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1	  

Abstract 

Structural Studies of Translocation Mechanism and Chemomechanical  

Coupling in Hexameric Helicases 

by 

Nathan David Thomsen 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor James M. Berger, Chair 

 

Ring-shaped oligomeric ATPases are essential for a variety of cellular processes ranging 
from protein and nucleic acid metabolism to organelle transport.  A subset of these motor 
proteins, the hexameric helicases, couple the binding and hydrolysis of ATP to the physical 
manipulation of nucleic acids in processes such as gene regulation, DNA replication, and DNA 
repair.  Although all known hexameric helicases belong to the P-loop ATPase protein 
superfamily, they have diverged into two sub-families distinguished by their opposing 
translocation directions along single stranded nucleic acids:  the 3’-5’ AAA+ and the 5’-3’ 
RecA-like enzymes.  To understand the translocation mechanism of a 5’-3’ RecA-like hexameric 
helicase, I crystallized the Rho transcription termination factor from E. coli bound to both RNA 
and ADP•BeF3.  After overcoming a unique case of non-merohedral twinning, I solved multiple 
structures of an asymmetric Rho hexamer representing potential translocation intermediates.  The 
ligand binding states observed in the structures reveal the mechanism by which nucleic acid 
binding stimulates ATPase activity and how this activity is linked to nucleic acid translocation in 
Rho.  Comparisons with the 3’-5’ AAA+ hexameric helicase E1, from papillomavirus, further 
reveal the structural basis for translocation polarity in AAA+ and RecA-like hexameric helicases.  
The work presented in this dissertation helps to explain years of biochemical studies, unifies 
many elements of RecA-like hexameric helicase mechanism, and has implications for 
understanding the hexameric motor protein family as a whole. 
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Chapter 1 - Introduction to Helicases and ASCE Motors 
	  
(Portions reproduced from: Thomsen, N.D., and Berger, J.M. (2008). Mol. Microbiol. 69, 1071-
1090, and Thomsen, N.D., and Berger, J.M. (2009). Cell 139, 523-534.) 
 
 
Helicases and Nucleic Acid Translocases 

Helicases and nucleic acid translocases are responsible for the movement and unwinding 
of nucleic acids in all known biological systems.  They have critical roles in those processes 
defining the central dogma of molecular biology such as DNA replication, transcription, and 
translation, but also in processes such as mRNP remodeling, bacterial conjugation, chromosome 
partitioning, and viral genome packaging (Delagoutte and von Hippel, 2002, 2003; Patel and 
Picha, 2000; Singleton et al., 2007).  In all cases, helicases/translocases use energy in the form of 
nucleotide triphosphates (NTPs) to power movement along nucleic acid or the unwinding of 
nucleic acid duplexes.   

All helicases/translocases belong to the Additional Strand Catalytic “E” (ASCE) P-loop 
super group of adenosine triphosphate (ATP) dependent motors (Leipe et al., 2003), and are thus 
built upon a common nucleotide binding fold containing the Walker-A and Walker-B ATP 
binding motifs (Figure 1.1) (Walker et al., 1982).  Helicases have been classified into six distinct 
superfamilies (SF1-6) based on sequence and structure analysis (Singleton et al., 2007).  
Interestingly, the superfamilies share little sequence similarity apart from the Walker-A/B ATP 
binding motifs and are widely distributed across the ASCE super-group (Figure 1.1). 
 
 
ASCE P-loop Motors 

The Additional Strand Catalytic Glutamate (ASCE) P-loop family (Leipe et al., 2003) is 
one of the largest and most functionally diverse classes of ATP-dependent motors (Figure 1.1).  
It can be broadly divided into two divergent sub-families, the RecA-like and AAA+ (ATPases 
Associated with various cellular Activities) proteins.  Although all ASCE P-loop members are 
sometimes referred to as RecA-like proteins, due to the similarity of their core ATP binding fold 
to the RecA recombination factor (Story et al., 1992), there are critical differences between the 
RecA and AAA+ subgroup.  For example, the core nucleotide-binding folds of RecA-like and 
AAA+ proteins are related, but differ in the details of their topology, conserved ATP-binding 
residues, and the orientation of individual motor domains in higher-order quaternary states 
(Caruthers and McKay, 2002; Erzberger and Berger, 2006; Iyer et al., 2004b; Wang, 2004).   
Despite these differences, RecA and AAA+ proteins both rely on similar mechanisms for the 
generation of movement, in which ATP binding induces internal conformational changes within 
a single motor subunit, which are then amplified by the remodeling of inter-subunit interfaces via 
trans-acting γ-phosphate sensor motifs. 
 
RecA-like motors 

The RecA-like family can be divided into four major evolutionarily related groups: the 
ABC ATPases, superfamily 1/superfamily 2 (SF1/SF2) helicases, the PilT/FtsK secretory 
ATPases, and the classic RecA/F1 family (Iyer et al., 2004b) (Figure 1.1).  RecA-like ATPases 
are defined by a six- to seven-strand β-sheet sandwiched between a series of α-helices (Figure 
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1.2A) (Story and Steitz, 1992; Story et al., 1992).  Residues responsible for ATPase function are 
located almost exclusively on loops connecting the C-termini of central β-strands to downstream 
helical elements.  In almost all cases, non-conserved accessory domains are attached to or 
inserted within the RecA-like fold, such as the C-terminal helical bundles commonly found in 
RecA/F1 family members, or domains Ib and IIb found in SF1/SF2 helicases. 

Conserved elements known as Walker-A and Walker-B motifs, so termed for their 
identification in the sequence of the bovine mitochondrial F1-ATPase and other ATP binding 
enzymes (Walker et al., 1982), contain the only catalytic residues that are strictly conserved 
among all RecA family members.  The Walker-A motif (W-A), also referred to as the phosphate-
binding, or P-loop, is located between strand β-1 and helix α-A, and generally bears the 
consensus sequence [G/A]xxxxGK[T/S] (Figure 1.2A) (Walker et al., 1982).  The backbone 
amide groups of the glycines coordinate the phosphate groups of ATP, the conserved lysine 
forms ion pairs with the β- and γ-phosphates, and the threonine/serine residue coordinates a 
critical Mg2+ ion (Figure 1.2B).  The Walker-B motif (W-B), located between strand β-4 and 
helix α-D, contains the consensus sequence φφφφ[D/E] (in which φ is a hydrophobic residue) 
(Walker et al., 1982), where the conserved acidic group further coordinates the Mg2+ ion 
associated with the β- and γ-phosphates of ATP (Abrahams et al., 1994; Story and Steitz, 1992).  
The spatial position of the catalytic glutamate that gives its name to the ASCE superfamily is 
conserved in the active site of different RecA-like family members, but is located at different 
points in the amino acid sequence.  For example, in the F1/RecA and PilT/FtsK families, the 
catalytic residue is located on a loop between strand β-2 and helix α-B (Figure 1.2A) (Story and 
Steitz, 1992; Yeo et al., 2000).  By contrast, in SF1/SF2 and the ABC ATPase families, the 
catalytic glutamate is located immediately after the aspartate of the W-B motif (Figure 1.2A) 
(Geourjon et al., 2001; Hung et al., 1998; Subramanya et al., 1996).  In both instances, this 
residue is postulated to activate a water molecule for nucleophilic attack on the γ-phosphate 
(Geourjon et al., 2001).  Another component of the active site conserved in many RecA-like 
ATPases is a polar residue at the C-terminal tip of strand β-5 that might function as a γ-
phosphate sensor in order to transmit conformational changes to other parts of the protein upon 
ATP binding (Iyer et al., 2004b; Story and Steitz, 1992; Yoshida and Amano, 1995).  Such a 
function might parallel the analogous switch-II region of G-proteins (Milburn et al., 1990), 
which are distantly related to ASCE P-loop ATPases within the broader P-loop NTPase 
superfamily (Leipe et al., 2002).  Finally, nearly all RecA-like ATPases, apart from the ABC 
class (see below and Figures 1.2 and S1.1), contain an arginine (or lysine) finger similar to 
those first observed in GTPase activating proteins (Wittinghofer et al., 1997).   Since this amino 
acid typically contributes to the active site of a partner subunit in-trans, the arginine finger helps 
couple ATP binding and hydrolysis to large-scale conformational changes between adjacent 
RecA folds.  The positive charge on the guanidinium group of the arginine is critical for ATPase 
activity, and helps to stabilize the pentavalent transition state that forms during hydrolysis (Braig 
et al., 2000; Nadanaciva et al., 1999; Ogura et al., 2004).  

RecA-like ATPases typically exhibit nucleotide-dependent movement of substrate-
binding loops that are adjacent to the ATP binding site.  In some cases, this movement appears to 
be coupled to twisting of the central β-sheet of the RecA-fold.  This β-sheet deformation has 
been proposed to store energy elastically (Sun et al., 2003), and can lead to large motions in 
accessory domains.  The F1-ATPase, which has served as a model system for studies of 
oligomeric RecA-type proteins, illustrates both of these effects clearly (Figure 1.2C) (Abrahams 
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et al., 1994; Kabaleeswaran et al., 2006).  F1 is a hetero-hexamer containing three active β-
subunits and three inactive α-subunits in an alternating arrangement (Abrahams et al., 1994).  
Two loops, designated here as L1 and L2 in accordance with the nomenclature for RecA (Story 
et al., 1992), contact the internal γ-shaft subunit and undergo small but distinct conformational 
changes between the ATP-bound and empty subunits.  Similar ATP-dependent loop movements 
have also been observed in other well-studied hexameric or filamentous RecA-like motors whose 
nucleic acid binding sites reside in the central channel formed by the L1/L2 loops.  These 
proteins include RecA itself (Krishna et al., 2007), the phage T7-gp4 helicase (Singleton et al., 
2000), the bacteriophage φ12 P4 RNA packaging motor (Mancini et al., 2004), and the E. coli 
Rho transcription termination factor (Skordalakes and Berger, 2006).  Interestingly, in the SF1 
helicases PcrA and UvrD (which bind target nucleic acid substrates in a very different fashion), 
loops topologically equivalent to L1/L2 also undergo ATP-dependent conformational shifts and 
contain residues that base stack with bound nucleic acid (Figure 1.2D) (Lee and Yang, 2006; 
Velankar et al., 1999).  No other RecA-like proteins to date have illustrated the drastic flexing of 
the β-sheet observed in F1, which might reflect a unique characteristic of this motor but could 
also be due to the fact that structures of RecA-like hexameric translocases bound to both ATP 
and their protein or nucleic-acid substrates have remained elusive. 

Although the intra-domain conformational changes due to ATP binding are relatively 
small, the oligomeric nature of RecA-like motors allows these transitions to be amplified through 
inter-subunit or inter-domain (in the case of SF1/SF2 family members) interfaces.  Structural 
analyses of the SF1 helicases PcrA and UvrD have illustrated this principle particularly well, 
since they represent some of the few RecA motors imaged in the presence of nucleic-acid 
substrates in multiple nucleotide-bound states (Figure 1.2D) (Lee and Yang, 2006; Velankar et 
al., 1999).  In the inactive or empty conformation, the two RecA folds of the helicases splay 
apart, removing the arginine finger in domain IIa from the ATP-binding site in domain Ia.  Upon 
binding ATP, domain IIa rotates inward to insert its arginine finger into the catalytic pocket of 
domain Ia, thereby promoting ATP hydrolysis.  This movement is thought to be coupled to the 
translocation of single-stranded nucleic acid across the tandem RecA domain surface, using base 
stacking and nucleic acid backbone-binding residues located on substrate-binding loops to grip 
and pull DNA (Velankar et al., 1999).  Unwinding of duplex DNA occurs concomitantly with 
this motion by splitting the duplex across a wedge element in domain IIa (Lee and Yang, 2006; 
Velankar et al., 1999).  Significant inter-domain movements have been observed in the 
conserved RecA domains of other nucleic-acid bound SF1 helicases such as E. coli Rep (Korolev 
et al., 1997), as well as in SF2 helicases such as HCV-NS3 (Kim et al., 1998), archaeal Rad54 
(Durr et al., 2005), and Hel308 (Buttner et al., 2007).  It is notable that only nucleic-acid bound 
SF1/SF2 helicases have illustrated both the open and closed states clearly.  A possible 
explanation was provided by recent single-molecule fluorescence resonance energy transfer 
(FRET) studies of substrate dependent domain movements in the SF2 RNA helicase YxiN from 
Bacillus subtilis (Theissen et al., 2008).  This study revealed that cooperative binding of both 
ATP and nucleic acid substrate were required for the helicase to adopt the closed conformation.  
Although the substrate binding modes and quaternary organization of the hexameric motors are 
quite different, the movements observed in SF1/SF2 helicases currently serve as some of the 
most complete models of inter-domain communication in the RecA-like polymer-dependent 
ATPases. 

The catalytic motifs and inter-subunit/domain conformational changes described thus far 
can be generalized to most RecA-like proteins, with the exception of the ABC ATPases.  
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Although the small molecule transporters of the ABC class are outside the scope of this 
introduction, a number of ABC proteins have been identified as DNA-dependent remodeling or 
repair factors (Hopfner and Tainer, 2003).  Structures of these ATPases, including structural 
maintenance of chromosomes (SMC) proteins (Lammens et al., 2004), the mismatch repair 
enzyme MutS (Obmolova et al., 2000), and the double-strand break repair enzyme Rad50 
(Hopfner et al., 2000), have all revealed that ABC ATPases form head-to-head dimers with 
conserved ABC motifs forming two bipartite ATP binding sites along a dyad symmetry axis 
(Figure S1.1) (Hopfner et al., 2000).  A notable exception to this organization is illustrated by 
UvrA, a protein involved in nucleotide excision repair, in which the ATP binding sites are 
formed at the interface between tandem ABC folds contained in a single polypeptide chain 
(Pakotiprapha et al., 2008).  Both arrangements differ markedly from the head-to-tail dimers that 
generate a single ATP binding site in classical RecA-like proteins.  As a result, the unique ABC 
dimers lack the arginine fingers found in other RecA family members, but have gained several 
new motifs (Figure S1.1).  Another distinction is that ABC ATPase multimers do not form the 
ring-shaped assemblies characteristic of many RecA ATPases, but rather use cycles of ATP-
dependent dimerization events to capture and/or bind to DNA (Lamers et al., 2000; Obmolova et 
al., 2000). 

While SF1/SF2 and DNA-dependent ABC ATPases typically couple the ATP-dependent 
rearrangement of two RecA folds to movement along or association with nucleic acid substrates 
(Hopfner and Tainer, 2003; Singleton et al., 2007), how nucleotide turnover is linked among the 
multiple active sites of ring-shaped hexameric RecA-like motors is less well understood 
(Singleton et al., 2007).  In this regard, the F1-ATPase has served as a valuable reference system 
for ring shaped RecA-like motors.  This heterohexameric assembly, which participates in ATP 
synthesis in vivo, displays structural and catalytic asymmetry among its three active β-subunits, 
which alternate between high, medium and low affinity for ATP+Mg2+ (Abrahams et al., 1994).  
The asymmetry of F1 is directly coupled to the position of the γ-shaft subunit in the center of the 
ring, and ensures that only the high affinity site can hydrolyze ATP at any one time.  ATP 
turnover proceeds around the F1 ring, directly driving rotation of the internal γ-shaft (Mao and 
Weber, 2007; Noji et al., 1997; Weber and Senior, 2003).  In contrast to F1, most toroidal RecA-
type ATPases assemble and function as homohexamers, and retain the potential to accommodate 
six catalytically competent ATP binding sites.  To date, structures of these motors have revealed 
a variety of ring symmetries.  These structural states are often observed to have rotational three-
fold, or “trimer of dimers” symmetry, as has been observed in an archaeal secretion ATPase of 
the GspE family (Yamagata and Tainer, 2007), the Rho transcription termination factor 
(Skordalakes and Berger, 2006), and the bacterial replicative helicases RepA of plasmid 
RSF1010 (Ziegelin et al., 2003) and DnaB (Bailey et al., 2007).  By contrast, other oligomeric 
RecA motors have been imaged as dimers of trimers (Satyshur et al., 2007; Singleton et al., 
2000; Xu et al., 2003a), as six-fold symmetric particles (Gomis-Ruth et al., 2001; Mancini et al., 
2004; Niedenzu et al., 2001; Yeo et al., 2000), or even as heptamers (Toth et al., 2003).  Based 
on these structures and on F1, multiple mechanisms have been proposed for how inter-subunit 
conformational changes drive substrate through the motor ring.  Nonetheless, given that a ring 
shaped RecA-type ATPase had not previously been visualized in the presence of both nucleotide 
and a nucleic acid or protein substrate, the detailed mechanism by which this family of motors 
uses ATP turnover to power the movement of target molecules was a point of vigorous debate 
for some time (Singleton et al., 2007).  
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AAA+ motors 
The AAA+ family of ASCE P-loop ATPases represents a second way in which nature 

has utilized conserved Walker-A and Walker-B motifs, and a mixed α/β fold, to perform 
mechanical work.  The structures of domain II of eukaryotic N-ethylmaleimide Sensitive Factor 
(NSF) (Lenzen et al., 1998; Yu et al., 1998) and the δ’ subunit of the E. coli DNA polymerase III 
clamp-loader complex (Guenther et al., 1997), along with subsequent phylogenetic analyses, 
have formed the basis for classifying this family separately from other ASCE P-loop ATPases 
(Iyer et al., 2004a; Neuwald et al., 1999).  The AAA+ family has been divided further into seven 
evolutionarily-related subgroups, or clades: clamp loaders, initiators/helicase loaders, classic 
AAAs, superfamily 3 (SF3) helicases, HCLR (HslU, ClpABC-CTD, LonAB, RuvB), helix 2 
insert (H2I), and pre-sensor 2 insert (PS2I) (Iyer et al., 2004a).  The structural core of the AAA+ 
ATPases consists of a five-stranded, parallel β-sheet sandwiched between α-helices that is 
similar to, but slightly more compact than, the RecA-like fold (Figure 1.3A).  This core is 
typically appended with a three-helix bundle at its C-terminus, sometimes referred to as the “lid”, 
which is conserved in six of the seven AAA+ clades (Erzberger and Berger, 2006; Iyer et al., 
2004a). 

