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Abstract

How do molecular motors convert chemical energy to mechanical work? Helicases and nucleic
acids offer simple motor systems for extensive biochemical and biophysical analyses. Atomic
resolution structures of UvrD-like helicases complexed with DNA in the presence of AMPPNP,
ADP·Pi, and Pi reveal several salient points that aid understanding mechano-chemical coupling.
Each ATPase cycle causes two motor-domains to rotationally close and open. At a minimum, two
motor-track contact points of alternating tight and loose attachment convert domain rotations to
uni-directional movement. A motor is “in gear” for action only when fully in contact with its track
and, if applicable, working against a load. The orientation of domain rotation relative to the track
determines whether the movement is linear, spiral or circular. Motors powered by ATPases likely
deliver each power stroke in two parts, before and after ATP hydrolysis. Implications of these
findings for analyzing hexameric helicase, F1F0 ATPase and kinesin are discussed.
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INTRODUCTION

All living organisms depend on motor proteins to move, transport cargos, divide, and do
work. All motor proteins require electrochemical energy to overcome random thermal
diffusion and produce directional motion (12). The most well known and best studied of
motorized processes include actin-myosin based muscle contraction (29, 41–43, 57, 73),
flagella-propelled bacteria or sperm cell movement (44, 97), microtubule-kinesin facilitated
cargo transport (30, 38), membrane transporters moving molecules against concentration
gradients (37, 66, 78, 83), and various helicases, which can separate double helices, alter
DNA and RNA structures, and translocate, package or remodel genomic DNA (34, 80, 81,
91, 93). All motor proteins depend on chemical or electrical energy to perform mechanical
work. For example, the rotational movement of bacterial flagellae is driven by proton or
sodium ion gradients (52, 60, 63). In addition, electrochemical gradients of H+ or Na+ ions
are used by F1F0 ATP synthase to make the universal high-energy molecule ATP (48, 105)
(Fig. 1). Energy stored in ATP molecules is then released through hydrolysis and converted
to mechanical work by many motor proteins. This review will use DNA helicase as an
example to examine how chemical energy and mechanical work are exchanged and how the
direction, form and step size of movement are controlled.
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MOTOR, TRACK AND LOAD

Each motor system contains at a minimum a motor and a track. For example, muscle
contraction powered by actinomyosin, microtubule-based cargo transport, translocation of
helicases along RNA or DNA, rotation of F1 ATPase, and ion transport against
concentration gradients across a membrane (29, 48, 53, 66, 68, 79, 85, 93, 105). The
presence of a track molecule greatly stimulates the ATPase activity of its linked motor
protein (31, 36). Molecular tracks also influence the path and form of movement. When
embedded in a membrane, a motor protein may rotate within the plane of membrane or
transport substrates across the membrane. Along a protein or nucleic acid filament, motors
may move linearly or in a spiral. Since macromolecules are chiral and protein and nucleic
acid polymers are polar, these tracks also help to determine the direction of motor
movement. Without a track to define the path, form and direction, movement of motors
would be random and futile. In addition to the track, most motor systems have a “work load”
and encounter resistance, for example cargos in the microtubule-kinesin system, a
concentration gradient across membrane, and the finite volume of a bacteriophage head for
packaging DNA.

The overwhelming majority of motors are ATPases and use ATP as the energy source. All
motor ATPases contain a Walker A or P-loop motif (32, 93, 100), and structurally can be
separated into two large classes, myosin/kinesin-like (51, 82) and RecA-like (93, 100) (Fig.
2a–b). Kinesins and myosins are able to hydrolyze ATP in the monomeric form, but
dimerization increases the turnover rate of ATPase (33, 35, 59, 70, 77). Typical kinesins are
dimeric and are proposed to move processively by a hand-overhand mechanism (30, 38,
112) (Fig. 2c). In contrast, many RecA-like motor proteins require two juxtaposed RecA-
like domains to form one ATP-binding site (1, 93). Two RecA-like motor domains may
belong to one polypeptide chain in monomeric motors (98) or to adjacent protomers in a
multimeric protein (25, 89). So far, RecA-like motors have been shown to move like an
inchworm (104, 108) (Fig. 2d). The difference between hand-over-hand and inchworm
mechanisms will be discussed at the end of this review.

