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Motor proteins are powered by nucleotide hydrolysis and exert mechanical

work to carry out many fundamental biological tasks. To ensure their correct

and efficient performance, the motors’ activities are allosterically regulated

by additional factors that enhance or suppress their NTPase activity. Here,

we review two highly conserved mechanisms of ATP hydrolysis activation

and repression operating in motor proteins—the glutamate switch and the

arginine finger—and their associated regulatory factors. We examine the

implications of these regulatory mechanisms in proteins that are formed

by multiple ATPase subunits. We argue that the regulatory mechanisms

employed by motor proteins display features similar to those described

in small GTPases, which require external regulatory elements, such as dis-

sociation inhibitors, exchange factors and activating proteins, to switch the

protein’s function ‘on’ and ‘off’. Likewise, similar regulatory roles are

taken on by the motor’s substrate, additional binding factors, and even adja-

cent subunits in multimeric complexes. However, in motor proteins, more

than one regulatory factor and the two mechanisms described here often

underlie the machine’s operation. Furthermore, ATPase regulation takes

place throughout the motor’s cycle, which enables a more complex function

than the binary ‘active’ and ‘inactive’ states.

This article is part of a discussion meeting issue ‘Allostery and molecular

machines’.
1. Introduction
Motor proteins transform the energy released in adenosine triphosphate (ATP)

hydrolysis into mechanical work to perform fundamental biological processes,

such as intracellular transport, protein degradation and energy production [1,2].

Although motor proteins are ubiquitous, their function is necessaryonlyat relevant

locations in the cell and at distinct stages of its cycle [3]. Therefore, in order to ensure

adequate spatial and temporal control of their function, motor proteins must be

switched between ‘active’ and ‘inactive’ states in a regulated manner [4].

The current mechanistic picture of regulation in motor proteins has been par-

tially drawn from the detailed understanding of function activation in small

GTPases (figure 1). Small GTPases activate signalling pathways in the guanosine tri-

phosphate-bound state—the ‘on’ state—and do not display such activation in the

guanosine diphosphate-bound state—the ‘off’ state [5]. The active state of small

GTPases is not required at all times and, therefore, the protein’s activity is switched

‘on’ and ‘off’ throughout the cell cycle in a regulated manner (figure 1). Such regu-

lation is performed by specialized protein factors that either prevent or promote

adenosine diphosphate (ADP) release—known as guanine dissociation inhibitors

or guanine exchange factors, respectively—or that stimulate GTP hydrolysis—

known as GTPase-activating proteins [6]. Likewise, the activities of motor proteins

are regulated by additional factors, such as the motor’s substrate, associated protein

factors, and subunits adjacent to each other in multimeric complexes, which take on

regulatory roles analogous to those described in small GTPases (figure 1).
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Figure 1. Small GTPase-like regulation. The activity of small GTPases is regulated by additional binding factors. Different motor proteins display distinct features of
these regulatory mechanisms. The specific features exhibited by each motor are indicated in boxes with the same colour code as the name of the protein.

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170181

2

Here, we review various mechanisms of regulation in

different motor proteins. We note that all these mechanisms

share a general feature: the motor’s function is controlled

by stimulation or repression of its ATPase activity, which is

regulated allosterically by different factors. We show that

regulatory factors can control the motor’s ATPase activity

at two distinct stages of the enzymatic cycle: nucleotide

exchange and ATP hydrolysis. First, we discuss specific

cases in which these factors control nucleotide exchange by

preventing or facilitating ADP release. Then, we describe in

detail the functions of two highly conserved elements of

ATP hydrolysis activation: the arginine finger and the gluta-

mate switch. We show how the action of two repressing or

two activating elements can combine resulting in a heavily

inhibited or heavily activated motor activity. Throughout

the review, we consider the implications of these mechanisms

in multimeric ring motors.
2. Dissociation inhibitors and exchange factors
in motor proteins

Kinesin-1 is an essential protein that transports vesicles

and organelles towards the (þ) end of microtubules [7]. For

kinesin to achieve the velocity of approximately 900 nm s21

observed during transport [8], its ATPase cycle—which

includes ADP release and other chemical transitions—must

take place at a rate of approximately 110 s21 (assuming an

8 nm step size). Interestingly, unloaded kinesin-1 remains

mostly in its ADP-bound state, displaying ADP release rates

of about 0.00048 s21 [9], whereas in the presence of its cargo

and microtubules, these rates are increased to approximately

300 s21 [10]. Kinesin-1 switches between these heavily

repressed and transport-competent states through the com-

bined action of two regulatory factors that control its

nucleotide exchange: kinesin-1’s own tail and microtubules.

Indeed, in the absence of cargo, kinesin-1 remains in the heav-

ily repressed state (figure 2a) by using its tail domain as a

built-in inhibition factor that prevents ADP dissociation

(figure 1). Deletion of the tail domain is known to activate
the ATPase activity without the need of cargo binding, and

inhibition is re-established by the addition of exogenous tail

peptide [11]. The crystal structure shows that the tail folds

and cross-links the motor domains, preventing the movement

of the ATPase domains and, presumably, the allosteric signal

necessary to promote ADP release [12]. However, even after

binding to its cargo, kinesin-1 still binds tightly to ADP

(ADP release rates of around 0.005 s21; figure 2a, [13]. Only

in the presence of microtubules, cargo-bound kinesin-1 dis-

plays ADP release rates competent for regular transport,

indicating that the polymer track functions as an exchange

factor that facilitates ADP release (figure 2a). Indeed, crystal

and biochemical studies suggest an allosteric path that

promotes ADP release in kinesin-1 after binding to microtu-

bules [14]. In particular, the interaction between kinesin-1

ATPase head and residue E415 in a-tubulin is thought to

produce conformational changes that are propagated to the

nucleotide-binding site to promote the release of ADP [15].

