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Abstract

Synthetic peptides are powerful tools to enhance our understanding of the structure,
function, folding, stability and interactions of proteins. In the present thesis, we have
employed the use of several synthetic peptides to extend our present understanding in four
major areas of protein research: (1) muscle regulation, (2) motor motility, (3) coiled-coils
(4) and protein de novo design.

Skeletal muscle regulation is carried out in part by the regulatory protein complex of
troponin (Tn) which consists of the three protein subunits: troponin I (Tnl), troponin C
(TnC) and troponin T (TnT). The Ca2+-dependent change in interactions between the Tnl
and TnC proteins is regarded as the initial step in the regulatory process. Using several
synthetic peptides representing the N and C termini of Tnl, we have been able to show that
residues 115-131 of Tnl bind specifically to the regulatory N-domain of TnC in a Ca2+-
dependent manner. Additionally, we showed that residues located C-terminal to the
inhibitory region of Tnl (residues 140-148) bind to the actin-Tm thin filament and are
critical for inducing an inhibitory response similar to that of native Tnl. Based on these
results, we have proposed a more detailed model of the organization and change in
interactions of the troponin complex during the Ca2+-dependent regulatory process.

Kinesin is an intracellular motor protein which utilizes the free energy of ATP
hydrolysis to transport membrane bound organelles and vesicles along microtubules.
Because of its smaller size in comparison to that of myosin, it has become an ideal model]
system for investigating the structural changes involved in the mechanism of motor protein
motility. Using several synthetic peptides which encompass the kinesin neck region, we
demonstrated the presence, location and stability of a parallel two-stranded coiled-coil
dimerization domain. Additionally, we showed that the presence of the two helix capping
residues Leu 335 and Thr 336 located at the N-terminus of the coiled-coil can further

modulate the stability of the coiled-coil domain and hence allude to a mechanism whereby
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conformational changes within the motor domains can regulate the opening and closing of
the coiled-coil domain during processive stepping along the microtubule.

To understand more clearly the contribution that different amino acid residues can make
towards the folding and stability of a protein structure, we systematically substituted 20
different amino acid residues in the hydrophobic core "a" and "d" positions of a model
two-stranded o-helical coiled-coil and determined their resultant effects upon stability and
oligomerization state. In general, hydrophobicity was observed to be the dominant factor of
stability. However, packing effects for both the hydrophobic as well as polar/charged
residues were important for defining the relative stability order and observed effects on
oligomerization between the two positions.

As a final test of our understanding of the principles of protein structure and function,
we describe the de novo design of a heterodimeric coiled-coil dimerization domain which
can be used for the rapid detection, purification and characterization of recombinantly
expressed peptides and proteins.

Taken together, these studies further our understanding of the principles governing

protein structure and function and our ability to design proteins de novo .
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Chapter I

A. Introduction

L1 General Overview

The present thesis is submitted in 'paper format' as outlined in the graduate student
thesis handbook. Each chapter includes an introduction, a results section, a general
discussion, and a conclusion. For enhanced readability all methods pertaining to each
individual chapter have been grouped together and are presented in Chapter II as "Material
and Methods". Because several of the chapters deal with differing topic areas, a general
introduction reviewing each particular area is presented below, along with the sought goal
or aim. In general, this thesis although wide in scope deals with studies involved in
understanding better the molecular determinants of protein structure, function, stability and
interactions.

It is important to note that due to the magnitude of the third part of this work (i.e., the
study of the 20 amino acid substitutions in a model coiled-coil protein a and d position) the
project was split into two parts, with first authorship given to K. Wagschal, while the
second part (Chapter VIII), once fully revised, will be published by B.Tripet as first

author.

1.2 Muscle regulation (Part 1)

Movement has always been associaied with life and the elucidation of the molecular
mechanisms underlying such processes have been the subject of several research groups
for several decades. It is hoped that a sound understanding of this field will not only
advance our understanding of contractile and motile processes, but also our understanding
of protein-protein interactions, conformational changes, Ca2+ signaling and chemical to

mechanical energy conversions in general.
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As the first study presented in this thesis deals specifically with aspects of muscle
regulation, a brief review of the various proteins involved in skeletal muscle contraction
and regulation are described below. For more detailed information concerning aspects of
the regulatory process, please consult either the more extensive introduction in Chapter III
or the following excellent recent reviews: Farah and Reinach, 1995; Gergely, 1998;

Reinach er al., 1997; Squire and Morris, 1998; Tobacman 1996; Zot and Potter, 1987.

The thick and thin filaments.

The basic structural organization of vertebrate striated muscle tissue consists of two
types of filaments, the thick and thin, which by electron microscopy appear as two
interdigitated lines which slide past one another when muscle cells are triggered to contract
(Huxley, 1957, 1969). A schematic representation of this organization is shown in Figure
I-1. The thick filament is composed largely of dimeric myosin molecules which are
organized in a bipolar manner in which their C-terminal o-helical coiled-coil tails are
oligomerized to form the core of the thick filament, while their globular N-terminal heads
project out at both ends (Figure I-1 and I-2). Functional characterization of myosin has
shown that the ATPase activity and actin-binding properties are located specifically within
the globular N-terminal domain head. Hence it is presently believed that it is the cyclical
interaction of these heads with the thin filament and their concomitant hydrolysis of ATP
that provides the driving force for the sliding of the thick filament over the thin filament and
thus muscle contraction.

Related specifically to the studies described herein, the myosin molecule can be cleaved
into sub-fragments through exposure to certain enzymes (Figure I-2). For example,
chymotrypsin cleaves the heavy chain of myosin in the neck region between the coiled-coil
stalk and the globular head domain to yield a single-headed sub-fragment termed S1 which

in context with the associated essential light chains A1 (MW ~21,000) and A2 (MW

[§8)
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Figure I-1. Organization and proposed sliding filament model of muscle contraction. Shown are two sarcomeres which are extended
and contracted. The location of the thick and thin filaments are denoted in the figure. Adapted from Mathews and vanHolde, 1990.
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~16,200) retains the complete ATPase properties of the molecule and can be used as a
mimic of the thick filament in in vitro solution assays (Weeds and Taylor, 1975).

The thin filament on the other hand is made up of the three major proteins: actin,
tropomyosin (Tm) and troponin (Tn). A schematic representation of this structure is shown
in Figure I-3. The backbone of the thin filament consists of two strands of polymerized
actin monomers coiled about one another in a helical array. Lying in each grove is one
molecule of tropomyosin, a long two-stranded ¢-helical coiled-coil protein, which lies end
to end and overlap slightly. Each tropomyosin molecule spans ~380 A along the actin
filament , and thus creates a periodic repeat every seven actin monomers. Associated at

approximately the center of each tropomyosin molecule is one molecule of troponin (Tn).

The troponin complex.

In 1963 Ebashi demonstrated that the Ca?*-dependent control of muscle contraction was
mediated via the two thin filament associated proteins tropomyosin and troponin.
Subsequent studies showed that troponin actually consists of three non-identical protein
subunits which have been named troponin C (TnC), troponin I (TnI) and troponin T (TnT)
based on their apparent functional properties. For the purpose of this introduction the
structural and functional properties of each individual subunit of troponin is described
further below.

TnC is the calcium binding subunit, which for rabbit skeletal muscle, is composed of
159 residues with a calculated molecular weight of 18,081 Da . TnC has a pl value in the
range of 4.1-4.4 due to a high content of glutamic and aspartic acid residues. Of the three
troponin subunits, TnC is the only protein whose atomic structure has been solved to date
by both X-ray crystallography and NMR spectroscopy (Gagne, 1995; Houdusse ez al.,
1997; Herzberg and James, 1985; Slupsky and Sykes, 1995; Slupsky er al., 1995;
Strynadka ez al., 1997). Elucidation of the initial crystal structures of turkey and avian

skeletal TnC showed that TnC exists as a dumbbell-shaped molecule with two globular

5
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The Thin Filament
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Figure I-3. Schematic diagram of the thin filament proteins. The actin filament is
composed of two strands of polymerized actin monomers. Tropomyosin (Tm),
polymerized head to tail lies near the grooves of the actin filament. One tropomyosin
molecule spans seven actin monomers. The troponin complex interacts with both actin and
tropomyosin through troponin I (Tnl) and troponin T (TnT) proteins, respectively.
Troponin C (TnC) is the calcium binding subunit of the troponin complex. The troponin
complex together with tropomyosin forms the basic regulatory unit of the thin filament. The
figure is adapted from Heeley er. al. 1987.
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IFigure I-4. Crystal structures of TnC presented using MOLSCRIPT. (A) depicts the overall fold of TnC when only the C-terminal
binding sites are filled with calcium (2-Ca2+-TnC). (B) depicts the overall fold of TnC when all four of the calcium binding sites arc
filled with calcium (4-Ca2+-TnC). The nine helices are denoted N, A-H, respectively. The hydrophobic surface area exposed upon
binding Ca2* in the N-terminal domain is indicated with an arrow.




domains termed the N- and C-domains, respectively (Fig. I-4). Each domain contains two
metal ion-binding sites of the EF-hand structural motif (Kretsinger, 1973) which are
numbered I-IV according to their observed order in the primary sequence. In skeletal TnC,
the two Ca>+ binding sites in the C-domain (sites III and IV) bind Ca2* with high affinity
(Ka~ 107 M-1) as well as Mg2+ ions competitively (Ka~103 M-1) (Potter and Gergely,
1974). The two binding sites within the N-domain (sites I and II) bind Ca2+ specifically
but with lower affinity (Ka ~105 M-1) (Potter and Gergely, 1974). The binding of CaZ* to
the N-terminal domain sites (I and II) have been implicated as the relevant triggering sites
for initiating muscle contraction. Hence these sites have also been termed the "regulatory
sites' (Johnson er al., 1979; Robertson ez al., 1979; Farah and Reinach 1995 and
references there in).

On the basis of extensive similarities in amino acid sequence between the N- and C-
domains and on the assumption that the structure of the Ca2* saturated N-domain would be
similar to that of the C-domain, Herzberg, Moult and James (1986) proposed a model for
the Ca2* saturated state of TnC. The authors proposed that upon binding Ca2+ the N, B
and C helices (denoted A-H according to the initial crystallographic analysis) would open
up (relative to helices A and D) to expose a new "hydrophobic surface area " or "pocket”
which would be critical for relieving the inhibition of the actomyosin ATPase by Tnl (Fig.
I-4). Recently this model has received strong experimental support due in part to the X-ray
crystallography and NMR structures of the Ca2+ saturated N-domain of TnC (Gagne,
1995; Houdusse et al., 1997; Slupsky and Sykes, 1995; Slupsky er al., 1995; Strynadka ez
al., 1997). However, the exact residues of Tnl which bind to this site are presently
unknown.

Troponin I (Tnl) is the inhibitory subunit of the troponin complex. Tnl can by itself bind
to actin filaments and inhibit the actomyosin ATPase activity (Hartshorne and Muller, 1968;
Schaub and Perry, 1969), however, this inhibitory activity can be greatly enhanced by the

addition of tropomyosin even at ionic strengths where tropomyosin neither binds nor
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inhibits actomyosin (Eisenberg and Kielley 1974; Eaton, 1975; Talbot and Hodges, 1979).
The region of Tnl responsible for its inhibitory activity was first localized by Syska ez al.,
(1976) to a CNBr cleavage fragment (CN4) corresponding to residues 96-116. Subsequent
studies using synthetic peptides have since shown that residues 104-115 represents the
minimal sequence necessary for inhibition (Talbot and Hodges, 1981). Based on its ability
to bind the actin-Tm filament and inhibit the acto-myosin ATPase activity, and be released
by TnC in a Ca?+-dependent manner, it is believed that this region of Tnl is the triggering
switch between muscle contraction and relaxation states (Van Eyk et al., 1993).

Other notable regions of Tnl include residues 1-47 (Figure. I-5) which bind TnC in the
presence of Ca2+ and Mg2+ ions (Syska et al., 1976). Structural and functional studies
have shown that this region interacts primarily with the C-domain of TnC and is important
for maintaining the structural integrity of the troponin complex in the absence of Ca2+ ions
(Farah er al., 1994; Vassylyev er al., 1998). The region corresponding to residues 40-96 is
also interesting in that it contains a periodic hydrophobic repeat similar to that observed in
the two-stranded ¢t-helical coiled-coil molecule of tropomyosin (Pearlstone and Smillie,
1985). Thus it has been proposed that this region may form a coiled-coil interaction with a
similar repeating pattern observed in the TnT molecule (residues 197-250) (Pearlstone and
Smillie, 1985), although no studies have been reported to date to support such a
hypothesis. Presently little is known about the functional importance of residues C-terminal
to the inhibitory region (residues 115-181) and thus are explored herein.

Troponin T (TnT), the last of the troponin subunits, contains 259 amino acid residues
and has been found to play the primary role of linking the troponin complex to
tropomyosin. TnT is a highly polar molecule with acidic sidechains near its amino terminus
(1-39) and basic sidechain residues near its C-terminus (221-259). Antibody experiments
by Ohtsuki (1974, 1975 and 1979) have clearly demonstrated that the molecule is organized
into two separate domains which extend lengthwise along tropomyosin (Figure I-3). The

N-terminal region, termed T1 (residues 1-159), interacts with tropomyosin at the head-to-
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Figure I-5. Schematic representation of the various structural and function regions
identified within troponin I and T proteins.
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tail overlap region while the C-terminal region, termed T2 (residues 160-259), interact with
tropomyosin (as well as Tnl and TnC) at its centre (Figure I-5). Although Tnl can inhibit
the actomyosin ATPase activity and TnC releases this inhibition, full Ca2+-dependent
control occurs only in the presence of TnT. Thus it is believed that TnT plays an important
structural/functional role in relaying the structural changes within the troponin complex to
Tm and the actin filament. At present no high resolution X-ray crystallography or NMR
structure exist for any part of TnT alone nor in a binary or tertiary interaction with any of

the other troponin proteins.

Regulation of the thick and thin filaments.

The troponin complex in conjunction with tropomyosin and Ca?+ regulate the
interactions of the thick and thin filaments. The most widely accepted model for this
processes involves a combination of the steric and allosteric blocking models first proposed
by Eisenberg er al., 1980; Geeves et al., 1984; Haselgrove, 1972; Huxley, 1972; Parry and
Squire, 1973. In this model (depicted in Figure I-6) the heavy chain heads of myosin can
bind to actin in two states (states iii and iv) which are each assumed to have different
mechanical properties. The initial cross-bridge attachment between actin and myosin is
weak (iii), however, upon phosphate release, there is a transition to a strong bound state .
The transition from the weak binding state to the strong binding state of actin-myosin
corresponds to an ~ 90° to 45° movement of the myosin head (termed the power stroke). In
the presence of low Ca2* concentrations (10-7 M) Tm-Tn is capable of blocking the
movement of the myosin head from 90° to 45° by adopting an "off" position on the thin
filament facilitated by the binding of Tnl to actin. In the presence of high CaZ+
concentrations (10-5 M), Ca?* binding to the TnC subunit releases the interactions of the
Tnl protein with actin and subsequently causes Tm to occupy a deeper position in the actin

groove. It is presently believed that the movement of Tm also causes the concomitant
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conformational change in the actin monomers to allow myosin to progress to its 90° state
(iv). This model appears to be in agreement with S1 binding in the absence of Ca2* and the
observation of potentiation of the acto-S1-ATPase rate (ATPase rate greater than actin and

S1 alone) indicative of different conformational states of actin.

Aim of the first study

In spite of the extensive number of studies carried out to date, several issues still remain
in regards to clearly understanding at a molecular level the Ca2+-dependent change in
interactions between Tnl and TnC and their ability to regulate the position of Tm on the
actin filament.

Firstly, although the Tnl inhibitory region (residues 96-115) can bind actin-Tm and
inhibit the acto-myosin ATPase (Syska ez al., 1976), and be neutralized by TnC in the
presence of Ca2+, the preferred binding site on TnC (derived from a number of
photochemical X-linking and proteolytic mapping studies) is suggested to be within the C-
domain of TnC. Thus other residues within the Tnl protein must interact with the N-
terminal regulatory domain. Secondly, although residues 96-115 of Tnl can induce a
similar inhibitory activity to that of Tnl, it does so only at a significantly greater molar ratio
(~2.5-3.0) than that of intact Tnl (Talbot and Hodges, 1979; Van Eyk 1993, 1997). Thus
this result would suggest that other residues within the Tnl molecule are also important for
mediating the inhibitory activity. Interestingly, recent studies by Farah et al., (1994) and
Van Eyk ez al., (1997) have indicated such residues may be located within the C-terminal
region of Tnl (residues 115-148). Thus to explore these issues further, we have prepared
several synthetic peptides encompassing various regions within the C-terminal region 96-
148 of rabbit skeletal Tnl and analyzed each of these peptides in reconstituted thin filament

inhibitory and release assays (see chapter III).
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I-3. Molecular motility, the kinesins (Part 2)

Motor proteins are mechanical enzymes that translate the energy of nucleotide hydrolysis
into directed movement. The best known motors are those of the myosin superfamily
which move along actin filaments (Pollard ez al., 1991; Titus, 1993; Baker and Titus,
1998), and briefly we described the properties of the heavy chain myosin molecule of
vertebrate skeletal muscle and its interactions with the thin filament above. The second best
known family of motor proteins are those of the kinesins. The kinesins encompass a large
and ever expanding group of related motor proteins which all contain the presence of a
highly conserved ~315 amino acid residue catalytic domain within their polypeptide chain.
In contrast to the myosin motors which move along actin filaments, the catalytic domain of
kinesins interact specifically with microtubule filaments. Moreover, as opposed to being
involved in macroscopic movement, for example as with skeletal muscle contraction, the
kinesins are involved in intracellular movements such as cell division, organelle movement,
vesicle transport, and general cellular organization (Moore and Endow, 1996; Vale and
Fletterick, 1997). For more information on the phylogenics, roles and structures of the
molecules within the kinesin superfamily please consult the following excellent reviews:
Hirokawa, 1997; Hirokawa, 1998; Hirokawa, er al., 1998; Howard, 1997; Mandelkow
and Johnson, 1998; Moore and Endow, 1996; Vale and Fletterick, 1997.

Of the large number of proteins existing within the superfamily, kinesin (also referred to
as conventional kinesin) is the best studied member of the superfamily and as such is the
only member mentioned hereafter. Conventional kinesin purified from variety of tissue
sources exists as an 0af32 heterotetramer, in which two o subunits (heavy chains) and two
B subunits (light chains) associate to form a highly elongated molecule with globular
termini (Bloom er al., 1988; Kuznetsov er al., 1988; Figure 1-7). The kinesin heavy chains
are organized into four domains (listed from N to C-terminus): 1) a ~325 amino acid

residue globular motor domain head that contains the ATP and microtubule binding sites,
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Figure I-7. Top, schematic diagram of the domain organization of the kinesin
molecule. Open circles represent the globular N-terminal motor domain heads (residues 1-
320) which contain the nucleotide and microtubule binding sites. Residues ~320-370
shown as hatched rectangles denote the ‘neck region'. Extending towards the C-terminus
(from the neck region) is the "stalk region " (open rectangles) which forms a long two
stranded o-helical coiled-coil structure broken at its centre by a proline containing region
(termed the hinge). Located at the very C-terminus are the two kinesin light chains (B-
chains, black spheres) which associate with the two heavy chains through a coiled-coil
interaction and together form the cargo binding site. Bottom, schematic diagram
showing the kinesin molecule traveling along a microtubule filament. Depicted in the
figure are the main questions investigated in the present studies: 1) does the kinesin neck
region form a two-stranded o-helical coiled-coil ? and 2) if so, does the neck region
contain unique structural features within it that allow it to temporarily unfold during

stepping to the next adjacent microtubule binding site.
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2) a ~50 amino acid residue region adjacent to the globular motor domain (termed the neck
region) that is sufficient for allowing dimerization of the motor domains (Huang ez al.,
1994) and contains a sequence that is predicted to form an ca-helical coiled-coil (Stewart er
al., 1993; Huang ez al., 1994), 3) a long ~450 amino acid residue ¢-helical coiled-coil
domain, termed the stalk (Stewart er al., 1993), and 4) a small globular C-terminus, termed
the tail (Hirokawa et al., 1989; Scholey er al., 1989; Yang ez al., 1989; de Cuevas et al.,
1992). Flexible "hinge" regions are found between the neck and the stalk and in the center
of the stalk. The light chains (§ subunits) of kinesin, which are not necessary for force-
generation, are associated with the smaller globular C-terminus of the heavy chain and are
presently believed to be involved in determining cargo specificity (Hirokawa ez al., 1989).
Single molecule motility assays have demonstrated that conventional kinesin is endowed
with a unique property in that a single kinesin molecule can move continuously along a
microtubule for several microns in a series of 8 nm steps, which corresponds to the
distance between tubulin binding sites along the microtubule protofilament (Svoboda ez al.,
1993). Such processive movement, which is not displayed by muscle myosin or ciliary
dynein, very likely represents a specialized adaptation that enables few kinesin motors to
transport membrane organelles efficiently within cells. Functional studies on recombinantly
expressed kinesin heavy chains have begun to uncover regions that are necessary for
kinesin motility. For example bacterial expression of the first 340 amino acids of the
Drosophila kinesin heavy chain (which contains the core N-terminal globular motor domain
and the first ~10 amino acids of the neck) produces a monomeric protein that generates
directed motility when many motors are interacting simultaneously with a single
microtubule in gliding motility assays (Yang ez al., 1990; Stewart et al., 1993). However,
these monomeric kinesins do not exhibit processive movement when assayed as individual
motors in a single molecule fluorescence motility assay (Vale ez al., 1996) or a bead assay
(Berliner er al., 1995). A kinesin motor containing the complete motor and neck domains,

on the other hand, forms a dimer and also exhibits processive movement (Hackney, 1995;

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vale et al., 1996). Collectively, these studies suggest that the dimeric structure of kinesin
is not essential for force-generation per se, although it does appear to be required for
processive movement. This raises the possibility that processive movement may involve a
hand-over-hand coordination of the two kinesin heads.

The proposed ci-helical coiled-coil domain in the kinesin neck may be structurally
important for coordinating the activities of the two kinesin heads during processive
movement. The existence of a coiled-coil structure in close proximity to the motor
domains, however, raises important questions concerning its exact boundaries and
stability, since the connection between the heads must be sufficiently extensible to allow the
two motor domains to span the distance between two tubulin dimers during movement. It
is also important to determine the thermodynamic properties of the neck coiled-coil to
ascertain if it could partially or totally "un-coil” during the generation of a power stroke.

Thus to address these questions and others we have prepared a series of synthetic
peptides corresponding to different regions of the human kinesin neck (residues 316-383)
and analyzed each peptide for its respective secondary structure content and stability. These

results are presented in chapter IV and V.

I-4. Coiled-coils (Part 3)

The a-helical coiled-coil is a common assembly motif found in a wide variety of
proteins in nature. These include cytoskeletal and extracellular matrix components,
transcription factors, cellular and viral surface proteins, dyneins and kinesins, muscie
proteins, tumor suppressers and oncogene products (Adamson ez al., 1993, Cohen and
Parry, 1990). Typically, coiled-coils consist of two to five right-handed amphipathic ¢-
helices which coil around each other to form a slight left handed supercoil (Figure I-8 and
Figure I-9). At present, the two and three-stranded associative states are the most often
observed structures in nature. Due to its structural simplicity, and small size, the coiled-coil

has proven to be an excellent model system for not only exploring the determinants for
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Figure I-8. Coiled-coil characteristics. A) Ribbon representation of the most
frequently observed coiled-coil oligomerization states (i.e. two, three and four
stranded). B) The sequences of coiled-coils have a heptad pattern of residues of the
form (abcdefg)n where a and d are usually apolar, and positions € and g are
frequently charged. C) End-on view of two helices showing apolar interactions
between residues a and d, and electrostatic interactions between residues e and g.
The interfacial residues exist within the box.
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coiled-coil formation but also the fundamental features of protein folding and protein-
protein interactions. For example, model synthetic coiled-coils have recently been
employed to investigate o-helical propensity values (O'Neil and Degrado, 1990), inter- and
intrahelical electrostatic interactions (O'Shea, er al., 1993; Kohn er al., 1995a,b; Spek er
al., 1998, Yu ez al., 1996) helix dipole effects (Kohn et al., 1997), hydrophobicity and
packing (Zhou ez al., 1992a,b,c; Zhu er al., 1993; Moitra er al., 1997), association kinetics
(Chao er al., 1996) heterodimer specificity (Lavigne er al., 1998), oligomerization
(Harbury er al., 1993), as well as general principles of protein de novo design (Bryson et
al., 1995, 1998, Hodges 1996, and Kohn and Hodges 1998).