METHODS AND LIMITS OF STUDYING MOTORS

Motion and motor proteins have been studied by an assortment of physiological,
biochemical and biophysical techniques, from electrophysiology (74), light and electron
microscopy (41, 65, 110), kinetic measurement of ATP hydrolysis (31, 47, 58),
crystallography (39, 102), to more recent force and fluorescence single molecule microscopy
(76, 86, 88, 101). These approaches complement one other and have revealed diverse
architectures, organizations and mechanisms for motorized movement. For years the step
size of a motor protein was a central question, which generated much debate and stimulated
research of multiple approaches. Using kinetic, microscopic and crystallographic
approaches, the myosin/kinesin and helicase fields have now come to general agreements.
For example, the step size is ~80Å for kinesins (40, 99) and 1 bp (~ 3.4Å) for helicases per
ATP hydrolyzed (14, 28, 53, 55, 71, 93).

The unresolved question is the mechanism for converting chemical energy to mechanical
work. The details of mechano-chemical coupling are of sub-nano scale in time and space
and require higher resolution analyses than the step sizes. To fully understand the energy
conversion, one needs to examine a complete motor system, which includes the motor, track,
and load if applicable.

Each available biophysical method usually focuses on one aspect of a multi-faceted process
and suffers from various technical limitations. Crystallography offers the highest spatial
resolution, but it is limited to materials that can be crystallized and provides only snapshots
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of low-energy states in a dynamic process. Electron microscopy is particularly powerful in
imaging large complexes (3, 102). It complements crystallography well because of no
requirement of crystals. But it suffers from relatively low resolution. Kinetic studies reveal
the rate and amplitude of a chemical process, but only limited parameters of a complex
process can be determined and are subject to model-bias in data fitting (46). Force and
fluorescence-based single-molecule microscopies provide real-time observations of
molecular motion. Yet microscopic observations are often indirect (via fluorescence label or
force readout) and short of atomic resolution. For example, single-molecule approaches
missed the mechano-chemical coupling and actual helicase step-size since the microscopic
approaches detect kinetic pausing and cannot visualize the chemical reaction and mechanical
movement simultaneously (18, 23, 55, 71).

Biochemical and biophysical analyses require ample amounts of homogeneous and well-
behaving motor proteins, track molecules, and appropriate loads. Conformational
heterogeneity of motor proteins resulting from their intrinsic dynamic nature may hamper
biophysical studies, particularly in bulk solution where multiple species are recorded as an
ensemble. The requirement of assembling a multi-component motor system, e.g. polymeric
nature of actomyosin and microtubule or electrochemical gradients across a membrane,
imposes further limits on high-resolution studies. Muscle contraction and cargo-bearing
transport have so far been out of the reach of crystallization. How a proton gradient or
external rotary force alters the kinetic and dynamic properties of F1F0 ATP synthase has also
not been visualized at atomic resolution.

HELICASES AS A MODEL SYSTEM

Helicases, which translocate along and separate RNA or DNA double helices, have been
successfully studied by a variety of biochemical and biophysical techniques (17, 55, 93).
The success is largely due to the fact that pure and active motor proteins are relatively easy
to produce, and the track molecules (DNA and RNA) can be chemically synthesized or
generated in cell culture in large quantities. Moreover, the track molecules also serve as the
“work loads” of helicases since the structures or macromolecular interactions of DNA or
RNA are subjected to energy-dependent changes by helicases. Due to this simplicity,
helicase translocation coupled with nucleic acid unwinding is one of the best-characterized
motor systems.

Helicases are RecA-like ATPases. They exhibit increased ATPase activity in the presence of
appropriate RNA or DNA track molecules. In addition to Walker A and B motifs, helicases
contain distinctive sequence signatures and are divided into six superfamilies (SF), I to VI
(93). The smallest functional units are monomers for SFI and SFII helicases, and cylindrical
hexamers or dodecamers for the remaining four SFs. A monomeric helicase contains two
RecA-like domains, one of which has the Walker A and B motifs for ATP hydrolysis and
the other of which contributes to ATP binding but not catalysis (Fig. 2b). An ATP molecule
is bound at the interface between two RecA-like domains (13, 49, 53, 90, 92, 95, 98). In
contrast, each subunit of a hexameric helicase contains one RecA-like domain, and up to six
ATP molecules are bound at the subunit interfaces between adjacent RecA domains (6, 11,
25, 27, 69, 94, 96).

Not all helicases necessarily unwind RNA or DNA double helices as the name may imply.
Some helicases transolcate along single or double stranded RNA or DNA and remove
whatever “road blocks” or associated molecules may exist along the way (5, 103).
Chromatin remodeling ATPases (80) and the Holliday junction migration motor protein
RuvB (107) are examples of motor proteins that translocate along dsDNA without making
ssDNA. In addition, the helicases that seemingly unwind a double helix may separate two
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strands by translocating along one strand and displacing the other without actually
untwisting the helix ((22, 45, 53) and references therein). Therefore, a helicase may be
considered loaded when it unwinds double helices or translocates along a single strand.