Kinesin-1 depends on its exchange factor to increase its

ATPase activity. However, in multimeric ring motors,

exchange factors are necessary to ensure timely release of

ADP at appropriate times during the motor’s cycle. The sub-

units and, in some cases, the subunit’s subdomains can adopt

the exchange factor role by promoting ADP release in the

neighbouring nucleotide-binding pocket [16–18]. Next, we

will briefly describe three ring motors that rely on exchange

factors for their proper operation.

F1-ATPase, a subdomain of ATP-synthase, is formed by

three dimers of a- and b-subunits (a3b3), and one copy of

the g-subunit, a central protein that rotates as the motor’s

chemical cycle proceeds [19]. The catalytic site at the interface

of each a2b dimer is formed by the nucleotide-binding

pocket of the b-subunit and several residues contributed by

the non-catalytic a-subunit, including a highly conserved

trans-acting arginine residue, a-R373 [20] (figure 2b). It was

shown that ATP binding to the non-catalytic a-subunit

site is anti-cooperative and promotes the release of ADP

from the adjacent b-subunit [21]. Interestingly, in motors

containing mutants of the highly conserved arginine finger,

a-R373, the b-subunits are known to remain in the
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Figure 2. Multiple mechanisms of regulation operate in a single motor protein. (a) The tail of kinesin-1 serves as a built-in nucleotide dissociation inhibitor, NDI (left). Tail-
inhibition is released upon cargo-binding (middle). The microtubules play the role of a nucleotide exchange factor (NEF) by accelerating ADP release (right). (b) In F1-ATPase,
thea-subunits serve the role of the nucleotide exchange factor. In solution, theb-subunits do not release ADP (left). In the ring configuration, theb-subunits are released
from the ADP-inhibition by the arginine finger of the a-subunit (middle). The activity of the ring motor is further enhanced by the presence of the g-subunit.
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ADP-inhibited state [16]. Additionally, replacing the arginine

finger for an unnatural amino-acid analogue of lysine,

Lyk—which has the same length as the arginine—prevented

the b-subunit ADP-inhibited state [22], indicating that

the length of the trans-acting side chain is sufficient for

nucleotide exchange. These observations suggest that the

ATP-bound a-subunit uses its arginine finger to facilitate

ADP release from its neighbouring b-subunit (figure 2b).

A surprisingly similar mechanism was recently suggested

for the w29 DNA packaging motor. The w29 DNA packaging

motor is a pentameric ring ATPase that encapsidates one

copy of the viral genome into a pre-formed protein shell.

During a motor’s operation, the subunits are known to

undergo ADP-ATP exchange one at a time. ATP binding in

one subunit induces the release of ADP in the neighbouring

catalytic pocket [23]. ADP release is the slowest process

during nucleotide exchange and, thus, the subunits tend to

stay bound to the nucleotide unless they are induced to release

it [24]. A recent single-molecule study shows that mutants of

the highly conserved arginine finger, R146K, display even

slower ADP release rates, demonstrating that the arginine resi-

due is necessary for normal ADP release [17]. Based on the

published structure [25], the catalytic site and the arginine

finger are located at opposite sides of each subunit but are con-

nected through a direct peptide linkage (figure 3b). These

observations are consistent with a mechanism in which ATP

binding in one subunit triggers an allosteric signal that is pro-

pagated via this linkage to its arginine finger that, in turn,

facilitates the release of ADP in the adjacent catalytic pocket.

The previous examples suggest a conserved allosteric pro-

cess connecting ATP binding in one subunit to ADP release in
the adjacent binding pocket via the arginine finger. Although

experimental evidence about the details of this allosteric

pathway is still needed, communication between adjacent

binding pockets is also thought to underlie nucleotide

exchange in other ring ATPases. An interesting variation of

this mechanism is seen in the disagregase Hsp104, a hexame-

ric ring ATPase from yeast that targets protein aggregates

to resolve them [18]. The subunits of Hsp104 contain two

binding domains: NBD1 and NBD2. A mutagenesis study

shows that ATP binding to each protomer, NBD2 or NBD1,

increases ATP turnover by almost 10-fold in the other. ADP

release is known to be the rate-limiting step for the hydrolysis

reaction, and thus, the observed increase in ATPase rate is

thought to result from facilitating ADP release in one binding

domain upon binding of ATP by the other [18]. Although, the

allosteric regulation has been shown to occur in both direc-

tions, NBD2 is thought to be the main engine of Hsp104,

whereas NBD1 is thought to play more of a regulatory role.

The examples presented above show that nucleotide fac-

tors operate in many motor proteins to regulate their

ATPase activity. Mechanisms for nucleotide exchange often

operate in combination with factors that modulate ATP

hydrolysis rates. In what follows, we will review some of

these activating factors and their associated mechanisms to

stimulate or suppress ATP hydrolysis.
3. ATPase modulation via the arginine finger
Most ASCE (additional strand catalytic E) proteins reach high

steady-state ATPase activity only in their oligomeric form
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Figure 3. Catalytic pockets in heteromeric and homomeric ring motors with NTPase-activating proteins (NAP). (a) In heteromeric ring motors, two different proteins
form the catalytic pocket: the ATPase subunit (blue) and an activating protein with no intrinsic ATPase activity ( pink). Signals are transmitted by the activating protein to
the adjacent catalytic pocket through allosteric pathways (grey dashed line). (b) In homomeric ring motors, the catalytic pocket is formed by two identical subunits.
Signals are transmitted to the next catalytic pocket through peptide linkages connecting the nucleotide-binding site and the arginine finger (grey dashed line).
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[26,27]. By contrast, as monomers, the subunits bind nucleo-

tides with low affinity and support low rates of ATPase

hydrolysis, preventing futile energy consumption. The high

ATPase activity observed after oligomerization results from

catalytic pocket sites at the interface of each pair of adjacent

subunits [28] (figure 3). ATP hydrolysis rates in the catalytic

sites are enhanced by trans-acting arginine residues that

stabilize the transition state (figure 4a). In heteromeric ring

motors, ATP hydrolysis in the catalytic subunits—containing

both the nucleotide-binding pocket and catalytic residues—

are activated by the non-catalytic subunits—contributing

the arginine residues (figure 3a). The catalytic and non-

catalytic subunits have different sequences and often differ

significantly in their tertiary structures. In homomeric ring

motors, ATP hydrolysis in the catalytic sites is activated by

arginine residues provided by identical neighbouring sub-

units (figure 3b). In each subunit, the nucleotide-binding

pocket and catalytic residues are located at the opposite

side of the arginine finger. Below we review several hetero-

meric and homomeric ring ATPases where subunits take on

the role of activating factors to stimulate ATP hydrolysis

in the neighbouring catalytic pocket. We will also discuss

allosteric processes that enable sequential subunit stimulation.
4. The arginine finger in heteromeric ring
motors