The sequence of coiled-coils are characterized by a seven residue (heptad) repeat
traditionally denoted (abcdefg)n (McLachlan and Stewart 1975) where positions a and d
are primarily occupied by hydrophobic residues (Hodges er al., 1972), positions e and g
by opposite charged residues, and positions b, ¢ and f by polar or charged residues. When
this pattern is configured into an ¢-helix, the hydrophobic side-chains at positions "a" and
"d" create an amphipathic a-helix where the non-polar surfaces of two or more such
subunits can oligomerize in a parallel and in register fashion to form a continuos
hydrophobic core as a result of the "knobs-into-holes" packing as proposed by Crick
(1953). To date, this structure has been verified by greater than 50 different high resolution
X-ray and NMR structures deposited in the protein data bank.

Extensive structure function studies investigating the importance of each of the various
positions within the heptad repeat have firmly established that the coiled-coil hydrophobic
core a and d positions are in large part responsible for defining the folding and stability of
the structure (Betz ez al., 1995; Cedervall er al., 1997; Greenfield & Hitchcock-DeGregori,
1995; Harbury er al., 1993; Hodges , 1992; Monera et al., 1996; Zhou et al., 1992a,b; Zhu
et al., 1993). Moreover, it has been shown that type and placement of nonpolar, polar or
charged residues, e.g., Ile, Asn or Lys, in these positions can results in distinct

oligomerization states (Gonzales er al., 1996a,b; Harbury et al., 1993; O'Shea ez al.,
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1991). It follows then that both the de novo design of a coiled-coil sequence with a specific
stability and oligomerization state, and the identification and preliminary characterization of
a coiled-coil structural motif in naturally occurring protein sequences requires knowledge of
the contribution that each amino acid residue can make toward these properties when
present at an a or d position. At present, however, no systematic and comprehensive study
has yet been carried out using well-defined model coiled-coils sequences to determine the
exact contribution that each side-chain in the hydrophobic core can make towards stability
and oligomerization state. Thus, in chapters VI, VII and VIII, we describe the de novo
design and complete biophysical characterization of two model coiled-coil proteins , X19a
(also termed model a) and model d, to which we have systematically substituted 19
naturally occurring amino acids (cysteine was omitted) and one non-natural amino acid

(Om) into a central hydrophobic core a and d position, respectively.

I-5. The de novo design of an affinity purification tag (Part 4)

The de novo design of model proteins is an important endeavor that not only tests our
understanding of protein folding and structure, but also lays the ground work for the
design of novel proteins with unique biological activities. The purpose of the final part of
this thesis (Chapter IX) was thus to investigate whether we could apply the large number of
principles leamned herein regarding stability, oligomerization state and specificity of protein-
protein interactions to de novo design a coiled-coil heterodimerization domain that could act
as a mimic to naturally occurring high affinity protein ligand-receptor interactions. This
entailed designing de novo two separate coiled-coil sequences in which the interfacial
residues positions (i.e., position a, d, e and g) would prevent homodimerization but
would allow folding and high stability in a heterodimeric state. A full description of the de

novo design process, its utility and general applicability are explored in chapter IX.
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CHAPTER II
MATERIALS AND METHODS

A. Materials
Unless otherwise stated, all chemicals and solvents were reagent grade.
Diisopropylethylamine, trifluoroacetic acid, and dichloromethane were distilled prior to
use. r-Butyloxycarbonyl (z-Boc) amino acids and resins were purchased from
Novabiochem (San Diego, CA). ATP was purchased from Boehringer Mannheim
(Indianapolis, IN). DTT was purchased from ICN Biomedicals, Inc (aurora, OH), and
rabbit skeletal muscle (rabbit muscle tissue type I, New Zealand white) was purchased

from Pel-Freeze Biologicals (Rogers, AR).

B. Methods

Pepride Synthesis, Cleavage and Purification

Synthetic peptides were prepared by solid-phase synthesis methodology using a 4-
benzhydrylamine-hydrochloride (MBHA) resin with conventional N-z-butyloxycarbonyl
(r-Boc) chemistry (Figure II-1, II-2 and II-3). Extensions of the chains was carried out
using either: (1) an Applied Biosystems Model 430A peptide synthesizer (Foster City,
CA.) as described by Sereda ez al., (1994) or (2) polypropylene reaction reservoirs where
resin washing and amino acid activation and addition were performed manually. Standard
side chain protecting groups were routinely used. Peptides which contained methionine
residues, were initially prepared as methionine sulfoxide using z-Boc-Met(O). After
coupling of the final amino acid, all peptides were N-terminally acetylated using acetic
anhydride. Peptidyl-resin was cleaved by reaction with hydrogen fluoride (20 ml/g resin)
containing 10% anisole and 1% 1,2-ethanedithiol for 1.5 h at -5 °C. Crude peptides were
washed several times with cold ether, extracted from the resin with glacial acetic acid and

lyophilized. The crude peptides were purified by RP-HPLC on a SynChropak semi-
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Figure II-2. Structures of the in situ coupling agents used for peptide synthesis.
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preparative C-8 column (250 x 10 mm I.D., 6.5-um particle size, 300-A pore size;
SynChrom, Lafayette, IN) with a linear AB gradient (ranging from 0.2 to 1.0% B/min,
depending on the peptide) at a flow rate of 2 ml/min, where solvent A is aqueous 0.05%
TFA and solvent B is 0.05% TFA in acetonitrile. After lyophilization, half of the purified
peptides containing oxidized methionines (Met(O)) were reduced using the procedure of
Schechter (1986), and subsequently re-purified by RP-HPLC. Final peptide purity was
verified by analytical RP-HPLC, amino acid analysis and electrospray quadrapole mass

spectrometry.

Amino Acid Analysis

For amino acid analysis, purified peptides and proteins were hydrolyzed in 6 N HCI
containing 0.1% phenol for 1.5 h at 160 °C in evacuated sealed tubes. Following HCIl
removal, samples were re-disssolved in appropriate volumes of sample dilution buffer ( 0.2
M NaCitrate/HC], thiodiglycol 0.5%, benzoic acid 0.1%, pH 2 buffer) and run on a
Beckman model 6300 amino acid analyzer utilizing post column ninhydrin detection
analysis. Typical runs consisted of isocratic gradient steps using the following buffers: 0.2
M NaCitrate/HCI, pH 3; 0.2 M NaCitrate/HCI, pH 4.3; and 0.2 M NaCitrate, 0.9 M NaCl,

5% Phenol, pH 6 with coincident temperature changes between 46-66 °C.

Mass Spectrometry

The correct molecular masses of the purified peptides and proteins were confirmed by
electrospray mass spectrometry using a Fisons VG Quattro mass spectrometer (VG
Biotech, Altrincham, Cheshire, England) calibrated with horse heart myoglobin (Mr
16,951.5). Briefly, the samples (~10 pl) were injected and delivered to the analyzer using a
50 pl/min flow of 50:50 acetonitrile:water buffer in positive ion mode and scanned 7-10
times. Acquired data was then baseline subtracted, smoothed and centred. Determination

of the transformed molecular weight was carried out by choosing "Manual mode

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



processing” and picking adjacent ion peaks for the transformation. The molecular masses

were determined with an uncertainty of +/- 2-3 Da.

Muscle Proteins

Rabbit skeletal muscle troponin (Tn) was purified according to the protocol of Ebashi ez
al., (1971). Individual troponin subunits (TnT, Tnl and TnC) were purified as described
by Ingraham et al., (1988). Rabbit cardiac ao-tropomyosin was purified as described by
Pato er al., (1981). G-actin was extracted and purified from rabbit skeletal muscle acetone
powder as described by Spudich and Watts, (1971). Myosin subfragment 1 (S1) with
associated alkali light chains (A1,A2) was prepared by the method of Weeds and Taylor

(1975), as modified by Talbot and Hodges (1979).

Preparation of Peptides, Proteins and Complexes for ATPase Assays

Synthetic Tnl peptides (1-2 mg/ml) were dissolved directly in 20 mM Tris, 6.5 mM
KCl, 3.5 mM MgCl,, 1 mM DTT, 0.01% sodium azide, pH 7.8 buffer (ATPase assay
buffer). Actin (3.5 mg/ml), Tm (3 mg/ml), and TnC (3 mg/ml) (isolated as above) were
dialyzed at 4 °C against several changes of the ATPase assay buffer prior to use. In the
case of TnC, CaCl, was added into the dialysis buffer to make the final concentration 50
uM. Tnl was initially prepared as described by Van Eyk and Hodges (1988) with final
dialysis against ATPase assay buffer containing 100 mM KCI. Subsequent studies,
however, showed that the protein could be dissolved directly into dH2O (~5 mg/ml, pH ~
4.5-5) and used without further preparation. Under the latter conditions, solubility of the
Tnl protein was markedly enhanced, oxidation of sulfhydryls was drastically reduced, and
the overall activity did not differ from that observed from the first method. The binary
complex between TnT and TnC (T-C complex) was prepared by dissolving TnT and TnC
separately into ATPase (plus Ca2*) buffer (20 mM Tris, 6.5 mM KCI, 3.5 mM MgCly, 1
mM DTT, 0.01% sodium azide, 50 uM CaCl», pH 7.8) containing 6 M urea. TnT and TnC
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concentrations were then determined by peak area integration at 210 nm using RP-HPLC
(for more details see the actin-Tm centrifugation studies described below) and combined in
a 1:2 molar ratio (instead of 1:1, see below), respectively. The T-C complex was
subsequently dialyzed against the following series of ATPase (plus Ca2*) buffers
containing 1 M KCI; 0.5 M KCl; 0.25 M KCI; and finally 0.1 M KCI. The mole ratio of
TnT to TnC of the final solution was 1:1.9. In our experience, it was found that a ~ two-
fold molar excess of TnC to TnT was required in order to maintain solubility of TnT at the
final salt condition required for this study. In all experiments, the amount of complex used
was based upon the amount of TnC present in the complex in order to allow a direct
comparison between Figures. III-3 and I1I4 (i.e., neutralization by TnC in the presence or
absence of TnT). Concentrations of all peptides and proteins were determined by amino
acid analysis except for myosin S1, which was estimated by absorbance at 280 nm using

Eiq=7.9 (Yagi er al., 1967).

Acto-S1-Tm ATPase Assays

Release of inorganic phosphate (Pi) was quantitated using the colorimetric method
developed by Heinonen and Lahti (1981), with the exception that Tris was used as the
ATPase buffer and the pH of the reaction solution was increased from 7.0 to 7.8. The
volume of all assays was 320 ul. The amount of actin, Tm and S1 used in each assay was:
1.5 nmol actin; 0.429 nmol Tm (dimeric) and 0.21 nmol S1 (giving a mole ratio of 7:2:1,
respectively). The quantity of Tnl peptide or protein, TnC or T-C complex varied
according to the assay. For inhibition assays, increasing quantities of TnI or Tnl peptides
were added to the acto-S1-Tm solutions until maximum inhibition was reached. For the
Ca2*-dependent-TnC release assays, 0.858 nmol of Tnl or Tnl peptide (a mole ratio of 2:1
inhibitor:Tm) was added to the acto-S1-Tm solutions followed by the addition of increasing
amounts of TnC. For the Ca2*-dependent-T-C complex release assays, 0.858 nmol of Tnl

peptide or Tnl protein was added to the acto-S1-Tm solutions, followed by the addition of
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increasing quantities of T-C complex (the amount of complex used was based upon the
amount of TnC present in the complex). In both inhibition and release assays, appropriate
aliquots of 100 mM KCl in ATPase buffer and 50 mM CaCl, in ATPase buffer were added
into each assay solution to bring the final KCl concentration to 13 mM and the final CaClp
concentration to 0.4 mM (for release assays). Final assay solutions were pre-incubated at
25 °C for 10 min followed by initiation of the acto-S1-Tm reaction by the addition of 20 pl
of 20 mM ATP in ATPase buffer solution. The reactions were allowed to proceed for 10-
45 min depending on the assay, after which the reaction was stopped by the addition of
2.44 ml of a 2:1:1 (v/v/v) acetone: 5 N sulfuric acid : 10 mM ammonium molybdate
solution and 240 ul of 1 M citric acid. The absorbance of individual tubes was read at 355
nm and the quantity of liberated inorganic phosphate determined. Endogenous S1 ATP
hydrolysis was also determined for each assay time and subtracted from the data. Each
ATPase data point was determined in triplicate. The acto-S1 and acto-S1-Tm ATPase
activity's under the above conditions varied between 1.1-1.3 S-land 0.4 - 0.43 S-1

respectively.

Ca?+ Sensitivity Assays

The release of the inhibitory activity of the Tnl peptides by TnC or T-C complex as a
function of Ca* concentration was determined by adding 0.858 nmol of Tnl or Tnl
peptide with 1.716 nmol of TnC or T-C complex to the acto-S1-Tm solution (as described
above) to give a final solution composition of 7:2:1:4:8 (mole ratio of actin:Tm:S1:TnC or
T-C:inhibitor). EGTA in ATPase assay buffer was added to make the final concentration
80 uM . Appropriate aliquots of CaCl, in ATPase buffer were then added to give free Ca2+
concentrations between pCa (-log [Ca2+]) values of 8 and 4.5, and the change in acto-S1-
Tm activity determined (as above). pCa values for each calcium concentration were
calculated using the program "comics" written by B. D. Sykes, University of Alberta,

using binding constants similar to those described by Van Eyk ez al. (1997). pCasg values
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for each titration curve were determined by fitting of the data to a sigmoidal equation using

the data fitting program "Kalidagraph" (Synergy Software, Reading, PA).

Rpj-40 Competition Assay

Competition between the N- and the C-terminal regions of TnI for TnC were carried out
by adding 0.858 nmol of inhibitory peptide/protein with 1.716 nmol of TnC to actin-S1-
Tm solutions (as described above) in the presence of 0.4 mM CaCl, . Increasing amounts
of Rpj.40 peptide were then added to the reaction mixtures, and the final solution incubated
10 min prior to initiation of the acto-S1-Tm activity with ATP (as described above). The
ability of Rpj_40 to bind and displace the inhibitory peptides from TnC was monitored by

the decrease in acto-S1-Tm ATPase activity.

Actin-Tm Centrifugation Studies

F-Actin, Tm and synthetic TnI peptides were prepared as described above, with the
exception that the KCI and MgCl> concentrations in the ATPase assay buffer were
increased to 100 mM and 5 mM, respectively as described by Van Eyk et. al. (1997). Each
binding point was determined by mixing 5 nmol of actin, 0.429 nmol of Tm (dimeric) (a
mole ratio of 7:2, respectively) and 0-30 nmol of synthetic Tnl peptide in a total assay
volume of 175 pl. The actin-Tm-peptide solutions were allowed to incubate at room
temperature for 10 min prior to being spun for 30 min at 25 psi on a Beckman (San
Ramon, California) airfuge using a 18 A-100 rotor. The supernatant was removed and the
pellets re-dissolved in 100 pl of 0.05% aqueous TFA. 80 pl of the "pellet” solution was
then injected onto a Hewlett-Packard (Avondale, PA) 1090 HPLC pumping system
equipped with a Zorbax SB 300 C-8 reversed-phase column (250 x 4.6 mm IL.D., 6.5-um
particle size, 300-A pore size Rockland Technologies, Wilmington, DE). The various
proteins and peptides were eluted using a 2%B/min linear gradient from 0-70%B at a flow

rate of 1 ml/min, where solvent A is aqueous 0.05% TFA and solvent B is 0.05% TFA in
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acetonitrile. Peak areas were determined by integration at 210 or 280 nm and converted to

nmol of each protein or peptide using a standard curve obtained for each protein or peptide.

TnuC-Tnl Peptide Affinity Chromatography

Rabbit skeletal TnC was immobilized on cyanogen bromide-activated Sepharose 4B
(Pharmacia, Uppsala, Sweden) according to the procedure suggested by the manufacturer.
After washing to remove non-specifically bound protein, the coupled TnC-Sepharose was
packed into a column (0.5 cm x 2.5 cm) and equilibrated with several column volumes of
starting buffer containing 5 mM TrisHCI, 50 mM NaCl, 5 mM CaCly or 5 mM MgCl, pH
7, at a flow rate of 0.5 ml/min. 200 pg of each of the Tnl peptides dissolved in starting
buffer (see Table 2 for peptides analyzed) were applied to the column followed by several
column volumes of starting buffer. After obtaining a stable baseline, peptides retained on
the column were eluted using a step gradient of starting buffer containing 1 M NaCl (see
footnotes to Table 2 for more details). Peptides which were not eluted under these
conditions were removed by washing with an aqueous solution of 5 mM TrisHCI, pH 7.8,
containing 6 M GdnHCI and 10 mM EDTA. Elution time and conditions for each peptide
were determined by monitoring the column effluent at 210 nm using a Hewlett-Packard
1090 diode array detector. Peptides which required GdnHCI to be eluted were verified by
analytical RP-HPLC (see binding studies for conditions).

Circular Dichroism Measurements.

Circular dichroism (CD) spectra were recorded on a Jasco J-720 spectropolarimeter
(Jasco Inc., Easton, MD) interfaced to an Epson Equity 386/25 computer running the Jasco
DP-500/PS2 system software (ver. 1.33a). The temperature-controlled cuvette holder was
maintained at 20 °C (unless otherwise stated) with a Lauda model RMS circulating water
bath (Lauda, Westbury, NY). The instrument was routinely calibrated with an aqueous

solution of re-crystallized d-10-(+)-camphorsulphonic acid at 290.5 nm. Results are
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expressed as mean residue molar ellipticity [©] (deg-cm2-dmol-1) calculated from the
equation:

[©]=(Oobs x MRW)/(10x I X ¢)
where Oy is the observed ellipticity expressed in millidegrees, MRW is the mean residue
molecular weight (molecular weight of the peptide divided by the number of amino acids), [
is the optical path length in cm, and c is the final peptide concentration in mg/ml.

For wave scans, data was collected from 190 to 255 nm at 0.05 nm intervals, and the
average of 10 scans reported. For wave scans in the prescence of 50% trifluoroethanol
(TFE), samples were diluted 1:1 (v/v) with neat TFE.

Urea and GdnHCI denaturation studies were carried out by monitoring the ellipticity at
222 nm as a function of denaturant concentration. Each ellipticity reading involved the
averaging of 10 scans. Samples were prepared by preparing mixtures of a stock solution of
peptide in buffer (0.1 M KCl, 0.05 M POy, +/- 0.002 M DTT, pH 7), buffer alone, and a
solution of 8 M GdnHCI (or urea) in buffer and mixing various ratios of buffer and
denaturant solutions to give appropriate final denaturant concentrations.

Temperature denaturation studies were carried out similarly by monitoring the ellipticity at
222 nm but as a function of temperature. Typical experiments involved measurements from
4°Cto 85°C.

Concentration dependence studies were carried out by monitoring the change in ¢-helical
content at 222 nm at various peptide concentrations. Typically peptide concentrations
ranged bewteen 10 uM and 1 mM. Correspondingly, pH titrations followed by CD
spectroscopy were done by making up several buffer solutions at the desired pH values
using combinations of KoHPO4 and KHyPO4 (50 mM total) and adjusted with 6 N HCI.
Then 10 pl of the peptide stock solution (~5 mg/ml) was added to 90 pl of each buffer
solutions. The final pH of each analyzed solution by CD was verified using a pH meter

equiped with a micro-probe.
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In general, the cell path length used was 0.05 cm for the data points acquired for
denaturation and pH/concentration dependance studies monitored at 222 nm, and 0.02 cm
for CD spectral scans. All peptide concentrations were determined by amino acid analysis

on a Beckman model 6300 amino acid analyzer as described above.

Calculation of Denaturant Midpoints, Free Energy of Unfolding (AG,f120) and Differences
in the Free Energies of Unfolding (AAGy).

Denaturation midpoint values for the unfolding of the various peptides from folded (f) to
unfolded (u) states was determined by following the change in molar ellipticity at 222 nm at
20 °C. Ellipticity readings were normalized to the fraction of the peptide folded (ff) or
unfolded (f,, ) using the standard equations:

fr= ([6] - [61u)/([8]n - [B]w)

fu,=(Q1-1p
where [0], and [68], represent the ellipticity values for the fully folded and fully unfolded
species, respectively. [0] is the observed ellipticity at 222 nm at any denaturant
concentration. Each curve was then fit to a sigmoidal equation (e.g. (max-min)/
(1+(denaturant conc./midpoint)”*slope)+min).

Calculation of the AG,H:0 (the free energy of unfolding in the absence of guanidine
hydrochloride) was estimated by extrapolating the free energy of unfolding at each
denaturant concentration to zero concentration assuming they are linearly related by the
equation AGy = AGH20 - ;n[GdnHCI] (Pace, 1986; Shortle, 1989). AG, was calculated
from the equation: AGy=-RTIn (Ky)
where Ky = (fi,/ff) for the oxidized peptides, and (2P, (fu2/(1-fy)) for reduced peptides
(De Francesco et al., 1991) and P, is the total peptide concentration (M).

When the difference in free energy change (AAG,H:0 ) was sought between
a series of analogs relative to a specific analog, the AAG,H-0 values were calculated using

the equation given by Serrano and Fersht (1989):
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AAGy = ([denaturant]j/z 4 -[denaturant]y /2 B)(ma + mp)/2
where [denaturant]}» o and [denaturant]j/> g are the midpoints of unfolding of analog A
and B respectively derived from the plots of fraction folded versus GdnHCI concentration,
and my is the slope determined from the equation AG, = AG,H20 - m [denaturant] (as
described above). This approach calculates the value of AAG, at the denaturant
concentration half-way between the [denaturant]js; values of the peptides being compared.
This method has been shown to be more accurate for determining small differences in
protein stability because small errors from extended extrapolation are avoided and linearity

between AG, and denaturant concentration is assumed across only a small range of

denaturant concentration.

Size Exclusion Chromatography with Laser Light Scattering

Molecular weights of the peptides in aqueous solution were determined by size-
exclusion chromatography (SEC) with laser light scattering. SEC was carried out on a
Superose 12 column (1.0 cm x 30.0 cm) from Pharmacia at a flow rate of 0.5 ml/min. at
room temperature. The eluent was a 100 mM KCl, 50 mM KpHPOy, pH 7 buffer. The
effluent from the column was monitored using either a Hewlett Packard UV-visible
spectrophotometer at 210 nm, or a Dawn F multiangle laser light scattering photometer
connected in series with a Optilab 903 refractometer. Determination of molecular weights
(by laser light scattering) was carried out according to the methodology described by

Farrow er al. (1994).

Preparation of Oxidatized peprides.

Formation of homo-two-stranded disulfide bridged molecules was carried out by
dissolving 5 mg of each peptide into 2 ml of 100 mM NH4HCO3 pH 8 buffer and the
reaction vessel stirred overnight at room temperature. Oxidized peptides were re-purified by
RP-HPLC and oxidation verified by mass spectrometry (as described above).
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Helical Propensity / Hydrophobicity Analysis

The score for a—helical propensity and hydrophobicity (occurring in a 3-4 repeating
pattern) was calculated for residues 280-420 of the kinesin protein. Each a—helical
propensity data point was obtained by an iterative process involving the summing of 11
individual a~helical propensity scores (Monera er al., 1995) for the sequence starting at
residue position 280. Subsequent data points were then obtained by shifting 1 residue
toward the COOH-terminus and repeating the process. Hydrophobicity values, occurring in
a 3-4 repeating pattern, were calculated in a similar manner by summing the hydrophobicity
scores (Monera et al., 1995) for the first 6 residues that occur in a "3-4" repeating pattern
(i.e. residues 1,4 8,11, 15 and 18) . Subsequent data points for the same face were then
calculated by shifting first 3 residues (4, 8, 11, 15, 18, and 22) then 4 residues (8, 11, 15,
18, 22, and 25) and so forth throughout the sequence in order to maintain the same reading
frame. Calculation of the other six faces was carried out by starting +1 residue toward the
COOH-terminus (2, 5,9, 12, 16 and 19) erc. to obtain data for the second face and another
+1 residue shift (3, 6, 10, 13, 17 and 20) ezc. for face three. This process is repeated to

obtain data for faces4 to 7.

