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Escherichia coli transcription termination factor Rho is a hexameric RNA/DNA
helicase that terminates transcription using energy derived from the hydrolysis of ATP.
The ATP binding sites of Rho are located at the interfaces of adjoining subunit Cterminal domains and have the Walker A and B motifs, characteristic of many ATPases
(Skordalakes & Berger, 2003; Richardson 2002).
Available Rho crystal structures capture the protein with its active site in an open
configuration that must close to permit ATP hydrolysis. Because of this, the identities of
active site residues predicted to mediate ATP hydrolysis are uncertain. To determine
which amino acids activate water, stabilize transition state, sense the γ- phosphoryl
group, and coordinate the magnesium ion of MgATP, we have carried out site-specific
mutagenesis on candidate residues which are conserved across bacterial species, and
characterized the relevant properties of the mutant proteins.
The residues chosen were E211 as the water activator, R212 as the γ sensor, R366
as the arginine finger, and D265 as the residue that coordinates Mg2+. Each mutant
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protein was investigated for its ability to oligomerize as hexamers, assayed for ATPase
activity, ATP and RNA binding, and pre-steady-state kinetics. The results show that the
mutant proteins form hexamers similarly as to wild type Rho. The RhoE211 mutants
display at least a 200-fold lower activity as ATPases, bind both ATP and RNA with
similar affinities as the wild type protein, and display no burst in pre-steady-state
kinetics. RhoR212A protein has 20-fold lower activity as an ATPase compared to wild
type Rho, binds ATP with at least a 50-fold weaker affinity, and RNA with a 2-fold
higher KD compared to wild type Rho. RhoR366A functions as an ATPase with 50-fold
lower activity, binds RNA with similar affinity as wild type Rho and binds ATP with a 5fold weaker affinity. RhoD265N displays 150-fold lower ATPase activity compared to
the wild type enzyme, binds ATP with a 10-fold weaker affinity, and binds RNA with
similar affinity as wild type Rho. Pre-steady-state kinetics studies indicate that the
mutant proteins investigated show no burst kinetics, indicating a failure or a significantly
slower rate of the hydrolysis (chemistry) step. It is possible that the rate-limiting step is
the chemistry step in these mutant proteins, contrary to the wild type protein where the
chemistry step is much faster (300/s). Together, the results obtained are consistent with
the proposed roles for these residues: E211 is involved in activating a water molecule,
R212 functions as the γ sensor, R366 functions as the arginine finger and D265 is
involved in coordination of the Mg2+ ion.
This study has elucidated the mechanism of ATP hydrolysis, by determining some
of the key residues involved in the hydrolysis reaction. This study is only a part of the
characterization of the active site residues. There might be other residues involved in one
or all of the functions proposed. Utilizing the findings from this study, other experiments
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and models can be implemented to understand how Rho hydrolyzes ATP and utilizes the
energy to move along the RNA molecule and functions as a helicase.
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CHAPTER 1
INTRODUCTION
Helicases are motor proteins that are responsible for the unwinding of nucleic
acids in a cell, and are vital enzymes to every organism. Their functions range from
unwinding of DNA during replication, unwinding of DNA-RNA hybrids during
prokaryotic transcription termination, and packaging of nucleic acids, usually single
stranded, into viral particles. These helicases, usually hexameric ring proteins, belong to
the P-loop superfamily of proteins. The common feature of these proteins is that they
possess the highly conserved P-loop (phosphate loop) or Walker A motif and couple
movement of the bound substrate, such as a nucleic acid or protein, with hydrolysis of
ATP (Ye et al., 2004; Erzberger & Berger, 2006; Appendix 2). The protein of interest in
this study, Rho, is one such hexameric helicase found in bacteria, and is discussed in
further detail.

Rho protein
Escherichia coli transcription termination factor Rho is a RNA/DNA
helicase/translocase that terminates transcription using energy derived from ATP
hydrolysis (Richardson, 1982; Richardson, 2002). A schematic representation of Rhodependent transcription termination is shown in Figure 1. Rho binds to RNA and has
RNA-dependent ATPase activity. It also can act as a 5’ 3’ ATP-dependent helicase
along the RNA and this activity may enable Rho to unwind the DNA-RNA hybrid
formed at ternary transcription complexes. Rho-dependent terminators have a specific
1

site in RNA called the rut (Rho utilization) site where Rho binds. Rut sites are about 60
nucleotides long, rich in cytosine and poor in guanine residues. There is no simple
consensus sequence that the Rho-dependent terminators recognize (Watson, 2004).
There have been various studies concerning how Rho disrupts the ternary complex
formed by the DNA-RNA hybrid and RNA polymerase (Richardson, 1982; Schwartz et
al., 2007; Epshtein et al., 2010). However, the exact mechanism of how Rho terminates
transcription and disrupts the ternary complex is still unknown.
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Figure 1: Schematic representation of Rho dependent transcription termination.
(Courtesy of Dr. Barbara L Stitt)
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Before the availability of crystal structures, electron microscopic studies revealed
that Rho is a hexamer with subunits arranged in a circular array (Oda & Takanami, 1972;
Gogol et al., 1991; Yu et al., 2000), forming a central hole (Figure 2). Yu et al. (2000)
also suggested that the protein is a hexamer composed of identical subunits. The recently
solved crystal structures confirm this finding and also indicate that the hexameric helicase
possesses various subunit conformations depending upon its nucleotide bound state
(Skordalakes & Berger, 2003; Skordalakes & Berger, 2006; Thomson & Berger, 2009).
The first crystal structure captures the protein with an overall diameter of 120 Å, with an
interior hole that is 20-35 Å in diameter. A gap of 12 Å breaches the ring (seen between
subunit A and F), through which the nascent RNA molecule is proposed to pass
(Skordalakes & Berger, 2003; Adelman et al., 2006). This structure was proposed as the
open "lock washer" conformer of Rho (Figure 2C). Another X-Ray structure obtained for
Rho shows that the protein is in a “closed” conformation resembling a flat donut. The
authors argue that each subunit rotates inwardly in a concerted 15° angle, about an axis
perpendicular to the ring axis, causing the “lock washer” conformation to form a closed
flat ring. The most recent structure of Rho captures the protein with its six subunits in
four different conformations. There are two sites in the ATP bound conformation, two in
"hydrolysis" conformation, one site with the product, ADP, bound and one empty site
(Thomsen & Berger, 2009). Together, these crystal structures propose that there are
multiple conformations that the protein adopts based on the bound nucleotide. These
models do not provide the sequence of events. However, the electron micrographs and
the X-Ray structures are in agreement with the findings in that there seem to be an open
and closed conformation of Rho.
4

There are two distinct domains in Rho, the N-terminal domain and the C-terminal
domain, connected by a linker chain (Figure 3). The N-terminal domain possesses the
primary RNA binding site (discussed below). The ATP-binding site is located at the Cterminal domain in addition to the secondary RNA binding site characterized by the Q
and R loops (Skordalakes & Berger, 2003). These protein loops extend into the central
hole of Rho through which the bound RNA molecule passes (Burgess & Richardson,
2001). The R loop of Rho is formed by amino acid residues 321-329, and the Q loop is
formed by residues 282-292 (Figure 3). Mutagenesis studies reveal that secondary RNA
binding is affected in Q and R loop mutants (Miwa et al., 1995; Wei & Richardson, 2001;
Chen & Stitt, 2004).
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Figure 2: Rho structure. A-B, Electron micrographs showing the hexameric protein in
two forms: open notched (A) and closed ring (B) (Gogol et al., 1991). C-D, X-Ray
crystallography structures showing the open notched (C) and closed ring forms (D) of
Rho (Skordalakes & Berger, 2003; Skordalakes & Berger, 2006).
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Figure 3: Structure of a single Rho subunit (Skordalakes & Berger, 2003). Nterminal domain is shown in light blue, C-terminal domain in red, and the linker region in
yellow. The nucleotide binding motif, the P-loop/Walker A motif, is shown in dark blue.
The loops involved in RNA binding, Q and R loops are in magenta and green
respectively.
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Rho and RNA binding
ATP hydrolysis in Rho is triggered by binding of RNA to the protein (LoweryGoldhammer & Richardson, 1974). Studies from our lab indicate that although Rho is
capable of hydrolyzing ATP in the absence of RNA, the rate of ATP hydrolysis is
100,000-fold faster in the presence of RNA (Stitt, 1988). Also, for transcription
termination to occur Rho needs to bind RNA transcripts; this binding is not only required
for the termination function, but also to trigger the ATPase activity, which in turn makes
Rho a directional helicase and translocase.
Interactions between Rho and RNA have been studied extensively, however the
picture is still incomplete. RNA can bind Rho both in the presence and in the absence of
ATP. The predominant RNA substrate used in vitro is poly(C), shown to be the best
stimulator of Rho’s ATPase activity (Lowery & Richardson, 1977). Although poly(C) is
not a natural substrate, its structure is simple, it is easily available commercially and it is
highly effective in triggering ATPase activity in Rho. Two natural transcripts have also
been used to characterize Rho-RNA interactions: trp t’ and λ cro messages, that contain
well characterized Rho-dependent termination sites.
There are two classes of RNA binding sites in Rho of different affinities
(Richardson 1982; Wang & von Hippel 1993; Chen & Stitt, 2004). These sites were
defined as “primary” and “secondary” using RNA oligomers of 6-10 bases, and poly(dC)
(Richardson, 1982). The primary binding site is located at the N-terminal domain of each
Rho subunit and the protein is capable of binding up to 60 bases of RNA. Ribonuclease
protection studies confirm this finding; the authors show that each hexamer protects 608

80 bases of RNA (Galluppi & Richardson, 1980; Bear et al., 1988). The primary binding
site requires the presence of cytosine residues (Lowery & Richardson, 1977; Richardson,
1982). However, it has been shown to bind both single stranded DNA and RNA
(Richardson, 1982; Skordalakes & Berger, 2003). The other class of binding site, the
secondary site, has 10-fold weaker affinity for RNA (Wang & von Hippel, 1993; Chen &
Stitt, 2004). Although the specificity for RNA rich in cytosine residues does not exist at
this site, the secondary site binds only RNA (Richardson, 1982). Richardson (1982) also
showed that the secondary site is able to interact with up to 8 nucleic acid residues. The
interaction of RNA at this site with Rho is critical to trigger the ATPase activity of Rho.
Studies have shown that there are key amino acid residues involved in binding
RNA in both classes of RNA binding sites (Miwa et al., 1995; Wei & Richardson, 2001;
Chen & Stitt, 2004); however the exact location of these sites is still unknown. Figure 4
shows a model proposed for RNA binding to Rho based on the then available structure
(Skordalakes & Berger, 2003; Adleman et al., 2006).
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Figure 4: Model proposed for RNA and Rho interaction (Adleman et al., 2006).
Using the crystal structure proposed for Rho by Skordalakes & Berger (2003) and results
from binding studies performed so far, the above model was proposed as to how a strand
of RNA binds to Rho, interacting with both the classes of sites, during transcription
termination. Alternate Rho subunits are in blue and yellow, and the RNA strand is in red.
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Rho and ATP binding
The ATP binding site of Rho is located at the interface of the C-terminal domains
of adjacent protomers. The ATP-binding site has the characteristic Walker A and B
motifs, found in other ATPases (Walker et al., 1982; Richardson 2002; Skordalakes &
Berger, 2003). The Walker A motif is also known as the P-loop and consists of the
consensus sequence G/AXXXXGKT/S, where X corresponds to any amino acid. The
consensus sequence for the Walker B motif is φφφφD, where φ is any hydrophobic amino
acid (Walker et al., 1982) (Figure 5). These motifs have been found to aid in ATP
binding and positioning.
Previous studies from our lab have shown that each Rho hexamer has three sites
that bind ATP with a KD ∼ 1µM (Stitt, 1988; Richardson, 2002). Pre-steady-state kinetic
parameters of Rho, in the presence of RNA, indicate that it has three catalytic ATPbinding sites that perform the chemistry step of ATP hydrolysis at a rate of at least 300 s1

(Stitt & Xu, 1998). The rate-limiting step in Rho is proposed to be conformational

changes and/or product release (Chen & Stitt, 2009). The steady-state turnover rate of
Rho is 30 s-1 per hexamer, at room temperature (Stitt, 2001). Evidence also indicates that
ATP is hydrolyzed to ADP and inorganic phosphate (Pi), and that there is no
phosphoenzyme intermediate (Lowery-Goldhammer & Richardson, 1974; Stitt & Webb,
1986).
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A

B

Walker B

P loop

4.8Å

7.4Å D265
5.0Å
7.6Å

R366

E211

R212

Figure 5: ATP binding site in Rho. A, Nucleotide binding pocket of Rho, located at the interface between the C-terminal
domains of adjacent protomers (Skordalakes & Berger, 2003). The bound nucleotide is shown as black sticks. B, PyMol
model of a detailed view of the nucleotide binding pocket showing the residues proposed to form the active site (shown as
CPYK sticks and labeled), Walker A/ P-loop (purple), and Walker B (pink) motifs. The two subunits are colored differently to
indicate that R366 is from the adjacent yellow subunit. Distances shown are measured between the side chains and the
phosphorous of the γ-phosphoryl group of AMPPNP, an ATP analog. Some residues have been removed to show the details.
(PDB: 1PVO).
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Structural homology studies and phylogenetic analyses indicate that Rho is a
member of the P-loop superfamily of NTPases and shares structural homology at the
ATP binding domain with the F1 ATP synthase (F1-ATPase) (Abrahams et al., 1994),
RecA (Story & Steitz, 1992; Kelley & Knight, 1997; Cox, 2007), kinesin (Rice et al.,
1999), bacteriophage φ12 packaging ATPase (Mancini et al., 2004), SV40 LTag (Gai et
al., 2004), and σ54 activator, PspF (Zhang et al., 2002), which are all ATPases and motor
proteins, and other hexameric helicases such as E. coli RuvB, T7 DNA helicase, and E.
coli DnaB (Patel & Picha, 2000). A salient feature of this family of proteins is a
structurally conserved ATP-binding domain. All of these proteins are also members of
the P-loop superfamily and structural homologs of Rho (Ye et al., 2004; Thomsen &
Berger, 2008).
Comparison of Rho with other ATPases and GTPases and consideration of the
chemical reaction suggests common active site functions that could be associated with
particular amino acid residues. Based on sequence alignment (Opperman & Richardson,
1994) and structure homology (using the first crystal structure of Rho) (Skordalakes &
Berger, 2003), residues that were conserved across bacterial species in Rho were
proposed to form the active site in Rho. These residues are within 8Å of the AMPPNP
(an ATP analog), in the first crystal structure (Skordalakes & Berger, 2003), and are
within 4 Å of ADP•BeF3 in the latest crystal structure (Thomsen & Berger, 2009). Based
on the model proposed using the recent crystal structure, the authors support the
involvement of the proposed residues and their roles (Thomsen & Berger, 2009). Table 1
shows these residues and their distances from the bound nucleotide in the first and the
latest crystal structures. Opperman & Richardson (1994) compared Rho protein from
13

five bacteria: two bacteria were from the same subphylum as E. coli, and the others were
highly diverged phyla, and three other diverged bacteria. The structural homology
among the members of the P loop superfamily is highly conserved at the ATP binding
site, along with some sequence identity.
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Table1: Distances between amino acid side chain and the bound ligand. Distances
between amino acid side chains of the proposed residues and the bound nucleotide analog
are shown. 1PVO is the crystal structure with AMPPNP (Skordalakes & Berger, 2003),
and distances are between the phosphorous of the γ-phosphoryl group of AMPPNP and
the side chains. 3ICE is the recent structure with ADP•BeF3•Mg2+ (Thomsen & Berger,
2009), and distances shown are between beryllium and side chains, except in the case of
D265 where the distance is between the side chain and Mg2+.
Function

