeled as the sum of a
random component (short dashes) and an
oriented component of probes with 0 = 70° if
4°, A0 = 20° + 5° (long dashes). C)
Comparison of data to fit. The solid line is
the spectrum of fibers containing labeled
HMM from (A); the dashed line is the
weighted sum of the components from (B),
with about 1/3 of spins in the random
component and 2/3 in the oriented
component.
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generated by adding together the simulated spectra of two Gaussian distributions,

centered at 69° and 72°. Figure 3-7c shows a comparison between the data (solid line)

and a linear combination of these two components (dashed line). The intensity in P1

accounted for approximately 33% of probes, with the remainder oriented and contributing

to P2. The orientation of the LC domains of HMM was thus very similar to the

orientation of LC domains in intact myosin in fibers despite the lack of a covalent

attachment to the myosin filament, although there was a small difference in the best fit

angular distributions.

EPR spectra of stretched fibers in rigor Labeled fibers were relaxed with MgATP

and an ATP regenerating system (see

methods, section 3-3) and stretched to

a sarcomere length of ~3.4 p.m.

About 85% of myosin heads were

expected to have no interaction with

actin at this degree of stretch. Spectra

Figure 3-8 Dependence of EPR spectra on
- - -

sarcomere length. Spectra were taken of
are shown in Figure 3-8. The spectra PhMTSS-labeled fibers in rigor at −22° C.

mounted parallel (solid lines) or
perpendicular (dashed lines) to the magnetic
field, at (A) full overlap (sarcomere length
~2.2 pm) or (B) - 15% overlap (sarcomere
length ~3.4 pm). The two sets of spectra are
very similar, indicating that the LC domains
in stretched fibers were oriented similarly to
LC domains in unstretched fibers. Spectra of
stretched fibers at 5° C and 30° C were also

of stretched fibers in rigor conditions

of stretched fibers (Figure 3-8b) were

essentially identical to spectra of

unstretched fibers (Figure 3-8a) from

the same preparation. Thus the LC

domains of myosin heads which did

not interact with actin nevertheless

very similar to the corresponding spectra of
unstretched fibers.
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adopted the same orientation in the fiber as they did when the heads were strongly bound

to actin in rigor.

Temperature dependence of EPR spectra Figure 3-9 shows temperature dependence

of the probe orientation. As temperature was increased from 5°C (Figure 3-9 top, solid

line) to 30° C (short dashes), the

intensity of P2 increased with a

commensurate decrease in the

intensity of P1. The decrease of P1 is

evident at the extreme low- and high

field peaks, and especially in the

central field just to the right of the

large central peak. The increase in P2

is somewhat less clear, but still

evident in the low-field region. The

spectral change indicates that the

population of ordered probes giving

rise to P2 increased at the expense of

the population of disordered probes

giving rise to P1.

The exchange of probes between

two populations as a function of

temperature indicated that there were

two structural states of the LC
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Figure 3-9 Temperature dependence of EPR
spectra. Top: the EPR spectra of PhMTSS
labeled fibers in rigor at various temperatures,
aligned parallel to the magnetic field, are
shown: solid line, 5°C; long dashes, 22°C;
short dashes, 30° C. The population P1 of
disordered probes decreased as the population

| P2 of ordered probes increased with
temperature. Bottom: Arrhenius plot of the
logarithm of the equilibrium constant (K =
[P2]/[P1]) vs 1/T. Open circles indicate
fibers at full overlap; closed circles indicate
fibers stretched to ~3.4 pm sarcomere length,
or ~15% overlap. The best-fit line gives AH
= 33 kJ mol” and AS = 0.11 kJ mol' K',
indicating a significant conformational
difference between the two states of the
probe-protein system.
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domain, distinguished by different spectral characteristics of the attached spin probes.

The bottom part of Figure 3-9 shows an Arrhenius plot of the logarithm of the ratio of the

populations of P1 and P2 versus 1/T. The relative intensities of P1 and P2 were

determined approximately by fitting the spectra as described above. The fact that P1

intensity varied from preparation to preparation when compared to P2 intensity suggested

that some fraction of P1 arose from labeled light chains bound nonspecifically in the

fibers or otherwise not properly bound to LC domains. These probes were presumably a

constant population that did not reflect the state of the LC domain, and were removed

from consideration as follows. A lower bound on the fraction of P1 arising from such

sources was estimated by comparison of these spectra to the spectrum of labeled HMM

(Figure 3-7). The fraction of intensity in P1 in HMM at 22°C was estimated to be 33%,

as described above. The relative intensity of P1 in fibers was always greater, so for

purposes of this analysis the fraction of P1 intensity in fibers at 22°C in excess of that in

HMM at the same temperature was subtracted from each fit, on the assumption that it

represented probes that did not report on LC domain orientation/conformation. The

remaining fraction of P1 and all of P2 were assumed to represent probes on two distinct

populations of LC domains which were free to exchange between two conformational

states. Data are presented in Figure 3-9 (bottom) for stretched (filled circles) and

unstretched (open circles) fibers at 5°C, 22°C, and 30°C. The best-fit line yields AH =

–33 kJ·mol' + 6 kJ·mol', AS = 0.11 kJ·mol".K.' + 0.02 kJ·mol' K'. With no

“normalization” to remove excess P1 intensity, the result is AH = -27 kJ·mol” +

6 kJ·mol"; fitting only to stretched fibers, AH = -40 kJ·mol' + 8 kJ·mol"; only to

unstretched fibers, AH = -27 kJ·mol' + 3 kJ·mol'. This indicates a substantial
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rearrangement in the LC domain proteins between the two states, with no substantial

dependence on sarcomere length.

EPR spectra of relaxed and active fibers Spectra of fibers in relaxing conditions are

shown in Figure 3-10a for fibers parallel (solid line) or perpendicular (dashed line) to the

magnetic field at ~22°C. The spectra are slightly different, indicating a small degree of

order. Importantly, the spectrum of fibers parallel to the magnetic field could not be fit to

a linear combination of random fibers and oriented fibers in rigor, indicating that the

observed order did not arise from a population of heads in rigor. The difference between

the spectra is consistent with probes

oriented somewhat parallel to the

fiber axis, with a very broad (90° -

180°) distribution about the central

angle. Figure 3-10b shows a

comparison between the spectra of C —-C-T--

fibers oriented Parallel to the Figure 3-10 Effect of (Ph.MTss-labeled)
fiber relaxation and activation. A) Spectra of
relaxed fibers, mounted parallel (solid line) or
perpendicular (dashed line) to the magnetic
field. The orientation-dependence of the

- - - -
spectra indicates a degree of order, most

line) conditions. The spectra are likely a broad (90°. 180°) distribution about
a central angle more parallel than
perpendicular to the fiber axis. B) Spectrum
of relaxed fibers (solid line) compared to a
spectrum of activated fibers (dashed line),
both parallel to the magnetic field. C). The
difference between the spectra in (B). There
is no significant difference between the
spectra, indicating that no novel orientation of
LC domains was detected in active fibers.

magnetic field at ~22°C in relaxing

(solid line) and activating (dashed

essentially identical; the difference of

the two spectra (shown in Figure 3

10c) shows no evidence of a novel

order or orientation of LC domains in

active fibers.
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3–5 Details of Force Generation

Portions of the following discussion were reproduced from Zhao et al., 1996 (104).

A reasonable goal in studies of force generation is to resolve a large rotation of the

myosin LC domain which could produce the 5 – 10 nm displacement thought to occur

during the power stroke. As discussed above, this goal has been elusive, although

between the completion of my experiments on skeletal muscle with gizzard RLC-IASL

(section 3-3), and the beginning of my investigations using gizzard RLC-PhMTSS

(section 3-4), results described below greatly strengthened the “rowing oar” model of the

power stroke. My own experiments can be interpreted to support that sort of rigid

rotation of the LC domain during the power stroke since, as discussed below, two

orientation of the LC domain are seen, one in relaxed fibers and one in rigor, separated by

an axial rotation of ~40°. However, activation of the fibers did not change the

orientational distribution of probes versus relaxed fibers, making the result difficult to

interpret. Several interesting conclusions can nonetheless be drawn from the results

presented in the previous two sections.

LC domains are ordered in rigor Both probes on gizzard RLC, IASL and Ph.MTSS,

report that LC domains in fibers in rigor are well ordered. Each probe reported the

presence of a single oriented probe population, as well as a disordered population. IASL

was preferentially aligned at ~48° to the fiber axis, while PhMTSS was preferentially

aligned at ~70°, so the combination of results using both probes goes some distance

toward guaranteeing that no conformations or motions are missed due to an unfortunate

probe orientation. As discussed below, the disordered population of probes in each study

72



reflected not disordered LC domains, but highly ordered LC domains, oriented the same

as those underlying the ordered population of probes, but labeled with disordered probes.

LC domains partition between two structural states Both probes partition into two

populations in rigor conditions: IASL on gizzard RLC is split between an ordered

population and one that is quite mobile (and hence effectively disordered, whether or not

the probes are actually sterically restricted); Ph.MTSS is divided between an ordered

population and an equally immobile but disordered population. The population of

ordered probes increases with temperature in the case of Ph.MTSS, but decreases in the

case of IASL. Further, the thermodynamics of the temperature dependence of the relative

populations of PhMTSS indicate that the enthalpic difference between the two states is

considerable, on the order of 33 kJ·mol". The AH of burying -100 Å of hydrophobic

surface area (roughly the size of the spin probe ring) is between 0 – 4 kJ·mol” (119),

suggesting that the difference is no mere change in the interaction of probe and protein,

but a considerable conformational change in the protein itself.

For the sake of simplicity I make the assumption that there are only two major states

of the protein (whether of the RLC or LC domain in general cannot be determined from

my data), and that the two probe populations described above report on only one each.

Labeling the state favored at higher temperature A, and the state favored at lower

temperature B, it is clear that IASL is ordered when its substrate protein is in state B and

disordered/mobile in State A, whereas Ph.MTSS is ordered in state A and disordered in

state B. The spectral components labeled P1 in the sections 3-3 and 3-4 thus arise from

probes/proteins in state B, while those labeled P2 arise from state A. Discrepancies in the

populations of the two states as measured from the spectra can be explained by the
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difficulty of normalizing the intensity of the mobile component of spectra of IASL, and

are not insuperable in any case. Spectra of HMM labeled with PhMTSS (Figure 3-7), to

which, presumably, probes properly attached to the LC domain primarily contribute,

Suggest that about one-third of LC domains adopt state B at ~22°C, a number that can be

reconciled with spectra of HMM and S1 labeled with IASL. Probes on light chains

improperly exchanged into fibers – not bound to the LC domain, or bound improperly —

would be expected to produce a random spectral component, accounting for the higher

proportion of disordered probes seen in spectra of labeled fibers.

What are these two states? One notes that both states are present in actin-bound S1,

HMM, and myosin. It is formally possible that these two states are actually two

orientations of the LC domain; e.g., pre- versus post-power stroke, or distinct orientations

of the two LC domains of a single myosin, affected or distorted by their connection to the

myosin rod. However, electron micrographs of S1-decorated actin filaments show all of

the LC domains at a single angle to the actin filament (115). It is unlikely that myosin

heads in rigor would adopt a pre-power stroke state. Studies of a bifunctional fluorescent

probe on the RLC revealed only a single orientation of the LC domain (96), while studies

of a spin probe on gizzard RLC in invertebrate muscle, in which all probes were ordered,

showed that >90% of probes in fibers in rigor adopted a single orientation associated with

the post-power stroke state, with only the small remainder at a distinct orientation

associated by the authors with a pre-power stroke state (120). The same result renders it

unlikely that the two LC domains of a single myosin, with both heads bound to actin, tilt

significantly toward each other due to the S2 domain connecting the two heads.

Similarly, my own work with smooth muscle myosin (discussed in chapter 4) shows that

**
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both IASL and Ph.MTSS on gizzard RLC report a ~20° axial rotation of the LC domain

upon MgADP release, a result that might not be expected if the two probes reported on

LC domains starting at distinctly different angles (and hence in distinct structural states).

Unfortunately, the energetics of the transition cannot be directly compared to melting of

the S2 coiled-coil domain (AH = 185 – 350 kJ·mol” (121)), since conformational changes

must take place in the heads in order to bring the two LC domains together, and these

enthalpic contributions are unknown. Nevertheless, it is most likely that the transition

observed here represents local conformational changes in the LC domain affecting probe

protein interaction, with no global rotation of the entire LC domain. Essentially all LC

domains in rigor conditions therefore adopt the same orientation, despite the fact that

some probes are disordered.

The orientation of the LC domain is determined by the actomyosin bond The effects

of the attachment of the LC domain to the rod can be investigated by contrasting the

spectra of rigor fibers with the spectra of labeled heavy meromyosin or S1, which are

bound to unlabeled fibers. Here, we find the dramatic result that the spectra of HMM are

identical to those of labeled myosin heads in the rigor fibers. (The best-fit simulations of

oriented probes differed slightly for fibers and HMM labeled with PhMTSS, but the

quality of the fits does not inspire great confidence in that result. The best-fit simulations

were identical for fibers and HMM labeled with IASL.) In previous studies the spectra of

the subfragments contained a large disordered component, which could have indicated a

greater degree of freedom for the LC domain in the absence of an attachment to the rod

(90). Our result shows that the attachment of the myosin head to the myosin rod has not

induced a change in the relative orientations of this part of the LC domain. However, the
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orientation of the LC domain of S1 differs by several degrees from that of HMM and

endogenous myosin, suggesting that a very limited distortion of the LC domain arises

from the interaction of the two myosin heads when bound to actin. However, the

observed distortion amounts to only a few degrees, much less than what might be

expected from other studies. Due to the mismatch of the subunit repeats of the actin and

myosin filaments, considerable distortion must occur in the proteins in order for all

myosin heads to attach to actin in rigor fibers. Electron micrographs of rigor fibers

suggest that much of this distortion occurs in the LC domain of the myosin molecule

(122), while spectroscopic probes have shown that it does not occur in the orientation of

the catalytic domain (74, 77, 111, 112). Thus, it is not clear why a greater difference

between S1 and fibers (or HMM) is not seen in the EPR spectra. There has been one

report that spin probes attached to RLC show significantly different angles for S1 and for

HMM (123). We do not have an explanation for the difference between these results and

the those observed here. However, Hambly and coworkers also did not observe a

significant difference between S1, HMM and fibers, although their spectra were not as

unambiguous as those obtained here.

Two conclusions may be drawn from these results. First, the actomyosin bond alone

is sufficient to determine the orientation of the LC domain some 8 – 15 nm distant; hence

the LC domains of S1 bound to actin are oriented very much like the LC domains of

intact myosin in muscle fibers. Second, the two LC domains of a single myosin with

both heads bound to actin are essentially parallel, oriented at the angle adopted by the LC

domain of S1; this failure to converge means that the S2 domain must be pulled apart,

presumably melting from its coiled-coil configuration to a random coil.

***
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The orientation of the LC domain is also determined by interaction with the myosin

filament The LC domains of fibers stretched to ~15% overlap adopted the same

orientation in rigor as did the LC domains in fibers at full overlap. Since the great

majority of myosin heads were incapable of interacting with actin, it seems that they must

have interacted with, and been ordered by, the myosin filament and/or associated

proteins. Thus the post-power stroke orientation of the LC domain is significantly

stabilized by interaction with the thick filament – sufficiently so that in rigor conditions

the LC domains are as well ordered by this interaction as by the actomyosin bond. This

result was observed most clearly with PhMTSS, but spectra of stretched fibers labeled

with IASL, although very noisy, suggested the same conclusion (data not shown). In

contrast, the catalytic domain is extremely disordered in stretched fibers (112).

LC domains are weakly ordered in relaxed and active fibers Both probes reveal a

small degree of order in the LC domains in relaxed fibers. The spectrum of relaxed fibers

labeled with IASL, ordered only at low temperature, is difficult to analyze. However, the

spectra of relaxed fibers labeled with PhMTSS are consistent with a very broad, but

biased, distribution of probes, with the central angle of the distribution closer to parallel

than to perpendicular to the fiber axis (86). This could indicate a weak interaction of the

myosin head with either the actin or myosin filaments. Such an interaction could

represent a weakly-bound, pre-power stroke state. However, the spectra of active fibers

are identical to those of relaxed fibers, indicating no change in the distribution as would

be expected if it were strongly influenced by heads at the beginning of their working

stroke. Another possibility is that the distribution arises from heads interacting with the

myosin filament, stabilized not in the post-power stroke state but in a novel configuration
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due to the relaxing conditions. To test this notion, attempts were made to observe the

EPR spectra of relaxed, stretched fibers labeled with PhMTSS, and they were indeed

identical to the spectra of relaxed, unstretched fibers (data not shown); alas, the

preparations used displayed no order at all in relaxation, stretched or unstretched, due to a

high proportion of randomly-oriented probes.

The power stroke Since my work on skeletal muscle and the power stroke using

IASL, published in (104) (section 3-3), very important evidence has accumulated in

support of the rotating lever arm model of the power stroke. Three results in particular

suggest that the LC domain rotates in the process of actin displacement. Sabido-David

and colleagues attached bifunctional rhodamine probes to the RLC of skeletal muscle

(96). Because these fluorescent probes were attached to the protein at two points, the

orientation of the probe relative to the protein could be modeled (a similar technology for

spin probes is briefly described in chapter 2). Labeled LC domains changed orientation

by small amounts, but in opposite directions, upon stretch of rigor fibers or step release of

active fibers; modeling suggests a small (~10°) axial rotation and a large (~80°) twist of

the LC domain between rigor and active heads, with 15% of heads attached to actin in

active fibers (Yale Goldman, personal communication). Baker and colleagues (120)

attached a spin probe to the LC domain of scallop adductor muscle, finding two

populations of LC domains distinguished by an axial rotation of at least 36°. The two

observed orientations were invariant with physiological state, but the distribution of

heads varied, with one population favored in rigor, equal populations in relaxed fibers,

and intermediate distributions in active fibers, strongly suggesting that the two

orientations observed represented the beginning and end of the power stroke. Finally,
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Anson et al. and Uyeda et al. measured the rate of actin displacement by myosin heads

with artificial LC domains of varying lengths (47, 50). They found a correlation between

the velocity and the length of the LC domain, suggesting that the LC domain functioned

as a lever arm with a fulcrum located near the beginning of the long LC domain heavy

chain O-helix.

