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Abstract

A large class of ATPases contains a RecA-like structural domain and uses the energy of nucleotide binding and hydrolysis to perform
mechanical work, for example, to move polypeptides or nucleic acids. These ATPases include helicases, ABC transporters, clamp loaders,
and proteases. The functional units of the ATPases contain different numbers of RecA-like domains, but the nucleotide is always bound at the
interface between two adjacent RecA-like folds and the two domains move relative to one another during the ATPase cycle. The structures
determined for different RecA-like motor ATPases begin to reveal how they move macromolecules.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many ATPases that use the energy of nucleotide binding
and hydrolysis for mechanical work have a common struc-
tural domain first seen in RecA, an E. coli protein involved
in DNA recombination [1]. A large number of these
enzymes move macromolecules or move along macromole-
cules; in both situations, the ATPase is moving relative to
the macromolecule with either the former or the latter being
stationary. Classic molecular motors, such as myosin or
kinesin, move along a polymeric filament formed from
actin or tubulin, but—with the exception of dynein—the
RecA-like motor ATPases use nonfilamentous polypeptide
chains or nucleic acid strands as substrates. Some RecA-like
ATPases perform just a single round of mechanical work,
e.g., they “pull” on a protein or “pry”” apart an oligomeric
assembly of proteins.

Several prominent members of the RecA-like motor
ATPases are listed in Table 1. The list contains several
proteases with associated ATPases that move a polypeptide
substrate into a proteolytic chamber for degradation. For
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example, a hexameric ring of ATPases is located at the base
of the 19S regulatory subunit of the proteosome and moves
polypeptides into the 20S proteolytic subunit. Similarly, in
bacteria, the ATPase rings of ClpA or HslU (ClpY) move
polypeptides into the proteolytic chambers formed by ClpP
or HslV (ClpQ), respectively. The list includes SecA, an
ATPase that transports polypeptides across the bacterial
membrane, the ABC transporter PrtD that exports metal-
loproteases from Erwinia chrysanthemi, and TrwB, an
ATPase that moves DNA across the bacterial membrane
during conjugation. We have also listed several examples
for which the movement of macromolecules is more spec-
ulative. For example, the disassembly of protein aggregates
by Hspl104 might occur by moving a polypeptide chain
through the central pore of the hexameric ring of the ATPase
and releasing it on the other side of the ring in an unfolded
conformation. The ATPase p97 may “pull” proteins out of
the endoplasmic reticulum membrane and move them into
the cytosol. The list contains F1 ATPase, which differs from
all other examples by being a rotary motor; the y-subunit
rotates in the central pore of the hexameric arrangement,
either generating ATP from a trans-membrane proton gra-
dient, or vice versa, generating a proton gradient from ATP
hydrolysis. Another special case is dynein, a molecular
motor that moves cargo along microtubules. We also include
the clamp loader, an ATPase that opens a dimeric protein
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Table 1
RecA-like motor ATPase
ATPase Subfamily Function
Dimer®
PcrA Helicase DNA helicase [6]
superfamily I
Rep Helicase DNA helicase [84]
superfamily 1
SecA Helicase protein [8,9]
superfamily IT translocation
HCV NS3 Helicase RNA helicase [7,85,86]
superfamily 11
RecG Helicase DNA helicase [87]
superfamily II
UvrB Helicase DNA helicase [88—90]
superfamily II
ABC dimer
Rad50 ABC family involved in [10]
double
strand break
repair
MalK ABC family Maltose importer [38,91]
MutS ABC family mismatch repair [92-95]
MJ1267 ABC family branched-chain [48]
amino acid
importer
MJ0796 ABC family Unknown [11]
SMC ABC family sister chromatid [96]
cohesion,
chromosome
condensation
MsbA ABC family multiple drug [56,57]
exporter,
lipid flippase
BtuCD ABC family Vitamin B [45]
importer
TAP ABC family antigen peptide [47]
presentation
HlyB ABC family RTX-toxin [46]
translocation
PrtD® ABC family metalloprotease
translocation
Pentamer
Clamp loader AAA+ Loads clamp [12,97]
onto DNA
Hexamer
F1-ATPase F- and V-type proton gradient [13,31,61]
ATPase/Rho formation
Rho F- and V-type Transcriptional [17]
ATPase/Rho termination,
RNA helicase
198 regulatory AAA translocation of
subunit® protein into
the proteosome
chamber
TrwB AAA translocation [14]
of DNA
across membranes
HPO0525 AAA translocation of [98,99]

DNA across
membranes

Table 1 (continued)

ATPase Subfamily Function
FtsH AAA protease, [100,101]
retrotranslocation
of membrane
proteins
HslU(CIpY) AAA+ protein [18,19]
unfolding and
translocation
Dynein® AAA+ microtubule [72]
associated motor
Cdc6/Cde18° AAA+ assembly of [102]
prereplication
complex
SV40 Large Helicase DNA helicase [50]
T antigen superfamily III
T7 gp4 Helicase DNA helicase [15,16]
superfamily 11
RepA Helicase DNA helicase [49]
superfamily III
RuvB Helicase DNA branch [103]
superfamily I1I migration
Dodecamer
P97 AAA membrane fusion, [25,26]
ER protein
degradation
NSF AAA membrane fusion [54]
ClpA AAA+ protein unfolding [28]
and translocation
into the ClpP
proteolytic chamber
ClpB AAA+ protein unfolding [30]
Hsp104® AAA+ protein chaperone

#Two RecA domains in one polypeptide chain.
® X-ray structure unknown,
¢ Oligomerization state unclear.

ring, the clamp, for DNA to enter; the clamp subsequently
slides along the DNA, allowing the bound replicative
polymerase to be processive over long distances. The table
also contains several helicases that move along nucleic acid
strands and displace a second strand, thereby unwinding
base-paired duplexes. A special case is Rho transcription
terminator, an RNA/DNA helicase that loads onto mRNA,
translocates to the site of transcription, and disengages the
polymerase. The list of RecA-like motor ATPases is much
longer than shown in Table 1, and in many cases the
functions of the ATPases remain unclear.