Sedimentation Equilibrium and Velocity Studies .

Conventional sedimentation equilibrium experiments were performed on a Beckman
Model XI-I analytical ultracentrifuge (Beckman, Palo Alto) at 20°C. Standard charcoal-
filled Epon double sector centerpieces (12 mm) were used, and a sample volume of 120 uL
was added into each sample sector. Peptide samples were initially dialyzed against the
desired buffer, at 4°C overnight prior to analysis. Experiments were conducted at various
rotor speeds depending on the size of the complex (~18,000 to 32,000 rpm). Data were

acquired by averaging 5 radial scans at a spacing of 0.001 cm. Equilibrium was confirmed
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by the superimposition of the concentration gradient measured after 20 and 24 h. The data
were fit to the following equation:

cr = coexp{ [Mw,app(1- V2p)(r2-102)w?]/2RT}
where My, app is the apparent molecular mass, V3 is the partial specific volume, ¢ is molar
concentration, r is radial distance, and p is the solvent density. The partial specific volume
of each sample was calculated from amino acid composition using the program
SEDINTERP (Hayes et. al. 1998).

Sedimentation velocity experiments were carried out at 20 °C and 48K rpm using a
Beckman XL-I analytical ultracentrifuge and interference optics as described in the
operating manual (Beckman Instruments, 1997a). Due to the low sedimentation coefficients
of the samples, 2-sector charcoal-filled Epon synthetic boundary centerpieces were
employed to layer dialysate onto the protein solution to provide a depleted meniscus. Runs
were performed for 4 h during which a minimum of 20 scans were recorded. The
sedimentation velocity data was analyzed using the Second Moment Method contained in
the Beckman Analysis Program (Beckman Instruments, 1997b) to determine the

sedimentation coefficient from the following relationship:
» _dlnr

dr

where s = observed sedimentation coefficient, @ = angular velocity, r = radial position of

the solvent/protein boundary and t = the time in seconds. By measuring the movement of

the boundary over time and plotting In r versus @=t, a straight line should be obtained with

slope =s.
The program SEDINTERP (Hayes er al., 1998) was then used to calculate S99, w,
fifo and a/b according to the following relationships:
S _{LJ( nsmj 1= P,
20w —
7720 nw I- vp t.sol

where Sag,w is the sedimentation coefficient corrected to water at 20 °C, s = the observed

sedimentation coefficient, 1, = the viscosity of water at the run temperature, MN2g = the
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viscosity of water at 20 °C, 1501 = the viscosity of the sample solution at temperature t', Nw
= the viscosity of water at temperature t', v = the partial specific volume calculated using
the method of Cohn and Edsall (1943), pao.w = the density of water at 20 °C and py 501 =

the density of the sample at the run temperature.

S S:o.w
S:o.w - (1 _k Cp)

where S0y, is S20,w extrapolated to infinite dilution, k = an empirical coefficient (0.009

ml/mg for spherical; proteins) and Cp, = the protein concentration in mg/ml.

_ M(1-p)
f= Ns

where f = the translational frictional coefficient, N = Avagadro's number, M = the

molecular weight and s = the sedimentation coefficient.

f0=6ﬂ(3m(1—5)j”3

47N
where fg = the calculated frictional coefficient of a sphere having the same volume as the
protein molecule and & = the degree of hydration (g H2O/ g protein). SEDINTERP
calculates the degree of hydration from the amino acid composition of the protein using the
method of Kuntz (1971). The ratio f/fg provides a measure of the degree of asymmetry of
the molecule. Modeling the particle as a prolate ellipsoid of revolution allows estimation of
the axial ratio (a/b) using a power series approximation of the tabulated data for a/b as a

function of fifp (Cantor & Schimmel, 1980).

High Performance Size Exclusion Chromatography of the Model Coiled-Coil Peptides:.
Determination of the oligomeric state(s) of each peptide analog in benign buffer
conditions (50 mM potassium phosphate, 100 mM KCI, pH 7) as well as in the presence of
various concentrations of GdnHCI denaturant in buffer was carried out using a
Superdex™75 HR 10/30 (10 mm x 300 mm bed size) high performance size-exclusion

column (Pharmacia, Uppsala, Sweden) and a Hewlett Packard 1090 HPL.C work station.
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The column was conditioned in several column volumes at a flow rate of 0.4 ml/min prior

to injection. Each peptide was either injected from the stock solution (~1mM) or 10 fold

diluted (~0.1 mM) in running buffer and the chromatogram collected at 215 nm. The peak
area indicated a further 10 fold dilution occurred within the period of the run time. To
correct for bed volume changes due to changes in the ionic strength of the various buffers
used, two random coil internal peptides standards were also co-injected with each peptide
analog and the chromatogram corrected to the elution times of the standards: S1= Ac-
(GLGLG)g-amide (30 residues, MW 2534 Da); S2= Ac-KYGLGGAGGLK-amide (11
residues, MW 1062 Da). Molecular weights were estimated based on their correlation in

retention time to several in house coiled-coil standards of various sizes.

RP-HPLC Analysis of the Model 'a’ and ‘d’ Peptide Analogs
Determination of the relative hydrophobicity of each peptide analog was performed by
reversed-phase HPLC (RP-HPLC) on a Zobax Eclipse XDB-C8 column (150 x 4.6 mm
[.D., 5-um particle size, 300-A pore size); Hewlett-Packard, Little Falls Site, DE, USA)
using a Hewlett-Packard 1090 HPLC work station. Briefly, 5 ug of each
carboxamidomethyl modified peptide (see below) was run individually as well as together
in appropriate groups to determine the retention time of each analog relative to that of the
Ala substituted analog. Each run consisted of a linear AB gradient of 1.0% B/min. at a flow
rate of 1 ml/min and 70 °C, where solvent A is aqueous 50 mM KH2PO4, 100 mM
NaClO4, pH 7 and solvent B is 50 mM KH>POg4, 100 mM NaClO4, pH 7 in 50%
acetonitrile.
In order to derive retention times independent of the stability of the coiled-coils, each
oxidized peptide was first reduced with 2 equivalents of dithiothreitol (DTT) and then

capped (i.e. the sulfhydryl group of the cysteine side chain) with 4 equivalents of
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iodoacetamide to prevent re-oxidation. Excess DTT was then added to neutralize any

remaining iodoacetamide.

Coiled-coil Prediction Analysis

Prediction of the location and stability of the coiled-coil regions within the kinesin
neck regions was carried out as that described by Tripet ez al., (1999). The predictive
method is based on the ability of sequence regions to score above pre-defined cut-off
threshold values using various sized window widths (e.g 21, 28, 35 and 42). Scores are
tabulated iteratively using helical propensity values (Monera et al., 1995) for positions
b,c.e.f,g and hydrophobic core stability values (Wagschal ez al., 1999 and Tripet et al.,
1999) for positions "a" and "d" of the heptad repeat (denoted abcdefg). An ~ 2.5 fold
weighting was given to positions "a" and "d" over that of the other positions. Plots are
generated by plotting the cummulative score (of the choosen window size) originating from
that residue versus the residue position. The final predictied stability profiles are based on a

7 residue (one heptad) window width for the predicted region.

Recombinant Engineering (enzymes, oligomers and general techniques)

Restriction enzymes and DNA modifying enzymes were purchased from GIBCO BRL
(Life Technologies, Grand Island, NY). Deoxyribonucleotides were prepared using an
Applied Biosystems ( Foster City, CA.) automated DNA synthesizer and isolation of
plasmid DNA and routine manipulations were carried out according to standard procedures
(Maniatis er al., 1982) Dideoxy-sequencing (Maxam and Gilbert, 1977) of the cloned
plasmid constructs were achieved using a modified PCR cycle sequencing protocol
(Craxton, 1991) employing biotinylated primers and chemiluminescent detection

(Amersham, Oakville, Ontario, Canada).
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Bacterial Stains and Plasmids

E.coli X-12 expression strain JM83 [ara, A(lac-pro AB),rpsL (=str A) (80
lacZAM15)] (Yanisch-Perron er al., 1985) was obtained from New England Biolabs
(Mississauga, Ontario, Canada) and used as the host cell in all prokaryotic expression
experiments. Cells were cultured in Luria broth (LB) media (Sambrook et al., 1989)
supplemented with carbenicillin (100pg/ml).

Plasmid pASK40 (generously provided by Dr. Arne Skerra, Max-Planck-Institut fiir

Biophysik, Germany) was used for plasmid construction.

Synthetic E-coil Gene

A DNA sequence (Table IX-I) was constructed from back translation of the de novo
designed E-coil protein sequence (Table IX-II) using a codon bias based on the highly
expressed Pichia pastoris genes (Koutz et al., 1989). To avoid the creation of an excess
number of restriction sites, four overlapping oligonucleotides were synthesized and
purified by electroelution on a 12% polyacrylamide gel containing 7 M urea.
Oligonucleotides #1 and #2 (Table IX-I) were annealed together by their complementary
sequences and the remaining complementary strands synthesized by klenow fragment. An
identical protocol was carried out for oligonucleotides #3 and #4. The double stranded
fragments were digested with restriction enzyme Alw21 I to create sticky ends at one end of
each fragment, and the two fragments were subsequently ligated with T4 DNA ligase to
give a complete gene of 177 base pairs that could be detected on a 4% agarose gel. The
gene was excised and electroeluted from the gel slice, then digested simultaneously with
EcoR1 and BamH]1 to produce a 166 bp fragment suitable for cloning into the plasmid

vector.

Plasmid Construction

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The plasmid vector pRLDE was constructed by the following steps: 1) the plasmid
PASK40 was digested with EcoR1 and the 5' ends blunted with Mung-Bean Nuclease.
The blunted plasmid was then digested with Hind III and religated with the synthetic 43 bp
annealed deoxyribonucleotide fragment (Table IX-1 oligonucleotides #5 and #6 ), creating
pRLD. 2) pRLD was digested with EcoR1 and Bgl 1 and then force cloned with the
synthetic E-coil gene (see above) to produce the E. coli E-coil vector pRLDE (Figure IX-

3).

Transfection and Screening

The ligated plasmids were transformed into E.coli by heat-shock treatment (Yanisch-
Perron er al., 1985) and plated on selective LB plates supplemented with carbenicillin (100
pug/ml). Insertion of the E-coil gene was verified by restriction digest analysis and

subsequent DNA sequencing of purified plasmid DNA of successful transformants.

Construction of the PAK-pilin Gene Fusion

Two complementary oligonucleotides (oligonucleotides # 9 and #10, Table IX-1)
encoding the 17 amino acid pilus epithelial binding domain of the Pseudomonas aeruginosa
strain K pilin (PAK-pilin ){residues 128-144,(Lee ez al., 1994)] were synthesized. Equal
molar ratios of oligonucleotides dissolved in sterile distilled H,0 were mixed together,
heated at 80°C for 5 min and finally allowed to anneal by slow cooling to room
temperature. The annealed oligonucleotides were electrophoresed on a 4% agarose gel and
a 54 bp fragment was excised and eluted from the gel slice by a modified freeze squeeze
method (Maniatis er al., 1982). Briefly, the excised band was placed in a spin filter column
(BioRad, Mississauga, Ontario, Canada) and set on liquid nitrogen for 5 min. The filter
was then placed into an eppendorf tube and spun at top speed in a microfuge. After ethanol
precipitation, the eluate was treated with T4 polynucleotide kinase at 37°C for 30 min and

the enzyme inactivated by heating at 65°C for 15 min. The phosphorylated fragment was
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then cloned into an EcoR1 digested, shrimp alkaline phosphatase treated pRLDE and
subsequently transformed into E.coli to produce pRLDE-PAK-pilin clones on
LB/carbenicillin plates. Orientation and sequence of the insert was verified by restriction
analysis and sequencing of miniprepped DNA plasmid. Expression and purification of the
PAK-pilin-E-coil peptide was carried out as described for the E-coil peptide.
Construction of the PAK-pilin(met) Gene Fusion

Two complementary oligonucleotides (oligonucleotides # 7 and #8, Table IX-1)
encoding the 17 amino acid pilus epithelial binding domain (as described above) plus two
adjacent methionine residues were synthesized. The two oligonucleotides were then treated
in an identical fashion to that described above for the preparation of PAK-pilin gene fusion.
The phosphorylated fragment was cloned into EcoR1 digested, shrimp alkaline
phosphatase treated pRLDE and transformed into E.coli to produce pRLDE-PAK-
pilin(met) clones on LB/carbenicillin plates. Orientation and sequence of the insert was
verified by restriction analysis and sequencing of miniprepped DNA plasmid. Expression
and purification of the PAK-pilin(met)-E-coil peptide was carried out as described for the

E-coil and PAK-pilin-E-coil peptides.

Growth, Induction and Lysis of Bacteria Containing Recombinant Plasmids

E. coli cells harboring pRLDE plasmids were grown at 25°C, with shaking, in LB
medium containing carbenicillin (100pug/ml) to an Asso of 0.5-0.6. Production of
recombinant protein was then induced by the addition of isopropyl-f-D-
thiogalactopyranoside (IPTG) to a final concentration of 1mM. The bacteria were then
grown for an additional 3 h at 25°C with shaking. The expressed protein was obtained by
a modified osmotic shock treatment (Ausubel er al., 1992). Cells were centrifuged at 4,000
g for 10 min at room temperature and re-suspended in TES buffer (100mM TrisHCI, 5SmM
EDTA, 20% sucrose, pH 8.0) to a final volume of 80 ml per gram wet weight. Cells were
shaken at 200 rpm at room temperature for 10 min. The suspension was then re-centrifuged

and the pellet re-suspended in 5 mM ice-cold MgSOj4 (80 ml per gram wet weight). Cells
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were shaken for 30 min on ice and subsequently centrifuged at 8,000 g and 4°C for 10
min. The supernatant constituting the periplasmic fraction was then further clarified by
passage through a 0.22-um filter and subsequently purified using the K-coil affinity

column.

Preparation of the Biotinylated K-coil

5 mg (1.18 umol) of the synthetically prepared K-coil peptide was dissolved in 5 ml of
50 mM KH>POjy, pH 7.0, buffer. To this solution was added 1.3 mg (2.36 umol) of
Biotin-BMCC ( 1-Biotin amido-4-[4'-(maleimidomethyl)cyclohexanecarboxamido]butane)
(Pierce, Rockford, IL) that had been dissolved in 1 mi of 6 M GdnHCl in 50 mM KH>PO4
buffer, pH 7.0. The solution was stirred for 1h, after which the modified peptide was

purified by RP-HPLC (see above).

Preparation of the Peptide affinity Matrix

1 g (110 pmol) of aminopropyl control pore glass resin (CPG)(125-um particle size,
500-A pore size, Sigma Chemical Company, St Louis, MO) was washed twice sequentially
with 15 ml of dimethylformamide, 15 ml of dichloromethane and 15 ml of
dimethylformamide. 15 ml of a 5% diisopropylethylamine/dichloromethane solution (v/v)
was then added and the glass beads neutralized for 5 min and then drained. To 138 mg (1
mmol) of bromoacetic acid (Aldrich Chemical Company, Milwakaukee, WI) was added 2
ml of a 0.5 M dicyclohexylcarbodiimide/dichloromethane solution and the resulting
solution stirred for 15 min. The solution was then filtered to remove precipitated
dicyclohexylurea, and the filtrate diluted to 10 ml with dimethylformamide. The diluted
solution was then added to the neutralized glass resin beads and the complete mixture
stirred for 35 min, after which the solution was removed and the resin beads washed three
times each with 15 ml of dichloromethane, dimethylformamide, methanol and finally,

dichloromethane. A qualitative ninhydrin test was performed to verify coupling. Capping
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of free silanol groups on the resin beads was carried out by adding 30 ml of a 75%
pyridine/dichloromethane solution (v/v) to the bromoacetylated glass resin beads and then
adding slowly 3 ml of chlorotrimethylsilane (Aldrich). The reaction was allowed to stir for
1 h after which the beads were washed three times each with 15 ml of dichloromethane,
dimethylformamide, methanol and finally, dichloromethane.

100 mg (23.7 umol ) of the synthetically prepared K-coil peptide was dissolved in 30
ml of an aqueous 50 mM NH4HCO3 solution, pH 8.0, and added to 1 g of the activated
glass resin beads. The peptide resin solution was then stirred for 30 min, after which the
resin was drained and washed with 15 ml of distilled H20 (dH2O). Remaining unreacted
bromoacetyl groups were capped by adding 20 ml of a 1% solution of B-mercaptoethanol
(v/v) in 50 mM NH4HCOs, pH 8.0, to the glass resin beads, and the mixture stirred for
another 15 min. The resin was drained and washed five times each with dH,O, dH20
containing 0.1% TFA, ethanol and finally, acetone. The final K-coil affinity
chromatography resin was air dried and a small sample of the resin removed for amino acid

analysis. Final resin substitution was calculated to be 12.5 umol of peptide/g resin.

Preparation of the Affinity Column

Two columns were prepared for affinity purification chromatography: (1) a stainless
stee] RP-HPLC guard column (20 mm x 5 mm I.D.) was used for small scale analytical
runs; (2) a stainless stee] RP-HPLC column (200 mm x 4.6 mm 1.D.) was used for large
scale purification of 1 L or greater volumes of culture. Each column was dry-packed with
the prepared K-coil affinity chromatography resin (50 mg and 1 g, respectively) and then
washed at a flow rate of 0.5 ml/min with the following solutions: dH20, 5.0 M GdnHCI
in 50 mM KH2PO4, pH 7.0, 50% acetonitrile/H20 containing 0.1% TFA(v/v/v), and,

finally, dH20O. The mobile phase used for column storage was 50% acetonitrile/H>O (v/v).

Purification of Recombinant Peptides
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Affinity purification of the recombinantly expressed peptides was carried out using a
Varian (Varian, Walnut Creek, CA) Vista Series 5000 liquid chromatograph. The affinity
columns were first conditioned in a several column volumes of starting buffer of 10 mM
KH,PO4, pH 6.0. Filtered (through a 0.22 um filter) periplasmic extract obtained from
osmotically shocked cells or whole cell lysate from french pressed cells were loaded onto
the affinity column at a flow rate of 0.2-0.5 ml/min . After loading, the columns were first
washed with 0.5 M KCl in 10 mM KH,PO4, pH 6.0, followed by 80% acetonitrile in 10
mM KH>PO4, pH 6. Final elution of bound material was carried out by washing the
column with 50% aqueous acetonitrile containing 0.1% TFA (v/v/v). Volume sizes for
each wash step and final elution were 5 ml for the small affinity column and 10 ml for the

large column at a flow rate for both of 0.5 ml/min.

RP-HPLC Analysis of the Affinity Purification Method
Crude periplasmic extract (10 ml) of the recombinantly expressed E-coil fusion tag
was loaded onto the analytical affinity chromatography column at a flow rate of 0.2 ml/min.
After loading, the column was washed with each of the various wash solutions (see above)
and the eluent from each step collected for RP-HI'LC analysis. The sample loadings for
RP-HPLC analysis were as follows: 1 ml of the crude periplasmic extract, 1 ml of the
crude periplasmic extract after passage through the affinity column (breakthrough), 2.5 ml
of the 5 ml KCI wash, 1 ml of the 80% aqueous acetonitrile wash, 1 ml of the first elution
wash, 1 ml of the second elution wash, and 1 ml of the first elution wash after re-running
the breakthrough. Note that in the case of the 80% and 50% aqueous acetonitrile washes,
the eluates were first diluted two-fold with dH»0 and lyophilized. The samples were then
re-dissolved prior to injection in 2 ml of aqueous 0.1% TFA.
Analysis of the recombinantly expressed PAK-pilin-E-coil fusion peptide was carried

out in a similar manner with one exception. 5 ml of crude periplasmic extract and 5.0 ml of

W
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the crude periplasmic extract after passage through the affinity column (breakthrough) were
injected for RP-HPLC analysis instead of 1 ml.

RP-HPLC analysis of the eluates was carried out on a Hewlett-Packard (Avondale, PA)
1090 HPLC pumping system equipped with a Zorbax SB 300 C-8 column (250 x 4.6 mm
I.D., 6.5-um particle size, 300-A pore size Rockland Technologies, Wilmington, DE).
Each run was performed with a flow rate of 1.0 ml/min and a 1% B/min gradient from 0-
60%, where solvent A is 0.1% TFA in H>O and solvent B is 0.1% TFA in acetonitrile.
Absorbance data were collected at 210 nm and each run plotted with a vertical axis of 1000

AU.

Purification from Whole-Cell Lysate

Two 200 ml cultures of E.coli cells containing either the E-coil fusion tag vector or the
PAK-pilin-E-coil fusion peptide vector were grown to an Assg of 0.5, induced for 4h (as
described previously), and then concentrated by centrifugation at 4000 g for 10 min. The
cell pellet was resuspended in 3 ml of a 100 mM Tris-HCI, 5 mM EDTA, 100 ug PMSF,
pH 8.0 buffer and french pressed to liberate all cellular proteins and components. The
complete cellular lysate was then clarified by centifiugation in a microfuge at top speed for
5 min and the soluble fraction applied to the K~coil affinity column for purification (see
above). RP-HPLC analysis of the final elution washes is described in the figure legend of

Figure IX-6.

SDS-PAGE

Sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed with 15% acrylamide gels in a mini-gel apparatus (Mini-protein II Dual Slab Cell
from Bio-Rad) as described by Laemmli (Laemmli, 1970). Crude periplasmic extract from

E coli IM83 cells containing expressing E-coil and PAK-pilin-E-coil peptides as well as
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their K-coil affinity purified fractions were fractionated by SDS-PAGE at 2 constant voltage

of 200V. Gels were stained with Coomassie Blue (R-250, Bio-Rad) for visualization .

Western Blotting using Anti-PAK-pilin

Proteins on the SDS-PAGE gel were transferred to nitrocellulose membrane using the
protocol of Towbin ez al. (1979) with a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-
Rad). The transfer was completed after 30 min under a constant current of 300 mA (Model
200/2.0 Power supply from BioRad). Excess binding sites on the membrane were blocked
by incubation of the blots with a blocking solution consisting of 50 mM Tris-HCI, pH 7.5,
containing 150 mM NaCl, 0.05% (v/v) Nonidet-P40, 0.25% (w/v) gelatin and 3% (w/v)
BSA at room temperature for 1 h in an incubator shaker (model G25 Gyroshaker, New
Brunswick Scientific, NJ) set at 100 rpm. The membrane was washed twice at room
temperature with 10 mM Tris-HCl buffer, pH 7.5, containing 0.1% Tween-20 and 0.05%
(w/v) BSA (TTBS). Monoclonal antibodies, PK99H raised against the Pseudomonas
aeruginosa strain K pilin (PAK pilin), were diluted with TTBS (1:500) and added to the
blots and incubated for 1 h at room temperature with gentle shaking. The blots were
washed three times with TTBS. A goat anti-mouse IgG(H+L)-alkaline phosphatase
conjugate (Jackson ImmunoResearch Laboratory, Inc., West Grove, PA) diluted 1:10,000
with TTBS, was incubated as described above. The strips were washed 3 times with
TTBS followed by a final wash with Tris-buffered saline. Antibody binding was
visualized by the addition of alkaline phosphatase substrates (nitro blue tetrazolium chloride
and 5-bromo-4-chloro-3-indolyl phosphate dissolved in 100 mM Tris-HCI, pH 9.5,
containing 100 mM NaCl and 5 mM MgClp). Color development was terminated by

rinsing the nitrocellulose strips with de-ionized water.