My results presented above, in contrast, do not give unambiguous evidence of a

rowing-oar type of power stroke, in that they do not prove the existence of a well-defined

pre-power stroke state. The bias in the mostly random distributions of the LC domains of

relaxed and active fibers might arise from a weakly-actin interacting, nonspecifically

oriented, pre-power stroke state of the myosin head. However, in striking contrast to the

results of Baker and colleagues working in invertebrate muscle (120), this putative pre

power stroke state does not induce a high degree of order in the LC domain, nor do a

large fraction of heads appear to adopt it. Nonetheless, the possibility remains that this

broad distribution is comprised in part of heads at the beginning of their working stroke,

presumably still weakly bound to actin. It has long been suspected that working heads in

an active, isometric muscle would be distributed throughout their power strokes, unable

to complete them and begin a new cycle. Conceivably, the large degrees of disorder in

relaxed and active fibers have different origins: in relaxed fibers the broad distribution

arises from detached or nonspecifically interacting heads, whereas in active fibers some

of the disorder could arise from heads strongly bound to actin, distributed across the full

range of the power stroke and hence almost isotropically disordered. The fraction of

weakly bound, semi-ordered heads might be similar in active and relaxed fibers, thus

allowing a fairly rigid rotation of the LC domain in active fibers to have minimal impact
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on the EPR spectra. Unfortunately, this must be regarded as entirely speculative when

reasoning from my data.

However, my results do speak to the power stroke in another way. There is important

evidence that the power stroke is driven by the free energy of the actomyosin bond,

strongly suggesting that the work done in the power stroke is limited by the size of a

thermal fluctuation that can be captured by the actomyosin bond (124). If the power

stroke indeed includes a rotation of the LC domain in order to displace actin, then the

work than can be done is also limited by the stability of the post-power stroke state. My

finding that the post-power stroke state is significantly stabilized by interaction of the

head with the myosin filament, in addition to the interaction with actin, suggests that

specific interactions between the head and filament serve to increase the maximal work

output of the power stroke.
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Chapter 4 Smooth Muscle and Force Maintenance

Smooth muscle, so called for its lack of the marked striations arising from the regular

sarcomere structure in skeletal muscle, plays many roles in the body. Smooth muscles

line the circulatory system, assisting in blood flow and pressure maintenance; they line

the alimentary tract, where they are responsible for peristalsis and the movement of food

and waste; they are important in all stages of reproduction, in breathing, and so forth.

This diversity of roles makes smooth muscle an interesting therapeutic target.

Additionally, smooth muscle differs from skeletal in ways both subtle and blatant,

making comparison of the two types useful in understanding the basic mechanisms of

muscle contraction.

My involvement in smooth muscle research was essentially opportunistic. In late

1995 I had completed the bulk of my initial work with skeletal muscle (chapter 3, work

with the spin label IASL), and was casting about for my next project when word came of

the first conclusive observation of a rotation of the LC domain of smooth muscle myosin

(discussed below). My work with a spin probe on the LC domain of skeletal myosin

positioned me perfectly to seize on this result and run with it. As a result, I have

extensively characterized a previously unsuspected conformational change in the myosin

head (first observed by Whittaker and colleagues (115)) and developed a simple model

relating it to the high economy of force generation and maintenance in smooth muscle.

My observations and model also lead to several speculations on the basic mechanism of

the myosin motor, which I present at the end of this chapter.
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4-1 Smooth Muscle

Smooth muscle is less highly organized than skeletal. Smooth muscle cells are relatively

small, about 100 pm long. Smooth muscle lines tubular organs such as blood vessels or

the gut, where the cells are generally organized into layered sheets in the wall of the

cylinder. Sheets are either “longitudinal,” composed of cells oriented such that their axis

of contraction is along the axis of the tube, or “circular,” aligned so that contraction of the

muscle will constrict the diameter of the tube. Cells are thus more or less well aligned

with one another, producing the appearance of long fibers when the muscle is dissected,

but these “pseudo fibers” are neither as well defined nor as strong as the single-cell fibers

of skeletal muscle.

The myofilament arrangement of smooth muscle is also distinct from that of skeletal

muscle. Actin filaments radiate from “dense bodies,” attached at the barbed end so that

the action of myosin filaments upon the actin is to pull the dense bodies together, a sort of

quasi-sarcomere arrangement (125). There is somewhat less myosin than in skeletal

muscle; estimates vary, and true values differ by muscle type, but the gizzard muscle I

have primarily used probably contains about 35 p.M myosin, versus 100 p.M in skeletal

muscle, based on my studies of spin-labeled nucleotide binding (section 4-4). There is

substantially more actin than myosin: about a factor of ten, compared to a three-fold

excess in skeletal muscle.

Functionally, smooth muscle is slower and more economical than skeletal muscle.

Force per cross-sectional area is the same as for skeletal muscle, despite the lower

concentration of myosin, but unloaded shortening velocity is 50-100 or more times

slower. In vitro motility of phasic smooth muscle myosin is 0.3 – 0.8 p.m/s, versus 4–
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7.5 pm/s for skeletal myosins, and ATPase activity is slower by a factor of 25 or more

(40, 106, 126). Within these loose bounds, smooth muscles fall into two broad classes,

shading by degree across the two types. “Tonic” smooth muscles, such as those lining

the walls of many arteries, contract very slowly but are extremely economical at

maintaining tension in the late, prolonged “latch” phase of contraction. “Phasic” smooth

muscles, lining the viscera and gut and some blood vessels such as the portal vein, are

relatively fast in contraction but do not maintain force with the same marked economy

(127). Expression of various myosin heavy chain and light chain isoforms in smooth

muscle is associated with differences in function, but direct causal relationships are

elusive (19, 128). A seven amino-acid insert at the 25 kDa/50 kDa subdomain junction,

near the nucleotide binding site, appears to differentiate the faster—cycling and less

economical “visceral” heavy chain isoform (in which it is absent) from the

slower-cycling, highly economical “vascular” isoform found in some tonic vascular

muscles (19, 129-131). The 25 kDa/50 kDa loop has been implicated in affecting ADP

release kinetics (132-134), and is markedly shorter in skeletal muscle myosin than in

either smooth isoform (134). The suggestion that a slower rate of ADP release, and

therefore a longer duty cycle (proportion of time spent by each myosin head in a

force—generating state), contributes to the higher economy and force per myosin in

Smooth muscle is further supported by the observation that single smooth muscle myosin

heads generate forces and displacements very similar to skeletal myosin, but have a

longer attachment time to actin (135).

Smooth myosin regulation is rather more complicated than skeletal regulation.

Multiple structural elements of the molecule have been implicated in regulation,
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including the rod, the LC domain, and portions of the catalytic domain (136). As with

skeletal muscle, the normal activation pathway in smooth muscle begins with an increase

in intracellular calcium concentration. Rather than affecting the thin filament as in

skeletal muscle, however, intracellular calcium influx from the sarcoplasmic reticulum

activates myosin light chain kinase (MLCK) via calmodulin. The Ca”-calmodulin

MLCK complex phosphorylates serine 19 of the regulatory light chain (137). In the

presence of actin, upon phosphorylation, regulated smooth HMM increases ATPase

activity almost 1000-fold from resting levels (138), and motility from essentially zero to

~1 p.m/s (136). RLC phosphorylation has several effects: regulation of the monomer —

filament transition; activation of actomyosin ATPase activity; and control of the latch

state, described below.

In solution, smooth muscle myosin adopts two forms: folded (the 10S form) and

unable to form filaments, or unfolded (6S) and competent to form filaments. RLC

phosphorylation disrupts interactions between the head and rod which stabilize the folded

state, allowing polymerization. Unlike nonmuscle cells, however, muscle cells contain

myosin above the critical concentration for filament formation and thus possess stable

myosin filaments, so this effect of phosphorylation is unlikely to be important in

regulation of smooth muscle (139, 140).

Phosphorylation activates actomyosin ATPase activity in ways that are not yet

perfectly clear. Two heads are required for regulation; a single-headed myosin is

constituitively “on” (98, 141), and a length of native-sequence rod approximately as long

as the head is required as well (141). A weak interaction between the heads is stabilized

by the presence of the rod; this stabilizing interaction is disrupted by RLC
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phosphorylation (142). These results suggest a mechanism whereby head-head-rod

interaction holds the heads back from interaction with the actin filament; phosphorylation

would serve to release the heads and allow interaction. The partial dependence of

regulation on sequences within the catalytic domain suggests that the LC domains must

be positioned properly for this interaction to function properly (136, 142). However, in

conditions in which phosphorylation increased the actin-activated ATPase activity of

HMM by more than 100-fold, phosphorylation increased the affinity of HMM for actin

by only a factor of 2 – 4, and the rate of HMM-only Pi—release by only a factor of 4,

suggesting that phosphorylation also has the effect of accelerating Pi release from the

actomyosin complex (143). Activation by phosphorylation is cooperative, in that 320%

RLC thiophosphorylation induces the maximum number of myosins to exchange ADP in

single turnover experiments, but increased levels of thiophosphorylation lead to higher

ATPase rates (144).

Another significant difference between smooth and skeletal muscles is in the

complement of actin- and myosin-associated proteins, and this too has a role in

regulation. Of particular importance here, smooth muscle lacks the regulatory, actin

associated troponin complex found in skeletal muscle, and contains the proteins calponin

and caldesmon, both of which interact with both actin and myosin. Caldesmon tethers

the smooth myosin rod to actin, facilitating motility at high ionic strength (145-147).

This interaction does not comprise a load-bearing structure, and is inhibited by

caldesmon phosphorylation (148). Calponin appears to strengthen the binding of

phosphorylated myosin to actin, slowing the rate of dissociation, with the effect of

increasing force and decreasing velocity (149). Calponin inhibits cycling of
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dephosphorylated myosin, allowing relaxation (150). Caldesmon and calponin may thus

both play a role in smooth muscle regulation; regulation of these proteins themselves

could modulate their effects over the course of contraction (148).
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4–2 Latch

Force maintenance is a much investigated but poorly understood aspect of smooth muscle

contraction. Even at its fastest, smooth muscle is slower and more economical than

skeletal; in the "latch" state, late in a prolonged contraction, it becomes markedly more

so. Latch is probably involved in processes such as vasoconstriction in response to cold

and asthma-induced constriction of bronchial passages, and possibly in such basic

physiological tasks as maintenance of blood pressure. Latch is a complex phenomenon

characterized by maintenance of high tension with very low energy demand. Energy

consumption was observed to drop significantly from early, rapid contraction to late

stage contraction by Siegman and colleagues (151). Dillon and coworkers observed that

over the course of a sustained contraction: tension rose asymptotically to a maximum;

velocity of contraction rose quickly to a maximum, and then fell to low levels; and RLC

phosphorylation rose from resting levels (~ 3%) to a maximum (30 - 50%), and then fell

to low but suprabasal levels, tracking velocity (152, 153). Dillon and coworkers

suggested that "latch bridges," dephosphorylated cross bridges that nonetheless interacted

with actin, were responsible for maintaining force late in contraction but cycled slowly or

not at all, thus producing low velocity and energy consumption (152, 154).

According to this model, RLC phosphorylation is a major determinant of smooth

muscle activation, force generation, and force maintenance. It is well established that

phosphorylation activates smooth muscle contraction, but the effect of dephosphorylation

is less clear. Murphy and coworkers suggest that dephosphorylation of an attached cross

bridge arrests its cycle, leaving it strongly bound and force-bearing but slow to detach

(152, 154). This model requires that myosin heads be rephosphorylated before they can
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again interact with actin, imposing a constant energy cost on latch muscles above and

beyond the energy expended in actual contraction. The Somlyos and their coworkers

suggest an alternate model of latch bridge recruitment, in which latch bridges are

dephosphorylated cross bridges cooperatively brought into interaction with actin by

phosphorylated cross bridges (153). The two models might be distinguished by careful

measurements of ATP usage, but such measurements are difficult.

RLC phosphorylation and dephosphorylation are not, however, the entire story in

latch. The Somlyos and colleagues further suggest that MgADP plays a role in the slow

detachment of latch bridges, in that cross bridges with MgADP bound are unable to bind

MgATP and dissociate from actin (155). Force-calcium hysteresis, in which muscles

activated at a low level of calcium achieve only low tension, while muscles initially

activated fully at high [Ca"] maintain high tension when [Ca"] is reduced, is seen only

in the presence of a sufficiently high ratio of [MgADP) to [MgATP) (156). Moreover,

tonic smooth muscle, containing myosin isoforms with characteristically higher MgADP

affinity than their counterparts in phasic muscle, displays a much more pronounced latch

state than does phasic muscle.

Other results complicate the picture significantly. Tension is linearly related to

irreversible thiophosphorylation levels, implying that dephosphorylation is important in

the genesis of latch. However, energy consumption does not track phosphorylation levels

in all conditions, and has been observed instead to be linearly related to isometric tension

(157, 158). Variations in temperature and stimulation can alter the relationship between

phosphorylation and velocity of contraction (159, 160). Latch seems to be a complicated

phenomenon with multiple determinants, possibly including RLC phosphorylation,
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[Ca"], [MgADP], tension, temperature, myosin isoform, and the action of proteins such

as caldesmon and calponin, and their regulation (148, 152, 154, 156, 158-162).

Both models of latch bridge recruitment cited above require that dephosphorylated

cross bridges cycle very slowly, with prolonged attachment to actin in a force generating

state. My work with smooth muscle myosin, presented below, demonstrates that this is

likely the case and suggests a possible mechanism, supporting the theory that RLC

dephosphorylation is an important determinant of the latch state.
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4-3 Conformational States of the Smooth Muscle Myosin LC Domain

Portions of this section were originally published in Gollub et al., 1996 (107). Minor

modifications have been made to the original work.

The basic mechanism of force generation is thought to be similar in all myosins. As

discussed in chapter 3, the working stroke involves rotation of the myosin LC domain

relative to the catalytic domain. Although there was a fair amount of evidence in support

of this idea, no sizeable rotation of the LC domain had been characterized by 1995. At

the end of that year, Whittaker and colleagues published a cryoelectron microscopy study

showing two conformations of smooth muscle myosin S1 on actin, distinguished

primarily by a 23° axial rotation of the LC domain upon MgADP release (115). Jontes

and colleagues simultaneously published results demonstrating a 32° rotation of the LC

domain of brush border myosin I, a nonmuscle myosin, upon MgADP release (114). The

rotation observed upon MgADP release was in the direction expected of the power

stroke. Fitting the high-resolution x-ray crystal structure of skeletal S1 (46) to the low

resolution EM data revealed that the conformation of smooth muscle S1, bound to actin

in the presence of MgADP, was very similar to the structure of skeletal S1 with only a

sulfate ion in the nucleotide pocket (requiring no gross modification of the skeletal

structure to fit the smooth EM envelope). With no ADP present, the LC domain had to

be rotated 23° relative to the catalytic domain in order to fit into the EM envelope (115).

These studies constituted the first clear demonstration that a rigid rotation of the LC

domain was possible.

Questions remained, however, as to the function the observed rotation might serve.

Although it was in the right direction, it was rather small to constitute the entire power
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stroke: the 23° rotation of the smooth muscle LC domain would produce -3 nm

displacement. Additionally, the major work-producing step of the actomyosin ATPase

cycle occurs between Pi release and MgADP release, whereas no large drop in free

energy occurs upon MgADP release, further casting into doubt the identification of the

newly observed rotation with any major portion of the power stroke. The pre-power

stroke or “initial” state of the LC domain would presumably be distinct from the two

observed by Whittaker and colleagues. A candidate for such a state has recently been

observed via X-ray crystallography of smooth muscle myosin (51), with the LC domain

rotated -70° from the position observed by Rayment and colleagues in skeletal muscle

myosin (55, 59). The end of the power stroke finds myosin bound to actin and to

MgADP, presumably in the state observed by Whittaker and colleagues in the presence of

MgADP. However, this must be considered an “intermediate” state of the myosin head,

since the “final” state of the smooth myosin LC domain, with no nucleotide bound, was

seen to differ. The rotation of the smooth muscle LC domain upon MgADP release

constitutes a transition from the intermediate state to the final state.

Since no such rotation had been observed in skeletal muscle myosin, it was very

tempting to ascribe some of the unique features of smooth muscle – high economy, slow

contraction, high force per myosin head – to this presumably unique conformational

change in smooth muscle myosin. As I will discuss in sections 4-4 and 4-6, the LC

domain rotation observed by Whittaker and colleagues does indeed account in large part

for these properties of smooth muscle.

Before attempting to determine the functional role of this LC domain rotation,

though, my first task was to better characterize it. The nature of Whittaker and
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colleagues' work left several questions unanswered. First, the use of cryoelectron

microscopy introduced two very nonphysiological conditions: samples were frozen, and

the actin filaments studied were fully decorated with S1. It was important to verify that

the observed rotation occurred in more nearly physiological conditions. Second,

Whittaker and colleagues observed actoS1 only in the absence of ADP and in the

presence of 10 mM ADP, a concentration far above that found in living cells (20 – 200

pM) (156, 163). It remained to be determined whether the conformation of myosin was

affected by more physiological MgADP concentrations, and what the precise dependence

of the rotation on [MgADP] was. Finally, it remained to be established just what effect

MgADP binding and release had on the LC domain of skeletal myosin.