Residue
E211

Distance Å
(1PVO)
7.6

Distance Å
(3ICE)
3.9

Water activation
Arginine finger

R366

4.8

3.9

γ- sensor

R212

5.0

3.9

Coordination of
Mg2+

D265

7.4

3.8
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ATP hydrolysis in Rho
When ATP binds to Rho, in the presence of RNA, it is hydrolyzed to ADP and Pi
(Lowery-Goldhammer & Richardson, 1974). Evidence suggests that there is no
phophoenzyme (Pi-bound enzyme) intermediate during this reaction (Stitt & Webb,
1986). A schematic representation of ATP hydrolysis is show in Figure 6a. When the
members of the P-loop family of proteins are compared at their primary sequence level,
the overall sequence similarities between these proteins is very low and confined to short
sequence motifs that form the active site and the ATP binding pocket. The similarity in
their structural domains, at the ATPase site, suggests that they may all hydrolyze ATP
similarly. Active site residues in Rho are proposed based on sequence alignments and
structural homology at the ATP binding site. The most common homolog used as a
comparison is the bacterial F1-ATPase, the most similar protein to Rho available in the
database (Opperman & Richardson, 1994; Miwa et al., 1995; Patel & Picha, 2000); it is a
ring-shaped ubiquitous protein that can hydrolyze and synthesize ATP. Studies
performed to date on the members of the P loop superfamily of proteins propose key
functions that occur at the active site (See Appendix 2 for the proteins discussed in this
study). They are water activation, sensing the presence or the absence of the γphosphoryl group (γ-sensor), stabilization of the transition state (arginine finger),
and coordination of Mg2+ ion (reviewed in Ye et al., 2004; Erzberger & Berger, 2006;
Thomsen & Berger, 2008).
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Activation of water
The general scheme of the ATP hydrolysis reaction of Rho, shown in Figure 6,
involves a general base, usually a glutamate or aspartate that polarizes the attacking water
molecule(s). The polarized water performs an in-line nucleophilic attack on the γphosphoryl group (Story & Steitz, 1992; Abrahams et al., 1994; Ye et al., 2004). The
crystal structure study of bovine F1-ATPase shows a water molecule hydrogen-bonded to
the carboxylate of E188 of the β-subunit (Abrahams et al., 1994). In their crystal
structure of RecA with ADP, Story & Steitz (1992) proposed that E96 serves as a general
base to activate a water molecule during ATP hydrolysis in RecA, based on the 3.4 Å
distance between the oxygen of the glutamate and the phosphorous atom in their model;
RecA is essential for DNA repair and maintenance in E. coli. Campbell & Davis (1999)
observed that E96D mutant protein was 100-fold less efficient as an ATPase, consistent
with its proposed role. Both RecA and F1-ATPase, and other related proteins (for review
see Ye et al., 2006; Erzberger & Berger, 2006), contain the Walker A & B motifs and
bind and hydrolyze ATP. The DNA helicase in bacteria, DnaB, utilizes the energy from
ATP hydrolysis to unwind DNA at the replication fork. Soultanas & Wigley (2002)
proposed that E241 residue in DnaB of Bacillus stearothermophilus was involved in
polarizing a water molecule. An E241A mutation was used to assay for helicase and
ATPase activity. The researchers reported no detectable helicase activity and a severely
reduced ATPase activity. The affinity for ATP was only 3-fold lower than the wild type
DnaB (Soultanas & Wigley, 2002). In some cases there is a network of water molecules,
in addition to the acid residue, involved in water activation followed by hydrolysis
(Weber et al., 1998; Dittrich et al., 2005; Schwarz et al., 2006; Parke et al., 2010).
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Dittrich et al. (2005) suggested a multi center proton-relay mechanism leading to ATP
hydrolysis in F1-ATPase using quantum mechanical/molecular mechanical simulations
(QM/MM). Myosins are motor proteins that aid in movement of actin utilizing ATP
hydrolysis. Using similar QM/MM simulations, three different pathways for ATP
hydrolysis were proposed for myosin by the Fischer research group. They propose that
the activation of a water molecule that triggers hydrolysis could be either directly via a
serine (S236 or S181), instead of the usual acid residue, or through other surrounding
water molecules (Schwarz et al., 2006). The residues, usually a glutamate, proposed in
some members of the P-loop superfamily performing the polarization of a water molecule
to date have been based on models or sequence alignments between homologous
proteins. Although, in some cases, experimental support has been provided, the
characterization is still not complete and verification is still pending. It is also not clear
that this role has been thoroughly defined for some of the P-loop superfamily of proteins,
possibly because high resolution crystal structures are not available, or due to the
diversity of the members. Even though the individual residue proposed for this function
is conserved, the position of the residue is not. By executing this study I would provide
biochemical evidence that either supports or refutes the involvement of an acid residue in
polarizing a water molecule using Rho as a prototype.
In Rho, the E211 residue is a candidate for this role based on the crystal structures
(Skordalakes & Berger, 2003; Thomsen & Berger, 2009) and sequence alignment
(Opperman & Richardson, 1994) (homologous to E181 in E. coli F1-ATPase). A simple
scheme is shown in Figure 6a that illustrates how E211 could polarize the water molecule
leading to hydrolysis. If E211 activates a water molecule, mutating the residue should
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hinder ATP hydrolysis, partially or totally. For example, E211A mutant Rho protein
should be unable to activate water or form hydrogen bonds and therefore would be
incapable of ATP hydrolysis, resulting in an inactive Rho protein. E211D would be one
carbon short compared to the native residue, however with a similar charge on the amino
acid. In some of the P-loop superfamily of proteins, an aspartic acid residue activates a
water molecule, which then hydrolyses the bound nucleotide (Erzberger & Berger, 2006).
Therefore, RhoE211D might be capable of triggering the nucleophilic attack similar to
the wild type protein. However, E211 is a conserved residue and mutating it to an
aspartic acid might abrogate its function. E211Q is the same length as the native residue,
and might be capable of forming a H-bond with the water molecule; however, it might
not be capable of activating the water molecule. Therefore, RhoE211Q might be
inactive.
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B

Figure 6: Schematic representation of ATP hydrolysis. A, Schematic representation
of the general ATP hydrolysis reaction in P-loop superfamily of proteins (Ye et al.,
2004); B, Schematic representation showing how the glutamate residue is involved in
activation of the water molecule that hydrolyzes ATP.
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γ- sensor
In many members of the P-loop superfamily of proteins, ATP hydrolysis is
coupled with movement of the protein along a macromolecule (in the case of myosin or
kinesin), or movement of macromolecules (in the case of helicases and packaging
proteins) (Ye et al., 2004; Erzberger & Berger, 2006). Therefore, it is possible that
certain residues transmit changes at the ATP binding site (turnover to product) to other
regions of the protein, causing the movement of the macromolecules. It is also possible
that the changes at the active site lead to changes in other regions of the protein that bring
about the chemistry or product release. Once this information is relayed, the protein then
undergoes necessary conformational changes to proceed to the chemistry step and/or
release the product and to go back to its native conformation that can bind another
molecule of ATP. This relay of information is thought to be performed by a residue that
senses the presence (ATP) or the absence (ADP) of the γ- phosphoryl group and is
therefore assigned the name γ sensor (Story & Steitz, 1992; Kelley & Knight, 1997; Ye et
al., 2004). When ATP binds to RecA, it increases the protein’s affinity to bind single
stranded DNA (ssDNA), the macromolecule. This process leads to a change in
conformation of the protein, consequently leading to ATP hydrolysis and strand release.
A Q194 residue in RecA was proposed to mediate this conformation change by its
carboxyamide side chain interactions with the γ-phosphate, based on the crystal structure
(Story & Steitz, 1992). Q194 detects the presence or absence of the γ-phosphate of ATP
and relays the information to the other sites within the molecule through conformational
changes, and therefore can be termed the γ sensor. When the Q194 residue is mutated,
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the high-affinity ssDNA binding state is not achieved possibly because the protein has
not changed its conformation (Kelley & Knight, 1997). Kelley & Knight (1997) observe
that the Q194 mutant proteins bind ssDNA comparably to the wild type protein in the
absence of the nucleotide (ATPγS), but there is no significant increase in the affinity in
the presence of ATPγS (WT RecA KD = 1µM). They also observed no change in the
ATP binding affinities between WT and Q194 mutants using UV cross linking studies.
There was no change observed between the ssDNA-dependent and independent ATPase
rate in the Q194 mutant proteins. These experiments helped them conclude that Q194
functions as the γ sensor in RecA (Kelley & Knight, 1997). In other ATPases, the
particular residue functioning as the γ sensor varies. Masaike et al., (2002) proposed
R337 (β subunit) as the γ sensor in the thermophilic Bacillus PS3 F1-ATPase. They
showed that it mediates conformational changes in the surrounding subunits upon
nucleotide binding and Pi release by monitoring fluorescence changes in their R337W
mutant protein. Rice et al. (1999) showed that the conformational changes in kinesin
(human K560) required for movement along microtubules was absent in G234A, and that
the mutant was in an ADP-bound state. φ12 bacteriophage P4 packaging protein
packages the genome (RNA) into empty capsids using energy from ATP hydrolysis.
N234 in this protein was proposed by Mancini et al. (2004) as the γ-sensor. Kainov et al.
(2008) showed that the N234G mutant displayed similar states when ADP or AMPCPP
(ATP analog) were bound, in their recent crystal structures; there was no observable rate
of ATP hydrolysis in this mutant. Soultanas & Wigley (2002) showed that Q362, a
conserved glutamine residue in DnaB, functions as the γ sensor and arbitrates the
conformational coupling of the ATP and DNA binding sites as observed in their helicase,
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ATPase and binding assays. In this case, there is little experimental evidence that support
the hypothesized role and the proposed residue. There also seem to be other residues that
aid in this function by stabilizing the interaction of the γ sensor with the bound
nucleotide. The diversity found in the P-loop superfamily complicates the ease with
which the role can be characterized. In some cases, as in F1-ATPase, the γ sensor is
located adjacent to the catalytic glutamate, such as β-R182 of E coli F1-ATPase
(Nadanaciva et al., 1999a). In other proteins the γ sensor residue is either located as part
of a sensor motif or in the second region of homology as in φ12 bacteriophage P4
packaging protein, σ54 activators, PcrA, SV40 LTag, and RuvB, to mention a few.
Determining the residue that functions as the γ sensor in Rho would aid in understanding
how the residue performs this role, and what biochemical activities are attributed to this
role and residue.
Rho may undergo multiple conformational changes upon binding RNA and ATP.
It is possible that conformational changes occur following binding of ATP and RNA,
after ATP is hydrolyzed and products are formed, and/or before product release. If such a
γ sensor exists in Rho, then mutating the sensor would result in conformational
abnormalities, and may lead to loss of hydrolyzing capabilities. Based on observations
with other P-loop proteins, it is possible that the affinity for ATP and RNA in Rho is also
lowered if the γ-sensor is mutated. The proposed γ sensor residue for Rho is R212
(homologous to R189 in E. coli F1-ATPase). If a defect in the resulting R212 mutant is
severe, the mutant will be incapable of either ATP hydrolysis or ADP release or both.
However, an R212 mutant might still be capable of ATP hydrolysis, but not be able to
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couple it to conformational changes and movement with respect to RNA. The mutant
R212 protein might also be unable to establish proper interactions with ATP and RNA.

Arginine finger
The concept of an arginine finger was formulated by investigators studying G
proteins that hydrolyze GTP. In their structure of the eukaryotic G protein and its
GTPase-activating protein (GAP) in a complex with a transition-state analog, Rittinger et
al. (1997) showed that the R85 residue from the GAP contributes to stabilization of the
transition state by neutralizing negative charges that arise from GTP hydrolysis. The
stabilization of the transition state was observed to be key for chemistry to occur. Other
G-proteins also possess similar arginine fingers with identical stabilizing functions
(Bourne, 1997). Simian virus 40 (SV40) large T antigen (LTag) is a hexameric helicase
essential for DNA replication in the virus. R498 of LTag interacts with ATP either
through a water molecule or by K418 and R540 that might directly bind to the
phosphoryl group (Gai et al., 2004), implicating not only an arginine finger but also a
lysine finger. Greenleaf et al. (2008) showed that both an arginine finger and a lysine
finger stabilize the transition state in LTag, by measuring the ATPase and helicase
activities of the respective mutants, and measuring ssDNA binding parameters in the
presence of ATPγS. In bovine F1-ATPase, the guanidinium of α-R373 (homologous to
α-R376 in E. coli F1-ATPase) is proposed to perform the stabilization function
(Abrahams et al., 1994). Nadanaciva et al. (1999b) showed that mutating α-R376
residue in E. coli F1-ATPase severely impaired or abolished transition state formation,
indicating a role for this residue in the chemistry step of catalysis. The G protein family
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is composed of proteins that are heteromultimers. They usually require binding of GAPs
(activation proteins) to form the active site and to efficiently hydrolyze GTP. There have
been many G proteins whose arginine finger identity has been verified and the role
confirmed. However, in some cases the proposed residue is still in question because
there is no experimental evidence to confirm the models proposed. In the P-loop family
of proteins (non-G proteins), there are controversies regarding the role of an arginine
finger. Some groups argue that the arginine finger aids in conformational changes,
functioning as a γ sensor, while others argue that the role is similar to the one proposed
by the G protein research groups. For the proteins whose arginine finger has been
identified, the experimental data are incomplete. Since the residue stabilizes the
transition state, it would be most supportive to test if the mutant proteins are capable of
turning over substrate, indicating whether the chemistry step has been achieved. Yet, no
such data have been published. We hope that studying this role in Rho, in conjunction
with other functions required for ATP hydrolysis, would help differentiate between a γ
sensor and the arginine finger. This study would also test if Rho behaves similarly to the
G proteins, in using an arginine finger, or if it behaves like the SV40 LTag, in using both
arginine and lysine fingers.
We hypothesize that R366 (from the adjacent subunit) could be the transitionstate stabilizing residue in Rho protein; R366 is phylogenetically conserved, and
homologous to α-R376 of E. coli F1-ATPase. Previous studies from the Shigesada
research group showed that an R366H mutant was incapable of in vitro transcription
termination, and was only 1% active as an RNA-dependent ATPase. The mutant protein
also showed a 3-fold increase in KD for ATP (7 µM; WT KD = 2 µM) (Miwa et al.,
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1995). We hypothesize that an R366A mutant would be incapable of stabilizing the
transition state and that the chemistry step (hydrolysis of ATP) would not occur, shifting
the rate limiting step of this mutant to the chemistry step (chemistry step is not rate
limiting in WT Rho). Rho has a KD for ATP of 0.3 µM and a KM for ATP of 10 µM,
indicating that the forward reaction is favored (KM = KD+ kcat/kon). In a R366A mutant
protein, this difference could be altered because the mutant protein would be unable to
stabilize the transition state if R366 indeed contributes to stabilization of the transition
state and the forward reaction would not be favored.