Western Blotting using Biotinylated K-coil
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Extracted and purified peptides run by SDS-PAGE were transferred to nitrocellulose
membrane as described above. The proteins on the membrane were denatured by soaking
the membrane for 1 h in PBS-ED buffer (20 mM potassium phosphate, 200 mM KCI, 1
mM EDTA, 1 mM DTT, pH 7.9) containing 6 M guanidine HCl. The proteins were
gradually re-natured by 4 serial 1:1 dilutions of the membrane in PBS-ED and washed free
of the residual guanidine HCl in fresh PBS-ED buffer. The membrane was blocked for 1 h
in PBS-ED blocking buffer containing 0.05% (v/v) Nonidet-P40, 0.25% (w/v) gelatin and
3% (w/v) BSA and 100 pg of steptavidin at room temperature for 1 h in an incubator
shaker. The blots were rinsed once more with PBS-ED . The biotin-labeled K-coil (1
mg/ml) was diluted to 1: 500 in PBS-ED blocking buffer (without streptavidin) and
incubated with the blots at room temperature for 1 h with gentle agitation. The membrane
was washed three times with PBS-ED for 10 min each wash. Streptavidin-alkaline
phosphatase conjugate (Jackson ImmunoResearch Laboratory, Inc.) was diluted (1:2500;
v/v) with PBS-ED blocking buffer and incubated with the blots at room temperature for 1 h
with gentle agitation. The blots were washed 3 times with PBS-ED followed by a final
wash with substrate buffer (100 mM Tris-HCI, pH 9.5, containing 100 mM NacCl and 5
mM MgCl,). K-coil binding was visualized by the addition of nitro-blue tetrazolium
chloride and 5-bromo-4-chloro-3-indoly! phosphate (NBT/BCIP) in substrate buffer.
Color development was terminated by rinsing the nitrocellulose strips with de-ionized

water.

CNBr Digest of PAK-pilin(met)-E-coil

CNBr cleavage of PAK-pilin(met)-E-coil peptide was carried out by incubating 0.598
umol of the peptide in 1.0 ml of 0.1 N HCI and 59.8 umol of CNBr for 24 h at room
temperature in the dark (Gross, 1967). The reaction mixture was then diluted five fold with
dH>0 and lyophilized. Final recovery of purified CNBr cleaved PAK-pilin peptide was
obtained using RP-HPLC (see above).
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N-terminal Sequence Analysis of E.coli-derived Peptides
An Applied Biosystems Model 470A vapor phase sequencer was used to carry out the
sequential Edman degradation sequencing reactions for the first six cycles of each of the

affinity purified E.coli- produced peptides.
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CHAPTER III

Mapping of a Second Actin-Tropomyosin and a Second Troponin C Binding
Site within the C-terminus of Troponin I, and their importance in the Ca2+
Dependent Regulation of Muscle Contraction.

A version of this chapter has been published: Brian Tripet, Jennifer E. Van Eyk, and
Robert S. Hodges in the J. Mol. Biol. 1997, 271, 728-750

A. Introduction

Ca2*-dependent regulation of vertebrate skeletal and cardiac muscle contraction requires
the regulatory proteins troponin (Tn) and tropomyosin (Tm) to be bound to the actin thin
filament (Ebashi & Endo, 1968). Troponin consists of the three protein subunits: Troponin
I (Tnl), Troponin T (TnT), and Troponin C (TnC). Tnl, the inhibitory subunit, can bind
actin and inhibit the actomyosin Mg2+ ATPase activity on its own (Greaser & Gergely,
1973). The inhibitory activity of Tnl is potentiated in the presence of Tm, even under
conditions where Tm neither binds nor inhibits the actomyosin ATPase (Perry er al.,
1972). The inhibitory activity of Tnl can be neutralized by the formation of a 1:1 complex
with TnC in the presence of calcium (Cachia ez al., 1986, Chong et al., 1983, Perry et al.,
1972, Van Eyk & Hodges, 1988, Weeks & Perry, 1978). The binding of TnC to Tnl
apparently changes the interactions of Tnl with the thin filament, such that Tnl moves away
from actin (Tao et al., 1989, 1990). Although Tnl can cause inhibition and TnC release of
inhibition, full Ca?+-dependent control as well as activation (increase in the ATPase activity
above that of acto-S1-Tm ATPase) occurs only in the presence of the third troponin
subunit, TnT (Farah et al., 1994, Greaser & Gergely, 1971, Potter et al., 1995). TnT
binds tropomyosin as well as Tnl and TnC and is believed to be the "transmission link"
between the conformational changes occurring between the TnI*TnC complex and Tm.

In order to understand at a molecular level how the binding of Ca?+ to TnC leads to the

eventual movement of Tm proposed in the steric blocking model, extensive
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structure/function studies using a variety of techniques have been carried out to determine
the structure, function and sites of interactions between each of the troponin components
and their change in conformation upon binding calcium (for recent reviews see (Farah &
Reinach, 1995, Grabarek ez al., 1992, Zot & Potter, 1987) ). Structural investigations into
TnC, the Ca?* binding component of troponin, has revealed that it exists as a dumbbell
shaped molecule with two globular domains linked by a long central helix (Herzberg &
James, 1985, Sundaralingam et al., 1985). Each domain possesses two metal ion binding
sites of the EF hand structural motif (Collins er al., 1973, Kretsinger & Nockolds, 1973).
The two metal binding sites located within the NHj-terminal domain, sites I and Ii, are
referred to as the "regulatory sites”, as they are lower in Ca2* affinity than those located
within the C-domain, but are critical for the Ca7-+-dependent regulation of muscle
contraction ((Farah er al., 1994, Grabarek ez al., 1992, Potter ez al., 1995) and references
therein). The two metal binding sites, sites III and IV, located within the C-domain are
referred to as the "high affinity" sites which can bind both Ca2+ and Mg2+ ions
competitively ((Farah er al., 1994, Grabarek er al., 1992, Potter ez al., 1995) and
references therein). In the crystal structure, sites III and IV are bound with calcium while
those within the N-domain are free. Thus, it is believed that the crystal structure may
represent the structure of TnC in the "relaxed state" of muscle regulation.

In an attempt to understand the initial conformational change created by the binding of
Ca2+ to the N-domain of TnC and thus the Ca2*-induced trigger of muscle contraction,
Hertzberg, Moult and James proposed a model for the conformation of the N-domain of

’ TnC based on its Ca2+ saturated C-domain (Herzberg et al., 1986). In this model, the
authors proposed that upon binding CaZ* ions, the regulatory sites I and II would alter the
spatial relationship of the helices within the N-domain (N, B and C helices relative to
helices A and D) to open up and expose partially and totally buried nonpolar residues and
thus form a "hydrophobic pocket". This newly exposed site is believed to be a new binding

site for Tnl, although the residues of Tnl which bind this site have not been definitively
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defined. Recent studies have now given strong experimental support to this model
(Fujimori ez al., 1990, Gagne et al., 1994, 1995, Grabarek et al., 1990, Sheng et al.,
1990, Slupsky et al., 1995, Slupsky & Sykes, 1995).

At present, no high resolution structure for skeletal Tnl is yet available, although a
significant amount of topological and functional information is known about its interactions
with TnC, TnT and actin-Tm. Syska ez al. (Syska ez al., 1976) were the first to identify that
the inhibitory activity of Tnl is carried out by only a small section of the complete protein,
residues 96-116, often referred to as the "inhibitory region”. Studies into this region by
Talbot and Hodges using synthetic peptides revealed that residues 104-115 represent the
minimal sequence required to cause inhibition (Talbot & Hodges, 1981b). Subsequent
studies have since shown that a synthetic peptide, Tnljp4-115, can bind to actin-Tm and
inhibit the acto-S1-Tm ATPase activity as well as be neutralized by TnC in a Ca2+-
dependent manner (Van Eyk et al., 1993). Furthermore, Van Eyk ez al. (1993) have shown
that this same peptide (Tnlg4-115) can replace intact Tnl in regulating the Ca2+~dependent
contraction and relaxation of skinned muscle fibers, thus suggesting that the major switch
between contraction and relaxation involves a switch of the inhibitory region of Tnl
between actin-Tm and TnC.

In addition to the inhibitory region, other regions of Tnl have also been identified as
important in the regulatory process. Tnl residues ~40-96 located towards the N-terminus of
the inhibitory region have been shown to interact with TnT and are now believed to be
important for the "activation” of the ATPase activity which is observed only in the presence
of TnT (Chong & Hodges, 1982, Farah er al., 1994, Hichcock, 1981, Potter ez al., 1995,
Sheng ez al., 1992). Tnl residues ~1-40 (the N-terminus) have been shown to bind the C-
domain of TnC and are believed to play an important structural role in anchoring TnC to the
ternary troponin complex in the absence of calcium. For example, a Tnl mutant in which
the N-terminal residues 1-57 have been deleted (Tnlgej57) shows a modified interaction

with TnT and is unable to form a ternary complex with TnT and TnC in the absence of
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calcium (Sheng er al., 1992). Functional studies of this region by Ngai and Hodges (1992)
using synthetic peptides have shown that a Tnl peptide comprising residues 1-40 of the N-
terminus can block the neutralization of the inhibitory activity of Tnl or Tnl}g4-115 by TnC,
suggesting that the N-terminus may play both a structural and functional role.

Although significantly less attention has been given to the C-terminal residues (116 to
182) of Tnl, recent studies suggest these residues play significant roles in the inhibitory
activity of Tnl and its interactions with TnC. For example, investigations with
recombinantly expressed Tnl fragments have shown that fragments which lack either the
first 57 (Tnlgs7), 102 (Tnljg3-182) or COOH-terminal 26 residues (Tnl;_)56) are able to
retain similar inhibitory activities to that of the intact Tnl protein (Farah er al., 1994, Sheng
et al., 1992). Fragments which lack the C-terminal residues (Tnlj.]j6) or just encompass
the inhibitory region (Tnloe-115 or Tnljg4-115) have significantly less inhibitory activity (on
a molar basis) when compared to intact Tnl. Farah er al. (1994) have suggested that it is
residues within the region of 116 to 156 which are responsible for this effect. More
recently, however, Van Eyk er al. (1997) have reported that a Tnl fragment encompassing
only residues 96-148 (Tnlge.14g) is also able to elicit an equivalent inhibitory activity to that
of the intact Tnl protein, thus further delineating the minimal region required for "wild type
like" inhibition to residues 96-148 of Tnl and the residues responsible for this effect to the
region 116 to 148.

In addition to the enhanced inhibitory activity, recent experimental studies have also
indicated that residues located within the C-terminus of Tnl may also be involved in
interacting with the regulatory domain (N-domain) of TnC. For example, Kobayashi ez al.
(1991) have demonstrated that TnC mutants containing single cysteine residues at position
12 or 57 of rabbit skeletal TnC and modified with 4-maleimidobenzophenone can be
crosslinked to Tnl in the region 113-121 and 132-141, respectively. Furthermore,
fluorescence studies by Pearlstone and Smillie (1995a) using recombinant TnC mutants

with single tryptophan residues within the N and C-domains of TnC, have indicated that a

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



recombinant Tnl fragment consisting of residues 96-148 contains a significantly greater
affinity for TnC than the individual Tnl fragments of 96-116 or 117-148 alone, as well as
observing that the C-terminus of this region can significantly enhance the affinity for just
the N-domain of TnC (Pearlstone and Smillie 1995a, 1997).

Thus, in the present study, we have decided to focus on mapping and identifying the
specific residues or regions of residues within the C-terminus of Tnl (residues 116 to 148)
that also appear to be involved in inhibition and TnC binding. In this respect, we have
prepared several synthetic Tnl peptide analogs containing truncations, substitutions and
modifications within the C-terminal region 96-148 of rabbit skeletal Tnl, and subsequently
analyzed these analogs in reconstituted thin filament inhibitory, binding, and release assays

in order to determine their effects.

B. Results
Identifying the Critical Residues within Tnlgg-148 involved in Inhibition
To identify the critical residues located within the C-terminal region (residues 116-148)
of Tnlge.14g8 that appear to be also involved in the inhibitory activity of Tnl, several
synthetic peptide analogs of the region 96-148 of rabbit skeletal Tnl were prepared (see
Table III-1 for sequences) and analyzed for their ability to inhibit the acto-S1-Tm ATPase
activity. (Fig. III-1, panels A, B, and C (inset)).

Synthetic Tnl peptide Tnlog.148 inhibits the ATPase activity in a concentration-
dependent manner that is indistinguishable from that of intact Tnl protein. This peptide
inhibits 85% of the ATPase activity at a 1:1 mole ratio of inhibitor:Tm. The inhibitory
activity of this peptide is significantly greater than that of Tnl peptides, Tnlj04-115 and
Tnlge-115, which encompass only the primary inhibitory region. These peptides require a
6:1 and 2:1 mole ratio of inhibitor:Tm, respectively, to achieve the same inhibitory
maximum (compare the inhibition curves for Tnlgs-115, Tnlj04-115 and Tnlgg.148, Fig. III-

1, panel A). Truncation of the C-terminal 9 residues (140-148) from the Tnl region 96-148
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causes a dramatic decrease in the ability of the remaining peptide (Tnlgg.}39) to inhibit the
acto-S1-Tm ATPase activity (Fig. III-1A). This significant decrease suggests that residues
important for actin-Tm binding and/or inhibition have now been deleted. Truncation of the
next 8 C-terminal residues (Tnlgg.131) causes no further effect (Fig III-1., panel A;
compare Tnlge.139 and Tnlgg-131) Surprisingly, when the next 16 residues are removed
(residues 116-131), leaving only the inhibitory region, the inhibitory activity of this peptide
(Tnlog-115) now appears to increase relative to that of the latter two peptides (compare
Tnlgg-115 to Tnlge.131 and Tnlgg-139). The decreased inhibitory activity observed for
Tnlge.139 and Tnlgg.13] relative to that of Tnlgg.1 15 would suggest that residues 116-139
are not important for the actin-Tm inhibitory interaction and that their presence in the
absence of the C-terminal 9 residues (140-148) only entropically hampers binding of the
inhibitory region (residues 96-115).

To investigate further the importance of the central residues (116-131) and C-
terminal residues (140-148), we analyzed the inhibitory activity of the Tnl analogs which
contained substitutions or modifications within these regions (Tnlgg.148a4-A8, for
sequences see Table III-1; Fig. ITI-1, panel 1B). Substitution of the two leucine residues
(residues 125 and 126) (Tnlgg.14845) within the central region (116-131) to alanines causes
no effect upon the inhibitory activity. Similarly, when the three methionine residues within
the central region (residues 116, 121 and 134) were oxidized (methionine sulfoxide), this
peptide (Tnlgg-14841) showed an identical inhibition curve to that of Tnlgg.14g in the
reduced state, suggesting that the methionine residues are not involved in inhibition.
Substitution of methionine 121 and leucine 122 (Tnlgg.14846), did cause a decrease in the
inhibitory activity, such that the peptide now exhibited inhibitory activity equivalent to that
of Tnlge-115- Since oxidation of methionine 121 did not appear to cause an effect, this
would suggest that leucine 122 is important for inhibition. Surprisingly, this same small
decrease in the inhibitory activity was observed when all 10 of the residues between 116-

126 were replaced by glycine residues (compare Tnlge-14847 With Tnlog.14841)-
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Table II-1. Amino acid scquences of the synthetic troponin I peplides

\

Peptidet

Abbreviated nameb

Sequence€

Tnl 96-148(C133A,T148G)

Tol 96-139(C133A)

Tnl 96-131

Tnl 96-115

Tnl 96-115(F106G,R115G)

Tnl 104-115

Tnl 115-131

Tnl 128-148(C133A,T148G)

Tnl 128-148(C133A,K(141,144,145)A, T148G)

Tnl 96-148(M(116,121,134)M(0),CI133A,T148G)

Tnl 96-148(C133A,K(141,144,145)A, T148G)

Tnl 96-148(F106G,R115G,C133A,T148G)

Tnl 96-148(F106G,R115G,C133A,
K(141,144,145)A, T148G)

Tnl 96-148(L125A,126A ,C133A,T148G)

Tnl 96-148(M121A,L122A,C133A,T148G)

Tnl 96-148(G116-126,C133A,T148G)

Tol 96-148(G116-126,C133A,M134M(0),T148G)
Tnl 1-40 '
Control peptided

Tnlye-148
Tnlog.139
Tnlgg.131
Tnlog.115
Tolog.115A
Tnlios-115
Tnlyis.3
Tnljag. 148
Tnly2g.148A

Tnlog. 148A1
I'nlog.148A2
I'nlog.148A3

Tnlgg.148A4
Tnlge.148A5
Tnlog-148A6
‘Tnlog.148A7

‘Tnlog.148A8
Rp1.40
control peptide

96 115 131 139 148
Ac-NQKLFDLRGKFKRPPLRRVRMSADAMLKALLGSKHKVAMDLRANLKQVKKEDG-~amide
Ac-NOKLFDLRGKFKRPPLRRVRMSADAMLKALLGSKHKVAMDLRAN-amide
Ac-NOKLFDLRGKFKRPPLRRVRMSADAMLKALLGSKHK-amide
Ac-NQOKLFDLRGKFKRPPLRRVR-amide
Ac-NQKLFDLRGKGKRPPLRRVG-amide

Ac-GKFKRPPLRRVR-amide
Ac-RMSADAMLKALLGSKHK-amide
Ac-SKHKVAMDLRANLKQVKKEDG-amide
Ac-SKHKVAMDLRANLAQVAAEDG-amide

* * *
Ac-NQKLFDLRGKFKRPPLRRVRMSADAMLKALLGSKHKVAMDLRANLKQVKKEDG-amide
Ac-NOKLFDLRGKFKRPPLRRVRMSADAMLKALLGSKHKVAMDLRANLAQVAAEDG~amide
Ac-NQKLFDLRGKGKRPPLRRVGMSADAMLKALLGSKHKVAMDLRANLKQVKKEDG~amide

Ac-NQKLFDLRGKGKRPPLRRVGMSADAMLKALLGSKHKVAMDLRANLAQVAAEDG-amide
Ac-NQKLFDLRGKFKRPPLRRVRMSADAMLKAAAGSKHKVAMDLRANLKQVKKEDG-amide
Ac-NQKLFDLRGKFKRPPLRRVRMSADAAAKALLGSKHKVAMDLRANLKQVKKEDG~-amide
Ac-NQKLFDLRGKFKRPPLRRVRGGGGGGGGGGGGSKHKVAMDLRANLKQVKKEDG~amide

*

Ac-NQKLFDLRGKFKRPPLRRVRGGGGGGGGGGGGSKHKVAMDLRANLKQVKKEDG~amide
Ac~GDEEKRNRATITARRQHLKSVMLQIAATELEKEEGRREAEK~amide
Ac-IQEAKEILVEHYDNIEQKIDDIDHEIADLQAKRTRLVQQHPRIDE-amide

a Peptide sequence name followed by residues (indicated in brackets) substituted from that of native rabbit skeletal Tnl. For example, an analog with threonine 148 of native
Tal substituted by glycine is denoted T148G. M(O) denotes methionine sultfoxide.
b Abbreviated name of the peptide used within the text. The subscript "A" denotes analog and the number specifies a specific analog as indicated.

¢ Amino acid sequence of the peptides. Methionines that exist as methionine sulfoxide are indicated with a star (*). The key residues substituted are denoted in bold and underlined.

Ac- denotes N-terminal acetylation, -amide denotes C-terminal amide.
d The control peptide sequence is that of the C-terminus of the E.coli ProP protein (residues 450-500), an unrelated protein.



A S 100
2
.; 7 TnI96-115A
3} 80
< ]
g -
< 4
& 604 Tl 15140 Ty 0a Tol, 1154
=
< -
g 404 Tl s
w2
o -
2 ]
20-
o 4 Tnl,
>
k= 1 Tl s ¢ =
é 0 i i 1 1 1 T
0 0.5 1 1.5 2 25 3 3.5
[Inhibitor}/[TM]
B & 100
= oo
:’g : TnI96-148A3 ES w Tal, ]
s 807 %% o] C
< 22 40 Tnlx:l 148
= <E 2]
£ 60" 2=
- 0 1 0 -3 x
< i ,Tnlg 6-148A2 ® ibitor T
= i
= 407 Toly;  isa6, a7, s,
-;é, 1Tnl Tnlge s
< 207 ';396-143
%’ 17 I96-148Al
§ j1n 96-148A5
(] 0 T T T T T T
e 0 0.5 1 15 2 25 3 35

[Inhibitor]/[TM]

Figure III-1. Inhibition of the acto-S1-Tm ATPase activity by Tnl and Tnl peptides. The
acto-S1-Tm ATPase activity was measured as a function of increasing quantities of Tnl or
Tnl peptides as described in "Materials and Methods". Panel A: native rabbit skeletal Tnl

(); Tnlgs.148 (®); Tnlgs-139 (O); Tnloe.131 (0); Tnlog.115 (A); Tnlgs.1154 (A); Tnligs-
115 (V). Panel B: Tnl, Tnlyg-148,Tnlge-148a1, Tnlge-148a5 (M); Tnlgg_115,Tnlgg-148A6,

Tnlge.14847, Tnlos-148A8 (@); Tnlos-145A2 (A); Tnloe14843 (). Panel C (inset): Tnljos.

148 (@); Tnlj28-148A (O); In Panel B,similar inhibition curves are indicated by a single
symbol with indicated arrow bars.
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The fact that no further decrease in the inhibitory activity occurs upon replacement of the 10
central residues suggests that these residues 116-126 (with the exception of leucine 122)
are not involved in the interactions required for inhibition. In contrast to the central region
of Tnlgg-148, when substitutions were made within the C-terminus (140-148), significant
losses in the inhibitory activity were observed. Substitution of the three terminal lysine
residues (K41, K44 and Ky45) located within the C-terminal region 140-148 causes the
Tnl peptide (Tnl96-148A2) to show a similar inhibitory activity to that observed for the
truncated Tnl peptides Tnlgg.139 and Tnlgg-131. The significant decrease in inhibitory
activity observed only upon substitution or deletion of the C-terminus of the Tnl 96-148
region suggests that a second inhibitory interaction site exists within the C-terminus of Tnl
(140-148), and is non-contiguous with the inhibitory region (96-115).

To determine whether the C-terminal region containing residues 140-148 possesses any
inhibitory activity, we prepared two synthetic TnI peptides of the C-terminus from residues
128-148 and determined their effect on the acto-S1-Tm activity. Addition of Tnl;2g-148
(Fig. ITI-1, panel C (inset)) induces a weak but significant inhibitory effect on the acto-S1-
Tm activity (~ 10% at a 3:1 ratio of inhibitor to Tm) in the same concentration range as that
measured for the other Tnl analogs. If increasing amounts of the peptide are added,
inhibition can be increased to ~ 50% at a 30:1 peptide:Tm mole ratio. Substitution of the
three terminal lysine residues (Kj41, Kj44, and Kj45) with alanine residues completely
abolishes this effect (Tnlj28-1484), similar to that seen above for the Tnlgg.14842 peptide
with the same substitutions. The dramatic effect of the lysine to alanine residue
substitutions illustrates again the importance of the three terminal lysine residues in the
second actin-Tm interaction site.

Since it appeared as if the C-terminal region (residues 128-148) could induce a weak
inhibitory response on its own, we next investigated whether a combination of the two Tnl
regions 96-115 and 128-148 would have a synergistic effect on the inhibitory activity and

generate the same inhibitory response to that of Tnlgg.j48. Results of these experiments
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(data not shown) only showed degrees of inhibition similar to that of Tnlgg.115 alone (at
equivalent concentrations) irrespective of the presence of the Tnlj2g.148 peptide (this
peptide was added up to a mole ratio of 1:15 of Tnlgg-115 to Tnlj28-148). Thus, the two
regions apparently must be connected to each other in order to achieve maximum inhibitory
activity.