The AAA+ family possesses a greater number of conserved catalytic residues than does 
the RecA-like family (Figure 1.3B).  The putative water-activating acidic residue is almost 
always located in the Walker-B motif (similar to SF1/SF2 helicases), while the arginine finger 
invariably lies on the C-terminus of helix α-D (Erzberger and Berger, 2006; Iyer et al., 2004a).  
The AAA+ family is also characterized by two additional, highly conserved catalytic residues, 
the sensor-I (SI) and sensor-II (SII) motifs first identified in the δ’ subunit of the E. coli clamp-
loader complex (Guenther et al., 1997).  The sensor-I motif is typified by a polar residue located 
at the C-terminus of strand β-4, a position structurally analogous to the switch-II or sensor 
residue found at the C-terminus of strand β-5 in many P-loop GTPases and RecA-like ATPases 
(Milburn et al., 1990; Story and Steitz, 1992).  The sensor-I motif might play a role in orienting 
the catalytic water molecule for attack on the γ-phosphate (Guenther et al., 1997).  The sensor-II 
motif is a positively-charged residue at the N-terminus of helix α-G of the AAA+ lid and is 
thought to couple ATP binding and hydrolysis to intra-subunit conformational changes between 
this region and the primary nucleotide-binding fold (Erzberger and Berger, 2006; Wang et al., 
2001b).  Due to the absence of a canonical AAA+ lid, SF3 helicases lack this element but have 
gained another positively charged residue that likely fulfills the role of the sensor-II residue 
(Enemark and Joshua-Tor, 2006; Gai et al., 2004). 
 Among microbial AAA+ motor proteins, the ATPases of proteolytic degradosomes have 
been the most thoroughly characterized structurally.  For example, the HslU engine of the 
HslU/V protease has been imaged at high resolution in numerous conformational states and 
bound to a variety of nucleotides (Bochtler et al., 2000; Song et al., 2000; Sousa et al., 2000; 
Wang et al., 2001a; Wang et al., 2001b).  These different states have revealed intra-subunit 
conformational changes that are characteristic of most members of the AAA+ family (Figure 
1.3C).  The most obvious conformational changes occur in the AAA+ lid domain that, in 
addition to the sensor-II arginine, contributes a number of residues directly to the active site.  
The lid can undergo a rigid body rotation of nearly 20° upon entering an ATP-bound state, 
allowing productive interactions to form between the sensor-II region and the γ-phosphate of 
ATP.  Structures bound to a sulfate ion (presumably mimicking a post hydrolysis phosphate ion) 
and ADP populate conformations along this same rotation vector, suggesting that the observed 
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configurations represent a functionally significant set of transitions (Wang et al., 2001b).  Studies 
of numerous AAA+ motor proteins, including the σ-factor remodeling proteins NtrC (Lee et al., 
2003b) and PspF (Rappas et al., 2005), and the chaperone ClpB (Lee et al., 2003a), have 
revealed marked variability in the positioning of the AAA+ lid domain.  Distinct nucleotide-
dependent conformational transitions have also been observed in the AAA+ domains of the 
DnaA initiator (Erzberger et al., 2006; Erzberger et al., 2002), and archaeal Replication Factor C 
(RFC) clamp loader (Seybert et al., 2006), as well as in the protein translocase motor of the 
protease FtsH (Niwa et al., 2002; Suno et al., 2006).  Thus, movement of the AAA+ lid appears 
to be a general feature of most motor proteins of this family and is linked directly to the 
formation of a competent ATP-binding site.   

The structure of the superfamily 3 (SF3) helicase E1 from papillomavirus bound to DNA 
represents one of the most complete structures of an AAA+ motor/substrate complex visualized 
to date.  Although the complex is a homohexamer, E1 adopts a markedly asymmetric 
conformation in which the spatial displacement of each subunit varies sequentially around the 
ring and is coupled directly to the position of DNA-binding loops that protrude into the center of 
the helicase (Enemark and Joshua-Tor, 2006).  This configuration strongly suggests that the 
ATPase sites of E1 fire in a sequential manner similar to that seen for F1-ATPase, although six 
catalytic sites are utilized instead of three (Abrahams et al., 1994; Enemark and Joshua-Tor, 
2006).  Comparison of the differences between empty and nucleotide-bound active sites indicates 
that ATP-binding triggers inter-subunit clamping movements similar to those observed in RecA-
type proteins (Figure 1.3D).  These movements, in turn, appear coupled to the shifting of 
substrate-binding loops emanating from the AAA+ fold and the translocation of single-stranded 
DNA through the central pore of the hexameric E1 motor (Enemark and Joshua-Tor, 2006).  
Structures of HslU (Bochtler et al., 2000; Song et al., 2000; Sousa et al., 2000; Wang et al., 
2001a; Wang et al., 2001b), NtrC (Lee et al., 2003b), PspF (Rappas et al., 2005; Rappas et al., 
2006),  SV40 large T-antigen (Gai et al., 2004), and FtsH (Niwa et al., 2002; Suno et al., 2006) 
likewise exhibit ATP-dependent clamping movements and/or the displacement of internal 
substrate-binding loops, suggesting that a binding-ratchet motion might be a conserved feature of 
these oligomeric motors.   

With respect to ASCE ATPases as a group, it is interesting that members of two different 
subgroups, E1 (AAA+) and F1 (RecA) have markedly different functions in the cell, yet both 
appear to use a sequential approach for coupling ATP turnover to the movement of target 
macromolecules.  The extent to which this similarity applies to all hexameric ASCE family 
members is unknown.  Hexameric helicases provide a unique opportunity to compare and 
contrast RecA and AAA+ ring-shaped motors, since multiple classes of hexameric helicases are 
found within both major braches of the ASCE ATPase family (Figure 1.1). 
 
 
Hexameric Helicases  

The hexameric single-stranded nucleic acid helicases and translocases are responsible for 
essential DNA and RNA rearrangements in all cells and many viruses.  Using ATP to move 
along nucleic acid strands, these enzymes help direct numerous cellular events, including 
genome packaging, DNA replication and repair, and transcriptional regulation (Delagoutte and 
von Hippel, 2003; Patel and Picha, 2000; Singleton et al., 2007).  Interestingly, eukaryotes, 
eukaryotic viruses and archaea rely predominantly on the AAA+ enzymes, which include 
superfamily 3 (SF 3) helicases and MCM proteins (SF 6) that translocate 3’5’ along substrates.  
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By contrast, bacteria and many of their phages typically utilize RecA-type helicases such as 
DnaB and T7gp4, which move in the 5’3’ direction.  This polarity difference is the greatest 
functional distinction between RecA and AAA+ hexameric helicases, which otherwise catalyze a 
very similar reaction. 

How hexameric helicases, and hexameric motor proteins in general coordinate ATP 
turnover between six catalytic centers to the processive translocation of a polymeric substrate 
remains an outstanding question.  Crystallographic and biochemical studies have variously 
supported or weighed against three chemomechanical coupling models for these enzymes 
(Singleton et al., 2007), including: 1) a rotary mechanism in which individual ATP hydrolysis 
events proceed sequentially around the hexameric ring, 2) a concerted mechanism in which all 
active sites hydrolyze ATP simultaneously, and 3) a stochastic model whereby any ATPase site 
can hydrolyze nucleotide at random (Figure 1.4).  Thus far, a paucity of structural data for fully 
bound enzyme/substrate complexes has left the debate surrounding these mechanistic 
frameworks unresolved.  However, the structure of the E1 human papillomavirus helicase, an 
AAA+ enzyme, revealed that the protein binds DNA in the interior of its hexameric ring through 
a helical arrangement of hairpin-loops, and suggested that a sequential ATPase mechanism is 
used to propel the motor 3’5’ along substrate with a net step size of one ATP/base (Figure 
1.5).  Whether this mechanism is preserved in other hexameric engines, such as RecA-type 
enzymes, has remained unclear.  The molecular basis for differing substrate specificities (e.g. 
DNA or RNA) and translocation polarities between the RecA and AAA+ motor subfamilies is 
similarly unknown. 

 
  

Rho: A Model RecA-Like Hexameric Helicase 
The bacterial Rho transcription termination factor, one of the first hexameric helicases 

discovered (Roberts, 1969), has long served as a model system for understanding RecA-like 
motor proteins.  In cells, Rho selectively terminates transcription at discrete genomic loci to 
control gene expression (Richardson, 2002) (Figure 1.6A).  Rho loads onto nascent RNA strands 
at rut (Rho utilization) sites (Chen and Richardson, 1987), using a primary, cytosine-specific 
RNA-binding activity (Dolan et al., 1990; Dombroski and Platt, 1988).  Loading permits RNA to 
interact with a secondary binding site in the central channel of the hexamer (Wei and 
Richardson, 2001a), stimulating an RNA-dependent ATPase activity (Lowery-Goldhammer and 
Richardson, 1974).  Coupling of ATP turnover to secondary-site binding is thought to translocate 
Rho 5’3’ along the RNA (Brennan et al., 1987), toward a transcribing polymerase.  Upon 
reaching the transcription complex, Rho may forcibly dissociate a paused RNA polymerase (Lau 
et al., 1983; Morgan et al., 1983) either by using its motor activity to separate the RNA-DNA 
heteroduplex (Brennan et al., 1987), or by pushing the polymerase forward to collapse the 
transcription bubble (Park and Roberts, 2006). 

Rho has proven to be amenable to crystallization, and has been imaged as both an open 
and closed ring by X-ray crystallography (Skordalakes and Berger, 2003, 2006).  The open ring 
structure is believed to correspond to the rut recognition and loading conformation (Figure 
1.6B), with the gap in the hexamer allowing a single strand of RNA to enter the central channel 
and interact with two RNA binding motifs known as the Q- and R-loops .  The closed ring 
structure, a crystallographic trimer of dimers, revealed a novel RNA binding site at a C-terminal 
inter-subunit cleft.  However, the lack of both nucleotide and a centrally-bound RNA substrate in 
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this structure precluded a full description of the Rho translocation mechanism (Skordalakes and 
Berger, 2006).  

In this dissertation I describe the successful capture and imaging of fully-liganded Rho 
translocation intermediates, and a full analysis revealing the details of RNA translocation in a 
RecA-like hexameric helicase.  By providing the first snapshot of a RecA-like motor bound to 
nucleic acid and an ATP mimetic, these structures provide an ideal complement to previous work 
conducted on the AAA+ hexameric helicase E1.  A comparison of these two proteins reveals 
elements of motor mechanism that may be common to all ASCE hexameric helicases, as well as 
fundamental differences between RecA and AAA+ motors that give rise to opposing nucleic acid 
translocation polarities.  
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Figures 
	  

 
 
Figure 1.1.  Structure, function and phylogeny of ASCE P-loop ATPases 
A phylogenetic tree illustrating the main clades of the RecA-like (green) and AAA+ (blue) 
families.  Representative examples of ATP dependent machines are listed above each clade, with 
hexameric helicases and single stranded nucleic acid translocases in black bold text and double 
stranded nucleic acid translocases in grey bold text.  The base of the tree shows a topology 
diagram representing the core protein fold found in all members of the ASCE family.  Helices 
and sheets are colored blue and yellow respectively, while the P-loop is colored green.  
Abbreviations: SF 1-6 – helicase superfamilies one through six, PS2 – Pre Sensor 2 Insert, H2I – 
Helix 2 Insert, HCLR – (HslU, ClpABC-CTD, LonAB, RuvB), ABC – ATP Binding Cassette, 
AAA+ – ATPases Associated with diverse cellular Activities, ASCE – Additional Strand 
Catalytic Glutamate, WA – Walker A, WB – Walker B.  Adapted in part from (Erzberger and 
Berger, 2006). 
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Figure 1.2.  Nucleotide binding and conformational changes in RecA-like ATPases 
A)  Topology diagram of the RecA fold.  Conserved motifs and catalytic residues are shown as 
solid colored circles (see key).  Motifs and catalytic residues conserved spatially in the structure, 
but not in primary amino acid sequence are shown as open circles.  β-sheets and α-helices are 
colored yellow and blue respectively. Secondary structure elements shown in grey are not 
conserved in all members of the family.  Abbreviations: RF – arginine finger, CE – catalytic 
glutamate, WA – Walker A, WB – Walker B. 
B)  The active site of the Saccharomyces cerevisiae F1-ATPase β-subunit (PDB entry 2HLD) 
(Kabaleeswaran et al., 2006), highlighting the location of catalytic residues common to all RecA-
like ATPases.  The adjacent α-subunit, which contributes the arginine finger, is shown in dark 
grey.  Magnesium is shown as a yellow sphere.  Residues are colored as in A.  
C)  Structural superposition of the conserved RecA-fold of the ATP bound (βTP) subunit (dark 
blue) and the empty (βE) subunit (light blue) of S. cerevisiae F1-ATPase (PDB entry 2HLD) 
(Kabaleeswaran et al., 2006), with most loops removed for clarity.  Arrows highlight ATP-
dependent conformational changes discussed in the text.  Inset: the location of the superposed 
subunits with respect to the quaternary structure of F1-ATPase.   
D)  ATP-dependent conformational changes between two RecA-like folds illustrated in the 
structure of E. coli UvrD bound to DNA (PDB entry 2IS1 and 2IS4) (Lee and Yang, 2006).  ATP 
is shown as colored spheres.  Domains 1A and 2A comprising the RecA folds are shown in 
yellow and cyan respectively, while domains 1B and 2B are shown in light and dark grey.  DNA 
illustrated in stick representation is colored orange. 
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Figure 1.3.  Nucleotide binding and conformational changes in AAA+ ATPases 
A)  Topology diagram of the typical two-domain AAA+ fold.  Conserved motifs, catalytic 
residues and secondary structural elements are colored as in Figure 1.2.  Abbreviations: RF – 
arginine finger, CE – catalytic glutamate, WA – Walker A, WB – Walker B, SI – sensor I, SII – 
sensor II.  
B)  The active site of Aquifex aeolicus DnaA (PDB entry 2HCB) (Erzberger et al., 2006), 
highlighting the location of catalytic residues common to all AAA+ ATPases. Active site 
elements are colored as in Figure 1.2. 
C)  Structural superposition of the conserved AAA+ fold of ATP-bound (dark blue) and empty 
(light blue) subunits of E. coli HslU (PDB entry1DO2) (Bochtler et al., 2000), with most loops 
removed for clarity.  Arrows highlight ATP-dependent conformational changes discussed in the 
text.  Inset: the location of the superposed subunits with respect to the quaternary structure of 
HslU.  Note that the β-sheet domain stays relatively immobile while the lid moves, compared to 
oligomeric RecA-type proteins where the β-sheet can flex considerably (Figure 1.2C). 
D)  ATP-dependent conformational changes between two AAA+ folds illustrated in the structure 
of the human papillomavirus E1 helicase bound to DNA (PDB entry 2GXA) (Enemark and 
Joshua-Tor, 2006).  ADP is shown as colored spheres, and the bound chloride ion (which mimics 
the γ-phosphate) is shown as a green sphere.  The cyan and purple subunits are colored according 
to the inset.  Inset: views of E1 from the bottom up relative to the main figure, illustrating the 
position of empty and ADP bound subunits within the quaternary structure. 
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Figure 1.4.  Three models for ATP hydrolysis in hexameric motors   
The models are derived from structural and biochemical work conducted primarily on the 
proteins listed in parenthesis.  A red circle indicates an actively hydrolyzing subunit, while grey 
circles indicate a subunit in some other step of the ATPase cycle.  In the sequential mechanism 
(1), allosteric coupling within the hexameric ring enforces an ordered rotary ATP hydrolysis 
cycle, similar to the three site sequential mechanism proposed for F1-ATPase (Boyer, 1997), but 
involving all six subunits.  In the concerted mechanism (2), allosteric coupling within the 
hexameric ring causes all subunits to bind and hydrolyze ATP simultaneously.  In the stochastic 
mechanism (3), there is relatively little allosteric communication between subunits and the 
hydrolysis proceeds in a random fashion, possibly activated by random or irregular structural 
features of the translocated substrate. 
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Figure 1.5.  Mechanism of nucleic acid translocation in a AAA+ hexameric helicase 
The asymmetric structure of E1 reveals three distinct ATP binding states (E, T, and D), 
suggesting a sequential rotary ATP hydrolysis mechanism (arrows, left) (Enemark and Joshua-
Tor, 2006).  Six bases of single stranded DNA are bound using a spiral staircase of binding loops 
(right).  The sequential hydrolysis mechanism causes the binding loops to move from the top to 
the bottom of the staircase (arrow, right), pulling the nucleic acid through the central pore via a 
sequential escort mechanism. 
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Figure 1.6.  Mechanism and structure of the E. coli Rho transcription termination factor 
A)  A model for transcription termination by Rho (described in main text).  Single-stranded RNA 
is illustrated in green, while double-stranded DNA is illustrated in red and blue.  Footprinting 
experiments have indicated that Rho may remain bound to the rut site during translocation as 
indicated in the middle panel, giving rise to a tethered tracking mechanism (Steinmetz and Platt, 
1994).  Abbreviations: rut – Rho utilization site. 
B)  A top down view of the open ring structure of Rho viewed from the N-terminal face (left), 
and a single Rho monomer (outlined) rotated by 90° (right).  RNA dinucleotides bound to the 
primary RNA binding sites are colored orange, while the loops proposed to be involved in 
secondary site RNA binding are colored red.  The P-loop, which contains the Walker-A motif 
and binds ATP is colored green.  The four structural domains of Rho are indicated (right).  
Abbreviations: OB – oligonucleotide-binding fold, NTD – N-terminal domain, CTD – C-
terminal domain. 
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Supplemental Material 
 