Coordination of Mg2+
Frequently, MgATP is the substrate for ATP hydrolysis rather than free ATP
(Lowery-Goldhammer & Richardson, 1974; Weber et al., 1998). In the case of Rho, the
presence of excess EDTA results in failure of ATP binding (Stitt, 1988). Involvement of
metal ions has been established to be catalytically important in many proteins that utilize
ATP, including the P-loop superfamily of proteins, DNA and RNA polymerases and
kinases (Walsh, 1979). The Walker B aspartate is involved in coordination of Mg2+. In
the crystal structure of RecA, D144 interacts with MgATP through a water molecule and
coordinates the Mg2+ via this interaction (Story & Steitz, 1992). Zhang et al. (2002)
proposed that D107 and/or E108 contribute(s) to Mg2+ coordination in PspF, a σ54
activator. These residues are located in the Walker B motif, similar to many such
aspartic acid residues located at the end of this motif with likely identical functions
(Weber et al., 1998; Abrahams et al., 1994). Mutating such a residue in any of the σ54
activators resulted in loss of ATP hydrolysis, and decrease in MgATP binding affinity
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(Rombel et al., 1999; Zhang et al., 2002). In B. stearothermohilus DnaB, this function
was assigned to T217 and D320; T217 is part of the P-loop (Soultanas & Wigley, 2002),
analogous to T185 of Rho. They showed that D320 mutants were inactive as ATPases
and helicases, and had 3-15 fold decrease in their affinity for ssDNA, depending on the
mutation. Weber et al. (1998) investigated the role of Mg2+ coordination in E. coli F1ATPase using tryptophan fluorescence, and showed that there were three residues
involved in forming a coordination complex with the cation, Mg2+: T156, E185 and D242
of the beta subunit. These residues were chosen utilizing the available crystal structure
(Abrahams et al., 1994) and their proximity to the Mg2+ ion. They also showed that Mg
coordination is required for catalytic activity at physiological rates (Weber et al., 1998).
In many P-loop superfamily members, the conserved aspartate of the WalkerB motif is
present, and its location is in close proximity to the active site. However, experimental
evidence delineating its role in Mg2+ coordination is lacking. In Rho, the Walker B
aspartate is highly conserved across bacterial species. Unlike σ54 activators, there are no
glutamate residues in the Walker B motif of Rho. Studying the function of coordination
of Mg2+ in Rho, would help understand its importance for the chemistry step of ATP
hydrolysis.
Mg2+ is capable of an octahedral coordination (six coordination covalent bonds).
Using a similar strategy to Weber et al. (1998), I found the following residues that were
within 5Å of the Mg2+, in the recent crystal structure of Rho (Thomsen & Berger, 2009):
K184, T185 (part of the P-loop), E211, R212, E215 and D265 (in the Walker B motif),
along with the nucleotide analog (ADP•BeF3). The closest residue was T185 at 2.0Å,
and the farthest was E215 (4.5Å). It is possible that in addition to D265, T185 and the
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glutamate residues also participate in coordination of Mg2+. Skordalakes et al. (2005)
showed T185 coordinated to Mg2+ in their structure of Rho with bicyclomycin and
ATPγS. The candidate residue for Rho is D265, the last residue of the Walker B motif.
Dombroski et al. (1988) showed that D265V was insoluble, and D265N had a 125-fold
decrease in Vmax for ATP hydrolysis, but the KM for MgATP remained the same. There
was also no change in the RNA-Rho interactions in D265N (Dombroski et al., 1988).
We predict that a mutation in D265 will result in changes in the KD for MgATP, and
RNA, in addition to a drastic decrease in ATP hydrolysis rates; there will be no turnover
to product.

Hypothesis and Significance
For the studies described in this thesis, we have predicted four amino acid
residues, E211, R366, R212 and D265, based on sequence alignments and structural
homology at the ATP binding site of Rho, that are involved in water activation (E211), γ
sensing (R212), stabilizing the transition state (R366) and coordination of Mg2+ (D265).
The hypothesis is that steady-state hydrolysis rates of Rho would be significantly affected
by mutating each of these residues. In the case of the γ-sensor residue, a mutation might
change its binding affinity for ATP and RNA. In mutants of E211 (residue involved in
activation of a water molecule), D265 (residue involved in coordination of Mg2+), and the
arginine finger, R366, we expect that the chemistry step will not occur. In the case of
mutants of R212 (γ-sensor) the chemistry step is hypothesized to occur at a much slower
rate compared to the wild type protein.
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Studies performed with members of the P-loop superfamily proteins are still
incomplete. Assigned functions for particular amino acids in most cases are models or
proposals, without definitive experimental support. Many studies executed still fail to
answer whether the mutant proteins are capable of turning over substrate. In addition,
most studies conducted were not performed in context of defining the active site and the
hydrolysis of ATP. In some cases fluorescence monitoring was performed by mutating
the residues to tryptophan or by employing mant-tagged nucleotides (mant-ATP and
mant-ADP). Recently an NMR study of three small G proteins has shown that binding of
mant-tagged nucleotides alters the proteins’ hydrolysis and exchange mechanisms. Their
study shows that the presence of the mant-tag produces unpredictable effects on the
proteins in question (Mazhab-Jafari et al., 2010). This study indicates that using manttagged nucleotides as nucleotide-analogs could lead to unreliable results and therefore
must be interpreted with caution. This new study further led us to question the evidence
available to date on the active site residues and their respective functions in the P-loop
superfamily of proteins. Here we characterize the proposed residues and study the
assigned functions, and biochemically test the amino acids proposed for key roles. These
studies permit a comparison of ATP binding by Rho as proposed by a recent crystal
structure (Thomsen & Berger, 2009), where catalysis is not complete, with in vitro
steady-state kinetics studies, where catalysis is complete. Experimental testing of
whether these residues are part of the ATP binding site of Rho and whether each has a
specific role in ATP hydrolysis will serve to further elucidate the mechanism. If present
proposals are not supported, the results should permit new models and suggest further
tests. The results are relevant for all related ATPases and other P-loop superfamily
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members. As mentioned earlier, all P-loop family members utilize the energy derived
from NTP hydrolysis to accomplish movement of or along macromolecules. The
mechanochemical coupling function in Rho has been a topic of interest for many groups,
and is under investigation. It is possible that the mechanochemical coupling is similar in
all P-loop proteins and that Rho could serve as the prototype. Based on the studies
performed so far with other P-loop proteins, the exact functions and their descriptions are
unclear. For example, a γ sensor residue senses the presence or the absence of the γ
phosphoryl group and transmits the information to the protein by means of
conformational changes. Most investigators report that the substrate affinity was lowered
in mutants of this residue. However it is unclear whether the affinity for ADP or NDP
was also altered, and if so by how much. Execution of this project could not only help
determine the active site residues in Rho, but also help define these residues and their
functions in other related P-loop proteins as well. Moreover, understanding NTP
hydrolysis would be a benefit in the manufacture of antibiotics/therapeutic
drugs/inhibitors. Many of these proteins are essential for cellular functions and
maintenance of the cell/organism and could be ideal drug targets, especially against
infections (bacterial/viral) and cancerous cells.
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CHAPTER 2
MATERIALS AND METHODS
Enzymes and chemicals
T4 polynucleotide kinase and Dpn I restriction enzyme were from New England
Biolabs (Ipswich, MA), Taq DNA polymerase was from Promega (Madison, WI), and
Pfu Turbo DNA polymerase was from Stratagene/Agilent Technologies (La Jolla, CA).
Wild type Rho was purified as described in Mott et al. (1985) by Dr. Barbara Stitt
(Temple University). Mutant Rho proteins were created and purified as described below.
Glyceraldehyde 3-phosphate dehydrogenase and 3-phosphoglyceric phosphokinase, used
to synthesize [γ-32P] ATP, were from Sigma Aldrich (St. Louis, MO).
Deoxynucleotides (dATP, dGTP, dCTP, and dTTP) were from Sigma. A
neutralized working solution of dNTP cocktail at 0.8 mM was made and stored at -20°C
in5-µl aliquots. Poly(C) with an average length of 400 bases was purchased from
Amersham Biosciences/GE Healthcare Biosciences (Piscataway, NJ) and dissolved in
DEPC-treated water. C10 oligomer was from Oligos Etc., Inc. (Wilsonville, OR). [γ-32P]
ATP (1-10 Ci/mmol) was synthesized, with a specific activity of 1-6 x 106 cpm/nmol,
from ATP and 32Pi (Perkin Elmer, Waltham, MA) according to the exchange reaction
described by Glynn & Chappell (1964) and modified by Grubmeyer & Penefsky (1981).
Primers were from Integrated DNA Technologies (Coralville, IO), and are listed in Table
4. Antibiotics were from Sigma Aldrich, and were used at the following final
concentrations: ampicillin was used at 50 µg/ml (plates) or 100 µg/ml (cultures),
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kanamycin was used at 10 µg/ml (plates) or 50 µg/ml (cultures), chloramphenicol was
used at 34 µg/ml, tetracycline was used at 12 µg/ml, and streptomycin at 10 µg/ml.
T4 kinase treatment was used to radiolabel the 5' end of rC10 as described in Wang
& von Hippel (1993) and modified by Chen & Stitt (2004). The reaction mixture (800
µl) containing 10 µM C10, 250 µCi of [γ-32P] ATP (3,000 Ci/mmol) (Perkin Elmer), and
200 units of T4 polynucleotide kinase in 1X reaction buffer (70 mM Tris-HCl, pH 7.6 at
25°C, 10 mM MgCl2, 5 mM DTT and 0.2 mM spermidine) was incubated at 37°C for 1
hr. The kinase was added in 5 µl aliquots every 15 minutes. The reaction was stopped by
incubation for 2 min in a boiling water bath. Spin columns made in 1 ml tuberculin
syringes containing P-2 Sephadex (Bio-Rad, Hercules, CA), pre-equilibrated in DEPC
treated water, were used to separate the free [γ-32P] ATP from the labeled oligomer by
centrifugation at 1,000 x g for 2 min at 25°C. A maximum of 90 µl of reaction mixture
was loaded on to each 1 ml P-2 Sephadex columns.
Bio-Rex 70 resin used in protein purification and Sephadex G50 (used in
exchanging buffer) were from Bio-Rad.
QIAprepTM miniprep kit, QIAquickTM gel extraction kit, and DNeasyTM Blood &
Tissue kit were from Qiagen (Valencia, CA).
All other chemicals used were reagent grade.

Bacterial strains and bacteriophages
The bacterial strains used in this work are listed in Table 2. E. coli AR120A6
(p39-ASE) is the strain used for overproduction of wild type Rho (Nehrke et al., 1992;
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Dombroski et al., 1988). The host strain for overproduction of mutant Rho proteins was
constructed as described below.
Bacteriophage λCE6 was purchased from Novagen/EMD Biosciences
(Gibbstown, NJ). Large batches of the phage were produced as per the manufacturer’s
protocol to obtain viral titers of 1-3 x 109 pfu/ml. Bacteriophage mGP1-2 was a gift from
Dr. John Richardson, and the stock solution was prepared by Dr. Xin Chen (Temple
University).

Plasmids
The plasmids used in this work are listed in Table 3. To create the various Rho
mutants, plasmid pXC2, which carries a wild type Rho gene (Chen, 2005) under the
control of a T7 promoter, was used as template. A QuickchangeTM site-directed
mutagenesis kit (Stratagene) was used to complete the mutagenesis of pXC2 with
mutation-specific primers that would yield the desired mutation (Table 4).

Software and Programs
GraphPad Prism version 4.00 (for Macintosh, GraphPad Software, San Diego CA,
(www.graphpad.com)) was used for data analysis. Protein structures were visualized,
aligned and analyzed using Swiss PDB viewer (spdbv), PyMol (DeLano Scientific LLC),
and Jmol (open source).
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Methods
Isolation of plasmid DNA
Strains carrying the desired plasmid DNA were grown overnight in 5 ml LB
(Luria Bertani) media containing the appropriate antibiotic (incubation temperature was
dependent on the host strain). The plasmid DNA was isolated from each strain using a
QIAprepTM miniprep kit, as per the manufacturer’s protocol (Qiagen). Elution of the
plasmid DNA was with 30-40 µl sterile water. The concentration of DNA was calculated
using readings obtained from a spectrophotometer at 260 nm. The plasmid DNA
preparation was stored at 4°C for future use. A sample of plasmid DNA (0.1-0.3 µg) was
subjected to agarose gel electrophoresis to assess the quality of the isolated plasmid
DNA. In the case of plasmids carrying mutant genes, the purified DNA was also sent for
sequencing (Genewiz, South Plainfield, NJ).

Site-directed mutagenesis to create Rho mutants
Site-specific mutagenesis was modified from the protocol in the QuickchangeTM
mutagenesis kit (Stratagene). The reaction mix (50 µl) contained the following: 1X
reaction buffer (10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris-HCl (pH 8.8), 20 mM
MgSO4, 0.1% Triton® X-100, 0.1 mg/ml nuclease-free bovine serum albumin (BSA)), 50
ng of the DNA template, 0.8 mM dNTP mix, 125 ng each of two primers, and 2.5 units
of pfu Turbo DNA polymerase (Stratagene). The reaction mixture was overlayed with
~30 µl of mineral oil. Reaction conditions were different for each Rho mutant and are
listed in Table 5. The reaction was usually set up overnight (18 cycles to amplify a 6-7.5
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kb plasmid). After completion of the reaction, 10 units of Dpn I restriction enzyme was
added to each reaction and incubated for 1 hour at 37°C. A 10 µl sample from each PCR
reaction was subjected to agarose-gel electrophoresis, and the gel stained with ethidium
bromide to visualize the DNA. λ DNA was subjected to Hind III restriction digestion at
37°C for 30 minutes and at 65°C for 10 minutes and used as a DNA ladder. Appearance
of a band corresponding to 6 or 7.3 kb indicates the presence of the desired product.
Each product (10 µl) was then transformed into KB04 cells (see Chapter 3; Figure 9),
made competent by the Hanahan method (Hanahan, 1985). A 100 µl of the
transformation mixture was then plated on LB-amp plates and incubated overnight at
42°C. Colonies from these plates were restreaked to yield single isolated colonies that
were then picked and grown overnight. Plasmid DNA was isolated as described above.
Purified DNA with the appropriate primers was sent for sequencing (Genewiz).
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Table 2: Cell strains and Bacteriophages

E. Coli or
Phage
AM03 (pPMRho)

Bacteriophage
lambda (λ) CE6
Bacteriophage
mGP1-2
BLS107
(pPMRho)
BW 25113
(pKD46)
ED8739
HB101F’
JM109
KB01
KB02
KB03
KB04
One Shot BL 21
(DE3)
One Shot BL 21
(DE3) pLysS
RosettaTM 2(DE3)
pLysS
T7 Express
LysY/Iq

Description
F- rec- (recA56) supE44 fhuA (tonA2) λΔ(lacZ)r1 trp-31 his-1 rpsL104 (StrR) xyl-7 mtl-2
metB1 Δ(mrr-hsdRMS-mcrB)10::IS10 mcrA6
Rho::KanR
int cI857 Sam7. The T7 RNA polymerase gene is
cloned into the int gene, such that it is transcribed
from the pL and pI promoters of the phage during
infection
A derivative of M13mp8 containing a 2710 bp
insert encoding the T7 RNA Polymerase (T7 bp
3133-5840); Expression of T7 RNAP is under the
control of Plac
Rho::KanR TetS recA1 srl::Tn10 Plac T7RNAP,
(a derivative of BL21 (DE3)
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-,
rph-1, Δ(rhaD-rhaB)568, hsdR514
F- hsdS (rK- mK-) metB supE supF
supE44 hsdS20(rBmB) recA12 ara-14 proA2
lacY1 galK2 rpsL20 xyl-5 mtl-1 F' [proAB+ lacIq
lacZ ΔM15 Tn10]
recA1 supE44 endA1 hsdR17 gyra96 relA1
thiΔ(lac-proAB) F' [traD36 proAB+ lacIq lacZ
ΔM15]
AM03 derivative that is TetS
KB01F' [proAB+ lacIq lacZ ΔM15 Tn10 (TetR)]
KB02 with pKD46
KB03 strain with wild type Rho in the
chromosome
F- ompT hsdSB (rB-mB-) gal dcm (DE3)
F- ompT hsdSB (rB-mB-) gal dcm (DE3) pLysS
(CmR)
F ompT hsdSB(rB- mB-) gal dcm (DE3)
pLysSRARE2 (CmR)
MiniF lysY lacIq(CamR) / fhuA2 lacZ::T7 gene1
[lon] ompT gal sulA11 R(mcr-73::miniTn10-TetS)2 [dcm] R(zgb-210::Tn10--TetS) endA1
Δ(mcrC-mrr)114::IS10
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Source
J. P.
Richardson
Novagen;
Studier and
Moffatt 1986
J. P.
Richardson
Washburn &
Stitt, 1996
Datseko &
Wanner, 2000
Novagen
Boyer et al.,
1969
YanischPerron et al.,
1985
This work
This work
This work
This work
Invitrogen
Invitrogen
Novagen
New England
Biolabs

Table 3: Plasmids

Plasmid Length

Relevant
genes

Description

Source or
reference

pKB4

7.3 kb

AmpR
RhoE211A

pXC2 derivative with
RhoE211A

This work

pKB5

7.3 kb

AmpR
RhoE211D

pXC2 derivative with
RhoE211D

This work

pKB6

7.3 kb

AmpR
RhoE211Q

pXC2 derivative with
RhoE211Q

This work

pKB7

7.3 kb

AmpR
RhoR212A

pXC2 derivative with
RhoR212A

This work

pKB8

7.3 kb

AmpR
RhoR366A

pXC2 derivative with
RhoR366A

This work

pKB9

7.3 kb

AmpR
RhoD265N

pXC2 derivative with
RhoD265N

This work

pKB10

7.5 kb

AmpR
RhoLEH6

pXC2 derivative with Cterminal histidine tagged Rho

This work

pKD46

6.3 kb

AmpR λRed
recombinases

araBp-gam-bet-exo
repA101(ts) oriR101

Datsenko &
Wanner, 2000

pPMRho

3.0

CmR Rho+

Washburn &
Stitt, 1996

pRW72

5.8 kb

AmpR Rho+

pXC2

7.3 kb

AmpR Rho+

pSC101 derivative,
temperature sensitive origin
of replication
Stratagene pSP72 plasmid
containing the wild type Rho
gene under the control of both
the T7 Φ10 promoter and the
Rho promoter.
pET21b derivative containing
the wild type Rho gene under
the control of the T7 promoter
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Washburn &
Stitt, 1996

Chen, 2005

Table 4: Primer List. The desired nucleotide change is shown in bold letters in the
nucleotide sequence of the forward primer. Sequences are listed 5’-3’.