UvrD and SFI helicases

UvrD helicase, also known as helicase II in E. coli (as the second helicase discovered)
belongs to SFI (36, 84). It contains two RecA-like motor domains and uses ATP to unwind
DNA duplexes in the 3′to 5′direction (53, 62). UvrD and its homologous SFI helicases Rep
(50) and PcrA (98, 104) are among the most extensively studied and best-understood motors
on nucleic acids. Extensive examination of these motors when bound to DNA substrate and
undergoing ATP turnover by kinetic (2, 16, 20, 21, 26, 67), single-molecule microscopic
(18, 71, 72), and particularly crystallographic studies (50, 53, 98, 104) reveals several key
elements of mechano-chemical coupling, which may be generally applicable to other
helicases and motor proteins.

In addition to the two RecA-like motor domains (1A and 2A), these SFI helicases have two
DNA-interacting domains (1B and 2B) inserted in domains 1A and 2A, respectively (Fig. 3).
A 40-residue unstructured C-terminal region of UvrD, which modifies the helicase activity
and renders the protein polydispersive in vitro, was removed for crystallographic studies
(15, 53, 64). The crystal structure of a Rep – ssDNA complex was the first helicase-DNA
structure determined (50). Crystal structures of PcrA-DNA and PcrA-DNA-ATP analog
complexes provided the first glimpse of the inchworm-like motion of helicases translocating
along ssDNA in atomic detail (104). The full interactions between this family of helicase
and a ss-ds DNA junction were eventually revealed by the crystal structures of UvrD-DNA
complexes in three states: ATP free, ATP-analog (AMPPNP) bound, and an ATP hydrolysis
transition state (53). These structures provide snapshots of ATP-driven directional
translocation of UvrD along the ds- and ss-DNA and the atomic details of mechano-
chemical coupling.

DOMAIN ROTATION AND INCHWORM MECHANISM

Binding of ATP between two RecA-like domains of UvrD or PcrA induces a ~20° rotation
that closes the two domains; ATP hydrolysis and subsequent release of ADP and Pi result in
a reverse 20° rotation and domain opening (Fig. 3) (53, 104). Interestingly the ~ 20° closing
and opening motions driven by the ATP binding and ADP and Pi release have also been
observed with structurally unrelated ATP-dependent chaperones (54). This ATPase-driven
back-and-forth domain rotation of helicases is converted to mechanical movement of the
motor along nucleic acid and therefore can be viewed as the engine of SFI helicases.
Conversion of rotational motions to various forms of translocation is mediated by the 1B
and 2B domains, which bridge the engine and the nucleic acid track.

The “inchworm” mechanism (104, 108) has two essential components: a rotational
movement (closing and opening) of the engine (analogous to arching and extending the body
of an inchworm), and two contacting points with alternating tight and loose interactions with
a track (analogous to the front and hind legs of an inchworm) (Fig. 2d). Because the two
alternating contact points are tightly coupled to the domain rotations, the outcome of domain
closing and opening is uni-directional translocation and the distance traveled is the sum of
the opening and closing rotations projected onto the track (Fig. 2d). The two components,
the rotation axis for domain closing-and-opening and the track of translocation (which is
equivalent to the line connecting the two contact points) have to be near orthogonal, so that
the rotational movement of a motor core can be converted to linear translocation.
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Direction of movement is determined by how the tight and loose contacts are coupled to the
ATPase cycle. The contact point that is loose when the motor domains open (extend) and
tight when the domains close (contract) is the head or front of movement (Fig. 2d). The
other contact point, which has opposite tight and loose grip of the track relative to the
domain rotation, is the tail and back of movement. The direction of movement will be
reversed if the two contact points switch their tight and loose hold onto the track in
coordination with the domain closing and opening (Fig. 2d).

The inchworm-like movement powered by domain rotations is exemplified in atomic detail
by UvrD helicases.

HELICASE-DNA INTERACTIONS

UvrD, Rep and PcrA translocate along ssDNA in the 3′ to 5′ direction (20, 26, 72, 108).
They bind ssDNA strongly and dsDNA weakly (7, 62, 72, 108). Stimulation of ATPase
activity of these helicases is proportional to DNA binding, the tighter the DNA binding, the
higher the ATPase activity. UvrD binds dsDNA with a 3′ single-stranded overhang tightest
and also exhibits the highest ATPase activity in the presence of 3′-ssDNA overhang (53).