To these ends, I performed a series of experiments on smooth muscle myosin S1,

using the gizzard RLC-IASL system described in chapters 2 and 3, which were published

in Gollub et al., 1996 (107). The remaining portions of this section which deal with

IASL are reprinted from that paper. I have added a short description of similar

experiments involving the gizzard RLC-PhMTSS system (see chapters 2 and 3) at the end

of the section. All results refer to gizzard RLC-IASL unless specifically noted otherwise.

Further implications of these results are discussed in section 4-6.

In order to investigate the effect of ADP on the orientation of myosin's LC domain,

we placed IASL, a paramagnetic probe, on the regulatory light chain of chicken gizzard

myosin (RLC). This light chain was exchanged for the native light chain in myosin

subfragments from smooth and skeletal muscle and for endogenous light chain in skeletal

muscle fibers. Using EPR spectroscopy, we were then able to identify conformational

States of the LC domain in different preparations and conditions, to measure the

92



orientation of the LC domain in each state, and to measure their populations as a function

of [MgADP). MgADP-induced effects were found to be reversible, allowing multiple

experiments on individual preparations. We found a large shift in the angle of the probes

upon binding of MgADP to smooth muscle S1, but only minor shifts with skeletal S1.

Moreover, the orientation of smooth S1 in the presence of MgADP was almost identical

to that of skeletal S1. Because the rigor state of skeletal S1 is thought to represent the

end of the power stroke, these observations show that the LC domain of smooth muscle

S1 undergoes an additional rotation at the end of its power stroke, a movement which is

associated with the release of MgADP and which does not occur in skeletal S1.

Methods and Materials

Methods not specified here may be found in section 2-5.

Solutions Rigor solution: 20 mM MOPS (pH 7.0), 5 mM MgCl2, 1 mM EGTA.

ADP solutions: ADP (Sigma) from a 100 mM stock was added to rigor solution to the

desired concentration, along with AP.A (Sigma) to 100 p.M in order to inhibit formation

of ATP by adenylate kinase. When [ADP] exceeded the existing 5 mM MgCl2 in rigor

solution, MgCl, was added from a 1 M stock to a matching concentration. Exchange

solution: 50 mM KCl, 10 mM KH,PO4 (pH 7.0), 10 mM EDTA.

Exchange of labeled RLC for native RLC Gizzard papain- and V8 S1 were treated

similarly, except papain S1 (at about 4 mg/ml) was passed through a Sephadex-G25

column in exchange solution with 0.4 mM DTT to remove residual papain, whereas V8

S1 was dialyzed directly into exchange solution. An equal volume of labeled RLC was

acided, to give a final [DTT) of ~0.2 mM and a molar ratio of RLC to S1 of 5-10:1. The
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mixture was heated to 42°C for 30 min, after which TES was added to 100 mM (2 M

stock, pH 7.0) and MgCl, to 15 mM (final pH 6.6). The mixture was incubated at 0°C for

5 min, and then free RLC was removed using a Sephadex-G75 column in rigor solution

with 0.4 mM DTT. It has been previously shown that similar exchange procedures do

not alter the phosphorylation-dependent regulation of isolated smooth muscle myosin

(98, 164-166). Gizzard S1 with RLC labeled with PhMTSS was prepared similarly,

except DTT was removed from the S1 prior to exchange and no further DTT was ever

present. Labeled rabbit skeletal S1 was prepared in the same manner, except the mixture

was heated to 33°C, and no DTT was present at any time. Intact myosin in skeletal

fibers was also labeled by RLC exchange in a similar manner as described previously

(91).

Diffusion of S1 into Muscle Fibers Small bundles of skinned rabbit psoas fibers

(about 25 fibers) were mounted in a capillary tube and washed with rigor solution

containing 2% v/v Triton X-100. Labeled S1 (~ 1 mg/ml in rigor solution) was then

washed past the fibers for 90 minutes. In the case of gizzard S1, this step was carried out

immediately after RLC exchange. DTT was then removed by extensive washing with

rigor solution to prevent further reduction of the spin label nitroxide.

EPR Spectroscopy EPR measurements were performed with an ER/200D EPR

spectrometer from Bruker, Inc. (Billerica, MA). X-Band, first derivative absorption

spectra were obtained with the following settings: microwave power, 25 m W; center

field, 3480 Gauss; time constant, 100 ms; sweep time, 10 seconds; modulation, 2 Gauss

at a frequency of 100 kHz; and total sweep width, 93 Gauss. About 25 fibers mounted in

a flow cell (77) were located in the center of a TM cavity. Each spectrum used in data
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analysis represented the average of 80-200 distinct sweeps over a single experimental

preparation. Spectra were taken at room temperature, 18°C – 22°C.

On each set of fibers, spectra were first obtained for the rigor condition (no

nucleotide), rotating the flow cell 90° in order to obtain a perpendicular spectrum.

Solutions with various concentrations of ADP were then flowed past the fiber bundle,

recirculating in a 1 ml reservoir of each solution, and parallel spectra were obtained at

each concentration. At the highest concentration used (usually 5mm), the flow cell was

again rotated to obtain a perpendicular spectrum. Fibers were washed extensively (> 2

hrs) in order to return them to the rigor state with either rigor solution, rigor solution

containing 30 U/ml myokinase (Sigma), or rigor solution adjusted to pH 6.6 containing

50 U/ml apyrase (Sigma) with ~3:2 ATPase:ADPase activity, and a parallel spectrum

was obtained and compared to the initial spectrum. Finally, the fibers were either

removed from the capillary or washed with 10 mM ascorbate, which reduced all the

spins, and a baseline spectrum was recorded. The baseline was subtracted from each

spectrum and the resulting spectrum was then aligned at the low-field end to a spectrum

taken of fibers in identical conditions alongside a small capillary containing 9 mM

peroxylamine disulfonate (PADS) in order to determine the magnetic field range and

center. Peak positions and baseline-crossings were determined relative to the PADS

baseline-crossings. The PADS splitting was taken to be 13.091 Gauss and the center

peak to correspond to a g value of 2.0056.

Modeling: probe orientation The experimental spectra were compared to spectra

simulated from a solution to the spin Hamiltonian using a program written by Dr. P. Fajer

(167). Two angles, 6 and (), define probe orientation relative to the fiber axis, with 0
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representing the angle between the probe's principal axis and the magnetic field (the tilt

angle) and () representing the twist about this axis. Variations in 6 produce most of the

changes seen in the spectrum upon addition of ADP, and our simulations have focused on

this angle; the data do not permit accurate modeling of changes in (). The average twist

angle, (bo, was arbitrarily set at 45° and modeled as a Gaussian distribution with full width

10°. The presence of the component P3 presented a problem, since it overlaps the low

field features of P1 and P2, and a highly mobile probe population is not easily simulated.

Because P3 was present in all spectra, but with a magnitude that differed between

preparations, a pure P3 component was generated by scaling spectra from different

preparations so that the oriented components (P1 and P2) were of equal intensity; the

difference between the spectra then consisted of only the P3 component. The difference

spectrum was then smoothed in order to reduce the effect of noise on subsequent fits to

data, and used in place of a simulation of P3. Model spectra were generated to fit

components P1 and P2 by variation of the angle of the principal axis to the magnetic

field, 60, and of the distribution about this angle. Fitting was carried out primarily on the

spectra of fibers aligned parallel to the magnetic field, which are more sensitive to

changes in tilt angle. Simulations of fibers aligned perpendicular to the field using the

angular distributions obtained also fit the corresponding data. Spectra were simulated for

different distributions of 0, added to the spectrum determined for P3, and compared to the

data for smooth S1 (Figure 4–4) in a grid search-type algorithm.
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Results

Probe orientation on smooth muscle S1 To investigate the effect of ADP upon the

orientation of the LC domain of smooth muscle myosin, we exchanged labeled gizzard

RLC onto gizzard myosin S1, and diffused the labeled S1 into skinned skeletal fibers.

All results presented for smooth S1 were obtained with S1 produced by either papain or

Staphylococcus aureus protease, with identical results. The signal strength did not

diminish appreciably (<5%) during the course of a series of spectra, while perfusion of

the fibers with a solution containing P3

MgATP removed all signal, showing
Parallel

`. rf
-

2 P1

that all of the labeled S1 present was “Expanded"/
High Field :

bound to the muscle thin filaments P3 P

under these conditions. Figure 4-1 --~~
shows the EPR spectra of the probes — =Random

in the absence (rigor) and presence of
-

Figure 4-1 First derivative, X-band
saturating MgADP. The spectra are absorption EPR spectra of IASL-labeled

- - -
gizzard "papain" S1 bound to actin in rabbit

shown for fibers aligned either psoas skeletal muscle fibers. Spectra were
-

taken in rigor (solid lines) and in the presence
parallel or perpendicular to the of 3.5 mM MgADP (dashed lines). Arrows

- -- -
indicate features corresponding to distinct

magnetic field. The difference spectral components (defined in text). Top:
-

fibers aligned parallel to the magnetic field.
between the spectra in the two Middle: fibers perpendicular to the magnetic

field. Bottom: myofibrils arranged randomly
orientations provides information on (isotropic spatial distribution). The

-
"expanded high field" spectra, which more

the degree to which the probes are clearly reveal high-field features, were taken
with modulation 5 G, time constant 200 ms,

aligned relative to the fiber axis. The center field 3502 G and sweep width 46 G,
fibers parallel to magnetic field.

spectra can be deconvolved into
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Several spectral components, each component consisting of three peaks, corresponding to

a particular population of probes. The middle peaks of each component overlap,

contributing to the large central peak. The different components are most clearly

differentiated from one another as positive peaks at low field and negative peaks at high

field on either side of the central peak (see Figure 4-1). In the parallel spectrum (fibers

aligned along the magnetic field; Figure 4-1, top) of rigor fibers, one component,

henceforth referred to as P3, is clearly evident as the large peaks to either side of the

central peak (P3 is equivalent to the component labeled “P2” in spectra of skeletal

myosin labeled with IASL in chapter 3). Another component, P2, is apparent as a small

dip in the high field region of the rigor spectrum (Figure 4-1, "Expanded High Field").

P2 in the low field region forms a shoulder on the P3 peak. The presence of the low field

peak for this component is made more apparent by the decrease in intensity in this region

upon binding of MgADP. We show below that the probes associated with P2 are well

ordered in the rigor state.

Addition of MgADP to the fibers reproducibly changed the spectrum. In the parallel

spectrum (Figure 4-1, top) the intensity of P2 decreased, with a corresponding increase in

the intensity of a component, P1, well-resolved in both the low-field and high-field

regions. The high-field P1 peak is spread out, but better resolved than that of P2.

Intensity in the parallel spectra has thus moved outward, with increased splitting between

low- and high-field peaks, upon the addition of MgADP. There is also a small increase

in the position of the central peak in the parallel spectra by +0.7 + 0.15 Gauss.

With the fibers aligned perpendicular to the magnetic field (Figure 4-1, middle) the

Spectra show changes that are in some aspects the inverse of those in the parallel spectra
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(Figure 4-1 top). In the absence of MgADP there is one P3-like component that has the

same shape and splitting as P3 in the parallel spectrum. In addition there is a distinct

shoulder on the low field side of this peak. Upon addition of MgADP the P3-like

component remains almost unchanged and the shoulder moves in towards the center peak

and underneath the P3-like component. A corresponding change is seen in the high field

region. In addition to the changes in the shoulder, the splitting between high and low

field cross-over points of the P3-like component is slightly narrower in the spectrum in

the presence of MgADP.

Overall, upon the addition of MgADP, intensity moves outward in the parallel

spectrum and inward in the perpendicular spectrum. This is the change expected for a

rotation of the paramagnetic probe's principle axis toward the fiber axis, discussed in

detail below. Assuming no reorientation of the probe on the protein surface, this would

correspond to axial rotation of the LC domain. In addition the resolution of the EPR

spectra allows one to resolve a small population of the component P1 in the rigor

spectrum. This population of probes is unlikely to result from residual bound MgADP,

because it was not affected by extensive washing with solutions containing apyrase, an

enzyme with ADPase activity, or with myokinase, an enzyme which degrades ADP.

EPR spectra are sensitive to both the orientation and the mobility of the probe (86,

168). As we are interested in changes in orientation, it was important to rule out

MgADP-dependent changes in the mobility of either the protein or of the spin probe

relative to the protein. EPR spectra of disordered myofibrils are insensitive to changes in

probe orientation, but still sensitive to changes in mobility. As can be seen in Figure 4-1,

bottom, the spectra of randomly oriented myofibrils containing labeled, smooth S1 did
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not change upon addition of ADP, ruling out changes in probe mobility on the 10-6 s —

10-12 s time scale (see chapter 2). It is unlikely that the probe could change its

orientation on the protein surface without altering the degree to which the protein restricts

the motion of the probe. Thus the lack of change in mobility argues strongly that the

observed change in orientation of the probe reports a change in the orientation of the LC

domain.

In contrast with the results with smooth myosin, only minor differences between the

rigor and MgADP spectra were

observed in skeletal myosin. Labeled
Skeletal Rigor

RLC was exchanged onto skeletal S1 V. Skeletal +ADP

and onto native myosin in skinned

- -
Skeletal Rigor . .skeletal fibers using a procedure v. Smooth Rigor

which has been shown to maintain

- -
skeleta ADP

- - - - -cross bridge function (77, 118). V. Smooth +ADP

Spectra of labeled skeletal S1 in fibers Figure 4-2 Comparison of EPR spectra of
- -

IASL-labeled endogenous skeletal myosin in
were similar to those of labeled fibers skinned skeletal muscle fibers and fibers

containing IASL-labeled smooth muscle S1.
Top: fibers aligned parallel to the magnetic
field, in rigor (solid line) and in the presence

were seen between parallel and of 3.5 mM MgADP (dashed line). Middle:
labeled skeletal muscle fibers (solid line),
compared to fibers containing labeled gizzard

- - - - -
S1 (dashed line), both in rigor in the parallel

chapter 3), indicating that the Probes | orientation. Bottom: labeled skeletal muscle
fibers (solid line) compared to smooth muscle
S1 (dashed line), both in the presence of
saturating concentrations of MgADP

axis. Figure 4-2 compares the parallel ([MgADP] = 3.5 mM), in the parallel
orientation.

(data not shown). Large differences

perpendicular orientations (see

are well ordered relative to the fiber

spectra obtained in the absence and
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presence of MgADP. Two spectral components can be resolved in both rigor and

MgADP, with only a slight change in their relative intensities upon addition of MgADP

(Figure 4-2, top). The perpendicular spectra are even more similar (not shown). Random

spectra (not shown) were identical to those of labeled gizzard S1 in myofibrils (see

Figure 4-1). This lack of effect in skeletal fibers agrees with previous studies that found

little force-related change in the orientation of probes on either the catalytic domain or on

RLC (86, 118, 155, 163, 169).

The spectra obtained for smooth muscle S1 are compared to those obtained for

skeletal fibers, both in parallel orientations (Figure 4-2). In the absence of MgADP the

spectra are quite different for the two preparations (Figure 4-2, middle), while in the

presence of MgADP they are very similar (Figure 4-2, bottom; note that the spectra of

skeletal fibers are very similar with and without MgADP present). This similarity is also

seen in spectra obtained with the field perpendicular to the fiber (see Figure 4-1, middle;

skeletal myosin data not shown). Thus, these spectra show that the orientation of the

skeletal muscle myosin LC domain (+MgADP) is similar to that of smooth muscle in the

presence of MgADP. The orientation of the LC domain of smooth muscle in rigor

appears to be unique. This new conformation may represent an additional component of

the power stroke specific to smooth muscles.

Energetics of MgADP binding The spectral effect due to MgADP was measured for

a range of [MgADP]. The intensity of P3, and the widths of the low-field peaks of P1

and P2, did not appear to change in any conditions. Thus the height of the low-field

peak of P1, an easily measured quantity, was linearly related to the population of P1

relative to the total population of P1 and P2. Combining the data from several
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preparations yielded a non

cooperative binding isotherm, with

apparent Ka = 4.4 + 2 p.M MgADP

(see Figure 4-3). This is in the range

of some previous measurements of the

binding of MgADP to myosin in
0.1 1 10 100 1000 10000

ADP (uM)
Figure 4-3 [ADP] dependence of the

170), but is smaller than the Ka spectral change seen in labeled gizzard S1 in
fibers. The peak height of P1, normalized to
0 in rigor and 1 at saturating concentrations
of ADP, is plotted versus [ADP]. The data fit

(143). Addition of 120 mM KCl, 10 a 110■ ] cooperative binding isotherm with Ka F

5 + 2 p.M ADP (4.4 + 2 p.M MgADP)
mM AMP-PNP, or 5 mM PPi to the (functional form H = [ADP]/([ADP] + Ka),

where H is peak height and Ka is the
dissociation constant), assuming [ADP]ree =
[ADP]oul. Different symbols reflect different
preparations.

phasic smooth muscles (155, 163,

measured for binding to acto-S1

rigor solution had no effect on the

rigor spectrum of labeled gizzard S1.

However, 5 mM PPi entirely and reversibly inhibited the effect of 20 p.M MgADP.

These results support the conclusion that the change in orientation deduced from the EPR

spectra is due to MgADP binding in the active site.