Mutation

Sequence

desired
E211A
E211D
E211Q

GAT GGT TCT GCT GAT CGA CGC GCG TCC GGA AGA
AGT AAC CG
GAT GGT TCT GCT GAT CGA CGA TCG TCC GGA AGA
AGT AAC CG
GAT GGT TCT GCT GAT CGA CCA GCG TCC GGA AGA
AGT AAC CG

R212A

CTG CTG ATC GAC GAA GCG CCG GAA GAA GTA ACC

R366A

CGT TCT GGT ACC GCG AAA GAA GAG CTG C

D265N

CAT TCT GCT CAA CTC CAT CAC TC
GAT TTC TTC GAA ATG ATG AAA CGC TCA CTC GAG

RhoLEH6

CAC CAC CAC CAC CAC CAC TAA ATT TGT CTT ATG
CCA AAA ACG CCA CGT G

38

Table 5: Conditions for synthesis of plasmids carrying mutant Rho genes

Mutation

D265N,
R366A

Temperature
(°C)

Time
(minutes)

Step

95

3

denaturing

95

0.5

melting

50

1

annealing

65

20

elongation

65

30

Cycles

18

additional
elongation time
95

3

denaturing

E211A,

95

0.5

melting

E211Q,

50

1

annealing

R212A,

18
68

20

68

30

RhoLEH6

elongation
additional
elongation time
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Overexpression and purification of Rho mutants
Induction of Rho mutants
KB04 cells containing the appropriate plasmid were grown in LB media
supplemented with 100 µg/ml amp, 0.2% maltose, 1 µM FeCl3, 1X M9 salts, and 1mM
MgSO4, at 42°C until an OD600 of 0.8-0.9 was reached, after which the culture was
infected with λCE6 (at an MOI of 5) as per the manufacturer’s protocol (Novagen
Manual). After 3 hours, the cells were chilled on ice and harvested by centrifugation at
4°C at 5000 x g for 10 minutes. Samples (100 µl) were collected before infection and
every hour for 3 hours after infection. These samples were subjected to 10% SDSPAGE, to verify induction.

Purification of Rho mutants
KB04 cells expressing the desired mutant proteins were harvested following a 3hour infection by λCE6. The mutant protein from these cells was purified by weak
cation-exchange chromatography using a Bio-Rex 70 column (Bio-Rad), as in Mott et al.
(1985) at 4°C. Each batch of 600 ml of cell culture yielded 4-6 g of cells. The lysates
obtained from the cells were treated with polymin P, and precipitated using ammonium
sulfate, dialyzed and then applied to a Bio-Rex 70 column (12 ml bed volume)
equilibrated with 0.1M NaCl TGED (10 mM Tris-HCl pH7.6, 5% glycerol, 0.1 mM
EDTA and 0.1 mM DTT). The column was washed with 5 column volumes of 0.1 M
NaCl TGED buffer. Wash fractions, 6 ml each, were collected and monitored by UV
absorption at 280 nm. The wash was complete when the absorbance value returned to
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baseline (A280= 0.02-0.04). The bound protein was eluted with a salt gradient of 0.1-0.5
M NaCl TGED (60 ml each), except in the case of R366A where the gradient was 0.1-0.6
M NaCl TGED (75 ml each). 1 ml fractions were collected during the salt gradient.
(NOTE: addition of 0.1 mM DTT to all buffers is very critical. DTT must be added right
before usage.)
Following the elution of protein from the Bio-Rex 70 column, each fraction was
analyzed for its protein content spectrophotometrically at an absorbance of 280 nm. The
absorbance readings were plotted versus elution volume (fractions), and the fractions
with the highest absorbance were subjected to 10% SDS-PAGE (10-25 µl of each
fraction). The purity of each fraction was also revealed by the SDS-PAGE. Fractions
with the highest absorbance were also assayed for ATPase activity. Based on absorbance
readings, SDS-PAGE, and activity assays, fractions containing Rho protein were pooled,
dialyzed overnight at 4°C in storage buffer (10 mM Tris-HCl pH 8.0, 50% glycerol, 0.1
mM EDTA, 0.1 mM DTT, 100 mM NaCl), and assessed for concentration at A280, using
the Rho extinction coefficient of 0.325 (mg/ml)-1cm-1 (Geiselmann et al., 1992).

Characterization of Rho mutants
All assays were performed in RNase free TAGME buffer: 40 mM Tris acetate pH
8.3, 150 mM potassium glutamate, 1 mM magnesium acetate, and 0.1 mM EDTA, unless
otherwise mentioned.

Rho Vmax (ATPase) assay
For Vmax measurements, assays were performed with the mutant protein(s) and
wild type Rho as in Stitt & Xu (1998). Wild type Rho (50 ng) was assayed for 20
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minutes at 37°C, and with 0.5 and 5 µg of each mutant protein in 100-µl assay mixtures
containing 1 mM [γ-32P]ATP, 1 mM magnesium acetate, 200 ng of poly(C) RNA, in
TAGME. The standard Rho ATPase assay was also performed for 3 hours with 0.5 and 5
µg of each mutant enzyme, along with wild type Rho control (50 ng) for 0-30 minutes at
37°C. Data obtained were plotted as a function of time. The rate of hydrolysis was
obtained from the slope.

KM for ATP measurements
The standard Rho ATPase assay was performed for 0-5 minutes with varying
concentrations of ATP (2-50 µM) and with 50 ng of wild type Rho or 0.5 or 5 µg of
mutant Rho per sample; RhoR212A measurements were performed at 2-500 µM ATP.
Data obtained were plotted and transformed with Prism (GraphPad) to obtain the KM and
Vmax of the protein using the equation:
(Eq. 1)

y = Vmax × x/(K M + x)

The raw data was converted to nmoles of ATP hydrolyzed/µg of protein and plotted
€

versus time. Slope from each individual experiment indicates the rate of ATP hydrolysis.
These results were then used to plot v (rate) versus the concentration of substrate (ATP).
From the plot fit to equation 1 KM and Vmax values were obtained. A double reciprocal
plot was also created and fit to linear regression. X and Y intercept from this
Lineweaver-Burk plot was used to obtain the KM and Vmax values.
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Buffer exchange
The protein preparations, mutant and wild type proteins, in storage buffer were
subjected to buffer exchange to remove the glycerol present in storage buffer using two
different methods. The desired buffer for the assay was TAGME. The desired amount of
each preparation was loaded on a G50 spin column and buffer exchanged as described in
Penefsky (1979). Microcon-30 or Amicon-30 ultrafiltration apparati (Millipore,
Billerica, MA) were also used to exchange buffer. The desired volume of the protein
solution was usually diluted in TAGME to a total volume of 500 µl. This sample was
loaded onto the ultrafiltration apparatus, and centrifuged at 13,000 x g for 10 minutes at
room temperature. The remaining unfiltered volume after the spin was 25 µl. Additional
sample or buffer was then added to a final volume of 500 µl. The preparations were
washed in this manner 6 times. The final concentrate was removed from the spin column
by inverting and spinning into a catch tube at 1000 x g for 2 minutes at room temperature
(Amicon/ Microcon handbook, Millipore).

ATP binding
ATP binding assays with mutant and wild type Rho were performed as in Stitt &
Xu (1998), using Microcon-30 ultracentrifugation apparati. The samples were subjected
to 30-second prespin and 2-minute spin at 5000 x g at room temperature. Protein
concentration was kept constant while varying the concentration of [γ-32P]ATP in a 150
µl reaction. In control samples where Rho was omitted, no binding to the Microcon
apparatus was observed. The concentration of the mutant proteins was 0.4 µM with
similar wild type enzyme controls; ATP concentrations were 0.1-5 µM. However, 2 µM
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RhoR212A was used with similar wild type controls with 0.1-35 µM ATP. Free and
total ligand concentrations were measured by LSC, and used to obtain bound ligand
concentration. The data were then plotted using Prism (GraphPad), free ligand versus
bound ligand/hexamer, and fit to one-site hyperbola (one kind of affinity) using the
equation:
(Eq. 2)

y = Bmax × x/(K + x)
d
The data obtained were transformed and also plotted as Scatchard plots.
€

RNA binding
RNA binding was performed with Microcon-30 apparati, as described in Chen &
Stitt (2004). The RNA substrate used was [5’-32P]C10 oligomer, end labeled as described
in Chen & Stitt (2004). The samples were subjected to 30-second prespin and 2-minute
spin at 5000 x g at room temperature. Background binding to the apparatus was less than
10%. Total reaction volume was 100 µl, and 20 µl samples were removed before and
after the final spin. Each reaction contained 0.4 µM Rho hexamers along with varying
oligomer concentration (0.1-35 µM). The data obtained were plotted and analyzed as
mentioned above.

Size exclusion chromatography
Gel filtration chromatography was employed to investigate the oligomeric state of
the mutant Rho proteins, in the absence of RNA. A 16 x 60 Superdex-200 gel filtration
column (Pharmacia/GE Healthcare) was calibrated with protein standards (Bio-Rad) in
the same buffer as the protein samples (TAGME). The linear equation generated by the
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calibration graph was used to obtain the corresponding molecular weight of each protein
(wild type or mutant) assessed. Each sample (900 µg) was applied to the column and
eluted at a flow rate of 2 ml/min (monitored at 280 nm) with TAGME buffer. The
elution volume and peak-width-at-half-height for each mutant enzyme were compared
with that of wild type Rho.

Rapid mix/chemical quench experiments
Rapid mix/chemical quench experiments were completed as in Stitt & Xu (1998)
as modified by Browne et al. (2005). Glass syringe barrels were filled with 1X TAGME
buffer and assembled in a rapid mix/chemical quench apparatus (Update Instrument,
Madison, WI), shown schematically in Figure 7. Polyetheretherketone (PEEK) tubing
connecting the syringes to the mixer were of equal size and each was filled using 29 µl of
one reagent (tubing capacity was 23 µl). Protein solution (1.76 mg/ml) in one tubing was
mixed with 200 µM [γ-32P]ATP and 0.4 mg/ml poly(C) from the other tubing in a 1.6 µl
Wiskind grid mixer. In the case of RhoR212A, 740 µM ATP and 0.8 mg/ml poly(C) was
used. Aging hoses of various lengths together with varying push rates were used to
obtain the desired times of reaction. The reaction from the aging hose was delivered into
a 400-µl quench solution (5% TCA). A 50 µl sample of the quenched mixture was taken
from each ~500 µl quench mixture for determination of total radioactivity. An additional
350 µl from each quench mixture was added to 250 µl of 8% (w/v) charcoal suspension,
mixed, and centrifuged for 2 minutes at 13,000 x g at room temperature. A portion of the
charcoal supernatant was removed to determine radioactivity content. Bench controls
containing 25 µl of the ATP-poly(C) mixture was added to the quench solution with 75
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µl of buffer. Similar controls using the rapid mix apparatus were also performed.
Another control was performed where 25 µl of the protein solution was first added to the
quench mixture, followed by the addition of 25 µl of the ATP and RNA mix, and 50 µl of
buffer.
Additional control experiments were performed using similar rapid mix/chemical
quench set up to test if the mixer was inactivating the proteins. One tubing was filled
with 4 mg/ml protein solution, and the other tubing with buffer. A push rate of 1.6 cm/s
was used to push the protein solution through the mixer, into an eppendorf tube.
Concentration of the protein solution was measured as previously mentioned (page 39).
The protein was then diluted into a reaction to a final concentration of 0.05 µg/µl, and
5x10-3 µg/µl in the case of the wild type control. Reactions with proteins that were not
subjected to the rapid mix conditions were also assayed. The reactions were carried out
for three hours at room temperature, similar to the time course assays (page 39). Results
obtained were analyzed to obtain the amount ATP hydrolyzed and plotted on a graph as a
function of time to obtain the rate of reaction from the slope of the graph. The rate of
reaction for each enzyme, subjected to the mixer/rapid mix conditions, was compared to
the rate obtained for the enzyme under normal conditions.
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Figure 7: Schematic representation of the rapid mix/chemical quench apparatus
(Update Instrument). The computer controlled RAM pushes the buffer in the syringes,
which in turn push the reagents in the tubing into the T-mixer, where the reagents mix
and react while traveling through the aging hose into the quench solution. The desired
time points are achieved by varying the velocity of the RAM and the length of the aging
hose.
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CHAPTER 3
CELL STRAIN CONSTRUCTION
Our initial attempt to create site-specific Rho mutants and to express them was
unsuccessful. E. coli cell strains BL21 (DE3), and BL21 (DE3) (pLysS), were used
together with the plasmid pRW72. pRW72 carries the Rho gene under the control of the
Rho promoter in addition to the T7 promoter. The derivatives of this plasmid, carrying
the mutated Rho gene, would be transformed into the host strains and the mutant proteins
induced by addition of IPTG. A wild type chromosomal copy of the Rho gene is still
present in the cell, which means that both wild type and mutant forms of Rho would be
present at the same time.
Rho is an essential protein in E. coli. Previous studies in our lab and other labs
indicate that in some cases where both wild type and mutant Rho forms are expressed
(Richardson & Ruteshouser, 1986; Washburn & Stitt, 1996; Chen & Stitt, 2004), the
transformed cells are not viable, presumably due to formation of mixed hexamers that
render Rho inactive and therefore kills the cells. Because the Rho mutants are altered in
suspected active site residues, we predicted that they would all be inactive, leading to a
lethal form of mixed hexamers. To prevent this condition, we needed a system that
would express the mutant proteins only upon induction.
We tried to control mutant Rho expression tightly by expressing the Rho mutants
in T7 Express lysY/Iq strain (New England Biolabs). This strain contains the following
three features that have enabled cloning of potentially toxic genes: 1. the T7 RNA
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polymerase is part of the lac operon, 2. tight control of expression is achieved by lacIq
(Iq over produces the lac repressor to more tightly control transcription of T7 RNA
polymerase), and 3. LysY, a variant of the T7 lysozyme that lacks any amidase activity,
renders the cells less susceptible to lysis during induction. These features enable
additional control of Rho expression.
Transformation of RhoE211A, D and Q mutants into T7 express lysY/Iq was
<0.2% efficient, per mutation, compared to an efficiency with wild type of 105 cfu/µg.
Plasmid DNA was isolated from each candidate colony, and the sequence determined.
Only the sequence of the E211A mutant was verified. E211D and E211Q mutations were
found also to have other mutations (amino acid changes) in the rest of the sequences; it is
possible that only those colonies with other mutations present in Rho were tolerated and
survived.
Before proceeding with overexpression and purification of RhoE211A, its ability
to sustain cell growth was assessed by transformation of the plasmid carrying the
RhoE211A gene into BLS107 (pPMRho), a cell strain with an insert in the chromosomal
Rho gene supported by a temperature-sensitive (ts) plasmid carrying wild type Rho. This
cell is a BL21 (DE3) derivative and therefore has an endogenous T7 RNA polymerase
gene. Transformation plates were incubated at 42°C overnight, to promote the loss of the
ts plasmid pPMRho. No colonies were observed growing at 42°C when RhoE211A was
used, whereas the positive control with pRW72Rho+ transformed with an efficiency of
105 cfu/µg. This result indicates that RhoE211A is inactive. Similar experiments were
performed with the other Rho mutants. Similar results were observed indicating that
none of the Rho mutants were active and were unable to sustain BLS107.
49