Full heliase-DNA contact for the motor to be “in gear”

The four domains in UvrD, Rep and PcrA helicases are open and flexible in the absence of a
DNA track (98). Even when bound to ssDNA, Rep helicase still adopts two conformations.
A half is “open” as in the DNA-free state and the other half is “closed” (50). When PcrA
was bound to a DNA duplex with a 3′ single strand overhang, the four protein domains
became stabilized in the “closed” conformation (104) (Fig. 3). However, because protein-
dsDNA interactions were weak and somewhat disordered, each of the four domains moved
in an uncoordinated fashion between the ATP-free and ATP-bound states (104). In contrast,
in the UvrD-DNA complexes where both ds and ss portions of DNA are properly associated
with UvrD, the four domains form two rigid bodies (Fig. 3). Domains 1A, 1B and 2B rotate
in unison relative to domain 2A in response to ATP binding (53). Therefore the ATPase-
powered domain rotation between two RecA-like domains, 1A and 2A, can be propagated
throughout the helicase and to the bound DNA. Full contacts between the helicase and
DNA, which is between the motor, track and load, appear to be essential to set the motor
protein “in gear” so that the ATP-driven domain rotations are efficiently converted to DNA
translocation instead of being dissipated.

Orthogonal ds- and ss-DNA

When bound to UvrD, 16 bps of duplex and 5 single-stranded nucleotides are in contact with
the helicase and well defined by electron density (53). The duplex and single-stranded
portions of DNA are roughly orthogonal to each other (Fig. 3). The orthogonal orientation
allows the ds and ss DNA to move separately. Domains 1B and 2B form extensive
interactions with dsDNA on one side, and 5 nucleotides of the ssDNA are sandwiched
between these DNA-binding domains and the RecA-like domains 1A and 2A. Most of
protein-DNA interactions are with the phosphosugar backbones. Interactions with DNA
bases are often via base stacking and non-sequence specific. The direction of ssDNA is
approximately perpendicular to the ATP-induced domain-rotation axis, and the dsDNA
helical axis is at ~ 30° angle to the domain-rotation axis (Fig. 3).

Four alternating tight-loose contacts

Four rather than two critical protein-DNA contact points are observed between UvrD and
DNA (53). The first is between the 2B domain and the dsDNA ~10 bp upstream from the
ds-ss junction. The second is between the ds-ss junction and domains 2A and 2B. The third
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is between the middle of ssDNA and the motif III (domain 1A) in the ATP-binding pocket
near the γ-phosphate of ATP. The fourth occurs where the ssDNA exits UvrD. Domains 2B,
1B and 1A are all involved in forming this ssDNA exit gateway. An α-helix from domain
2B moves in coordination with the ATP/ADP binding state to close and open this gateway,
thus regulating the ssDNA movement. Among the four contact points, the first two contact
the dsDNA portion and the second, third and fourth contact the ssDNA in the direction of 5′
to 3′ (Fig. 3).

Comparison of the crystal structures of the ATP free, AMPPNP bound, and ATP hydrolysis
intermediate states of UvrD reveals how these four contact points alternate tight and loose
interactions. During the ATP-binding induced domain closing, the first and third contact
points remain unchanged (therefore tight), while at the second and the fourth contacting
points protein structures change and DNA and protein undergo relative movement. At the
ds-ss junction (2nd contact), one base pair undergoes an unwinding movement and separates.
The newly unpaired nucleotide bulges out (Fig. 3a). The ssDNA exit gateway (4th contact)
becomes open and one nucleotide passes through it and leaves UvrD. During ADP and Pi
release and domain closing, however, contact points 1 and 3 become loose and protein-DNA
interactions change, while contacts 2 and 4 are held fast. The ssDNA exit gateway becomes
closed. When domains 1A, 1B and 2B rotate away from domain 2A, ssDNA moves with
these protein domains by 3.4Å, and the bulged-out nucleotide gets straightened. The loose
contact 1 allows the protein to move along the dsDNA helix and re-establish the contact
with the next base pair (Fig. 3b). The contact point 2 at the ds-ss junction is tight and
prevents backward slippage and the newly separated base from re-pairing with its partner.