Spectral analysis: probe motion Motional characteristics of IASL on gizzard RLC

are discussed in chapter 2. No significant differences were seen when gizzard RLC-IASL

was placed on gizzard S1 as opposed to skeletal myosin. P3 arose from the population of

very mobile probes discussed in chapter 2; it is equivalent to the mobile population called

“P2” in spectra of IASL-labeled skeletal myosin shown in chapter 3. The oriented

components P1 and P2 arose from the population of substantially immobilized probes

described in chapter 2. As in the case of skeletal myosin discussed in chapter 3, the two
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populations (mobile, giving rise to P3, and immobile, giving rise to P1 and P2) arise

mainly from two distinct states of the RLC and/or LC domain. As will be described

below, gizzard S1 labeled with PhMTSS behaves similarly to S1 labeled with IASL,

suggesting that the two states represent LC domains whose gross conformations are

similar. The magnitude of P3 varied between preparations from 40% - 70% of total

intensity, indicating that some fraction of it arose from nonspecifically bound RLCs.

Thus we have analyzed the orientation of the more immobile components P1 and P2,

considering them representative of all labeled LC domains. There is a clear spectral

change due to a shift between these two components upon binding of MgADP, and the

difference between them was shown to arise from a change in the orientation of their

probes (see below).

Spectral analysis: angular distribution Spectra were simulated for different angular

distributions of probes (see Methods) and compared to the data for smooth S1 (Figure 4

4). The difference between the spectral components P1 and P2 was modeled as a change

in the tilt angle, 0, between the principle axis of the probe and the fiber axis. The

spectral component P1 best fit an angular distribution centered at 00 = 48° + 3° with a

spread about this angle of A6 = 16° + 4° (full width at half maximum), as shown in

Figure 4-4, top. The spectral component P2 fit an angular distribution 00 = 72° + 3°, A6 =

16° + 4°, as shown in Figure 4-4, bottom. Errors were estimated by simulating a series of

spectra and determining the range of values that produced equivalent fits to the data;

these errors were greater than the variations in data between different preparations. As

can be seen in Figure 4-4, both P1 and P2 are present in the rigor spectrum of smooth S1;

the ratio of intensities of P1 to P2 is about 1:4. P2 did not contribute to the spectrum in
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the presence of MgADP. The

difference found between the centers

of the two angular distributions (P1

and P2) is 24° + 4°, with little

difference in the spread about these

average angles. The two states, P1

and P2, thus appear to represent two

isomers of the bound myosin,

distinguished by a rotation of the LC

domain.

The angular distributions of the

ordered component of probes on

rabbit skeletal muscle S1 and on

endogenous myosin in rabbit skeletal

muscle fibers were determined in a

similar fashion. The low-field peak to

high-field trough splittings in the
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Figure 4-4 Comparison between simulated
and observed spectra of IASL-labeled smooth
S1, in Top: saturating MgADP; and Bottom:
rigor. Measured spectra (solid lines) are
aligned with simulations (dashed lines).
Below each comparison are the spectral
components from which the fit to the data
was generated. The spectrum in the presence
of MgADP (upper comparison) is best fit as
the sum of the empirical mobile component,
generated from the difference between
preparations with different P3 intensities as
described in the text (solid line), and a single
simulated population of oriented probes (P1),
with 00 = 48° and A0 = 16° (dashed line).
The spectrum in rigor (lower comparison) is
best fit by the mobile component (solid line)
and two oriented components, P1 (long
dashes) and another, P2, with 00 = 72°, A0 =
16° (short dashes).

parallel spectrum, EMgADP, were 64 Gauss for endogenous myosin and 62 Gauss for

skeletal S1, as compared to ~63.5 Gauss for smooth muscle S1 in the presence of

saturating concentrations of ADP. The best-fit angular distribution for endogenous

skeletal muscle myosin was found to be the same as for smooth muscle S1 within the

uncertainty imposed by the fitting procedure. The angular distribution of skeletal muscle

S1 was slightly different; it was fit equally well by 00 =51° 4:3°, A6 = 16° + 4°, or by 60
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=48° E 3°, A6 = 12° + 4°. Thus the skeletal muscle myosin LC domain orientation,

+MgADP, is very similar to that of smooth muscle myosin +MgADP.

An important caveat to this analysis is that probe mobility limits the anisotropy of the

probe, averaging the hyperfine tensor values and narrowing the spectra overall. This

effect reduces sensitivity to a change in orientation, and is difficult to model exactly.

Because we have used tensors that describe the spectrum of a rigid probe the absolute

values of the probe distributions determined above are not exact, and the difference

between the two orientations determined for smooth muscle S1 may represent a lower

limit to the actual change in probe orientation.

The spectra are insensitive to reflection through the plane perpendicular to the fiber,

raising the formal possibility that the difference in the angular distributions is ~60°.

However, the lower value (24° 4: 4°) agrees with structural changes observed by

Whittaker et al. (23°) (115) upon addition of MgADP to smooth muscle S1. We note that

we do not know the angle of the principal axis of our probe relative to the axis of the

myosin LC domain, so an exact correspondence between probe rotation and LC domain

rotation is not necessarily expected. The important conclusion is that both methods

detect a large change in angle upon binding or release of MgADP from smooth S1. The

problems associated with electron microscopy (effects of freezing, selection of

micrographs, image reconstruction, etc.) are very different from those associated with

EPR spectroscopy (effect of labeling, observation of probe not protein, etc.) Thus, the

agreement of these two studies strengthens the idea that the release of MgADP is

associated with a change in the orientation of the LC domain of smooth muscle S1. With

MgADP bound, the LC domain adopts the “intermediate” position, giving rise to P1 in
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our spectra. Upon MgADP release, the LC domain favors the “final” state, giving rise to

P2.

Probe orientation: PhMTSS As described above and in chapter 3, the highly mobile

P3 population of IASL spin probes represented, in part, a population of RLCs or LC

domains in a structural state distinct from those giving rise to P1 and P2. The above

analysis assumes that the ordered components P1 and P2 were representative of all

labeled LC domains; i.e., that the LC domains contributing to P3 adopted the same gross

conformations as those contributing to P1 and P2, with only minor structural differences.

In order to verify this, I labeled
■

smooth muscle S1 with gizzard RLC- —"
- --

g Rigor … v.V
PhMTSS. PhMTSS is Ordered in the

structural state of the RLC in which

IASL is disordered, and vice versa,
—º- - - -

Rigor
allowing the orientation of the LC

domains giving rise to P3 to be | Figure 4-5 Smooth S1 with gizzard RLC
PhMTSS. Top: spectra of labeled S1 in

monitored. The probe is quite fibers aligned parallel to the magnetic field, in
rigor (solid line) or in the presence of 3.5 mM

immobile on gizzard RLC (see | MgADP (dashed line). Middle: the spectrum
of HO-2101-labeled S1 in the presence of

chapter 2), and is oriented at an angle | Saturating MgADP (solid line) was fit using
two components: a random component (short

distinct from that of IASL when | dashes) and an oriented component with 00 =
70° and A0 = 20° (long dashes). Bottom: the

placed on the skeletal LC domain (see spectrum of labeled S1 in rigor was fit using
three components: the random component

chapter 3). (not shown), the oriented component
described above (short dashes), and a second

Figure 4-5 shows the spectra oriented component with 60 = 90° and A0 =
20° (long dashes).

arising from Ph.MTSS on smooth
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muscle S1. The spectrum of S1 in fibers parallel to the magnetic field changed

significantly upon addition of MgADP (Figure 4-5, top). The spectrum of PhMTSS

labeled S1 in the presence of MgADP was fit well by a linear combination of a random

component (the spectrum of disordered myofibrils labeled with gizzard RLC-PhMTSS;

Figure 4-5 middle, short dashes) and an oriented component with 60 = 70° E 4°, A0 = 20°

+ 5° (long dashes). The spectrum of Ph.MTSS-labeled S1 in the absence of MgADP

(Figure 4-5, bottom) was fit well by a linear combination of the random component

(omitted for clarity), the above oriented component (short dashes), and an additional

oriented component with 60 = 90° + 3°, A0 = 20° + 4° (long dashes). Hence upon the

release of MgADP all smooth S1 LC domains are able to rotate ~20°, strongly suggesting

that all LC domains adopt the intermediate state with MgADP bound and favor the final

state in rigor, whether or not the spin probes employed are sensitive to the domains'

orientation. Similar experiments were carried out on skeletal muscle (data not shown; see

chapter 3); the ordered component of probes had 60 = 72° + 3°, A0 = 16° + 4° in rigor,

with no observable change upon addition of MgADP, indicating that the orientation of

the smooth S1 LC domain in the presence of MgADP is very similar to that of the

skeletal myosin LC domain +MgADP.
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4-4 Regulation of Smooth Muscle Myosin LC Domain Rotation

The results presented in section 4-3, on the MgADP-induced rotation of the smooth

muscle S1 LC domain, established three important points, discussed in more detail in

section 4-6. First, smooth S1 does indeed adopt one of two conformations distinguished

by an axial rotation of the LC domain, depending upon the presence or absence of

MgADP, as observed by Whittaker and colleagues (115). Second, the LC domain rotates

when MgADP is bound or released at the nucleotide binding site in the catalytic domain,

with an apparent dissociation constant of ~4 p. M. Third, this rotation is unique to smooth

muscle, and does not occur in skeletal muscle; skeletal myosin LC domains, with or

without MgADP bound, adopt the conformation of smooth myosin LC domains with

MgADP bound.

Many important questions were still unanswered. Most important, perhaps, was the

basic question of whether intact smooth muscle myosin, properly emplaced in the

myofilament matrix of a smooth muscle, behaved like proteolytically cleaved S1 bound

to skeletal actin filaments. Did the LC domains in intact smooth muscle rotate upon

MgADP release? If so, were the starting and ending points the same as in S1? What was

the [MgADP] dependence, and what effect might the additional steric constraints

experienced by intact myosin have?

Additionally, observations of S1 removed from its usual environment could not

conclusively demonstrate what this hitherto unknown LC domain rotation was for. If, as

many suspected, it was related to the latch state (100, 115, 171), one would expect it to be

regulated both chemically, by RLC phosphorylation, and mechanically, by strain on the

muscle. In order to investigate these questions, it was necessary to turn to intact smooth
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muscle for further experiments. I elected to use chicken gizzard muscle, despite its less

than-ideal anatomical properties, so that results could be directly compared to my work

using S1 from the same source. The RLCs of myosin in skinned gizzard muscle sections

were labeled with IASL, and many of the same experiments were carried out, as well as

some new ones permitted by the use of intact myosin. Smooth (chicken gizzard) HMM

was also employed for comparison, as an intermediate between S1 and muscle. I found

that the same two conformational states occurred in intact myosin as in S1, with

transition (rotation) between them influenced by MgADP binding and release. However,

the effect of the steric constraints experienced by myosin was considerable, suggesting

strain-dependence of the isomerization. The effect of phosphorylation was to weaken the

ability of MgADP to influence the conformational state of the myosin head. These

results, presented below, lead to a simple, mechanical model for an important aspect of

the latch state, explaining why latch bridges cycle slowly and maintain force

economically.

Portions of this section were reproduced from Gollub et al., 1999 (Biochemistry, in

press).

Materials and Methods

Methods not described here may be found in section 2-5.

Solutions. Exchange Solution: 50 mM KCl, 50 mM TES (pH 7.0), 10 mM EDTA.

Rigor Solution: 120 mM KCl, 5 mM MgCl2, 20 mM TES (pH 7.0), 1 mM EGTA. ADP

Solution: rigor solution + 10 mM glucose, 1 mg/ml hexokinase (Sigma, St. Louis, MO),

250 puM diadenosine-5'-pentaphosphate (APSA, Sigma), variable [ADP]. The
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concentration of MgADP was calculated assuming that the binding constant of ADP for

Mg is equal to 1470 M'. Maximum [MgADP] was 3.5 mM (5 mM ADP) in

dephosphorylated samples and 16.6 mM (20 mM ADP, total [Mg”] increased to 20 mM)

in thiophosphorylated samples.

Preparation of Muscle Sections. Gizzards, flash-frozen in liquid N, (Pell Freeze),

were trimmed and partially thawed. Thin sections were dissected perpendicular to the

tough internal epithelium and to the long axis of the organ, across sheets of circular

muscle fibers, such that “pseudo-fibers” composed of muscle cells joined by connective

tissue ran parallel to the plane of the section . Sections were chemically skinned by

shaking at 4°C for 12-16 hrs in a rigor solution with a final concentration of 50% w/v

glycerol, 5 mM DTT, and 0.05 mg/ml each of leupeptin, pepstatin A, and trypsin

inhibitor (Boeringher Mannheim, Indianapolis, IN). Fresh gizzards were treated similarly

within 1 hr of killing, but never frozen. All sections were stored in fresh skinning

Solution at -20°C.

Skinned rabbit psoas fibers were prepared as previously described (104).

Exchange of Labeled RLC for Native RLC. Muscle sections were incubated in

exchange buffer containing 1–2 mg/ml labeled RLC for 2 hr at 0°C while being shaken.

The solution was heated to 42°C for 30 min, after which TES was added to 100 mM (2M

stock, pH 7.0) and MgCl, to 12 mM (final pH 6.6). The mixture was incubated at 0°C

for 15 min, and the muscle sections were then removed and placed into rigor Solution. It

has been previously shown that similar exchange procedures do not alter the

phosphorylation-dependent regulation of isolated smooth muscle myosin (98, 164-166).

The extent of exchange varied by preparation, and was estimated from isoelectric
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focusing gel electrophoresis. The depletion of unlabeled, native RLC indicated that from

50% to 90% of myosin heads were exchanged, while the presence of excess labeled RLC

indicated that the total labeled RLC content of the muscle sections exceeded total myosin

head content by 20% to 50%.

Chicken gizzard HMM (5-10 mg/ml) in exchange buffer was mixed with labeled

RLC (1-2 mg/ml), also in exchange buffer, and heated to 42°C for 15-30 min. TES and

MgCl, were added as above and samples were incubated at 0°C for 15 min. Samples

were then passed over a Sephadex G-75 column into a rigor buffer with no MgCl2, to

remove excess RLC, and incubated with ~25-fiber bundles of skinned rabbit psoas fibers

for 12 hrs at 4°C while shaking in order to allow the HMM to bind to actin filaments in

the psoas fibers.

Thiophosphorylation of Muscle Sections. Prior to exchange of RLC, muscle sections

were incubated for 90 min at room temperature in solution containing 50 mM KCl, 50

mM TES (pH 7.2), 2 mM CaCl2, 2 mM MgCl2, 2 mM ATPyS, 5 pg/ml calmodulin

(Sigma), 20 pg/ml MLCK. Labeled RLC was incubated for 90 min at room temperature

in solution containing 50 mM NH, HCO, (pH 7.8), 0.1 mM EDTA, 0.1 mM EGTA, 2 mM

MgCl2, 2 mM CaCl2, 5 pg/ml calmodulin, 20 pg/ml MLCK, 2 mM ATPYS. Level of

thiophosphorylation was checked by isoelectric focusing gel electrophoresis (pH 4-6).

Exchanged samples with >90% thiophosphorylated RLCs were used for EPR

experiments. Prior to thiophosphorylation, samples had phosphorylation levels of «10%.

Fluorescence Spectroscopy. Gizzard sections were incubated in rigor solution

containing 400 mM acrylamide and placed at the focus of a Nikon Diaphot 200

epifluorescence microscope, and baseline fluorescence levels were recorded (excitation
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320 nm, emission 410 nm). Two protocols were followed. Time course: 25 puM 1,N6

ethenoadenosine 5'-triphosphate (EATP, Sigma) was added to the solution, and

fluorescence levels were recorded. The sample was then washed with rigor solution

containing 400 mM acrylamide and fluorescence levels were recorded at 30 s intervals

until fluorescence reached a minimum. Mg-e ADP titrations: various amounts of

Mg-eADP were added to the solution in an ascending protocol. Background fluorescence

was determined by extensively washing the muscle section and repeating an abbreviated

eADP titration in the presence of 5 mM ATP. The binding constant of Mg for eaDP was

assumed to be 1470 M'.

EPR Spectroscopy. EPR measurements were performed with an ER/200D EPR

spectrometer from Bruker, Inc. (Billerica, MA). X-Band, first derivative absorption

spectra were obtained with the following settings: microwave power, 25 m W; center

field, 3460 Gauss; time constant, 500 msec; sweep time, 50 sec; modulation, 2 Gauss at a

frequency of 100 kHz; and total sweep width, 125 Gauss. Labeled smooth muscle

sections mounted on a flat cell were located in the center of a TM cavity. Each spectrum

used in data analysis represented the average of 10-40 distinct sweeps over a single

experimental preparation. Spectra were taken at room temperature, 18°C — 22°C.

The following protocol was carried out on each set of fibers or sections. Spectra of

samples with the myosin filament/"pseudo fiber” axis aligned parallel to the magnetic

field were first obtained for the rigor condition (muscle sections washed with exchange

solution for 2 hr to remove all nucleotide); the sample was then rotated 90° in order to

obtain a spectrum with the sample axis perpendicular to the magnetic field. The sample

was then incubated in 1-3 ml of ADP solution with the desired [MgADP] or [Mg-eADP)
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for 20 min at 0°C, and replaced on the flat cell. Spectra were obtained at each

concentration with the sample axis parallel to the magnetic field. At the highest

concentration used (usually 3.5 mM, 16.6 mM for thiophosphorylated samples), the cell

was again rotated to obtain a spectrum with the sample axis perpendicular to the magnetic

field. Fibers were returned to a nucleotide—free state by washing extensively (>2 hrs)

with exchange solution, with rigor solution containing 30 U/ml myokinase (Sigma), or

with rigor solution adjusted to pH 6.6 containing 50 U/ml apyrase (Sigma) with ~3:2

ratio of ATPase:ADPase activity, and a spectrum was obtained with the sample axis

parallel to the magnetic field and compared to the initial spectrum. Spectra were

acquired over the course of 10–25 min at each [MgADP], except for the first and last

spectra, which were collected for 20-40 min to reduce noise. Finally, the samples were

either removed from the cell or washed with 10 mM ascorbate, which reduced all the

spins, and a baseline spectrum was recorded. The baseline was subtracted from each

spectrum, if substantially non-level. Spectra were compared with a spectrum of

peroxylamine disulfonate (PADS) in solution in order to determine the magnetic field

range and center. Peak positions and baseline-crossings were determined relative to the

PADS baseline-crossings. The PADS splitting was taken to be 13.091 Gauss and the

center peak to correspond to a g value of 2.0056.