The above cloning strategies were repeated using pXC2 (pET-21b derived
plasmid carrying wild type Rho gene under the control of T7 promoter alone) instead of
pRW72, with cell strains BL21 (DE3), BL21 (DE3) (pLysS), and T7 Express lysY/Iq.
Although the site-directed mutagenesis was successful, as verified by agarose-gel
electrophoresis, transformants were obtained for all three E211 mutants only with the T7
Express cell strain. When the DNA from these transformants was sequenced, the results
were similar to those observed when pRW72 was used: only RhoE211A was verified, the
other two constructs had additional mutations. The control of expression of the T7
promoter in this system was apparently not sufficient to completely prevent pre-induction
expression of mutant Rho proteins. Transformation into BLS 107 (pPMRho) was not
performed because the mutant Rho gene would not be expressed and the cell would thus
perish without Rho, after loss of pPMRho.
Collectively, these results indicate that mutating the E211 residue is harmful to
Rho, and therefore to the cell. Based on their predicted critical roles, we suspected that
the rest of the residues we wanted to mutate could also result in lethality or inactivity of
Rho. Therefore we needed a system that would completely prevent mutant Rho
expression prior to induction, and would also facilitate easy purification or separation of
contaminating wild type Rho from the mutant Rho. A host cell strain was designed with
the following features (illustrated in Figure 8e): 1. the chromosomal Rho has a Cterminal histidine tag, 2. the cell is devoid of T7 RNA polymerase, and 3. the cell is
male. The histidine tag was included to allow for trapping of chromosomal Rho in a
nickel (Ni-NTA) column while permitting mutant Rho to flow through. Plasmid carrying
the mutated Rho gene (under the control of the T7 promoter only) will be transformed
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into this cell strain (Figure 8f). Expression of the Rho gene would be achieved by
infecting these cells with a male-specific bacteriophage derivative mGP1-2, which carries
the T7 RNA polymerase as part of its genome. Purification of the mutant protein would
be completed as described in Mott et al. (1985), with an additional Ni-NTA column step
at the end of the purification to trap the tagged wild type Rho. The overall scheme of cell
strain construction is shown in steps a-f in Figure 8.
Although Miwa et al. (1995) showed that their N-terminal histidine tagged Rho
was 95% as active as the (untagged) wild type Rho, I found that any modification to the
N-terminus of Rho yielded an inactive form or one that was only 3% as active as wild
type (data not shown). Modifications that were attempted were C2 insertion, C420
insertion, S419C, and addition of an N-terminal histidine tag followed by a protein kinase
A tag. It is possible that the activity observed by Miwa et al. (1995) was contributed by
wild type Rho that the host cell still possessed. Therefore, N-terminally tagged Rho was
not considered. Chalissery et al. (2007) published that C-terminal histidine-tagged Rho
was as active as its non-tagged form. Therefore, a C-terminal histidine-tagged wild type
chromosomal Rho was used in further cell strain construction. In this construct,
chromosomal Rho would be wild type with a C-terminal his tag. A crucial step is to
establish if the C-terminally tagged Rho in the chromosome can sustain the cell.

C-terminal histidine tagged Rho gene
A histidine tag was added to the C-terminal of Rho (RhoH6) by means of PCR
using pRW72, in which the Rho gene is under the control of both the Rho and the T7
promoters (Table 3), as template with the following primers: forward 5’-CGA GAT TTA
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CCC CAA G-3’, and reverse 5’CAC GTG GCG TTT TTG GCA TAA GAC AAA TTT
AGT GGT GGT GGT GGT GGT GCT CGA GTG AGC GTT TCA TCA TTT CGA
AGA AAT C-3’. The PCR conditions used to create a linear fragment were as follows:
95°C for 30 seconds; 40°C for 1 minute; 72°C for 2 minutes; 15 cycles. Following
completion of the reaction and Dpn I digestion, the whole reaction was subjected to
agarose-gel electrophoresis and visualized using ethidium bromide staining. A band
corresponding to 1.2 kb was present, indicating that the desired linear fragment of the
Rho gene (possibly with the C-terminal histidine tag) had been synthesized and
amplified. This band was then excised and purified using QIAquickTM gel extraction kit
(Qiagen). Purified DNA was stored at 4°C for future use. A sample was sent for Sanger
DNA sequencing (Genewiz) and successful insertion of the tag was verified by the results
obtained.

Cell strain construction to obtain chromosomal C-terminal histidine tagged
Rho (Figure 8)
The starting host strain was AM03 (pPMRho), TetR, KanR, and CmR (Table 2;
Figure 8a).

This cell strain has a KanR insert inactivating the chromosomal Rho gene

and wild type Rho under the control of its own promoter on a temperature-sensitive
plasmid (Martinez et al., 1996). We intended to make this strain male by mating it with
HB101F’. The F’ episome carried by HB101, carries the TetR gene, which would be
transferred to the recipient cell strain, AM03 (pPMRho). Success of conjugation between
these two cell strains would be verified by selecting TetR colonies. Therefore it was
necessary to cure AM03 (pPMRho) for TetR (Figure 8b).
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Curing for tetracycline resistance in AM03 (pPMRho) (to create KB01)
AM03 (pPMRho) was grown overnight in LB-Kan and Cm at 30°C. The culture
was then diluted in LB to give an OD600 corresponding to 107 cells/ml. A portion (100 µl
each) of this dilution was plated on duplicate plates containing 15 mg/ml agar, 10 mg/ml
tryptone, 5 mg/ml yeast extract, 10 mg/ml sodium chloride, 2 mg/ml glucose, 50 µg/ml
chlortetracycline hydrochloride, 10 mg/ml NaH2PO4. H2O, 12 µg/ml fusaric acid, and
100 µM zinc chloride; one set of plates was incubated at 30° and another at 37°C.
Colonies obtained from each plate were tested for Tet sensitivity (KB01) and grown to
make stocks (modified from Bochner et al., 1980).
Fusaric acid plates incubated at 30°C yielded 60 colonies after an incubation
period of 5 days. The colonies were very small in size. No colonies were observed on
plates incubated at 37°C. One out of 11 colonies tested was cured of tetracycline
resistance. This colony (KB01), as described in Figure 8b, was then used for further
manipulations.

Production of KB02
The HB101F’ strain was grown overnight at 37°C in LB-Tet, and KB01 strain
was grown at 30°C in LB-Cm. A portion (7.5µl) of each overnight culture was then used
to inoculate 3 ml of LB with the appropriate antibiotic to obtain fresh cultures which
were then grown for 3 hours at 37°C for HB101F', and 5 hours at 30°C for KB01. A
portion (100 µl) of each culture was then mixed and incubated, without shaking, at 30°C
for 4.5 hours. The mixture was then streaked on minimal plates containing M9 salts, 100
µM CaCl2, 1 mM MgSO4, agar, 0.4% casamino acids, 20 µg/ml tryptophan, 0.4%
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arabinose, 12 µg/ml Tet and 50 µg/ml Kan to select for AM03 (pPMRho) F’. In addition,
50 µl of the mixture was spread on another minimal plate. Both plates were incubated at
30°C (modified from the protocol of Dr. Stephen Chin-Bow). Colonies picked from the
minimal plates were grown overnight in LB-Tet/Cm at 30°C. Colonies that grew on LBTet/Cm were then grown overnight at 30°C and stored as glycerol stocks (KB02).
The minimal plate on which the mating mixture of HB101F’ and KB01 was
streaked yielded only four colonies after 40 hours of incubation. However, the plate
containing 50 µl of the mating mixture yielded 200 colonies after 18 hours of incubation.
Three colonies from this plate were restreaked on LB-Cm/Tet to verify successful
conjugation. These three colonies restreaked successfully and were used to create
glycerol stocks. This result indicated that the mating was successful and that KB01 was
now male (KB02, Figure 8c).

Transformation of pKD46 into KB02
KB02 cells were made competent according to Hanahan (1985) and transformed
with pKD46 (Figure 8d). pKD46 is a temperature-sensitive plasmid that carries the λRed
recombinase genes under the control of Para, the arabinose promoter (Datsenko &
Wanner, 2000). A portion (100 µl) of the transformation reaction was then plated on LBAmp/Cm plate and incubated at 30°C. Colonies that formed on this plate were grown
and stored for the next step. Growth on LB-Amp/Cm plates at 30°C indicated that the
transformation was successful. The reaction yielded hundreds of colonies, showing an
efficiency of 105 cfu/µg. One colony (KB03) was then grown overnight and saved for
the next step as a glycerol stock.
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Recombineering to obtain chromosomal C-terminal histidine tagged
Rho
KB03 cells (AM03 (pPMRho pKD46) F’) were grown in SOB cultures containing
1 mM L-arabinose, to induce the recombinases, as described in Datsenko & Wanner
(2000). The cells were then electroporated with 100 ng of linear RhoH6 (MicroPulser,
Bio-Rad). The reaction was then plated on LB-Tet plates (12 µg/ml) and incubated at
30°, 37° and 42°C. Colonies that grew at 42°C (indicating the loss of pPMRho and
pKD46) were selected and tested for sensitivity to Cm (loss of pPMRho), Amp (loss of
pKD46) and Kan (loss of chromosomal insert in Rho). Colonies that were sensitive to
the above three antibiotics were grown overnight at 42°C and stored as glycerol stocks
(KB04) (Figure 8e).
The reaction plated on the LB-Tet plate and incubated at 42°C yielded 15
colonies. These colonies were selected, grown overnight and stored as glycerol stocks.
Genomic DNA from one of these colonies (KB04 as described in Figure 8e) was purified
and sequenced to verify the presence of the C-terminal histidine tag. The sequencing
results, however, indicated that there was no histidine tag present in the chromosomal
Rho (Figure 9). This cell strain, KB04, was used as the host strain for this project.

Verification of KB04 as male
Although the drug sensitivity tests indicated that KB04 was TetR, an additional
verification of the presence of F’ was desired, since we were proposing to use a male
specific phage, mGP1-2, to introduce T7 RNA polymerase. KB04 and HB101F' cells
were grown overnight at the appropriate temperatures. The overnight cultures were then
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used in plaque assays with mGP1-2 male-specific bacteriophage to verify that KB04 was
male. Plaque assays performed with male-specific phage yielded plaques on plates
containing HB101F’ (control) but not on plates containing KB04, indicating that the
transfer of the F’ episome was unsuccessful. However, the initial TetS strain (KB01) was
now TetR (KB02-KB04). Further research revealed that F’ and pSC101 (parent plasmid
for pPMRho) have incompatible origins of replication (Sambrook et al., 2001). This
situation likely led to the obtained result: KB04 is TetR but not male. The F’ plasmid
must have donated at least its TetR gene to KB02, but the entire F’ was not retained. The
status of TetR in KB02-KB04 was not further investigated. We therefore decided to use
another bacteriophage, λCE6, a lambda derivative carrying the T7 RNA polymerase, and
to induce expression of the mutant proteins following infection. It does not require a
male cell for infection.

56

Mate with
HB101F’

Fusaric
Acid

Select for
KanR &
TetR
8a. AM03 (pPMRho) KanR CmR TetR

8b. KB01 = AM03 (pPMRho) KanR CmR
TetS

Transform with
plasmid carrying
Rho mutant

Electroporate
with RhoH6

8e. KB04 = AM03F’ RhoH6
TetR

8f. KB04 (pKBn)

8c. KB02 = AM03 (pPMRho)F’ KanR
CmR TetR
Transform
Select for
with
AmpR
pKD46

Select for
growth at
42°C &
TetR 8d. KB03 = AM03 (pPMRho pKD46)F’
KanR CmR TetR AmpR

Infection with male‐specific bacteriophage carrying T7 RNAP,
overexpression by IPTG induction,
purification using Ni‐NTA to separate wild type his tagged Rho.
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Figure 8: Cell strain construction scheme. a, starting cell strain AM03 (pPMRho); b-e, manipulations on AM03 (pPMRho)
to achieve the cell strain with a histidine tagged form of Rho in the chromosome, shown in f; pKBn denotes the plasmid
carrying mutant Rho gene series (pKB4-10).

58

Figure 9: KB04 cell strain. The resulting cell strain from the construction scheme, outlined in Figure 8, is shown here. This
cell strain served as the host for the plasmids carrying the mutant Rho genes (pKBn) used in this study. This cell strain is TetR,
indicating that at least the resistance gene has be donated by the F’ (HB101F’), but is not male (male-specific phage cannot
infect the cells), and lacks the intended his-tag at the C-terminus of the chromosomal Rho gene, as verified by genome
sequencing. Overexpression of the desired Rho mutant genes was achieved by infecting KB04 with λCE6 bacteriophage
(Novagen).
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Cell strain construction to obtain chromosomal C-terminal histidine tagged
Rho (Figure 10)
Since the KB04 cell strain constructed did not contain the intended C-terminal
histidine tag, several additional attempts were made to create a cell strain with a Cterminal histidine tagged Rho in the chromosome following the steps shown in Figure 10.
However, sequencing result of the genomic DNA indicated that the tag was absent in the
chromosomal Rho (Figure 10e). Since Rho is an essential protein for E. coli, and the
mutant protein(s) could be lethal, I proceeded with the current cell strain system that
possessed the wild type form in the chromosome (Figure 9). However, only the mutant
form of Rho was overproduced.

Creation of a plasmid carrying C-terminal histidine tagged wild type Rho
Since the cell strain planned as host for this work was designed to carry a histagged form of Rho in the chromosome, it was desirable to produce the his-tagged Rho as
a control. To enable measurement of the properties of RhoH6, we wanted a strain that
would overproduce it. pRW72 and pXC2 were used to create a plasmid with C-terminal
histidine tagged Rho using similar conditions as site directed mutagenesis (Chapter 2).
Reaction conditions are denoted in Table 4, and the primers used are listed in Table 5.
Following the completion of the reaction and Dpn I digestion, 10-µl samples of each
reaction were subjected to agarose gel electrophoresis. Successful reactions, determined
by the presence of the 7.5 kb band on the gel, were then used in a transformation reaction
using KB04 or BLS107 (pPMRho) as described in Hanahan (1985), and plated on LBAmp plates. Colonies from the plates were then picked, grown overnight, and used to
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make plasmid DNA. DNA obtained from these preparations was then sequenced
(Genewiz).
Transformation of the PCR reaction, using pRW72 as the template, into BLS107
(pPMRho) was not successful (Thomas Nowakowski, personal communication),
indicating that the histidine tagged form of Rho was unable to sustain BLS107 at 42°C.
When pXC2 was used as the template and the reaction was transformed into KB04,
colonies were observed at a transformation efficiency of ~105 cfu/µg. One such colony
was picked, restreaked, and grown overnight at 42°C. Sequencing results from the DNA
extracted from this preparation revealed that the insertion of a C-terminal histidine tag
was successful. However, since the final host strain used in this study, KB04 (Figure 9),
did not have his-tagged Rho in the chromosome, this his-tagged Rho was not produced
for use as a control.
During the course of this study, I attempted to create both N-terminally and Cterminally tagged Rho. The N-terminally tagged Rho was only 3% active, but was
capable of sustaining BLS 107 (pPMRho) at 42°C. However, the C-terminally tagged
Rho (RhoLEHHHHHH), could not sustain BLS107 (pPMRho). In contrast, Chalissery et
al. (2007) have argued that their C-terminal tagged Rho was as active as wild type Rho.
Their system, however, still contained the wild type Rho from the chromosome and its Cterminal amino acids are LEHHHHHH. It is possible that when wild type Rho and Cterminal histidine tagged Rho were both expressed in a cell, the mixed hexamers were
toxic, leading to cell death. However when the tagged form was more controlled in
KB04 (pKBRhoLEH6), due to lack of endogenous source of T7 RNA polymerase to
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express the protein from the T7 promoter, the cell survives, presumably, because of
tighter control of the C-terminally tagged Rho.
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10b. KB05 = AM03 (pPMRho pKD46) KanR CmR TetR
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& TetR
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Induction of expression with infection with λCE6, purification
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10c. KB06 = AM03 RhoH6 KanS CmS TetR