 
 
Figure S1.1.  Nucleotide binding and quaternary organization of ABC ATPases 
A)  Topology diagram of the RecA-like core of the ABC ATPase fold. Conserved motifs, 
catalytic residues and secondary structural elements are colored as in Figure 1.2.  Locations of 
ABC inserts are marked with solid black triangles.  Note the lack of helix αB and strand β3 
found in most RecA-like ATPases, but the presence of the C-terminal β-hairpin.  Abbreviations: 
CE – catalytic glutamate, WA – Walker A, WB – Walker B, H – H loop, D – D loop, Q – Q 
loop, C – C region or ABC signature motif. 
B)  The active site of Pyrococcus furiosus Rad50 (PDB entry 1F2U), highlighting the location of 
catalytic residues common to ABC ATPases (Hopfner et al., 2000).  The adjacent subunit, which 
contributes residues from the C and D motifs, is shown in dark grey.  Active site elements are 
colored as in Figure 1.2. 
C)  A dimer of two Rad50 (PDB entry 1F2U) nucleotide-binding domains illustrating the dual, 
bipartite active site formed by ABC ATPases (Hopfner et al., 2000).  The two RecA-like folds 
are shown in yellow and cyan, with structural elements unique to the ABC family shown in grey.  
Active site residues contributed in trans to a partner catalytic center (motifs C and D) are shown 
in colored sticks and labeled.
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Chapter 2 – Crystallization of a Rho Translocation Intermediate 
 
 
Introduction 
 Although numerous structures of RecA-like hexameric helicases have been crystallized 
since the first structure of bacteriophage T7 gp4 was reported in 1999 (Sawaya et al., 1999), it 
has proven difficult to obtain structures bound to all relevant ligands (nucleic acid substrate and 
ATP mimics).  Such studies have been complicated by many factors including the large number 
of diverse substrate binding sites in hexameric helicases, and the inherent symmetry of 
hexameric systems.  At the simplest level, hexameric helicases contain six ATP binding sites, 
and six nucleic-acid binding sub-sites in the center of the ring.  However, the situation is 
complicated by the fact that most hexameric helicases display both positive and negative 
cooperativity among their ATP binding sites, giving rise to some strong and some weak sites 
within a single hexamer (Bujalowski and Klonowska, 1993; Geiselmann and von Hippel, 1992; 
Hingorani and Patel, 1996; Kim and Patel, 1999; Kim et al., 1999; Seifried et al., 1992; Stitt, 
1988; Xu et al., 2003b).  The presence of multiple classes of ATP binding sites may cause 
difficulties in the proper selection of ATP analogs or ATP analog mixtures for use in structural 
studies.  Furthermore, if the combination of ATP mimetics and nucleic acid substrates selected 
for crystallization is correct, the high degree of pseudo-symmetry complicates informative 
structure solution.  As the pseudo-symmetry axis is the same as that shared by the bound nucleic 
acid, the substrate trapped in the center of the ring can become averaged around crystal 
symmetry axes, producing un-interpretable electron density (Skordalakes and Berger, 2006).  
Furthermore, any differences among the six motor domains that might provide information about 
motor mechanism are lost in such symmetric structures.  At its worst, such pseudo symmetry can 
produce crystals that display merohedral and non-merohedral twinning, preventing structure 
solution and refinement. 
 With these challenges in mind we set out to crystallize the full length E. coli Rho 
hexamer bound to an RNA oligonucleotide and an ATP mimic.  Utilizing previous biochemical 
data to guide our experiments, we designed a screening strategy that focused on a matrix of RNA 
substrates versus ATP mimics, and obtained three distinct, but related crystals forms, one of 
which contained the desired protein-ligand complex.  We next conducted a novel, time-
dependent crystallization screen to overcome a unique interleaved form of coincident non-
merohedral twinning in our most promising crystals.  By collecting data on specific regions of 
the crystal, we avoided contributions from the unwanted twin domain and collected a complete 
dataset to 2.8 Å.  This dataset allowed us to solve a fully liganded structure of the Rho 
transcription termination factor from E. coli (Chapter 3) (Thomsen and Berger, 2009).  
 
 
Results and Discussion 
 
A substrate screening strategy identifies three novel crystal forms 
 Early experiments on Rho revealed a distinct preference for pyrimidine nucleotides, 
particularly cytosine residues, in activating Rho’s ATPase activity (Lowery and Richardson, 
1977; Lowery-Goldhammer and Richardson, 1974; Wang and von Hippel, 1993).  These studies 
also revealed that while RNA substrates longer than 22 nucleotides in length maximally 
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stimulated Rho’s ATPase activity when present at near stoichiometric concentrations (Lowery 
and Richardson, 1977), RNA substrates as short as 9 nucleotides in length can significantly 
activate ATPase activity if present at saturating concentrations (Richardson, 1982).  Using these 
guidelines, we screened r(CU)n and rUn nucleic acid polymers between 8 and 30 nucleotides in 
length against a variety of ATP, ADP and ATPase transition state mimics in order to maximize 
our exploration of substrate space (Table 2.1).  For each substrate combination, we selected a 
relatively limited set of commercial crystallization screens, typically including Index HT 
(Qiagen), The MPD’s (Qiagen), PEG-Ion (Hampton Research), and Natrix (Hampton Research).  
Ultimately, this screening strategy yielded three different crystal forms (Figure 2.1).    
 
Crystal form #1 
 Crystal form 1, obtained with r(CU)n polymers between 20 and 30 bases in length and 
ADP, ATPγS, or ADP•AlF4 (Table 2.1), diffracted to approximately 6 Å and adopted a 
hexagonal space group with an unusually long unit cell edge (Figure 2.1A).  Numerous methods 
were explored in order to improve these crystals, including dehydration, annealing and chemical 
crosslinking using gluteraldehyde.  However, none of these techniques improved diffraction, and 
data processing was hindered by severe reflection overlaps in the diffraction patterns.  As a 
result, we continued to explore substrate space with the goal of obtaining crystals that diffracted 
to higher resolution and possessing more manageable unit cell dimensions. 
 
Crystal form #2 

A second crystal form was obtained with r(CU)n polymers between 12 and 30 bases in 
length and the ATP mimetic ADP•BeF3 (Table 2.1) in conditions very similar to crystal form 1 
(Figure 2.1B).  These hexagonal crystals resembled “lug-nuts” and diffracted to approximately 
3.4 Å  in spacegroup P6 after refinement of the initial growth conditions (Table 2.2).  The 
structure of the Rho particle in this crystal form was solved by using molecular replacement to 
search for three copies of a Rho monomer obtained from the open-ring Rho structure 
(Skordalakes and Berger, 2003).  The structure contained one Rho dimer and one Rho monomer 
in the asymmetric unit (Figure 2.2A).  Crystallographic symmetry operations in P6 generated 
both three-fold and six-fold symmetric Rho hexamers (Figure 2.2B).  

Initial structural refinement would not proceed beyond an Rwork/Rfree of 33.6/35.7% 
suggesting problems with either the molecular replacement search model or the data itself (Table 
2.2).  However, the initial Fo-Fc difference electron density maps revealed clear density for a 
nucleotide bound at the active site of each Rho monomer (Figure 2.2C).  This density was 
modeled as a complex of ADP•BeF3•Mg2+, although the presence of the BeF3 group and the 
Mg2+ ion could not be confirmed at this resolution.  Six distinct regions of Fo-Fc difference 
density were also observed around the three- and six-fold crystal symmetry axes at the center of 
each hexamer (Figure 2.2D).  This density suggested that RNA is bound in the center of each 
ring in crystal form 2, but that the electron density is un-interpretable due to averaging about the 
crystallographic symmetry axis.  Each difference map peak lies adjacent to one of Rho’s RNA 
binding loops, suggesting that one RNA phosphate group is bound per subunit of Rho.  Given 
that each Rho subunit contains an ATP binding site, this result was suggestive of a one ATP/base 
RNA translocation mechanism.  Unfortunately, the averaging of RNA density, and the inherent 
symmetry of each hexamer obscured any asymmetric details that would be expected in a fully 
translocation-competent complex, preventing further mechanistic analysis.  However, these data 
illustrated that short RNA substrates and the ATP analog ADP•BeF3 could be used to capture a 
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fully liganded complex with RNA bound in the center of the ring.  We next searched for a non-
hexagonal crystal form, reasoning that such a crystal would be more likely to contain an 
asymmetric hexamer. 
 
Crystal form #3 
 The ATP mimetic, ADP•BeF3, gave higher quality crystals than all other tested analogs 
when using RNA polymers between 20 and 30 bases in length.  As a result, we began to focus 
our efforts on this mimetic in combination with shorter RNA polymers (Table 2.1).  We 
eventually obtained a third crystal form that diffracted to 2.8 Å (Figure 2.1C).  The use of an 
r(CU)6 substrate, and eventually rU12 RNA polymers, was critical in obtaining these crystals.  
The hexagonal rods were approximately 500 microns long and 100 microns in diameter, and 
were free of visible defects. 
 Data collection on initial crystals revealed that the tip of the hexagonal rods diffracted to 
approximately 3.0 Å in spacegroup P1 and contained a relatively small unit cell.  By contrast, the 
nucleating end of the hexagonal rod diffracted to approximately 3.5 Å, with unit cell dimensions 
nearly identical to crystal form 2.   An initial molecular replacement solution obtained with data 
collected from the P1 portion of the crystals suggested that we had captured an asymmetric 
hexamer bound to both RNA and nucleotide (data not shown).  However, the maps were of low 
quality and refinement would not proceed.  Inspection of the P1 diffraction pattern revealed the 
presence of an overlapping hexagonal lattice corresponding to crystal form 2 at low resolution, 
suggesting that our crystals were non-merohedrally twinned (Figure 2.3A).  Although we were 
able to successfully process and solve our structure in P1, the overlaps in the critical low-
resolution data prevented refinement. 
 Although one end of the crystal was primarily P1, the nearly perfect crystal morphology 
prevented us from identifying the nature of the P6 contribution.  Without knowledge of this 
internal structure, isolation of the two twin domains or improvement of the crystals was nearly 
impossible.  However, one element of these protein crystals that proved to be highly variable was 
their stability over time.  While some crystal would remain intact for several months, others 
would exhibit age dependent defects and eventually disappear.  Reasoning that the two different 
crystal forms in the non-merohedral twins might degrade over time at different rates, we 
conducted a precipitant versus pH screen and monitored the crystals over a period of two 
months.  By one month, the P1 portion of the crystals had degraded, leaving primarily a cone 
shaped P6 crystal at the nucleating end (Figure 2.3B).  The unique interleaved morphology 
explained why the P6 twin domain was unavoidable in diffraction experiments.  More 
importantly, the screen revealed that the P1 twin domain increased in relative size when crystals 
were grown at a pH of 7.9.  Using these data, we were able to grow fresh crystals at pH 7.9, and 
mount them on bendable crystal mounting loops (Hampton Research).  Knowledge of the twin 
morphology allowed us to properly orient the crystals in the X-ray beam (Figure 2.3C), avoid 
any contribution from the P6 twin over 360° of data collection, and obtain complete diffraction 
data. 
 Although the pseudo-symmetric P1 data displayed a relatively high degree of disorder (2° 
mosaicity) that caused difficulties in data processing (Appendix), and likely contained some 
level of pseudo-merohedral twinning around its pseudo six-fold axis, the data were of 
sufficiently high quality to successfully solve and refine a clearly asymmetric structure of Rho 
bound to both RNA and the ATP mimic ADP•BeF3 (Chapter 3) (Thomsen and Berger, 2009).  
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Conclusion 

The results presented in this chapter provide many important lessons for crystallizing 
protein-ligand complexes, and for dealing with challenges presented by pseudo symmetric 
systems.  First and foremost is the importance of ligand screening.  Extensive efforts to improve 
crystal form 1 using the initial substrates failed: while thousands of crystallization experiments 
were performed, only a single relatively low-quality crystal form was obtained.  Upon switching 
from ADP to ADP•BeF3, new higher quality crystals (crystal form 2) were obtained.  Efforts to 
improve crystal form 2 also proved difficult, and only upon shortening the RNA oligonucleotides 
was crystal form 3 uncovered.  The most successful strategy with Rho, and likely with other 
multi-substrate enzymes, is thus to perform a relatively limited number of crystallization 
experiments (200-300 conditions), but to screen a wide range of substrate conditions (Table 2.1).  
The Rho crystals also illustrated many of the challenges involved in crystallizing a pseudo-
symmetric protein-ligand complex, including substrate symmetry averaging, high mosaicity, and 
twinning.  However, this work reveals that even non-ideal crystals can provide valuable insight.  
For instance, structure solution and refinement of crystal form 2, while not revealing asymmetric 
details of motor mechanism, did reveal that we had succeeded in capturing a fully liganded 
complex (Figure 2.2).  Ultimately, this observation allowed us to confidently focus on a set of 
substrate conditions that were likely to trap the desired complex.  Finally, while non-merohedral 
twinning can cause severe difficulties in structure solution and refinement, this work shows that 
techniques such as crystal aging can enable the identification of twin domain morphology.  
Combined with careful data collection, knowledge of such morphology can facilitate the 
collection of data suitable for structure solution and refinement. 
 