Such tight and loose alternations are evident in the crystal structures. When UvrD or PcrA
was co-crystallized with DNA without ATP analogs, the exit gateway is always closed (53,
104), confirming that the protein-DNA interaction is tight. But when UvrD was crystallized
with DNA and an ATP analog or an ATP hydrolysis intermediate, the gateway can be either
open or closed (53), indicating that the DNA-protein interaction is flexible and thereby
loose. A similar alternation of tight and loose protein-DNA interaction was observed at the
first contact point between domain 2B and the DNA duplex. In the three crystal forms of
UvrD-DNA complexes without ATP, the contact invariably occurs 10 bps from the ds-ss
DNA junction. But in the 8 crystal structures of UvrD-DNA-ATP analog complexes, this
contact point occurs 8, 9 or 10 bps from the ds-ss junction, apparently influenced by crystal
lattice contacts, but centering at 9 bps (53).

The importance of these contacts is further supported by mutagenesis studies. Mutations of
any one of the contacts in PcrA and UvrD impede the mechano-chemical coupling and
diminish the efficiency, directionality and regularity of translocation by these helicases (19,
53). The seemingly enhanced helicase activity of Rep helicase by removing a dsDNA
binding domain (2B) (10, 16) is likely due to the fact that 2B domain is not engaged in
dsDNA binding without the necessary cofactor DBP (108). Since domain 2B limits ssDNA
translocation by regulating the exit gateway (Fig. 3), its presence in Rep helicase without the
benefit of dsDNA binding can explain the reduced ssDNA translocation (10, 16).

Direction of movement

Coupled with the ATP-driven domain rotation, these four alternating tight and loose protein-
DNA contacts lead to an overall movement of UvrD in the 3′ to 5′ direction along the
ssDNA overhang and unwinding of one base pair per ATPase cycle. As predicted by the
inchworm mechanism, the head or front of movement is contact 1 because it is tight during
domain closing (ATP binding) and loose during domain opening (ADP and Pi release), and
the tail or back is contact 4 because it has the opposite tight and loose interactions between
UvrD and DNA. To reverse the direction of translocation, a helicase may maintain the same
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protein-DNA interactions. By simply switching the tight-loose interactions at each contact
point with regard to ATP binding and ADP/Pi release, it will travel along DNA in the
opposite direction (Fig. 2d). This is indeed the case as observed with two 5′ —> 3′
helicases, RecD, also of SFI (87, 92).

FORM OF TRANSLOCATION

Linear movement along ssDNA

Linear translocation of a DNA helicase along ssDNA was first observed in atomic detail in
the PcrA-DNA crystal structures with and without a bound ATP analog (104). The authors
found that two contact points (equivalent to contacts 2 and 3 in UvrD-DNA complex)
defined the direction and step size of the translocation along ssDNA. As shown in the case
of UvrD, the second, third and fourth contacts along ssDNA form a line that is perpendicular
to the rotational axis between the RecA-like motor domains. These contacts are loose-tight-
loose in the ATP binding step and become tight-loose-tight during the ADP and Pi release
step. The orientation of these contacts and the alternation of tight and loose interactions
result in a linear single nucleotide translocation during each ATPase cycle.

Interestingly, these contact points with ssDNA are not strictly conserved among UvrD-like
helicases. In the absence of ATP, 5 single-stranded nucleotides are bound by the UvrD,
PcrA and Rep helicases between the ds-ss junction and the ssDNA exit gateway. PcrA
appears to secure its hold on ssDNA at contact 3 during ATP binding with a unique
nucleotide “trap hole” that pockets the base of the flipped out 4th nucleotide, counting from
the ds-ss junction (Fig. 4). After PcrA is bound to an ATP analog (AMPPNP), the ‘trap
hole” is filled by a protein side chain and the nucleotide is released, thus allowing
subsequent translocation of one nucleotide. The “trap hole” and nucleotide flipping in
ssDNA have not been observed in NS3, Rep, UvrD, Hel328, VASA and eIF-4A complexed
with either DNA or RNA (4, 8, 13, 49, 50, 53, 56, 90). In UvrD, an Arg sidechain instead of
the “trap hole” at the third helicase-DNA contact point stops ssDNA from translocating in
the 5′ to 3′ direction during ATP binding. After ATP is bound this Arg alters its rotamer
conformation and moves out of the ssDNA pathway (Fig. 4). Therefore the contact point
becomes loose and allows ssDNA to translocate in the 3′ to 5′ direction during ADP/Pi
release.