10e. KB06 (pKBn)
Figure 10: Plan for cell strain construction. Scheme showing attempts to construct the desired cell strain described above
are shown. a, Starting cell strain is AM03 (pPMRho); b-e, steps used to create the desired strain; e, final strain obtained with
wild type Rho in the chromosome as verified by sequencing of the Rho gene, hosting the pKB plasmid series.
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CHAPTER 4
RESULTS
Creation and cloning of Rho mutants
The catalytic roles of Rho amino acids residues E211, R212, R366, and D265
were investigated. Their conservation across bacterial species, structural homology of
Rho protein with other RecA-like family members, and interactions with AMPPNP in the
crystal structure of Rho•RNA•AMPPNP complex (PDB: 1PVO) dictated their selection.
Site-directed mutagenesis was used to create the desired Rho mutants (Chapter 2). E211
was individually replaced with A, D, and Q, R212 with A, R366 with A, and D265 with
N, using pXC2 (Table 3) as the template. Agarose gel electrophoresis of 10 µl reaction
mix indicated a band of 7.3 kb, showing that PCR was successful. The DNA was then
used to transform KB04 (Figure 9). Colonies from each transformation reaction were
picked and grown overnight. DNA from each colony was purified (QIAprep) and the
Rho gene sequenced (Genewiz). Analysis of the sequences showed that the desired
mutations had been individually achieved, and no additional mutation(s) was present.
Following sequence verification, each mutant strain was grown and the mutant gene
expression induced by infection with λCE6. Figure 11 shows that overexpression of the
indicated mutant proteins was successful.
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Figure 11: Comparison of mutant Rho expression before and after infection by
λCE6. 100-µl aliquots were removed from each culture before and 3-h after infection
with λCE6 (2 X 109 pfu/ml; MOI of 5). Cell pellets obtained by centrifugation at 13,000
x g were dissolved in 100 µl of loading buffer. 25 µl of each sample was loaded onto the
gel. Lanes: 1, 10 µg purified wild type Rho; 2, RhoE211A 0-h; 3, RhoE211A 3-h after
infection; 4, RhoE211Q 0-h; 5, RhoE211Q 3-h after infection; 6, 1 µg purified wild type
Rho.
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Purification and physical structure of Rho mutants
Purification of the mutant forms was performed as in Mott et al. (1985), described
in Chapter 2. Each mutant protein eluted as a single peak (Figure 12a). In some cases,
such as R212A and D265N, each peak was accompanied by a left handed or right handed
shoulder. However, this behavior seemed exclusive to a single purification and was not
reproducible. The elution fractions that contributed to the peak were subjected to SDSPAGE and ATPase activity assay. Based on the migration pattern on the SDS-PAGE and
the activity assay, the appropriate fractions were pooled for dialysis against storage
buffer. 4-6 g of cells typically yielded 20-30 mg of each mutant Rho protein at 95-99%
purity, as assessed by SDS-PAGE (Figure 12b).
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Figure 12a. Elution profiles of Rho mutants. Elution with NaCl gradient from the
Bio-Rex 70 weak cation exchange column is shown for the Rho mutants, from a single
experiment. Left Y-axis shows absorbance units at 280 nm, right Y-axis shows
calculated concentration of NaCl, and X-axis shows the fraction number/elution volume
(fraction number = elution volume; 1 ml fractions). The indicated curves between the
points are not fits. The arrow in each profile shows where the wildtype Rho would
normally elute off the ion-exchange column.
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Figure 12b:10% SDS-PAGE of purified Rho mutant samples. 10 µg of purified
protein was loaded in each lane. Lanes: 1, 1 µg wild type Rho standard; 2, RhoE211A; 3,
RhoE211Q Rho; 4: RhoR366A; 5, RhoD265N; 6, RhoR212A; 7, wild type Rho. ~6 µl
was mixed with cracking buffer from 1.76 mg/ml solution of each purified protein. Wild
type Rho standard solution, made in the lab, is stored at -20°C at 1 µg/µl concentration.
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Size exclusion chromatography was used to investigate the oligomerization state
of mutant proteins. The calibration curve obtained using standard proteins is shown in
Figure 13. A summary of the data obtained from gel filtration experiments is shown in
Table 6. A representation of the traces obtained from one experiment is shown in Figure
14. The results indicate that the mutant proteins elute as single symmetrical peaks with
elution volumes (and peak-width-at-half-heights) similar to the wild type enzyme. The
peak elution volumes correspond to 260-285 kDa, close to the predicted molecular mass
of 282 kDa for wild type Rho, showing that the mutant enzymes were oligomerizing as
hexamers, similar to wild type Rho.

70

Figure 13: Calibration curve of gel filtration on HiLoad Superdex 200 (16 X 60)
column. Protein standards (Bio-Rad) contained a mixture of the following, as indicated
by the legend: thyroglobulin (670,000 Da), γ-globulin (158, 000 Da), ovalbumin (44,000
Da), myoglobin (17,000 Da), and vitamin B12 (1350 Da). Linear regression analysis of
the data resulted in an equation, y=-0.0404x+7.848, and was used to calculate the
molecular weight of the various mutant Rho proteins tested. The plot was generated
using the mean value obtained from 3 independent experiments.
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Figure 14: Absorbance traces from FPLC Gel Filtration Chromatography of
purified Rho preparations. Plots from a single gel filtration run are shown for wild
type and each mutant Rho proteins. Absorbance value (280 nm) is plotted versus elution
volume (Ve) for wild type Rho and each of the mutant proteins; the first 100 ml is shown
here. Runs were performed in triplicates to calculate the oligomerization state of each
protein (Table 6). The peak absorbances were between 0.03-0.04 for each protein.
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Table 6: Gel filtration Data. Elution volume was used to calculate the corresponding
molecular weight from the equation shown in Figure 13. (Average of data from three
individual experiments)
Ve (ml)

log MW

MW (Da)

oligomer

WT

59.35 ± 0.11

5.45

282094

6.0

E211A

59.24 ± 0.19

5.45

284996

6.1

E211Q

60.29 ± 0.17

5.41

258395

5.5

R366A

59.11 ± 0.54

5.46

288285

6.1

D265N

59.77 ± 0.34

5.43

271117

5.8

R212A

59.82 ± 0.28

5.43

269943

5.7
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Steady-state kinetic studies
The rate of RNA-dependent ATP hydrolysis was dramatically impacted by the
mutations created. A time course assay for ATP hydrolysis was performed with 0.5 or 5
µg of mutant protein. Wild type Rho at 50 ng was used as control (activity was not
detectable when 50 ng of mutant protein(s) was used). Figure 15 shows the rates of ATP
hydrolysis by the mutant enzymes as compared to wild type Rho (50 ng). The initial
measurement of the hydrolysis rate helped design the KM experiments.
Steady-state kinetic parameters such as KM and Vmax for ATP were also measured.
The steady-state kinetic parameters were determined as described in Chapter 2 and are
listed in Table 7 for comparison with wild type Rho. KM and Vmax for ATP for all Rho
mutants were calculated using hyperbolic regression analysis (Eq. 1), and LineweaverBurk transformations (Figure 16). Wild type Rho is shown for comparison. All Rho
mutants, except for RhoR212A, have similar KM for ATP as wild type Rho (10 µM)
(Table 7). RhoR212A has a 3-fold increase in its KM for ATP compared to wild type
Rho. The rates obtained from the time course assay (Table 7a) agree with the Vmax values
from the hyperbolic regression analyses and Lineweaver-Burk plots (Table 7b).
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Figure 15: Rate of ATP hydrolysis. Rate of RNA-dependent ATP hydrolysis was
measured with 0.5 or 5 µg of each Rho mutant, as indicated in the legend, compared with
50 ng of wild type Rho, at 37°C. The data was fit to linear regression, and the slope
obtained from each data set was used to calculate the rate of ATP hydrolysis, and used to
design KM experiments. Symbols are as follows: , wild type Rho; , RhoE211A; ,
RhoE211D; , RhoE211Q; , RhoR366A; , RhoD265N; , RhoR212A. Only one
experiment for each protein was performed.
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Figure 16: Hyperbolic Regression and Lineweaver-Burk Plots. Left panel shows the
hyperbolic regression plot analysis of the data and the right panel shows the data
transformed as Lineweaver-Burk plots. Both analyses were performed by Prism
(GraphPad) software. KM and Vmax values for the substrate, ATP, were then obtained
from each of these analyses and values from hyperbolic regression are shown in Table 7.
Symbols are as follows: , wild type Rho; , RhoE211A; , RhoE211D; ,
RhoE211Q; , RhoR366A; , RhoD265N; , RhoR212A.

78

Table 7: Steady-state kinetic parameters. A.Values calculated from linear regression analysis of ATP hydrolysis, in the
presence of RNA (Figure 15) are shown. B. Values calculated from hyperbolic regression analysis and Lineweaver-Burk plots
(in parentheses) are shown. Results from two independent experiments are shown for each mutant protein except RhoE211D
(performed only once as denoted in parentheses). The experiments were performed at 37°C with poly(C) to obtain KM for ATP
and Vmax values.
A.

V
(µmol/min/mg)

WT

E211A

E211Q

E211D

R366A

D265N

R212A

23.5

0.03

0.03

0.03

0.4

0.09

0.95

WT

E211A

E211Q

E211D (1)

R366A

D265N

R212A

14 ± 1
(13.3)
8±2
(7.6)

0.04 ± 0.01
(0.04)
3±1
(2.5)

0.13 ± 0.02
(0.1)
8±4
(8.5)

0.13
(0.13)
7
(7)

0.3 ± 0.1
(0.4)
5±2
(11)

0.11 ± 0.01
(0.11)
6±1
(5.2)

0.74 ± 0.05
(1.3)
31 ± 6
(84)

B.

Vmax
(µmol/min/mg)
KM (µM)
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Substrate binding by mutant Rho enzymes
ATP binding
The purpose of this study is to elucidate the catalytic residues involved in the
mechanism of ATP hydrolysis in Rho. It is therefore critical for us to know if each
mutant binds its substrates, ATP and RNA. Binding RNA is crucial for the ATPase
activity since Rho is an RNA-dependent ATPase. Since all of the mutant Rho proteins
assayed were significantly inactive as ATPases (Table 7), it is possible that the ATP
binding affinity is changed. Therefore, their affinity to bind ATP was tested. Figure 17
shows the ATP binding curves fit to a one-site hyperbola (Prism) for the indicated Rho
mutants, in comparison with wild type Rho. A Scatchard plot of the same data is also
shown. Analysis of the data indicates that the RhoE211 mutant proteins bind ATP with
similar affinities as wild type Rho (KD = 0.3 µM). The other Rho mutants, RhoR212A,
RhoR366A, and RhoD265N show at least a 5-fold decrease in their affinities for ATP
(Table 8): RhoD265N shows a 20-fold decrease, RhoR366A a 7-fold decrease and
RhoR212A has at least a 50-fold decrease in their affinity for ATP. Klotz (1997) argues
that binding data displayed as semilog plots more readily show if binding saturation was
achieved. The semilog plot indicated that saturating concentrations of substrate
concentrations were achieved only with wild type Rho, but not with the other mutant
proteins, indicated by the absence of the plateau in the mutant plots (data not shown).
The assay conditions are limiting, and prevent using higher substrate concentrations to
reach saturation.
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Figure 17: ATP binding. Binding experiments were performed as described in Chapter
2. Data fit to one-site hyperbola and transformed as Scatchard plots are shown. Symbols
are as follows: , wild type Rho; , RhoE211A; , RhoE211Q; , RhoR366A; ,
RhoD265N; , RhoR212A. Numerical results from the one-site hyperbolic analyses are
shown in Table 8.
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Table 8: ATP binding. The numbers shown were calculated by fitting the data to a one-site hyperbolic curve.
0.4 µM
hexamers
BMAX
(n)/hexamer

WT

E211A

E211Q

R366A

D265N

3.2 ± 0.2

2.45 ± 0.03

3.8 ± 0.1

2.5 ± 0.2

3.3 ± 0.7

KD (µM)

0.4 ± 0.1

0.31 ± 0.01

0.24 ± 0.03

1.3 ± 0.2

4.2 ± 1.5

2 µM
hexamers
BMAX
(n)/hexamer

WT

R212A

4.4 ± 0.2

3±2

KD (µM)

0.7 ± 0.2

37± 36
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RNA Binding
Rho is an RNA-dependent ATPase. There are two RNA-binding sites in Rho
with different affinities (Chen & Stitt, 2004). The secondary site, that binds RNA with
less affinity, triggers the ATPase activity of Rho upon RNA binding (discussed in detail
in Chapter 1). The reduced ATP hydrolysis rates of these Rho mutants could also arise
due to poor binding of RNA in either or both the primary and secondary sites. To
investigate the mutants’ RNA binding capabilities, RNA binding was performed with
rC10 oligomer, as described in Chapter 2. Results of rC10 RNA binding experiments are
shown in Figure 18 fit to one-site hyperbola (Prism). The plot indicates that wild type
and all mutant Rho proteins, except RhoR212A, bind rC10 with similar affinities (Table
9). RhoR212A displays a 2-fold decrease in its affinity to rC10. During analyses, I
observed that there is no difference in fit between one-site and two-site hyperbolic
analyses. The calculated binding parameters are given for the one-site hyperbolic fit.
The proteins behave as though both the sites have similar affinity for RNA binding.

85

86

Figure 18: RNA Binding. Binding experiments with rC10 oligomer and 0.4 µM hexamer
concentration were performed as described in Chapter 2. Data were fit to one-site
hyperbola using Prism. Symbols are as follows: , wild type Rho; , RhoE211A; ,
RhoE211Q; , RhoR366A; , RhoD265N; , RhoR212A. Numerical results from the
analysis are shown in Table 9.
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Table 9: RNA binding (fit to one-site binding hyperbola)

WT

E211A

E211Q

BMAX
(n)/hexamer

10.1 ± 0.8

7.4 ± 0.6

7.6± 0.6

KD (µM)

3.6 ± 1.2

2.9 ± 0.8

1.9 ± 0.7

WT

R366A

D265N

R212A

BMAX
(n)/hexamer

12.6 ± 1.1

12.5 ± 1.1

12 ± 2

12 ± 3

KD (µM)

3.8 ± 1.5

3.1 ± 1.3

5.8 ± 3.3

8.8 ± 5.5
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Pre-steady-state kinetics
Pre-steady-state kinetic measurements were obtained by performing rapid
mix/chemical quench experiments (Update Instrument). Under these conditions, wild
type Rho hydrolyzes ATP at a steady-state rate of 25/s with a burst of 0.6 (compare with
30/s rate with a burst of 1, Stitt & Xu (1998)). However, none of the Rho mutants
displayed any rate or a burst similar to wild type Rho (Figure 19, Table 10), strongly
suggesting a failure to proceed to the chemistry step, ATP hydrolysis. The control
experiments indicated that there was ≤1% background. The most active of the Rho
mutants was RhoR212A with a rate of 1.3/s; no burst was observed for this mutant either.
It is possible that the mutant proteins are inactivated because of passage through
the mixer during the rapid mix/chemical quench experiments. To eliminate this
possibility, control experiments were performed. Protein preparations at 4 mg/ml were
used in similar set up as the rapid mix/chemical quench experiments, and pushed through
the mixer at 1.6 cm/s into eppendorf tubes, and assayed for activity. The results indicate
that the mutant proteins are not inactivated as they are pushed through the mixer,
validating the results obtained from the pre-steady-state experiments that indicate that the
mutant proteins are not able to turn over substrate efficiently
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Figure 19: Rapid mix/chemical quench experiment. Shown above are plots comparing the pre-steady-state kinetics of wild type
and the Rho mutants. The insert shows the original experiments performed, with wild type Rho, while the main graph shows the first
60 msec. Notice the Y-axes values for each mutant protein assayed does not exceed 0.2, except for RhoR212A; also there is no burst.
Data from two individual experiments are shown together, except for RhoE211D and RhoR212A; performed once. Symbols are as
follows: , wild type Rho; , RhoE211A, , RhoE211D; , RhoE211Q; , RhoR366A; , RhoD265N; ◊, RhoR212A. Results
from the analysis are shown in Table 10.
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Table 10: Results of rapid mix/chemical quench experiments. Slope from each plot was used to obtain the respective rates and the
burst value was obtained from the y-intercept by linear regression analysis using Prism (GraphPad).

