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ADP adenosine diphosphate
AMP adenosine monophosphate
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ATP adenosine triphosphate
ATPase adenosine triphosphatase
b base
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EM electron microscopy
FRET fluorescence resonance energy transfer
FT-ICR Fourier transform-ion cyclotron resonance
gp gene product
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Poly(C) polycytidylic acid
PX polymerase complex
RMSD root mean square deviation
RNA ribonucleic acid
SV40 LTA simian virus 40 large tumor antigen
ss single-stranded
TNP trinitrophenyl
TPM tethered particle motion
wt wild type



5

Summary

Molecular motors are proteins that convert chemical energy into mechanical
work. The viral packaging ATPase P4 is a hexameric molecular motor that
translocates RNA into preformed viral capsids. P4 belongs to the ubiquitous class of
hexameric helicases. Although its structure is known, the mechanism of RNA
translocation remains elusive. Here we present a detailed kinetic study of nucleotide
binding, hydrolysis, and product release by P4. We propose a stochastic-sequential
cooperative model to describe the coordination of ATP hydrolysis within the
hexamer. In this model the apparent cooperativity is a result of hydrolysis stimulation
by ATP and RNA binding to neighboring subunits rather than cooperative nucleotide
binding. Simultaneous interaction of neighboring subunits with RNA makes the
otherwise random hydrolysis sequential and processive.

Further, we use hydrogen/deuterium exchange detected by high resolution
mass spectrometry to visualize P4 conformational dynamics during the catalytic cycle.
Concerted changes of exchange kinetics reveal a cooperative unit that dynamically
links ATP binding sites and the central RNA binding channel. The cooperative unit is
compatible with the structure-based model in which translocation is effected by
conformational changes of a limited protein region. Deuterium labeling also discloses
the transition state associated with RNA loading which proceeds via opening of the
hexameric ring.

Hydrogen/deuterium exchange is further used to delineate the interactions of
the P4 hexamer with the viral procapsid. P4 associates with the procapsid via its C-
terminal face. The interactions stabilize subunit interfaces within the hexamer. The
conformation of the virus-bound hexamer is more stable than the hexamer in solution,
which is prone to spontaneous ring openings. We propose that the stabilization within
the viral capsid increases the packaging processivity and confers selectivity during
RNA loading.

Finally, we use single molecule techniques to characterize P4 translocation
along RNA. While the P4 hexamer encloses RNA topologically within the central
channel, it diffuses randomly along the RNA. In the presence of ATP, unidirectional
net movement is discernible in addition to the stochastic motion. The diffusion is
hindered by activation energy barriers that depend on the nucleotide binding state.
The results suggest that P4 employs an electrostatic clutch instead of cycling through
stable, discrete, RNA binding states during translocation. Conformational changes
coupled to ATP hydrolysis modify the electrostatic potential inside the central
channel,  which  in  turn  biases  RNA  motion  in  one  direction.  Implications  of  the  P4
model for other hexameric molecular motors are discussed.
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A. INTRODUCTION

A.1. Molecular motors

Physical movement is one of the
main attributes of life. On a macroscopic
scale, animals and microbes move to find
food and to avoid poisons and predators.
Plants turn their leaves toward their
energy source, sunlight. Especially on a
microscopic scale, movement is
absolutely essential for life. There is a
continuous transport of organelles and
molecules across the cell. Molecules are
selectively transported between different
cell compartments. Incredibly complex
and orchestrated movements of cell
components are required for cell
division. All these forms of movement
rely on microscopic machines called
molecular motors. A molecular motor is
a  protein  which  converts  chemical  (or
electrochemical) energy into mechanical
work (Howard 2001). All molecular
motors move in steps. One step is
usually associated with one complete
catalytic cycle of the molecular motor.
Most of the molecular motors catalyze
hydrolysis of ATP into ADP and
inorganic phosphate (Pi) in order to
power their mechanical cycle. In vivo,
under physiological conditions, the free
energy that is stored in the terminal ( -
)-anhydride bond of an ATP molecule is

about -9×10-20 J, equaling about -50 kJ
per mol of ATP, depending on the
specific cellular conditions. Study of the
complete mechanochemical cycle is
essential in order to fully understand how
a molecular motor functions.

There are two theoretical
concepts that have been proposed for the
molecular motor mechanisms. (i) The
“Power stroke” mechanism assumes that
each catalytic cycle leads to a sequence
of conformational changes that shifts the
motor exactly one step forward. The
motor works in a deterministic fashion
similarly as do macroscopic motors. (ii)

The presence of unavoidable thermal
fluctuations on the microscopic scale led
to a concept of a “Brownian motor”
(Astumian 1997). The Brownian motor
uses thermal fluctuation from its
surroundings to facilitate its movement.
Due to stochastic nature of thermal
fluctuations, a Brownian motor moves
stochastically in both directions.
However, the forward steps are more
frequent because the chemical energy
released by the catalytic cycle puts bias
on the system. The limiting case of the
Brownian motor is the so-called
“Brownian ratchet”. Locally, the
Brownian ratchet moves with equal
probability in both directions; however
some of the complete forward steps are
rectified by the chemical energy released
by the catalytic cycle.

In this work I will delineate the
principles of the mechanism of a
molecular motor P4 which packages
genomic RNA into preformed viral
particles. In order to do that it is useful to
summarize the principles that have been
derived from studies of other molecular
motors.

A.1.1. Cytoskeletal motors
Internal order in a eukaryotic cell

is maintained in part by molecular
motors that shuttle organelles and
molecules along cytoskeletal tracks
consisting of self-assembling proteins
like tubulin and actin (Schliwa 2003).
There are three types of cytoskeletal
motors – kinesins, myosins and dyneins.
These were the first protein complexes to
be acknowledged to work as the
molecular motors. All of them are multi-
protein  complexes  that  are  able  to
achieve movement by binding and
hydrolyzing adenosine-5’-triphosphate
(ATP) within a globular motor domain.
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One  or  two  motor  domains  are  usually
coupled to an extended tail which
mediates binding of different cargo.

Kinesin translocates towards the
plus end of microtubules. It contains two
motor domains that move in a hand over
hand manner, taking 8 nm long steps
(Svoboda et  al. 1993). The step size
matches  the  periodicity  of  the
microtubules. Conventional kinesin is

able to produce forces up to 6 pN
(Meyhofer and Howard 1995). Binding
of ATP to the motor domain is
associated with a conformational change
leading to translocation along the
microtubule. ATP hydrolysis is coupled
to release of kinesin from the
microtubule allowing for a recovery
stroke while ADP release leads again to
the tight microtubule binding (Fig. 1A).

Figure 1. Schematic model of hydrolysis cycle for single-headed kinesin (A) and myosin
(B). The nucleotide binding state (E – empty binding site, T – ATP binding, DP – ADP and Pi
binding, D – ADP binding) controls conformation of the motor and its binding to the
cytoskeletal track. According to (Howard 2001).
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The motor domain of kinesin is
structurally related to that of myosin.
Myosin moves unidirectionaly along
actin filaments. Myosin II, which is
responsible for skeletal muscle
contraction, exhibits a catalytic cycle that
is qualitatively similar to that of kinesin
(Fig. 1B). Myosin II moves in 5.3 nm
steps (length of actin monomer)
(Kitamura et  al. 1999) and is able to
generate forces up to 10 pN (Ishijima et
al. 1996). The double headed myosin V
moves in 36 nm steps (length of actin
repeat unit) and is able to generate forces
up to 4 pN. The 36 nm step can be
further resolved into 12 and 24 nm long
substeps (Uemura et al. 2004). The 12
nm substep occurs after ATP binding to
the actin-bound trailing head and the 24
nm substep results from an isomerization
of the actin-bound leading head in the
ADP state.