Spiral movement around dsDNA

In contrast to the orthogonal orientation of ssDNA relative to the domain rotation axis and
linear translocation as an outcome, the ds-DNA helical axis is at a ~30° angle to the motor
domain rotation axis in the UvrD-DNA complex (Fig. 3). Although the motor domains
undergo the same closing-and-opening rotations, the orientation of the two contact points
between UvrD and dsDNA are along the DNA helical axis and slightly inclined to the motor
core rotation, thus resulting in a spiral movement (consisting of both rotational and
translational components) of the helicase along dsDNA (Fig. 3). This spiral movement of
UvrD was likened to a ratchet “wrench” in repeated ATPase cycles (53). Fundamentally, it
is a derivative of inchworm mechanism.

Since molecular movement is based on the ATPase-driven domain rotation, how does
domain rotation lead to linear, circular or spiral movement? The inchworm mechanism may
seemingly imply a linear form of translocation. But the UvrD helicase demonstrates that
spiral movement can result from the same motor domain rotations. Theoretically, the inter-
domain closing-and-opening rotations can result in linear, circular or spiral movement
depending on the orientation of contact points relative to the domain rotational axis. If the
direction of a track (the line connecting the two contacting points) is perpendicular to the
inter-domain rotation axis, the movement will be linear. If the track is parallel or collinear to
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the rotation axis, the movement will be circular. If the two are at an angle, the resulting
movement will be a spiral (Fig. 5).

COMPARISON WITH OTHER MOTORS

Non-linear movement by rotary motors

Many motor proteins are cylindrical with multiple subunits related by a rotational symmetry
including, for example, F1F0 ATP synthase (48, 105) and hexameric or dodecameric
helicases of superfamily III to VI (6, 11, 25, 27, 69, 94, 96). Each subunit contains one
RecA-like domain, and ATP molecules are usually bound at the subunit interface. ATP
binding and release of ADP and Pi lead to the relative rotation of adjacent subunits towards
and away from each other (1). Naturally, movement powered by the cylindrical motors is
often rotational as observed with the F1F0 ATPase (as the reversal of ATP synthesis) (76).
This is because the ATPase-powered subunit rotation is concentric with the protein
symmetry and the direction of the track (central stalk, γ subunit) (Fig. 5c).

The relative orientation of a hexameric helicase and its track molecule, nucleic acid
threading through the center of the circular motor (22, 25) (Fig. 5d), is analogous to that
between the γ and α3β3 subunits of F1 ATPase. Yet ATPase-powered subunit rotation leads
to translocation along rather than merely rotation around ss or dsDNA in the center. Because
of a co-linear component in the relationship between the nucleic acid helical axis and
subunit-rotation axis, translocation of helicase along nucleic acid cannot be linear. The
seemingly linear translocation most likely results from a spiral translocation of the helicase
around the ss or ds DNA or RNA backbone. As demonstrated by UvrD, spiral movement is
possible if the contact points between protein and nucleic acid are at an angle to the inter-
subunit rotational axis. This can be readily achieved since protein motors interact with the
helical backbone of nucleic acid (25).

Two parts of a power stroke

Each ATPase cycle can be divided into two halves separated by the chemical reaction (ATP
hydrolysis): ATP binding and ADP/Pi release. The ATP hydrolysis reaction is reversible and
ATP can reform (9). Only after release of ADP, Pi or both is the energy stored in the
phosphodiester bond extracted. In the UvrD case, each half of the ATPase cycle is
associated with a motor-domain rotation, closing and opening; and both do work. A similar
division of labor before and after ATP hydrolysis has been observed with the ATP powered
rotation of F1F0 ATPase (as a reversal of ATP synthesis) (75, 109) (see discussion later).
ATP binding alone is associated with a large change of free energy, which can be used to do
work. But only after release of hydrolysis products ADP or Pi does the work performed
become permanent and irreversible. In the case of UvrD, during the first half of the ATPase
cycle ATP binding is coupled to domain closing and leads to unwinding of 1 bp. In the
second half of the ATPase cycle, ADP and Pi release is coupled with domain opening and
leads to ssDNA translocation by 1 nt. Neither of these two elements can exist without the
other, and together they achieve translocation and unwinding of 1 bp.