The a3b3 ring complex of F1-ATPase exhibits its maximum

ATPase activity in the presence of the g-subunit (figure 2b),

but also displays significant ATPase activity alone (approx.

25% of the full F1-ATPase) [29]. The a3b3 intrinsic ATPase

activity is supported by three catalytic sites formed at the

interface of each a2b dimer (figure 2b). Early biochemical

studies showed that catalytic b-subunits alone do not display

significant ATPase activity and require the presence of the

non-catalytic a-subunits to attain detectable enzymatic activity

[30]. Moreover, mutants of the highly conserved arginine

finger were shown to decrease the ATPase activity by a factor
of 103 [16]. Although some of this reduction derives from

larger ADP inhibition of the b-subunit (see previous section),

single-molecule studies have shown that the transition most

affected by the substitution is ATP hydrolysis [16]. These

studies, together with molecular dynamic simulations, show

that the a-subunit plays an activating role by contributing its

trans-acting arginine to the catalytic site (figures 3a and 4a).

Interestingly, recent studies based on high-speed atomic force

microscopy show that rotor-less a3b3 complexes exhibit ATP-

induced dynamic conformational changes and binding

asymmetry similar to those observed during the operation of

the full F1-ATPase complex [31]. This observation indicates

that the a- and b-subunits are fully competent to propagate

signals between catalytic sites without the concourse of the

g-subunit (figure 3a). The fact that mutants of the arginine

finger abolish multi-site catalysis [32] suggested that the a-sub-

unit, via its arginine finger, plays an important role in

transmitting signals between catalytic sites. Isolated b-subunits

are known to undergo large conformational changes upon

nucleotide binding [33] that closely resemble the open-to-

closed conformation transition. By contrast, isolated a-subunits

exhibit much more limited conformational changes upon ligand

binding in bulk studies [34]. However, molecular dynamic

simulations show that the open-to-closed conformational

transition in a-subunits is essentially barrierless [35], imply-

ing that the non-catalytic subunit could easily mirror the

b-subunit’s conformational changes upon induction. Moreover,

mutagenesis studies have identified a set of residues in the vicin-

ity of the arginine finger in the a-subunit that are necessary for

nucleotide-binding cooperativity and multisite hydrolysis but

that have no effect on unisite catalysis—the hydrolysis rate

when only one out of the three catalytic sites is occupied with

nucleotide [32]. Based on the crystal structure of the full

F1-ATPase complex, this set of residues is thought to amplify

conformational changes occurring in the arginine finger

during the ATP hydrolysis transition state [36]. Although more

experimental evidence is required, the inherent flexibility of the

a-subunit suggests an allosteric path that allows long-range

communication between b-subunit catalytic pockets (figure 3a).
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the water nucleophilic attack. (b) The catalytic glutamate pairs with an asparagine when the protein is in the inactive state. The residue is released from the pair by
external activating factors to activate ATP hydrolysis. NAP, NTPase-activating protein.
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b-subunits of F1-ATPase pair exclusively with a-subunits

to form complete catalytic pockets. By contrast, other ATPase

proteins can pair with various activating proteins, a strategy

that possibly evolved to regulate the function of the motor

by different factors at distinct locations in the cell. TorsinA,

a member of the AAAþ branch of NTPases, related to

proteases and Hsp proteins, illustrates this behaviour [37].

TorsinA is found in the endoplasmic reticulum and nuclear

envelope of higher eukaryotes, and does not display ATPase

activity in isolation. However, ATP hydrolysis by torsinA

subunits is induced upon association with LAP1 at the

nuclear envelope, or with LULL1 at the endoplasmic reticu-

lum. Both activating proteins lack intrinsic ATPase activity.

EM studies show that torsinA and LAP1 or LULL1 subunits

form alternating hetero-hexameric rings in which the activa-

tors donate an arginine finger to complete torsinA’s ATPase

active site (figure 3a) [38]. Many questions remain to be

answered about this system, including whether LAP1 and

LULL1 can mediate long-range communication between

torsinA subunits in a manner similar to a-subunits in

F1-ATPase. Nonetheless, the ATPase activation observed in

torsinA raises the possibility that other proteins are also acti-

vated by multiple activating factors, each forming a different

heteromeric ring depending on their location in the cell.
5. The arginine finger in homomeric ring motors
The mechanism for ATP hydrolysis activation in homomeric

ring motors (figure 3b) has been well characterized in a

model ring ATPase, the w29 DNA packaging motor. The

operation of this motor is known to be segregated into two

phases, while the subunits display a high degree of coordi-

nation [24]; in the first phase, all five subunits in the ring

sequentially exchange ADP for ATP. Then, saturation of the

ring with ATP is a signal that activates the first hydrolysis

event. This event, in turn, initiates a cascade of hydrolysis by

the remaining subunits [24]. A recent single-molecule study

shows that the observed high degree of coordination results

from the ability of the subunits to switch between spon-

taneous ( poor) and stimulated (efficient) ATPase activity

during the motor’s operation [17]. Throughout the nucleotide

exchange stage, the subunits display their basal low ATPase

activity, allowing all subunits to bind nucleotide. During

the catalytic phase, ATP hydrolysis at the catalytic sites is

activated by the neighbouring subunit via the trans-acting

arginine finger, R146 (figure 4a). According to the recently

published crystal structure of the monomer [25], the con-

served catalytic glutamate, E119, is connected with the

putative DNA-binding loop which extends to the arginine

finger, R146 (figure 3b). Thus, an allosteric mechanism can
be envisioned for the activation of the first ATP hydrolysis

by the last ATP-binding event and for the following sequen-

tial ATP hydrolysis; the last ATP-binding event is sensed by

residues in the catalytic pocket. These residues propagate a

conformational change that repositions the arginine finger

in the next catalytic pocket to stimulate ATP hydrolysis.