2. The RecA-like core structure

At the primary sequence level, the RecA-like motor
ATPases belong to different classes of P-loop ATPases.
These include the AAA+ family (which contains the sub-
family AAA), the ABC family, and helicase superfamilies I,
I, and III (Table 1) [2,3]. The overall sequence similarity
between proteins with the same RecA-like fold is low,
confined to short sequence motifs that make up the ATPase
site.
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The RecA-like fold is characterized by a central -
sheet (the strand order in RecA is 51432) flanked by «-
helices (Fig. 1A) [1,4]. A highly conserved sequence
motif (A/GxxxxGKT/S, where x is any amino acid) is
located at the tip of the pl-strand, between P1 and the
following a-helix (shown in red), and is called the P-loop
(phosphate loop) or Walker A motif. It is responsible for
coordination of the +y-phosphate of ATP during the hy-
drolysis reaction (see below). The less conserved Walker
B motif (bddbDE, where ¢ is a hydrophobic residue) is
located in the P3-strand (in blue) [5]. It coordinates the
magnesium ion and activates the attacking water molecule
(see below). Other conserved motifs are discussed in the
following sections.

Fig. 1B shows an alignment of the structures of several
members of the RecA-like motor ATPases with the core
structure of RecA (the left figures show the alignment, the
right ones the localization of the RecA-like domains in the
respective complete molecules). The comparison shows that
the P-sheet and the loops in the active site are highly
conserved, whereas the a-helices on the outside show larger
deviations. Invariably, the nucleotide is bound at the inter-
face between two RecA-like domains, but its precise orien-
tation differs among the ATPases.

The ATPases contain different numbers of RecA-like
domains (Table 1). Two RecA-like domains in a single
polypeptide chain are found in many superfamily 1 and 2
helicases, such as PcrA [6] and NS3 [7], as well as in the
protein translocase SecA [8,9]. The ABC transporters con-
tain two RecA-like domains, with roughly twofold symme-
try, and two ATP molecules bound at the interface [10,11].
Five RecA-like folds, only a subset of which bind and
hydrolyse ATP, are found in the clamp loaders [12]. A
hexameric arrangement of RecA folds is found in many
proteins, including the F1 ATPase [13], TrwB [14], T7 gp4
helicase [15,16], the Rho transcriptional terminator [17],
and the HslU protease [18,19]. Some ATPases, for example,
the T7 primase—helicase, thermoautotropicum MCM pro-
tein, and RuvB, can form both hexameric and heptameric
rings [20—22]. Finally, there is a hexameric arrangement in
which two RecA domains are covalently linked. These are
stacked on top of one another and form two hexameric
rings, resulting in a total of 12 RecA-like domains. Exam-
ples include NSF [23,24], p97 [25,26], Hsp104 [27], ClpA
[28,29], and ClpB [30].

3. Coupling ATP binding and hydrolysis to
conformational changes

The common structure of the RecA-like motor ATPases
indicates that they hydrolyze ATP by the same mechanism.
In each case, hydrolysis is catalyzed by stabilization of a
pentacovalent intermediate at the ~y-phosphate (Fig. 2A).
One or more general acids, arginines or lysines, coordinate
the y-phosphate, and a general base, usually a glutamate or

aspartate, polarizes the attacking water molecule. The posi-
tion of important residues can be seen in the structure of F1
ATPase bound to ADP:AlF4 which may represent the
transition state or a state shortly thereafter (Fig. 2B and C)
[31]. The conserved lysine in the Walker A motif (3 Lys162)
and an arginine from a neighboring subunit (o Arg373)
interact with the p- and y-phosphate groups. The attacking
water is polarized by a glutamic acid residue (B Glul88)
which, in contrast to most other ATPases, is not located in the
Walker B motif but at the tip of a neighboring B-strand. An
Mg? " ion also participates in the stabilization of the transi-
tion state. It is coordinated by negatively charged residues at
the end of the Walker B strand (3), and by the side chain
hydroxyl group of the Thr/Ser residue in the Walker A motif.
Alal58 has also been implicated in stabilizing the transition
state [32].

In all RecA-like motor ATPases, the nucleotide is
bound primarily to one RecA-like domain, with the
phosphates always positioned in a similar manner by the
Walker A motif. However, hydrolysis requires residues
from a neighboring RecA-like domain, explaining why the
ATPase activity in the oligomeric state is often much
higher than in the monomer. It is likely that the energy of
nucleotide binding or hydrolysis is harnessed for mechan-
ical work, inducing conformational changes of the protein
[33].

The simplest possibility is that two RecA-like domains,
between which a nucleotide is bound, move relative to
one another as rigid bodies. A common mechanism of
communication between RecA-like domains is through an
“arginine finger”, a residue provided by one domain that
pokes into the active site of the other. For example, in F1
ATPase, Arg373 of an a-subunit interacts with the nucle-
otide bound to the neighboring p-subunit (Fig. 2C) [31].
ATP binding will result in the movement of the arginine
finger and thus of the entire RecA-like domain to which it
is attached.

Members of the AAA family have their arginine finger
in the “second region of homology (SRH)” motif, which
emerges from the PR-strand between the Walker A and B
motifs and is in close proximity to the catalytic center of a
neighboring RecA-like domain (Fig. 3 shows the SRH
motif and arginine finger for the ATPase p97) [34,35].
Although superfamily I and II helicases share only little
sequence similarity with AAA family ATPases, they also
have an arginine finger (located in motif 6) that serves the
same function [36]. In the case of ABC transporters, the
signature motif LSGGQ may replace the arginine finger;
the backbone amide groups of the glycines could coordi-
nate the +vy-phosphate and communicate changes in the
active site to the neighboring RecA-like domain
[10,37,38] (Fig. 4A).