Lastly, although the effects of substituting or deleting the three terminal lysine residues
(K141, L144 and K145) are significant, they are not as significant as when residues are
substituted or deleted from the primary inhibitory region (residues 96-115) itself.
Truncation of the 8 N-terminal residues (96-103) to generate the smallest inhibitory peptide
(Tnlj04-115), causes a dramatic decrease in the inhibitory activity. In fact, Tnljg4.115 now
inhibits to a degree equivalent to that of the two C-terminally truncated peptides Tnlgg.-131
and Tnlgg.39. This significant decrease indicates that the 8 N-terminal residues are playing
an important role in the inhibition between this region of Tnl and the thin filament.
Substitution of residues phenylalanine 106 and arginine 115 by glycine almost completely
abolishes the inhibitory activity (compare Tnlge.115 and Tnlge-115A, Fig. III-1A).
Interestingly, when the same substitutions are made within Tnlgg-14g, the inhibitory activity
is also decreased, but not to the same extent (compare the inhibitory activities between
Tnlgs.1154 (panel A) and Tnlge.14543 (panel B)). The greater inhibitory activity observed
in the presence of the C-terminal residues (116-148) supports the above observation that

the C-terminal residues contain a second inhibitory site (140-148).

Actin-Tm Centrifugation Studies

To establish whether differences in the inhibitory activities (Fig. III-1) can be correlated
with changes in the ability of the various Tnl peptides to bind the actin-Tm filament, we
tested the ability of each of the Tnl peptides to co-sediment with actin-Tm in a quantitative
sedimentation assay. From Fig. III-2, the inhibitory region (residues 96-115) appears to be

the dominant site of interaction between this region of Tnl and actin-Tm. All of the Tnl
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Figure III-2. Actin-Tm centrifugation studies. The quantity of Tnl peptides bound to the
thin filament at various peptide concentrations was measured, and the data plotted as a mole
ratio of peptide bound to actin. Tnlge.-115,Tnlgg-131,Tnlog-139,Tnlog-148, Tnlggs-148A1,
Tnlgs.148A2,Tnlo6-14845,.Tnlo6-14846,Tnl96.14847, Tnlge-14848 are indicated by the single
symbol () with associated error bars due to their binding equivalence; Tnljp4-115 (O);

Tnlos-14843 (0); Tnlge-148a4 (V); Tnlgs-1154 (M); Tnlj2s.148 (#); Tnljzg-148 in the
presence of 3 nmoles of Tnlge-115 (V); Rpi-40 (A); Tnlj28-1484 (@); Control Peptide (A).
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peptides which contain this region appear to bind similarly to the actin-Tm filament .
Although the inhibition assays showed differences amongst these peptides, particularly in
regards to the Tnl peptides where the C-terminal 9 residues (140-148) were either deleted
or substituted (Fig. III-1), either the sensitivity of this assay is not able to discriminate
amongst these small differences or that these peptides have similar binding affinities for the
thin filament and the loss of inhibitory activity is due to a loss of efficacy.

Only when residues are deleted or substituted within the inhibitory region are
significant differences in the binding affinities observed. For example, truncation of the 8
N-terminal residues (96-103) to generate the smallest inhibitory peptide (Tnl}p4-115) results
in a weaker binding affinity than that of Tnlgg.115; thus the decreased inhibitory activity of
Tnljo4-115 compared to Tnlgg.115 (Fig. III-1) can be ascribed to a decreased binding
affinity of Tnljo4.115 for actin-Tm filament. Similarly, substitution of phenylalanine 106
and arginine 115 with glycine residues within the inhibitory region also now causes a
dramatic decrease in the ability of these peptides to bind to the actin-Tm filament (Tnlge.
1154, Tnlog.148A3, Fig. III-2), which also correlates well with the observed substantial
decrease in the ability of these peptides to inhibit the acto-S1-Tm activity (Fig. III-1, panel
A and B). Interestingly, only when the binding affinity of the inhibitory region is reduced
by the phenylalanine 106 and arginine 115 substitutions can the binding interaction between
the C-terminus and the thin filament be seen more clearly, (compare Tnlgg.14842 to Tnlgg.
14843)- When the three C-terminal lysine residues (141, 144, and 145) are substituted with
alanines, a further reduction in the ability of Tnlge.14844 peptide to bind actin-Tm is
observed (compare Tnlgg.148a3 to Tnlog.14544)- Thus, the lack of inhibitory activity
observed for peptide Tnlgg.14844 compared to Tnlge. 14843 (Fig. III-1, panel B) can also be
ascribed to an additional loss in actin-Tm binding. Similarly, Tnl peptide 128-148 which
showed only a weak inhibitory activity, also binds only weakly to actin-Tm, and this
binding is also completely abolished by the substitutions of the C-terminal lysines (compare

Tnlj2g.148 to Tnl2g.1484 and Tnlgs-14843 t0 Tnlog.14844)- The fact that Tnljog.148 binds,
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albeit weakly, under these conditions further supports the idea that a second actin-Tm
binding site does exists within this region of Tnl.

When Tnlj78.148 and Tnlgg.115 peptides were both present in the assay (as described
above for the evaluation of synergistic inhibition), Tnlj2g.148 showed an identical binding
curve to that observed in the absence of Tnlgg.]15, suggesting that the two binding regions
within the Tnl 96-148 region are binding two separate sites on the actin-Tm filament.

Because of the observation of greater than 1:1 binding and its implications, we re-
examined whether the observed binding of the inhibitory region peptides to actin was
strictly due to specific binding and not a result of non-specific binding due to the highly
basic nature of the inhibitory region. In this regard, we analyzed two control peptides, one
of which is the highly basic N-terminal region of Tnl (residues 1-40) which is known not
to bind actin (Ngai & Hodges, 1992, Syska ez al., 1976) and an un-related control peptide.
Both of these peptides did not co-sediment with the thin filament at all (Fig. III-2, peptides
Rp 1-40 and control) under any conditions. Furthermore, under these conditions, all of the
Tnl peptides which did co-sediment with actin-Tm did so only in the presence of actin-Tm
(i.e., peptides alone do not sediment (data not shown)). Thus, the binding interactions

observed appear to be a result of specific interactions with the filament.

Neurralization of the Inhibitory Activity of Tnl and Tnl Peptides by TnC (plus Ca>*)

In addition to the enhanced inhibitory activity observed for the Tnl region 96-148, we
addressed the question of a second possible site for TnC interaction in this region. To
determine the approximate location of this site and the amino acid residues involved, the
ability of TnC to neutralize the inhibition induced by the various Tnl peptides were
investigated. A 2:1 mole ratio inhibitor:Tm was used, conditions that produce maximal
inhibition in the absence of TnC for all peptides. Increasing quantities of TnC (plus Ca2+)

were added up to a TnC :inhibitor ratio of 4:1 (Fig. ITII-3A). Neutralization of the synthetic
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Tnlge-148 peptide by TnC shows a similar release curve to that observed for intact Tnl
protein (Fig. III-3A). Truncation of the C-terminal nine residues (Tnlgg-139) results in a
shift in the release curve to lower concentrations of TnC required for full release. This
shift, however, is in agreement with the idea that the C-terminal nine amino acid residues
contain (or partly encompass) a second actin-Tm binding site. Thus deletion of these
residues reduces the peptide's effective actin-Tm binding affinity/interaction and a lower
concentration of TnC is required to release inhibition of the acto-S1-Tm ATPase activity.
Truncation of the next 8 amino acid residues (Tnlgg.131) also shows a similar shift in the
release curve. However, removal of the next 16 residues (Tnlgg.115) causes a dramatic
loss in the ability of TnC to neutralize the inhibitory activity of this peptide. This significant
decrease would suggest that a site important for TnC interaction has been deleted. Although
Tnlge-115 is a better inhibitor than Tnlgg.131 or Tnlgg.139, it is weaker than that of Tnlge.
148 (Fig. III-1, panels A and B) which is still able to be fully released, thus dismissing the
idea that the observed differences in release are a result of their inhibitory activities.

To establish that the second actin-Tm binding site is in fact responsible for the shifts
observed for Tnlgg.139 and Tnlgg.131 relative to that of Tnlgg.148, we analyzed the Tnl
peptide analog Tnlgg.148A2 which contains the three C-terminal lysine to alanine
substitutions (Fig. III-3B). This peptide now also showed a TnC release curve that was
shifted to a lower TnC concentration, similar to those of Tnlgg-13] and Tnlgg.139,
indicating that deletion or substitution of residues within the "second actin-Tm binding site"
are responsible for the shift in the release assay.

To investigate further the importance of residues 116-131 of Tnl in the ability of TnC to
neutralize the inhibitory activity, we analyzed the Tnl peptide analogs in which we had
substituted or modified residues within this region. Fig. III-3, panel B shows that
substitution of the hydrophobic residues (methionine 121, leucine 122 (Tnlgg.14846) and
leucine 123, leucine 126 (Tnlgg.14845)) with alanines results in a decreased ability of TnC

to release the inhibitory activity for these peptides compared to that of the unsubstituted
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analogs, although full release can still occur but at a higher TnC:peptide ratio (compare
Tnlge-148a5 and Tnlge.148a6 to Tnlgg-14g). It is interesting that both substitution analogs
show a similar effect (i.e., the release curves appear to be superimposable), suggesting that
both sets of hydrophobes are playing equivalent roles in the interaction with TnC. When all
10 of the residues between 116-126 are replaced with glycine residues, the Tnl peptide
(Tnlgg-148a7) now drastically loses its ability to be released, in a manner similar to that
seen for the deletion of these same residues (compare Tnlgg.14847 With Tnlgg-115). This
result would strongly indicate that it is the residues between 116-126 that are critical for this
interaction with TnC. Surprisingly, the Tnlgg.14841 analog which contains the three
oxidized methionine residues also shows the same significant effect on the ability of TnC to
release the inhibitory activity in a manner similar to that of the 10-residue glycine
substitution. This would suggest that either methionine 116 or 121 or both are very
important for their interaction with TnC. Although there is a third methionine in the C-
terminal region (residue 134), the Tnl analog Tnlge-148a8 peptide which contains this
residue oxidized did not show any further decrease in its ability to be released by TnC
compared to that of its reduced state Tnlog.14347 (data not shown).

Since both oxidation of methionine residues and substitution with the glycine residues
is predominantly affecting only the hydrophobic residues within the region 116-131, this
would suggest that the important interactions between TnC and this region of Tnl are of a
hydrophobic nature. Furthermore, the fact that the release curves for peptides Tnlgg.148A1
and Tnlgg.148A7 are similar to that of Tnlgg.115 indicates that the interaction between the
inhibitory region and TnC has not changed. As previously reported, it is believed that the
inhibitory region interacts with the C-domain of TnC (Cachia ez al., 1983, 1986, Campbell
et al., 1991, Campbell & Sykes, 1991, Chandra ez al., 1994, Dalgarno et al., 1982,
Drabikowski ez al., 1985, Grabarek er al., 1981, Howarth er al., 1995, Jha et al., 1996,
Kobayashi er al., 1994, 1996, Krudy et al., 1994, Lan er al., 1989, Leszyk et al., 1987,
1988, Ngai er al., 1994, Slupsky et al., 1992, Swenson & Fredricksen, 1992, Tsuda er
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al., 1992, Wang et al., 1990, Weeks & Perry, 1978) and that the N-domain, upon binding
calcium, exposes a new hydrophobic surface area (Gagne er al., 1994,1995, Herzberg et
al., 1986, Slupsky ez al., 1995, Slupsky & Sykes, 1995). With the above results indicating
that Tnl residues 116-131 interact with TnC in a hydrophobic manner, these results
strongly suggest that it is these residues that are interacting with the N-domain of TnC.
One further point that can be made regarding the TnC release results. We believe the
sigmoidal shape, normally suggestive of cooperativity, is not a result of cooperativity but
rather a result of the assay conditions themselves. In both the TnC and T-C release assays
(see below), a 2:1 mole ratio of inhibitor:Tm was present in the assay, which for some
peptides exceeds the amount required for maximal inhibition (see Fig. II-1). The initial lag
is then a result of the initial titration of this excess inhibitor. Inhibitor conditions could have
been chosen for each peptide or protein individually at their maximal point of inhibition;
however, for a direct comparison of all of the Tnl peptides with Tnl protein, a 2:1 mole
ratio was used throughout. Thus, in this assay, we are directly comparing the relative

differences in neutralization of the various Tnl inhibitors at the same concentrations.

Effect of T-C Complex on the Inhibitory Activity of Tnl and Tnl Peptides (plus Ca?*)

To verify that the observed effects between the TnI peptides and TnC (Fig. III-3) also
occur in the presence of TnT, the third subunit of the troponin complex, we re-investigated
the neutralization of the inhibitory activity of the various Tnl peptides by T-C complex
(plus Ca2+) (Fig. IlI-4). Overall the results with T*C complex are similar to that observed
for TnC neutralization of the Tnl peptides, with the exception that intact Tnl can activate the
ATPase activity above that of acto-S1-Tm levels (Fig. III-4, panel C, inset). Fig. I1I-4,
panel A, shows that truncation of the C-terminal 9 and 17 residues from the Tnl 96-148
region (Tnl peptides Tnlgg-139 and Tnlge-131, respectively) results in full release of the
acto-S1-Tm inhibition; however, the release curves are shifted to lower T-C complex

concentrations
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than that required for Tnlge-148. The sizes of these apparent shifts are smaller than those
previously observed (Fig. III-3) for these same peptides, and may be due to modulation
caused by TnT interaction. Substitution of the three C-terminal lysine residues (Tnlgg.
148A2), which disrupts the second actin-Tm binding site, also shifts the T-C release curve
slightly to that of lower T-C complex concentrations relative to that observed for Tnlgg-148
(Fig. I11-4, panel B). This shift is also no longer equivalent to that observed for the C-
terminal deletion peptides (compare curves of Tnlgg-148A2, panel B with those of Tnlgg-139
and Tnlgg.131, Panel A). Truncation of Tnlge-131 by 16 amino acid residues (116-131) to
produce Tnlge.}15 again causes a significant loss in the ability of T-C complex to neutralize
the inhibitory activity of this peptide (Fig. ITI-4, panel A), a result similar to that observed
in the TnC release assays (Fig. IlI-3, panel A). These results continue to suggest (as
described above) that residues important for TnC interaction and release of inhibition have
now been deleted. Oxidation of the methionine residues (116 and 121 being located within
this region) results in the same dramatic loss in the ability of T-C complex to release the
inhibitory activity of this peptide (Fig. III-4, panel B, Tnlgg.14841). Correspondingly, this
same effect is also seen when residues 116-126 are substituted with glycines (Fig. III-4,
Panel B, Tnlgg.14547)- When the hydrophobic residues (methionine 121, leucine 122 and
leucine 125, leucine 126) are substituted with the less hydrophobic residue alanine, the
T-C complex release curves are again shifted to higher concentrations and a decreased rate
of release is observed, indicating that both sets of hydrophobic residues are important for
TnC and T-C complex interaction (Fig. ITI-4, panel B, Tnlgg.14845 and Tnlgg.148A6)-
Thus, it would appear from these results and those described above (Fig. III-3) that all
peptides which contain residues 116-131 intact are able to be quickly neutralized, while
analogs which either have this region deleted, modified or substituted are impaired.
Moreover, this interaction appears to be a direct result of the interaction of TnC with this

region of Tnl as it is independent of the presence of TnT.
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Figure III-5. Neutralization of TnI or Tnl peptide inhibition by TnC (minus Ca2+). The
ability of TnC (in the absence of CaCly) to neutralize the inhibitory effect of Tnl or Tnl
peptides was measured. Assays were carried out in a similar manner to that described for

TnC (plus Ca?*) assay but in the absence of calcium and in the presence of 80 uM EGTA
(pCa ~8.0). All inhibitors were present at a 2:1 mole ratio of inhibitor to Tm. Symbols: Tnl
(Q); Tnlge-148 (V); Tnlgs-131 (®); Tnlgs.115 (0).
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Neutralization of the Inhibitory Activity of Tnl and Tnl Peptides by TnC (minus Ca*).

In order to determine whether the interaction between Tnl residues 116-131 and TnC is
Ca2+-dependent, we analyzed the ability of the Tnl peptides analogs Tnlgs.115, Tnlg6-131,
and Tnlge-148 as well as Tnl protein to be released by TnC in the absence of calcium.
Results of these assays are shown in Fig. ITI-5. The addition of TnC (in the absence of
calcium) has little effect on the release of inhibition for all of the Tnl peptides or protein
compared to that observed in the presence of calcium (compare the release at a 2:1 mole
ratio; Fig. ITI-3 and Fig. III-5). Furthermore, the release of the Tnl peptides Tnlgs-131 and
Tnlgg.148 Which contain residues 116-131 show similar rates of release to that of Tnlgg.
115, indicating that the inclusion of residues 116-131 does not increase the ability of these
peptides to be released, and thus the significant difference observed in the presence of Ca2+

must be a result of a Ca?+-dependent interaction with TnC.

Affinity Chromatograply of the Tnl Peptides

Taken together, the results of Figs. III-3, III-4 and III-5 indicate that residues 116-131
of Tnl are forming an important Ca2*-dependent interaction with TnC. To characterize this
interaction further, we determined the relative binding affinities between several of the Tnl
peptides for TnC using a TnC affinity column. These results are summarized in Table III-2.
In the presence of 5 mM CaCl», Tnlge-115 peptide, containing only the inhibitory region,
bound to the TnC affinity column under starting conditions but was completely eluted by
the second gradient step at 300 mM NaCl. In contrast, Tnljj5-331, which bound under
starting conditions, was predominantly eluted by the first gradient step (150 mM NaCl)
with the remaining 25% of the peptide eluted by the next gradient step at 300 mM NaCl.
When both of these regions are combined as in the Tnl peptide 96-131, an apparent
synergistic binding effect now occurs where the Tnl peptide (Tnlge-131) can no longer be
eluted from the column using NaCl (measured up to 1M). The peptide was in fact finally

eluted from the column using a 6 M GdnHCI wash step. Similar results were also seen for
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the Tnl peptide, Tnlge-148, which also contains both of these regions. In contrast to the
two previous peptides, Tnlge.j48a1, Which contains the three oxidized methionine
residues, could be eluted with ~500 mM NaCl. The higher salt concentration required to
elute this peptide compared to Tnlgg.115 suggests that the "second TnC binding site" has
been significantly decreased although not totally disrupted. When the Tnl peptide
containing the substituted glycine residues within the region 116-126 was analyzed (Tnlge.-
148A7), this peptide showed an identical elution profile to that of Tnlgg.115. This peptide
could be completely eluted with 300 mM NaCl, indicating that the second TnC binding site
has been totally disrupted. The fact that the "glycine spacer” peptide (Tnlgs-14847) is eluted
in a similar manner to that of Tnlogg.115 also indicates that residues located on the C-terminal
side of residue 131 (which are present in Tnlgg.14847) are apparently not involved in any
further stabilizing interaction between this region of Tnl and TnC. In addition, this
conclusion is further supported by the similar conditions required for elution (6M
Gdn*HCI) of Tnlge.131 and Tnlgg.148 peptides, as well as the observation that residues on
the C-terminal side of residue 131 do not appear to be involved in TnC binding as observed
in the TnC and T-C release assays (Fig. III-3 and III-4) which only showed dramatic
differences in neutralization when residues 116-131 were deleted (or substituted).

Since both oxidation of methionine residues and substitution with the glycine residues
is predominantly affecting the hydrophobic residues located within the 116-131 region of
Tnl, this would suggest that the synergistic binding effect seen for Tnlgg.131 (as compared
to the individual peptides Tnlge.115 and Tnlj)5.131) results from two types of binding
interactions: (1) a predominantly electrostatic interaction which can be disrupted with salt;
and (2) a predominantly hydrophobic interaction which, when combined with the first site
is probably stabilized by the higher salt concentrations (and thus GdnHCI is required for

peptide elution from the affinity column). Thus, only when the hydrophobic interactions
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Table III-2. Affinity Chromatography

Tnl Peptide Elution Conditions?

NaCl Concentration
150 mM 300 mM 500 mM 1000 mM 6 M GdnHCl

Presence of S mM Ca2+

Tnl 96-115 — +++ — — —_
Tnl 115-131 ++ + . _ _
Tnl 96-131 - - _ _ 44+
Tnl 96-148 _ - _ _ S+
Tnl 96-148A1 _ + ++ _ _
Tnl 96-148A7 — +++ — — —
Presence of 5 mM Mg2+

Tnl 96-115 +++ — — — —
Tnl 115-131b _ _ — —
Tnl 96-131 + -+ _ _ _
+++ represents full elution of bound peptide,

++  represents >75% elution of bound peptide.

+ represents <25% elution of bound peptide

a Step gradient conditions: 0 to 15% B in 5 min, followed by a hold for 10 min,

followed by an increase to 30% B in 5 min, followed by a hold for 10 min,
followed by an increase to 50% B in 5 min, followed by a hold for 10 min,
followed by an increase to 100% B in 5 min, followed by a final 10 min hold,
where Buffer A is 5 mM aqueous TrisHCI, pH 7, containing 50 mM NaCl and
5 mM CaCls or 5 MgCl», and Buffer B is Buffer A but with 1 M NaCl.

b Not retained by the affinity column.
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are removed via oxidation or elimination of their side chains, are the peptides eluted as if
they contain only the single 96-115 site.

To verify further that the interactions between residues 116-131 are calcium specific, we
repeated the same experiment but in the presence of 5 mM MgCl, (Table III-2, bottom).
Tnlgg-115 , which was retained by the affinity column under starting conditions, was fully
eluted by the first gradient step (150 mM NacCl). In contrast, Tnljs.131 was not retained
by the affinity column. When both regions are combined Tnlge.131 showed only a slight
increase in affinity (eluted by the 300 mM NaCl). This is in stark contrast to that observed
in the presence of Ca2*, where Tnlgg.131 could not be eluted even at salt concentrations of
1 M. The significant binding affinity differences observed in the presence or absence of
calcium agrees with the previous results (Fig. III-5) that the interaction between TnC and

the Tnl 116-131 region is Ca?*-dependent.

Ca®+ -Sensitiviry.

We next determined what effect each one of the defined binding regions would have on
the Ca2*-sensitivity of release. Fig. III-6, panels A and B show the Ca2+-dependent
neutralization by TnC of the inhibitory activity of the three Tnl peptides (Tnlgg.115; Tnlge.
131; Tnlge-148) and Tnl as a function of calcium concentration (pCa) . Measurements were
made essentially the same as in Fig. ITI-3 except that the free Ca+ concentration was varied
at a fixed ratio of Tnl peptide:Tm (2:1, respectively). The three Tnl peptides tested showed
essentially the same pCaso midpoint transition values (6.6 +/- 0.05; Table III-3), although
they exhibited quite different Ca2*-dependence release curves. As can be seen, the
inhibition of Tnlgg.148 and Tnlge.131 can be fully released similar to that of intact Tnl,
while Tnlgg.115 can only be partially released (under these conditions) (Fig. III-6, panel
A). When the same experiment was repeated in the presence of TnT (T-C complex, Fig.

III-6, panel B) similar Ca2+-dependent release curves were observed with the exception of
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Figure III-6. Ca2+-dependent release of Tnl peptides 96-115, 96-131, 96-148 and Tnl.
The Ca?*-dependence was carried out as described in "Materials and Methods". The three
Tnl peptides: Tnlges-115 ( O ); Tnlge-131 (¥); Tnlgs.148 (A ) and Tnl (3 ) were present at a
2:1 mole ratio to Tm. Panel A, Ca2+-dependent neutralization by TnC. Panel B, Ca2+-

dependent neutralization by T-C. Data were fitted to a sigmoidal equation. The pCasg
values are shown in Table 2. ATPase activity is expressed as a percentage of the difference
between the velocity at pCa 5.5 and pCa 7.5. Each point is an average of 3 determinations.
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Table III-3. Titration of TnC and T-C complex with calcium

Peptide/Protein TnC T-C
pCasoa-b pCaso®P

Tnlog-115 6.55 6.70

Tnlgg-131 6.61 6.68

Tnlgg-148 6.54 6.76

Tnl 6.64 6.65

a pCasg is the pCa (-log of the Ca2+ concentration ) required to induce half of the Ca2+-
dependent change in acto-S1-Tm ATPase activity. pCasg mid-points were determined by
curve fitting the change in ATPase activity vs. Ca?* concentration for each peptide or
protein.

b assays were carried out at a mole ratio of 7:2:4:8 of actin:Tm:inhibitor:TnC or T-C

in the presence 0.25 mM EGTA and 13 mM KCl.
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intact Tnl, which activated the ATPase activity (the acto-S1-Tm ATPase activity is taken as
100%).