 
Materials and Methods 
 
Protein purification and crystallization 
 Full length E. coli Rho was expressed and purified as described (Appendix) (Skordalakes 
and Berger, 2003).  Before crystallization, native Rho protein was dialyzed for three hours 
against a buffer containing 100 mM NaCl, 10 mM Tris pH 7.5 for crystal forms 1 and 2.  
Selenomethionine Rho protein was dialyzed for three hours against a buffer containing 300 mM 
NaCl, 10 mM Tris pH 7.5 and 1 mM Tris-carboxy-ethyl-phosphate (TCEP) in order to obtain 
crystal form 3.   

The protein substrate complex for crystal form 1 was prepared by mixing dialyzed Rho 
protein with a 1.2:1 molar ratio of r(CU)n:Rho hexamer, incubating for 15 minutes, and then 
adding ADP and MgCl2 to final concentrations of  5 mM and 10 mM respectively and incubating 
for an additional 15 minutes.  The final concentration of Rho protein in the complex was 20 
mg/mL.  Crystal form 1 was obtained by mixing 1 µL of the Rho-substrate complex with 1 µL of 
a crystallization solution containing 100 mM HEPES pH 7.5, 8% PEG 6000, 5% MPD, and 
incubating under paraffin oil at 18° C.  Crystals grew within 24 hours and reached full size in 
approximately one week.  

The protein substrate complex used to obtain crystal form 2 was prepared as described for 
crystal form 1 with the following exceptions: ADP•BeF3 (prepared in a 1-ADP:3-Be:15-F ratio) 
and MgCl2 were added to final concentrations of 2.5 mM and 5 mM respectively.  Crystal form 2 
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was obtained by mixing 1 µL of the Rho-substrate complex with 1 µL of a crystallization 
solution containing 100 mM HEPES pH 7.0, and 4% MPD and incubating under paraffin oil at 
18° C.  Crystals grew within 24 hours and reached full size in approximately 3 days. 

Crystal form 3 was obtained as described (Chapter 3) (Appendix) (Thomsen and Berger, 
2009). 
 
Age dependent screen and data collection 
 A series of crystallization screens were conducted around conditions containing 10 mM 
Spermidine-HCl, 20 mM NaCl, 100 mM HEPES (pH values between 7.5 and 8.2) and MPD (1 
to 12 % MPD).  The Rho-ligand complex was formed and crystals were grown as described 
(Chapter 3) (Appendix) (Thomsen and Berger, 2009).  After reaching full size, crystals were left 
to slowly degrade over a period of two months as the drops slowly dehydrated.  Crystals were 
imaged at one month, revealing two twin domains with a unique interleaved morphology that 
varied with the pH of the crystallization solution (Figure 2.3B).  A crystallization pH of 7.5 
produced a nearly complete overlap of the two twin domains, while crystallization at a pH of 7.9 
caused the P1 twin domain to increase in size relative to the P6 domain.  Crystals were cryo-
protected as described previously (Thomsen and Berger, 2009), mounted in bendable cryo-loops 
(Hampton Research), and flash frozen in liquid nitrogen.  Once mounted on the goniometer, the 
loop was bent to properly orient the crystals.  Data were collected at the P1 tip of the crystal with 
the X-ray beam perpendicular to the crystal’s long axis, thus avoiding any contribution from the 
P6 portion of the crystal upon rotation (Figure 2.3C). 
 
Structure solution and refinement 
 Data on all crystals were collected at Beamline 8.3.1 at the Advanced Light Source 
(ALS) (MacDowell et al., 2004), and processed with HKL-2000 (Otwinowski and Minor, 1997).  
Crystal form 2 was solved using molecular replacement (Phaser) (McCoy et al., 2007), by 
searching for three copies of a Rho monomer from the open ring Rho structure (Skordalakes and 
Berger, 2003).  Initial rigid body and translation libration screw (TLS) refinement was conducted 
using Phenix (Adams et al., 2010). 
 
Structural analysis 

All structural superpositions and figures were prepared using PyMol (DeLano, 2002). 
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Tables 
	  

Table 2.1.  Substrate matrix used for Rho crystal screening 
 ANP ATPγS ADP ADP•AlF4 ADP•BeF3 

r(CU)4     - 

r(U)12     2,3 

r(CU)6     2,3 

r(CU)8     2,3 

r(CU)10 - 1 1 1 1,2 

r(CU)12C - 1 1 1 1,2 

r(CU)15 - 1 1 1 1,2 

Key: (-) – no crystals, (1-3) – crystal forms, (blank) – not screened  
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Table 2.2. Data Collection and Refinement 
Data 
Space Group P6 
Unit Cell a=218.9  b=218.9  c=68.95 

α=90      β=90       γ=120 
Wavelength (Å) 0.9796 
Resolution (Å) 50 – 3.4 
Unique Reflections 50,668 
Redundancy 2.3 (2.3) 
Completeness (%) 99.7 (99.8) 

I/σ 8.3 (2.5) 
Rmerge 0.104 (0.348) 
Refinement 
Rwork (%) 33.5a 

Rfree (%) 35.7b 
RMSD bonds (Å) 0.010 
RMSD angles (°) 1.174 
Ramachandran       Preferred (%) 99.0 
                               Allowed (%) 1.0 
                               Outliers (%) 0 
Number of Atoms 9,936 
Protein 9,840 
Ligands 96 
Values in parenthesis correspond to the highest resolution bin 
aRwork = ∑∑|Fo-Fc|/∑Fo 
bRfree is calculated using 5% of the data omitted from refinement 
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Figures 
	  

 
	  
Figure 2.1.  Three Rho crystal forms obtained from substrate matrix screening 
A)  Crystal form 1 formed thin hexagonal plates (top) that diffracted to relatively low resolution.  
A close-up view of the diffraction pattern (bottom) reveals the long unit cell edge that caused 
severe overlaps and prevented collection of a complete dataset. 
B)  Crystal form 2 formed thick hexagonal “lug-nuts” (top).  Diffraction patterns Revealed P6 
symmetry, and a medium resolution of 3.4 Å. 
C)  Crystal form 3 formed large hexagonal rods free from any obvious morphological defects 
(top).  While the diffraction pattern illustrated a high degree of mosaicity (~2°), the crystals 
produced the highest resolution diffraction.  



	  

24	  

 
 
Figure 2.2.  Structure solution and ligand binding in crystal form 2 
A)  The molecular replacement solution revealed a dimer (blue and green) and a monomer (red) 
in the asymmetric unit.  The crystallographic six- and three-fold symmetry axes are indicated. 
B)  Crystallographic symmetry generates one three-fold symmetric trimer-of-dimers (green and 
blue) and one six-fold symmetric hexamer (red).  These structures represent the first 
crystallographic views of full-length closed-ring Rho hexamers. 
C)  Initial refinement of the molecular replacement solutions produced Fo-Fc difference electron 
density maps revealing the presence of nucleotide (modeled as ADP•BeF3) at all three ATP 
binding sites in the asymmetric unit.  ADP is colored magenta, BeF3 is colored black, and the 
Mg2+ ion is colored yellow-green.  Electron density maps are contoured at 3σ. 
D)  Initial refinement of the molecular replacement solutions produced Fo-Fc difference electron 
density maps revealing the presence of RNA in the central channel of each Rho hexamer.   The 
asymmetric RNA density appeared to be averaged around the crystallographic symmetry axis, 
producing un-interpretable maps.  One distinct peak is present adjacent to each RNA binding 
loop, suggesting the presence of one phosphate (and thus one base) per Rho monomer (left).  A 
side view (right) reveals density throughout the channel, suggesting that multiple bases may be 
bound in the center of each ring.  Electron density maps are contoured at 2.5σ. 
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Figure 2.3.  Overcoming a unique form of coincident non-merohedral twinning 
A) Initial diffraction patterns obtained from crystal form 3 (Figure 2.1C), revealed two distinct 
lattices.  While the P1 diffraction dominated the pattern (blue), a P6 diffraction pattern 
corresponding to crystal form 2 was present at low resolution (red).  Since crystal forms one and 
two shared a coincident ~69 Å unit cell edge, the diffraction patterns almost perfectly overlapped 
and prevented accurate measurement of the low resolution P1 data. 
B)  Crystal aging caused the P1 portion of each crystal to degrade at a faster rate than the P6 
portion.  When viewed under bright-field illumination, the two aged twin domains were clearly 
distinguishable.  The P6 twin domain formed at the nucleating end of the crystals and had a 
“cone-shaped” protrusion that interleaved with the P1 twin domain (top).  An X-ray beam aimed 
at the P1 tip of the crystal thus passed through a small fraction of the P6 twin domain, producing 
P6 diffraction only at low resolution as seen in panel A.  Increasing the pH of crystal growth 
increased the relative size of the P1 twin domain (bottom). 
C)  Crystals grown at a pH of 7.9 were mounted in bendable cryo-loop and oriented such that the 
axis of crystal rotation (dashed line), was parallel with the long axis of the hexagonal rods.  A 
100 µM collimator directed the beam (yellow circle) to the P1 tip (blue) of the crystal.  Data 
collection in this orientation avoided any contribution from the P6 twin domain (red).  
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Chapter 3 – The Structural Basis for Translocation in a RecA-
family Hexameric Helicase 
	  
(Portions reproduced from: Thomsen, N.D., and Berger, J.M. (2009). Cell 139, 523-534.) 
 
 
Introduction 

By overcoming non-merohedral twinning using a novel age-dependent screen (Chapter 
2), we determined the structure of a Rho hexamer bound to the ATP mimetic ADP•BeF3 and a 
centrally-bound RNA oligonucleotide.  The structure shows that six bases of RNA are 
coordinated by a spiral staircase of loops that form contacts with the nucleic acid backbone.  
RNA binding coincides with the formation of an asymmetric particle that contains four distinct 
classes of ATP-binding sites, which together appear to recapitulate different catalytic states 
consistent with a sequential ATP hydrolysis mechanism.  Comparison of nucleic-acid bound Rho 
and E1 hexamers reveals that the two motors bind nucleic acid substrates in a similar 
conformation and with the same relative polarity (Enemark and Joshua-Tor, 2006), but that 
different ATPase states are responsible for DNA or RNA binding.  These features suggest that 
Rho and E1 translocate in opposite directions because the sequential firing orders of their 
respective ATPase sites is reversed. 
 
 
Results and Discussion 
 
Structure solution 

Initial crystals of full-length E. coli Rho dependent on RNA, ADP•BeF3, and Mg2+ ions 
were obtained in the spacegroup P6.  Molecular replacement solutions revealed that the unit cell 
contained a six-fold and three-fold symmetric hexamer, both of which obscured the RNA bound 
in the center of the ring, a situation seen previously for this protein (Skordalakes and Berger, 
2006).  Inspection of some P6 crystals revealed twinning with a secondary pseudo-P6 lattice; 
optimization of both growth conditions and data collection strategies permitted the collection of 
datasets from P1 crystals with a single hexamer in the asymmetric unit (Chapter 2) (Figure 
3.1A-B).  Initial phases obtained by molecular replacement revealed clear electron density for 
RNA and nucleotide bound to the protein (Figure 3.1C-D).  Model building and refinement 
produced a final structure with good stereochemistry and an Rwork/Rfree of 27.0/29.5% at 2.8 Å 
resolution (Table 3.1).   
 
RNA is absent from Rho’s primary binding site 

In contrast to previous structures (Skordalakes and Berger, 2003, 2006), there was no 
evidence of RNA associated with Rho’s primary binding site located in the N-terminal 
oligonucleotide-binding (OB) folds of the protein.  This absence may result from the sub-
stoichiometric ratio of RNA to Rho monomer used during crystallization.  Although this 
observation does not contradict the “tethered tracking” model (Steinmetz and Platt, 1994), a 
scheme for Rho function in which a portion of RNA is thought to remain associated with the 
primary RNA binding site during translocation, it does suggest that Rho can attain a closed-ring 
conformation in the absence of RNA/primary-site interactions. 
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Protein-RNA contacts in the secondary binding site 

The secondary RNA-binding site in Rho is composed of two elements, the Q and R loops 
(Miwa et al., 1995), which are structurally analogous to the L1 and L2 loops of other RecA-
family members (Story et al., 1992).  In the Rho structure, both motifs line the channel that 
passes through the center of the ring, associating with six bases of single-stranded RNA.  The 
polarity of bound nucleic acid places the 5’-end proximal to the N-terminal domain of Rho, an 
orientation consistent with data for Rho and other RecA-family hexameric helicases (Egelman et 
al., 1995; Jezewska et al., 1998a; Jezewska et al., 1998b; Lo et al., 2008; Skordalakes and 
Berger, 2003).  In contrast to the non-hexameric superfamily 1A (SF1A) helicases (Velankar et 
al., 1999), but more similar to SF1B and SF2 enzymes (Singleton et al., 2007) (Saikrishnan et al., 
2009), Rho appears to almost exclusively bind the phosphodiester backbone of nucleic acid, 
making only minimal contacts with the bases. 

The Q/R loops of subunits A-E form a spiral staircase that tracks along the RNA 
backbone (Figure 3.2A-B), while subunit F, which transitions from the top to the bottom of the 
staircase to close the ring, makes only limited contact with a single RNA base.  All nucleic acid-
binding loops are visible in the electron density, although the Q loop from chain F was poorly 
resolved and hence modeled as poly-alanine. The RNA makes a complete turn in six bases to 
interact with these binding loops, giving rise to a stoichiometry of one base/subunit.  Compared 
to idealized A-form RNA, this configuration sharply increases the average helical twist of the 
RNA by ~20°/base, while decreasing the average helical rise by ~0.6 Å/base (Figure S3.2).  This 
manner of binding RNA is reminiscent of the DNA binding configuration seen in E1 (Enemark 
and Joshua-Tor, 2006) (Figure 3.2A), suggesting that hexameric RecA and AAA+ helicases may 
have converged upon a common means for engaging nucleic acid substrates, despite pronounced 
structural differences between the two enzymes (Figure S3.1) (Wang, 2004).   

Except for chain F, each Q loop makes up to three contacts with RNA through a highly 
conserved set of amino acids (Figure 3.2C).  A backbone carbonyl from V284A-E (where the 
subscript indicates the hexamer subunit) hydrogen bonds with the 2’-OH of RNA ribose1-5 
(where the subscript indicates the RNA nucleotide), likely accounting for the specificity of Rho 
for RNA substrates (Lowery-Goldhammer and Richardson, 1974).  A tight turn in the Q loop 
occurs at the location of two adjacent glycines (G287 and G288), allowing the backbone amide 
of G287A-D to hydrogen bond with RNA phosphates3-6.  A final set of contacts arises between 
phosphates3-4 and the hydroxyl of T286B-C.  Overall, these contacts cause the Q loops to drape 
down and hook around the 3’-side of the RNA phosphodiester backbone, where they engage the 
2’-OH of the ribose and the O1P atom of the phosphate group.  Interestingly, a similar “loop and 
hook” feature is used by the E1 helicase, albeit with translocation loops wrapping over the 5’-
edge of the phosphodiester backbone to make polar contacts with the O1P atom of the phosphate 
group and van der Waals contacts with the deoxyribose (Enemark and Joshua-Tor, 2006).  Both 
substrate-binding mechanisms are consistent with a need to pull on the nucleic acid substrate in a 
particular direction, 5’3’ for Rho and 3’5’ for E1 (Figure 3.2A).  Given that the nucleic acid 
binding loops of Rho and E1 are unrelated in sequence and project from distinct portions of the 
core ASCE fold, this arrangement may represent yet another convergent nucleic-acid binding 
approach between hexameric RecA-like and AAA+ enzymes.   

The R loops make a single contact to the nucleic acid substrate through a nearly invariant 
basic residue, K326A-C, which bonds with RNA phosphates3-5 (Figure 3.2C).  K326D,F also 
projects into the center of the ring and appears poised to interact with nearby phosphates.  
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Together, these lysines form a set of positively-charged steps in the protein staircase.  The only 
R-loop lysine that is not positioned to interact with RNA, K326E, lies at the bottom of the 
staircase and points down and away from the pore, creating a groove that allows the incoming 3’ 
base of RNA to enter Rho’s central channel (Figure 3.2B).  
 