For UvrD, the two parts of an ATPase cycle also separate the linear translocation along
ssDNA and the spiral movement along dsDNA. The division ensures the attachment of
motor to its track, and a minimum of two contact points are maintained at any given time. It
also reinforces the direction and step size of UvrD movement and prevents any slippage on
ss or dsDNA. The energy released from each ATP hydrolysis, 7–8 kcal per mole, clearly
exceeds the free energy in a base pair (106). The excess may be rationalized as being spent
on assuring the direction, form and step size of motion.
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It is hard to imagine that a two-part ATPase cycle and division of labor is unique only to
UvrD-like helicases and the F1F0 ATPase. A single power stroke is often used to describe
the movement of myosin V during Pi release (24, 39) because attachment of the motor to the
track has been shown to be tight only in the ADP-bound form. Yet it is possible that when
fully loaded and in gear, myosin has other attachment sites and delivers a power stroke
during ATP binding. As exemplified in DNA unwinding by UvrD, there must be more than
one critical contact point between a motor and its track to ensure the direction and step size.
Even when one or two contacts are loose and weak, a power stroke can still be delivered.

Step size of F1F0 ATPase

F1F0 ATP synthase consists of a membrane-embedded F0 rotor empowered by ion gradients
and the F1 ATP synthesis center (105). Without F0 or ion gradients, F1F0 ATP synthase
becomes an ATPase. The minimal F1 made of 3 αβ and 1 γ subunits (α3β3γ) can hydrolyze
ATP and rotates the central γ subunit (76) (Fig. 1a, 5c). The β subunits contain the ATPase
activity, while the α subunits merely bind ATPs (1). Each ATP hydrolyzed by a β subunit
results in a 120° rotation of the γ subunit relative to the surrounding α3β3, so that three
ATPs hydrolyzed by the circular F1 ATPase lead to a full-circle rotation of γ. Each 120°
rotation is further divided as 80°–90° during ATP binding and 30°–40° during Pi release as
determined by fluorescence-based single molecule microscopy (75, 109). Yet 80° is a large
number. It surpasses any recorded domain or subunit rotation driven by an ATPase in a
single step. It is larger than ~ 60° span of each α or β subunit and much larger than the ~20°
domain rotation observed with UvrD-like helicases. An 80° rotation entails that the γ
subunit has to skip one subunit each time an ATP is bound (Fig. 5c). One wonders if the α
subunits, which bind but don’t hydrolyze ATP, may undergo simple ATP binding and
release powered by the ATPase activity of an adjacent β subunit, and thereby undergo
similar conformational changes as the β subunits and contribute to the overall γ subunit
rotation. The 120° rotation per ATP hydrolyzed may be conducted by both α and β subunits
in four sub-steps, which result from two ATP binding, one ATP release, and ADP and Pi
release steps. By this mechanism, an average of 30° rotation sub-steps can be correlated to
the nucleotide binding- and release-induced protein conformational changes and is much
closer to the 20° rotation observed with UvrD-like helicases.

Inchworm vs. hand-over-hand

Both inchworm and hand-over-hand mechanisms are based on a domain or subunit rotation
powered by ATPase. Monomeric helicases have been shown in atomic detail to translocate
by the inchworm mechanism whether linearly or spirally (53, 93). The dimeric kinesin and
myosin V molecules have been shown to move by a hand-overhand mechanism (111, 112).
The feature that has been used to differentiate the two mechanisms is whether the two
subunits of the dimeric motor alternatively take the lead position. The hand-over-hand
mechanism predicts that they alternate, whereas the inchworm mechanism predicts that one
subunit maintains the lead position (111, 112). The microscopic observations clearly support
the hand-over-hand mechanism. However, the critical question that remains to be addressed
is the number of contact points between each motor subunit and track and how they alternate
tight and loose interactions according to the ATP, ADP and nucleotide-free states. The
UvrD-like helicases require at least two contacts, but the kinesin/myosin motors appear to
have one contact by each ATPase subunit. Physically a single contact point between a motor
protein and track with alternating tight and loose interaction cannot track the direction and
step size of movement. However, myosin and kinesin have two motor subunits, and they
may alternately have tight and loose interactions with the track. The control of directional
movement then rests on the tight coupling of the two motor subunits. Interestingly, the
proposed coiled-coil link between two kinesin subunits is distal to the microtubule- and
ATP-binding sites (Fig. 2a). Moreover, the linker (known as neck linker) between the motor
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head domain and coiled coil appears flexible (61). It will be interesting to uncover the
atomic details of myosin and kinesin motors that are loaded and in full contact with their
respective track, how they move with defined direction in large steps, and what the
fundamental differences between inchworm and hand-over-hand mechanisms turn out to be.
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SUMMARY POINTS

1. A motor system includes not only a motor but also a track and a load.

2. The heart of all molecular engines is likely relative domain or subunit rotations
powered by ATP hydrolysis or ion gradients.