These results indicate that, although the different binding sites can affect the amount of
inhibition or release, they do not appear to affect the Ca2+-dependent transition midpoints
(6.7 +/- 0.05; Table III-3), and thus their Ca+ sensitivity. Moreover, these results suggest
that the critical region defining the Ca2+-dependent transition midpoint is the inhibitory

region (residues 96-115).

Competition Between the N- and C-terminal Regions of Tnl

Previous studies have shown that, in addition to the inhibitory region, residues located at
the N-terminus of Tnl (residues 1-47) can also bind to TnC (Syska er al., 1976).
Subsequent investigations into this region have now shown that this region binds to the C-
domain of TnC and can block the neutralization of Tnl peptide 104-115 or Tnl by TnC
(Farah et al., 1994, Ngai & Hodges, 1992). It is from these studies that it has been
suggested that the N-terminal (residues 1-40; Rpj.40) and C-terminal (residues 96-115)
regions of Tnl may compete for similar binding sites on the C-domain of TnC. With the
above data supplying further evidence that the inhibitory region binds to the C-domain of
TnC, we re-investigated the ability of the N- and C-terminal regions of Tnl to bind
competitively to TnC and whether the binding between these two regions is affected by the
presence of residues 116-131 of Tnl. To carry out this competition, we used a mole ratio of
4:2:1 TnC:Tnl (or inhibitory peptide):Tm. Under these conditions, the inhibition of the
inhibitory peptides or Tnl are fully released (with the exception of Tnlge-115, which was
90% released; Fig. III-3, panel A), but if completely displaced from TnC could produce
maximal inhibition (Fig. IlI-1). We then titrated in Rpj.40 up to a ratio of 2:1 (Rp;-
40:TnC). Results of the assay are shown in Fig. III-7. Titration of Rpj.40 was able to
displace Tnlgg.115 from TnC significantly in the presence of Ca2+. All of the other Tnl

peptides and Tnl which include the "second TnC binding site" apparently have a greater
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Figure III-7. Competitive displacement of Tnl or Tnl peptides from TnC (plus Ca2*) by
Rpi-40- The effect of Rpj40 on the release of Tnl or Tnl peptides from TnC (plus CaZ*)
was measured by the decrease in ATPase activity with increasing concentrations of Rpj_40.
The assay was carried out as described in "Materials and Methods". Tnl (B); Tnlgg-131
(®); Tnlog.148 (@); Tnlge-115 (V). 100% is equal to the acto-S1-Tm ATPase rate in the
absence of Rpj.4g.
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affinity than Rpj_49 for TnC, and thus can not be as effectively displaced. Comparison of
the displacement of Tnlgg.131 and Tnlge.148 shows that Tnlgg.148 has a slightly greater
decrease in ATPase activity compared to that of Tnlge.331. This difference might, however,
be explained by the fact that Tnlgg.148 when released is a much better inhibitor than Tnlgg.
131 (at equivalent concentrations) due to the presence of the second actin-Tm binding site
(Fig. I1I-1, Panel A). Therefore, the two peptides may in fact be released to similar degrees
and only differ due to their inhibitory activity. This slight difference thus illuminates an
important point, that the affinity differences between the N- and C-terminal regions of Tnl
for TnC are also affected by the affinity of the inhibitory region for the thin filament. The
observation that TnI was not able to be displaced from TnC to any significant degree was
quite surprising. In fact, at first it appeared that these results differed from those previously
reported from our own laboratory by Ngai and Hodges (Ngai & Hodges, 1992), in which
Rpi.40 was able to prevent Tnl from binding TnC. The difference between these two
experiments, however, may in fact be a result of differences between these two assays,
i.e., kinetic vs thermodynamic. In the assay reported by Ngai and Hodges (1992), Rp1-4¢0
was first pre-mixed with TnC to form a stable complex prior to its addition to solutions of
actin-Tm-Tnl (or peptide). In the present assay, Rpj.40 was added into a pre-mixed
solution of actin:Tm:Tnl (or peptide):TnC and allowed to incubate only 10 min before
being assayed. Thus, in the present assay we are attempting to measure the effectiveness of
Rpj.40 in displacing Tnl or Tnl peptides which have bound to TnC in a Ca2* state; in
contrast Ngai and Hodges (1992) were essentially measuring the opposite (the
displacement of Rpj.40 by Tnl or Tnl peptides). In this case, the more physiologically
relevant of the two assays is unknown, since the first assay may be showing that Rpj_49 is
able to prevent the inhibitory region from binding TnC; whereas in the second assay, once
the complete binding region of Tnlgg.13; is bound to TnC (in the presence of Ca?*), the
affinity of the inhibitory region and the "second TnC binding site" now exceeds the affinity

of Rpj.40. Both of these results may be correct, and only highlights the actual complexity
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of the Ca2+-dependent regulatory process. In our earlier work (Ngai & Hodges, 1992), it
was mentioned how the presence of the remaining polypeptide chain of Tnl is probably
critical in regulating how the N-terminal and C-terminal regions of TnI bind to TnC.
Overall, the results suggest that the inhibitory region and the N-terminus of Tnl may in
fact be binding to similar sites within the C-terminus of TnC. Furthermore, Tnl residues
116-131 appear to modulate the effectiveness of this displacement. These results, in
conjunction with those described above showing significant differences in affinity, support
the Ca2*-dependent switching mechanism between the N- and C-terminal regions of Tnl

for the C-domain of TnC proposed by Ngai and Hodges (1992).

C. Discussion

Using several synthetic peptides corresponding to various regions of the C-terminus of
Tnl, we have been able to map out and identify two other physiologically important binding
sites of TnlI for TnC and actin-Tm. Both of these sites appear to be critical in allowing this
region of Tnl (residues 96-148) to obtain an inhibitory activity similar to that of intact Tnl
protein as well as an ability to be released effectively by TnC in a Ca2*-dependent manner.
Results of the inhibition and actin-Tm binding studies have been able to identify that both
the N-and C-terminal regions (residues 96-115, and ~140-148) of the C-terminus of Tnl
are involved in binding to the thin filament, as well as mediating an inhibitory activity.
Surprisingly, although the region of 96-148 was chosen as a starting point in the mapping
of the critical regions required for full inhibition, it appears to represent the minimal
sequence of Tnl required to achieve this "wild-type like" inhibitory activity. Truncation of
the C-terminal 9 residues (140-148) or substitution of the three C-terminal lysine residues
(141, 144, and 145) completely abolishes the enhanced inhibitory activity when compared
to Tnlge.115. Moreover, identification that the central region (116-131) is not important for
binding to the actin-TM filament nor the inhibitory activity indicates that the two inhibitory

regions (96-115 and 140-148) are non-contiguous.
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It is interesting to note the possibility that these same C-terminal residues (~140-148) of
Tnl could be involved in a second non-contiguous interaction site with actin-Tm was
previously suggested by Farah and Reinach (1995) based on the weak homology between
residues within the inhibitory region (108-115) and residues 137-144.

residues 108-115: RPPLE;RVI:\
residues 137-144: EIQAN}..KQ\E’K

Although this region does appear to show a weak homology to the inhibitory region,
this study has been able to demonstrate that it does not appear to be able to induce either an
inhibitory activity nor binding affinity similar to that of the inhibitory region (96-115).
These results would agree with previous studies which have shown that all the residues
within the inhibitory region 104-115 are critical for inducing the inhibitory response and
binding affinity to the thin filament (Van Eyk & Hodges, 1988). The fact that there are
similarities between these two regions, however, does suggest that either two similar
binding sites exist on actin-Tm, or that the inhibitory region and residues ~135-148 span
more than one actin monomer. It is interesting to note that, in the binding studies, the Tnl
peptides containing the inhibitory region did not saturate at a 1:1 mole ratio of actin to
peptide. Since the inhibitory region appears to be the dominant binding site, it may be
binding to both of these sites. It is also noteworthy that although there was greater than 1:1
binding, this did not exceed a 2:1 molar ratio even at higher concentrations measured. In an
attempt to clarify this point further, we are presently attempting to crosslink both of these
regions (96-115 and 140-148) simultaneously to the actin-Tm filament to investigate these
two possibilities.

Results of the inhibition assays have also demonstrated that the central residues (~116-
131) not only play a minimal role in the inhibitory activity, but can in fact antagonize the
inhibitory activity in the absence of the C-terminal 9 residues 140-148. These observations
thus allude to the interesting possibility that residues 116-131 of Tnl do not actually bind to

the surface of the thin filament, but rather loop out from the thin filament being anchored
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only by the inhibitory region and residues ~140-148 on either side. This idea becomes even
more attractive when one considers that these same residues (116-131) have now been
identified as being involved in a Ca2*-dependent interaction with the N-domain of TnC
(data not shown). Thus, it appears that in order for Tnl to be quickly released from the thin
filament, it requires an exposed site not bound to the thin filament which can be quickly
"latched" onto by TnC.

In addition to the C-terminal residues (140-148), this study has also been able to
demonstrate clearly the importance of the 8 N-terminal residues (96-103) for the inhibitory
activity. Although previous studies have shown that the inhibitory activity does decrease
upon the removal of these residues, the present study has been able to ascribe this decrease
directly to a loss in the ability of this region to bind the actin filament compared to that of
the complete inhibitory region (96-115). It is interesting to note that these same residues of
Tnl (96-103) have also been shown to enhance the binding interactions between the
inhibitory region and TnC (Chandra er al., 1994). Both of these observations now raise
new questions regarding the possible role these residues (96-103) may play in
"modulating” the inhibitory activity of this region or its release, particularly when residues
96-100 of rabbit fast skeletal muscle (NQKLF), rabbit slow muscle (KLKVL) and rabbit
cardiac muscle (TQKIF) differ , and differences in their function have been noted (Guo et

al., 1994, Syska er al., 1974, Talbot & Hodges, 1981b).

The Importance of Residues 116-131 for TnC and T-C Neutralization.

Both the TnC and T-C release assays have demonstrated that residues 116-131, located
directly adjacent to the inhibitory region, plays a critical role in the CaZ*-dependent
interaction with TnC required for the full and rapid neutralization of the inhibitory activity
of these peptides. Substitution, oxidation or truncation of residues within this region either
completely abolishes or significantly decreases this interaction. The fact that these

modifications and substitutions are predominantly affecting only hydrophobic residues
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within this region demonstrates that the interaction of this region of Tnl with TnC is
predominantly of a hydrophobic nature. Subsequent studies using affinity chromatography
have demonstrated that the presence of this region of Tnl can dramatically increase the
binding affinity of the inhibitory region for TnC, and thus the significant differences
observed in the release assays can be ascribed to a change in the affinity for the C-terminal
region of Tnl for TnC. Since the residues which bind into the regulatory domain of TnC
have not been definitively defined, we therefore propose that it is residues 116-131 of Tnl
that bind the N-domain of TnC (plus Ca2+) and thus are the critical residues involved in the
Ca+-dependent change in interactions between Tnl and TnC.

Further support for the above proposal can also be generated from recent binding,
fluorescence and photochemical crosslinking studies between binary complexes of these
two proteins or their fragments. For example, Farah er al. (1994) showed that the first 102
residues of Tnl can be deleted, resulting in the loss of the Ca2+-independent sites of
interaction while the Ca2+-dependent interaction sites were not lost. Kobayashi er al.
(1991, 1994), using TnC mutants with single cysteine residues modified with 4-
maleimidobenzophenone at positions 12 and 57, identified that position 57 of rabbit skeletal
TnC predominantly crosslinks to Tnl residues 113-121, and TnC position 12 to residues
132-141 of Tnl, both close to our 116-131 region. Moreover, Tao et al (1989, 1990) have
shown that Tnl modified at cysteine 133 with 4-maleimidobenzophenone can be
crosslinked to actin in the absence of calcium, further supporting the idea that residues 140-
148 are bound to the actin filament, but move away from the thin filament towards cysteine
98 of TnC in the calcium saturated state. Furthermore, fluorescence studies by Pearlstone
and Smillie have clearly shown that residues 117-148 can significantly increase the binding
affinity of the inhibitory region for the N-domain of TnC compared to just the inhibitory
region (Tnlgg.115)(Pearlstone & Smillie, 19952, 1997). In addition, the binding orientation

of these residues within the hydrophobic pocket of the N-domain of TnC continues to agree
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with the anti-parallel orientation of the two proteins previously suggested by Farah et al.

(1994).

Binding of the Inhibitory Region to the Central Helix and C-domain.

The proposal that residues 116-131 of Tnl binds the N-domain of TnC further supports
the binding of the inhibitory region along the central helix and into the C-domain (Cachia et
al., 1983, 1986, Campbell ez al., 1991, Campbell & Sykes, 1991, Chandra et al., 1994,
Dalgarno et al., 1982, Drabikowski ez al., 1985, Grabarek et al., 1981, Howarth et al.,
1995, Jha er al., 1996, Kobayashi et al., 1994, 1996, Krudy et al., 1994, Lan et al., 1989,
Leszyk et al., 1987, 1988, Ngai er al., 1994, Slupsky et al., 1992, Swenson &
Fredricksen, 1992, Tsuda et al., 1992, Wang et al., 1990, Weeks & Perry, 1978).
Grabarek er al., (1981), using a variety of proteolytic fragments of TnC, have indicated that
the region comprising residues 89-100 of the central helix constitutes one of the two Ca2*-
dependent sites of interaction between Tnl and TnC based on the observations that only
TnC fragments containing these residues are able to regulate the actomyosin ATPase
activity when complexed with TnI and TnT, presumably by binding to the inhibitory region
of Tnl in the presence of calcium. Photochemical crosslinking studies from cysteine 98 of
TnC, which is located within the central helix, predominantly labels Tnl in the region 103-
113 (Leszyk ez al., 1987). Similarly, position 89 of TnC can also be crosslinked to this
same region (Kobayashi ez al., 1994, 1996, Leszyk et al., 1990). In addition, attachment
of the photoaffinity probe (benzophenone moiety) to the a-amino group of Tnl inhibitory
peptide 104-115 results in the labeling of the H-helix (residues 154-159) of the C-domain
of TnC (Ngai er al., 1994). Fluorescence binding studies between the inhibitory region and
TnC have shown that although the inhibitory region can bind both domains, it binds 20-40
fold stronger to the C-domain of TnC, suggesting the central helix and the C-domain are its
preferred binding site (Chandra et al., 1994, Lan ez al., 1989, Pearlstone & Smillie,

1995b). Furthermore, we have recently modeled the region 96-131 of TnI bound to the N-
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and C-domains of TnC, and observe excellent interactions between the hydrophobic region
(residues 116-131) of Tnl and the N-domain of TnC , and the inhibitory region (residues

96-115) with the central helix and C-domain of TnC (data not shown).

Structural/Functional Role of the N-terminus of Tnl (Rp]-40).

One of the issues which has remained unclear in regards to the interactions between Tnl
and TnC has come from the identification that the N-terminal residues of Tnl also bind to
the C-domain of TnC (Farah ez al., 1994). Recent studies have shown that the N-terminal
region of Tnl can bind to the C-domain in both the presence or absence of calcium (plus
MgCl») and is critical for forming and maintaining the presence of TnC in the ternary
troponin complex at low calcium concentrations (Potter et al., 1995, Sheng et al., 1992).
Furthermore, Ngai and Hodges (1992) have shown that synthetic peptides containing
residues 1-40, 10-40, 20-40 can effectively compete with Tnl or the Tnl inhibitory peptide
104-115 for binding to TnC and block their neutralization by TnC. From these
observations, Ngai and Hodges alluded to the possibility that both of these regions (1-40
and 96-115) may bind to similar sites within the C-terminus but are regulated by other
Ca2*-dependent changes in the interactions between Tnl and TnC. In an attempt to clarify
this issue further, particularly in light of the identification of residues 116-131 (the second
Ca*-dependent interaction site), we determined the ability of the N-terminal residues 1-40
to displace the C-terminal inhibitory region from TnC in the presence or absence of these
residues . The results clearly demonstrate that the presence of the C-terminal residues 116-
131 of Tnl can affect the affinity between the N- and C-terminal regions of Tnl for TnC.
Moreover, the results indicate that, in the absence of the C-terminal residues 116-131, the
N-terminal region of Tnl dominates in the affinity for TnC (as judged by the quick
displacement of the inhibitory peptide, Tnlgg.115); however, in the presence of these
residues, the affinity is apparently reversed (as judged by the limited release of the C-

terminal peptides Tnlgg.131 and Tnlgg-148). In addition, the slow release of the Tnl
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peptides, Tnlge.131 and Tnlgg-148 correlates with the affinity chromatography results,
which indicates that these peptides have a significantly greater affinity for TnC than those
without the "second TnC binding site".

It is interesting to note that, in the displacement of the inhibitory region peptide (Tnlge.
115), the curve leveled off at a 1:1 ratio of Rp;.49:TnC, suggesting that the N-terminal
peptides can only bind a single site within TnC. This is in contrast to that of the inhibitory
region which Pearlstone and Smillie (1995b) and Swenson and Fredrickson (1992) have
shown can bind to both domains, although with an order of magnitude less strongly to the
N-domain. This may in fact explain why the displacement, although rapid initially, leveled
off at 50%, i.e., some release is still able to occur through the binding of the inhibitory
region to the N-domain of TnC. Overall, however, these observations support the

switching mechanism proposed by Ngai and Hodges (1992).

Transmission of the Calcium Signal to TnT-Tm.

The inability of any of the synthetic Tnl peptide analogs in the region 96-148 to activate
the acto-S1-Tm ATPase activity in the presence of T-C agrees with earlier results reported
by Van Eyk ez al. (1997). Furthermore, these observations continue to support the idea that
the residues important for this activation are located within the N-terminus of Tnl (~40-96)
(Farah er al., 1994, Potter er al., 1995). The fact that it has now been shown that a Tnl
fragment of residues 1-98 can activate the acto-S1-Tm ATPase activity even in the absence
of the inhibitory region (Farah ez al., 1994) suggests that the inhibitory region does not
induce the activating conformation between the N-terminal residues of Tnl and TnT-Tm but
rather only regulates their position or structure. From the above results, we can now
propose two possible mechanisms by which the binding of calcium to TnC and its change
in interactions with the inhibitory region may be involved in regulating this activating state.
In the first mechanism, the binding of the inhibitory region to the actin-Tm thin filament

disrupts the interactions of residues ~40-96 of Tnl with TnT, ultimately disrupting the
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activating state. Upon binding calcium, TnC switches the inhibitory region from actin to the
C-domain of TnC releasing the disruptive effect and now allowing re-establishment of the
interactions of residues 40-96 of Tnl with TnT and, hence, re-activation. In the second
mechanism, no disruption actually occurs between Tnl-TnT interactions located at the
amino terminus, but rather the conformational state that can activate the ATPase activity
constitutively exists but is prevented from activating by the interactions of the inhibitory
region bound to the actin-Tm filament; thus, when the inhibitory region is bound, it holds
the activated state in an alternative position on the thin filament (i.e., out of the actin
groove). Once this interaction has been released by the binding of TnC in the presence of
calcium, the otherwise favorable activating position of TnI-TnT-Tm is assumed (into the
groove). In other words, the activation of the ATPase is regulated directly by the movement
of the inhibitory region back and forth between actin and TnC with no conformational

changes actually transmitted to TnT.

A Model for the Ca*-dependent Regulation of Muscle Contraction

The mapping of the two distinct binding regions within the C-terminus of TnI cited in the
present paper can now be incorporated into a general model describing the Ca2+-induced
structural changes that regulate muscle contraction. In this model (Fig. III-8), in the relaxed
(Mg2*+/low Ca+) state, Tnl and TnC are arranged in an anti-parallel orientation with the N-
terminal region of Tnl (residues 1-40) bound structurally to the COOH-domain of TnC
((Farah er al., 1994, Farah & Reinach, 1995) and references therein). The inhibitory region
of Tnl, as well as the second actin-Tm binding region (residues ~140-148), are bound to
the actin-Tm filament causing full inhibition of the ATPase activity and muscle relaxation.
Upon stimulatory release of calcium, Ca+ ions bind the two low affinity sites (regulatory
sites I and II) within the NH>-domain of TnC, to cause a re-orientation of the N, B and C
helices (relative to A and D) and thus expose a hydrophobic pocket (Gagne ez al., 1994,

1995, Herzberg et al., 1986). The opening and exposure of this pocket now allows
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Figure III-8. Schematic summary of the interactions of Tnl residues 1-40 and 96-148
with TnC and actin-Tm, and a model depicting their role in the Ca2*-dependent regulation
of muscle contraction. Top; The various regions of Tnl involved in binding TnC and the
actin-Tm are indicated by arrows. Regions of Tnl proposed to interact with the N- and C-
domain of TnC are hatched. Regions of Tnl that bind the actin-Tm thin filament and are
responsible for the full inhibitory activity are shaded. Bottom; A schematic model depicting
the possible organization and changes occurring in the troponin complex in the absence and
presence of Ca2* based on these results and those of others (see "Discussion). N and C
refer to the N and C-terminal regions of TnC. Tnl, TnT and Tm are indicated in the figure.
Circular spheres represent actin monomers. -Ca2* state (relaxed state). In the absence of
Ca2+, the N-terminal region of Tnl is anchored strongly onto the C-domain of TnC,
stabilizing the termary complex with TnT. The inhibitory region (residue 96-115) and the C-
terminal region (140-148) (hatched) of Tnl are bound to the actin-Tm filament inhibiting the
ATPase activity. The central region (residue 116-131) is looped out from the thin filament.
+Ca2+ state (contracting state). In the presence of Ca*, the regulatory sites in the N-
terminal domain of TnC bind Ca2* and cause the opening of the hydrophobic pocket. The
central residues 116-131 of Tnl now bind the newly exposed "pocket” in the N-domain and
switch the inhibitory region from the actin-Tm filament to the C-domain of TnC. The
movement of the inhibitory region into the C-domain of TnC and displacement of the N-
terminal region out of the C-domain of TnC causes a conformational change in residues 40-
96 of Tnl which indirectly (or directly) affects interactions with TnT and Tm which triggers

the activation of the ATPase activity.
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residues 116-131 of Tnl, located directly adjacent to the inhibitory region, to bind the N-
domain of TnC, and in doing so significantly increases the affinity between Tnl and TnC,
causing the inhibitory region to switch from the actin-Tm filament to the COOH-domain of
TnC thus releasing the inhibitory effect of Tnl on the thin filament and initiating the
subsequent movement of TnT and Tm which leads to muscle contraction. In our present
model, binding of the inhibitory region to the COOH-domain of TnC would displace the
NH»-terminal region of Tnl (residues 1-40). Although the NH»-terminal region of Tnl is
not directly required for Ca2*-dependent regulation (Farah er al., 1994, Sheng ez al.,
1992), its movement off the COOH-domain of TnC is proposed to work in concert with the
inhibitory region to re-activate the activation of the ATPase activity which is observed only
in the presence of TnT (Farah et al., 1994, Potter et al., 1995, Sheng et al., 1992). As
indicated in the model (Fig. III-8), the region of Tnl which interacts with TnT (and is now
implicated in this effect) is comprised of residues ~40-96, located between these two sites.
It has been proposed that this region of Tnl may form a two-stranded coiled-coil with TnT
(Pearlstone & Smillie, 1985); thus the possible formation or breakage of this region may
initiate TnT movement.