Dynein is structurally different
from the two motors discussed above.
Dynein structure resembles that of
AAA+ enzymes (Burgess et  al. 2003;
Vallee and Hook 2003). Dynein moves
towards the minus end of microtubule
and also plays an important role in the
motion of eukaryotic flagella. Dynein
seems to change the step size with load
(Mallik et al. 2004). At loads
approaching the stalling force of 1.1 pN
dynein moves in a 8 nm steps (matching
the periodicity of the microtubules). At
lower loads dynein may move also in
multiples of this basic step i.e. in 16 nm
and 24 nm steps.

In summary, all three cytoskeletal
motors move in steps of constant length
which  is  given  by  the  periodicity  of  the
track. Due to limited amount of energy
obtained from the ATP hydrolysis cycle,
motors with the long step generate lower
forces than motors with the short step.
Efficiency of the energy conversion by
the cytoskeletal motors is very high in
comparison with the efficiency of the
macroscopic motors, reaching 60 to
80%. The periodicity of RNA, the track

for P4 translocation, is 0.3 nm. Thus, in
analogy with the cytoskeletal motors, P4
is  expected  to  move  in  0.3  (or  its  small
multiple) nm-long steps. In theory, such
a short step should allow P4 to exert
forces on the order of 100 pN.

A.1.2. Rotary motors
Currently, the best understood

molecular motor is F0F1-ATP synthase.
Results obtained for this rotary motor are
relevant to P4 mechanism because the
F1-ATPase exhibits sequence and
structural similarity to P4 (Kainov et al.
2003b; Mancini et al. 2004a). Thus, we
will review the mechanism of F1-ATPase
in detail.

The  F0F1-ATP synthase is found
in all organisms where it uses energy
provided by the flow of protons down an
electrochemical gradient and across the
corresponding membrane (the plasma
membrane in bacteria, the mitochondrial
membrane in eukaryotes and the
thylakoid membrane of chloroplasts in
plants) to keep the reaction ATP  ADP
+ Pi  far from equilibrium, favoring ATP
synthesis. F0F1-ATP synthase consists of
two interdependent molecular motors, F0
and  F1. Membrane-embedded F0 is
assembled from three different
polypeptides a, b, and c with the
stoichiometry  of  one a, two b and 9-12
copies of subunit c per functional unit
(Fig.  2). The associated F1 consists of
five subunit types (  through  with
three copies each of the large subunits
and  and one copy each of the minor
subunits ,  and  (Fig. 2). Proton flow
through F0 subunits a and c causes
rotation of these subunit  relative to each
other. The c-ring  of  F0 is coupled to the
-subunit of F1. Thus, the -subunit

rotates relative to the /  stator  and
powers ATP synthesis at the /
interfaces of F1. Under specific
conditions (e.g. in the lysozomal
membrane or in vitro)  the  F1 may also
hydrolyze ATP resulting in proton
pumping across the membrane. Hence
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this molecular machine can run in
reverse.

Six nucleotide binding sites are
located on the /  interfaces  of  F1. The
three  binding  sites  associated  with  the
subunits are catalytically active. They
show an extraordinary degree of positive
catalytic cooperativity. When all of the
three sites are filled with substrate,
catalysis is more than 105 times faster
than if only one substrate is bound
(Senior et al. 2002). A ‘binding change
mechanism’ as the basis of the ATP
synthesis has been proposed (Boyer
1993). According to this hypothesis,
each of the catalytically active nucleotide
binding sites is in a different structural
and  functional  state  at  any  given  time
during catalysis. During sequential
catalytic cycles, all of the sites pass
through each of these conformational
and functional states. While one of the
sites is void of substrates (ADP and Pi),
the second site has both substrates bound
and the third site is in a conformation
that promotes bond formation between
ADP and Pi, resulting in elimination of
water and the synthesis of ATP (Fig. 3).
The binding change mechanism further
states that the energy for the synthesis of
ATP is solely required for the release of
the product from the active site and not

for  the  actual  formation  of  the  ( - )-
anhydride bond.

An X-ray crystallographic model
of the beef heart mitochondrial ATPase
(Abrahams et  al. 1994) gives detailed
information about the structure of the
binding sites. Two of the catalytic sites
are rather similar in conformation, while
the third site differs significantly from
the others in structure. This third site
does not have nucleotide bound, and a
part of the binding site is rotated into an
open conformation that facilitates the
product release. The sequential change in
the conformation of catalytic sites is
driven by rotation of the asymmetric -
subunit inside the central cavity of the

/  ring. The structure of F1 in complex
with ADP·AlF4¯ (Menz et al. 2001) adds
a detailed view of the catalytic transition
state with all three catalytic sites
occupied by nucleotides.

Rotation of the  –subunit has
been observed directly for single F1
motors in the ATP hydrolyzing mode
(Noji et al. 1997). These studies revealed
three 120° steps in the rotation, each
corresponding to the hydrolysis of one
ATP molecule. Calculated from the
rotational velocity, the torque reached
during rotation is >40 pN nm. At low
ATP concentrations even smaller
substeps of 90° and 30° were resolved
(Yasuda et al. 2001; Nishizaka et al.
2004). They are associated with ATP
binding and ADP release, respectively.
The  –subunit rotation during proton
powered ATP synthesis in the complete
F0F1-ATP synthase was also measured
(Diez et al. 2004). A three-step rotation
was observed. The direction of rotation
during ATP synthesis was opposite to
the direction observed during ATP
hydrolysis.

On the molecular level, the
rotation of -subunit during ATP
hydrolysis is driven by large
conformational changes of the -
subunits. The 90° rotation is associated
with ATP binding. Initial binding of

Figure 2. Schematic model of the bacterial
F0F1-ATP synthase. The front  subunit of
the F1 ring is removed.
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ATP is accomplished by the formation of
multiple weak bonds. As binding
progresses, the catalytic site closes up
and pulls the top part of the -subunit
toward the bottom part. The constant
torque can be explained by sequential
increase in the number of bonds (the
‘binding zipper’ hypothesis (Antes et al.
2003; Oster and Wang 2003)). After the
ATP-driven conformational change, the
ATP is stably bound and the reaction
transiently stops. Subsequent insertion of
an “arginine finger” from a neighboring

-subunit into the ATP-binding site is

necessary for ATP hydrolysis
(Nadanaciva et al. 1999; Dittrich et al.
2004). This is likely to be the cause of
the observed positive cooperativity. ATP
hydrolysis per se does not contribute
much  to  work  output.  However,  the
product release following the hydrolysis
allows  the  30°  rotation  to  proceed.  This
makes the 120° step complete.

The  F0 motor is less well
understood but its mechanism seems to
share  similar  principles  with  that  of
bacterial flagellar motor (Berry 2000;
Blair 2003; Oster and Wang 2003).

Figure 3. Scheme of the binding change mechanism. Rotation of  subunit (oval with an
arrow in the center of the cartoon) drives sequential conformational changes of nucleotide
binding sites and thus changes their affinity for different nucleotides. According to (Boyer
1993).

A.2. Motors associated with nucleic acids

An important class of the
molecular motors encompasses motors
associated with nucleic acids. This class
of molecular motors includes enzymes
such as polymerases and helicases, and
also  the  object  of  our  study,  the
packaging motor P4. Motors of this class
translocate along nucleic acids while
performing number of tasks essential for
replication, maintenance, and expression
of genetic information. In addition, the
ribosome  could  belong  to  this  class  of
molecular motors because it translocates
along mRNA molecules (Vanzi et al.
2003). The polymerases, helicases and

viral packaging motors will be described
in more details in the following sections.