Although it is attractive to assume that communication
between neighboring RecA-like domains is mediated by a
single arginine residue, things may be more complicated.
The arginine finger concept was initially proposed for Ras, a
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Fig. 2. Mechanism of ATP hydrolysis. (A) Scheme showing how the +y-
phosphate is attacked by a water molecule, leading to a pentacovalent
transition state that is stabilized by a general acid (A) and a general base
(B). (B) Scheme of the transition state in the F1 ATPase in a structure
containing ADP and AlF; [31]. The Al atom mimics the phosphorus and
the F atoms the oxygens. The transition state is stabilized by a magnesium
ion, residues in B-subunit, and the “arginine finger” (Arg373) from a
neighboring a-subunit. (C) Structure of the transition state of the F1
ATPase. Some of the residues shown in B are indicated.

small GTPase, whose GTP hydrolysis rate is greatly stim-
ulated by Ras-GAP. The structure of the complex showed
that Ras-GAP pokes an arginine finger into the active site of
Ras [39] (Fig. 4B). This arrangement is similar to the
arginine finger in the RecA-like ATPases (Fig. 3) and the
signature motif in ABC transporters (Fig. 4A). Surprisingly,
the structure of another small GTPase and its GAP (Ran and
Ran-GAP) indicates that no arginine is involved in catalysis;
rather the catalytic glutamine is correctly positioned by the
GAP [40]. The contacts between the subunits may position
other catalytic residues in the RecA-like motor ATPases as
well, perhaps in addition to the arginine finger.

An alternative to the rigid body movement of RecA-like
domains is that certain residues transmit changes at the
nucleotide binding site to other regions of the molecule. This
concept is based on the analysis of Ras in its GTP- and GDP-
bound forms, which identified two regions (switch I and II)
that undergo large conformational changes [41]. In both
switch regions, there are one or two “sensor’’ residues close
to the y-phosphate that may move upon nucleotide hydrolysis
and initiate larger conformational changes at the periphery.
Similar sensor residues have been proposed for AAA family
ATPases and ABC transporters [3]. A potential sensor I
residue, usually a serine, threonine, asparagine, glutamine,
or histidine, is found at the C-terminus of the (-strand
between the Walker A and B strands, close to the y-phosphate
of ATP (Fig. 3). This residue is immediately adjacent to the
SRH region in AAA proteins (Fig. 3), which could be the
equivalent of the switch Il region in GTPases. Some members
of the RecA-like motor ATPases have a putative second
sensor residue, sensor II, which is located in the C-terminal
helical domain (for example Arg205 in RuvB) [42]. Although
sensor residues are supposed to passively sense the presence
or absence of the y-phosphate, they may actually participate
in ATP hydrolysis and/or binding [43,44]. In addition, from
the few structures determined in both ATP- and ADP-bound
states, it appears that RecA-like domains undergo only small
conformational changes compared to GTPases [41]. It is
therefore not yet possible to say whether and how the
conformational changes of the active site are propagated to
other regions of the ATPases.

4. How is the oligomeric state maintained during domain
movement?

Although the RecA-like fold itself is highly conserved
among the ATPases, the interfaces between neighboring

Fig. 1. The RecA-like fold. (A) Structure of RecA with bound ADP [1]. The B-strands (51432) are numbered according to their appearance in the primary
sequence. The core of the RecA domain is colored and the remainder is gray. The Walker A motif, the preceding B1-strand, and the following o helix are
colored red. The Walker B motif is colored blue. The p4-strand between the Walker A and B motifs is colored cyan. (B) Left panels: Alignment of the core of
the RecA fold with various ATPases. One RecA-like domain of the indicated ATPases is always shown in the same orientation (in yellow). A neighboring
RecA-like domain is shown in green. The core of RecA (in blue), comprising residues 61 to 155 and 167 to 228, was docked into each of these domains
individually. Right panels: The position of the two RecA-like domains in the full-length protein is shown (the additional regions are in grey). Nucleotide bound

to RecA and to the aligned ATPase is shown in red and black, respectively.
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R359(arginine finger)

R358(arginine finger)

Fig. 3. Residues in proximity of the y-phosphate of ATP in p97 ATPase. A stereo view of the structure of the D1 domain of p97 with bound ATP is shown,
together with residues close to the y-phosphate [82]. The sensor I region may sense the presence of the y-phosphate and transmit changes upon ATP hydrolysis
to the SRH domain, to which the arginine finger Arg359 is attached. This could communicate the change to the active site in the neighboring subunit (not
shown). Changes could also be transmitted through Arg362, which interacts with the water-polarizing Glu305 of the neighboring subunit.

domains are variable. How neighboring RecA-like domains
interact may dictate the kind of relative movement between
them. Since RecA-like domains generally move relative to

A Rad50

Fig. 4. Comparison of the signature motif in ABC proteins with the
“arginine” finger in the Ras/Ras-GAP complex. (A) Stereo view of the
nucleotide binding site in the ABC protein Rad50. The signature motif from
the neighboring RecA-like fold contains the residues Ser793, Gly794, and
Gly795. (B) Stereo view of the nucleotide binding site in the Ras/Ras-GAP
complex. Arg789 is the “arginine finger” contributed by Ras-GAP.

one another during the ATPase cycle, the interface cannot be
rigid. In some cases, such as for PcrA, the two RecA-like
domains may even move apart in one of the nucleotide
states. These considerations therefore suggest that regions
outside the RecA-like fold maintain the oligomeric state of
the ATPases. In the case of proteins with two RecA-like
folds, both are in the same polypeptide chain and domains
emerging from them interact with one another and keep the
RecA-like folds in proximity (e.g. PcrA [6], SecA [8,9]; see
Fig. 1B). For many ABC transporters (e.g. BtuCD [45]; see
Fig. 1B), the membrane-embedded domains are essential for
maintaining the oligomeric state of the ATPase. Indeed,
several isolated ATPase domains of ABC transporters are
monomeric in the absence of the trans-membrane region
[46—-48].