When the signal for contraction has ceased, and the Ca2+ concentration decreased, the
loss of Ca2* ions in the regulatory sites of the N-domain of TnC causes the N-domain to
release residues 116-131 of Tnl and close its hydrophobic pocket. Loss of this N-terminal
interaction drastically reduces the affinity of the Tnl for TnC such that the inhibitory region
can now be competitively displaced from the COOH-domain of TnC by the NH»-terminal

" region of Tnl (residues 1-40), thus returning the TnI-TnC-TnT interactions of the troponin

complex back to the low calcium state, and relaxation.

D. Conclusion
In summary, the above study was undertaken to investigate the functional role of the C-

terminal residues 116-148 of Tnl in the Ca2* dependent regulation of skeletal muscle
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contraction. The above results indicate that residues 116-131, located directly adjacent to
the inhibitory region, bind to the N-domain of TnC in a Ca2*-dependent manner and are
critical for the Ca2+-dependent neutralization of the inhibitory region (96-115). Residues
~140-148 bind the actin-Tm filament and appear to be critical for allowing the 96-148
region of Tnl to achieve an inhibitory activity similar to that of intact Tnl. Although none of
the inhibitory peptides analyzed are able to activate the ATPase activity in the presence of
TnT, these results only further support the proposal that the residues important for this
function are located within the N-terminus of Tnl (residues 40-96). Lastly, the series of
competition assays between the N and C terminal regions of TnI have now shown that the
presence of the "second TnC binding site" (residues 116-131) can significantly affect the
relative binding affinity strengths between these two regions of Tnl (1-40 and 96-115) for
TnC, and thus may both bind to the C-domain of TnC but are regulated by calcium and the
binding of this region (residues 116-131).

Overall, these results re-confirm and expand the important role that Tnl plays as a Ca2+

dependent molecular switch in thin filament-based regulation of muscle contraction.

E. Related Research

Since reporting this work, the interactions between the synthetic peptide Tnlj)5.131 and
the Ca2* saturated N-domain of TnC have been studied using NMR spectroscopy. These
results show the Tnlj1s5.13) binding site on N-TnC is in the exposed "hydrophobic
pocket". Moreover, utilizing the change in amide chemical shifts, the dissociation constant
was determined to be 24 UM with a off rate constants of 300 s-1. These results are reported
in the paper entitled "Interaction of the second binding region of troponin I with the
regulatory domain of skeletal muscle troponin C as determined by NMR spectroscopy”
by R.T McKay, B.Tripet, R.S. Hodges and B.D. Sykes published in J. Biol. Chem 1997,
272, 28494-28500.
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CHAPTER IV

Demonstration of Coiled-Coil Interactions within the Kinesin Neck Region

using Synthetic Peptides: Implications for Motor Activity

A version of this work has been published: Brian Tripet, Ronald D. Vale and
Robert S. Hodges, J. Biol. Chem., 1997, 272,8946-8956.

A. Introduction

Understanding how motor proteins generate force and movement from the chemical
hydrolysis of ATP remains one of the most intriguing problems in biophysics. At present,
there are three separate families of motor proteins found within eukaryotic cells: myosins,
which move along actin filaments, and kinesins and dyneins, which move along
microtubules (Vale, 1993). The motor domains that typify each of these superfamilies
exhibit little or no amino acid sequence similarity, and hence it was believed that they had
evolved separately and were structurally unrelated. However, the recently determined
crystal structure of kinesin revealed an unexpected structural similarity to the core of the
myosin motor domain, particularly in the nucleotide binding pocket (Kull ez al., 1996;
Sablin er al., 1996). Hence, myosin and kinesin may share some similarities in how they
generate unidirectional movement and force, although the precise mechanistic details remain
to be elucidated for both types of motors.

Kinesin has proven to be an excellent model system for investigating the mechanism of
motility, in part due to the small size of its motor domain (>2-fold smaller than myosin's).
Kinesin purified from tissue sources exists as an ¢2f» heterotetramer, in which two o

subunits (heavy chains) and two { subunits (light chains) associate to form a highly
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elongated molecule with globular termini (Bloom ez al., 1988; Kuznetsov ez al., 1988). The
kinesin heavy chains are organized into four domains (listed from N to C-terminus): i) a
~325 amino acid residue globular motor domain head that contains the ATP and
microtubule binding sites, ii) a ~50 amino acid residue region adjacent to the globular motor
domain (termed the neck region) that is sufficient for allowing dimerization of the motor
domains (Huang ez al., 1994) and contains a sequence that is predicted to form an a-helical
coiled coil (Stewart et al., 1993; Huang er al., 1994), iii) a long (~450 amino acid residue)
o-helical coiled-coil domain (termed the stalk), and iv) a small globular C-terminus (termed
the tail) (Hirokawa er al., 1989; Scholey ez al., 1989; Yang et al., 1989; de Cuevas et al.,
1992). Flexible "hinge" regions are found between the neck and the staltk and in the center
of the stalk. The light chains (§ subunits) of kinesin, which are not necessary for force-
generation, are associated with the smaller globular C-terminus of the heavy chain and may
be involved in determining cargo specificity (Hirokawa ez al., 1989).

A single kinesin molecule can move continuously along a microtubule for several
microns in a series of 8 nm steps, which corresponds to the distance between tubulin
binding sites along the microtubule protofilament (Svoboda er al., 1993). Such processive
movement, which is not displayed by muscle myosin or ciliary dynein, very likely
represents a specialized adaptation that enables few kinesin motors to transport membrane
organelles efficiently within cells. Functional studies on recombinantly expressed kinesin
heavy chains have begun to uncover regions that are necessary for kinesin motility.
Bacterial expression of the first 340 amino acids of the Drosophila kinesin heavy chain
(which contains the core N-terminal globular motor domain and the first ~10 amino acids of
the neck) produces a monomeric protein that generates directed motility when many motors
are interacting simultaneously with a single microtubule in gliding motility assays (Yang et
al., 1990; Stewart er al., 1993). However, these monomeric kinesins do not exhibit
processive movement when assayed as individual motors in a single molecule fluorescence

motility assay (Vale er al., 1996) or a bead assay (Berliner et al., 1995). A kinesin motor
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containing the complete motor and neck domains, on the other hand, forms a dimer and
also exhibits processive movement (Hackney, 1995; Vale et al., 1996). Collectively, these
studies suggest that the dimeric structure of kinesin is not essential for force-generation per
se, although it does appear to be required for processive movement. This raises the
possibility that processive movement may involve a hand-over-hand coordination of the
two kinesin heads.

The proposed o-helical coiled-coil domain in the kinesin neck may be structurally
important for coordinating the activities of the two kinesin heads during processive
movement. The existence of a coiled-coil structure in close proximity to the motor
domains, however, raises important questions concerning its exact boundaries and
stability, since the connection between the heads must be sufficiently extensible to allow the
two motor domains to span the distance between two tubulin dimers during movement. It
is also important to determine the thermodynamic properties of the neck coiled-coil to
ascertain if it could partially or totally "un-coil" during the generation of a power stroke.
Unfortunately, the atomic resolution structure of the neck domain is unknown, since the
segment between residues 323 to 349 is disordered and hence invisible in the present
electron density maps of human kinesin (hK349)(Kull ez al., 1996). Thus, to gain insight
into the structure of the kinesin neck region and its possible functional roles, we have
investigated the secondary structure of the human kinesin heavy chain neck region using
several synthetic peptides in conjunction with CD spectroscopy.

In the present study, we report that a two stranded, ot—helical coiled-coil
dimerization domain exists between residues 330-369 within the human kinesin neck
region, as predicted from previous work. Residues located to the COOH-terminus of this
region, 370-383, appear to be unstructured and are not significantly involved in further
stabilization of the dimerization domain. Residues located to the NHj-terminus of the
proposed coiled-coil dimerization domain may adopt a B-sheet secondary structure.

Analysis of the stability of each peptide indicates that the heptads required to form a stable
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coiled-coil domain are arranged in a strong-weak-strong manner. Loss of two heptads
from either the N- or C-terminus significantly affects dimer stability. These results suggest
that a conformational change in the motor domain, driven by a free energy change
associated with ATP hydrolysis, could be transmitted in a manner that affects the stability
and/or conformation of the adjacent neck region. We propose a model for kinesin motility
in which unwinding of a portion of the coiled-coil domain plays an important role in the

mechanochemical cycle.

B. Results

CD analysis of the kinesin neck peptides

To examine the structural characteristics of the human kinesin neck region, several
synthetic peptides (see Fig. IV-1 for sequences) that span various regions between residues
316 to 383 were prepared and analyzed by circular dichroism (CD) spectroscopy. Figure
IV-2 panels A and B show the far UV CD spectra for the kinesin peptides K1-5. Kinesin
peptides K2, K3, K4 and K5 all show characteristic o—helical spectra with double minima
at 208 and 222 nm (Chen ez al., 1972; Gans ez al., 1991). The K2 peptide, which
represents residues 330-369 of the kinesin neck region, displayed the greatest molar
ellipticity (-24,600 degrees), corresponding to ~70% o—helical content or ~28 helical
residues (see Table IV-1). The addition of two heptads (14 residues) onto the COOH-
terminus of this region (K5, 330-383) results in a decrease in the molar ellipticity to
-19,500 degrees indicating that the C-terminal residues 370-383 added are not a—helical.
The calculation of the helical content for K35 is 54% or ~29 helical residues, which indicates
no loss of the existing helical residues from the region 330-369. The addition of two
heptads onto the NHs-terminus of this region (K4, 316-369) also results in a significant
decrease in the molar ellipticity to -13,300 degrees, again indicating the addition of non-

helical residues
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3|6 3?0 3?4 3?5 3?9 383
Kinesin LLFGORAKTIKNTVCVNVELTAEQWKKKYEKEKEKNK I LRNTIOWLENELNRWRNGETVPIDEQFDKE
K1 (316-355) Ac-LLFGORAKTIKNTVCVNVELTAEQWKKKYEKEKEKNKILR-amide
K2 (330-369) Ac-CVNVELTAEQWKKKYEKEKEKNKILRNTIQWLENELNRWR-amide
K3 (344-383) Ac-YEKEKEKNKILRNTIQWLENELNRWRNGETVPIDEQFDKE-amide
K4 (316-369) Ac-LLFGORAKTIKNTVCVNVELTAEQWKKKYEKEKEKNKILRNT IQWLENELNRWR-amide
K5 (330-383) Ac-CVNVELTAEQWKKKYEKEKEKNKILRNTIQWLENELNRWRNGETVPIDEQFDKE-amide
Kinesin Analogs
K6 _ Ac-|EIEALKAETEALKAEIEALKAEIEALKAGETVPIDEQFDKE-amide
K7 g Ac4E;EAEKAE;EALKAEIEALKAEIEALK&GETVPIDﬁQFDKE—amide
K8 Ac-KIEKLKEKIKILRNTIQWLENELNRWRNGETVPIDEQFDKE-amide

Figure IV-1. Amino acid sequences of the kinesin peptides used in this study. The native human kinesin sequence is shown at
the top. Residues proposed to be involved in forming the 3-4 hydrophobic repeat of a coiled-coil are underlined. Peptide names
are indicated on the left. Numbers in parentheses indicate the region of the amino acid sequence which the peptide spans. Ac-

denotes N®-acetyl, and -amide denotes C%-amide. The three kinesin analogs are shown below. Residues of the native kinesin
sequence which have been replaced by a model coiled-coil sequence are boxed. The location of amino acid substitutions in either
the native or model coiled-coil sequences are indicated by a star (*). The position of all kinesin peptides and analogs are shown
relative to the native sequence.
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Figure IV-2. Circular Dichroism (CD) spectra of the kinesin peptides. Panel A; CD
spectra for kinesin peptides K2-5; Spectra were recorded at 20°C in a 0.1 M KCI, 0.05 M
PO4, 0.002 M DTT, pH 7 buffer. All peptide concentrations were 100 uM. Panel B; the
CD spectra of kinesin peptide K1 at various pH's and in the presence of 50% TEE. Spectra

were recorded at 20°C in a 0.1 M KCl, 0.05 M POyg4, 0.002 M DTT buffer at the indicated
pH. Peptide concentrations were 350 uM.
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onto the helical domain located between 330-369. Calculation of the helical content for the
peptide K4 is 37% or ~20 helical residues, which represents a loss of ~8 helical residues
from the region 330-369. Analysis of the kinesin peptide K3 (344-383), which represents a
40 residue peptide shifted two heptads (14 residues) toward the COOH-terminus, shows a
molar ellipticity at 222 nm of -16,500 degrees, corresponding to a helical content of 46% or
~19 helical residues. This represents a loss of ~9 helical residues for the deletion of the two
heptads 330-343, indicating that the two NHj-terminal heptads of 330-343 are very
important for the helical content observed in the region 330-369. One can also see from the
spectra of the kinesin peptides in Figure IV-2 panel A that the ratios of [6]222 to [8]20s,
which are often used as an indication of coiled-coil formation, are >1 for K2 and K3, but
<1 for K3 and K4, suggesting a transition from a possible two-stranded «-helical coiled-
coil to a single stranded a-helix (Engel et al., 1991; Lau ez al., 1984; Monera et al., 1993;
Zhou et al., 1992a,b; Zhu er al.,1992).

CD analysis of the kinesin peptide K1 (residues 316-355), which represents a 40
residue peptide shifted two heptads toward the NHa-terminus (from the region 330-369),
reveals a complete absence of a—helical content. In fact the secondary structure of this
peptide now displays a B-sheet pattern (Chen er al., 1972). It is important to note,
however, that the spectrum of this peptide could not be acquired under the same benign
conditions like those used for the other peptides. At pH 2.5, K1 is highly soluble and
shows only a random coil spectrum. Increasing the pH successively from 2.5 to 5.5 results
in a major ransition from a largely random coil spectrum to that of a §-sheet spectrum, with
the greatest transition occurring between pH 4.5-5.5. Analysis of the peptide above pH 5.5
was not possible due to the complete gelation of the solution. The pH dependence of this
transition (pH 4.5 to 5.5) suggests that the ionization of glutamic acid residues are
involved. Unfortunately, it is not possible to ascertain from these results whether formation
of the B-sheet secondary structure is a result of intramolecular or intermolecular

interactions, or a combination of both. However, our observations with K4 (which
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Table IV-1. Ellipticities and stabilities of the synthetic kinesin peptides

Peptided [6]222 (deg-em2-dmol-1)b Helical Contente [GdnHCl]yd AGyH,0¢ mf AAG,8
Benign 50%TFE (%) #Res. M) (kcal'mol-1)

K2 -24,600 -26,600 70 28 31,61 10.42 1.205 0.0
K2 oxid.  -26,600 -32,200 74 30 5.22 S —_— _—
K3 -16,500 -19,190 46 19 1.17 8.46 2.285 1.96
K4 -13,300 -18,440 37 20 3.73 10.14 1.125 0.283
KS -19,500 -21,200 54 29 3.93 10.31 1.143 0.105
K5 oxid.  -23,200 -27,900 64 34 5.54 _— —_— _—
K6 -25,000 -25,560 70 29 >7.0 >20 —_ —_
K7 -22,200 -25,380 62 25 2.73 10.18 1.208 _—
K8 -18,700 -20,500 52 21 3.58 11.20 1.195 2.74*

a The amino acid sequences for each peptide is shown in Fig. 1.

b The mean residue molar ellipticities at 222 nm were measured at 20°C in benign buffer (0.1 M KCl, 0.05 M POy, pH 7).
For samples containing TFE, the above buffer was diluted 1:1 (v/v) with TFE. Peptide concentrations were 100 pM

¢ The (%) helical content was calculated from the ratio of the observed [0]222 value divided by the predicted molar ellipticity x

100. The predicted molar ellipticity was calculated from the equation [0]222 = 40 x103 x (1-4.6/N) for the chain length
dependence of an a-helix (24, 58), where N is the number of residues in the peptide. The number of helical residues
was calculated by multipling the % helical content x the total number of residues in the peptide.

d [GdnHCI}y, is the transition midpoint, the concentration of guanidine hydrochloride (M) required to give a 50% decrease in
the molar ellipticity at 222 nm.

e AGyH:0 is the free energy of unfolding in the absence of guanidine hydrochloride and was estimated by extrapolating the free
energy of unfolding at each denaturant concentration to zero concentration assuming the linear relationship
AGy = AGH20 - m[GdnHCI] (18,19). AG, was calculated from the equation AGy = - RT In (2P, (f,2/(1-£))
for reduced peptides. fy is the molar fraction of denatured peptide as determined from the ellipticity at
222 nm and P, is the total peptide concentration (M),

f m is the slope in the equation AGy = AGyH20 - m[GdnHCI).

g The difference in the free enegy of unfolding (AG,H.0) relative peptide K2,
* Indicates the stability difference relative to peptide K3.



contains this region) showing a loss in helical content of ~8 residues but no substantial loss
in stability compared to K2 (discussed below) suggests that their is some intramolecular
formation at the N-terminus of this peptide. The gelation of the solution also suggests the
formation of intermolecular association as well.

Interestingly, in the presence of 50% TFE, a helix inducing solvent (Lau ef al,,
1984; Sonnichen et al., 1992), the K1 peptide reverts to a fully o-helical spectrum (equal to
that calculated for a 40 residue peptide (Chen ez al., 1972; Gans et al., 1991)). This result
indicates that this region of kinesin has the intrinsic ability to adopt either 3-sheet or helical
secondary structures depending on the environment. It should be noted that the first few
amino acids of this peptide (316-320) are in a helical configuration in the kinesin crystal

structure (Kull et al., 1996).

Oxidarion of Cys33p
Although the a-helical content of the K2 peptide (residues 330-369) is significantly
greater than that of the other native kinesin peptides, it still does not represent a fully helical
structure as calculated theoretically for a 40 residue peptide (~-36,500°) (Gans ez al.,
1991). We therefore determined if oxidation of the N-terminal cysteine (cys330) to form a
disulfide bridge could increase the helical content to that of the theoretical value by
stabilizing the ends of the proposed coiled-coil as well as by making the coiled-coil
dimerization domain concentration independent (Zhou ez al., 1992b, 1992c and 1993).
When the peptide was oxidized, a change in its molar ellipticity was observed (see Fig. IV-
“ 3). Oxidation only slightly increased the molar ellipticity at 222 nm by approximately 2000
degrees, which is similar to that obtained for the reduced K2 peptide in the presence of
50% TFE, a helix inducing solvent (Lau er al., 1984; Sonnichen ez al., 1992). This degree
of ellipticity indicates that the reduced (monomeric) K2 peptide is almost fully helical (93%)
if judged by the maximal amount of helical content that can be induced either in an oxidized

state or in 50% TFE. Although previous studies have shown that theoretical maximum
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Figure IV-3. CD spectra of the K2 peptide in the reduced and oxidized state, as well as
in the presence of 50% TFE. Spectra were recorded in a 0.1 M KCl, 0.05 M POg4, pH 7

buffer. 2 mM DTT was present for the reduced and 50% TFE scans. Peptide
concentrations were 100 uM.
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values are not always observed for helical peptides, the observation of a lower molar
ellipticity than the theoretical value may also be indicating that there is a region within
residues 330-369 that cannot be induced into a fully a-helical structure by either a helix-
inducing solvent or oxidation. The central region containing residues Tyr344, Glus47 and
Asnss) in the hydrophobic core is a good candidate for such a region and will be discussed
further below.

Two further points can be made regarding the oxidation results. First, the finding
that the a—helical secondary structure for the K2 peptide is enhanced instead of disrupted
by disulfide bond formation indicates that the two peptides interact in a parallel and in-
register manner. Second, while disulfide bond formation of cys330 can occur in a peptide,
this may not be possible when the neck is joined to the g]dbular motor domain. This
cysteine is also not conserved among conventional kinesin motor proteins from different

species.

Stability and concentration dependence of the kinesin peptides

An important question raised regarding the existence of a coiled-coil within the neck
region was whether it alone is sufficiently stable to account for the dimerization of the
kinesin motor domain heads or whether other subunit-subunit interactions are also
involved. In order to address this question, we determined the stability of the five kinesin
peptides by GdnHCI denaturation (Fig. IV-4, panel A). The K2 peptide (330-369), which
showed the greatest a-helical content (Fig. IV-2), displayed a GdnHCI midpoint of 3.61 M
and an extrapolated AG,H20 of unfolding of 10.42 kcal/mol, indicating a very stable «-
helical structure. The K4 peptide (316-369), which showed a decrease in the helical
content and calculated o-helical residues, showed a similar GdnHCI midpoint and AG,H20
of unfolding (compare K2 and K4, Table IV-1). Thus the apparent loss of helical residues
at the NH»-terminus of the coiled-coii region is apparently compensated by the formation of

an alternative structure or interaction of similar stability.
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Figure IV-4. Panel A, Denaturation profiles of kinesin peptides K2 -5 at 20°Cin 0.1 M
- KCl, 0.05 M POg4, 0.002 M DTT (omitted when oxidized), pH 7 buffer with GdnHCl

denaturant. The fraction folded (ff) of each peptide was calculated as ff= ([6]-[681/([6]n-
[6]y), where [6] is the observed mean residue ellipticity at 222 nm at any particular

denaturant concentration and [6], and [6], are the mean residue ellipticities at 222 nm of

the native "folded" and "unfolded" states, respectively. Each peptide was analyzed at a 60
uM concentration. Panel B, concentration dependence of the mean residue molar ellipticity
at 222 nm for kinesin peptides K2, K3 and KS5. Ellipticities were recorded in the same
buffer as described above, using various pathlength cells (0.05, 0.1 and 1 cm) depending
on the peptide concentration.
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The K5 peptide (330-383), the COOH-terminal residues (370-383) of which are
non-helical, also showed a similar GdnHCI] midpoint and AG,H20 of unfolding (compare
K2 and K3, Fig. IV-3A, and Table IV-1), indicating that the COOH-terminal residues do
not significantly affect the stability of the a-helical structure. The small difference that is
observed in the GdnHCI midpoints may be due to end effect stabilization (Zhou et al.,
1992c). The stability of the K3 peptide (344-383), which showed a decrease in the helical
content and loss of helical residues, was significantly destabilized (GdnHCI midpoint of
1.17 M) by the loss of the two NHs-terminal heptads (330-343), indicating that these two
heptads are very important in the stability of the proposed a-helical coiled-coil structure.
Oxidation of both the K2 and K5 peptides resulted in significant increases in their GdnHCl
midpoints (3.61 M to 5.22 M and 3.93 M to 5.54 M, respectively), which indicates that the
formation of a disulfide bonds stabilizes the a-helical structure as seen in other studies
(Zhou ez al., 1992b, 1992¢ and 1993).

The concentration dependence of the a-helical content, which can also be used as an
indicator of the stability of the associated coiled-coils, was determined for kinesin peptides
K2, K3, and K3. Figure IV-4, panel B, shows that the helical content for K2 and K35 is
largely unaffected by concentration over the range tested, indicating that they are very
tightly associated a-helical structures. The equilibrium association constants from the
GdnHCI denaturation plots for K35 and K2 are estimated to be 2.7 x 108 M-! and 2.3 x 108
M-1, respectively. The similar values for K2 and K35 indicate that the the stability and
association of the structure resides principally within residues 330-369. The effect of
deleting the two NH»-terminal heptads (residues 330-343) from K5 (giving peptide K3)
shows a greater dependence of the a-helical content with peptide concentration. Quite
surprisingly, however, the difference in the concentration dependence of K3 and K2 was
not as dramatic as expected from the difference in their stability (Fig. IV-4A). This result

may indicate that electrostatic interactions also play a significant role in the association
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between the two o-helices in K3 (predominantly electrostatic interactions are quickly

quenched by GdnHCI denaturation and thus not seen as a major stabilizing factor).