A.2.1. Polymerases
Transcription and replication of

genetic material are among the most
fundamental processes that constitute the
essence  of  life.  Replication  of  DNA  is
accomplished by DNA polymerases that
synthesize copies of genomic DNA with
high fidelity, while the first step in the
expression of genetic information
encoded in DNA is performed by RNA
polymerases. Both kinds of enzymes
catalyze the same type of reaction –
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template-directed polymerization of
nucleoside triphosphates (NTPs).

From a mechanistic point of
view, polymerases can be seen as
molecular motors that perform
directional mechanical work against
dissipative forces during polymerization.
Such forces are hydrodynamic drag and
impediments imposed by specific
sequences encoded in DNA as well as by
numerous  proteins  that  hold  onto  DNA
such as histones or transcription factors
(Schliwa 2003).

Polymerases are so far the best
understood NA-associated motors that
have been studied widely not only by
standard ensemble techniques but also
on single molecule level using optical
tweezers (Yin et al. 1995; Wang et al.
1998; Davenport et al. 2000; Wuite et al.
2000; Shaevitz et al. 2003; Thomen et
al. 2005). Experiments at the single
molecule level constitute practically the
only  way how to  measure  properties  of,
and forces generated by, individual
unsynchronized molecular motors. A
detailed description of some of the
single molecule techniques is given later
in this thesis. Although P4 is related to
helicases rather than to polymerases
there is a paucity of single molecule
results for the former class of motors.
Thus, the results obtained for
polymerases provide a useful framework
for understanding other NA associated
motors and P4 in particular.

The single molecule studies of
polymerases have shown that nearly
every polymerization step is coupled to
the forward translocation step of the
enzyme. However, transcriptional pauses
and backsliding occur occasionally.
Transcriptional pauses are usually
associated with specific DNA sequences
while backslidings result from the
incorporations of a wrong nucleotide
that is consequently removed. RNA
polymerases exhibit a polymerization
rates 40-50 nucleotides/s and are able to

move against loads up to 14-25 pN (Yin
et al. 1995; Wang et al. 1998). Some
DNA polymerases reach polymerization
rates of 500-1000 nucleotides/s and
exhibit stalling forces as high as 34 pN
(Wuite et al. 2000).

Recently, an observation of
single base steps in transcriptional
elongation has been made
(Abbondanzieri et al. 2005).
Observation of stepping velocities at
different ATP concentrations and
opposing forces limited the number of
possible models for RNA
polymerization mechanism. The
experimental data were inconsistent with
a  model  for  movement  incorporating  a
power stroke tightly coupled to
pyrophosphate release. Instead, the
results favored a Brownian ratchet
model  incorporating  a  secondary  NTP
binding site (Fig. 4), a mechanism that is
further supported by structural data
(Westover et al. 2004).

 A.2.2. Helicases
The object of our study, the viral

packaging motor P4, exhibits
unambiguous sequence and structural
similarity to hexameric helicases
(Kainov et al. 2003b; Mancini et al.
2004a). A helicase is a molecular motor
that uses the energy of NTP hydrolysis
to unidirectionally translocate along a
NA strand and to separate (unwind) the
complementary strand of the NA duplex
(von Hippel and Delagoutte 2001). At
physiological conditions, the dsNA base-
pairs open and close spontaneously
(Delagoutte and von Hippel 2002;
Schliwa 2003). As the helicase moves
along and binds to the ssNA, it prevents
rebinding of the complementary strand.
In a similar fashion helicases can also
destabilize secondary structure of RNA,
remove NA associated proteins, and
thread NA through various pores.



15

Figure 4. Alternative kinetic models for RNA polymerase translocation. (A) A power
stroke model in which translocation ( , red) is driven by pyrophosphate (PPi) release. (B) A
Brownian ratchet model where reversible oscillation between pre- and post-translocation
states occurs before NTP binding (blue). (C) A Brownian ratchet model where translocation
and NTP binding can occur in either order. This model postulates the existence of a secondary
NTP site to accommodate the possibility of nucleotide binding when the enzyme is in its pre-
translocated state. With permission from (Abbondanzieri et al. 2005).

Helicases are necessary for DNA
replication, repair, recombination,
transcription, ribosome biogenesis,
translation, RNA splicing, RNA editing,
RNA transport, RNA degradation,
bacterial conjugation and viral
packaging/unpackaging (Lohman and
Bjornson 1996; von Hippel and
Delagoutte 2001; Caruthers and McKay
2002; Delagoutte and von Hippel 2002;
Schliwa 2003). Approximately 2% of
eukaryotic genes code for helicases.
Mutations in genes coding for helicases
result in several human diseases
including cancer and premature aging.

The oligomeric state constitutes a
basis for helicase classification into two
large groups: (i) ring (hexameric)
helicases and (ii) non-ring (monomeric
and dimeric) helicases (Patel and Picha
2000). Each helicase subunit has a single
NTP  binding  site  and  a  distinct  NA
binding site. NTPase activity modulates

the NA affinity, and vice versa. In
monomeric helicases the modulation of
the NA affinity together with
conformational changes of the helicase
may lead to translocation along NA
strand using a Brownian motor
mechanism as proposed recently for the
HCV helicase NS3 (Levin et al. 2005)
(Fig. 5).

Many hexameric helicases (e.g.
T7 gp4 and Rho transcription
terminator) exhibit a two-stage NA
binding (Ahnert et  al. 2000; Kim and
Patel 2001; Skordalakes and Berger
2003) (Fig.  6). The NA binds to a
primary binding site which is located on
the perimeter of the ring, and induces
ring opening. Subsequently, the NA slips
into a secondary binding site which is
located inside the central channel. This
is followed by ring closure and NA
unbinding from the primary binding site.
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Hexameric helicases (including
P4) possess six identical NTP binding
sites. In analogy with F1-ATPase,
cooperativity between the binding sites
is expected. A model suggesting a
‘binding change’ mechanism in which
NTP hydrolysis proceeds sequentially
around the hexamer has been proposed
on the basis of the T7 gp4 helicase
structure (Singleton et al. 2000). In this
model, NTP binding, hydrolysis, and
product release were proposed to trigger
movements of subunits relative to each
other. The subunit movements would
then effect DNA translocation through
the central channel of the T7 gp4
hexamer.

A completely different model for
hexameric helicases has been based on a
set of structures of the SV40 LTA
helicase (Gai et al. 2004). The model
proposes that NTP binding, hydrolysis
and product release are concerted and
proceed at the same time at all six
subunits. Associated conformational
changes constitute re-orientations of the
domains within a subunit, creating an
‘iris’-like  motion  in  the  hexamer.
Additionally, six  hairpins that protrude
into the central channel move
longitudinally along the channel,
possibly pulling DNA through the
channel.

So far there is no consensus
which of the models is/are correct or
whether they apply also to other
hexameric helicases. My goal in this
work is to elucidate the mechanism of
P4  which  belongs  to  the  class  of
hexameric helicases. Comparison of the
P4  mechanism  with  those  proposed
above shall reveal common
characteristics of the hexameric helicase
motor function.