WT

E211A

E211D

E211Q

R366A

D265N

R212A

Rate of ATP
hydrolysis (s-1)

25.3

0.1

0.02

0.1

0.2

0 (-0.1)

1.3

Burst (nmoles of
substrate/nmoles of
protein)

0.6

0.06

0.02

0.04

0.05

0.04

0
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CHAPTER 5
DISCUSSION
Rho protein is essential in E. coli and is evolutionarily conserved across bacteria.
Rho shares structural homology, in its ATP binding domain, with other ATPases and
NTPases. Based on sequence alignment of E. coli Rho with Rho in other bacteria, and
with F1-ATPase (Opperman & Richardson, 1994), we proposed catalytic roles for
residues in Rho that were within 8 Å of the phosphorus atom of the γ-phosphoryl group
in AMPPNP in the lock washer Rho crystal structure (Skordalakes & Berger, 2003). All
of these residues are phylogenetically conserved (Opperman & Richardson, 1994).
Four residues were proposed to be involved in ATP hydrolysis: E211 as the water
activator, R212 as the γ sensor, D265 as the magnesium ion coordinator, and R366 as the
arginine finger. To test our hypothesis, site-directed mutagenesis was performed to
create each of the mutant proteins, RhoE211A, RhoE211D, RhoE211Q, RhoR212A,
RhoD265N, and RhoR366A. A cell strain, KB04 (Figure 9), was constructed for
overexpression of mutant Rho genes (Chapter 3, Figures 8 - 10). The KB04 chromosome
carries the wild type Rho gene, which it expresses at normal physiological levels.
Synthesis of the mutant protein, which is under T7 promoter control, was successfully
achieved (Figure 11) by infecting the host cell with bacteriophage lambda derivative,
λCE6, carrying the T7 RNA polymerase gene.
All mutant proteins were purified using weak cation-exchange columns. Except
for RhoE211D, the individual mutations confer a different overall charge on the Rho
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protein and therefore a different isoelectric point. Thus, the behavior of the mutant Rho
proteins would be different from the wild type while migrating/interacting with an ionexchange column, as was observed (Figure 12a). Most of the mutant proteins eluted
between 0.3-0.5 M NaCl, except RhoD265N that eluted between 0.2-0.3 M NaCl; wild
type Rho elutes between 0.27-0.3 M NaCl.
RhoE211A, RhoE211Q, and RhoD265N are all less negative than the wild type
protein, while RhoR212A and RhoR366A are less positive than the wild type protein.
RhoE211D has no change in its overall charge. It was expected that the less negative
proteins would elute later in the gradient than wild type, the more positive proteins would
elute earlier than the wild type Rho and RhoE211D would elute between 0.27-0.3 M
NaCl similar to wild type Rho. However, most of the proteins eluted between 0.3-0.5 M
NaCl, including RhoE211D, while only RhoD265N eluted between 0.2-0.3 M NaCl. It is
possible that the interaction of the mutant proteins with the weak cation exchange beads
is not as simple as predicted. It is also possible that the mutation is causing the protein
(monomer/hexamer) to interact aberrantly with the beads, due to misfolding of the
protein.
I also considered the possibility that a mutation could affect the oligomerization
of the mutant Rho. To address this issue, the mutant proteins were subjected to size
exclusion chromatography. I demonstrated that the mutant proteins oligomerize as
hexamers, similar to wild type Rho (Figure 14; Table 6). Although the results from sizeexclusion chromatography indicate that the mutant proteins oligomerize to form
hexamers, it does not indicate if the proteins are folded correctly.
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The purpose of this study was to begin characterizing the active site of Rho and
identify the amino acids that participate in and mediate ATP hydrolysis. In most P-loop
superfamily members (see Appendix 2 for those discussed in this study), there appear to
be 4 key functions that occur at the active site: activation of a water molecule, sensing
the presence or the absence of the γ-phosphoryl group (γ sensor), stabilization of the
transition state (arginine finger), and coordination of Mg2+ ion (reviewed in Ye et al.,
2004; Erzberger & Berger, 2006; Thomsen & Berger, 2008).
The role of activating a water molecule has been assigned to acid residues that act
as a general base in many members of the P-loop superfamily. This function could be
performed directly or by a network of water molecules. The exact mechanism is still
unknown, possibly due to lack of experimental evidence to support the proposed
pathway. However, the models and proposals do agree that this function is the step that
leads to chemistry. Although the crystal structures and simulation models indicate the
presence of both the acid residue and a water molecule(s) around the bound nucleotide
within distances short enough for chemistry to occur, critical experiments necessary to
support the models have not been performed. For example, in the case of the bovine F1ATPase, both crystal structures and QM/MM simulations have been obtained and
indicate that βE188 is involved in polarizing a water molecule (Abrahams et al., 1994;
Dittrich et al., 2005). However, there is no experimental evidence to support this
proposal. In the case of E. coli RecA, structural studies proposed E96 as the water
activator (Story & Steitz, 1992), and Campbell & Davis (1999) showed that E96D was
100-fold less active as an ATPase. In other proteins, ATPase and helicase activities, and
binding assays have been performed that indicate the proposed residue might perform the
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polarizing function. What I have observed is a lack of direct evidence that supports and
confirms the role of the proposed residues. For example, in the case of a residue involved
in polarizing a water molecule, direct evidence would be pre-steady-state kinetic
measurements in addition to substrate binding and steady-state kinetic rates. Thus far,
only substrate binding and steady-state rate measurements have been performed in many
cases.
In Rho, E211 is a conserved residue that we propose performs the function of
activating a water molecule, which then attacks the γ-phosphoryl group of ATP as a
nucleophile leading to hydrolysis of ATP into ADP and inorganic phosphate.
Crystallization of Rho in the presence of ATPγS, RNA and bicyclomycin (a Rho specific
inhibitor (Zwiefka et al., 1993)) reveals that the inhibitor binds in the space originally
occupied by the catalytic water molecule (Skordalakes et al., 2005), thus disrupting the
hydrogen bond established between E211, water and the bound nucleotide. If E211
performs this proposed function, then the mutations to A, D or Q would lead to a
complete disruption of the mechanism leading to an inactive protein; the ATP binding
ability might still be intact, and the RNA binding might not be affected. More
specifically, RhoE211A would be incapable of deprotonating the catalytic water, and
forming hydrogen bonds with the water due to lack of the acid group. RhoE211D is one
carbon shorter than the native residue and therefore might still be capable of forming
hydrogen bonds and deprotonating the water molecule. Evidence from studies involving
other ATPases suggests that an acid residue performs activation of a water molecule; in
most cases it is a glutamate whereas in some cases it is an aspartate (Story & Steitz, 1992;
Abrahams et al., 1994; Zhang et al., 2000). Therefore, replacing E211 with an aspartate
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residue might not alter the catalytic function of the mutant protein and RhoE211D might
function similarly to the wild type protein. RhoE211Q has an amide instead of an acid
side chain; hydrogen bonding with the water molecule is possible in this case however
polarizing the water might not be achieved. Based on these hypotheses, RhoE211A
would be most severe phenotype, RhoE211Q less severe, and RhoE211D either least
severe or similar to wild type Rho. However, I found that all the E211 mutants had
similar kinetic properties. They hydrolyze ATP at ~0.2 % of the wild type rate, bind
ATP with a KD of 0.3 µM (wild type KD is 0.4 µM), have a KM of 3-8 µM for ATP (wild
type KM for ATP is 8 µM), and bind RNA with a KD of 2-3 µM (wild type KD is 4 µM).
Pre-steady-state kinetic experiments indicated that there is no burst seen in RhoE211
mutants, which have a steady-state rate of ~0.1/s (Figure 19; Table 10); however I
observed a burst of 0.6 with wild type Rho and a rate of 25.3/s (30/s with a burst of 1
published by Stitt & Xu, 1998). The results from rapid mix/chemical quench show that
the chemistry step is achieved at a significantly slower rate (or not at all, given the scatter
in the data, and presence of wild type Rho in trace amounts) in all three RhoE211
mutants, and that the rate-limiting step might be the chemistry step, as indicated by the
absence of burst. Together, all these results indicate that even though RhoE211 mutant
proteins behave similarly to wild type Rho as displayed by their binding affinity to ATP
and RNA, there is a dramatic decrease in their ability to hydrolyze ATP. Based on the
results observed, I conclude that the E211 residue polarizes the water molecule leading to
ATP hydrolysis.
I had initially hypothesized that RhoE211D would be the least severe
modification of the three mutants while RhoE211A would be the most severe phenotype.
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However, the results showed that all three mutants behaved similarly to one another.
RhoE211D characterization was not performed as described for the other two E211
mutants. RhoE211D was assayed for its ATPase activity, KM for ATP and pre-steadystate kinetics only once. The results indicated that its behavior was similar to RhoE211A
and RhoE211Q, contrary to the hypothesis, and therefore was not further characterized.
The behavior of RhoE211D suggests that even a conservative substitution is not tolerated
and that the residue performing the function of polarizing the water molecule is critical.
R212 was proposed to function as the γ sensor. This residue recognizes the
presence of ATP, and upon hydrolysis, relays the message to the rest of the protein, thus
invoking the necessary conformational changes. In other structural homologs belonging
to the P-loop superfamily, this function is performed by a variety of residues. In the φ12
packaging protein, N234 was proposed to function as the γ sensor (Mancini et al., 2004).
In their recently solved crystal structure of a N243G mutant form, Kainov et al. (2008)
showed that the mutant protein had a similar conformation as the wild type-ADP
complex (which is different from the wild type-AMPCPP bound complex; AMPCPP is
an ATP analog), demonstrating that the mutant protein could not differentiate between
the substrate and product. The N243G mutant protein was also defective as an ATPase.
These results are consistent with the authors’ hypothesis that N243 functions as the γsensor in φ12 packaging protein. In RecA, Q194 was proposed to function as the γ sensor
(Story & Steitz, 1992), and Kelley & Knight (1997) further supported the hypothesis by
showing that the Q194 mutant proteins behaved aberrantly when assayed for substrate
binding (ssDNA and ATP). Monitoring fluorescence changes, by using mant-tagged
nucleotides as substrates or tryptophan induced fluorescence, research groups have
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provided evidence that implicate the proposed residues as the γ sensor in the respective
proteins (Masaike et al., 2002; Rice et al., 1999). Soultanas & Wigley (2002) provide
support to the hypothesis that Q362 is the γ sensor in DnaB by showing that the mutant
protein was ineffective as a helicase and ATPase, and that the binding parameters for
ATP were not similar to the wild type protein.
The residue proposed to function as the γ-sensor in Rho was R212. If our
hypothesis were true, then mutating R212 to alanine (R212A) would affect not only the
KD for ATP and RNA but also the RNA-dependent ATP hydrolysis rate.