3. Domain rotations are then converted to linear, circular or spiral movements
depending on the orientation of the domain/subunit rotational axis relative to the
contacts with the track. A monomeric or dimeric motor may move in a linear or
spiral form, like UvrD, kinesin and myosin V. A cylindrical motor can move in
a circular or spiral path, but not linearly, e.g. F0F1 ATP synthase and hexameric
helicases.

4. The Inchworm mechanism requires at a minimum two contact points between a
motor and its track and that these two contact points alternate tight and loose
interactions in coordination with the ATP, ADP and nucleotide free states of the
motor.

5. Mechano-chemical coupling requires a motor to be in full contact with its track
and load if applicable.

6. Motors powered by ATPases likely deliver each power stroke in two parts,
coordinated with ATP binding and ADP/Pi release in the case of helicases. In
the cases of kinesin and myosin where ADP release is relatively slow, the two
parts may be ATP binding and Pi release.
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FUTURE ISSUES

Details of mechano-chemical coupling in many motor systems are not clear. The
following is only a short list.

1. What is the rotational step size of F1 ATPase? Do the α subunits undergo ATP
binding and release cycles and contribute to γ subunit rotation?

2. For the hexameric helicases, the only available helicase-DNA complex
structure, papilomavirus E1 (25), resembles the apo-protein structure (89). This
observation raises the question of whether ATP merely stabilizes a pre-existing
thermally fluctuating state or that key ATP-induced conformational states are
yet missing.

3. Even with the UvrD-like helicases, the structure of helicase-DNA complex after
Pi release and with ADP bound is still missing, and the effect of Pi release is
unknown.

4. Finally, how do the two myosin and kinesin motor heads communicate? How do
these motor proteins take large steps without falling off and getting lost from
their tracks?
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Figure 1.
(a) A schematic diagram of F1F0 ATP synthase using ion gradients to generate torque,
which in turn powers ATP synthesis. (b) A diagram of using energy released from ATP
hydrolysis to transport ions against its concentration gradients.
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Figure 2.
(a) Structure of a kinesin dimer (PDB: 2NCD) shown in ribbon diagrams. One subunit is
shown in cyan and the other in a blue-to-red gradient from the N- to C-terminus. The bound
ADPs are shown as purple sticks. (b) A ribbon diagram of the two RecA-like domains, 1A
and 2A of UvrD (PDB: 2IS6). Domain 1A contains the Walker A and B motifs and is shown
in blue-to-red gradient. (c) The hand-over-hand mechanism. (d) The inchworm mechanism.
The same ATPase-driven domain rotation and the same two motor-track contacts may
enable movement in opposite directions by switching the tight contact to loose and loose to
tight with regard to the ATPase cycle. Figures 2a–b and 4 were made using PyMol
(www.pymol.org).
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Figure 3.
Diagram of four domains (1A, 1B, 2A, 2B) in UvrD. The ds and ss DNA are roughly
orthogonal to each other when bound to UvrD. The 1A, 1B and 2B domain form a rigid
body when UvrD is in full contact with ds- and ss-DNA. There are four critical contact
points between UvrD and DNA, labeled as 1, 2, 3 and 4. (a) The 20° domain closing induced
by ATP binding, and (b) the reverse of domain opening by ADP/Pi release around the grey
double-arrowed axis. The tight contacts are indicated in deep red and loose contacts are
indicated in pink.
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Figure 4.
Different ways of forming tight and loose contact with ssDNA by homologous UvrD and
PcrA. (a) In UvrD-DNA complexes, each nucleotide from +1 to +5 position counting from
the ds-ss junction is color-coded and highlighted by the electron densities. The Arg (R257)
(indicated by the black arrow head) stacks with DNA bases (+4 and +5) in the ATP-free
state and holds ssDNA in place during ATP binding. R257 together with F62 change their
rotamer conformations when UvrD is bound to an ATP analogue and allows ssDNA
translocation during ADP and Pi release. (b) In PcrA-DNA complexes, the last three
nucleotides corresponding to +3, +4 and +5 in UvrD are colored accordingly. The trap-hole
that stops ssDNA translocation during ATP binding is shown in a black box. Interestingly,
PcrA does contain the equivalent of R257 (indicated by the grey arrow).
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Figure 5.
Linear, spiral and circular movement. (a) Linear movement by monomeric motor in an
inchworm fashion. (b) Same monomeric motor can move along a helix in the spiral form. (c)
Cylindrical motors often conduct circular (rotary) movement. (d) They can also move in a
spiral form, e.g. around the helical backbone of nucleic acid, which may appear to be linear
translocation.
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