Figure 5. Brownian motor mechanism of
HCV helicase translocation along ssDNA.
The binding free energy ( G)  of  the
helicase ssDNA complex (gray circles)
changes along the length of the DNA (solid
lines) and the sawtooth profile is shaped by
specific interactions in the complex. In the
absence of ATP, the helicase binds ssDNA
tightly and settles into a deep energy
minimum unlikely to move (position 1).
ATP binding changes the properties of the
DNA binding site, and the interactions
becomes weaker and almost constant along
DNA (position 2). In this transient state, the
helicase moves along the DNA randomly
and bidirectionally. Rapid hydrolysis of the
bound  ATP  restores  the  asymmetric  saw
tooth  profile  of  the  complex  and  forces  the
helicase to slide down the energy slope.
Depending on the direction of the net
random movement during the previous
stage, the helicase lands either in the same
minimum (position 1) or one step ahead
(position 3). Binding of the new ATP
molecule allows the helicase to start the next
translocation cycle (position 4). According
to (Levin et al. 2005).
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Figure 6. Scheme of the Rho transcription terminator ring opening mechanism.
RNA binds to a primary binding site (b). The primary binding induces ring opening
(c).  The  RNA  strand  slips  into  a  secondary  binding  site  which  is  located  inside  the
central channel (d). Finally, the ring closes and RNA is released from the primary
binding site (e).

A.2.3. Viral packaging motors
A virus is a (lipo)protein particle

carrying inside its own genetic
information  (in  the  form  of  DNA  or
RNA). Viruses are not able to replicate
themselves. For successful replication, a
virus needs to deliver its genetic
information into a host cell. The viral
genetic information is expressed within
the host cell to produce new viral
proteins and to replicate the viral
genome. In some viruses, the newly
produced viral NA condenses while it is
coated by the newly produced viral
proteins.  In  other  viruses  (e.g.  in  tailed
bacteriophages or herpes simplex virus),
an empty protein shell (procapsid) is
formed first. The procapsid is then filled
by the viral NA in an energy-consuming
process called “NA packaging”, which is
performed by a viral “packaging motor”
(Fig.  7) (Moore and Prevelige 2002;
Catalano 2005; Ponchon et al. 2005).

The only packaging motor for
which detail mechanochemical
characterization has been achieved is
that of Bacillus subtilis bacteriophage

29. This dsDNA packaging motor
consists of three components: (i) the
head-tail connector, a dodecamer of

protein p10, which is attached to a
unique five-fold prohead vertex, (ii) a
multimeric ring of prohead RNA
(pRNA), which is attached to the
connector and (iii) several copies of
ATPase gp16 that binds to pRNA
(Catalano 2005). A highly speculative
mechanism of the motor mechanism
including rotation of the connector has
been based on the connector structure
and the symmetry mismatch between the
connector and the prohead (Simpson et
al. 2000). Mechanochemical studies
(using an optical trap) showed that the

29 packaging motor is able to generate
forces up to 75 pN (Smith et  al. 2001).
DNA translocation is likely triggered by
phosphate release and the motor subunits
act in a coordinated, successive fashion
with high processivity (Chemla et al.
2005).

 The P4 hexamer is considerably
simpler than, and structurally different
from, the 29 packaging motor, as
described in the following section.
Therefore, the mechanism of P4 is likely
to differ from that of the 29 packaging
motor.
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Figure 7. A generic dsDNA bacteriophage capsid assembly pathway. Here an enzyme
called ‘terminase’ acts as the packaging motor. With permission from (Steven et al. 2005).

Figure 8.  Simplified scheme of  the Cystoviridae core replication. The ssRNA transcripts
are  labeled  l+,  m+,  and  s+.  The  dsRNA  genome  segments  are  labeled  L,  M,  and  S.  With
permission from (Kainov et al. 2004).
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A.3. Packaging motors of Cystoviridae

A.3.1. Role of the packaging motor in
Cystoviridae life cycle
dsRNA bacteriophages 6- 14 from the
Cystoviridae family  primarily  infect  the
plant pathogenic bacterium
Pseudomonas syringae  (Semancik et al.
1973; Mindich et  al. 1999). The
Cystoviridae virion  consists  of  three
structural layers: the outermost protein-
lipid envelope, a nucleocapsid protein
shell (which is missing in 8
(Hoogstraten et al. 2000)) and the inner
icosahedral polymerase complex (PX).
The outer layers facilitate interactions
with the host cell and are sequentially
removed during virus entry while the PX
is delivered into the cytoplasm (Bamford
et al. 1976). The PX is a multifunctional
machine which performs genome
encapsidation, replication and
transcription. PX is composed of 120
copies of the major structural protein P1
(Ktistakis and Lang 1987), about 12
monomers  of  RNA-dependent  RNA
polymerase (Makeyev and Bamford
2000), 12 hexamers of packaging motor
P4 (Juuti et  al. 1998) and about 30
dimers  of  assembly  factor  P7  (Juuti  and
Bamford 1997). P2 and P4 reside at the
five-fold vertices of the icosahedral
PX(de Haas et  al. 1999; Ikonen et  al.
2003). The PX contains ~13 kb dsRNA
genome composed of three segments: L,
large (~6 kb); M, middle (~4 kb); and S,
small (~3 kb) (Semancik et  al. 1973).
The non-coding regions at the 3’ and 5’
–ends of the genome segments contain
signals for replication, packaging and
transcription of the genome (Mindich
1999; Pirttimaa and Bamford 2000).

The Cystoviridae life cycle is
schematically depicted in Fig.  8. Upon
infection, the dsRNA genome molecules
are transcribed by P2 inside the PX
producing mRNAs that are extruded
from the PX. The packaging motor P4 is
required during the transcription
(Pirttimaa et al. 2002) to act as a passive

pore for mRNAs extrusion (Kainov et al.
2004). The mRNAs are translated using
host cell ribosomes. The newly
synthesized viral proteins P1, P2, P4 and
P7  self-assemble  into  a  procapsid  (PC)
(Poranen et al. 2001; Kainov et al.
2003a). In the 6,  P4  nucleates  the  PC
assembly. The viral mRNAs are
recognized by binding sites on P1, and a
single copy of each segment is packaged
sequentially into the PC by the
packaging motor P4. P4 acts as an active
NTP-ase during the packaging (Frilander
and Bamford 1995; Paatero et al. 1995).
The sequential order of packaging is
achieved by PC expansion during
packaging of the S segment that exposes
a  high  affinity  binding  site  for  the  M
segment. Similarly, when the M segment
is packaged, the M sites disappear and L
sites appear (Qiao et al. 1997; Mindich
1999). When the packaging of the L
segment is completed, ssRNA genome
precursors are replicated inside the PX
to yield genomic dsRNAs (Frilander et
al. 1992).  The  PX  can  then  perform
either additional rounds of transcription
or mature into infectious virions.

A.3.2. Structure of the packaging
motor P4
The packaging motor P4 is a hexameric,
ssRNA-stimulated NTPase (Juuti et al.
1998; Kainov et al. 2003b). P4 sequence
exhibits all the motifs (H1-H4) that are
characteristic of the DnaB helicase
(Patel and Picha 2000). P4s from
bacteriophages 8 and 13 translocate
along ssRNA in 5’ to 3’ direction while
possessing helicase activity in vitro
(Kainov et al. 2003b). The structure of
the P4 hexamer from bacteriophage 12
(Mancini et al. 2004a) (Fig.  9) is
homologous to those of other DnaB-like
hexameric helicases. The triangular
wedge-shaped P4 monomer (35 kDa) is
composed of an N-terminal domain, a
central ATPase RecA-like core which is
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conserved among DnaB-like hexameric
helicases, and a C-terminal region
(Mancini et al. 2004a). The sequence of
the N-terminal domain is not conserved
between different members of
Cystoviridae and  may  be  involved  in
functions other than RNA translocation.
The central core, together with part of
the C-terminal region, forms a
Rossmann-type nucleotide-binding
domain containing a twisted, eight-
stranded  sheet flanked by five
helices. Six P4 monomers associate into
a symmetric hexamer, enclosing a
central channel, through which RNA is
translocated. Outer diameter of the P4
hexameric ring is ~95 Å and a height
~55 Å. The width of the funnel-like
central channel varies from 25 Å to 21
Å. Six equivalent nucleotide-binding
sites are located at the interfaces
between adjacent subunits. In the crystal
structure of P4 with the substrate analog
(AMP-CPP-Mg2+) or with ADP, all six
nucleotide-binding sites were occupied
by the corresponding nucleotide
(Mancini et al. 2004a).