Structural asymmetry generates four different ATP binding states 

Just as the central RNA-binding site is composed of a unique set of asymmetric contacts 
within the hexamer, the ATPase sites of Rho also are non-uniform (Figure 3.3).  Although ADP 
and BeF3 are bound to all six catalytic centers, the active sites partition into four distinct states.  
Several criteria distinguish these states, such as: 1) the spatial separation between subunits at the 
active site interface, 2) relative nucleotide temperature-factors (which are consistent with the 
observation of three tight and three weak ATP binding sites in Rho (Geiselmann and von Hippel, 
1992; Xu et al., 2003b)) (Figure S3.3), 3) the placement of catalytic groups and water molecules 
with respect to ADP•BeF3•Mg2+ (Figures S3.4 and S3.5), and 4) the conformation of the 
ADP•BeF3 moiety.  Using these characteristics as a metric, the sites appear to reflect a set of 
prospective catalytic intermediates, including a nucleotide exchange (E) state, an ATP-bound (T) 
state, a hydrolysis-competent (T*) state, and a product (D) state (see below).  Structural 
comparisons with the F1-ATPase (Abrahams et al., 1994), a well-studied hexameric ATPase with 
~40% sequence similarity to Rho (Dombroski and Platt, 1988), further support these active site 
assignments.  

The widest opening between adjacent subunits occurs at the E/F protomer interface, 
which buries substantially less surface area compared to the other five interfaces (~2500 Å2 vs. 
~3200-3600 Å2).  As a result of this conformation, a number of catalytic residues exhibit atypical 
conformations compared to other subunits (Figure 3.3A).  The arginine finger (RF), R366F, is 
flipped away from the nucleotide bound to the P-loop of chain E, and instead hydrogen bonds to 
a backbone carbonyl group in its own polypeptide chain (G339F).  The catalytic glutamate (CE), 
E211E, which typically coordinates a nucleophilic water molecule, instead directly ligands the 
Mg2+ ion bound in the active site.  Walker-B residue D265E, which generally interacts with Mg2+ 
via a water molecule, does not appear to bind the metal-nucleotide complex.  Although 
ADP•BeF3 is present, it exhibits atomic B-factors that are significantly higher than those seen for 
nucleotides in the other five ATP-binding sites, and the BeF3 group does not bond optimally with 
ADP.  Together, these factors suggest that the E/F interface is in an exchange-like (E) state that 
is either preparing to release product or has just bound an incoming nucleotide.  
   Proceeding counterclockwise around the ring, the intersubunit distance in successive 
ATPase sites decreases significantly, the B-factors of the bound ADP•BeF3 drop, and the 
ADP•BeF3 complex becomes optimally coordinated through the additive binding of catalytic 
residues (Figure 3.3).  In the D/E subunit interface, the NH2 group of the arginine finger moves 
into the active site to interact with the F1 atom of bound BeF3, and the catalytic glutamate begins 
to pull away from the Mg2+ ion and move into a cavity behind the BeF3 (Figure 3.3B).  In the 
C/D interface, the catalytic glutamate moves further into the cavity while the Walker-B residue 
shifts to coordinate Mg2+ through a water molecule.  In the B/C and A/B subunit interfaces, the 
NH1 group of the arginine finger forms an additional bond to the F1 atom of BeF3 (with the NH1 
group simultaneously breaking a bond with an intra-chain carbonyl as it moves), and a water 
molecule becomes hydrogen bonded to the catalytic glutamate (Figure 3.3C).  Although not 
perfectly positioned for an in-line attack on the γ-phosphate mimic (BeF3), this water occupies a 
position similar to that of the prospective catalytic water in the structure of F1-ATPase bound to 
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ADP•BeF3 (Kagawa et al., 2004) (the arginine finger of F1 shifts similarly between active site 
states as seen here for Rho).  As an ensemble, these structural changes suggest that the D/E and 
C/D subunit active sites reside in a pre-hydrolysis, ATP-bound (T) state, while the B/C and A/B 
sites adopt a more hydrolysis competent (T*) conformation. 

The fourth state appears at the F/A interface, where several nucleotide-binding residues 
withdraw from the active site (Figure 3.3D).  The most critical is R212F, referred to hereafter as 
the “arginine valve” (RV), which breaks its otherwise persistent contact with BeF3.  In the 
catalytic β-subunit of bovine F1, the corresponding arginine (R189) is one of the primary 
structural determinants between the ATP and ADP states (Abrahams et al., 1994; Enemark and 
Joshua-Tor, 2008).  The Walker-B aspartate also moves out of the F/A subunit active site, 
disengaging from the Mg2+ ion.  These observations, along with the intermediate B-factors of the 
nucleotide compared to the E and T/T* states, and the sub-optimal ADP•BeF3 geometry, suggest 
that this site reflects a type of post-hydrolysis (D) state that has not yet released product. 

We note that some active sites in the structure exhibit strained or incomplete Mg2+-
coordination spheres.  Though we cannot rule out the possibility that apparent non-octahedral 
geometries may be linked to the modest resolution of our structure (2.8 Å), the changes are 
consistent with observed active site rearrangements such as movement of Walker B residue 
(D265) and the catalytic glutamate (E211).  The partial coordination observed in some active 
sites also may explain why Rho can utilize metals that prefer coordination spheres less than six 
such as Cd2+, Co2+, Ni2+ and Zn2+ (Weber et al., 2003a); however, we note that differential 
coordination and strain on the scissile phosphate linkage likewise could play a role in catalysis.  
Such a mechanism has been postulated to occur in other metal-dependent enzymes such as 
RNase H (Nowotny and Yang, 2006). 
 
RNA binding is coupled to ATPase state 
 The hexameric ring serves to structurally link RNA binding and ATP turnover by 
associating each protein subunit with a unique ATP-binding state and RNA coordination 
geometry (Figure 3.4).  Subunit E, which sits at the bottom of the staircase, and whose active 
site resides in an exchange-like (E) state, makes only one RNA contact.  Moving up the staircase, 
the T- and T*-state active sites progressively bind ATP more tightly, concurrent with 
repositioning of the Q and R loops to form additional RNA contacts.  Enzyme/nucleic-acid 
interactions reach a maximum in subunits B and C (each of which makes four hydrogen bonds or 
salt bridges to the RNA), and then relax slightly to three protein-RNA bonds in subunit A.  As 
subunit F transitions between the top and bottom staircase positions, it disengages from the 
phosphodiester backbone.  The active site of subunit F also appears to occupy a type of post-
hydrolysis product (D) state, indicating that the stable formation of ADP+Pi may be linked to 
RNA release.   

As a whole, the most tightly-bound ATP states of Rho make the greatest number of 
contacts with the RNA, whereas the product release and exchange states exhibit no or few 
interactions.  This coupling between ATPase state and RNA binding contrasts with the AAA+ 
helicase E1, which binds DNA via a combination of ATP (T) and product-like (D) states 
(Enemark and Joshua-Tor, 2006).  Consistent with these observations, the DNA-bound state of 
T7gp4 (a RecA-type enzyme) is stabilized by ATP binding (Hingorani and Patel, 1993), whereas 
the DNA-bound state of M. thermoautotrophicus MCM (an AAA+ enzyme) is stabilized by ATP 
hydrolysis (Sakakibara et al., 2009).  Thus, despite general similarities in how nucleic acid 
segments are bound, the chemomechanical coupling mechanisms of AAA+ and RecA-like 
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hexameric helicases appear to be fundamentally different.  The functional consequences of these 
differences are not known, but may reflect an ability of RecA and AAA+ enzymes to utilize 
distinct phases of the ATPase cycle, such as ATP binding or Pi release, to power substrate 
movement (Enemark and Joshua-Tor, 2006). 
 
A dynamic allosteric network positions the catalytic glutamate 

Our structure suggests that the linkage between ATP turnover and RNA movement 
requires significant inter-subunit flexibility (Figure 3.5A).  The structural transition between 
these states results from inter-subunit clamping motions, which alter the relative positions of 
adjacent Q/R loops and their associated helices Qα1, Qα2 and Rα1.  The extent of the 
conformational change is highlighted by residues E333 and R347, which together form an inter-
subunit salt bridge in the T and T* states, but are separated by ~11 Å in the E state.   The 
structure also reveals conformational changes that take place within each Rho subunit, the most 
significant of which occur in the Q and R loops (Figure 3.5B).   

These intra- and inter-subunit conformational changes not only reposition the RNA 
binding loops, but also alter the interactions between a set of invariant, charged amino acids 
projecting primarily from helices Qα1, Qα2 and Rα1.  Inter-subunit conformational changes 
appear to be sensed through the aforementioned R347/E333 salt bridge (Figure 3.5A).  Residues 
D328, R272, E334, K298 and R269 generate additional inter-subunit contacts that vary between 
the six protomer interfaces in the hexamer (Figure 3.5C).  This ion-pair network ultimately 
plugs into the active site through an R269/E211 bond that orients the catalytic glutamate for 
binding a prospective nucleophilic water molecule.  The only active site that contains a 
completely bonded network lies at the B/C interface (Figure 3.5D), between the two subunits 
that together enclose a T* state and that display the largest number of protein-RNA contacts.  
Thus, the network appears to function as a communication relay that links RNA binding to the 
proper positioning of catalytic amino acids to support ATP hydrolysis.  A wealth of biochemical 
data supports this premise, showing that a variety of substitutions in the network can indirectly 
perturb substrate binding and ATP turnover, and further explaining why mutations in residues 
that directly bind RNA often disrupt ATPase activity and vice-versa (Table S3.1). 

 
Chemomechanical coupling in a RecA-like hexameric helicase 

The question of how ATP turnover is linked to substrate translocation has been one of the 
most central issues surrounding RecA-family hexameric helicases, and oligomeric motor 
proteins in general (Delagoutte and von Hippel, 2002; Enemark and Joshua-Tor, 2008; Patel and 
Picha, 2000; Singleton et al., 2007).  Analysis of our present structure leads to a straightforward 
mechanistic model describing how RNA binding stimulates the ATPase activity of Rho, and how 
this activity is in turn coupled to RNA movement (Figure 3.6A).  

During translocation, each Rho subunit is thought to transition through a round of ATP 
binding, hydrolysis and product release.  Our structure suggests that Rho uses an [E  T1  T2 
 T*1  T*2  D] ATPase cycle, where a full circuit involves the release of ADP and binding 
of a new ATP at the lone E state, progressively tighter binding of ATP in the T states, ATP 
hydrolysis in one of the T* states, and stable product formation in the D state.  Although the 
precise timing of Pi release is not evident from our model, hydrolysis likely occurs in the 
allosterically activated (Figure 3.5D) T*1 state (B/C), with Pi release delayed until the partially-
open product (D), or fully-open E (E/F) interface, is reached.  This model is consistent with pre-
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steady state kinetic analyses illustrating that T7-gp4 and Rho release Pi only after ~2 or ~3.5 
ATP molecules have been hydrolyzed respectively (Adelman et al., 2006; Liao et al., 2005).  

Concomitant with these events, the subunits change their relative conformation with 
respect to each other in a closed, cyclic wave that pulls RNA through the central channel of the 
helicase (Figure 3.6A).  As ATP is bound by an E-state subunit, the protomer latches onto an 
incoming 3’-RNA nucleotide (stage 1).  As the subunit transitions into T and then T* states, it 
chaperones that same nucleotide up through the ring (stages 2-5).  As RNA prepares to exit from 
Rho, structural changes in the Q loop reduce the number of protein-RNA contacts (Figure 3.4, 
subunit A), priming the nucleic acid for release; the structure suggests that a recoil of the 
compressed RNA constrained by subunits B and C could participate in this release event, similar 
to a concept proposed for the bacteriophage φ8 RNA packaging motor (Lisal et al., 2004).  To 
complete a cycle, the subunit enters into a D state, transitioning from the top to the bottom of the 
staircase, and disengaging from the RNA (stage 6).  In this scheme, the structure appears to 
strongly support a strictly sequential, rotary ATP-hydrolysis mechanism, in which each ATP 
turnover event translocates the motor by one RNA base.  

What is the coupling that links ATPase activity to RNA movement and vice-versa?  In 
Rho, these events are tied together by the global structure of the hexamer, as well as by the 
intricate allosteric network that links the ATP and RNA binding sites.  The network is activated 
by the tight binding of RNA to a pair of adjacent subunits (Figure 3.4, subunits B and C in our 
structure); less optimal RNA contacts are seen in T-state active sites that do not appear 
competent to hydrolyze ATP.  This linkage explains how Rho can bind multiple ATP molecules 
tightly, yet hydrolyze them in an ordered, sequential manner rather than a concerted fashion 
(Adelman et al., 2006).  Moreover, although the presence of an arginine finger is required for 
tight ATP binding by Rho (Miwa et al., 1995), it is not the sole determinant of hydrolysis.  
Rather, it is the synergistic effect of both the arginine finger and the positioning of a catalytic 
glutamate by the allosteric network that precisely times ATP hydrolysis.   

We note that the mechanism described here espouses some concepts similar to previous 
structure-based models proposed for RecA-family hexameric helicases (Mancini et al., 2004; 
Singleton et al., 2000), but is also distinct.  For example, the RNA binding configuration in our 
structure indicates that Rho does not act as a symmetric particle, such as a trimer of dimers 
(Seifried et al., 1992; Skordalakes and Berger, 2006).  Instead the hexamer appears to function as 
an asymmetric particle in which five subunits simultaneously contact nucleic acid, each in a 
unique manner.  The structure also indicates that there is no handoff of the RNA from one 
subunit to the next; rather, a single subunit stays associated with one RNA nucleotide throughout 
the catalytic cycle, and only engages every seventh (n+6) nucleotide in a chain.  It seems likely 
that the absence of certain substrates in previous structures of RecA-like hexameric helicases 
may have precluded capture of a fully configured and asymmetric state, allowing only some 
elements of a complete catalytic cycle to be observed.  This proposed sequential mechanism is 
generally consistent with a number of studies on Rho and other hexameric RecA-family motors, 
including the F1-ATPase (Adelman et al., 2006; Crampton et al., 2006; Noji et al., 1997; 
Notarnicola and Richardson, 1993; Richardson and Ruteshouser, 1986).  
 
RecA and AAA+ hexameric helicases: the structural basis for translocation polarity 

A major distinguishing feature of nucleic acid helicases and translocases is the polarity of 
their movement along DNA or RNA (Singleton et al., 2007).  Among hexameric helicases, 
RecA-family enzymes move 5’3’, while AAA+ proteins track 3’5’.  What accounts for this 
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difference?  A priori, one could envision that each helicase’s ATPase active sites fire 
sequentially in the same direction around the ring (i.e. clockwise or counterclockwise), but that 
nucleic acid strands bind to the two enzymes in opposite orientations.  Alternatively, RecA and 
AAA+ helicases might bind substrate equivalently, but invert their sequential order of active site 
turnover.   

The structure of Rho presented here, compared to the DNA-bound structure of the AAA+ 
helicase E1 (Enemark and Joshua-Tor, 2006), reveals that these two enzymes share a common 
nucleic acid binding polarity.  Viewed from the 5’ end of the DNA or RNA strand, each 
hexamer’s ATP-binding sites are formed with the Walker A/B motifs situated counterclockwise 
from the neighboring arginine finger (Figure 3.6B).  This arrangement indicates that the 
opposing translocation movements of the two enzymes arise from a reversal in the direction of 
the rotary ATPase wave.  Such a “rewiring” of step direction within a common motor framework 
is not without precedent; for example, the related RecB and RecD SF1 helicases move in 
opposing directions, even though ssDNA substrates bind to the two helicases with the same 
polarity (Saikrishnan et al., 2009; Singleton et al., 2004). 

Why is the sequential order of ATP hydrolysis inverted between Rho and E1?  
Superficially, the two motors appear very similar – they share a common nucleic acid binding 
polarity and a common spiral configuration for engaging substrate.  In addition, the fully-
liganded structures show that both helicases contain an exchange/empty (E) ATP-binding site 
sequestered between a tightly-bound ATP (T) state and a weakly-bound product (D) state.  
However, the relative order of flanking active sites for Rho is flipped in comparison with E1 
(Figure 3.6B).  We suggest that this configuration is responsible for biasing the direction of 
subunit movement, with the protomer linked to the T state effectively being locked down, and 
the subunit between the E and D states free to move upon ATP binding.  This inverted 
orientation would lead to a counterclockwise shift of the “free” subunit upon binding ATP in 
Rho, and a clockwise shift in E1.  Thus, by re-orienting a common motor domain within two 
different hexameric assemblies (Figure S3.1) (Wang, 2004), and by reversing the relative 
direction of movement between an ATP binding site and its adjoining arginine finger, nature has 
evolved two families of hexameric helicases with opposing translocation polarities. 