Spectra of unlabeled gizzard sections and rabbit semimembranosus fibers containing

3’-deoxy-2'-(2,2,5,5-tetramethylpyrrolidine-1-oxyl-3-carboxylate) adenosine 5’-

diphosphate (SL-ADP), a spin-labeled ADP (172), were taken similarly, except data

collection times were shorter (5-10 min), and SL-ADP was not washed out afterward.
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Results

Orientation of myofilaments The experiments described below rely on an ordered array

of myosin heads for interpretable data. Our previous work utilized the highly ordered

array of actin filaments in skeletal muscle to order exogenous smooth muscle myosin

heads (S1). The myofilaments of smooth muscle are generally not as well ordered as in

skeletal muscle. It was therefore necessary to establish that the myosin heads in our

samples were ordered comparably to those in skeletal muscle.

The orientation of myosin heads, attached to actin, in skinned sections of gizzard

muscle was observed using a spin-labeled ADP analog (SL-ADP). This compound binds

to myosin in skeletal muscles in an oriented fashion (172). Thin sections of smooth

muscle tissue were incubated in 25 p.m. SL-ADP in rigor solution, aligned such that

“pseudo-fibers” were parallel or perpendicular to the applied magnetic field, and EPR

spectra were taken (Figure 4-6a). The resultant spectra consisted of three large peaks

arising from free SL-ADP, and smaller peaks arising from bound nucleotide (see Figure

4-6 labels and caption). Spectra obtained with the fiber axis parallel to the magnetic field

differed significantly from those obtained with the perpendicular orientation, indicating

ordered myosin heads.

The spectrum arising from gizzard sections was similar to that arising from highly

ordered semimembranosus (skeletal) fibers (Figure 4-6b). This similarity indicates that

the myofilaments in gizzard muscle are generally parallel to the fiber axis created by

slicing across the circular muscle sheets as described in methods. The degree of order of

myosin heads in the two preparations can be estimated from the spectra of the bound

probes (86). Average probe angle was determined from the splitting between the low
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field peak and high-field trough of the

spectral component arising from

bound probes. For gizzard, this

splitting is ~50.5 Gauss, indicating a

mean probe orientation of 50° it 5° to

the fiber axis; the orientation of the

same probe in skeletal muscle has

previously been determined to be 55°

+ 5° (172). The width of the

distribution of probes about the mean

angle was determined from the ratio

of the absolute heights of these two

spectral features; in gizzard, the ratio

of high- to low-field peak height is

0.33, indicating a width of 20° + 6°,

versus 16° tº 4° in skeletal muscle

(172). The similarity of probe

orientation in gizzard and skeletal

muscle indicates that the degree of

order of myosin heads is similar in the two muscle types. The small differences that do

exist may reflect differences in the active site structures of smooth and skeletal myosin

Free

T.
Bound2–

Figure 4-6 First derivative, X-band
absorption EPR spectra of samples containing
SL-ADP. A) 25 p.M SL-ADP in gizzard
sections. Solid line: sample parallel to
magnetic field; dashed line: sample
perpendicular to magnetic field. There are
two populations of SL-ADP, free and bound
to myosin. Each population produces three
lines in the spectrum. The free SL-ADP
produces sharp lines, labeled “free” and
truncated in the figure. The bound SL-ADP
produces smaller, more spread—out features,
labeled “bound.” The central line of each
overlaps. The difference between spectra of
parallel and perpendicular samples indicates
ordered probes. B) Solid line: 25 p.M SL
ADP in gizzard sections; dashed line, 25 p.M
SL-ADP in rabbit semimembranosus
(skeletal) fibers. The spectra are similar,
indicating that myosin heads bound to actin in
gizzard muscle cells are ordered similarly to
myosin heads in skeletal fibers. Spectra were
taken with modulation 2 G, time constant 500
ms, center field 3460 G, sweep width 100 G.

or, possibly, a slightly less well ordered myofilament array in gizzard.

.
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RLC Exchange into Muscle Sections Chicken gizzard regulatory light chain labeled

with IASL at Cys 108, as used previously in skeletal muscle (chapter 3) and smooth

muscle myosin S1 (section 4-3), was exchanged for native light chain in gizzard muscle

sections (see methods). The characteristics of our probe in these preparations are similar

to those ascertained for the same probe on skeletal muscle myosin and smooth muscle S1,

as discussed below.

Probe Mobility To determine the orientation of the LC domain, the spin probe

employed must be well-ordered and substantially immobilized by the protein surface to

which it is bound. Figure 4-7a shows the spectra of homogenized, isotropically oriented

samples, which are sensitive to the mobility of the probe. A highly mobile probe

population in these conditions gives rise to three sharp, narrowly separated peaks. As

mobility decreases (probes tumble less quickly, or are more restricted in their motion),

these peaks broaden and the splitting between them widens. A completely, or nearly,

immobile probe population gives rise to a characteristic spectrum with a wide splitting

(105).

Our probe gives rise to two spectral components, labeled M1 and M2 in Figure 4-7a,

indicating two populations with distinct mobility characteristics. Similar populations

were seen in studies of S1 (section 4-3) and are analyzed and discussed in more detail in

chapter 2. M1 has a low-field peak to high-field trough splitting of 64 Gauss, indicating a

population of probes that is well-immobilized by the protein surface. Following the

method of Griffith and Jost (105), we modeled this as rapid diffusion in a cone of full

width -60°. While not ideal, this motion is sufficiently restricted that the probe reports

on the orientation of the adjacent protein surface, in this case the LC domain. The Second
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population, M2, has a splitting of 39 Gauss. This is quite mobile, equivalent to rapid

diffusion in a cone of full width -140°. This population does not usefully report on the

protein orientation. M2 accounts for from ~50% – ~75% of total signal, varying by

preparation. The two populations of probes arise from specifically- and nonspecifically

bound light chains, as well as from two slightly different structural states of the LC

domain, as discussed in chapter 3; the

mobility of the probe is discussed in

more detail in chapter 2. As discussed

in chapter 3 and section 4-3, correctly

bound light chains contributing to M2

are most likely in the same gross

conformation as RLCs contributing to

M1, but in a slightly different

structural state. Accordingly, analysis

will focus on M1.

A change in the spectrum of an

oriented sample can reflect an actual

change in the orientation of the

protein to which a spin probe is

bound, or it can indicate a change in

the binding mode of the probe on the

protein, with no gross change in

protein conformation. The latter

Figure 4-7 EPR spectra of IASL-labeled
gizzard sections. Solid lines: no nucleotide;
dashed lines: saturating MgADP. A.) Labeled
gizzard sections, homogenized. There are
two populations, labeled M1 and M2,
indicating spin probes with two distinct
mobilities. Each gives rise to three lines; the
central lines overlap. The two populations
are of roughly equal intensity in this
spectrum. B) Labeled gizzard sections,
aligned parallel to the magnetic field. The
low- and high-field regions are vertically
expanded (above the main spectrum) for
clarity. There are three populations, labeled
P1, P2 and P3; the central lines of each
overlap. P2 especially is difficult to discern
due to overlap with P3 in the low-field
region, and with P1 in the high-field region.
Upon addition of saturating MgADP, the
intensity of P2 decreases and that of P1
increases, producing the differences seen here
between spectra.

r
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possibility is nearly certain to produce a change in probe mobility, since a reorientation of

the probe relative to the protein or a change in the local protein surface with which it

interacts will alter the constraints on probe rotation and diffusion. Addition of 5 mM

ADP did not alter the spectrum of an isotropic sample in rigor solution (Figure 4-7a).

This indicates that the mobility of the probes was not affected by the presence of

MgADP. We therefore conclude, as in our previous work, that changes in the spectra of

oriented samples due to addition of MgADP (discussed below) result from actual changes

in protein orientation.

Probe Orientation and Rotation Due to MgADP The orientations of the LC

domains can be determined from spectra of oriented samples, shown in Figure 4-7

(discussed in chapter 2). Labeled gizzard muscle sections were aligned with their

filament axis parallel (Figure 4-7b) or perpendicular to the applied magnetic field. There

are three spectral components, labeled P1, P2, and P3 in the low and high field regions;

their central peaks overlap to form the prominent central peak. Upon addition of

MgADP, the intensity in P1 increases, while that in P2 decreases. The change is small,

but was observed consistently in all experiments (n > 20). The intensity of P3 was

unchanged by addition of MgADP; the apparent change in Figure 4-7b is due to overlap

With P2.

Each spectral component arises from a distinct population of spin probes. P3 (Figure

4-7b) appears very similar in these oriented samples to M2 in the isotropic samples

(Figure 4-7a), and is largely insensitive to sample orientation or solution conditions. We

therefore identify it with M2, and conclude that it contains no useable information on
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protein orientation. Thus P1 and P2 arise from M1, and represent two distinct

orientations of the LC domain.

The difference between P1 and P2 was modeled as a change in the axial tilt angle 6

between probe and filament axis. We assumed a distribution of probes in each

population, of full width at half maximum A0. A grid search–type algorithm was used to

identify the best-fit 60 and A0 of each spectral component, comparing them to spectra

simulated from a solution to the spin Hamiltonian using a program written by Dr. P. Fajer

(167), component. The mobility of the probe reduces its anisotropy, so the difference

between the best—fit central angles represents a lower limit on the actual difference. The

best-fit simulated spectra for P1 and P2 were very similar to those for their counterparts

in spectra of S1 (section 4-3). P1 was fit well with 0 = 48° 43°; A0 = 16° + 4°; this is

the orientation adopted by the LC domain of smooth muscle S1 in the presence of

MgADP, and by the LC domain of skeletal muscle myosin with or without MgADP. P2

corresponded to 00 = 72° # 3°; A6 = 16° + 4°; this is the orientation adopted by most

smooth muscle S1 LC domains in the absence of MgADP.

Thus there are two populations of oriented probes in smooth muscle sections,

distinguished by a ~24° axial rotation. Fits to these spectra (Figure 4-7) and those for S1

(Figure 4-4) were very similar, allowing us to identify P1 and P2 as equivalent to their

counterparts in S1. We conclude that the LC domain of smooth muscle myosin can adopt

either the intermediate or the final orientation, described above. The increase in P1

intensity and decrease in P2 intensity upon addition of MgADP (Figure 4-7b) indicates a

net flux of probes, and hence LC domains, from one state to the other; i.e., a ~24° axial
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rotation of LC domains from the final position, which gives rise to P2, to the intermediate

position, which gives rise to P1.

We consider the relative intensities of P1 and P2 to be representative of all cross

bridges in the muscle section. P1 and P2 changed in a coordinated fashion upon addition

of MgADP, while P3 was insensitive to solution conditions. While it is possible that P3

represents cross bridges not bound to actin or otherwise behaving unlike those giving rise

to P1 and P2, we consider this unlikely since P3 was also present and behaved similarly

in studies of S1, in which all heads were bound to actin and presumably experienced

identical steric constraints (section 4-3). As discussed in chapter 3 and section 4-3, work

with the PhMTSS spin label on gizzard RLC indicates that P3 arose in part from probes

on RLCs that were not properly bound to LC domains, and in part from a slightly

different structural state of the RLC or LC domain. The two states of the RLC are

distinguished thermodynamically by a AH of ~40 kJ mol"; the spin probe (IASL)

employed here is disordered and mobile in one state, giving rise to P3. However,

PhMTSS-labeled gizzard RLC on S1 is ordered in the “P3” state (indicating that smooth

muscle S1 LC domains in that state are ordered similarly to those in the “P1/P2” state)

and responds similarly to MgADP binding, suggesting that there are no gross

conformational differences between the two states (section 4–3). Hence, all LC domains

behaved identically, whether or not the spin probe was sensitive to orientation.

How many LC domains rotate? In order to measure the relative intensities of P1 and

P2, spectra of labeled muscle sections in the presence and absence of MgADP were

compared to the corresponding spectra of S1, in which relative intensities were

convenient and known with fair accuracy (see Table 4-1). The spectra were fit in the
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low-field region to a linear combination of the S1 spectra by the method of least-squares

(see Figure 4-8a). A good fit could not be obtained for all preparations, since P3 varies in

intensity between preparations, and to a small degree qualitatively between S1 and intact

muscle. In the absence of MgADP, 52% + 8% (mean + standard deviation) of the total

P1 and P2 intensity was in P1 in dephosphorylated samples; in the presence of saturating

MgADP, 69% + 5% (9 samples fit). Results were similar for thiophosphorylated

preparations: 51% + 8% in the absence of MgADP; 67% + 6% in the presence of

saturating MgADP (4 samples fit). Hence in the absence of MgADP the two LC domain

conformations are equally populated. Upon addition of saturating MgADP, only about a

third of LC domains remain in the final position, indicating a net rotation of ~17% of LC

domains from the final position to the intermediate position. These results are

summarized in Table 4-1. The spectral change could be reversed by extensive washing

of the sample with a nucleotide—free buffer containing excess EDTA, or by treatment

with apyrase or myokinase to degrade nucleotides to AMP, returning the population of P1

to about 50%.

Dependence of Rotation on [MgADP] The [MgADP]-dependence of the LC domain

rotation was determined by monitoring the extent of spectral change while titrating ADP

into labeled muscle sections. The spectra at each [MgADP] were fit by the method of

least squares to a linear combination of the spectra taken in the absence of ADP (sections

washed for 2-4 hr in 10 mM EDTA to remove all nucleotide) and in the presence of

saturating [MgADP] (see methods). Each data set (from individual samples) was fitted

separately; data sets were then normalized according to individual fits, combined, and

refit as a whole. Titrations are plotted in Figure 4-8b as fraction of the full effect at
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saturating MgADP versus [MgADP].

This range corresponds to a change in

the intermediate state population from

about 50% of total LC domains

without MgADP to about 68% at

saturating MgADP (see Figure 4-8b,

right hand abscissa). The data were

fit by the method of least squares to a

simple, noncooperative binding curve,

of the form

(fraction of full effect) =

[MgADP] / ([MgADP]+ K),

giving K = 110 pm it 20 puM for

dephosphorylated muscle sections. K

here is an apparent dissociation

constant, not necessarily equal to the

actual Ka for MgADP binding to

myosin (see discussion in section 4

6).

Thiophosphorylation of the RLC

had a significant effect on this

relationship. Muscle sections were

labeled and thiophosphorylated as
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Figure 4-8 A) Deconvolution of low-field,
parallel IASL-labeled gizzard muscle spectra
using S1 spectra. Black lines: muscle; gray
lines: S1; solid lines, no MgADP; dashed
lines: saturating MgADP. The S1 spectra are
shown in the best-fit proportions. B) Extent
of spectral change vs. [MgADP]. Circles
(O), long dashes: dephosphorylated gizzard
sections (6 titrations); triangles (A), solid
line: thiophosphorylated gizzard sections (4
titrations); short dashes: equivalent curve for
gizzard S1 in psoas fibers (see section 4-3).
The spectrum of each sample at each
[MgADP] was fit to a linear combination of
the spectra of that sample with no MgADP
and with saturating MgADP (3.5 mM for
dephosphorylated muscle, 16.6 mM for
thiophosphorylated). Apparent Ka = 4.4 + 2.5
pM for S1, 110 + 20 p.M for
dephosphorylated smooth muscle, and 730 +
100 p.M for thiophosphorylated smooth
muscle. The right-hand axis indicates the
population of LC domains in the intermediate
State.
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described in methods, and the level of thiophosphorylation was determined by gel

electrophoresis. Dephosphorylated samples, described above, had basal phosphorylation

levels of 0 - 10%. Complete (90 – 100%) thiophosphorylation had no effect on the

spectra taken in the absence of MgADP or with saturating MgADP, as described above

(summarized in Table 4-1), and hence no effect on LC domain orientation of mobility.

However, as shown in Figure 4-8b, the [MgADP] required to effect rotation increased

seven-fold, to half effect at 730 p.M + 100 p.M. In contrast, thiophosphorylation of

labeled smooth S1 did not alter the LC domain orientation, distribution, or apparent

MgADP affinity (data not shown) as compared to our previous experiments with

dephosphorylated smooth S1 (section 4-3). Thus, thiophosphorylation of the RLC

greatly increases the [MgADP] necessary to cause rotation of the LC domain of smooth

muscle myosin, but not S1.