We understand best how hexameric arrangements of
RecA-like domains are kept together during the ATPase
cycle. Although several hexameric ATPases crystallized as
spirals or ‘“‘lock-washer”-like open rings [1,15,17,30],
some X-ray structures show closed rings. The hexameriza-
tion interface is reasonably conserved within a subfamily.
There seem to be two different ways how a hexamer is
kept together: either through interactions at the periphery
of the hexameric ring or through interactions in an
additional ring stacked on top of the hexamer. An example
for the first principle is provided by HslU [18,19]. There
are two major contact regions between neighboring sub-
units: one between a loop N-terminal to the B1-strand and
the C-terminal helical domain, the other between two
helices at the edge of the central B-sheet (Fig. 5A). The
first interaction is at the outer rim, contributes most of the
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Fig. 5. Two principles of maintaining the oligomeric state of hexameric RecA-like ATPases. (A, B) The main interface between subunits is at the periphery of
the HslU [19] (A) and T7 gp4 ATPases [16] (B). The circled regions are mostly responsible for maintaining the oligomeric state. (C, D) The main interface
between subunits of the SV40 large T antigen [50] (C) and the F1 ATPase [83] (D) is located in a second ring (boxed area), stacked on top of the ring formed by
the RecA-like folds. Regions from neighboring subunits that interact with each other are colored in blue and pink.

buried interface, and is probably largely responsible for
maintaining the oligomeric state of the flat ring. During the
ATPase cycle, the outer rim remains relatively stationary
but provides enough flexibility for the inner RecA-like
cores to move up and down.

A similar principle applies to the T7 gp4 helicase [16]
and RepA [49]. Here, a C-terminal helical domain is
lacking, and the hexamer is kept together by an interaction
between a helical region near the edge of the RecA-like fold
and an N-terminal helix (shown for T7 gp4 in Fig. 5B).
Again, the ring is flat and the peripheral elements probably
help to maintain the oligomeric state, allowing the internal
parts to move (Fig. 5B).

The second type of hexamerization principle is seen in
the helicase domain of the large T antigen of SV40 (Fig. 5C)
[50]. The protein forms two rings stacked on top of each

other, a smaller one formed by the N-terminal domains
(D1), and a larger one formed by interactions of the RecA-
like D2 domains. The Zn® *-binding D1 domain is required
for hexamer formation. A central hole through which DNA
is moved extends through both rings, but different crystal
forms show that the diameter of the D2 ring is significantly
more variable than that of the DI ring. Thus, the D1 ring
appears to keep the hexamer together, while the D2 ring
undergoes larger conformational changes that distort and
move DNA.

A similar hexamerization mechanism is seen in the rotary
motor F1 ATPase [31]. Again, the hexamer is held together
above the ring by a “crown” formed from the N-terminal
domains of the subunits, here a B-barrel structure, and the
“crown’” remains stationary during the ATPase cycle while
the C-terminal domains move (Fig. 5D).
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ATPases with two hexameric rings stacked on top of each
other appear to combine the principles discussed for single-
ring ATPases. One of the two rings is responsible for most of
the stability of the oligomeric assembly. For example, the D1
ring of the p97 ATPase alone forms hexamers, while the D2
ring alone does not [51,52]. Within the D1 hexamer of p97,
the interface between the subunits is similar to that in the T7
gp4 helicase, mostly located at the periphery of the ring. In
NSF, the D2 domain is essential for oligomerization, while
the D1 domain is not [53], and again, within the D2 ring, itis a
peripheral region that provides most of the interface between
the subunits [54]. ClpB is similar to NSF, although here the
D1 domain also affects hexamerization [30,55].

5. Performing mechanical work

How exactly is motion generated by ATP binding and
hydrolysis? Surprisingly, the movements generated in the
various RecA-like ATPases are quite different. In the
following, we discuss several examples for which a mech-
anism has been proposed, starting with ATPases that contain
two RecA-like folds and moving to those with more. In
most cases, the conformational changes during the nucleo-
tide cycle remain largely speculative.

6. Motion in the dimeric RecA-like ATPase PcrA

Among the ATPases with two RecA-like domains, the 3’
to 5 helicase PcrA is best understood [6]. PcrA is com-
posed of four domains, two RecA-like domains 1A and 2A,

with the nucleotide binding site in the cleft between them,
and two other domains, called 1B and 2B. These interact
with double-stranded DNA, destabilize the duplex, and
initiate strand separation. The single-stranded region of the
nucleic acid interacts with both RecA-like domains, bridg-
ing the cleft between them.

PcrA appears to utilize an inchworm mechanism to move
along a nucleic acid strand. Binding of ATP initiates a
relative movement of domains 1A and 2A, which leads to
closure of the interdomain cleft and movement of domains
1B and 2B (Fig. 6). The movement is mediated by the
formation of new contacts between the y-phosphate of ATP
and residues in the two RecA-like domains including the
arginine finger (Arg610) in domain 2A. ATP hydrolysis
leads to movement of the two RecA domains and to the
coordinated binding and release of nucleic acid by each
RecA-like domain, resulting in translocation of PcrA along
the nucleic acid. Although the motion of the two RecA-like
domains is largely a rigid body movement, there are also
some small, but important conformational changes within
each domain. For example, in the ATP-bound state, domain
1A is thought to release the single-stranded region of the
DNA by a small motion of the peptide backbone and a
rotation of a phenylalanine side chain into one of the DNA
binding pockets.