 
 

Conclusion 
Our structure of the E. coli Rho transcription termination factor bound to both RNA and 

an ATP mimetic provides new insights into the chemomechanical coupling mechanism of a 
RecA-family hexameric helicase.  It reveals six independent snapshots of a translocation 
intermediate, showing how ATP and RNA binding and are coupled via an allosteric network.  It 
provides further support for a strict-sequential ATP hydrolysis mechanism among RecA family 
hexameric helicases, and more importantly, it reveals how such a mechanism is coupled to a 
rotary wave of RNA binding loop movements that escort nucleic acid through the central 
channel.  Comparisons with the E1 papillomavirus protein suggest that RecA- and AAA+-family 
hexameric helicases employ different ATPase states to drive substrate binding, and that the two 
motors sequentially hydrolyze ATP in opposite directions.  The structural comparison also 
suggests that all hexameric helicases have converged on a similar nucleic acid binding mode, in 
which RNA or DNA substrates are bound by a spiral staircase of protein subunits in a 1-
subunit/base stoichiometry.  The structure of Rho bound to RNA and ADP•BeF3 thus provides a 
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critical foundation on which to base further structural and functional studies of hexameric 
helicases and hexameric ASCE motor proteins in general.  
 
 
Materials and Methods 
 
Crystallization and data collection 

Full-length, selenomethionine labeled Escherichia coli Rho protein was prepared as 
described previously (Skordalakes and Berger, 2003).  Rho was then concentrated to 60 mg/mL 
by ultrafiltration (Millipore – Amicon Ultra) and dialyzed into 10 mM Tris-HCl pH 7.5, 300 mM 
NaCl and 1 mM TCEP.  A solution of ADP•BeF3 (prepared at a 1:3:15 molar ratio of 
ADP:BeCl2:NaF) was mixed with a 1:1 molar equivalent of MgCl2:ADP.  To form the complex, 
rU12 RNA (IDT) was mixed with protein at a 1.1:1 stoichiometry of rU12 :Rho hexamer, and 
incubated on ice for 15 minutes.  The ADP•BeF3•Mg2+ solution was added to the protein-RNA 
complex, and the mixture equilibrated for another 15 minutes.  The final protein solution 
contained 20 mg/mL Rho, 0.28 mg/mL of rU12 RNA, 2.5 mM ADP•BeF3, 2.5 mM MgCl2, 10 
mM Tris-HCl (pH 7.5), 300 mM NaCl and 1 mM TCEP. 
      Microbatch crystals were grown by mixing 2 µL of protein solution with 2 µL of a 
solution containing 5% MPD, 100 mM HEPES (pH 7.9), 20 mM NaCl, and 10 mM spermidine-
HCl, and incubating under paraffin oil at 18°C.  Crystals (hexagonal rods) were cryoprotected by 
stepwise exchange of the mother liquor with an identical solution supplemented with 25% MPD 
over a period of 15 minutes.  Crystals were looped, flash frozen in liquid nitrogen, and 
diffraction data were collected on Beamline 8.3.1 at the Advanced Light Source (MacDowell et 
al., 2004). 
 
Structure solution and refinement 

Despite the use of selenomethionine-derivatized protein, we were unable to obtain useful 
maps from SAD datasets, likely due to radiation damage accrued over the course of collecting a 
P1 dataset at the absorption edge.  To minimize this problem, a single “native” dataset was 
collected at a low-energy remote wavelength away from the selenium edge.  HKL-2000 was 
used to process the data (Otwinowski and Minor, 1997).  Phases were obtained by molecular 
replacement (MR) using PHASER (McCoy et al., 2007).  The most useful search model 
consisted of residues 1-126 of chain A and 155-415 of chain C from the open ring Rho-RNA 
structure (1PVO) (Skordalakes and Berger, 2003), combined with residues 127-154 of an 
unpublished, higher-resolution open-ring Rho structure. 
      Initial rigid body and grouped B-factor refinement were performed using PHENIX 
(Adams et al., 2002).  At this stage, Fo-Fc difference electron density maps showed clear density 
for RNA and nucleotide (Figure 3.1C -D).  Iterative rounds of multi-domain, NCS-restrained, 
simulated annealing in PHENIX (Adams et al., 2002), 6-fold multi-domain NCS averaging and 
density modification using DM (Cowtan, 1994), and manual model building in Coot (Emsley 
and Cowtan, 2004), generated a starting model.  In subsequent refinements, NCS restraints were 
relaxed and un-averaged maps were used.  Model bias was removed using prime-and-switch and 
composite-omit maps, both calculated by PHENIX (Adams et al., 2002).  The RNA and 
ADP•BeF3•Mg2+ were added in the last stages of refinement, along with manually-placed waters 
and two spermidine molecules.  The final model was refined in PHENIX using weak, multi-
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domain backbone NCS restraints for the OB and RecA folds, individual B-factor modeling, and 
TLS modeling of protein domains obtained from the TLSMD server (Painter and Merritt, 2006). 
 
Structural analysis 

RNA conformation was analyzed with 3DNA (Lu and Olson, 2003), structural 
superpositions and figures were prepared with PyMol (DeLano, 2002), and linear interpolations 
of the six structural states were prepared using PyMol in conjunction with CNS (Brunger et al., 
1998) and software written by the Yale Morph Server (Flores et al., 2006). 

 
 

Accession Numbers 
Coordinates for the fully liganded Rho structure have been deposited in the RCSB Protein Data 
Bank under ID code 3ICE. 
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Tables 
	  

Table 3.1. Data Collection and Refinement 
Data 
Space Group P1 
Unit Cell a=69.23  b=127.0  c=127.2 

α=60.48  β=90.26  γ=89.77 
Wavelength (Å) 1.11 
Resolution (Å) 42 – 2.8 
Unique Reflections 87,859 
Redundancy 3.8 (3.6) 
Completeness (%) 94.6 (66.6)a 

I/σ 15.5 (3.8) 
Rmerge 0.079 (0.342) 
Refinement 
Rwork (%) 27.0b 

Rfree (%) 29.5c 
RMSD bonds (Å) 0.013 
RMSD angles (°) 0.970 
Ramachandrand      Preferred (%) 94.4 
                               Allowed (%) 5.6 
                               Outliers (%) 0 
Number of Atoms 19,558 
Protein 19,141 
Ligands 333 
Water 84 
Values in parenthesis correspond to the high resolution bin of 2.9-2.8 Å 
aData is > 90% complete in all resolution bins to 2.9 Å 
bRwork = ∑||Fo|-|Fc||/∑|Fo| 
cRfree is calculated using 5% of the data omitted from refinement 
dAs reported by Molprobity (Davis et al., 2007) 
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Figures 
	  
	  

 
 
Figure 3.1. Rho/RNA/ADP•BeF3•Mg2+

 structure 
A) Top down view of the Rho hexamer with differential coloring of the six subunits (see color 
key).  Bound RNA is shown as orange sticks.  ADP, BeF3 and Mg2+ are shown as magenta 
sticks, black sticks, and yellow-green spheres respectively. 
B) Side view of Rho rotated 90° with respect to (A), and shown with a transparent surface.  
Subunits A and B have been removed to highlight the RNA. 
C) Representative Fo-Fc electron density in the ATPase active site calculated prior to including 
nucleotide in the model (3 σ contouring).  The refined ADP•BeF3•Mg2+ model is shown to 
highlight the starting map quality.  
D) Representative Fo-Fc electron density (green) for RNA calculated prior to including the 
nucleic acid substrate in the model (left, 2.5 σ contouring), and refined 2Fo-Fc electron density 
(blue) for the final model (right, 1.25 σ contouring).  The refined RNA model is shown in orange 
with oxygen and nitrogen atoms colored red and blue, respectively. 
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Figure 3.2.  Translocation loop/RNA interactions 
A) The Rho Q loops (left) and E1 β-hairpin loops (right) bind the nucleic acid backbone in a 
spiral staircase configuration. Both sets of nucleic acid binding loops are structured in a manner 
suggesting that they pull (arrows), rather than push, on the substrate to achieve a particular 
translocation polarity (5’3’ for Rho vs. 3’5’ for E1).  The Rho Q loops for subunits A-E are 
shown (see key color key, panel B); subunit F, which does not contact the RNA, is removed for 
clarity.  The E1 loops are colored similarly to those in Rho based on their position in the 
staircase.  Nucleic acids are colored orange and illustrated as sticks on a cartoon backbone.  The 
orientation of the Rho hexamer is similar to that shown in Figure 3.1B.  
B) The Rho R loops form a spiral staircase that engages the RNA phosphates.  The R loops for 
all six subunit are colored (see key).  The 5’ end of the RNA (orange and red sticks) projects out, 
toward the viewer.  The side-chains of K326 (sticks), project into the center of the ring and 
interact with the RNA phosphate groups. 
C) Specific RNA contacts with the Q and R loops of subunits B and C (see color key, panel B).  
Backbone atoms and side-chains for the RNA-binding residues are shown as sticks.  Dashed 
lines indicate hydrogen-bonds or salt bridges. 
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Figure 3.3.  Structural asymmetry generates four ATP binding states 
Views of A) Exchange - E; B) ATP - T; C) ATP hydrolysis - T*; D) ADP - D active sites.  Each 
inset shows the interface location (bold and black text) with respect to the rest of the hexamer 
(faded and grey text).  For nucleotide and associated Mg2+/water molecules, coloring is by B-
factor, with blue indicating low values (20-35 Å2) and red high values (120-135 Å2).  By 
contrast, selected catalytic motifs are shown in stick representation and colored by subunit in 
accordance with Figure 3.1A.  ADP and BeF3 are shown as sticks.  Bound Mg2+ and associated 
water molecules are shown as large and small spheres, respectively; the water molecules are 
numbered according to their position in the active site.  Bonding interactions are shown as 
dashed lines.  Abbreviations: WA – Walker A, WB – Walker B, CE – Catalytic Glutamate, RV – 
Arginine Valve, RF – Arginine Finger. 
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Figure 3.4. Correlation between ATP and RNA binding 
Schematized view of RNA-binding contacts and ATP-binding states.  Protein subunits are 
illustrated as large, rounded rectangles and colored as per Figure 3.1A.  Q and R loops are drawn 
with darker, colored lines to highlight their positions.  The perspective is similar to Figure 3.1B, 
except that the subunits are pulled open and spread flat on the page.  Subunit F is shown twice to 
highlight its orientation with respect to subunits A and E.  The two halves of the bipartite ATP-
binding site are illustrated as small rounded rectangles; linked, notched rectangles represent 
insertion of the arginine finger into the active site of T and T* states.  Ribose (R) and phosphate 
(P) moieties of the RNA backbone are colored orange and numbered according to the structure.  
Protein residues contacting RNA are labeled, and chemical groups that bond with the RNA are 
shown (dashed lines).  The yellow star indicates the B/C interface in which adjacent subunits 
have maximized their protein-RNA contacts. 
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Figure 3.5.  Inter- and intra-subunit conformational changes position the catalytic 
glutamate via a conserved allosteric network 
A) Inter-subunit conformational changes in Rho.  Three different interfaces (F/A, E/F, B/C) are 
shown.  The inset identifies the subunits and active site states represented by each interface.  The 
product-release (D) and exchange (E) states are relatively open (i.e. more accessible to solvent), 
whereas the ATP bound (T and T*) states (illustrated here by the B/C interface) are closed 
(sequestered from solvent).  These changes alter the relative positions of adjacent Q and R loops 
and their associated secondary structural elements, Rα1, Qα1 and Qα2, which are labeled and 
colored by subunit (see key, panel B).  Selected residues involved in inter-subunit contacts are 
labeled and shown as sticks, and bonding interactions as dashed lines.  
B) Intra-subunit conformational changes illustrated by structural superposition of the RecA-folds 
from all six subunits.  The core ASCE fold is colored white, while the Q and R loops, and the 
Rα1, Qα1 and Qα2 structural elements are colored by subunit (see key).  While most of the 
motor domain shows minimal intra-subunit conformational changes, the RNA binding elements 
exhibit significant variations. 
C) The position of the allosteric network with respect to RNA (orange cartoon) and the presence 
of a prospective catalytic water molecule (large red spheres) in the ATPase active site.   The 
Rα1, Qα1 and Qα2 structural elements encircle the RNA binding site and form a large portion 
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of the subunit interface within the hexamer.  Charged residues (sticks) project from Rα1, Qα1 
and Qα2, forming a network between subunits.  Bonding interactions (dashed lines) within the 
network vary around the hexamer depending on nucleotide state.  Protein subunits are 
differentially colored (see key, panel B).  
D) The completely bonded allosteric network located at the T* interface between subunits B and 
C.  The inter-subunit conformational changes shown in panel A are linked to an interaction 
between R347 and E333.  All members of the network except R347 project from the Rα1, Qα1 
and Qα2 structural elements of adjacent subunits and form a complex network of salt bridges 
that affects the position of the catalytic glutamate (E211B) responsible for activating the 
nucleophilic water molecule.  ADP and BeF3 are colored as magenta and black sticks.  Protein 
side-chains are illustrated as sticks and colored by subunit (see key, panel B).  The Mg2+ ion and 
catalytic water molecule are shown as yellow-green and red spheres, respectively. 
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Figure 3.6.  Translocation mechanism and directional polarity 
A) Schematic of a Rho translocation cycle in which six ATP molecules are hydrolyzed to move 
six nucleotides of RNA.  Helicase subunits are illustrated as colored spheres.  RNA is shown as a 
chain of white spheres spiraling out of the plane of the paper.  Protein-RNA contacts are 
indicated by lines connecting the protein and RNA spheres; the black RNA sphere serves as a 
reference point, and moves toward the viewer as the boxed red subunit transitions through six 
steps in the translocation cycle.  A yellow star represents activation of the allosteric network that 
likely promotes hydrolysis.  
B) Schematics of Rho and E1 (chains A-F) illustrating their respective sequential ATP 
hydrolysis directions.  Protein subunits are colored as in Figure 3.1.  Nucleic acid phosphates 
observed in the structures are illustrated as bold orange circles, with the incoming phosphate 
shown as a dashed orange circle.  Rectangles represent the two halves of the bipartite active site.  
Interlocked rectangles show insertion of the arginine finger in ATP-bound states.  Solid arrows 
outline the progression toward subsequent steps in the ATPase cycle.  Dotted arrows show the 
movement of the mobile “transition” subunit, upon binding ATP, toward a partner subunit 
locked in place by ATP-dependent (T-state) contacts within the ring. 
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Supplemental Material 
	  

Table S3.1. Effect of mutations in ligand binding sites and the allosteric network 
Mutation Location ATP 

binding 
Secondary 
RNA 
bindinga 

ATPase 
Vmax 

Helicase 
activity 

in-vitro 
transcription 
termination 

Citation 

D265N ATP 
binding site --- --- ↓  ↓  ↓↓  (Dombroski 

et al., 1988) 
R212G ATP 

binding site --- ↓  ↓  --- ↓  (Xu et al., 
2002) 

R366H ATP 
binding site ↓  --- ↓↓  --- ↓↓  (Miwa et 

al., 1995) 
K326E RNA 

binding site ↓  --- ↓↓  --- ↓↓  (Miwa et 
al., 1995) 

T286A RNA 
binding site = ↓↓  ↓  --- ↓  

(Wei and 
Richardson, 
2001b) 

R269A Allosteric 
network --- --- ↓↓  --- --- (Xu et al., 

2002) 
K298A Allosteric 

network --- ↓  ↓  --- ↓  (Xu et al., 
2002) 

D328G Allosteric 
network ↓  --- ↓  --- ↓↓  (Miwa et 

al., 1995) 
E333D Allosteric 

network = --- ↓  --- ↓↓  (Miwa et 
al., 1995) 