Comparison  of  P4  structures  in
different nucleotide states revealed that
two regions of P4 subunit undergo
significant conformational changes as a
consequence of ATP hydrolysis and
phosphate release (Mancini et al.
2004a).  One  of  the  regions  is  the  so
called “P-loop” which interacts with
and  phosphates of the bound
nucleotide and coordinates the Mg2+ ion.
In  the  complex  of  P4  with  a  substrate
analog, the P-loop is in a “relaxed”
conformation, whereas in the product
complex, it folds into a “strained”
conformation (Fig. 10). The
conformation of the P-loop correlates
with the position of RNA binding site
(helix 6 and loop L2) which protrudes
into the central channel. The RNA
binding site moves from an “up”
position in the substrate complex to a
“down” position in the product complex

Figure 9. Structure of the P4 hexamer.
The  P4  hexamer  is  shown  in  top  (N-
terminal domain), side, and bottom (C-
terminus) views. The secondary structural
elements are colored according to the bar
where different colors distinguish
subdomains or segments of the P4
monomer: N-terminal safety pin motif
(blue), all  domain (dark purple),
conserved RecA-like ATP binding domain
(red), and antiparallel  strands and C-
terminal helix (green). Six molecules of
AMPcPP, drawn in ball-and-stick
representation, are located in the binding
sites between monomers. With permission
from (Mancini et al. 2004a).
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It was proposed that this movement is
associated with a ~6 Å translocation of

the bound RNA (Mancini et al. 2004a).

Figure 10. P4 conformational changes accompanying nucleotide hydrolysis. The
structures of one P4 subunit in complex with AMPcPP-Mg2+ (A) and ADP-Mg2+ (B),
respectively, are compared. 6 helix - purple, L2-loop cyan, P-loop - red, AMPcPP - orange,
ADP - blue, Mg2+ ion - pink sphere. With permission from (Kainov et al. 2006).

A.4. Dynamics of a molecular motor studied by hydrogen-deuterium
exchange

X-ray diffraction provides static
snapshots of protein structure within the
constraints of the crystal state. While
very valuable as such, it can give only
limited information about protein
dynamics and the structures of transient
states. A suitable method that can
provide such information under native
conditions is amide hydrogen-deuterium
exchange (HDX). Amide hydrogens
provide individual probes along the
entire protein sequence. The rate of
amide  HDX  of  a  given  protein  region
reflects its solvent accessibility and
structural stability. NMR-based
measurement of amide hydrogen
exchange has been used widely to
characterize the folding and stability of
relatively small, soluble proteins

(Englander et al. 1996). The use of mass
spectrometry for HDX detection
extended the range of accessible systems
to high molecular mass proteins and
assemblies of limited solubility or
availability (Lanman and Prevelige
2004). Here we apply HDX for the first
time to study the dynamics and
quarternary structure changes of a
molecular motor.

In a typical HDX experiment
(Fig. 11) a protein of interest is diluted
into  an  excess  of  heavy  water  (D2O).
The exchange reaction is sampled at the
desired times (seconds to days) and
quenched by lowering the pH to 2.5 and
the temperature to 0°C. The protein is
then nonspecifically digested into short
peptides by pepsin or another acidic
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protease. The buffer salts are removed
and peptides partially separated by rapid
reverse phase HPLC. The deuterium
content in each peptide is then analyzed
using high resolution mass spectrometry.

The observed rate kobs of HDX
depends on the chemical exchange rate
kch which is given by the local chemical
environment of the given amide
hydrogen as well as by the global
conditions such as pH and temperature.
HDX is also markedly affected by
protein flexibility and mobility.
Fluctuations in protein structure allow
transient solvent exposure even of
deeply buried areas. These structural
fluctuations can be described by rate
constants for opening and closing, kop
and kcl. The observed HDX rate is then
given by a general formula:
kobs=(kop·kch)/(kcl+kch+kop) (Hoofnagle et

al. 2003). In the case of fast fluctuations,
represented by native state fluctuation or
protein “breathing” motions, when
kcl>>kch and kcl>>kop the formula
simplifies to kobs=(kop·kch)/kcl which is
termed the EX2 limit. In this limit one
can not observe directly the rate of
structural fluctuations but only the
changes in equilibrium between the open
and the closed state.  In the case of slow
structural changes such as global protein
folding/unfolding when kop and kcl<<kch,
the  observed  HDX  rate  is  equal  to  the
rate of structural opening kobs=kop. This
is termed the EX1 limit. In this case one
can directly measure the rate of the
structural change kop on the time scale of
the experiment (seconds to days in a
typical HDX MS experimental setup).
However, measurement of a specific
conformational change within the motor

Figure  11.  Scheme  of  a  typical  HDX  experiment. Parts  of  the  HPLC,  including  the
injection syringe, solvent precooling loop, sample loop, injector, and capillary column are all
immersed in ice to minimize back-exchange.With permission from (Hoofnagle et al. 2003).
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cycle requires synchronization of the
motors e.g. by rapid addition of a ligand
which promotes the conformational
change. Here we aim to use HDX

method to study the dynamics and
quarternary structure changes of P4
during RNA binding and throughout the
ATP hydrolysis cycle.

A.5. Single molecule techniques as tools to study molecular motors

Ensemble measurements yield
only average values. In contrast, single-
molecule  experiments  allow  one  to
examine individual members of a
heterogeneous population and to
identify, sort and compare their
subpopulations (Weiss 1999). Thus,
single molecule experiments may reveal
new  information  about  enzymes  with  a
complicated catalytic cycle, such as
molecular motors, that are difficult to
synchronize in ensemble. In its simplest
version, a single-molecule experiment
requires immobilization of the molecular
motor (or its track) and labeling of the
motor (or its moving part) with a bright
fluorophore that can be used to follow
the motion by microscope imaging. This
simplest approach was used to confirm
and study the rotation of the F1 ATPase
-subunit (Noji et al. 1997). Observation

of cytoskeletal motor translocation with
1.5 nm resolution was recently achieved
using extremely photostable
fluorophores and computer analysis of
the collected images (FIONA -
fluorescence imaging with one-
nanometer accuracy) (Yildiz et al.
2004).

Nanometer scale conformational
changes of molecular motors can be
detected using fluorescence (Förster)
resonance energy transfer (FRET) that
relies on distance-dependent
nonradiative energy transfer between a
donor and acceptor fluorophores (Selvin
1995). FRET at the single molecule level
was used, for example, to study
conformational changes (Rasnik et al.
2004) and translocation (Myong et al.
2005) of the Rep helicase, or to study

rotation in F0F1-ATP synthase (Diez et
al. 2004).

Translocation of a molecular
motor along NA can be studied by a
tethered particle motion method (TPM)
(Yin et  al. 1994; Pouget et  al. 2004).
The  TPM method has  been  widely  used
to  study  dsDNA  motors  such  as
polymerases (Schafer et al. 1991; Yin et
al. 1999; Tolic-Norrelykke et  al. 2004),
RecBCD helicase (Dohoney and Gelles
2001) or RuvAB complex (Dennis et al.
2004). Here we use the TPM method to
study passive diffusion and active
translocation of P4 along ssRNA at zero
force. The TPM method employs direct
observation of the restricted Brownian
motion of a microsphere that is
connected to a surface immobilized
molecular motor via a single NA
molecule, the tether. The molecular
motor changes the tether length and thus
the amplitude of the microsphere motion
which is directly visualized by
microscope.