ATP hydrolysis in that subunit induces the repositioning of

its arginine finger to stimulate ATP hydrolysis in the next cat-

alytic pocket. By repetition of this process, ATP hydrolysis

stimulation is propagated sequentially around the ring.

Many ring ATPases are known to display similar sequential

coordination of ATP hydrolysis, such as the Rho transcription

factor and the chaperonin CCT/TRiC [39,40]. The mechanism

described here for the w29 DNA packaging motor possibly

underlies the operation of similar molecular machines.

As seen above, ATP hydrolysis stimulation via the arginine

finger is a highly conserved mechanism employed by many

ring ATPases (figure 4a). Additionally, the ATPase activities

of most ring motors are repressed or further stimulated

upon binding other elements, such as the motor’s substrate

or additional protein factors. In the next section, we will

describe a possible mechanism underlying the operation of

these activating/repressing factors.
6. ATPase modulation via the ‘glutamate-switch’
mechanism

In multimeric ring motors, ATPase activation and repression

upon binding additional elements—such as the motor’s

substrate or additional protein factors—have been widely

reported [41–43]. While these additional elements are often

thought as ligands that regulate the motors’ activities, the

molecular mechanism that couples ligand binding to the

change in a protein’s ATPase activity is still not well understood.

A comparative structural study of multiple motor proteins,

belonging to the AAAþ superfamily of the ASCE division

[44], provides important insights into this ligand-mediated

regulation. This study includes the structural maps of 50 differ-

ent proteins (including F1-ATPase, PspF, ORC1, HslU, RFC and

SV40) found in different states, such as ADP-bound, ATP-

bound, and in the presence or absence of their regulatory

ligand. In the absence of the regulatory ligand, the catalytic glu-

tamate side chain was seen to be well positioned to interact with

the missing g phosphate in the ADP-bound state, but systema-

tically rotated away from this position by approximately 1008 in

the ATP-bound state. In the rotated configuration, the gluta-

mate forms a hydrogen bond with another residue located in

the vicinity, typically an asparagine (figure 4b). The systematic

formation of the glutamate-asparagine (E-N) pair suggests an
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explanation for the weak ATPase activity exhibited by many

proteins in the absence of their regulatory ligand: the state of

the protein corresponds to the orientation of the catalytic gluta-

mate. In other words, the protein is inactive when the E-N pair

is formed and active when the glutamate is released from it.

This study also shows that, in most cases, there is a direct

peptide linkage between the E-N pair and the regulatory

ligand-binding region. This linkage suggests an allosteric mech-

anism that couples the binding event to changes in the catalytic

glutamate’s orientation. In the proposed mechanism, the regu-

latory ligand binding induces the release of the catalytic

glutamate from the E-N pair to stimulate—or promotes the for-

mation of the E-N pair to repress—the protein’s ATPase activity

(figure 4b). Additional structural maps of proteins in the pres-

ence of their regulatory ligands are still required. However,

mutagenesis studies show that the substitution of the aspara-

gine required to form the E-N pair renders the protein

irresponsive to the presence of the regulatory ligand [45].

Although further experimental evidence is needed, the gluta-

mate-switch model suggests a compelling mechanism for the

activation and repression of the motors’ ATPase activities by

additional binding factors. In the following section, we will con-

sider the implications of this activating/repressing mechanism

in multimeric ring motors.
7. Asymmetric ATPase activity in ring motors
In multimeric ring motors, the individual subunits must

coordinate their operation to perform a single biological

task [46]. However, during a motor’s operation, the subunits

might not bind simultaneously, all at once, to the substrate or

associated factors. Thus, only those subunits that bind to the

motor’s regulatory ligand will be stimulated or repressed,

resulting in symmetry breaking of the ATPase activity

around the ring complex. Moreover, as the motor’s cycle pro-

ceeds, the subunits–regulatory ligand interactions change,

and the ATPase activity of the individual subunits is expected

to change accordingly. Here, we discuss two ring motors that

display asymmetric ATPase activity: the w29 DNA packaging

motor and the protease ClpXP.

The w29 DNA packaging motor is known to translocate

10 bp of DNA per cycle in a burst of four power strokes, each

2.5 bp in size, interspersed by dwell times of about 80 ms on

average at saturating [ATP] [23]. Because the w29 packaging

motor is a homo-pentamer, the four power strokes reveal a cru-

cial symmetry breaking in its operation: only 4 out of the 5

subunits perform DNA translocation. It has been proposed

that the remaining subunit performs a regulatory function in

the ring. In fact, temporary inactivation of the fifth subunit

with ATPgS results in greatly lengthened dwell times [24] fol-

lowed by a 10 base pair burst, suggesting that proper turnover

of ATP by the fifth subunit is necessary to initiate the transloca-

tion cascade by the other four subunits in a timely manner.