7. Motion in ABC transporters
The structures of the bacterial multidrug exporter

MsbA [56,57] and of the vitamin B12 importer BtuCD
[45] have led to models of how the ATPase cycle allows

ADP+Pi

e
'f,:-n —E

Fig. 6. Inchworm mechanism proposed for the PcrA helicase. (A) Structures of the different states of the PcrA ATPase with bound DNA substrate [6]. The two
RecA-like folds (red, domain 2A; green, domain 1A) move towards and away from one another upon ATP binding and hydrolysis, respectively. (B) Scheme
illustrating the relative movement of the RecA-like domains and the alternating binding and release of the single-stranded DNA segment. With permission from

Velankar et al. [6].
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Cytoplasm

Fig. 7. Proposed mechanisms for the transport of substrates by ABC transporters. (A) The multidrug transporter MsbA binds substrates dissolved in the
cytoplasmic leaflet of the membrane in an internal cavity. Upon ATP binding, the two RecA-like folds come into proximity with the active sites at their
interface. Following ATP hydrolysis, a conformational change occurs and the substrate is released into the outer leaflet of the membrane. The RecA-like
domains may now be free to rotate relative to the membrane-embedded domain [56,57]. (B) The vitamin B12 transporter BtuCD (labeled C and D) first binds
the complex of BtuF (labeled F) and B12 from the periplasmic space and releases the substrate into a periplasmic cavity of the membrane protein [45]. A
conformational change is induced in BtuCD on the other side of the membrane, allowing ATP binding. This opens the gate towards the cytosol, releasing the
substrate into the cytosol. ATP hydrolysis resets the system (not shown). With permission from Chang [57] and Locher et al. [45].

molecules to cross the membrane. In both cases, the
functional unit is a dimer, consisting of membrane-em-
bedded domains and cytosolic domains containing RecA-
like folds. Although the details of the membrane-embed-
ded segments are different for these proteins, they might
both undergo conformational changes that create alternat-
ing openings towards the inside or outside of the cell
(Fig. 7). In the case of the multidrug transporter MsbA, a
hydrophobic compound dissolved in the inner leaflet of
the lipid bilayer may enter a cavity in the protein and,
following a conformational change, be released into the
outer leaflet (Fig. 7A). The conformational change may be
caused by the binding of ATP, resulting in the association
of the two RecA-like folds (Fig. 7A). Following hydro-
lysis of ATP, the RecA-like folds may dissociate and
would be free to rotate relative to the membrane-embed-
ded domains. The latter is based on the crystal structure
of E. coli MsbA, in which the ATP binding sites of the
two RecA-like folds are some 50 A apart from each other
and point in opposite directions. However, the structure
may be nonphysiological, since the interface of the
monomers in the observed dimer is small and may be a
crystal contact. Indeed, in the structures of V. cholera
MsbA [57] and of BtuCD [45] the ATP binding sites of
the two RecA-like folds are close to and face one another
in the nucleotide-free state, similarly to the situation in the
Rad50 protein [10]. In the model proposed for BtuCD
[45], the first step is the binding of BtuF with a bound
vitamin B12 molecule (Fig. 7B). The hydrophilic substrate
would enter a cavity at the external side of the membrane-
embedded domain. Following a conformational change on

the cytoplasmic side of the membrane, ATP binding
would occur between the two RecA-like folds, moving
them closer to each other as has been seen in MalK [38].
The change would be propagated through an L-shaped
loop in the membrane-embedded subunits, spreading them
apart and opening the gate towards the cytosol so that the
substrate can be released (Fig. 7B). In contrast to the
MsbA model, the RecA-like folds and the membrane-
embedded domains would remain in contact during the
transport cycle.

& Y1y2vy3 3

00000

element

Fig. 8. Structure of the clamp loader. Changes in the relative orientation of
the subunits are thought to be induced by ATP binding or hydrolysis [12].
These would open the associated clamp for DNA loading (not shown). With
permission from Jeruzalmi et al. [12].
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8. Motion in the clamp loader

The E. coli clamp loader contains five RecA-like
domains, with the subunits arranged in the order &', yl,
v2, v3, o (Fig. 8) [12]. & is called the stator, and & the
wrench. In the E. coli clamp loader ATP is only hydrolyzed
by the y-subunits. [58]. The structure of the E. coli clamp
loader showed a partially opened circle (Fig. 8). Initially, it
was thought that the 6 and & subunits move apart, prying
open the clamp for DNA loading. However, recent fluores-
cence energy transfer experiments [59], and a structure of
the yeast clamp loader in a complex with the clamp (J.

DP ATP
ATP

Kuriyan, personal communication), suggest that the confor-
mational changes are relatively small. Nevertheless, ATP
binding and hydrolysis must lead to changes in the relative
orientations of the subunits, allowing clamp opening and
DNA loading. The clamp loader is an example in which an
ATPase performs a single step of mechanical work.

9. Rotary motion in the hexameric F1 ATPase

We understand best how the F1 ATPase uses the energy
of ATP binding and hydrolysis to perform mechanical work.

DP DP
ATP ATP

Fig. 9. ATP-dependent movements in the F1 ATPase. (A) Scheme showing the three B-subunits in the hexameric ring during one step of ATP hydrolysis.
Scheme I shows the starting point, with the subunit in green with ATP bound (TP), the one in blue in a transition state of ATP hydrolysis (DP), and the one in
red with an empty binding site (E). The y-subunit (yellow) points towards subunit E. The end state, in which previous subunit TP converts into DP, previous E
into TP, and previous DP into E is reached through two intermediate states (II and III). (B—C) The p-barrel domains of the E, TP and DP subunits of stage |
(represented by PDB 1E1R) were superimposed to the TP, DP and ADP + Pi subunits, respectively, of stage III (represented by PDB 1HSE). The y-subunit is
colored pink and yellow in stages I and III, respectively. (B) The conformational change in the transition from E, stage I (red) to TP (yellow), stage III. The
pushing loop (cyan) would clash with the y-subunit if it did not move. (C) The conformational change in the transition from DP (blue), stage I, to ADP +Pi,
stage III (yellow). The B3-subunit moves out of the way to accept the incoming y-subunit [31,83].
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The y-subunit rotates inside the hexameric ring of alternat-
ing a- and B-subunits, which both have RecA-like folds and
Walker A motifs. However, only the B-subunits hydrolyze
ATP, because the a-subunits lack a water-polarizing residue
in the ATP binding site. Each step of ATP-binding and-
hydrolysis of a pB-subunit causes a 90° rotation of the -
subunit; product release causes an additional 30° rotation
[60].