Forces generated by a single
molecular motor may be measured by
many techniques including
micropipettes, atomic force microscopy
(AFM), magnetic tweezers or optical
tweezers. Optical tweezers have been
broadly used to study practically all
classes of molecular motors as discussed
in previous chapters. The notable
exception is the helicases. Although an
assisting force on substrate was used to
investigate the unwinding of DNA
duplexes (Dessinges et al. 2004;
Dumont et al. 2006) no direct
measurements of forces exerted by a
helicase have been reported yet. In this
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study we present preliminary
measurements of the force-velocity
relationship for P4 using optical
tweezers. In the optical tweezers a
dielectric particle, such as silica
microsphere is attracted to and trapped
near the waist of a laser beam that has
been focused through a high numerical
aperture microscope objective (Ashkin
1997). The position of the trapped bead
can be monitored with nanometer or
better accuracy (Nugent-Glandorf and
Perkins 2004). An applied external force

displaces the trapped bead from the trap
center, with a linear dependence of
displacement on force. This allows the
measurement of force in the range of
0.1-100 pN. (Visscher and Block 1998).
Velocity versus force measurements at
different ATP concentrations allow for
the identification of the catalytic step
that is coupled to force generation
(Keller and Bustamante 2000;
Bustamante et al. 2004).
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B. AIMS OF THE STUDY

When this work was initiated, only
limited information was available on the
mechanism of action of the packaging
motor P4. It was known that isolated P4
hexamers translocate along ssRNA in
the 5’ to 3’ direction and P4s from
bacteriophages 8 and posses
helicase activity. While colleagues were
working to solve the P4 structure the
details of the P4 enzymology and the
mechanism of RNA translocation
remained elusive.

The  aim  of  this  study  was  to
determine  the  mechanism  of  RNA
translocation by viral packaging motor
P4. Specifically:

- Identify steps (substrate binding,
hydrolysis, product release) in
the enzymatic mechanism of P4.
Estimate their rates and compare
these  among  the  P4s  from
different Cystoviridae family
members.

- Determine the order and
coordination of individual
enzymatic and RNA
translocation steps around the P4
hexamer.

- Study P4 translocation along
RNA at the single molecule
level.

- Study the dynamics of P4 during
RNA loading and translocation
using hydrogen-deuterium
exchange.

- Inspect changes of P4 dynamics
within the viral procapsid and
their possible implications for P4
regulation.

- Integrate the experimental results
in a physically feasible model of
RNA translocation and mechano-
chemical coupling in P4
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C. MATERIAL AND METHODS

C.1. Reagents and preparations

Purified recombinant P4s and their
mutants were used in this work. The
plasmids which were used to express the
proteins in E. coli cells are listed in
Table  1. Nucleotide binding by P4 was
studied using fluorescence spectroscopy.
In  the  case  of 8  P4  changes  in  spectra
of fluorescent TNP-nucleotide analogues
were measured (Study I). In the case of

12 P4 fluorescence resonance energy
transfer (FRET) between P4 tryptophans
and MANT-nucleotide analogues was
measured (Study II). Nucleotide
hydrolysis and subsequent phosphate
release were detected spectroscopically
using EnzChek phosphate assay kit
(Molecular Probes) (Study I, II, IV and
V). Gel mobility shift assay was used to

measure P4-RNA complex formation
(Study I and III). Standard gel
electrophoresis assays were used to
detect RNA synthesis (Study V). Raman
spectroscopy  was  used  to  analyze  P4
complexes with nucleotides and RNA
(Study I). HDX detected by high
resolution (FT-ICR) mass spectrometry
was  used  to  study  changes  in  P4
dynamics and structure upon interaction
with nucleotides and RNA (Study III)
and with viral procapsid (Study IV).
Tethered particle motion method and
optical trapping were used to measure
RNA  translocation  by  P4  at  the  single
molecule level (Study V, unpublished
results).

Table 1. Plasmids used in this study
Name Description Reference
pSJ1b 8 P4 wt (Kainov et al. 2003b)
pPG27 12 P4 wt (Mancini et al. 2004b)
pDK21 8 P4 with deleted LKK 184-186 III
pDK85 8 P4 with K185A mutation III
pDK86 8 P4 with K186A mutation III
pDK50 12 P4 with truncated C-terminus (I321Stop) IV
pDK8P4H 8 P4 with C-terminal his-tag (Howorka, Kainov and

Tuma, manuscript in
preparation)

C.2. Data analysis and software tools

We have developed five software
packages to analyze and visualize data
collected by HDX and TPM methods:

Sequence Search is a program developed
in Visual Basic. Its function is to
identify peptide-like patterns in mass
spectra and assign them by comparison
of the measured peptide monoisotopic

mass with the predicted protein fragment
masses.
Mass Search program (developed in
Visual Basic) finds the peptide isotopic
pattern of a given monoisotopic m/z
value and charge in a measured
spectrum. It then calculates centroid of
the pattern, pattern width and the
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centroid  error  (if  more  than  one
independent trial is available). If the
peptide assignment (i.e. number of
exchangeable hydrogens) and fully
deuterated mass are known then it
calculates also the deuterium content.
Finally, it generates HDX kinetics from
multiple time-point spectra.

HDX Analysis program (developed in
Matlab) allows plotting and comparison
of the measured HDX kinetics and the
corresponding exchange rate
distributions, which are Laplace
transformations  of  the  kinetics
(calculated using Maximum Entropy
Method (Zhang et  al. 1997)). It
calculates numbers of slow, fast, and
intermediate rate exchanging hydrogens.
It also generates sets of commands that
can be used to color molecular models
according to the HDX rates within the
UCSF Chimera software (Huang et al.
1996).
Bead Tracing program (developed in
Matlab) processes TPM video-
microscopy records. It identifies all
objects in a given video frame using
intensity threshold detection method.
Then it selects spherical objects of the
correct size (i.e. the images of the
microspheres) and registers their
positions within each frame (Fig. 12).

Bead Analysis program (developed in
Matlab) shows graphically all recorded
positions of a selected bead, corrects
them for a stage drift, calculates their
RMSD  as  a  function  of  time  and
histograms the bead position along the X
and Y axes. This helps to distinguish
between stuck, single-tethered and
multiple-tethered beads (Fig. 13). The
stuck and multiple-tethered beads are
eliminated from further analysis.

Figure 12. Illustration of the image
analysis by ‘Bead tracing’ program. (A)
One frame of a video-microscopy sequence
showing the 1 m silica beads tethered to a
microscope cover-slide via the P4-RNA
complexes. (B) The  objects  that  were
detected  by  the  ‘Bead  tracing’  program  in
the original image (A). (C) The ‘bead-like’
objects  that  passed  through  the  size  and
shape filters.
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Figure 13. Typical patterns of the tethered bead jiggling observed in video-microscopy
sequences. (A) A bead which is stuck directly to the surface of microscope cover-slide
exhibits practically no motion. (B) A bead which is tethered by several RNA molecules
exhibits a significant motion, however, the motion pattern is not circular. (C) A bead which is
tethered by single RNA strand exhibits a significant motion with a circular pattern.