Results from

the experiments revealed that RhoR212A was only 5% as active as wild type. Its KM for
ATP was 3-fold higher (30 µM) than the wild type protein (10 µM), its KD for ATP was
at least 50-fold higher, and it displayed at least a 2-fold increase in its KD for RNA. Since
R212A displays at least a 50-fold increase in its KD for ATP, a 2-fold increase in its KD
for RNA, and a 3-fold increase in its KM for ATP, the experimental conditions were
altered; 740 µM ATP with 0.8 mg/ml poly(C) were mixed with 1.76 mg/ml RhoR212A.
Under these conditions, RhoR212A hydrolyzed 3.5 ATP/s with a burst of 0.08, when
assayed for 60 msec. When the rate of hydrolysis was measured for longer time periods
(up to 6 sec), RhoR212A hydrolyzed 1.3 ATP molecules/s (0 burst), The longer duration
helped determine whether the initial faster burst phase was altered such that the
chemistry/hydrolysis step is still faster than the other steps similar to wild type Rho,
however at <300/s. From the result obtained it can be concluded that RhoR212A is
capable of turning over product although at a much slower rate (7-fold slower than wild
type Rho). Also, from the results, it is clear that the rate-limiting step might be the
chemistry step, ATP hydrolysis. It is also possible that the rate of catalysis is retarded
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due to the decreased substrate affinity of the RhoR212A mutant protein, suggesting that
the residue is involved in substrate binding, similar to other P-loop superfamily proteins.
The mutant protein might not be able to distinguish between ATP and ADP and therefore
achieve the correct conformation for either substrate binding, or product release (Figure
20). The results observed are consistent with the hypothesized role that R212 functions
as the γ-sensor in Rho.
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Figure 20: Conformational changes possible in Rho. This is a schematic representation of the catalytic cycle of Rho with its
two substrates, RNA and ATP. Various possible conformational changes that Rho undergoes are indicated here along with the
steps of the catalytic cycle.
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The function assigned to R366 is that of an arginine finger, which stabilizes the
transition state. This concept proposed by groups researching G proteins, also part of the
P-loop superfamily, explains that an arginine residue (sometimes a lysine) from an
accessory protein becomes part of the active site once the two proteins interact. The
function performed by the arginine finger is to stabilize the transition state by
neutralizing any negative charges created as part of the hydrolysis reaction, therefore
facilitating the forward reaction (Rittinger et al., 1997). If our hypothesis is correct, that
R366 from the adjacent subunit functions as the arginine finger in Rho, then the catalytic
forward reaction would be less favorable (KM=KD+ kcat/kon), leading to a decrease in the
difference between KM and KD for ATP, and a decrease in the kcat. Studies on other related
proteins suggest that the arginine/lysine finger is involved in the chemistry step and
replacing the residue functioning as the arginine finger would result in inactive mutant
proteins (Rittinger et al., 1997; Bourne, 1997; Gai et al., 2004; Abrahams et al., 1994).
Evidence supporting this proposed role in other P-loop proteins is incomplete; there are
no pre-steady-state kinetic measurements or other experimental evidence that show that
mutants of the residue (arginine finger) cannot achieve chemistry, or do so at an altered
rate than the wild type protein. One of the key pieces of evidence, for F1-ATPase, was
presented by Nadanaciva et al. (1999b). They showed that their α-R376 mutant protein
was unable to bind the transition state analog, MgADP-fluoroaluminate, while it bound
MgATP and MgADP similarly to the wild type protein (Nadanaciva et al., 1999b).
Similar evidence/support is lacking for many P-loop proteins.
Our experiments indicate that RhoR366A hydrolyzes ATP at 2% the rate of wild
type protein, has a KM for ATP (5 µM) similar to the wild type Rho, KD for RNA similar
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to wild type Rho, and at least a 5-fold increase in its KD for ATP (1.4 µM). Pre-steadystate kinetic experiments showed that there was no burst displayed by this mutant during
ATP hydrolysis (0.2/s; Figure 19; Table 10), indicating failure to achieve the chemistry
step. Since the residue inserts itself into the active site from an adjacent subunit, decrease
in its affinity for ATP could be caused because the binding pocket is not formed
efficiently. Rapid mix/ chemical quench experiments indicate that the mutant protein is
unable to turn over substrate, suggesting the importance of this residue in executing
chemistry, and that the rate-limiting step might be the chemistry step. The decreased
affinity for ATP in this Rho mutant could be affecting the turnover rate, and it is possible
that the chemistry step occurs at significantly slower rate. The results obtained are
consistent with the proposed role for as an arginine finger in Rho.
All enzymatic reactions involving ATP involve a divalent cation, usually Mg2+,
complexed with the nucleotide (MgATP) (Walsh, 1979; Lowery-Goldhammer &
Richardson, 1974; Weber et al., 1998). MgATP is then bound in the active site of the
protein by various amino acids, including a highly conserved aspartate located in the
Walker B motif (Walker et al., 1982). Many studies have shown that the residue(s)
involved in Mg2+ coordination is very important for catalysis, and significant in the
chemistry step (Weber et al., 1998; Rombel et al., 1999; Soultanas & Wigley, 2002;
Zhang et al., 2002). What is lacking in the available evidence is whether the mutant
proteins turnover substrate, and what the rate-limiting step in the mutant proteins is
compared to the wild type protein.
In Rho the residue responsible for Mg2+ coordination is D265. Dombroski et al.
(1988), when they characterized residues involved in ATP binding, observed that
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RhoD265N had a 125-fold decrease in Vmax but had similar KM for ATP and RNA binding
affinity. My results for RhoD265N revealed that it is only 0.8% as active as wild type
Rho, with similar KM for ATP (6 µM) as wild type Rho. There was a 10-fold increase in
its KD (4.2 µM) for ATP as compared to wild type Rho; however the affinity for RNA
remained unchanged. Pre-steady-state kinetic measurements indicated that there was no
burst and the mutant protein was inactive (Figure 19, Table 10), indicating the inability of
the mutant protein to achieve chemistry that might be now rate-limiting. The decreased
affinity for ATP was expected for RhoD265N, because of the proposed role in
coordinating the magnesium ion of the substrate MgATP. Mg2+ forms up to six
coordinate covalent bonds. It establishes two bonds with the β- and the γ-phosphoryl
groups of ATP and one with the aspartate of Walker B. There are still up to three bonds
that need to be established to fulfill the octahedral coordination state of Mg2+. Two
residues from the Walker A/P-loop motif, K184 and T185, might be involved in
coordinating the divalent ion, located within 3Å of the bound Mg2+ (PDB: 3ICE;
Thomsen & Berger, 2009). Weber et al. (1998) showed that mutating even one residue
that is involved in Mg2+ coordination in F1-ATPase was sufficient to alter the binding
affinity for ATP and render the mutant protein inactive. Their data suggest that the
network of coordination is key and could directly affect the chemistry step. The
experimental data obtained for RhoD265N are consistent with the involvement of the
residue in Mg2+ coordination and also is critical for the chemistry step.
Size exclusion chromatography indicates that all the proteins are oligomerizing as
hexamers. However, we speculated that the mutant proteins could still be misfolded.
The ATP and RNA binding experiments indicate that all the mutant proteins bind 3 ATP
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per hexamer and 10-12 RNA oligomers per hexamer, similar to wild type Rho, firmly
convincing that the binding pockets are intact. These results suggest that the mutations in
the protein do not cause abnormalities with respect to the binding sites of the substrates,
leading us to believe that the lack of hydrolysis activity is due to the lack of the
functional side chains of these amino acids. Collectively, the study indicates that the
proposed residues affect the active site in their proposed roles.
There are few more aspects that need to be examined. Although R212’s proposed
role as the γ-sensor is confirmed based on the results observed, the conformational
changes that are mediated by the residue still need to be investigated. There are multiple
conformational changes that possibly occur as shown in Figure 20. The γ-sensor could
sense substrate binding, leading to the conformational changes that bring about
hydrolysis, and/or it could sense product formation, leading to the conformational
changes that lead to product release. It is also possible that there are other residues in the
vicinity that aid in its function. Chen & Stitt (2009) show that the release of ADP from
Rho is 90 molecules of ADP per second. It may be one of the rate-limiting events in
Rho, in addition to conformational changes and RNA release. Any one or all of the
conformational changes shown in Figure 20 could be affected/sensed by the γ sensor. It
is also possible that one or all of the intermediate conformational changes, shown in
Figure 20, are affected by mutating any of the residues in this study, E211, R366 and
D265, that are reflected as altered or abrogated hyrolysis rate, similar to RhoR212A.
In all of the mutant proteins assayed, there was no burst observed in the rapid
mix/chemical quench experiments. The rate obtained showed that the mutant proteins are
all inactive (scatter in the data; as low as 0-0.1/s; RhoR212A was most active at 1/s).
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One of the reasons for this observation could be that the mixer was inactivating the
mutant proteins. Experiments performed to test this hypothesis indicated that the mixer
was not inactivating the proteins and the results observed were because the mutant
proteins were inactive as ATPases. The results obtained from the rapid mix/chemical
quench experiments indicate that in the mutant proteins, the rate-limiting step could be
the hydrolysis or chemistry step, dissimilar to wild type Rho.
The mutant proteins were purified using a system that enabled overexpression of
the mutant Rho genes, while the endogenous wild type Rho was still present at normal
amounts; the initial plan was to construct a cell system that would enable us to separate
the wild type Rho protein from the mutant Rho proteins. In each mutant protein
preparation, there could be up to 1% wild type protein present as a contaminant. This
trace amount of wild type Rho present in each preparation is what could be causing the
activity observed, assuming that there is random mixing of hexamers, and that one wild
type subunit in a mixed hexamer is sufficient for activity. If this hypothesis is true, then
the activities observed during pre-steady-state kinetic conditions would be a result of the
presence of wild type Rho (discussed more in detail in Appendix 1). The mutant proteins
are thus inactive, and therefore critical for the chemistry/catalysis of ATP. Further
support to this conclusion is provided by the experiment (Chapter 3) that shows that none
of the mutant Rho proteins were able to sustain BLS 107 (pPMRho) confirming that the
mutant proteins are inactive.
When we started this study, the hypothesis and experimental design was based on
the incomplete knowledge available on the residues involved and their respective
functions. However, our study has not only tested our hypothesis to be true for Rho, but
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also provided biochemical evidence to support the proposed roles and models. Using this
as a foundation, further experiments such as helicase activity assays, ADP binding, and
monitoring fluorescence changes, using RhoF355W (Xu et al., 2003), could be designed
for all or some of the mutant proteins. Analysis of the latest crystal structure (PDB:
3ICE; Thomsen & Berger, 2009) reveals twelve residues within 4Å of the ATP binding
pocket, P-loop residues (179-186), L320, E211, R212, D265, and F355 from the same
subunit, and R366, K367 and G337 from the adjacent subunit (Figure 21). P-loop
residues are involved in binding and positioning of ATP (Walker et al., 1982; Story &
Steitz, 1992; Abrahams et al., 1994; Richardson, 2002; Ye et al., 2004), E211, R212,
D265, and R366 from the adjacent subunit have been implicated as part of the active site
from this study. There are 4 residues left that could be involved in forming the active
site, binding ATP, binding RNA, aiding in conformational changes, and/or movement of
RNA. Polarization of a water molecule requires an acid residue, and only E211 is in
close proximity to the γ-phosphoryl group of the bound nucleotide to perform this
function. K367 located next to R366, from the adjacent subunit, could also function as a
lysine finger. Studying this residue could help eliminate this possibility or add to the
active site. G337 from the adjacent subunit inserts itself into the active site. This residue
could function as the γ-sensor in addition to R212 (Figure 21), and aid in conformational
changes occurring throughout catalysis. L320 and F355 could be involved in substrate
binding, and orientation. Xu et al., (2003) showed that F355 is involved in ATP binding
by studying fluorescence quenching in an F355W mutant. So far there are no studies
implicating L320 in catalysis. However, leucine is a hydrophobic residue involved in
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hydrophobic interactions. Examining this residue could further help characterize the
active site.
Many motor proteins, such as Rho, myosin, kinesin, F1-ATPase, DNA helicases,
and RNA helicases, are members of the P-loop superfamily of proteins. In most of these
proteins and other members of the P-loop superfamily (some proteases, and packaging
proteins), hydrolysis of the bound nucleotide is coupled to movement of or along the
bound oligonucleotide or protein (Ye et al., 2004; Erzberger & Berger, 2006; Thomsen &
Berger, 2008). Utilizing the available crystal structures for Rho to date, many models
have been proposed as to how the RNA strand binds to Rho and how Rho travels along
the RNA strand directionally (Richardson, 2003; Skordalakes & Berger, 2006; Thomsen
& Berger, 2009). Certain amino acid residues have been implicated in executing this
function, some of which are located in the Q and R loops at the C-terminus. However,
there are inconsistencies and disagreements between these models. Utilizing the results
from this study, further research can be executed to test the proposed models thus far.
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P loop

Figure 21: PyMol representation of residues within 4Å of the bound
ADP•BeF3•Mg2+. Residues indicated in red are the already studied amino acids.
Residues in purple are those that might be future candidates for study. Notice that the Ploop residues are also in purple, and have already been established as important in
binding ATP. Generated using PDB: 3ICE and PyMol (DeLano Scientific).
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APPENDIX 1
CONSIDERATION OF WILD TYPE CONTAMINATION OF
MUTANT RHO PREPARATIONS
The cell strain used in this study, KB04, carries the wild type form of Rho,
expressed at normal physiological levels, in its chromosome, while the mutant form of
Rho is overexpressed from a plasmid; the mutant Rho gene is under the control of a T7
promoter. Overexpression of the mutant protein is achieved by infecting the cell with
λCE6, carrying the T7 RNA polymerase gene. When mutant proteins are purified, each
preparation would also contain the wild type protein. The residues studied are part of the
active site. Any mutation at these residues is highly likely to result in an inactive protein.
The results however suggest that none of the mutant proteins is completely inactive (0.25% ATPase activity observed). One reason could be that the mutant proteins are
themselves poor ATPases. Previous studies in other P-loop proteins found that all
display an inefficiency in the activity measured: ATPase and/or helicase (See Chapter 1
and 5), and not a complete abrogation. In many cases, there is no evidence that the
mutant proteins alone that were expressed and assayed for activity.
Another reason for the observed activity in the mutant Rho proteins could be that
the surrounding residues are compensating for the function of the mutated residue, and
therefore yield the results observed. One way to eliminate or confirm this possibility
would be to create double mutants (or triple or quadruple) of the active site residues and
characterize them. Activity measurements can also be obtained by performing
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complementation studies by mixing two mutant forms of proteins, and assess for
rescue/compensatory behavior as performed for E96D and K248R of RecA (Cox et al.,
2006).
However, the presence of wild type Rho albeit as a contaminant in each mutant
protein preparation cannot be ignored. It is possible that the activity measured is that of
the wild type Rho present in each of the mutant protein preparations. Finger &
Richardson (1981) obtained a yield of 9 mg of purified Rho from 200 g of uninduced E.
coli cells (57% recovery). Based on this information, 4-6 g of cells would yield 0.180.27 mg of wild type Rho in each mutant preparation, although the method used for
purification is different (Mott et al., 1985) from that used by Finger & Richardson
(1981). Each mutant purification process yielded up to 30 mg of protein. The
contamination from wild type Rho would be ≤1%.
Previous studies in our lab and in other labs working with Rho have indicated that
mixing of hexamers leads to formation of Rho forms that in some cases are lethal to the
cell (Ruteshouser & Richardson, 1986; Washburn & Stitt, 1995; Chen & Stitt, 2004).
This mixing could be random or highly preferential. Monomers of wild type Rho could
associate with monomers of mutant protein at random or could only exist as
homohexamer at all times. Evidence however points to mixing at random; we were
unable to recover plasmid transformants when the mutant Rho gene was constitutively
expressed in the presence of the wild type Rho gene (see Chapter 3 for more details)
consistent with random mixing. Using the binomial expansion, we can predict the
proportions of the different forms of mixed hexamers. There are two forms of monomers
per protein preparation: mutant, x, and wild type, y. The calculations based on Finger &
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Richardson (1981) indicate ≤1% wild type Rho per protein preparation. An expansion of
the binomial equation (x+y)6 shows 5 forms of mixed hexamers with various
permutations.

(x + y)6 = x 6 + 6x 5 y +15x 4 y 2 + 20x 3 y 3 +15x 2 y 4 + 6xy 5 + y 6 Eq. 1
The coefficient in each individual term is the number of permutations of the mixed
hexameric form (Figure 21).

€

There is 99% mutant protein and 1% wild type Rho present in each preparation.
Using Eq. 1, we can obtain the probability for each form of mixed hexamer, and obtain
an estimated amount of each in 5 µg of protein (the amount that was used in ATPase
assays). Wild type Rho hydrolyzes ATP at a Vmax of ~14 µmol/min/mg and RhoR212A,
the most active among the mutant Rho proteins, hydrolyzes ATP at 0.74 µmol/min/mg
(Table 7). Using 0.99 and 0.01 in the above equation, the probabilities of the various
forms of hexamers in a protein preparation were calculated and are shown in Table 11.
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Figure 21: Mixed hexamers. A schematic representation of one combination of mutant
vs. wild type monomers to form a hexamer. If there are 2 mutant monomers and 4 wild
type monomers forming hexamers, then the number of permutations of this mut2wt4
form would be 15 (as shown in Eq. 1), with the monomers occupying any of the 6
“positions” in a hexamer.
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Table 11: Probabilities and amounts of the various forms of Rho hexamers.
Calculated probability values for the forms of Rho hexamers in the mutant protein
preparation. These calculations assume that there is ≤1% wild type Rho per mutant
protein preparation. x is mutant monomers and y is wild type monomers.
Probability

Amount (µg)

x6

0.94

4.7

6x5y

0.057

0.29

15x4y2

1.4x10-3

7x10-3

20x3y3

1.94x10-5

9.7x10-5

15x2y4

1.47x10-7

7.4x10-7

6xy5

5.94x10-10

3x10-9

y6

1x10-12

5x10-12
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In 5 µg of total protein, there is 4.7 µg of mutant Rho hexamers and about 0.3 µg
of mixed hexamers (amount of wild type Rho hexamers is very low given the probability
and concentration of wild type). If we hypothesize that a hexamer is active if at least 1
wild type monomer is active then all of the mixed monomeric forms are as active as wild
type Rho. If the 300 ng of mixed hexamers were 100% active, then the activity observed
for RhoR212A is in the expected range, and we can conclude that there is ≤1% wild type
Rho present as contaminant. However, when we examine the other mutant Rho proteins,
the observed activity is 0.2-2%, which means that the hypothesis that presence of at least
1 wild type monomer is false. If we hypothesize that only the homohexameric form of
wild type Rho is active, then the contribution of activity from the wild type Rho
hexamers would not be observed, because it is present at such a low probability (1x10-12),
and no mutant activity would be observed in the ATPase assay. Therefore this
hypothesis is also false. It is possible that two wild type monomers are sufficient;
however such hypothesis and predictions of the outcome are more complicated. For
example, it could be possible that the wild type monomers have to be adjacent to each
other in order for the mixed hexamer to hydrolyze at the rate of wild type Rho (hexamer).
However, gaining experimental knowledge of such situations is difficult because Rho
forms hexamers as soon as RNA is added to the reaction mixture, and rate of ATP
hydrolysis in the absence of RNA is 100,000-fold slower (Stitt, 1988).
Another possibility is that there is 5% wild type contamination in each protein
preparation (mutant at 0.95 & wild type at 0.05). Using a similar approach we can
propose the following. If only homohexameric wild type Rho is active, then given the
probability of wild type Rho hexamers (1.6x10-8), the activity would be negligible and
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would not be observed. However, we observe 0.2-5% activity for the various mutant
proteins studied. Therefore, this hypothesis is also false. If at least 1 monomer of wild
type Rho were sufficient for the hexamer to be100% active, then 1.3 µg of mixed
hexamers (and wild type homohexamers) would be present in 5 µg of total protein, and
the activity measured would be significantly higher than the observed rate. Therefore this
hypothesis is also false. It is likely that the mutant proteins themselves are poor
ATPases, especially since none of the mutant Rho genes were able to sustain BLS107
(pPMRho) (see Chapter 3) suggesting that the activity observed for each mutant Rho
protein is not sufficient for the cell to survive.
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APPENDIX 2
MEMBERS OF THE P-LOOP SUPERFAMILY OF PROTEINS AND
THEIR ROLES
Proteins listed in this appendix are discussed in the text. All of these proteins possess the
P-loop (Walker A) and Walker B motifs, and hydrolyze the bound NTP to NDP and Pi.
Most of the proteins are multimers and motor proteins, except for RecA which is a
monomer. In the case of the F1-ATPase, ATP hydrolysis is used to maintain the proton
gradient and electromotive force, and therefore has no macromolecular substrate.
Name of
Protein
RecA

Function

NTP
substrate
ATP

Bacterial recombinase

Macromolecule
ssDNA

Oligomeric
state
Monomer

F1 ATP
synthase
(F1ATPase)

ATP synthesis and hydrolysis;
electron transport/proton
gradient

ATP

Kinesin

Move along microtubules
transporting cellular cargo;
support mitosis and meiosis

ATP

Microtubules

Dimer

Myosin

Responsible for actin-based
motility

ATP

Actin

Monomerhexamer

G Proteins

Cell signaling

GTP

GAP

Heterodimer
(with GAP)

DnaB

Bacterial DNA helicase

ATP

DNA

Hexamer

NtrC, PspF

Sigma (σ54) activators;
transcription enhancers

ATP

σ54 protein

Hexamer

P4
packaging
protein

Packages RNA into capsids of
φ12 bacteriophage

ATP

RNA

Hexamer

L Tag

SV40 viral helicase

ATP

DNA

Hexamer
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Heptamer
(α3β3γ)