R347G Allosteric 
network --- ↑  ↓  --- ↓  (Xu et al., 

2002) 
Key: ↑  - improvement in activity, ↓  - reduction in activity, ↓↓  – near absolute loss of activity, = - no effect,    --
- - not tested 
aApparent Kd equal to the Km for oligo(C) in poly(dC) stimulated ATPase assays (Richardson, 1982). 
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Figure S3.1.  AAA+ and RecA hexamers utilize different subunit interfaces 
(A) Structural superposition of the ASCE domains of Rho (orange and dark blue) and T7gp4 
(yellow and light blue) showing similar positioning of catalytic and secondary structural 
elements in RecA-like family members.  Note that the Q and R loops of Rho (red) and the L1 
and L2 loops of T7gp4 (pink) emanate from identical regions of the core ASCE fold and are 
directly adjacent to the P loop (dark and light green for Rho and T7gp4 respectively).  The 
aligned monomers are chain C from the current Rho structure and chain B from T7gp4 (PDB: 
1E0K) (Singleton et al., 2000). 
(B) Aligning a single monomer of Rho and phage T7-gp4 results in a close superposition of the 
entire hexamer.  Both proteins position the nucleic acid binding loops similarly in the center of 
the ring. 
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(C) Structural superposition of the ASCE domains of Rho (orange and dark blue) and E1 (yellow 
and light blue) showing the alignment of the central β-sheet and P loops (dark and light green for 
Rho and E1 respectively).  Note that the nucleic acid binding Q and R loops of Rho (red) and the 
β-hairpin of E1 (pink) emanate from different portions of the core ASCE fold.  The aligned 
monomers are chain C from the current Rho structure and chain C from the E1-DNA co-crystal 
structure (PDB: 2GXA) (Enemark and Joshua-Tor, 2006). 
(D) When the aligned monomers from (C) are used to orient a hexameric protein assembly, the 
angle between the rings is approximately 90° (Wang, 2004).  This arrangement allows the 
distinct placement of nucleic acid-binding loops to form a pore in each ring. 
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Figure S3.2.  RNA bound to Rho is compressed 
Compared to A-form RNA, in which base stacking interactions are optimized around a helical 
pitch of ~11 bases/turn, the RNA bound to Rho does not exhibit ideal base stacking and 
completes a turn in 6 bases.  This change results from an average increase of ~20°/nucleotide in 
helical twist, and an average decrease of ~0.6 Å/nucleotide in helical rise, compared to A-form 
RNA.   
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Figure S3.3.  Temperature factor analysis of bound nucleotides 
The Rho hexamer is shown as transparent ribbons, while the six ADP•BeF3•Mg2+ complexes are 
shown as spheres and colored by relative temperature factor (see key).   The labels indicate the 
chain ID, catalytic state (E, T, T* or D) and the average temperature factor for atoms within each 
nucleotide complex.  Note that three sites have relatively low average B-factors ranging from 35 
– 47 Å2, while the remaining three nucleotides have higher average B-factors ranging from 71-
103 Å2. The single site with a particularly high average B-factor (103 Å2, E/F site) may also 
correlate with the presence of five ADP•BeF3 binding sites observed for Rho when bound to 
RNA (Adelman et al., 2006). 
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Figure S3.4.  Electron density reveals different ATPase states 
Stereo views of refined 2Fo-Fc electron density maps contoured at 1.25 σ (blue) for nucleotide 
(magenta and black) and critical active site residues.  The viewpoint is similar to Figure 3.3.  
Subunit and nucleotide coloring is consistent with Figure 3.1.  Spheres illustrate waters (red) and 
Mg2+ ions (lime).   
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Figure S3.5.  Electron density reveals different ATPase states 
Stereo views of Fo-Fc simulated annealing omit maps contoured at 3.0 σ (green) for the 
nucleotide•Mg2+•water complex.  The viewpoint is similar to Figure 3.3.  Coloring is consistent 
with Figure S3.4. 
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Chapter 4 – A New Rho Translocation Intermediate 
	  
	  
Introduction 

The relatively straightforward rotary/sequential escort mechanisms proposed for Rho 
(Chapter 3) (Thomsen and Berger, 2009), and for E1 (Enemark and Joshua-Tor, 2006), are based 
upon single, asymmetric structures that captured multiple conformational states of each enzyme.  
While these asymmetric states provide multiple snapshots of the motor mechanism, they likely 
represent only a subset of potential conformational states accessible to the helicase.  Indeed, a 
number of recent single molecule and biochemical studies have suggested that ring shaped 
nucleic acid dependent motors may not translocate in a smooth and continuous fashion, but 
rather that they translocate in bursts phases, separated by distinct pauses. 

Single molecule studies of the pentameric bacteriophage φ29 double-stranded DNA 
packaging motor, a RecA-like enzyme, directly illustrate such a pausing mechanism (Moffitt et 
al., 2009).  Using optical tweezers, φ29 was shown to translocate in discreet 10 base-pair steps 
separated by short lags.  It was suggested that φ29 hydrolyzes four bound ATPs during the 
translocation burst, but must pause to reload the sites before another burst of translocation can be 
completed.  The study also revealed four sub-steps that the authors claim map to a non-integral 
step size of 2.5bases/ATP.  Although it could be argued that these characteristics might be 
unique to double stranded nucleic-acid (dsNA) motors, or to the fact that the φ29 translocase is a 
pentamer, recent work on Rho using a nucleotide analog interference mapping (NAIM) strategy 
has revealed an intriguing parallel with φ29 (Schwartz et al., 2009).   In particular, by randomly 
inserting deoxy-nucleosides into an RNA substrate, the study revealed that Rho requires a critical 
interaction with a 2’-OH once every seven steps.  This observation suggests that there exists 
some discontinuity in Rho translocation that occurs at regular intervals.  Moreover, the 2’-OH 
dependent interactions appeared to be sequence dependent, supporting early bulk-biochemical 
work on Rho that uncovered distinct sequence preferences for the motor (Richardson, 1982; 
Wang and von Hippel, 1993).  

In hopes of capturing new structural intermediates that might shed light on the sequence 
specificity or the 2’-OH activation mechanism of Rho, we set out to crystallize the helicase with 
different adenosine nucleotide analogues, and different RNA substrates.  Unfortunately, the P1 
crystal form (Chapters 2 and 3) was exceedingly difficult to work with, and any modifications 
made during (co-crystallization) or after (nucleotide soaking) crystal growth produced crystals of 
low quality that were not suitable for structural refinement.  We thus searched for a new Rho 
crystal form that would be more amenable to future structural studies, and that might contain a 
new Rho translocation intermediate. 
 
 
Results and Discussion 
 
Structure solution and overall architecture  

While screening for new Rho crystals under a variety of substrate conditions, we 
discovered a new crystal form belonging to space group P212121 that diffracted to 5.7 Å (not 
shown).  Although this form was obtained under the same substrate conditions that produced the 
P1 closed-ring crystals (Chapter 3) (Thomsen and Berger, 2009), initial molecular replacement 
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solutions revealed the presence of two Rho hexamers in the asymmetric unit.  In addition, 
whereas one of the hexamers could be well modeled by our existing model, the other hexamer 
revealed extra positive difference density (Fo-Fc) at the 3’ end of the RNA and negative 
difference density at the 5’ end (data not shown).  These observations suggested that the second 
asymmetric hexamer in the new crystal form contained a potentially novel RNA binding 
conformation. 
 Crystals belonging to spacegroup P21 were eventually obtained under conditions related 
to these initial P212121 crystals (Figure 4.1A).  The diffraction from these crystals was much 
improved compared to the P1 crystal form (Chapter 2) (Figure 2.1), displaying both lower 
mosaicity (~1°), and higher resolution (2.6 Å) (Figure 4.1B).  Molecular replacement combined 
with single wavelength anomalous dispersion (MR-SAD) techniques were used to locate 92 
selenium sites and calculate phases for the structure (Table 4.1).  The structure solution revealed 
a single asymmetric hexamer in the asymmetric unit, and the initial phased maps revealed clear 
density for seven bases of RNA bound in the center of the ring as well as for ADP•BeF3 in the 
ATP binding sites (Figure 4.1C and D).  The final model has been refined to an Rwork/Rfree of 
20.8/24.5%, and currently represents the highest resolution view of a hexameric helicase bound 
to both nucleic acid and ATP mimetics.  Alignment of the current structure (referred to hereafter 
as Rho-P21) with the P1 closed ring (referred to hereafter as Rho-P1) (Chapter 3) (Thomsen and 
Berger, 2009), reveals a similar global conformation with a root mean squared deviation 
(RMSD) for backbone C-α atoms of 0.6 Å.  However, a closer inspection of the structure reveals 
new details of substrate binding and suggests promising avenues for future structural analysis. 
 
High resolution phases correct small errors in previous Rho structures 
 The relatively high-resolution phases of the P21 closed ring Rho structure revealed two 
likely building errors propagated in all previous Rho structures (Skordalakes and Berger, 2003, 
2006; Skordalakes et al., 2005; Thomsen and Berger, 2009).  Analysis of the initial maps reveals 
the presence of a cis-peptide bond between residues 265 and 266 following the Walker-B motif 
(Figure 4.2).  A cis-peptide bond in this position is a common feature of RecA-like proteins first 
observed in the structure of the RecA recombination protein (Story et al., 1992).  Although this 
particular configuration was not modeled properly in earlier Rho structures, the correction does 
not appear to significantly alter the conformation of residues involved in ATP binding, and thus 
does not appear to alter the functional interpretation of previous structures.  A second correction 
also was facilitated by phased anomalous difference maps, which allowed us to precisely locate 
most of the selenium sites in Rho.  These maps reveal that the final α-helix of the extreme C-
terminus of Rho (containing two adjacent selenomethionine residues in a 10 amino-acid stretch) 
was register-shifted by one residue in previous Rho structures (Figure 4.2B).  This error likely 
explains the high B-factors observed in this region in previous Rho structures (Skordalakes and 
Berger, 2003; Skordalakes et al., 2005; Thomsen and Berger, 2009).  Overall, these corrections 
along with the higher resolution data and phases allowed us to build a more accurate model of a 
fully-liganded closed ring Rho hexamer. 
 
New details of RNA binding 
 The seven bases of RNA bound in the center of the Rho-P21 hexamer reveal a novel RNA 
binding conformation (Figure 4.3A).   The five bases at the 5’-end of the RNA are coordinated 
by a spiral staircase of protein subunits in a manner similar to the Rho-P1 structure.  However, 
the Rho-P21 maps lack electron density for the 5’-most base present in the P1 structure, and 
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reveal density for two additional bases at the 3’-end of the RNA.  Surprisingly, the additional 
bases reveal a kink in the bound nucleic acid that departs from the pseudo A-form helix while 
maintaining base stacking interactions.  The kink in the bound RNA creates a unique 
conformation that exposes both the 2’-OH and the uracil O2 atom to conserved side-chains 
protruding from Rho’s R-loop (Figure 4.3B).  Lysine 326 from chain B and C are positioned to 
make a water mediated contact with the 2’-OH group of ribose six, with the lysine from chain B 
making an additional bond with the O2 atom of uracil six.   
 
Conformational changes in the ATP binding sites 
 The global conformation of the six ATPase sites in Rho remains similar to the P1 
structure, and displays a comparable relative B-factor distribution indicative of three tight and 
three weak ATP binding sites (Figure 4.4).  Overall the six sites in both structures can be 
divided into four ATP bound (T) and ATP hydrolysis (T*) states, as well as two product (D) and 
exchange (E) states.  However, the new structure does display two distinct differences.  First, it 
reveals a more ideal in-line attack geometry for the catalytic water in the T* states (Figure 
4.5A).  Second, both the arginine finger (RF) and a second γ-phosphate sensor we refer to as the 
arginine valve (RV) coordinate the BeF3 groups in the product (D) and exchange (E) states 
(Figure 4.6B and C).  While the Rho-P21 D and E states continue to exhibit atypical active site 
geometries and high relative B-factors, the changes in BeF3 coordination suggest that both sites 
lie closer to a T-state.  While the structure clearly remains asymmetric, these changes in ATP 
coordination status are suggestive of a more globally “active” or hydrolysis competent state in 
which all six sites are better poised for ATP binding or hydrolysis, and in which two active sites 
display near-ideal ATP hydrolysis geometry (Figure 4.5A). 
 
New details of chemomechanical coupling 

Correlating the RNA and ATP binding states reveals important shifts in the 
chemomechanical coupling cycle compared to the Rho-P1 structure (Figure 4.6).   In particular, 
the R-loop lysines involved in contacting phosphate groups in the Rho-P1 structure (Figure 3.4) 
instead coordinate the kinked RNA base in the Rho-P21 structure (Figure 4.3).  It is intriguing to 
note that the two subunits involved in this coordination both reside in a T* state and retain a 
properly aligned nucleophilic water molecule in their catalytic pocket (Figure 4.5A).   This 
observation suggests a possible role for the kinked RNA in activating ATP hydrolysis.  
Furthermore, consistent with the release of a 5’ base and the binding of a new 3’ base, the two 
subunits assigned a T* state have shifted one step down the staircase, as has the fully linked 
allosteric network (Figures 3.4 and 4.6).  Interestingly, the Rho-P21 structure displays fewer 
protein-RNA contacts overall when compared with the Rho-P1 structure (Figures 3.4 and 4.5).  
Combined with the changes in the ATP binding sites, these observations suggest that while the 
Rho-P21 structure is better positioned to hydrolyze ATP, the Rho-P1 structure may be better 
positioned to enact a force on its more tightly bound substrate.  Thus, the changes in 
chemomechanical coupling suggest that Rho-P1 may correspond to a translocation intermediate, 
while Rho-P21 may correspond to an activation intermediate.  We note that such an activation 
step, occurring simultaneously with a unique 2’-OH contact between subunits B and C and the 
RNA (Figure 4.3B), might occur only once every seven steps within the context of our 
previously proposed translocation model (Chapter 4).  If so, the structure presented here could 
correspond to the 2-OH activation state proposed for Rho (Schwartz et al., 2009). 
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Conclusion 
The new structure of Rho reveals a novel “kinked” RNA conformation and new details of 

chemomechanical coupling that provide further insight into Rho translocation mechanism.  
Furthermore, the SAD phases and higher resolution data have provided the most detailed current 
view of a hexameric helicase translocation intermediate.  Interestingly, changes in RNA and 
ADP•BeF3 binding in the current structure suggest that it does not fit neatly into our previously 
proposed continuous translocation model (Chapter 3), and instead may correspond to a novel 
activated state or intermediate (Schwartz et al., 2009).  Precisely how this state may fit into a 
more complex sequential “burst-pause” Rho translocation mechanism is still unknown.  
However, further structural analysis may shed light on this question.  For instance, RNA 
substrates of different sequence, or containing a single 2’-deoxy nucleoside could be co-
crystallized with Rho in order to determine their effect on the ATPase intermediates.  In such 
experiments, the use of brominated RNA combined with anomalous data collection would allow 
for RNA register determination and precise localization of 2’-deoxyribose groups.  Co-
crystallization experiments with different nucleotides such as ADP, ADP•AlF4, or ADP-vanadate 
may also provide valuable insights into Rho translocation mechanism, as they have with the 
closely related F1-ATPase (Abrahams et al., 1994; Braig et al., 2000; Chen et al., 2006; Kagawa 
et al., 2004; Menz et al., 2001).  Importantly, the high quality Rho-P21 crystal form may facilitate 
or guide these experiments, making it a powerful tool for future structural studies of hexameric 
helicase translocation mechanisms. 
 
 
Materials and Methods 
 
Protein crystallization and data collection 

Selenomethionine labeled E. coli Rho protein was prepared (Skordalakes and Berger, 
2003), and the RNA-ADP•BeF3 complex was formed as described previously (Thomsen and 
Berger, 2009), except that Rho was dialyzed into a buffer containing 10 mM Tris pH 7.5, 100 
mM NaCl and 0.5 mM TCEP prior to complex formation.  Rho was crystallized by mixing 250 
nL of Rho complex (20 mg/mL) with 250 nL of a well solution containing 200 mM KOAc, 40% 
MPD and 0.5% ethyl acetate using a Mosquito Nanoliter Pipetting system (TTP Biotech), in a 
hanging-drop vapor diffusion format.  Crystals grew within three days and reached maximum 
size within one week.  Crystals were harvested directly by looping and plunging in liquid 
nitrogen.  Crystals were mounted on bendable cryo-loops (Hampton Research), properly oriented 
to minimize spot overlap, and diffraction data was collected at Beamline 8.3.1 at the Advanced 
Light Source (MacDowell et al., 2004). 
 