29

D. RESULTS AND DISCUSSION

D.1. NTP binding, hydrolysis,
and NDP release

P4, like other molecular motors,
works in a cyclic manner. P4 catalytic
cycle is composed of NTP binding, NTP
hydrolysis and product (NDP and
phosphate) release. We have studied in
detail the catalytic cycle of P4s from
bacteriophage 8  (Study I) and 12
(Study II).  Among  the  family  of
Cystoviridae , 12 and 8  P4s  were
selected for the following reasons: (i)

12  P4  has  a  known  structure  (Mancini
et al. 2004a) which constitutes the
framework for interpretation of
biochemical results (ii) isolated 8 P4s
translocate RNA processively in vitro
(Kainov et al. 2003b). Thus, the
mechanism of motor action can be
studied for 8 P4 and the results can be
interpreted in terms of 12 structure.

Several common features of the
catalytic cycle have been found for 8
and 12 P4s (Study I and II). All six
binding sites within the P4 hexamer
appeared equivalent and no ATP binding
cooperativity was detected. RNA
binding stimulated ATP hydrolysis
which was cooperative and had an
apparent Michaelis constant close to the
ATP dissociation constant. On the other
hand, RNA had no effect on ATP
affinity or ADP release. ADP release
was fast and independent of phosphate
release. ADP binding had an equilibrium
constant close to that of ATP binding.
This implies that the catalytic cycle is
driven by the difference between cellular
concentrations of ATP and ADP
respectively. This was further confirmed
by the inhibition experiments (Study II).

To interpret the observed
features we proposed a “stochastic-
sequential” cooperativity model (Study
II). In this model, the apparent
cooperativity is a result of hydrolysis

stimulation by ATP and RNA binding to
neighboring subunits rather than
cooperative nucleotide binding.
Simultaneous interaction of neighboring
subunits with RNA makes the otherwise
random hydrolysis sequential and
processive.

D.2. RNA binding

8 P4 forms a stable complex
with RNA (Study I). RNA binding to a
primary  site  on  the  perimeter  of  P4
induces P4 ring opening which enables
slipping of RNA into the central channel
of the hexamer. Thus, P4 encloses RNA
topologically (Study III).  Similar ring
opening during NA loading (Fig. 6) has
been demonstrated also for T7 gp4
(Ahnert et al. 2000) and Rho
transcription terminator (Kim and Patel
2001; Skordalakes and Berger 2003) and
might  be  a  common  feature  of  all
hexameric helicases. Ring opening and
closing proceed in the absence as well as
in the presence of nucleotides (Study
III). However, the nucleotide binding by
P4  might  affect  the  kinetics  of  ring
opening and/or closing and thus change
the apparent P4 affinity for RNA (Study
I).

The ring opening plays an
important role in the viral life cycle
(Study III).  The  5’-end  of  the  viral
genome precursor ssRNA (containing
recognition pac sequence) is specifically
recognized by the major capsid protein
P1 (Mindich 1999) and consequently no
free 5’ end is available for direct
threading through P4. However, the
specific binding of the viral RNA to P1
brings the RNA to the vicinity of P4 and
thus triggers ring opening followed by
RNA loading. After loading, the
presence  of  RNA  in  the  central  channel
activates the P4 motor resulting in
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processive RNA translocation into the
virion.

P4 interacts with the RNA sugar-
phosphate backbone (Study I). Most
likely, the negatively charged RNA
phosphate groups electrostatically
interact with the positively charged tip
of the P4 6 helix (Mancini et al.
2004a). However, this interaction does
not resemble the tight binding seen for
specific RNA-protein complexes.
Instead, the relatively weak interactions
allow hindered diffusion along the RNA
strand, as determined by TPM
experiments (Study V).  Such  a  one-
dimensional diffusion is common for
certain NA binding proteins (Blainey et
al. 2006; Graneli et al. 2006). In the case
of P4, the diffusion is hindered by
activation energy barriers that depend on
the nucleotide binding state (Study  V).
The estimated height of the activation
barrier implicates the formation of one
salt bridge between the P4 hexamer and
RNA in the absence of nucleotides. In
the  presence  of  ATP  or  ADP,  two  salt
bridges form, presumably, involving two
P4 subunits (Study V). Some additional
interactions (e.g. hydrogen bonding
between RNA and P1 loop of P4) may

be involved in the RNA binding.
However, these are invariant to the P4
nucleotide binding state (Study V).

D.3. RNA translocation

Ensemble measurements have
shown that P4 unwinds dsRNA in 5’ to
3’ direction (Kainov et al. 2003b).
Single molecule experiments (Study V)
revealed  that  in  the  presence  of  ATP,
unidirectional net movement towards the
RNA 3’-terminus appeared in addition to
the diffusive motion which was
discussed  above.  Results  of  the  single
molecule experiments imply that P4
employs an “electrostatic friction clutch”
instead of cycling through stable,
discrete, RNA binding states (Study V).
ATP hydrolysis generates changes in the
electrostatic potential inside the central
channel which in turn biases RNA
motion down the central channel (Study
V). Thus, P4 can be viewed as a
Brownian motor that biases the random
movements in one direction (Astumian
1997; Levin et al. 2005).

Figure  14  (A) Preliminary results of RNA translocation by P4 at saturating ATP
concentration measured by optical tweezers. (B) Translocation speed calculated from data
shown in panel (A), and plotted as a function of applied force. The experimental setup was
similar  as  in  TPM  measurements.  Note  that  these  are  preliminary  results  obtained  with  an
approximate optical tweezers calibration. (Wallin, Lisal, and Tuma, unpublished data).
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The maximum translocation rate
at the saturating ATP concentration was
vmax = 9.9 ± 0.2 b/s (Study V). The ATP
hydrolysis rate is approximately 5 ATP/s
at  20°C  (Study I). Thus, the measured
rate of translocation corresponds to 2
bases translocated per one ATP
hydrolyzed. This is in perfect agreement
with  the  structural  model  of  RNA
translocation (Mancini et al. 2004a) and
with estimates for other hexameric
helicases (Kim et al. 2002). Preliminary
results of experiments using an optical
trap to detect P4 translocation yielded
the same initial translocation speed of
~10b/s at zero load and a stalling force
of  ~6  pN  (Fig. 14) (Wallin, Lisal, and
Tuma, unpublished data). The linear
decrease of P4 speed with increasing
load  (Fig. 14B)  and  the  low  stalling
force are consistent with the
“electrostatic friction clutch” hypothesis.

D.4. Mechanism of single
translocation step

Raman spectroscopy revealed
that RNA translocation is not associated
with secondary structure changes in 8
P4 (Study I). Thus, it must be associated
with tertiary structure changes (e.g. the
movement of 6 helix as observed in the
crystal structure of 12 P4 (Mancini et
al. 2004a)) or with quaternary structure
changes (e.g. subunit rotation as
observed in the crystal structure of T7
gp4 (Singleton et  al. 2000)). To
distinguish between these two options
we performed HDX measurements on 8
P4 in the complex with different
nucleotides and RNA in solution (Study
III). HDX kinetics reflects protein
dynamics and surface solvent
accessibility. HDX kinetics of the
catalytic RecA-like domain responded in
a concerted manner to nucleotide and
RNA binding while subunit interfaces

remained unaffected. These results ruled
out quaternary structure changes during
RNA  translocation  (Study III).
Therefore, HDX study confirmed that
the mechanism based on structural
studies of 12 P4, which involves
tertiary structure changes within a
limited protein region, applies also to 8
P4. This suggests that the same
mechanism might be universally
applicable to P4s from other
bacteriophages as well as to other
hexameric helicases.