ATP hydrolysis in each of the P-subunits of the
hexameric ring occurs sequentially in three steps: an
ATP-bound state (TP), a transition state (DP), and a state
in which the nucleotide binding site is empty (E) [31].
When ATP binds to the E state of one B-subunit, the ~y-
subunit rotates and E is converted to TP, the DP state of
the next B-subunit is converted to E, and the TP state of
the third B-subunit to DP. Each ATP hydrolysis step can be
further subdivided into three different conformational
intermediates, I to III (Fig. 9A). Intermediates 1 and III
are represented by X-ray structures [31,61], while the
structure for intermediate II is not yet available. Neverthe-
less, the available information allows the reconstruction of
the conformational changes that drive the movement of the
v-subunit.

To visualize the conformational changes during the
transition from intermediate I to III, we have superimposed
the stationary N-terminal P-barrel domains (r.m.s.d. of
0.74 A for the 216 residues of this region). When ATP
binds to state E, the N-terminal half of the RecA-like
domain does not change much, while the C-terminal half
undergoes a rigid body movement (Fig. 9B). The loop
between residues 394 and 400 (colored cyan) appears to
push the y-subunit away, so that it moves anti-clockwise
around the sixfold axis (viewed from the C-terminus). The
energy for the changes comes from interactions of ATP in
its binding site and from hydrogen bonds formed between
two P-strands in the RecA-fold [62]. Although the se-
quence of the pushing loop is conserved, its mutagenesis
does not have strong effects, supporting the idea that it
simply pushes against the y-subunit without making spe-
cific contacts [63].

Movement of the +y-subunit to its new position in
intermediate III would not be possible if the P-subunit
in the DP state did not hydrolyze ATP. This induces a
conformational change so that the C-terminal half moves
outwards, making room for the incoming vy-subunit (Fig.
9C). This movement could even exert some “pulling
force”.

The transition from intermediate III back to state I
involves a further rotation of the C-terminal domain of the
p-subunit that was originally in the E state, and an addi-
tional small rotation of the y-subunit [60]. This transition is
favored by the reformation of interactions between residues
in the pushing loop of the new TP state (Asp394, Glu398)
with residue Lys90 of the ~y-subunit, as well as between
residues of the new E state p-subunit (Asp316, Thr318, and
Asp319) with residues Arg254 and GIn255 of the y-subunit

[13]. These “catch” interactions provide resistance required
for generating torque force.

The overall picture is that ATP binding induces a
conformational change in the E state that induces a C-
terminal loop to push the y-subunit, while at the same time,
ATP hydrolysis in the neighboring DP state (-subunit
causes a change that makes room for the incoming y-subunit
and may pull on it.

10. Movement of DNA through the central pore in T7
gp4 helicase

The bacteriophage T7 DNA replication system consists
of an N-terminal primase and a C-terminal helicase. The
helicase functions as a hexamer to unwind duplex DNA
at replication forks, moving a single-stranded DNA
though the central pore. The primase—helicase complex
can also form heptamers with a larger central hole that
could accommodate duplex DNA [20], and this may be
required for its movement along double-stranded DNA
[64]. Nucleotide-dependent conformational changes have
only been described for the hexameric state of the
helicase.

The closed hexameric ring seen in the X-ray structure
of a helicase fragment is a dimer of trimers with subunits
in different conformations, called A, B, and C [16]. In
each trimer, subunit B is rotated relative to subunit A by
15° and subunit C relative to subunit B by another 15°
(Fig. 10A). AMP-PNP is bound to both interfaces. Be-
tween the C subunit of one trimer and the A subunit of
the other there is a 30° rotation in the other direction, and
no nucleotide is bound. Superposition of subunits A, B,
and C shows that only the N-terminal helix is different
(Fig. 10B), indicating that the RecA-like folds undergo
rotations as rigid bodies with a hinge between the N-
terminal a-helix and the RecA-like fold. This is distinct
from the intra-subunit motion seen with F1 ATPase (see
above).

Motion of T7 gp4 helicase is proposed to be triggered
by the interaction of an arginine finger from one subunit
with the +y-phosphate of ATP bound to another subunit.
Upon ATP hydrolysis, the interaction with the arginine
finger is broken allowing the neighboring subunit to
rotate. This would move the two DNA binding loops
inside the pore downwards along the sixfold axis and drag
the DNA strand with them (loop 1 in pink, residues 424—
439, and loop 2 in blue, residues 464—475; Fig. 10A).
Both loops are close to the catalytic center, which
explains why DNA stimulates ATPase activity. In the
proposed mechanism, two empty subunits in the hexame-
ric ring bind ATP, while two hydrolyze the nucleotide
(Fig. 10C). ATP binding would cause a 45° relative
rotation between subunit C of one trimer and subunit A
of the other, which would place the arginine finger in the
correct position for ATP hydrolysis. The movement would
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Step Il