Size exclusion chromatography with laser light scattering

In order to determine the oligomerization state of the a-helical structures in an aqueous
solution, size-exclusion chromatography with laser light scattering detection was
conducted. Representative SEC chromatograms for the K5 and K3 peptides are shown in
Figure IV-5. Analysis of kinesin peptide K5 in the oxidized and reduced states showed
only a single eluting peak with an apparent molecular weight obtained from light scattering
of 11,702 Da. This value is close to that predicted for a dimeric structure (13,460 Da). The
observation of only a single species indicates that K5 peptide forms a very stable, dimeric
structure, which agrees with the data presented previously. Similar studies conducted with
K2 (data not shown) also produced only one peak corresponding to a dimeric molecular
weight. On the other hand, the K3 peptide eluted in two peaks: the first dominant peak
having an apparent molecular weight of 9,285 Da and the second smaller peak having a
molecular weight (5,854 Da) close to that of the monomeric peptide (5,074 Da). The
observation of dimer and monomer peaks is consistent with previous data showing that the
K3 peptide exhibits the greatest concentration dependence for helical content. Thus, SEC,
CD spectroscopy, and stability studies all suggest that a stable, two-stranded o-helical
coiled-coil can form between two chains of the kinesin neck region and that residues 330-

369 are the ones of primary importance for the formation of this structure.

Destabilizing effects of Tyr344, Gluzs7 and Asn3zsj in the hydrophobic core

Previous studies have shown that the stability of two-stranded o—helical coiled-coils is
dependent upon the helical propensity of the region, hydrophobicity of the residues in the
core, packing of residues in the core, electrostatic interactions adjacent to the core, and
chain length effects (Graddis er al. 1993; Kohn ez al.,, 1995a,b; Monera et al., 1993;
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Figure IV-5. Size exclusion chromatography (SEC) of the kinesin peptides. Runs: A)
K5, oxidized; B) K5, reduced; C) K3. Column: Superose 12 (1.0 cm x 30.0 cm) from
Pharmacia. Running conditions: mobile phase, 100 mM KCl, 50 mM KpHPOg4, pH 7
buffer; flow rate, 0.5 ml/min.; temperature, 26°C; detection, 210 nm using a Hewlett
Packard UV-visible spectrophotometer. Molecular weights for each peptide are indicated as
-well as the observed oligomerization state: (M) denotes monomer; (D) denotes dimer.
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O'Shea er al., 1991; Shuermann er al., 1991; Su ez al., 1994; Zhou et al., 1992a,b; Zhu et
al., 1993)). In the kinesin neck region, several of the residues that are predicted to exist
within the hydrophobic core are considered to be "non-ideal” for generating a stable coiled-
coil. Particularly noticeable are residues Y344, E347 and N3s; that score relatively low by
hydrophobicity analysis and thus are not expected to contribute significantly to stability. In
particular, the ionized carboxyl group of glutamic acid has been shown to be extremely
destabilizing in model coiled-coils (unpublished results). To examine the effects ¢f residues
Y544, E347, and N35; on coiled-coil stability, we prepared and analyzed three analog
peptides (see Fig. IV-1 for sequences). First, we prepared a kinesin peptide analog (K6) in
which the four heptads of the native kinesin sequence between residues 344-370 were
replaced by a model coiled-coil sequence that has been previously characterized (Su et al,,
1994). Second, in the K7 analog, the three "destabilizing" kinesin hydrophobic core
residues, Y344, E347 and N351, were substituted into the above model coiled-coil sequence.
Finally, in K8, three high stability hydrophobic core residues from the "model” coiled-coil
(leucine and isoleucine) were substituted into the native kinesin sequence into positions
344, 347 and 351.

Figure IV-6, panel A shows the secondary structure content of the three kinesin
analogs relative to the unsubstituted kinesin peptide K3 (344-383). All three of the kinesin
analogs show characteristic double minimas at 208 and 222 nm typical for a—helical
protein structures (Chen ez al., 1972; Gans ez al., 1991). As expected, K6 (the model
coiled-cail sequence) displayed the greatest molar ellipticity (Su ez al., 1994). Introduction
of the three kinesin hydrophobic core residues Y344, E347, and N3s; into the K6 sequence
caused a significant decrease in the molar ellipticity (compare K6 and K7, Fig IV-6A),
suggesting a disruption between the two associated «-helices as well as a decrease in
coiled-coil stability. Conversely, replacement of Y344, E347, and N3s5; with the "ideal”

hydrophobes from the model sequence in K8 resulted in an increase in molar ellipticity,
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Figure IV-6. Effects of substituting Tyr344, Gluz47 and Asn3si. Panel A, CD spectra for
the kinesin analogs K6, K7 and K8 were recorded at 20°C in 0.1 M KCI, 0.05 M POg,
0.002 M DTT, pH 7 buffer. Peptide concentrations were 100 uM. Panel B; GdnHCI
denaturation profiles of K6, K7 and K8 were recorded at 222 nm at 20°C in 0.1 M KCl,
0.05 M PQg4, 0.002 M DTT, pH 7 buffer. The fraction folded (ff) was calculated as
described in Figure IV-4. Peptide concentrations were 60 uM. Panel C, concentration
dependence of the mean residue molar ellipticty at 222 nm were measured at 20°C in 0.1 M
KCl, 0.05 M POg4, 0.002 M DTT, pH 7 buffer as described in Figure IV-4. For direct
comparison of the three analogs to that of the native sequence, K3 (previously shown in

Figures IV-2 and IV4) is shown again in all three plots.
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suggesting an increase in coiled-coil stability and association compared to the native kinesin
sequence (K8 versus K3 in Fig. IV-6A).

To verify that the changes in helical content observed are in fact a result of changes
in the stability of the respective coiled-coils, we determined the stability of K6, K7 and K8
by GdnHCI denaturation (Fig. IV-6, panel B and Table IV-1). The introduction of kinesin
Y344, E347, and N35; into the model coiled-coil sequence caused a dramatic decrease in the
stability (compare K6 and K7, GdnHCI] midpoints. of >8 and 2.73 respectively).
Correspondingly, the introduction of the three "ideal” model hydrophobic residues into the
kinesin sequence dramatically increased the stability of the kinesin peptide K3 by 2.74
kcal/mol (GdnHCI midpoints of 1.17 M and 3.58 M for K3 and K8, respectively).

The changes in stability observed in Fig. IV-6 panel B are also reflected in the
concentration dependence of the helical content, as measured at 222 nm (Fig. IV-6, panel
C). The model coiled-coil sequence K6 exhibited practically no concentration dependence,
which is consistent with its high degree of stability. Introduction of kinesin residues Y344,
E347, and N33, into this sequence caused the coiled-coil now to dissociate upon dilution
(compare K6 and K7, Fig. IV-6 panel C). Conversely, introduction of the "ideal"
hydrophobes into the native kinesin sequence (K8) dramatically decreased its concentration
dependence, which is consistent with its increased stability (compare K3 and K8, Fig. IV-
6, panel B). Collectively, these data indicate that residues Y344, E347, and N3s5; destabilize
the central region of the coiled-coil domain in kinesin. It is intriguing that both positions
Y344 (Y or F) and E347 are very well conserved in the neck domains of the conventional

" kinesin, bimC/Eg35, and Kif3 (heterotrimeric) subfamilies of kinesin motors (Case, R. and

Vale, R., manuscript in preparation).

Predicrions of helical propensity and hydrophobicity in the kinesin neck
Finally, we wished to determine whether the observed location of the coiled-coil

dimerization domain (res. 330-369) agrees with a predictive method developed in our own
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laboratory. The criteria of our method for predicting coiled-coil regions, which is very
similar to that used by others, is based on the fact that coiled-coil regions are typically high
in a—~helical propensity (which exists over a minimum of 21 successive residues) as well as
amphipathic, with hydrophobic residues occurring in a 3-4 repeating pattern. Analysis of
the helical propensity of human kinesin sequence between residues 280 to 420 shows that
there are three regions of high helical propensity that are well above our statistically
determined cutoff value of 440 (unpublished results). These regions are indicated by the
three connected boxes shown above the plot in Fig. IV-7 panel A. Of the three helical
sections, only the region spanning residues 332-369 meets the minimum 21 successive
residue cut off. This prediction agrees well with the experimentally observed stability of
peptide K2 (residues 330-369). The residues adjacent to 369 dramatically drop in helical
propensity, which agree with our experiments showing that residues 370-383 do not add
any helical content to that of the region 330-369. Residues N-terminal to 332 also drop in
helical propensity, which is again consistent with our results. It is interesting that the region
from residue 325 to 340, which shows a large dip in helical propensity centered around
residue 330, was predicted by Huang er al. (1994) to be high in B-sheet propensity based
upon the secondary structure prediction program of Holly and Karplus (Holley ez al.,
1989). The peptide K1 (316-355) which spans this region appears to adopt B-sheet
secondary structure at pH 3.5.

Analysis of hydrophobicity occurring in a 3-4 repeating pattern (Figure IV-7, panel
B) shows that there is only one dominant hvdrophobic face in the region of high helical

" propensity. This face (B) contains the following hydrophobic residues (Fig. IV-1):

330 347 368

-C--V---A---W---Y--E---N--L---1--L---L--W
The choice of these residues agrees with those previously predicted using the Lupas
algorithm (Fig. IV-1, underlined residues) (Lupas e al., 1991). The hydrophobicity of the

heptad repeats appear to fluctuate dramatically. The greatest hydrophobicity occurs near the
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Figure IV-7. Helical propensity and hydrophobicity of the kinesin neck region. Top,
Plot of the helical propensity from residues 280 to 420 of the human kinesin heavy chain .
Each point represents the sum of 11 consecutive helical propensity scores. Regions which
score greater than a pre-determined cut off value of 440 are indicated by the rectangular
boxes. Regions which contains >21 consecutive residues (3 heptads) above the cut off
value are indicated by hatching. Bottom, Plot of the hydrophobicity occurring in a 3-4
repeating pattern of the kinesin neck region from residues 280 to 420. Each data point
represent the sum of the hydrophobicty scores for six consecutive "a" and "d" positions in
a coiled-coil. All seven starting faces are shown. The face with the greatest hydrophobicity
occurring in the region of high helical propensity is shown in bold. Face B corresponds to
residues underlined in the native kinesin sequence in Figure IV-1.
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C-terminus (hydrophobic residues of L, I, L, L, and W), an intermediate hydrophobicity is
seen near the NHp-terminus (residues C, V, A, and W), and the weakest hydrophobic
heptad repeats are centered around Y, E and N (discussed previously). Although the
results show fluctuating hydrophobicity within the proposed o-helical region, there is still
significant hydrophobicity occuring in a 3-4 repeating pattern over a "large enough" range
to predict that a coiled-coil could form. Thus, these results agree with those experimentally

observed.

C. Discussion

Distinct subdomains of the kinesin neck

Using several synthetic peptides that overlap within the human kinesin heavy chain
neck region (residues 316-383), we have been able to identify distinct subdomains with
different secondary structure using CD spectroscopy. The central region from residue 330
to 369 of human kinesin heavy chain shows all of the characteristics of a stable two
stranded ¢-helical coiled-coil. This region shows a significant a—helical spectrum with
double minima at 222 and 208 nm, as well as a ratio of [08]222/[0]20g of 1.06, which is
often indicative of such structures (Zhou et al., 1992a,b; Zhu ez al., 1992). In addition, the
location of this "coiled-coil" region correlates well with our own coiled-coil prediction
method based on helical propensity and hydrophobicity. Stability, concentration
dependence and gel filtration analyses have indicated that the 330-369 coiled-coil region
forms a very stable and tightly associated dimer. Hence, we refer to the 330-369 region of
the neck as the "dimerization domain." Furthermore, we have also been able to establish
that the dimer is most likely oriented in a parallel fashion, since oxidation of cysteine 330

preserves the helical content and only enhances the stability. This would occur only if a

disulfide bond was formed between two parallel-oriented chains. These results agree with
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previous reports that the kinesin heavy chains are arranged in a parallel and in-register
orientation (de Cuevas et al., 1992). Hence, this work conclusively shows that the kinesin
neck contains a region that is capable of forming a two-stranded a—helical coiled-coil, as
had been previously suggested by sequence predictions (Stewart et al., 1993; Huang et al.,
1994).

Further, the determined location of the dimerization domain also agrees with the results of
Huang et al. (1994) and Correia et al. (1995), who showed that Drosophila kinesin heavy
chains truncated to residue 392 and 401, respectively, form stable dimers (there residues
are equivalent to human residues 384 and 393). In addition, similar findings with synthetic
kinesin neck peptides to those described here have now also been obtained by Mori et al.
(1997).

One of the questions raised from the previous work on truncated kinesin heavy chains
was whether the putative coiled-coil in the neck region was sufficient on its own to account
for dimerization, or whether other interactions (e.g. possibly between the head domains)
were also involved. The estimated equilibrium dissociation constant for peptide 330-369
(4.3x10°° M) is comparable to the value obtained for Drosophila K401 (~4 x 10-8 M) based
upon equilibrium sedimentation studies (Correia er al., 1995). Thus, our data indicates that
the dimerization domain located within the neck is sufficiently stable on its own and thus
could account for the dimerization observed in these recombinantly expressed motor
domain constructs.

In contrast to the mostly helical dimerization domain, our work also indicates that
the adjacent C-terminal (370-383) and N-terminal (320-332) segments show little helical
propensity. The C-terminal residues 370-383 contribute little to dimer stability, and we
suspect that these residues are part of a flexible hinge that is thought to exist between the
neck and the stalk regions. The N-terminal segment of the neck, on the other hand, appears
to have the capability of adopting a B-sheet secondary structure. This notion is based upon

the finding that deletion of two C-terminal heptads from the coiled-coil dimer containing
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residues 316-369 (KS5) causes the residual peptide (316-355) to display a CD spectrum
characteristic of a 3-sheet at pH 5.5 and to form a gel at neutral pH. We also observed that
the addition of fourteen NHp-terminal residues (316-329) onto the coiled-coil dimerization
domain (330-369) caused a net loss of ~8 helical residues without decreasing the stability
of the dimeric structure. This would suggest that a nonhelical intermolecular interactions
(e.g. a small B-sheet secondary structure) can occur in the region between ~325-335. Our
observation of B-sheet secondary structure also agrees with a secondary structure predictive
algorithm of Holly and Karplus for the N-terminal portion of the neck by Huang et al.
(1994). Since the N-terminal segment appears to be primarily non-helical and connects
helix 6 in the crystal structure of the globular motor domain (Kull et al., 1996) to the helical
dimerization domain, we refer to this segment of the neck as the " linker region."

The "B linker region” of the neck is of considerable interest, since it appears to play
an important role in motility and is highly conserved in many N-terminal motor proteins in
the kinesin superfamily. Truncation at Drosophila kinesin residue 340 (human kinesin
332) eliminates the dimerization domain, and yet the motor still produces directional
movement in a multiple motor microtubule gliding assay (Yang ez al., 1990; Stewart ez al.,
1993; Berliner ez al., 1995; Vale ez al., 1996). Amino acid mutants in the "[ linker region”
of the neck also yield kinesin proteins that are severely defective in motility (unpublished
observations). Whether a structural change occurs in the linker region during the force-
generation cycle is unknown. However, the finding that this region can revert to a fully
helical structure in the presence of 50% TFE indicates that this region has the intrinsic
ability to adopt both f-strand and helical structures depending on the external environment.
Thus, one could imagine that the " linker region” could undergo a structural transition

during the ATPase cycle, as will be discussed below.
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Figure IV-8. End and side views of a two-stranded a-helical coiled-coil model for
residues 330 to 369 of the kinesin neck region. Panel A, View from the NHj-terminus,
starting at residue 330. The direction of propagation of the peptide chains is into the page
from N to C terminus with the chains parallel and in register. Residues in the first two
helical turns are circled. Heptad positions are labeled "a" through "g", with the prime
indicating corresponding positions on the opposing helix. Wide arrows depict the
hydrophobic interaction that occur between residues in the "a" and "d" positions. Possible
electrostatic interactions (attractions and repulsions) occurring on the outside of the helices
are indicated as solid and broken arrows respectively. Panel B; Side view. Residues in
positions b, ¢, e, f and g are shown. Residues in the e and g positions are in bold. Potential
electrostatic interactions occurring across the hydrophobic face are indicated. The position

for Tyr344, Gluzs7 and Asn3s; within the hydrophobic core are shaded.
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Coiled-coil interactions within the dimerization domain are organized in a strong-weak-
strong manner

GdnHCI denaturation studies of the kinesin peptides indicate that the coiled-coil
dimerization domain is arranged in a strong-weak-strong pattern. Full stability of the
dimerization domain is achieved only when all six of the spanning heptads (from residues
330-369) are present. Deletion of two heptads (14 residues) from the C- terminus (K1
peptide) results in a complete loss of all a-helical content, which is surprising considering
that four of the six heptads still remain. Deletion of the two N-terminal heptads (K3
peptide), on the other hand, drastically decreases stability and ellipticity, although a dimeric
structure can still be observed by gel filtration. These observations indicate that both the N-
and C-terminal heptads are important for the stability of the structure, with the C-terminal
heptads appearing to be the most important. These results agree with those of Corriea er al.
(1995), who showed that truncation of the C-terminal 1.5 heptads of the proposed
dimerization domain in Drosophilia kinesin produces a protein (K366) that fails to dimerize
at concentrations up to 4 pM.

Interestingly, the central portion of the dimerization domain contains three residues,
Y344, E347 and N351 that destabilize the coiled-coil structure. Introducing these amino
acids into a model coiled-coil sequence has a significant destabilizing effect, and
conversely, substituting these three residues in a kinesin neck peptide with "ideal"
hydrophobic residues increases the stability of the coiled-coil interaction. Residues Y344
and E347 are highly conserved among several classes of N-terminal kinesin motors,
suggesting that their role in destabilizing the central region of the coiled-coil may serve an
important function. It is interesting to note that the E347 residues within the "hydrophobic”
core are surrounded by opposite charged lysine and arginine residues in adjacent "e" and
"g" positions (Fig. IV-8). Glover et al., (1995) observed in a c-Fos c-Jun coiled coil
crystal structure that a lysine residue located within a core position could potentially form

"

hydrogen bonds and/or electrostatic interaction with adjacent residues in the "e" and "g
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positions and speculated that this could stabilize the structure. Therefore the devastating
effect of packing glutamic acid residues into the hydrophobic core in the kinesin neck could
be mitigated to some extent by the formation of salt bridges with nearby residues. Such
electrostatic interactions could possibly explain the higher than expected equilibrium
association constant of the K3 peptide, even though it is very unstable in GdnHCI (which
disrupts salt bonds).

Another intriguing feature of the model representation of the coiled-coil dimerization
domain in Fig. IV-8 is that the majority of electrostatic interactions across the core ( e->g')
are repulsive (indicated by the arrows in Fig. IV-8). Previous studies with model coiled-
coil sequences have shown that attractive electrostatic interactions can be used to increase
coiled-coil stability, control dimer orientation (parallel versus antiparallel), and govern
homo versus heterodimerization (Zhu er al, 1993; Kohn et al, 1995a,b; Monera er al.,
1993, 1994; Zhou 1992b,1994; for recent reviews, see also Adamson et al., 1993; Alber,
1992; Baxevanis and Vinson, 1993; Hodges, 1992, 1996). The lack of significant
attractive electrostatic interactions, taken together with our data showing an instability
within the hydrophobic core, may indicate that the stability of the neck domain is optimized

not only for its structure but also for its function as discussed below.

A model for kinesin motility involving structural transitions within the neck region

Studies on the kinesin dimer have indicated that the enzymatic cycles of the two
kinesin motor domains may be coupled during processive movement. The strongest
evidence for this idea comes from Hackney (1994) who showed that a kinesin dimer
containing two bound ADP molecules releases ADP rapidly from one site and slowly from
a second site after mixing with microtubules in a nucleotide-free buffer. Since microtubule
interaction stimulates ADP release, Hackney suggested that after one head bound to the
microtubule, the partner head had restricted access to a microtubule binding site. This idea

is also consistent with recent cyro-EM images of microtubules decorated with dimeric
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kinesin, which show one kinesin head bound to the microtubule and the second head
detached and oriented towards the plus-end of the microtubule (Amal et al., 1996; Hirose et
al., 1996). Hackney (1994) and Ma and Taylor (1997) have also shown that ATP binding
and hydrolysis by the microtubule-bound kinesin head enables the partner head to bind to
the microtubule and release its ADP. These results have led to the suggestion that the two
kinesin heads in a dimer are predominantly in different states: one head strongly binds to
the microtubule and weakly binds to ADP, while the second head weakly binds to the
microtubule and strongly binds to ADP (Hackney (1994); Ma and Taylor (1996)). The two
heads are suggested to alternate between these two states during processive movement.
Our results on the thermodynamic properties of kinesin neck peptides suggest a
model that could provide an explanation for the results described above. The model shown
in Fig. IV-9 begins with one head (without nucleotide) tightly bound to the microtubule,
while the second head (containing ADP) is detached and directed towards the microtubule
plus-end (Fig. IV-9, step A to B). In this state, the 6 heptad repeats in the neck domain are
proposed to exist in a coiled-coil structure, which constrains the detached head from
reaching an adjacent microtubule binding site. After the bound head binds and hydrolyzes
ATP, a conformational change occurs in the globular motor domain, which is propagated to
the nearby neck domain (Fig. IV-9, steps B to C). As a consequence, the "} linker region”
of the neck domain changes its structure or interacts in a new manner with the core motor
domain, and thereby acts like a contracting spring. This conformational change would
account for the observation that monomeric kinesin containing the " linker region,”
although not processive, can elicit force and directional movement. In the kinesin dimer,
the conformational change in the "f linker region"” results in a loss of o-helical residues at
the NHa-terminus of the coiled-coil dimerization domain. This, in turn, could result in a
cooperative unzippering of the majority of the coiled-coil up to the last two stable heptad
repeats (since the middle two heptads are inherently unstable). Unwinding of the coiled-

coil would create a flexible linker between the heads, which would allow the detached head
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Figure IV-9. Schematic representation of the possible conformational changes occurring
in the neck region during kinesin movement. Globular spheres depict the motor domain
heads, rectangular boxes indicate the kinesin neck region which forms a two stranded a-
helical coiled-coil, and the shaded ovals at the base indicate the ¢ and f3 tubulin subunits. In
step A, one motor domain head of kinesin is tightly bound to the microtuble filament while
the second head (containing ADP) is detached and directed toward the "plus” end of the
microtubule, as suggested by cryo-electron microscopy studies. The two heads may be
related by ~180° symmetry (Howard, 1996). After hydrolysis of ATP by the bound motor
domain, a conformational change is transmitted from the active site to the 8 linker region
(arrow, step B) which causes the first four heptads of the neck region to "unzip". (ADP-Pi
is shown in the active site, although this change could equally well occur after phosphate
release). The unzipping of several heptads in the coiled-coil allows the unbound head to
now reach the next available tubulin subunit (Steps B to C). Release of ADP from the
newly bound motor domain head to create a tight microtubule binding state coupled with
the progression of the other head to a weak microtubule binding state reverses the structural
changes in the neck region and enables the coiled-coil dimerization domain to "re-zip"
(Steps C to D). Coupled to re-zipping, is the rotation of the detached head by 180° (circular
arrow, Howard, 1996). The kinesin enzyme then returns to its initial state (Step E). For a

more detailed description of each step occuring in the model see the "Discussion section”.
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to reach an adjacent microtubule binding site (step B to C). Directional movement to a
forward binding site could be favored by the initial positioning of the detached head closer
to the plus-end of the microtubule (Amal e? al., 1996; Hirose et al., 1996). Upon docking
to the microtubule, the forward head would then release its ADP and enter a strong
microtubule-binding state, while the rearward head would have progressed in the cycle to a
weak-binding ADP state (Fig. IV-9, steps C to D). These events would also reverse the
structural change in the linker region of the neck, which would permit the coiled-coil in the
dimerization domain to "rezip". In the process, the rearward head would rotate by ~180°
(Howard, 1996), returning the enzyme to its initial state in the cycle and thereby completing
one mechanical step. The above model makes several predictions concerning the roles of
different regions within the neck domain. Most notably, enhancing the stability of the
middle heptad repeats in the dimerization domain should impair processivity and alternating
head ATP catalysis as a result of increasing the energetic requirement for unravelling the
coiled-coil as a prelude to separating the heads. Experiments are currently underway to

examine this question.
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