D.5. Mechanism of step
coordination

We find that RNA interacts with
several P4 subunits simultaneously
(Study  II  and  V). The P4-RNA
interaction turns the otherwise randomly
occurring ATP hydrolysis into a
sequentially ordered one (Study II).
RNA binding by neighboring subunits
facilitates the transition state formation
(Fig. 15B).  This  does  not  lead  to  a
change in the nucleotide affinity but
increases  the  probability  of  ATP
hydrolysis by neighboring subunits.
RNA binding affinity is in turn
modulated by ATP binding (Study V)
and by ATP hydrolysis (Study II).
Indeed, both the ATP binding and the
ATP hydrolysis lead to conformational
changes of the RNA binding site
(Mancini et al. 2004a). The proposed
mechanism of ATP hydrolysis and RNA
translocation coordination is
schematically depicted in Fig. 15.
Although we originally proposed a
different mechanism for 8  P4  (Study
I), the later data (Study III) rule out the
proposed subunit movements and
suggest that 8 P4 employs a mechanism
similar to that of 12 P4.
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Figure 15 Model of catalytic cooperativity for 12 P4. (A) Mechanism of ATP hydrolysis
in the absence of RNA. Blue squares represent P4 subunits within the hexamer unraveled in
plane. The red symbols designate binding sites occupied by ATP. The double-headed arrows
indicate independent stochastic binding to nucleotide sites. Lower panel shows the randomly
attained, “three in the row”, configuration that permits hydrolysis at the middle site (orange).
Note that hydrolysis also requires the correct conformation of the key side chains from
neighboring subunits. Arrows depict the proposed communication between subunits. (B) ATP
hydrolysis in the presence of RNA.  Triangular appendages correspond to the RNA binding
L2 loop. Green symbols mark the ADP binding sites and pink symbols designate the binding
sites that are occupied by ATP at the high cellular ATP concentration but may be empty or
bind AMP-PNP or ADP under defined laboratory conditions. The yellow line and circles
represent the RNA sugar phosphate backbone. Arrows depict the proposed communication
between subunits. For details of the proposed mechanism see Study II.
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D.6. P4 activity regulation within
the polymerase complex

P4 catalytic activity is regulated
in the context of the polymerase complex
(Kainov et al. 2004). The ATPase is
active during packaging but shuts off for
transcription.  The  mechanism  of  P4
activity regulation by the polymerase
complex was elusive. Our HDX studies
revealed that P4 associates with the
procapsid (PC) via its C-terminal facet
(Study IV).  Association  of  the  C-
terminus  with  the  PC  affects  the
dynamics of the structurally-contiguous
catalytic RecA-like domain (Fig. 16) and
may affect ATPase activity. The
influence  of  the  C-terminus  on  the
ATPase was examined by use of a P4 C-

terminal deletion mutant (Study IV).
Together, the results show that the C-
terminus acts as an inhibitor of ATPase
activity in the isolated P4 hexamer. We
propose that in the virus core the C-
terminal helix may be either withdrawn
from the hexamer to activate the ATPase
(procapsid in the packaging state) or
jammed onto the catalytic RecA-like
domain to shut off the activity
(polymerase complex in transcription
mode).

The interaction with the PC also
prevents the spontaneous P4 ring
openings and thus heterologous RNA
binding (Study IV).  The  PC  likely
triggers ring openings in a controlled
fashion in order to selectively load the
viral RNA during packaging initiation.

Figure 16 12 P4 subunit colored according to the HDX rates for isolated P4 hexamer
(A) and the hexamer within the procapsid (B). The  subunit  is  drawn  in  the  same
orientation as in Fig. 10. The central channel of P4 is in the front, the C-terminal base is at
the  bottom,  the  N-terminal  apical  domain  points  up.  The  scale  bar  for  HDX  rates  (h-1) is
shown at the bottom.
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D.7. Implications for other
systems

The mechanism that we propose
for P4 combines features of both
hexameric helicase models that were
discussed in chapter A.2.2. It assumes
the sequential order of ATP hydrolysis
by P4 subunits similarly as the T7 gp4
model, and it employs tertiary structure
changes within a limited subunit region,
similarly  as  the  SV40  LTA  model.  We
propose that the P4 mechanism might be
universally applicable to all hexameric
helicases including both T7 gp4 and
SV40 LTA. We suggest that the
observed rotations of T7 gp4 subunits
(Singleton 2000) might be related to the
ring opening during DNA loading
(Ahnert 2000) rather than to DNA
translocation mechanism similarly as we
observed for P4 (Study III). Further, we
suggest that the concerted hydrolysis
model proposed for SV40 LTA (Gai et
al. 2004) might be a result of incorrect
interpretation of the structures that were
obtained under non-physiological
conditions (no DNA; ATP or ADP
only). Indeed, a recent structure of the
related E1 helicase in a complex with
DNA (Enemark and Joshua-Tor 2006)
exhibits a spiral staircase arrangement of
the DNA binding loops, which is very
similar to that proposed for P4 (Fig. 15).

Mechanism similar to that of P4
may also apply to other AAA+ motors.
However, the details of the mechanism
may differ for individual AAA+ motors

as they are optimized for their specific
functions. For example, the sequentially
ordered hydrolysis will emerge only
when  there  is  an  advantage  to  it  -  i.e.
when the translocation substrate has a
proper kind of periodicity (like a NA).
When  the  translocation  substrate  is
asymmetric or random (like an
unstructured polypeptide), stochastic
ATP hydrolysis by individual subunits
may be sufficient and robust to achieve
processive translocation (Martin et al.
2005).

Another frequently discussed
issue  is  the  rotation  of  P4  and/or  RNA
with respect to the procapsid during
packaging in a fashion proposed for 29
packaging motor (Simpson et al. 2000).
In our model, no rotation of P4 relative
to the procapsid or RNA relative to P4 is
required.  In  fact,  a  stable  position  of  all
parts involved in packaging is necessary
to  keep  the  correct  alignment  of  RNA
phosphate groups with respect to P4
subunits which promotes sequential
hydrolysis and processive RNA
translocation. In addition, recent cryo-
EM studies of the asymmetric
polymerase complex vertices (including
P4) show that P4 rotation relative to the
polymerase complex core during RNA
packaging is unlikely (Huiskonen et al.
2006). The role of the symmetry
mismatch between the procapsid five-
fold vertex and the P4 hexamer might be
to allow for ring opening during RNA
loading (Study III).
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E. CONCLUSIONS AND FUTURE PROSPECTS

We studied the viral ssRNA
packaging motor P4 using both
ensemble and single-molecule
techniques. We focused on its
enzymology, interactions with RNA,
translocation along RNA, and
interactions with the viral procapsid. We
introduced the hydrogen/deuterium
exchange method to study molecular
motors. We delineated the principles of
P4 mechanism and discussed their
implications for other hexameric
molecular motors.

In order to unravel further details
of  the  P4  mechanism  the  solution  of  its
structure in complex with RNA will be
necessary. According to our conclusions
RNA translocation requires asymmetry
in the occupancy of P4 binding sites by

nucleotides. Thus, successful
crystallization of P4-RNA complex will
need  co-crystallization  of  P4-RNA  with
different mixtures of ATP/ADP
analogues. Details of P4-RNA
interactions could be also deduced from
single molecule studies of the diffusion
and active translocation of selected P4
mutants along different RNA substrates.

A fairly good understanding of
the P4 mechanism should make it
possible to use P4 in a range of
bionanotechnological applications in the
near  future.  P4  may  act  as  a  RNA
(DNA) pump in nanodevices which will
be used, for example, for sequencing of
single RNA (DNA) molecules
(Howorka, Kainov and Tuma,
manuscript in preparation).
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