Various controls were performed to establish that the observed spectral effect was a

result of MgADP binding to myosin. Addition of 5 mM ATP to the rigor buffer, relaxing

the muscle section, produced EPR spectra very similar to the spectra of isotropically

disordered preparations (Figure 4-7a). Addition of 2 mM pyrophosphate or 5 mM

AMP-PNP, an ATP analog, to the rigor buffer had no effect on the rigor spectrum,

suggesting that heads were neither rotated nor detached from actin in significant

numbers. Dissociation from actin would not be expected in these conditions. Varying

the ionic strength of the buffer with or without ADP had no effect ([KCl] = 0 to 200

mM). Varying Mg" content from 0 (i.e. 10mM EDTA) to 50 mM at constant ionic

strength, with or without ADP, also had no effect. Addition of 1 mM pyrophosphate

inhibited the effect of MgADP, reducing the effect of adding (to a dephosphorylated
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sample) 100 p.M ADP by about 50%,
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LC domain rotation in smooth 1

muscle HMM In order to investigate
Figure 4-9 The intermediate state

the effect of the connection to the population of dephosphorylated smooth
muscle (circles (O), solid line) and smooth

thick filament upon LC domain || muscle HMM (crosses (+), dashed line) vs.
[MgADP]. Data were analyzed and

rotation in muscle sections, similar normalized as in Figure 4-8. The
intermediate state population of muscle went

experiments were carried out with from ~52% in the absence of nucleotide to
~69% in the presence of nucleotide, with an

smooth muscle HMM (a two-headed apparent K, of 110 + 20 p.m. The
-

intermediate state population of HMM went
myosin fragment). Labeled RLC was from ~48% to ~68%, with apparent Kd = 90

+ 17 p.M.
exchanged for native RLC in

proteolytically generated, dephosphorylated HMM, which was then allowed to bind to

actin filaments in skinned, unlabeled skeletal muscle fibers. EPR spectra of these

samples (not shown) were very similar to those of labeled muscle sections (Figure 4-7),

indicating that the probe orientations were the same as in muscle sections. Hence the LC

domains of HMM adopted the same conformational states (intermediate and final) as the

LC domains of muscle. The populations of the two states in the absence of nucleotide

and in the presence of saturating MgADP were determined as described above. In the

absence of nucleotide, 48% + 5% of spectral intensity was in P1; in the presence of
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saturating (3.5 mM) MgADP, 68% + 12% was in P1 (mean + standard deviation, 8

samples analyzed).

The [MgADP]-dependence of the LC domain rotation in HMM was determined as

described above for muscle sections. Figure 4-9 shows a comparison of MgADP

titrations in muscle and in HMM. The apparent Ka was 90 + 17 plM, similar to that of

muscle sections. Thus, dephosphorylated HMM was very similar to dephosphorylated

muscle in LC domain orientation, population of the two states, and response to MgADP.

Comparison of nucleotide binding to the progression of the spectral effect As

shown in Figures 4-8 and 4-9, the progression of the spectral effect as a function of

[MgADP] fit well to a simple binding isotherm, suggesting identification of LC domain

rotation with MgADP binding. In order to determine whether this was the case, the

binding of ethenoADP (EADP), a fluorescent ADP analog, was observed and compared

to the EPR spectral effect induced by increasing [Mg-EADP). Figure 4-10 shows a

comparison of £ADP binding and LC domain rotation as a function of [Mg-EADP).

Binding was determined by placing muscle sections at the focus of an epifluorescence

microscope and measuring fluorescence while titrating in Mg-EADP in the presence of

acrylamide, a solution-phase quenching agent. The fluorescence of £ADP bound to

myosin was 10 – 20 times greater than that of eaDP in solution. Background (solution)

fluorescence was determined by adding 5 mM ATP to the sample at the maximum

[eADP] (preventing any substantial amount of £ADP from binding to myosin),

interpolated for intermediate points, and subtracted from the total signal to isolate the

fluorescent signal arising from ea■ )P bound to myosin. The background fluorescence

was verified at some intermediate points by repeating an abbreviated [Mg-EADP) titration
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in the presence of 5 mM ATP. This

1 4 0.76 5procedure did not permit the use of
-

0.721 :
Mg-EADP concentrations greater than 0.68

– 0.64

about 1 mM, due to high background : : : 6

signal. Over the range observed, the
0 0. 5 2

-0. 2

1000data fit a simple binding isotherm 1 10 100
[Mg-eADP] (uM)

with K. - 79 + 10 um (see Figure 4- || Figure 4-10 A comparison of MgeADP
binding (crosses (X), dashed line) and the

10). It is not clear whether the sample | Mg-EADP-induced rotation (filled circles (°),
solid line) in smooth muscle. Mg-eADP was

WaS entirely saturated; i. e., the data titrated into muscle sections in the presence
of 400 mM acrylamide, a solution-phase

allow the presence of a population of quenching agent. Fluorescence above
background is indicated on the left-hand axis

myosin heads with a weaker affinity in arbitrary units. The measured Ka for
binding was 79 + 10 p.M. The intermediate

for Mg-eADP, although this cannot be state population is indicated on the right-hand
axis; the apparent Ka for rotation was 370 +

demonstrated from the data. 97 p.M.

EPR spectra were also taken of dephosphorylated muscle sections in identical

conditions to those described above while Mg-eADP was titrated into the sample. The

intermediate state population was measured as described above for MgADP. Spectra

were very similar to those observed using MgADP. Figure 4-10 shows the progression of

the change in populations. The apparent Ka was 370 + 97 p.M. Thus the apparent affinity

of myosin for Mg-EADP as measured by observation of LC domain rotation (EPR) was

~4.5 times weaker than the affinity measured by direct observation of binding

(fluorescence).

Nucleotide state of myosin heads In gizzard sections in the absence of MgADP,

~50% of cross bridges were found in the intermediate state. However, for S1 in the
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absence of MgADP the final conformation is predominant (~80%; see section 4-3). This

raised the possibility that some heads retained MgADP despite efforts to remove all

nucleotide prior to the experiment. To determine whether MgADP was still bound to

myosin heads in our putatively ADP-free samples, binding of £ADP was monitored via

fluorescence spectroscopy. Muscle sections were placed at the focus of an

epifluorescence microscope and relaxed with eaTP in the presence of acrylamide. The

relaxing solution was then replaced with rigor solution containing acrylamide and the

section was washed while fluorescence levels were recorded. Similar experiments using

EPR, as described above, showed that washing returned the intermediate state population

to ~50%. However, fluorescence declined to within 5% of maximal fluorescence above

baseline with a half-life of several minutes (data not shown), indicating that no more than

5% of heads, if any, retained bound eADP after washing.

Time dependence of spectral effect ADPase or other ADP-degrading activity in the

skinned muscle sections could prevent accurate measurement of the [MgADP)

dependence of rotation. To assay the effect of any such activity on our measurements,

labeled muscle sections were incubated in 110 p.M MgADP and spectra were taken over

the course of 100 min with no further addition of ADP. The intermediate state population

was maximally sensitive to [MgADP] at this concentration (see Figure 4-8). Spectra

were then fit to spectra taken with no and 3.5 mM MgADP, as above. Only a very small

decline (0-10%) in the intermediate state population was seen after 100 min. Data for

other experiments were typically collected for s20 min at each [MgADP), averaging to

reduce noise. Hence, the apparent [MgADP] was slightly overestimated due to
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degradation of ADP during data collection, but the effect was not large and no

corrections have been applied to the data.

Effect of tension on spectra An external tension or stretch applied to muscle fibers

in rigor might cause the LC domains to rotate “backwards,” i.e. from the final state to the

intermediate state. To investigate this possibility, we applied a constant tension to

muscle sections, by attaching a small weight to one end of the section, while taking EPR

spectra. At all tensions up to sufficient force to break the muscle section (0.4 – 0.5

N/mm3), tension had no discernable effect on the spectra of muscle sections either in the

absence of ADP, or in the presence of 35 – 110 p.M MgADP, where the spectra might be

thought to be most sensitive to small changes in the stability of one state versus the other

(data not shown). This observation is a corollary to the observation that MgADP binding

does not reduce tension in smooth muscle sections (173).
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4-5 The Smooth Muscle Chemomechanical Cycle

The results described in sections 4-3 and 4-4 concentrate on one small piece of the

smooth muscle myosin ATPase cycle – the transition from a MgADP-bound to a

nucleotide-free state at the end of the power stroke, while myosin is firmly attached to

actin. As discussed below (section 4-6), these results provide considerable insight into

force maintenance and the latch state. However, they do not fully illuminate the larger

issue of force generation and the entire ATPase/force generation/force maintenance

cycle.

In order to investigate the rest of the actomyosin interaction in smooth muscle, I

turned to a new (to me) tissue, ileum muscle. Unlike gizzard, longitudinal ileum muscle

consists of very long, straight “pseudo fibers,” although unlike skeletal muscle they still

consist of many small (~100 pm) cells. The muscle is easily dissected into very thin

sheets and the myosin filaments are well aligned (Dr. Avril Somlyo, personal

communication), making this a good preparation for EPR spectroscopy. Using

techniques very similar to those described above, I was able to observe the orientation of

the ileum LC domain in rigor and in relaxing conditions. This remains a work in

progress.

Methods

Methods were similar to those employed for gizzard muscle (section 4-4), except as

follows.

Preparation of ileum muscle tissue A-20 cm section of rabbit ileal small intestine

was dissected and cleaned with distilled water. The lumen was threaded with a glass
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pipette, and the outer surface was lightly scored along its length to either side of the

mesentery. Longitudinal strips (0.1 – 1 cm wide X5 – 20 cm long × −50 pm thick) were

then teased from the cut ends and gently pulled off the length of the section. Strips were

slightly stretched and tied to wooden rods with surgical silk thread, and chemically

skinned as described for gizzard muscle (see section 4-4).

EPR Skinned ileum muscle strips were labeled (exchanged) with gizzard RLC

labeled with PhMTSS spin label as described for gizzard muscle (section 4-4). Labeled

ileum strips were dissected longitudinally to yield strips -0.5 mm wide x 2 cm long, and

mounted in a capillary-tube flow cell as described for skeletal fibers (section 3-3).

Machine settings and solutions were as described for gizzard muscle (section 4-4).

Results

Orientation of LC domains in rigor ileum muscle Figure 4-11a shows the spectra of

labeled ileum fibers in rigor conditions, aligned parallel (solid line) and perpendicular

(dashed line) to the magnetic field. The spectra differ only slightly, due to a large

random component. The small difference suggests a large, randomly oriented population

of probes, and a small, ordered population of probes with principle axis at a sharp angle

to the fiber axis. This is consistent with a four-component system of probes: one

population of nonspecifically bound RLCs with isotropically disordered spin probes, and

three populations equivalent to those arising from Ph.MTSS-labeled gizzard S1 (Figure 4

5), one of which also appears random. Thus it appears that the LC domains of ileum

muscle in rigor adopt the two conformations observed in the LC domains of smooth

muscle S1, distinguished by a ~24° rotation, similar to the LC domains of gizzard

130



muscle. However, the preparations employed evidently contained a relatively high

concentration of nonspecifically-bound, labeled RLC, making this interpretation

tentative.

Orientation of LC domains in relaxed ileum muscle Figure 4-11b shows the spectra

of labeled ileum fibers in relaxing conditions, aligned parallel (solid line) and

perpendicular (dashed line) to the magnetic field. These spectra do not show even the

small difference seen in spectra of

rigor ileum fibers (Figure 4-11a), thus

evincing no sign of order. However,

as noted above, there is a very large

random component to the spectra,

which might serve to swamp a

smaller, ordered signal. For example,

the spectra of relaxed skeletal fibers

with PhMTSS-labeled gizzard RLC

show only a small difference between

the parallel and perpendicular

orientations (Figure 3-10a), indicating

a broad but biased distribution of

probes. As mentioned in chapter 3,

this small degree of order was not

evident in preparations with an excess

of nonspecifically bound RLCs. The

4-11 EPR spectra of ileum muscle fibers
containing PhMTSS-labeled gizzard RLC,
aligned parallel (solid lines) and
perpendicular (dashed lines) to the magnetic
field. A) Rigor conditions. There is a very
large, random spectral component. However,
the small difference between the parallel and
perpendicular orientations is consistent with
the difference observed in spectra of HO
2101-labeled smooth muscle myosin S1
(Figure 4-5), suggesting that LC domains
were oriented with probes at ~70° and ~90° to
the fiber axis. B) The spectra of fibers in
rigor conditions. There are no significant
differences between the spectra which might
suggest a high degree of order. However, a
Subtle bias to a broad distribution of LC
domain orientation, as observed in skeletal
muscle (Figure 3-10), could be concealed by
the large population of disordered probes.
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spectra of relaxed ileum are consistent with a small degree of order obscured in this way,

although the only evidence for it is analogy to skeletal fibers, which appeared similar to

ileum in rigor conditions (compare Figures 4-11a and 3-6).

Discussion

The force generation cycle in smooth muscle My investigations of the force-generation

cycle of smooth muscle myosin have thus far been hindered by the presence of a very

large, random spectral component, most likely due to nonspecific binding of a large

number of labeled RLCs in the exchange process. While a similar population of

nonspecifically bound light chains was evident in skeletal and gizzard muscle

preparations employing the IASL spin label, it was particularly large in ileum

preparations with Ph.MTSS, to the extent of significantly obscuring ordered populations

of probes. Exchange procedures will have to be optimized to reduce nonspecific binding

in future work with ileum fibers; nonetheless, ileum remains an attractive smooth muscle

tissue for EPR experiments, for ease of dissection and reportedly well-ordered

myofilaments.

Despite the presence of the large, disordered component, spectra of labeled ileum

fibers in rigor demonstrated the presence of an ordered population of probes. While the

spectra were not suitable for detailed analysis, it appears that a population of probes was

oriented at a sharp angle to the fiber axis. The spectra (Figure 4-11) were very similar to

those of rigor skeletal fibers (see section 3-4) and smooth muscle S1 (Figure 4-5) with the

same label, aside from the large random component. Probes in skeletal fibers were

oriented at ~70° to the fiber axis, while probes on smooth S1 bound to actin were
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oriented at either ~70° or ~90° to the fiber axis, with the distribution influenced by

[MgADP]. IASL spin label also revealed the existence of two distinct orientations of the

LC domains of gizzard (smooth) muscle (section 4-4) and S1 (section 4-3). Very likely,

then, ileum LC domains adopted two distinct orientations in rigor, consistent with the

EPR spectral evidence. Both orientations represent post-power stroke states of the

myosin head; as discussed in section 4-6, the distribution of post-power stroke heads

across these two states is influenced by [MgADP] and mechanical stress.

The spectra of relaxed ileum fibers showed no evidence that the LC domains were

ordered in this state. Given the very large fraction of nonspecifically bound RLCs, this is

consistent with the kind of broad distribution of probes, biased toward the parallel,

observed in relaxed skeletal fibers (see chapter 3). No more definite, positive

conclusions can be reached based on my data. However, the spectra do allow me to make

a few negative conclusions. Order was observed in the spectra of rigor ileum fibers, as

discussed above; the fact that none is apparent in the spectra of relaxed fibers indicates

that any strong ordering of the LC domains, comparable to that in rigor, can be ruled out.

Thus, as in skeletal muscle, there appears to be no highly ordered, pre-power stroke state

in relaxed fibers arising from weak interaction of myosin with actin. Also, it has been

proposed that myosin heads in relaxed, smooth muscle interact with their partner head

and rod, preventing them from interacting with actin (141, 142). My data, unclear though

they may be, do indicate that any such interaction must either be quite weak (compared to

the rigor bond) or not involve specific, ordering interactions with the myofilaments that

would produce order in the EPR spectra.
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4-6 A Model for the Latch State

Integrating all of the results presented in this chapter, I have reached several important

conclusions. The basic mechanism of force generation in smooth muscle appears very

similar to that of skeletal muscle, described in chapter 3. However, smooth muscle

myosin at the end of its power stroke adopts a conformational state not seen in skeletal
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myosin, the “final” state described above. This state and the transition to it may have

some implications for force generation, but are most important to the high economy of

smooth muscle contraction, most dramatically in the latch state.

Portions of the following discussion are adapted and reproduced from Gollub et al.,

1996 (107), and from Gollub et al., 1999 (Biochemistry, in press).

Table 4-1 Axial Rotation of LC Domains

Apparent Kd Fraction of heads in intermediate state
(MgADP) (uM) — MgADP + MgADP"

Skeletal S1
-

100% 100% - - -

Smooth S1 4.4 + 2.5° 20% + 5%” 100% + 5%” i■ '

Thiophosphorylated 6 + 3° 22% + 10%." 97% + 10%." A
Smooth HMM 90 + 17° 48% + 3%" 68% + 5%" -
Smooth Muscle 110 + 20° 52% + 3%" 69% + 2%" l

Thiophosphorylated 730 + 100 51% + 5%" 67% + 4%" sº
!-

“Saturating MgADP: 3.5 mM for dephosphorylated samples, 16.6 mM for 4.
thiophosphorylated samples. -
"Uncertainty in intermediate state population reflects fitting method described in º
section 4-3. ■ &

* Binding curves fit by method of nonlinear least squares; errors represent asymptotic %
95% confidence levels.

º

“Values are mean + standard error of the mean, except dephosphorylated S1 as noted. l
Number of experiments included: dephosphorylated smooth S1, 3; thiophosphorylated
smooth S1, 2; dephosphorylated smooth HMM, 8; dephosphorylated muscle, 9; º
thiophosphorylated muscle, 4. s

»
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The post-power stroke states of smooth muscle myosin I investigated the two post

power stroke conformations of smooth muscle myosin in considerable detail, using

gizzard S1 (section 4-3), HMM and muscle (section 4-4). I draw several conclusions

from the results, which are summarized in Table 4-1. These are discussed below, with

emphasis upon the comparison between the results obtained with smooth muscle sections

and the results obtained with skeletal (chapter 3) and smooth (section 4-3) S1.

The LC domain of smooth muscle myosin rotates upon MgADP release Some of the

LC domains of smooth muscle S1, HMM, and myosin in muscle sections rotate upon

MgADP release. More S1 LC domains rotate than HMM or myosin LC domains, as

discussed below. Starting in the “intermediate” position, upon MgADP release some LC

domains rotate ~24° axially toward the barbed end of the actin filament, or away from the

center of the myosin filament, to the “final” position (115). The LC domains of skeletal

muscle myosin adopt the intermediate position with or without MgADP, and do not rotate

upon MgADP release. Smooth muscle myosin, HMM and S1 are thus all capable, upon

MgADP release, of an “extra” rotation in the direction of the putative power stroke that is

not observed in skeletal muscle.