Because the motor is known to contact two DNA phosphates

every 10 bp, it was proposed that the observed functional

difference between otherwise identical subunits results from

the periodic contact of the fifth subunit with the motor’s sub-

strate [47]. A recent single-molecule study that combines

targeted mutagenesis and cryo-EM reconstruction, provides

further insights into the mechanism that enables division of

labour among identical subunits [17]. In this study, a substi-

tution that abolishes the subunit’s ATPase activity is shown
to be tolerated in the ring only if it inactivates the regulatory

subunit. Such mutant motors also display greatly lengthened

dwell times separated by exactly 10 bp bursts. From these

experiments, it was possible to extract the spontaneous ATP

hydrolysis rates of the translocating subunits and that of the

regulatory subunit. The data showed that the regulatory sub-

unit has a threefold increase in ATP hydrolysis rate relative to

its translocating counterparts. The asymmetric cryo-EM recon-

struction shows that, indeed, only one of the five subunits

establishes extensive contacts with the DNA prior to transloca-

tion. These observations are consistent with a mechanism in

which the periodic DNA contact enhances the regulatory sub-

units’ ATP hydrolysis rates. In agreement with this

interpretation, previous bulk measurements have shown that

DNA stimulates the subunits’ ATPase activities in solution

[48]. Moreover, the pseudo-atomic structure of the motor’s sub-

unit [25] shows that the putative DNA-binding loop is adjacent

to the catalytic glutamate, E119, which provides a direct pep-

tide linkage that connects DNA contact to the stimulation of

the subunit’s ATPase activity. As discussed in the previous sec-

tion, in thew29 DNA packaging motor, the first ATP hydrolysis

(by the regulatory subunit) takes place quickly after saturation

of the ring with ATP. Thus, the data suggest that the DNA-

bound regulatory subunit is primed to be further activated by

the last ATP-binding event. Moreover, the different hydrolysis

rates suggest that other rates could be different in the subunit

contacting the DNA. In particular, it has been speculated that

ADP release takes place much faster at the regulatory subunit

than in any other subunit to initiate nucleotide exchange,

again activated by the binding of that subunit to the regulatory

ligand. Thus, functional symmetry breaking between the sub-

units of the w29 DNA packaging motor provides a mechanism

by which one of the subunits triggers, in turn, first the begin-

ning of the nucleotide exchange and then the beginning of

the hydrolysis cascade.

Similar mechanisms possibly operate in the hexameric

protease ClpX. ClpX recognizes ssrA-tagged proteins, unfolds

them and feeds the polypeptide through its central pore into

the proteolytic chamber, ClpP, for degradation [49]. The

ATPase activities of ClpX subunits are known to be highly

asymmetrical and consist of two classes defined by the orien-

tation between the proteins’ subdomains: ATP-unloadable

(U) and ATP-loadable (L) [50]. Among the loadable type,

some sites release ATP rapidly, whereas others release ATP

slowly. The mechanism that produces such asymmetry is

not well understood. However, the ATPase activities of

ClpX subunits are known to be repressed in the presence of

the proteolytic chamber, ClpP, and stimulated by ssrA-

tagged substrates [49]. Two types of ClpX luminal loops are

important for this ATPase regulation [51]. The first type,

known as pore-1 or GYVG loops, are located in the middle

of the pore and propel substrates forward along the ring

channel through hydrophobic interactions. Pore-1 loops are

known to influence the subunits’ ATP hydrolysis rates,

although the mechanism of ATPase modulation is not yet

clear. The second type, known as pore-2 loops, are heavily

populated with charged residues and are located at the inter-

face between the ring ATPase and the proteolytic chamber,

ClpP. Pore-2 loops extend directly from the Walker B motif,

which harbours the catalytic glutamate, E185, involved in

ATP hydrolysis [52], and thus, are thought to translate the

motor’s interactions into enhancement or suppression of

ATP hydrolysis by controlling the configuration of the
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glutamate residue at the catalytic site. Indeed, pore-2 loops

are known to be necessary for repression of the ATPase

activity by ClpP [53]. Furthermore, pore-1 and pore-2 loops

form a helical inner surface running parallel to each other

[52] and, thus, it is conceivable that the motor’s substrate

serves as an allosteric platform that supports communication

between the two types of loops. Given the chemical and con-

formational heterogeneity of the unfolded polypeptide chain,

it is possible that the asymmetric ATPase activity observed

in ClpX stems from the highly irregular and continuously

changing substrate-subunit interactions.
Phil.Trans.R.Soc.B
373:
8. Concluding remarks
As shown throughout this review, different motors have

adopted distinct allosteric processes to regulate specific stages

of their enzymatic cycle, specifically nucleotide exchange and

ATP hydrolysis. This regulation takes place either through
selective interactions with activators, repressors and nucleo-

tide exchange factors or, as observed in ring ATPases,

through interactions with adjacent partners. Such regulatory

interactions recall the control of activity seen in small

GTPases. The mechanisms reviewed above employ highly

conserved structural elements and, thus, likely underlie the

operation of many other motor proteins. It is fascinating to

verify how, through discrete intermolecular interactions a

global, deterministic, machine-like behaviour emerges from

purely stochastic molecular events.

Data accessibility. This article has no additional data.

Competing interests. We declare we have no competing interests.

Funding. This work is supported, in part, by the US Department of
Energy under contract number DE-AC02-05CH11231 (to C.B.), the
US National Institutes of Health under grants no. R01-GM032543
(to C.B.) and the Howard Hughes Medical Institute (to C.B.).

Acknowledgements. S.T. acknowledges UC-Mexus for a graduate
fellowship.
20170181
References
1. Liu S, Chistol G, Bustamante C. 2014 Mechanical
operation and intersubunit coordination of ring-
shaped molecular motors: insights from single-
molecule studies. Biophys. J. 106, 1844 – 1858.
(doi:10.1016/j.bpj.2014.03.029)

2. Vale RD. 2003 The molecular motor toolbox for
intracellular transport. Cell 112, 467 – 480. (doi:10.
1016/S0092-8674(03)00111-9)

3. Verhey KJ, Hammond JW. 2009 Traffic control:
regulation of kinesin motors. Nat. Rev. Mol. Cell Biol.
10, 765 – 777. (doi:10.1038/nrm2782)

4. Schumacher J, Zhang X, Jones S, Bordes P, Buck M.
2004 ATP-dependent transcriptional activation by
bacterial PspF AAA þ protein. J. Mol. Biol. 338,
863 – 875. (doi:10.1016/j.jmb.2004.02.071)