2xNTP

2 x NDP+Pi

2xNTP

v

2 x NDP+Pi

Fig. 10. Proposed nucleotide-dependent movements in T7 gp4 helicase. (A) View of the three subunits, A, B, and C, colored green, yellow and red,
respectively, in the hexameric ring of the ATPase. The loops highlighted in blue and pink bind to and move DNA through the central pore. Subunit B is rotated
relative to A by 15°, and subunit C relative to B by another 15°. (B) Superposition of the RecA-like folds of the three subunits, showing that only the N-
terminal helices differ. (C) Model of sequential ATP hydrolysis in the subunits. The active site of subunit A contains ADP and Pi, that of subunit B contains
ATP, and that of C is empty. This is repeated in the second half of the hexameric ring. ATP binding and hydrolysis change the states of the three subunits

sequentially [16]. With permission from Singleton et al. [16].

be brought about by a 30° rotation of subunit A in the
second trimer and a 15° rotation of subunit C in the first
trimer in the opposite direction. The latter would be
triggered by hydrolysis in subunit A in the first trimer,
causing subunits B and C to move together. At the same
time, hydrolysis in A breaks the arginine interaction with
B, so that B can rotate back. Despite the elegance of the
proposed mechanism of inter-subunit rotation, it should be
pointed out that it is based on a single structure, which
may not be an intermediate in the catalytic cycle. While
the relative orientation of the neighboring subunits
changes when a nucleotide is present or absent, the local

conformation of the catalytic centre remains the same
(Fig. 10B).

The T7 gp4 helicase may provide a paradigm for the
large class of hexameric RecA-like ATPase with a central
pore through which a macromolecule is transported. In all
these cases, the subunits may hydrolyze the nucleotide
sequentially and rotate inwards. This, together with alter-
nating binding affinities for the substrate, would drag the
polypeptide chain or nucleic acid strand through the central
pore. Sequential ATP hydrolysis by the subunits in the
ring, similar to what has been proposed for the T7 gp4
helicase, is suggested by the asymmetry of the hexamers
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formed by DnaB helicase [65—67], bacteriophage SPPI
gp40 helicase [68], and papilloma El helicase [69]. Bio-
chemical studies also show that ATP hydrolysis does not
occur synchronously within the ring, and that ATP binds
with different affinity to the different subunits (reviewed in
Ref. [70]). Since the macromolecular substrate in the pore
is not expected to make identical contacts with all subunits
in the ring, this could also induce non-synchronous ATP
hydrolysis.

Synchronized ATP hydrolysis has, however, been sug-
gested for several RecA-like motor ATPases with hexameric
rings, such as p97 and NSF [3]. For example, the electron
microscopy structure of p97 [71] is symmetrical and the
ATPase sites behave identically. However, F1 ATPase is also
symmetrical without Mg® " or the vy-subunit, raising the
possibility that symmetry is an artifact of nonphysiological
conditions, such as the absence of the macromolecular
substrate and/or Mg® -ATP. On the other hand, it is also
possible that, unlike T7 gp4, these ATPases do not move the
macromolecule through the central pore, or that ATPases with
two stacked RecA rings, such as p97 and NSF, behave
differently.

11. Movement of dynein along microtubules

Dynein is a motor protein that in axonemes produces
the propagating bending motions of cilia and flagella, and
in all cells, as cytoplasmic dynein, moves cargo along
microtubules. It contains six predicted RecA-like folds in
one polypeptide chain, but only one of them hydrolyzes
ATP at an appreciable rate. Both axonemal and cytoplas-
mic dynein form ring structures visible in the electron
microscope [72] (Samso and Koonce, personal communi-
cation). The 25-A resolution structure of cytoplasmic
dynein shows a seven-member ring with probably six
domains contributed by the RecA-like folds, and one by
the C-terminal region. Emerging from the ring on opposite
sides are two arms, called stem and stalk, which bind
cargo and microtubules, respectively. Structures of axone-
mal dynein determined in two different nucleotide states
indicate that the stem and stalk can change their relative
orientation, possibly providing the power stroke for move-
ment along the microtubule (Fig. 11). In this case, a
conformational change in one RecA-like fold is propagated
through the ring, resulting in movement of the arms
attached to them. This is a dramatically different mecha-
nism than proposed for other hexameric RecA-like
ATPases.

12. Iris-like contraction in SV40 large T antigen

SV40 large T antigen (LTag) melts viral DNA at the
replication origin (which it does as a double hexamer) and
unwinds duplex DNA at replication forks (which it does

-
@ microtubule
4
3
2
stem 1
substrate
ADP-Pi Apo

Fig. 11. Proposed mechanism for movement of axonemal dynein along
microtubules. Electron microscopy shows that dynein forms a ring with
seven domains, probably six contributed by the RecA-like folds and one
by the C-terminal region. Emerging from the ring are a stem that binds
cargo and a stalk that binds to microtubules. Nucleotide hydrolysis in
domain 1 causes a conformational change that is propagated to domain 4,
which may change the relative orientation of stem and stalk, allowing
movement along the microtubule [72]. With permission from Burgess et al.
[72].

as a single hexamer) [73]. A single LTag hexamer consists
of a small ring, formed by the D1 domain, and a large
ring containing the RecA-like D2 domains, as well as the
D3 domains protruding from the D2 domains [50] (Fig.
5C). Although only the nucleotide-free conformation of
LTag has been crystallized, a comparison of different
crystal forms indicates that the molecule is flexible and
that the top and bottom rings can twist relative to one
another. This results in the constriction or opening of the
channel. DNA passes through the central pore of LTag,
and a nucleotide-dependent iris-movement may distort/
melt the replication origin. During the subsequent unwind-
ing process, two hexamers assembled in a back-to-back
manner could move a single-stranded DNA loop through
lateral holes in the hexameric ring. Two loops of single-
stranded DNA emerging from the barrel are indeed seen
by electron microscopy [73]. LTag may thus undergo both
an iris-like motion and a motion similar to that seen in
hexameric helicases.