The intermediate and final states characterized here are very similar in smooth muscle

myosin, HMM and S1. In the experimental conditions employed here, it is likely that the

two heads of each myosin are bound to adjacent actin monomers. The fact that only the

intermediate and final states were observed suggests that it is reasonable to propose that

the S1 structures described by Whittaker et al. (115) closely match the structures of the

two heads of a single myosin or HMM in these conditions. EPR and other spectroscopic

studies of skeletal muscle myosin and S1 likewise show that myosin heads and S1 bound

º
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to actin adopt very similar

conformations (90, 96, 104); this

entails a single orientation of the LC

domain similar to the intermediate

state of smooth muscle S1 (107),

rather than the two orientations

described here for smooth muscle

myosin and S1. EM micrographs of

isolated myosin molecules show that

the two heads converge at the

head—rod junction, such that the RLCs

are in close proximity (174, 175), but

our spectra suggest that this is not the

preferred conformation when both

heads are bound to actin. Using the

Whittaker et al. (115) structures as a

guide, and allowing each head to

adopt either the intermediate or final

Table 4-2 Separation Between LC Domains
Leading Trailing LC Domain

Head Head Separation"
Intermediate” Intermediate" 91 Å
Intermediate" Final 83 Å
Final" Intermediate" 105 Å
Final" Final" 88 Á

Initial" Initial" 73 Å
Initial" Intermediate" —112 Å
Initial" Final" —126 Å
Intermediate” Initial" 173 Å
Final" Initial" 197 Å

| skeletal

“Separation is measured between residues 843
(rabbit fast skeletal myosin numbering) of
each heavy chain. Negative values indicate
that the distal tip of the leading head is behind
that of the trailing head. S1 structures were
constructed as described below and docked
on to actin per the Mendelson et al. docking
(60) (see section 4-7).
"The Rayment et al. structure of chicken fast

myosin (46) was used for
intermediate-state heads.

“Final-state heads were constructed by
rotating the LC domain of the intermediate
state structure as described by Whittaker et al.
(116).
“Initial-state heads were constructed by
building on the intermediate state RLC and
associated heavy chain to the Dominguez et
al. chicken gizzard myosin structure (51) as
described in section 4-7.

state, we find the closest possible approach of equivalent points at the distal (from actin)

tips of the two RLCs of smooth muscle myosin to be ~80 Å (see Table 4-2). To allow for

this head separation, the region of the coiled-coil S2 domain proximal to the heads must

uncoil (141, 176). The proximal portion of this domain is unstable (141, 177), and such

uncoiling has been observed (176, 178). This uncoiling will undoubtedly apply a
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restoring force to the heads, tending to pull them back together. This feature of the

system is critical to the model we present (see below) to account for the measured

populations of the intermediate and final states.

There is a relatively small change in the populations of the intermediate and final

states upon MgADP release from muscle and HMM as compared to S1 The EPR

method used here can report not only on the magnitude of the differences in LC domain

orientation, but also on the relative populations of each state present in a mixture. Our

study of smooth S1 gave relatively large differences between spectra at extreme

[MgADP] conditions (see Figure 4-1). In the absence of ADP, -80% of LC domains

were in the final conformation, -20% in the intermediate conformation. In the presence

of saturating MgADP, 100% of LC domains were in the intermediate conformation. In

contrast to the S1 spectra, the corresponding data for intact myosin in muscle sections

and for HMM showed a relatively small difference between spectra at extreme [MgADP)

conditions (Figure 4-7b and Table 4-1). In the absence of MgADP, the LC domains of

intact myosin and HMM were distributed more-or-less evenly across the intermediate and

final states (~50% in the intermediate state). Upon addition of saturating MgADP, one

fifth to one-sixth of the LC domains (net) rotated from the final position to the

intermediate position (~68% in the intermediate state, total).

We performed two experiments to demonstrate that the relatively high proportion

(~50%) of LC domains in the intermediate state in intact myosin and HMM with MgADP

removed was not due to residual MgADP binding at the active site. First, the fraction of

heads in the intermediate state could not be reduced by treatment with either apyrase or

myokinase, enzymes that degrade ADP, or by extensive washing with 10 mM EDTA to
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chelate free Mg” and thus eliminate rebinding of released ADP. Similar washing

protocols also did not reduce the smaller intermediate state population in S1 in the

absence of MgADP. Second, because the fluorescent nucleotide analog eADP caused the

same EPR spectral change as ADP, we used fluorescence intensity to monitor residual

[EADP) in muscle sections during washing protocols used in EPR experiments; sº 9% of

heads remained bound to ea■ )P after washing following relaxation with eaTP.

Muscle has a different [MgADP) dependence of rotation than S1 We used the

spectral change caused by LC domain rotation to compare the ability of MgADP to affect

the distribution between the intermediate and final states in different preparations: S1

versus HMM versus muscle, dephosphorylated versus thiophosphorylated. We found

that the apparent K, for the transition in dephosphorylated smooth S1 was ~4.4 p.M

MgADP. However, the apparent Ka for dephosphorylated muscle sections was ~110 p.M

MgADP, suggesting a greater energetic barrier to rotation. Similarly, dephosphorylated

HMM had an apparent Ka of ~90 p.M.

The interpretation of these apparent Kº's must be carefully considered. The data fit

well to simple binding isotherms (Figures 4-3, 4–8, 4-9), suggesting that the rotation of an

individual LC domain is directly related to MgADP binding. However, we cannot

overemphasize that these experiments do not report on MgADP binding, but rather only

the spectral changes induced by MgADP. Thus these experiments do not measure the

affinity of the heads for MgADP. The actual affinities for MgADP may be different for

the two heads of a single myosin and/or dependent on steric constraints, in that some

heads may be binding to MgADP without causing a rotation of the LC domain (see

below). Indeed, while the apparent Kg of Mg-eADP in muscle fibers, as measured by
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observation of LC domain rotation, was ~370 p.M, direct observation of Mg-eADP

binding via fluorescence spectroscopy showed that at least some heads bound Mg-EADP

considerably more tightly, with Ka = 80 p.M. On the other hand, the apparent Ka

measured for S1 (~4 p.M) is in good agreement with various other studies (155, 163,

170).

Thiophosphorylation alters the [MgADP) dependence of rotation in muscle

Thiophosphorylation of serine 19 of the RLC had no apparent effect on the response of

S1 to MgADP binding. However, upon thiophosphorylation of the RLC in muscle

sections, significantly more MgADP was required to produce the observed rotation: the

apparent Ka was ~730 p.M MgADP, about seven times the Ka measured in

dephosphorylated preparations. The distribution of heads between the intermediate state

and final state was not altered in the extreme conditions of no, or saturating, MgADP.

Thiophosphorylation does not appear to alter the states accessible by myosin, but does

weaken the ability of MgADP to affect the distribution between the states. This -7-fold

decrease in the apparent affinity for MgADP due to thiophosphorylation is similar to the

3.5-fold decrease in apparent affinity of rigor cross bridges for ADP upon

thiophosphorylation measured previously in O-toxin permeabilized smooth muscle,

although the absolute magnitudes of the constants are different (155).
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A Simple Model The differences

listed above between myosin in

Skinned muscle and HMM on the one

hand, and S1 on the other,

summarized in Table 4-1, can be

explained with a simple model

involving steric constraints between

the two heads of a myosin molecule

bound to actin (Figure 4-12). Since

our data show loose coupling between

nucleotide state and conformational

state, we assume any myosin head

strongly bound to actin may adopt one

of four states: intermediate, no

nucleotide (A.M.); intermediate,

MgADP bound (A.M.D); final, no

nucleotide (A-ME); or final, MgADP

bound (A.M.E.D), defined in Figure 4

12. Our data reflect the ratio of total

occupancy of the intermediate states

(A.M. and A'Mr.D) to total occupancy

of the final states (AMF and A.MFD).

From the spectral response to

K
A.M. D ++-> A.M.D

K2 | !,
A.M. “–- A-Me

3

tºº-------------- A.M.D

Avºg-23" *:::::
‘AG,-17 KI AG,(Ka)

AG, S 5.4 kT. AG2(Kd
A.M A.M. A.M.

* Fa |
A.M. AG, - 1.4 kT, |AG, -2.3 kT AG3 > 2.3 kT
~ a May.............. AME'..............

'AG,K)
AG2(Ka)

A.M.D.
-AMDHAGTO7&T

G S1 Trailing Heads Trailing Heads
1 pm MgADP 1 M MgADP 10 mM MgADP

Figure 4-12 A simple thermodynamic
model. Energy levels not specified cannot be
determined from the data presented. AG,
corresponds to K■ , etc. A strongly-bound
myosin head can occupy one of the four states
depicted, where A = actin, MI = myosin in the
intermediate state, Mr = myosin in the final
state, and D = bound MgADP. The stability
of the ADP-bound States relative to the
corresponding no nucleotide states (AG,
AG,) is a function of [MgADP]. The relative
stability of the two conformational states in
the same nucleotide state (AG, AGA) is a
function of the total strains, internal and
external, on the head. Thus in the case of S1
in the presence of low [MgADP], the A-ME
state is most stable and preferentially
populated, although a significant population
of heads is in the A.M. state. [MgADP] × Ka
would greatly stabilize the ADP-bound states
(moving them below the nucleotide-free
states in the diagram), so A-MI-D would be
most favored. Negative strain, as experienced
by trailing heads (see Figure 4-13), would
stabilize (lower) the final states relative to the
intermediate states, so that with MgADP
bound the A-ME-D state would be favored
over A.M.D.
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MgADP in all three preparations, we derive the first major element of our model.

1. MgADP binding in the active site of smooth muscle myosin influences the

orientation of the LC domain, favoring the intermediate state.

Upon MgADP binding or release, conformational changes in the active site

presumably cause internal strains in the head, which influence LC domain orientation. In

the case of S1 (Figure 4-12 and Figure 4-13, right side), MgADP binding induces LC

domain reorientation. In the absence of MgADP there is a mixture of states, with ~80%

of LC domains in the final (A-ME) state. This indicates that with no nucleotide bound,

the final (A-ME) state is more stable than the intermediate (A.M.) state by about 1.4 kT =

AGs. However, in the presence of saturating MgADP, all LC domains adopt the

intermediate conformation, indicating that with MgADP bound the intermediate (A.M.D)

state is significantly more stable than the final (A-ME-D) state (AG, 2 2.3 kT, on the

assumption that our experimental technique would detect a population of 10% in the final

state).

Intact myosin in muscle sections (Figure 4-13, left side) and HMM differ, in that the

population distributions are more nearly equal and the net change in distribution is much

smaller upon addition of MgADP. The coupling between nucleotide state and LC

domain orientation is more complex than in S1, showing that additional constraints not

felt by S1 influence LC domain orientation. This observation leads to the second major

element of our model:

2. LC domain orientation is influenced by steric constraints on the myosin head.

The most obvious difference between S1 and HMM or the intact myosin in our

muscle sections is in the external constraints and forces on the myosin heads. S1 is free
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of all external constraints except the actomyosin bond. In contrast, as discussed above,

strong binding of both myosin heads to actin requires uncoiling of the coiled-coil domain.

This provides a restoring force on the LC domains, pulling them back together and

resisting further separation. As illustrated in Figure 4-13, the geometry of the two head

actin complex suggests that the trailing head of a pair is pulled forward, biasing it to the

final state (stabilizing A.Mr relative to A.M., by some amount, and A-ME-D relative to

A.M.D by about 0.7 kT according to our model (see Figure 4-13)), while the leading

head is pulled backward, biasing it to the intermediate state (stabilizing A.M, relative to

A-MF, and A.M.D relative to A.MFD). Any other conformation of the two heads (e.g.,

both LC domains in the intermediate position) requires a greater separation and

presumably further stretching or uncoiling of the connection between the two heads (see

Table 4-2), and is therefore energetically less favorable. A similar geometric model has

recently been proposed to explain observations of skeletal HMM actin-binding kinetics

(179). Additionally, strain can be imposed by the connection of the two heads to the

myosin filament. As discussed below, this is generally a backward force on the leading

head, with less effect on the trailing head. Comparison of our results with muscle and

HMM (Table 4-1) suggests that the connection to the myosin filament does not have a

large effect on LC domain orientation when both heads are bound to actin in rigor

conditions.

Based on our data on population distributions (Table 4-1), we consider it likely that

forces external to the myosin heads are sufficient in the absence of MgADP to cause

trailing heads overwhelmingly to adopt the final conformation (A-ME) and leading heads

overwhelmingly to adopt the intermediate conformation (A.M.), as shown in Figure 4-13.
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WOSIn Illamen

State Population
Inter. 0% 100% 33% 100% 20% 100%
Final 100% 0% 67% 0% 80% 0%

Figure 4-13 A cartoon illustrating the constraints on LC domain orientation in
muscle. S1 is presented on the right, for comparison. Catalytic domains are drawn as
shaded circles, LC domains as ovals. The two heads of a single myosin bind to
adjacent actin monomers. The two LC domains are connected by their heavy chains
to a coiled coil, which in turn connects them to the thick filament. Part of the coiled
coil is pulled apart in order to allow both heads to bind. The fraction of leading heads
(right head of each pair, labeled “L”) or trailing heads (left heads, labeled “T”) in each
of the intermediate and final states is indicated below the head in question. Total
populations of either state are taken from experimental data (Table 4-1); assignment to
the leading or trailing head is based on the model presented here, and given as the
fraction of that head in either state. In the absence of MgADP, the leading head's LC
domain is pulled back into the intermediate conformation, whereas the trailing LC
domain is pulled forward into the final conformation. With MgADP present, the
leading LC domain is still pulled back into the intermediate conformation, but upon
binding MgADP a fraction of the trailing LC domains are able to rotate back into the
intermediate conformation as well.

This would produce the equal distribution between states in the absence of MgADP seen

in our data on muscle and HMM. Upon MgADP binding to leading heads, no rotation of

LC domains occurs, since the leading heads are already in the conformation favored by

MgADP binding and merely go from the A.M. state to A.M.D. This model predicts that

the affinity of leading heads for MgADP is enhanced by the steric stabilization of the

intermediate state. MgADP binding to trailing heads has a different result (Figure 4-13).

The trailing heads occupy the final (A.MF) state, and can rotate to the intermediate state

upon MgADP binding. However, the internal strains favoring rotation upon MgADP

binding are counteracted by the external strains opposing it. Our data suggest that the

equilibrium of forces results in -1/3 of trailing heads adopting the intermediate (A.M.D)

f Q
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state in the presence of saturating MgADP, while the rest adopt the final (A-ME-D) state.

In this model this interplay of forces reduces the true affinity of trailing heads for

MgADP.

This model predicts, and our data confirm, that higher [MgADP) is required to rotate

myosin or HMM LC domains than S1 LC domains. In rotating from the final position to

the intermediate position, the trailing head moves farther from the leading head by

several angstroms, doing work against the restoring force imposed by the connecting

protein (compare left side vs. right in Figure 4-13). The 20–25—fold difference observed

in apparent Ka in the case of dephosphorylated heads implies an energetic cost of ~3 kT

to separate the heads by this distance.

The model also predicts the result that externally applied tension, stretching the fiber,

should have little effect on the distribution of heads between the intermediate and final

states in rigor fibers, as observed. A stretch would tend to drive cross bridges backward

along their cycle, the opposite of normal contraction. However, most of the backward

strain is taken up by the leading head of any pair, which is already in the intermediate

position (see Figure 4-13). The trailing head would experience little, if any, strain until

the leading head is forcibly dissociated from actin. Equally, MgADP binding would alter

the conformation only of the trailing, less strained head. The actual change in muscle

tension upon MgADP binding would depend on the details of the connection between the

heads and the distribution of strain between them, but would be predicted to be small, as

observed by Dantzig et al. (180), who saw a very slight increase in tension upon MgADP

binding in gizzard muscle.
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By its nature, this model suggests that the apparent Ka for MgADP of two-head

systems (110 p.M in muscle, 90 p.M in HMM) measured in our experiments is not the true

dissociation constant for MgADP from actomyosin. If stabilization of the intermediate

state equates to stabilization of MgADP binding (see the discussion of latch, below) then

the leading and trailing heads would be expected to have different affinities for MgADP.

Moreover, our experiments observe only the total populations of the intermediate and

final states ([A.M.) + [A-MI-D] versus [A-ME) + [A-ME-D]), without reference to

nucleotide state or head position. Thus the quantity plotted in Figures 4-3 and 4-8 is

([A.M.) + [A'Mr.D]) / [all heads], whereas the true measure of heads with MgADP bound

is ([A.M.D] + [A-ME-D]) / [all heads]. Increasing [MgADP] causes these quantities to

change at different rates, producing a difference between our apparent Ka and the true

value. Indeed, comparison of the spectral effect to actual binding of Mg-EADP shows

that the value measured via EPR is 4 to 5 times higher than the true Ka. Our model

suggests that if measurements of binding could have been carried out at sufficiently high

Mg-eADP concentrations, a population of heads with a weaker affinity would have been

resolved — the trailing heads.

Latch The influence of [MgADP], strain, and RLC phosphorylation on LC domain

orientation in our experiments and model suggest, tantalizingly, that the observed LC

domain rotation may be important to the latch state of smooth muscle. Although there is

little direct evidence, it is considered likely that in an active fiber, only one head of a

given myosin interacts with actin at any given time (the situation in Figure 4-14). Our

results and the model presented above, arising from a non-physiological “rigor” system

with both heads strongly bound to actin, must be applied to active muscle only very
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cautiously. Nevertheless, a conservative extension of our model provides a workable

model for the behavior of latch bridges in the late stages of smooth muscle contraction.

The first additional element concerns the kinetics of detachment of myosin from actin.

3. A smooth myosin head in the final (A-ME) state can rapidly bind ATP and detach

from actin, but detachment is much slower from the intermediate (A.M.'D) state.