5. Goitre L, Trapani E, Trabalzini L, Retta SF. 2014 The
ras superfamily of small GTPases: the unlocked
secrets. Methods Mol. Biol. 1120, 1 – 18. (doi:10.
1007/978-1-62703-791-4_1)

6. Cherfils J, Zeghouf M. 2013 Regulation of small
GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 93,
269 – 309. (doi:10.1152/physrev.00003.2012)

7. Hirokawa N, Noda Y, Tanaka Y, Niwa S. 2009 Kinesin
superfamily motor proteins and intracellular
transport. Nat. Rev. Mol. Cell Biol. 10, 682 – 696.
(doi:10.1038/nrm2774)

8. Verbrugge S, Van Den Wildenberg SMJL, Peterman
EJG. 2009 Novel ways to determine kinesin-1’s run
length and randomness using fluorescence
microscopy. Biophys. J. 97, 2287 – 2294. (doi:10.
1016/j.bpj.2009.08.001)

9. Hackney DD, Stock MF. 2008 Kinesin tail domains
and Mg2þ directly inhibit release of ADP from head
domains in the absence of microtubules.
Biochemistry 47, 7770 – 7778. (doi:10.1021/
bi8006687)

10. Cross RA. 2004 The kinetic mechanism of kinesin.
Trends Biochem. Sci. 29, 301 – 309. (doi:10.1016/
j.tibs.2004.04.010)
11. Coy DL, Hancock WO, Wagenbach M, Howard J.
1999 Kinesin’s tail domain is an inhibitory regulator
of the motor domain. Nat. Cell Biol. 1, 288 – 292.
(doi:10.1038/13001)

12. Kaan HYK, Hackney DD, Kozielski F. 2011 The
structure of the kinesin-1 motor-tail complex reveals
the mechanism of autoinhibition. Science 333,
883 – 885. (doi:10.1126/science.1204824)

13. Cheng JQ, Jiang W, Hackney DD. 1998 Interaction of
mant-adenosine nucleotides and magnesium with
kinesin. Biochemistry 37, 5288 – 5295. (doi:10.1021/
bi972742j)

14. Atherton J, Farabella I, Yu IM, Rosenfeld SS,
Houdusse A, Topf M. 2014 Conserved mechanisms
of microtubule-stimulated ADP release, ATP binding,
and force generation in transport kinesins. Elife 3,
e03680. (doi:10.7554/eLife.03680)

15. Uchimura S, Oguchi Y, Hachikubo Y, Ishiwata S,
Muto E. 2010 Key residues on microtubule
responsible for activation of kinesin ATPase. EMBO J.
29, 1167 – 1175. (doi:10.1038/emboj.2010.25)

16. Komoriya Y, Ariga T, Iino R, Imamura H, Okuno D,
Noji H. 2012 Principal role of the arginine finger
in rotary catalysis of F1-ATPase. J. Biol. Chem.
287, 15 134 – 15 142. (doi:10.1074/jbc.M111.
328153)

17. Tafoya S, Liu S, Castillo JP, Atz R, Morais M, Grimes
S et al. Submitted. Molecular switch-like regulation
enables global coordination in a viral ring ATPase.
Proc. Natl Acad. Sci. USA.

18. Franzmann TM, Czekalla A, Walter SG. 2011
Regulatory circuits of the AAAþ disaggregase
Hsp104. J. Biol. Chem. 286, 17 992 – 18 001.
(doi:10.1074/jbc.M110.216176)

19. Noji H, Yasuda R, Yoshida M, Kinosita K. 1997 Direct
observation of the rotation of F1-ATPase. Nature
386, 299 – 302. (doi:10.1038/386299a0)

20. Abrahams JP, Leslie AG, Lutter R, Walker JE. 1994
Structure at 2.8 A resolution of F1-ATPase from
bovine heart mitochondria. Nature 370, 621 – 628.
(doi:10.1038/370621a0)

21. Amano T et al. 1999 alpha3beta3gamma complex
of F1-ATPase from thermophilic Bacillus PS3 can
maintain steady-state ATP hydrolysis activity
depending on the number of non-catalytic sites.
Biochem. J. 343, 135 – 138. (doi:10.1042/bj3430135)

22. Yukawa A, Iino R, Watanabe R, Hayashi S, Noji H.
2015 Key chemical factors of arginine finger
catalysis of F1-ATPase clarified by an unnatural
amino acid mutation. Biochemistry 54, 472 – 480.
(doi:10.1021/bi501138b)

23. Moffitt JR, Chemla YR, Aathavan K, Grimes S,
Jardine PJ, Anderson DL, Bustamante C. 2009
Intersubunit coordination in a homomeric ring
ATPase. Nature 457, 446 – 450. (doi:10.1038/
nature07637)

24. Chistol G, Liu S, Hetherington CL, Moffitt JR, Grimes
S, Jardine PJ. 2012 High degree of coordination and
division of labor among subunits in a homomeric
ring ATPase. Cell 151, 1017 – 1028. (doi:10.1016/j.
cell.2012.10.031)

25. Mao H, Saha M, Reyes-Aldrete E, Sherman MB,
Woodson M, Atz R. 2016 Structural and molecular
basis for coordination in a viral DNA packaging
motor. Cell Rep. 14, 2017 – 2029. (doi:10.1016/
j.celrep.2016.01.058)

26. Wong I, Moore KJM, Bjornson KP, Hsieh J, Lohman
TM. 1996 ATPase activity of Escherichia coli Rep
helicase is dramatically dependent on DNA ligation
and protein oligomeric states. Biochemistry 35,
5726 – 5734. (doi:10.1021/bi952959i)

27. Adzuma K, Mizuuchi K. 1991 Steady-state kinetic
analysis of ATP hydrolysis by the B protein of
bacteriophage Mu: involvement of protein
oligomerization in the ATPase cycle. J. Biol. Chem.
266, 6159 – 6167.