13. Movement of a coiled-coil domain at the periphery of
ClpB

ClpB and its eukaryotic homolog Hsp104 are chaperones
that can disassemble aggregated proteins. They have two
hexameric rings of RecA-like domains stacked on top of
each other (Fig. 12A) [27,30]. At the outside of the first ring
(D1) are six mobile and extended coiled-coil domains,
which contain segments called motifs 1 and 2 at opposite
ends. Aggregated proteins may bind to motif 1 and motif 2
of adjacent subunits. A small nucleotide-dependent confor-
mational change in the D1 domain could be propagated into
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coiled coil

coiled coil

Fig. 12. Coiled-coil domains in the ClpB ATPase. (A, B) Side and top
views of the double barrel structure of ClpB. At the outside of the first ring
(D1) are six extended coiled-coil domains, which may serve as “crow
bars” to pry apart aggregated proteins [30]. With permission from Lee et
al. [30].

a large motion of the coiled-coil, which could pry apart the
bound aggregate. It has also been proposed that, once the
aggregates are smaller, ClpB may also use a translocation
mechanism, similar to that discussed for T7 gp4, or a
“capture-and-release” mechanism, to further unfold the
proteins.

14. Conclusions and open questions

We are beginning to understand how RecA-like ATPases
perform mechanical work. Invariably, the nucleotide is
bound at the interface between two RecA-like domains
and hydrolysis requires residues from both domains. Thus,
the relative orientation of the two RecA-like folds is
sensitive to the state of nucleotide binding and/or hydrolysis
and this can be employed for large-scale conformational
changes. However, the details of how ATP binding and
hydrolysis is coupled to conformational changes are still
largely unclear. As discussed, there are a number of pro-
posals for different ATPases on how motion is generated,
but most of these ideas are based on single structures, often
without a substrate present. Experience has shown that such
speculations often do not stand the test of time. One major
direction of future work is therefore to obtain more struc-
tures in different nucleotide states, similarly to what has
been done in pioneering work on the F1 ATPase. In
addition, structures with the substrate present are needed,
which is a particular challenge in the case of polypeptide
substrates.

The hexameric arrangement of RecA-like domains
appears to be common and it may be the one that is
closest to a complete picture. For some cases it is clear
that a macromolecule—either a nucleic acid or a poly-
peptide—is moved through the central pore. These
ATPases might all use a mechanism similar to that
proposed for the T7 gp4 helicase, in which the subunits
hydrolyze ATP sequentially and rotate relative to one
another, dragging the macromolecule with it [15,16].
However, as discussed before, even for T7 gp4 there
are many open questions about the mechanism of con-
verting chemical energy into movement. For the proteo-
some 19S subunit, for which a structure is not yet
available, there is evidence that the polypeptide substrate
inserts into the hexameric ATPase ring as a loop [74]. The
diameter of the central pore in the associated 20S pro-
teosome is about 13 A [75], which would be sufficient to
accommodate two extended polypeptide strands. In some
hexameric ATPases, such as p97, the central opening is
narrower and significant conformational changes need to
be invoked to allow a polypeptide substrate to move
through it [26].

ATPases with two hexameric rings stacked on top of
one another are much less understood than those with a
single ring. Why does one need two rings in the first
place? For example, ClpA contains two stacked RecA
rings, while CIpX is a single hexameric ring, but they both
perform the same function, i.e., they push a polypeptide
substrate into the proteolytic chamber of ClpP [76]. In
double-barrel ATPases the two rings might communicate
with one another, so that the entire structure essentially
acts as a single ring. One may also imagine that the two
rings allow the ATPase to switch directions of movement,
or that one ring simply serves to keep the other in a
hexameric arrangement, similar to the function of the
“crown” domains of SV40 LTag or F1 ATPase. Finally,
one ring may trigger the opening and closure of the other,
thus allowing the loading and unloading of a macromol-
ecule. The ATPase cycle within the rings and the com-
munication between the rings are also unresolved issues.
In contrast to single-ring ATPases, there is little evidence
that ATP is hydrolyzed sequentially within a ring. In the
case of NSF, the second ring (D2) does not hydrolyze
ATP at all, although it does bind ATP [53,77]. In the
related p97 protein, both rings may hydrolyze ATP, and
mutagenesis studies suggest that the D1 and D2 rings
alternate in ATP hydrolysis [52]. Surprisingly, it has been
reported that the hexameric rings are stacked in opposite
orientations in the two related proteins, NSF [23] and p97
[25,26]. For some double-ring ATPases, such as ClpA, it
is likely that they move a substrate through the central
pore [78], but in other cases, the situation is less clear. For
example, hydrolysis in the D1 ring of NSF could move
the three molecules of «-SNAP that are bound at the
outside of the double barrel, which in turn could pry open
the four-helix bundle of the SNARE complex [79]. This
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would, of course, be drastically different from a translo-
cation mechanism.

How is a macromolecule loaded into the central pore of a
ring structure? Nucleic acids with a free end may simply be
loaded head-on, and polypeptide chains might be threaded
into the pore either head-on or as loops. In other cases,
loading may require opening/closure or disassembly/reas-
sembly of the ring structure. Many helicases, such as DnaB
[80] and papilloma virus E1 [81], use specialized loading
proteins to gain entry into the interior of the rings. Others,
such as the Rho transcription terminator, appear to load
without accessory factors. The determined structure of Rho
resembles a “lock-washer” with a gap at the opening that is
wide enough to accommodate single-stranded RNA. This
conformation has been proposed to be required for loading
[17].

RecA-like ATPases are found in essentially all cellular
processes. For many members of this class we do not yet
even understand what function they have. However, given
that all better understood members perform mechanical
work, it seems likely that many of them will also move
macromolecules or move along macromolecules. In fact,
given the enormous numbers of RecA-like ATPases, it is
possible that most mechanical work in cells is performed by
RecA-like ATPases. A detailed understanding of their func-
tions, using a combination of structural and biochemical
techniques, is thus an important research direction for the
future.
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