Several factors could satisfy this requirement: ADP release, ATP binding, and/or

release of the myosin head from actin could be much less favorable in the intermediate

state than in the final state. Any one of these possibilities could equate to a virtual

requirement for LC domain rotation to the final position before the completion of one

ATPase cycle and the start of another. We have argued above that backward strain, as

experienced by leading heads in our

model – or, equally, resistance to

shortening, as experienced by

working heads in the near-isometric amen
Head in Head in

conditions of latch – stabilizes the Intermediate Final
State State

intermediate state, as illustrated in
Figure 4-14 A cartoon illustrating the

Figure 4-14. Thus a head under energetics of LC domain rotation in active,
isometric muscle. We assume only one head

backward strain, like a leading head in of a given myosin will interact with actin at a
time. The head is connected to the rod via a

our model, would have enhanced compliant element. The compliant element
could be in S2, as depicted here, or it could be

affinity for MgADP, whereas a head in the LC domain itself. If the cross bridge is
under strain, rotating from the intermediate

under forward strain, like a trailing state to the final state necessitates pulling out
the compliant element, at an energetic cost.

head, would have decreased MgADP | The intermediate state is therefore stabilized
by strain on the cross bridge.

affinity. It is an easy leap from these

146



thermodynamic statements to a kinetic argument: strain-dependent stabilization of the

intermediate state slows the ATPase cycle, possibly by delaying ADP release as

suggested by Barsotti et al. (171) and by Cremo and Geeves (100). A strain dependence

of product release was also proposed by A. F. Huxley in the first modern model of

muscle contraction (69), where product release and MgATP binding occur much more

slowly in cross bridges that are exerting positive force. Our data in fact suggest that

MgADP release from the intermediate (A.M.D) state could be slow, since in S1 the

A.M.D state is more stable than the A.M. state (Table 4-1). A strain-dependent

molecular mechanism of this sort could account for the Fenn effect, in that a muscle

under tension would consume less ATP and produce less heat than would a freely

contracting muscle (181).

[MgADP) is another factor affecting the rate of actomyosin ATPase activity.

MgADP competes with MgATP for binding the myosin head, so that detachment of the

head from actin is increasingly delayed by higher concentrations of MgADP (155). Our

results show that, if point 3 of our model is correct, MgADP binding has an additional,

more subtle effect. It biases the head to the intermediate (A.M.D) state, further delaying

detachment by reducing the fraction of time the head spends in the final (A.M.F or

A-ME-D) state. Elevated [MgADP] associated with contraction has been observed in

intact preparations of tonic smooth muscle (182), which displays a pronounced latch

state, but not in phasic smooth muscle (183), in which latch is markedly less distinct.

[MgADP] has been observed to rise modestly over the course of permeabilized smooth

muscle contraction (156), which would tend to enhance this effect late in contraction.

The same work indicates that latch-like behavior is only observed in the presence of a
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sufficiently high [MgADP]/[MgATP) ratio. This result suggests that MgATP binding

and release from actin are possible in the A.M. state, but the state is depopulated in favor

of A.M.D by sufficiently high concentrations of MgADP. Tellingly, MgADP affinity is

higher in tonic smooth muscle than in phasic muscle (162, 170). We note, also, that a

strongly bound head under no particular strain is likely to act like S1, in that its state is a

function primarily of whether or not MgADP is bound, until MgATP successfully

detaches it from actin.

The first three elements of our model have the potential to explain the behavior of

slowly-cycling latch bridges: strain on myosin heads and MgADP binding serve to delay

detachment from actin, reducing energy consumption and prolonging occupancy of a

post-power stroke, force-generating state of the myosin head, thus enhancing economy of

tension maintenance. What is missing from this picture is a switch, converting a rapidly

contracting, active muscle into a slowly contracting, economical latch muscle. Any

effect that changed the relative stabilities of the intermediate and final states, stabilizing

the final state in the early stages of contraction and the intermediate state late in

contraction, would serve to promote the economical behavior described above more in

latch than in early contraction. Our results suggest a candidate for that factor, leading to

the final element of our model.

4. Dephosphorylation of the RLC triggers latch-like behavior in myosin heads by a

positive feedback mechanism.

Our results show that RLC phosphorylation changes the [MgADP] dependence of the

distribution of heads between the intermediate and final states in muscle. Importantly,

RLC thiophosphorylation does not change the states accessible to the myosin head as
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defined by LC domain orientation, nor does it change the distribution of heads in zero or

saturating [MgADP] (see Table 4-1); this implies that the steric constraints on the LC

domain do not change greatly upon phosphorylation. Rather, RLC phosphorylation only

reduces the power of MgADP to effect the rotation of a myosin head from the final to the

intermediate state. This suggests that the actual affinity of the myosin head for MgADP

is altered by RLC phosphorylation.

How does phosphorylation alter the MgADP affinity of smooth muscle myosin?

There are two obvious possibilities, subsuming many variants. First, a conformational

change in the LC domain could be directly transmitted to the nucleotide binding site in

the catalytic domain. The phosphorylation site on serine 19 of the RLC is some 6 – 8 nm

distant from the nucleotide site; however, structural studies of the scallop LC domain

suggest that such a conformational change could be mediated by the essential light chain

(103). Thiophosphorylation of S1 had no effect on MgADP affinity, arguing against this

idea, but it is possible that the connection between heads is required for the proper effect.

Unfortunately, experiments with thiophosphorylated HMM, intended to check this

notion, were unsuccessful. A second possibility is that a specific interaction with another

protein, e. g. calponin or the myosin filament itself, modulates MgADP affinity and is

modulated in turn by RLC phosphorylation. This possibility is actually supported by the

fact that no change in affinity was seen upon thiophosphorylation of S1 which had been

removed from its usual environment and placed in skeletal fibers.

How does modulation of MgADP affinity produce latch? We note that our

experimental values for the apparent Kg of MgADP are not necessarily relevant to a

working muscle. Nevertheless, RLC phosphorylation can reasonably be proposed to
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reduce the apparent affinity for MgADP in working muscle as well. The apparent role of

MgADP in stabilizing high force, low phosphorylation states of smooth muscle (156)

supports this proposal. Then in the absence of significant strain, phosphorylated heads

would be relatively insensitive to MgADP and would cycle quickly through the

intermediate state. Dephosphorylated heads would be more sensitive to MgADP – 7-fold

more sensitive, if our data apply – and would thus cycle less rapidly. RLC

dephosphorylation late in contraction might therefore trigger a positive feedback loop.

Dephosphorylated heads would cycle less quickly, slowing overall contraction. As

velocity of contraction slowed, active heads would experience greater resistance to

rotation, stabilizing the intermediate state and reducing their cycling rate. Slower cycling

rates would further slow contraction, and so on.
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4-7 Speculations

Here at the end of my writing I present a few ideas, starting with a fairly conservative

(and perhaps even likely) alternate function for the intermediate-to-final transition, and

ending with a minorly heretical suggestion that the same transition could render myosin

processive.

The smooth muscle power stroke Does the isomerization from the intermediate state

to the final state increase the work done in the smooth muscle power stroke? The

“forward” transition, upon MgADP release, is in the appropriate direction to increase

actin displacement. Both thermodynamic and kinetic considerations must be considered

in answering this question.

The intermediate to final transition, considered in isolation, is probably

thermodynamically unfavorable for working heads in physiological conditions. Heads

under no strain most likely have a [MgADP] dependence similar to S1, in that a low

MgADP concentration (~4 p.M) would suffice to bias them to the intermediate state.

Positive strain – i. e., resistance to shortening — should increase the stability of the

intermediate state even further, according to the model presented above. The expected

[MgADP) in a working muscle cell is 100 – 200 p.M (156, 163), so the transition to the

final state requires an increase in free energy except for heads which are negatively

strained (i. e., pulled beyond their “full” displacement by other heads' power strokes).

However, the next step in the ATPase cycle, MgATP binding and release of myosin from

actin, is very favorable at physiological concentrations of MgATP, Hence, despite the

unfavorable energetics of the transition from the intermediate state to the final state, this
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isomerization could do work in that a thermal fluctuation, inducing LC domain rotation,

could be “captured” by subsequent tight binding of MgATP.

However, kinetic considerations make it unlikely that useful work could be done in

physiological conditions. Rotation of the LC domain stretches some compliant element

of the myosin molecule (see Figure 4-14), as originally proposed for rotation of the entire

myosin head by Huxley and Simmons (71). It takes some finite time for the larger

system of myofilaments to relax, taking up this stored energy as relative motion of

filaments. MgATP binding to the final state, and subsequent detachment of myosin from

actin, is quite rapid (66), so any work done by the rotation to the final state is likely to be

wasted before it is translated into filament displacement. Indeed, single-motor assays of

smooth muscle myosin showed no greater force or displacement than skeletal myosin, but

rather only a longer attachment time post-power stroke, indicating that the intermediate to

final transition contributed neither to work output nor to the unitary displacement (135).

Work can, nonetheless, be extracted from the intermediate to final transition. At very

low [MgADP], the forward rotation is thermodynamically favored if the myosin head is

not under much strain. If the concentration of MgATP is very low, heads may dwell long

enough in the final state for the filament array to relax, kinetically capturing the work

done in the rotation. Muscle myosin probably requires these nonphysiological conditions

to alter the thermodynamics and kinetics of the transition sufficiently to extract work

from it. Some non-muscle myosins, however, may be evolutionarily adapted to possess

these properties in physiological conditions. Rat liver myosin I, a single-headed, non

muscle myosin, has been observed in a single-motor assay with low [MgATP) to produce
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a two-stage displacement of actin, with the second step perhaps occurring upon release of

MgADP (184).

Cooperativity and processivity The slow detachment proposed above for a head

under strain, combined with the recent atomic-resolution structure of smooth muscle

myosin S1 solved by Dominguez et al. (51), suggests an interesting alternative to the

identification of a latch bridge as a single, dephosphorylated myosin head. Figure 4-16a

shows a cartoon of the “single head” scenario: head 1, dephosphorylated and under strain,

is in the intermediate state — essentially in the conformation determined by Rayment and

colleagues in 1993 (59) — while its partner head 2 is detached from actin. This

configuration of head 1 was proposed above to be relatively stable and long lived, while

it is commonly assumed in the literature that only one head interacts with actin at a time

in active muscle, leaving head 2 nowhere to go. Head 2 might therefore be expected to

remain detached until head 1 completes its cycle and dissociates from actin.

The Dominguez et al. structure, of the smooth muscle myosin catalytic domain and

essential light chain, shows the head in a novel conformation, with the LC domain rotated

~70° from its position in the Rayment structure. This new structure has been proposed to

represent a pre-power stroke state of the myosin head (51). The Dominguez et al.

structure is truncated after the essential light chain. However, assuming that the LC

domain is relatively rigid, it is possible to build on to the Dominguez structure a

regulatory light chain and associated heavy chain from the Rayment structure (46), with

approximately correct contacts between the two light chains and the heavy chain (see

Figure 4-15). This construct might be very similar to a head in the initial state, before the

power stroke. A very interesting feature of this construct is that, if one docks two myosin
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heads to adjacent actin monomers

according to the Mendelson docking

(60), with the trailing head (closer to

the pointed end of the actin filament;

blue in Figure 4–15) in the

intermediate state and the leading

head (closer to the barbed end; yellow

in figure 4–15) in this constructed

"initial" state, the distal (RLC) end of

the leading head is actually behind

that of the trailing head. This

arrangement is shown in Figures 4–15

and 4–16b. The separation between

the tips of the RLCs is actually greater

than if the second head were in the

final state, about 110 Å (see Table 4–

2). Nonetheless, taking a one

dimensional view along the actin

filament, the end of the second head is

behind that of the first by ~5 nm. The

trailing head would therefore take up

---
Leading Head

Trailing Head Initial
Intermediate

Trailing Head
Intermediate

Figure 4–15 Model of an arrangment of two
myosin heads bound to actin, shown from the
side (top) and looking “down” from the distal
tip of the LC domain toward the actin
filament (bottom). The leading head (yellow,
right) is in the initial or pre-power stroke state
(model constructed as described in text). The
trailing head (blue, left) is in the intermediate
state. The distal tip of the LC domain of the
leading head (residue 843 in chicken fast
skeletal myosin numbering) is ~5 nm behind
that of the trailing head, along the axis of the
actin filament. Molecular graphics images
were produced using the Midasplus program
from the Computer Graphics Laboratory,
University of California, Sand Francisco
(supported by NIH P41-RR01081) (185, 186).

the bulk of any strain on the myosin, allowing the leading head to bind down in the pre

power stroke state without doing significant work.
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It is possible, then, that if the first head of a pair is stablely established in the

intermediate state, its partner head might bind down in front of it on the actin filament, in

the initial state, before the first head dissociates. Still taking a one-dimensional view of

the geometry, the second head would then pull the first head backward, stabilizing it in

the intermediate state. If the second head were dephosphorylated, Pi-release would be

slow, and the arrangement could be stable for a relatively long time. The pre-power

stroke state is a “weakly binding” state of the myosin head, so the stabilization imparted

by the second head depends on just how much of its time the it spends actually bound to

actin. The affinity of myosin in this state for actin is in the range of 10° – 10 “M”.

Making the simplifying assumptions that there is only one actin binding site available to

the second head, and that the head explores a volume of ~4tr'/3 where r, the length of the

head plus its tether, is ~200 Å, the effective actin concentration around the second head is

~50 puM. The second head might thus be bound to actin, and stabilize the first head in the

intermediate state, about half the time, though of course this value depends critically on

the effects of orientation and the kinetics of smooth muscle myosin actin binding and

release, none of which are well known.

Taking a three-dimensional view of the arrangement, one notes that the second head,

in the initial state, is actually rotated significantly out of the plane established by the first

head and the actin filament (out of the page in Figure 4-16b; see Figure 4-15). It is

entirely unclear what effect the resulting strain would have on the stability of either

head's actomyosin bond or head conformation. Still, making the speculative assumption

that the one-dimensional view is correct, it is possible that the arrangement pictured in

Figure 4-16b is common in latch. A latch bridge might well consist of one
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phosphorylated head (head 1), in the

intermediate state, and its

dephosphorylated partner head 2,

brought to interact with actin by head

1 and in the initial state, stabilizing

head 1 in the intermediate state and

preventing it from cycling quickly.

Carrying the argument to greater

(perhaps ridiculous) heights, the same

mechanism could lead to processivity;

that is, alternating "steps" by either

head, with at least one always

attached to actin. Muscle myosin is

nonprocessive due to its kinetics. The

"duty cycle," the fraction of time a

head is bound to actin per ATPase

cycle, is short (5% – 10% of a ~300

ms ATPase cycle) during ordinary

T.
Myosin Filament

7-E.
Actin Filament

T

Figure 4-16 A cartoon of possible
arrangements of myosin heads. A) Head 1 is
bound to actin in the intermediate state; head
2 is detached. B) Head 1 is bound in the
intermediate state, while head 2 is bound to
the next actin monomer in the putative initial
or pre-power stroke state. Note that the distal
tip of the LC domain of head 2 is behind that
of head 1 along the actin filament axis. C)
Head 2 has undergone its power stroke and is
bound in the intermediate state. Head 1 has
therefore been pulled forward to the final
state. D) Head 2 remains in the intermediate
state; head 1 has detached from actin. E)
Head 2 is in the intermediate State; head 1 has
bound in the initial state to the next actin
monomer. F) Head 1 has undergone its
powerstroke and is bound in the intermediate
state, pulling head 2 into the final state.

contraction (78, 187). Ignoring all considerations of head-head interaction, geometry,

and so forth, the odds of both heads of a single myosin interacting with actin at the same

time are therefore small. Further, as discussed above, the S2 region would have to melt

in order for both heads to interact with actin in any combination of the three

conformations discussed, initial, intermediate, or final, making simultaneous interaction
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even less likely. However, the kinetic barriers to simultaneous attachment are eased or

removed if any attached state is sufficiently stabilized. My data cannot speak to the

expected time a head might linger in the intermediate state, a quantity that would in any

case depend upon tension, [MgADP], RLC phosphorylation, and possibly other factors as

well. In latch, though, at least these three factors are all likely to increase the

intermediate state "dwell time," conceivably by long enough to allow any kinetic barrier

to S2 unfolding to be surmounted and the second head to attach in the initial state to the

next actin monomer, as described above (Figure 4-16b). Due to the stabilization

provided by fiber tension and the second head, the first head could then take longer to

rotate to the final state and detach than the second head would take to release its

phosphate and undergo its power stroke, which would lead to the arrangement in Figure

4-16c. The first head would be pulled into the final state by the second head, now in the

intermediate state. The first head would then detach (figure 4-16d), but could reattach in

the initial state (Figure 4-16e), thus accomplishing processive steps.

Even if this sort of processivity does occur in latch, there are limits to the number of

steps that could be taken. First, the very nature of latch is that contraction is slow; in the

entire course of a lengthy contraction, after the initial rapid phase, filaments might be

expected to slide past each other by only a few working-stroke lengths, limiting the

number of steps that could be taken. Backward steps, however, are unlikely. While the

second head could conceivably bind down behind the first, thus wasting energy by

stroking to no purpose, this is probably less likely than a forward step due to the larger

distance (~17 nm; see Table 4-2) by which the S2 region would have to stretch in order to

allow the second head to bind behind the first in the pre-power stroke conformation. In

|

º
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any case, binding behind the first head would serve to stabilize it in the intermediate

state, preventing detachment and an actual step backward. Second, the actin filament is

helical; after only a very few steps the myosin heads would be unable to reach the next

binding site, breaking the chain of steps, unless rotation or twisting of the actin filament

brought each new binding site into a favorable position. Along these lines, it is perhaps

worth noting that actin filaments have been observed to rotate due to the action of myosin

(188), and the same rotation would serve for each myosin along the length of the

filament. Finally, there is no a priori reason to believe that no varieties of two-headed,

nonmuscle myosin possess appropriate kinetics and conformations to act processively in

this fashion, even if muscle myosin II does not.
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