28. Wendler P, Ciniawsky S, Kock M, Kube S. 2012
Structure and function of the AAAþ nucleotide

http://dx.doi.org/10.1016/j.bpj.2014.03.029
http://dx.doi.org/10.1016/S0092-8674(03)00111-9
http://dx.doi.org/10.1016/S0092-8674(03)00111-9
http://dx.doi.org/10.1038/nrm2782
http://dx.doi.org/10.1016/j.jmb.2004.02.071
http://dx.doi.org/10.1007/978-1-62703-791-4_1
http://dx.doi.org/10.1007/978-1-62703-791-4_1
http://dx.doi.org/10.1152/physrev.00003.2012
http://dx.doi.org/10.1038/nrm2774
http://dx.doi.org/10.1016/j.bpj.2009.08.001
http://dx.doi.org/10.1016/j.bpj.2009.08.001
http://dx.doi.org/10.1021/bi8006687
http://dx.doi.org/10.1021/bi8006687
http://dx.doi.org/10.1016/j.tibs.2004.04.010
http://dx.doi.org/10.1016/j.tibs.2004.04.010
http://dx.doi.org/10.1038/13001
http://dx.doi.org/10.1126/science.1204824
http://dx.doi.org/10.1021/bi972742j
http://dx.doi.org/10.1021/bi972742j
http://dx.doi.org/10.7554/eLife.03680
http://dx.doi.org/10.1038/emboj.2010.25
http://dx.doi.org/10.1074/jbc.M111.328153
http://dx.doi.org/10.1074/jbc.M111.328153
http://dx.doi.org/10.1074/jbc.M110.216176
http://dx.doi.org/10.1038/386299a0
http://dx.doi.org/10.1038/370621a0
http://dx.doi.org/10.1042/bj3430135
http://dx.doi.org/10.1021/bi501138b
http://dx.doi.org/10.1038/nature07637
http://dx.doi.org/10.1038/nature07637
http://dx.doi.org/10.1016/j.cell.2012.10.031
http://dx.doi.org/10.1016/j.cell.2012.10.031
http://dx.doi.org/10.1016/j.celrep.2016.01.058
http://dx.doi.org/10.1016/j.celrep.2016.01.058
http://dx.doi.org/10.1021/bi952959i


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170181

8
binding pocket. Biochim. Biophys. Acta 1823,
2 – 14. (doi:10.1016/j.bbamcr.2011.06.014)

29. Digel JG, Hightower KE, McCarty RE. 1996 Subunit
movement during catalysis by F1-F0-ATP synthases.
J. Bioenerg. Biomembr. 28, 439 – 442. (doi:10.1007/
BF02113986)

30. Dunn SD, Futai M. 1980 Reconstitution of a functional
coupling factor from the isolated subunits of Escherichia
coli F1 ATPase. J. Biol. Chem. 255, 113– 118.

31. Uchihashi T, Iino R, Ando T, Noji H. 2011 High-
speed atomic force microscopy reveals rotary
catalysis of rotorless F1-ATPase. Science 333,
755 – 758. (doi:10.1126/science.1205510)

32. Soga S, Noumi T, Takeyama M, Maeda M, Futai M.
1989 Mutational replacements of conserved amino
acid residues in the a subunit change the catalytic
properties of Escherichia coli F1-ATPase. Arch.
Biochem. Biophys. 268, 643 – 648. (doi:10.1016/
0003-9861(89)90332-9)

33. Yagi H, Kajiwara N, Iwabuchi T, Izumi K, Yoshida M,
Akutsu H. 2009 Stepwise propagation of the ATP-
induced conformational change of the F1-ATPase
b subunit revealed by NMR. J. Biol. Chem. 284,
2374 – 2382. (doi:10.1074/jbc.M808212200)

34. Shirakihara Y, Leslie AG, Abrahams JP, Walker JE,
Ueda T, Sekimoto Y. 1997 The crystal structure of
the nucleotide-free a3b3 subcomplex of F1-ATPase
from the thermophilic Bacillus PS3 is a symmetric
trimer. Structure 5, 825 – 836. (doi:10.1016/S0969-
2126(97)00236-0)

35. Hahn-Herrera O, Salcedo G, Barril X, Garcı́a-
Hernández E. 2016 Inherent conformational
flexibility of F1-ATPase a-subunit. Biochim. Biophys.
Acta Bioenerg. 1857, 1392 – 1402. (doi:10.1016/j.
bbabio.2016.04.283)

36. Weber J, Senior AE. 1997 Catalytic mechanism of
F1-ATPase. Biochim. Biophys. Acta 1319, 19 – 58.
(doi:10.1016/S0005-2728(96)00121-1)
37. Chase AR, Laudermilch E, Schlieker C. 2017 Torsin
ATPases: harnessing dynamic instability for
function. Front. Mol. Biosci. 4, 29. (doi:10.3389/
fmolb.2017.00029)

38. McCullough J, Sundquist WI. 2014 Putting a finger
in the ring. Nat. Struct. Mol. Biol. 21, 1025 – 1027.
(doi:10.1038/nsmb.2928)

39. Thomsen ND, Lawson MR, Witkowsky LB, Qu S,
Berger JM. 2016 Molecular mechanisms of
substrate-controlled ring dynamics and substepping
in a nucleic acid-dependent hexameric motor. Proc.
Natl. Acad. Sci. USA 113, E7691 – E7700. (doi:10.
1073/pnas.1616745113)

40. Gruber R, Levitt M, Horovitz A. 2017
Sequential allosteric mechanism of ATP hydrolysis
by the CCT/TRiC chaperone is revealed
through Arrhenius analysis. Proc. Natl. Acad. Sci.
USA 114, 5189 – 5194. (doi:10.1073/pnas.
1617746114)

41. Davies BA et al. 2014 Vps4 stimulatory element
of the cofactor vta1 contacts the ATPase Vps4 a7
and a9 to stimulate ATP hydrolysis. J. Biol. Chem.
289, 28 707 – 28 718. (doi:10.1074/jbc.M114.
580696)

42. Besprozvannaya M, Pivorunas VL, Feldman Z,
Burton BM. 2013 SpoIIIE protein achieves directional
DNA translocation through allosteric regulation of
ATPase activity by an accessory domain. J. Biol.
Chem. 288, 28 962 – 28 974. (doi:10.1074/jbc.M113.
484055)

43. Roy A, Bhardwaj A, Datta P, Lander GC, Cingolani G.
2012 Small terminase couples viral DNA binding to
genome-packaging ATPase activity. Structure 20,
1403 – 1413. (doi:10.1016/j.str.2012.05.014)

44. Zhang X, Wigley DB. 2008 The ‘glutamate switch’
provides a link between ATPase activity and ligand
binding in AAAþ proteins. Nat. Struct. Mol. Biol.
15, 1223 – 1227. (doi:10.1038/nsmb.1501)
45. Joly N, Burrows PC, Buck M. 2008 An intramolecular
route for coupling ATPase activity in AAAþ proteins
for transcription activation. J. Biol. Chem. 283,
13 725 – 13 735. (doi:10.1074/jbc.M800801200)

46. Abbondanzieri EA, Zhuang X. 2009 Molecular
biology: concealed enzyme coordination. Nature
457, 392 – 393. (doi:10.1038/457392a)

47. Liu S, Chistol G, Hetherington CL, Tafoya S,
Aathavan K, Schnitzbauer J. 2014 A viral packaging
motor varies its DNA rotation and step size to
preserve subunit coordination as the capsid fills. Cell
157, 702 – 713. (doi:10.1016/j.cell.2014.02.034)

48. Todd J, Thielman B, Wendell D. 2012 Detailed
kinetic analysis of the w29 DNA packaging motor
providing evidence for coordinated intersubunit
ATPase activity of gp16. Virology 432, 370 – 375.
(doi:10.1016/j.virol.2012.06.015)

49. Baker TA, Sauer RT. 2012 ClpXP, an ATP-powered
unfolding and protein-degradation machine.
Biochim. Biophys. Acta Mol. Cell Res. 1823, 15 – 28.
(doi:10.1016/j.bbamcr.2011.06.007)

50. Olivares AO, Baker TA, Sauer RT. 2015 Mechanistic
insights into bacterial AAAþ proteases and protein-
remodelling machines. Nat. Rev. Microbiol. 14,
33 – 44. (doi:10.1038/nrmicro.2015.4)

51. Martin A, Baker TA, Sauer RT. 2008 Pore loops of
the AAAþ ClpX machine grip substrates to drive
translocation and unfolding. Nat. Struct. Mol. Biol.
15, 1147 – 1151. (doi:10.1038/nsmb.1503)

52. Glynn SE, Martin A, Nager AR, Baker TA, Sauer RT.
2009 Structures of asymmetric ClpX hexamers reveal
nucleotide-dependent motions in a AAAþ protein-
unfolding machine. Cell 139, 744 – 756. (doi:10.
1016/j.cell.2009.09.034)

53. Joshi SA, Hersch GL, Baker TA, Sauer RT. 2004
Communication between ClpX and ClpP during
substrate processing and degradation. Nat. Struct.
Mol. Biol. 11, 404 – 411. (doi:10.1038/nsmb752)

http://dx.doi.org/10.1016/j.bbamcr.2011.06.014
http://dx.doi.org/10.1007/BF02113986
http://dx.doi.org/10.1007/BF02113986
http://dx.doi.org/10.1126/science.1205510
http://dx.doi.org/10.1016/0003-9861(89)90332-9
http://dx.doi.org/10.1016/0003-9861(89)90332-9
http://dx.doi.org/10.1074/jbc.M808212200
http://dx.doi.org/10.1016/S0969-2126(97)00236-0
http://dx.doi.org/10.1016/S0969-2126(97)00236-0
http://dx.doi.org/10.1016/j.bbabio.2016.04.283
http://dx.doi.org/10.1016/j.bbabio.2016.04.283
http://dx.doi.org/10.1016/S0005-2728(96)00121-1
http://dx.doi.org/10.3389/fmolb.2017.00029
http://dx.doi.org/10.3389/fmolb.2017.00029
http://dx.doi.org/10.1038/nsmb.2928
http://dx.doi.org/10.1073/pnas.1616745113
http://dx.doi.org/10.1073/pnas.1616745113
http://dx.doi.org/10.1073/pnas.1617746114
http://dx.doi.org/10.1073/pnas.1617746114
http://dx.doi.org/10.1074/jbc.M114.580696
http://dx.doi.org/10.1074/jbc.M114.580696
http://dx.doi.org/10.1074/jbc.M113.484055
http://dx.doi.org/10.1074/jbc.M113.484055
http://dx.doi.org/10.1016/j.str.2012.05.014
http://dx.doi.org/10.1038/nsmb.1501
http://dx.doi.org/10.1074/jbc.M800801200
http://dx.doi.org/10.1038/457392a
http://dx.doi.org/10.1016/j.cell.2014.02.034
http://dx.doi.org/10.1016/j.virol.2012.06.015
http://dx.doi.org/10.1016/j.bbamcr.2011.06.007
http://dx.doi.org/10.1038/nrmicro.2015.4
http://dx.doi.org/10.1038/nsmb.1503
http://dx.doi.org/10.1016/j.cell.2009.09.034
http://dx.doi.org/10.1016/j.cell.2009.09.034
http://dx.doi.org/10.1038/nsmb752

	Molecular switch-like regulation in motor proteins
	Introduction
	Dissociation inhibitors and exchange factors in motor proteins
	ATPase modulation via the arginine finger
	The arginine finger in heteromeric ring motors
	The arginine finger in homomeric ring motors
	ATPase modulation via the ‘glutamate-switch‘ mechanism
	Asymmetric ATPase activity in ring motors
	Concluding remarks
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References