Structure solution and refinement 
 All data was processed in HKL-2000 (Otwinowski and Minor, 1997).  Molecular 
replacement – SAD (MR-SAD) methods as implemented in Phenix were used to phase the 
structure (Adams et al., 2010).  Briefly, molecular replacement was conducted using a monomer 
from the Rho-P1 structure.  Phases from the resulting solution were used by the program Phaser 
to locate 92 selenium sites in the asymmetric unit and phase the structure using single 
wavelength anomalous dispersion (SAD) methods (McCoy et al., 2007).  Multi-domain six-fold 
non crystallographic symmetry (NCS) averaging and phase extension into an isomorphous low 



	  

54	  

energy remote dataset using the program Resolve (Terwilliger, 2000), produced high quality 
maps, allowing us clearly locate bound ligands (Figure 4.1C and D) and correct errors in 
previous structures (Figure 4.2).  The structure was refined in Phenix using custom bond and 
angle restraints for the bound ADP•BeF3 complex, individual B-factor modeling, and TLS 
modeling using selections obtained from the TLSMD server (Adams et al., 2010; Painter and 
Merritt, 2006).   
 
Structural analysis 

All structural superpositions and figures were prepared using PyMol (DeLano, 2002). 
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Tables 
	  

Table 4.1. Data Collection and Refinement 
Data Set Se (peak) Se (low energy) 
Space Group P21 P21 
Unit Cell a=68.72 b=198.8 c=111.8 

α=90     β=104.8 γ=90 
a=69.00 b=198.6 c=111.4 
α=90     β=104.4 γ=120 

Wavelength (Å) 0.9796 1.116 
Resolution (Å) 50 – 2.95 50 – 2.60 
Unique Reflections 119,626 88,452 
Redundancy 5.6 (5.2) 3.1 (3.1) 
Completeness (%) 98.2 (97.1) 99.7 (99.1) 
I/σ 10.8 (2.4) 14 (1.8) 
Rmerge 9.1 (46) 8.1 (63) 
FOMa 0.39 0.63b 
Refinement 
Rwork (%)c  21.3 
Rfree (%)d  24.4 
RMSD bonds (Å)  0.006 
RMSD angles (°)  0.601 
Ramachandran          
 - Preferred (%)  97.5 
 - Allowed (%)  2.5 
 - Outliers (%)  0 
Number of Atoms   
 - Protein  19,164 
 - Ligands  341 
 - Waters  255 
Values in parenthesis correspond to the highest resolution bin 
aFigure of merit = <|ΣP(α)eiα/ Σ|P(α)|>, α = the phase and P(α) = the phase probability distribution 
bFigure of merit for resolve density modification, multidomain six-fold NCS averaging and phase extension  
cRwork = ∑∑|Fo-Fc|/∑Fo 
dRfree is calculated using 5% of the data omitted from refinement 
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Figures 
	  

 
 
Figure 4.1.  Rho-P21 data reveals clear electron density for bound ligands 
A)  The additive ethyl acetate facilitated the growth of large and high quality Rho-RNA-
ADP•BeF3 crystals directly from Mosquito hanging drop trays. 
B)  The crystals diffracted to 2.6 Å in space group P21.  The crystals displayed no evidence of 
twinning and showed reduced mosaicity (~1°) as compared to the Rho-P1 crystals (~2°) (Figure 
2.1). 
C)  Density modified SAD phases extended into 2.6 Å data using the program Resolve (left) and 
final refined 2Fo-Fc maps (right) reveal clear density for the bound nucleotide and water 
molecules respectively (Terwilliger, 2000).  ADP (magenta), and BeF3 (black) are shown as 
sticks, while Mg2+ (yellow-green) and water molecules (red) are shown as large and small 
spheres respectively. 
D) Density modified SAD phases extended into 2.6 Å data using the program Resolve (left) and 
final refined 2Fo-Fc maps (right) reveal clear density for a novel RNA binding conformation.  
RNA is colored orange, with oxygen and nitrogen atoms colored red and blue respectively. 
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Figure 4.2.  Rho-P21 experimental phases correct errors in previous Rho structures 
A)  Alignment of Rho-P21 (green) with Rho-P1 (cyan) reveals a mismatch in backbone atoms 
near the Walker-B motif (dashed circle) caused by the presence of a cis-peptide in the Rho-P21 
structure (left).  Density modified SAD phases calculated by the program Resolve and contoured 
at 1σ show clear electron density for the cis-peptide bond (right) (Terwilliger, 2000).  This cis-
peptide bond is likely present in all previous Rho crystal forms. 
B)  Alignment of Rho-P21 (green) with Rho-P1 (cyan) also reveals a register shift in the C-
terminal α-helix in Rho (left).  Final 2Fo-Fc electron density maps contoured at 1σ (blue mesh) 
and phased anomalous difference maps contoured at 5σ (orange mesh) clearly reveal the location 
of adjacent selenomethionine residues, supporting the Rho-P21 conformation.  High B-factors for 
this helix in previous structures suggest that the Rho-P21 C-terminal helix conformation is likely 
present in all previous Rho crystal forms. 
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Figure 4.3.  A novel RNA binding conformation in Rho-P21 
A)  When compared to the Rho-P1 structure (left), the Rho-P21 RNA lacks a single 5’-base and 
contains two additional 3’-bases.  The five bases at the 5’ end continue to be coordinated by a 
spiral staircase of five protein subunits, however the two bases at the 3’ end form a sharp kink 
that departs from the pseudo A-form geometry. 
B)  Residues G287 and V284 make contacts with the RNA backbone in a manner similar to that 
observed in the Rho-P1 structure (Figure 3.2C).  However, T286 and K326 no longer contact the 
phosphate groups.  Instead, K326 of chains B and C make novel contacts with the 2’-OH and 
pyrimidine base of the kinked RNA.  
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Figure 4.4.  Temperature factor analysis of bound nucleotides in Rho-P21 
The Rho hexamer is shown as transparent ribbons, while the six ADP•BeF3•Mg2+ complexes are 
shown as spheres and colored by relative temperature factor (see key).   The labels indicate the 
chain ID, catalytic state (E, T, T* or D) and the average temperature factor for atoms within each 
nucleotide complex.  Note that consistent with Rho-P1 (Figure S3.3), three sites have relatively 
low average B-factors ranging from 29 – 40 Å2, while the remaining three nucleotides have 
higher average B-factors ranging from 55-71 
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Figure 4.5.  Changes in ADP•BeF3 coordination in Rho-P21 
A) While the T* states in the Rho-P1 structure contained a water molecule coordinated by the 
catalytic glutamate, the putative catalytic water was not properly positioned for inline attack on 
the γ-phosphate mimic (BeF3) (left).  The catalytic water molecule in the T* states in the Rho-
P21 structure is positioned for a direct inline attack on the BeF3 moiety of the bound nucleotide 
(right).  All atoms are colored consistent with Figure 3.1.  Abbreviations: WA – Walker A, WB 
– Walker B, CE – catalytic glutamate.  
B)  The arginine finger in the Rho-P1 E-state appears to be pointing out of the active site (left), 
while the arginine finger in Rho-P21 is clearly pointed into the active site and coordinating the 
bound BeF3 (right).  However, the arginine valve in the P21 structure has pulled slightly out of 
the active site, resulting in the same number of contacts between the arginine groups and the 
BeF3 molecule.  The catalytic glutamate continues to lie in an atypical conformation (interacting 
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with the Mg2+ ion indirectly via coordinated waters), and is pulled even further out of the active 
site in the Rho-P21 structure.  All atoms are colored consistent with Figure 3.1.  Abbreviations:  
WA – Walker A, WB – Walker B, RF – arginine finger, RV – arginine valve, CE – catalytic 
glutamate. 
C)  The arginine valve in the Rho-P1 D-state appears to be pointing out of the active site (left), 
while the arginine valve in the Rho-P21 structure is clearly pointed into the active site and 
coordinating the bound BeF3 (right).  The Walker-B residue also appears to be pointing into the 
active site in the Rho-P21 structure.  While the Rho-P21 D state still exhibits a slightly open inter-
subunit conformation, and higher B-factors than the T and T* states (Figure 4.4), the ADP•BeF3 
appears to be more tightly coordinated suggesting that this site lies closer to the T-state. 
Abbreviations:  WA – Walker A, WB – Walker B, RF – arginine finger, RV – arginine valve, CE 
– catalytic glutamate. 
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Figure 4.6.  Chemomechanical coupling in the Rho-P21 structure 
Schematized view of RNA-binding contacts and ATP-binding states.  Protein subunits are 
illustrated as large, rounded rectangles and colored as per Figure 3.1A.  Q and R loops are drawn 
with darker, colored lines to highlight their positions.  The perspective is similar to Figure 3.1B, 
except that the subunits are pulled open and spread flat on the page.  Subunit F is shown twice to 
highlight its orientation with respect to subunits A and E.  The two halves of the bipartite ATP-
binding site are illustrated as small rounded rectangles; linked, notched rectangles represent ideal 
active site geometries in the T and T* states.  Ribose (R) and phosphate (P) moieties of the RNA 
backbone are colored orange and numbered according to the structure.  Protein residues 
contacting RNA are labeled, and chemical groups that bond with the RNA are shown (dashed 
lines).  The yellow star indicates the C/D interface in which adjacent subunits have maximized 
their protein-RNA contacts (data not shown). 
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Chapter 5 - Conclusions and Future Directions 
	  
(Portions reproduced from: Thomsen, N.D., and Berger, J.M. (2009). Cell 139, 523-534.) 
 
 
Conclusions 

Hexameric helicases and translocases are fascinating nano-machines capable of rapid and 
processive movement along nucleic acids, allowing them to perform fundamental manipulations 
of DNA and RNA in all known forms of life.  An understanding of this motor mechanism has 
been limited by the inherent complexity of substrate binding, and by the relatively large size and 
conformational variability of these machines (Chapter 1).  In this work I present the first 
structures of a RecA-family hexameric helicase with nucleic acid bound in the center of the ring 
and an ATP mimic bound to the active sites.   

Obtaining these snapshots of hexameric helicase motor mechanism required the use of a 
focused substrate-screening method that led to the production of three novel crystal forms 
(Chapter 2).  By developing an age-dependent protein crystal screening strategy, and by 
collecting X-ray diffraction data in specific orientations, I was able to overcome a unique case of 
non-merohedral twinning. Surmounting these technical hurdles allowed me to solve an 
asymmetric structure of Rho bound to RNA and ADP•BeF3, providing six independent snapshots 
of motor mechanism (Chapter 3).  These structural states in turn allowed for the development of 
a complete description of translocation and chemomechanical coupling in a 5’3’ RecA-family 
hexameric helicase.  Comparisons with the E1 protein from human papillomavirus further reveal 
that RecA (5’3’) and AAA+ (3’5’) helicases translocate in opposing directions along 
nucleic acid by reversing their relative orders of sequential ATP hydrolysis.  Finally, a more 
recent structure of Rho bound to RNA and ADP•BeF3 corrects small model errors in previous 
Rho structures, and reveals new details of RNA and ATP binding (Chapter 4).  This higher 
resolution and more robust crystal form provides a powerful tool for future analysis of Rho 
mechanism.  
 
 
Future Directions  

While this work provides a structural framework for understanding the basics of RecA-
like hexameric helicase translocation mechanism, it also stimulates many new lines of research.  
First, it is not clear how these structures might fit into a more complex translocation framework 
involving pauses or sequence dependent activation steps (Moffitt et al., 2009; Schwartz et al., 
2009).  Current structural work aimed at answering this question is focused on capturing novel 
translocation intermediates.  To capture such states, I am attempting to crystallize Rho bound to 
different RNA substrates, a variety of adenosine nucleotide analogues and Rho inhibitors such as 
bicyclomycin and Zn-L-DTT (Weber et al., 2003b).  Ideal complements to this work would be 
the biochemical analysis of a single chain Rho hexamer similar to that conducted on ClpX 
(Martin et al., 2005), and a detailed single molecule analysis as conducted on φ29 (Moffitt et al., 
2009).   

Rho also provides the only views of both an open-ring helicase-loading intermediate, and 
a closed-ring translocation intermediate, allowing for testable predictions of helicases loading 
mechanism.  Using Small Angle X-ray Scattering (SAXS), I have recently shown that both the 
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closed and open rings structures can be formed in solution by modulating substrate 
concentrations, making this an ideal technique for studying conformational changes in hexameric 
helicases.  By providing a relatively rapid method to measure large-scale substrate dependent 
conformational changes, SAXS may prove promising for understanding the molecular principles 
underlying Rho loading mechanism.   

Finally, Rho can be modulated by a number of cellular and viral co-factors.  Studies of 
these systems may reveal principles of hexameric helicase regulation and translocation 
mechanism.  Current structural efforts in this area are focused on obtaining a co-crystal structure 
with two Rho modulators, NusG and Psu.  NusG binds directly to both RNA polymerase and 
Rho factor (Li et al., 1992; Li et al., 1993), increasing the efficiency of Rho dependent 
termination (Nehrke et al., 1993; Sullivan and Gottesman, 1992).  A NusG-Rho co-crystal 
structure would aid efforts to understand the mechanism of the Rho termination complex.  Psu is 
a protein expressed by phage P4 that serves as a Rho anti-termination factor, inhibiting Rho’s 
ATPase activity (Linderoth and Calendar, 1991; Pani et al., 2006).  A Rho-Psu co-crystal 
structure would provide further insight into Rho’s catalytic mechanism, as well as provide 
possible insight into the design of Rho specific inhibitors. 
 
 
Final Remarks 

In light of the remarkable functional diversity of RecA- and AAA+-type ring-shaped 
motors, the generality of the Rho and E1 models for understanding other hexameric motor 
proteins is still unknown.  For instance, studies on the phage φ12 packaging protein (RecA-like) 
and the archaeal MCM helicase (AAA+) suggest that these enzymes may bind nucleic acid 
segments with a polarity opposite that seen for Rho and E1, respectively (Huiskonen et al., 2007; 
Mancini et al., 2004; McGeoch et al., 2005).  The single molecule data on the pentameric phage 
φ29 double-stranded DNA packaging motor suggests there may exist unique translocation 
mechanisms with non-integer step sizes (Moffitt et al., 2009).  Biochemical studies of MCMs 
and the ClpX protein translocase have shown that some ring systems have relaxed dependencies 
on ATPase firing order that may approach a “loosely-sequential” or even stochastic ATP 
turnover mechanism (Martin et al., 2005; Moreau et al., 2007).  While it is likely that functional 
specialization has led to important differences between and even within motor families, the 
general principles revealed by fully liganded structures of F1-ATPase, E1 and now Rho, provide 
a set of powerful tools to inform further research on these remarkable molecular machines. 
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Appendix 
	  
	  

Rho Expression and Purification 

Native protein 
Materials 
-‐ Wild type E. coli Rho cloned into pET24b plasmid containing an N-terminal MGH 

expression tag (100-300 ng/uL) 
-‐ Chemically competent E. coli BL21 pLysS  (DE3) cells 
-‐ 1 LB-Kanamycin agar plate 
-‐ 2 L 2XYT media autoclaved in baffled flasks 
-‐ 50 mL 2XYT media autoclaved in a 250mL Erlenmeyer flask with foil cover 
-‐ 1000x Kanamycin (30 mg/mL) 
-‐ 1000x Chloramphenicol (34 mg/mL) 
-‐ 1 M IPTG 
-‐ Misonix Sonicator 3000 
-‐ Avanti J-20 centrifuge 
-‐ JLA 8.1 centrifuge rotor 
-‐ Sorval RC5B centrifuge 
-‐ SS34 centrifuge rotor and tubes 
-‐ AKTA FPLC 
-‐ 15 mL Poros HS column (Applied Biosystems) 
-‐ HiPrep 16/60 Sephacryl S-300 HR column (GE healthcare) 
-‐ Millipore purified water 
-‐ 0.5 M NaOH solution 
-‐ Buffer A (1L sterile filtered) 

o 100 mM KCl 
o 25 mM Tris pH 7.5 
o 10% glycerol 
o 1 mM DTT 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 
o Adjust final pH to 7.5 at room temperature 

-‐ Buffer B (500 mL sterile filtered) 
o 1M KCl 
o 25 mM Tris pH 7.5 
o 10% glycerol 
o 1 mM DTT 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 
o Adjust final pH to 7.5 at room temperature 
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-‐ Buffer C (1L sterile filtered) 
o 500 mM KCl 
o 50 mM Tris pH 7.5 
o 10% glycerol 
o 1 mM DTT 
o Adjust final pH to 7.5 at room temperature 

-‐ Rho Diluent Buffer (1L sterile filtered) 
o 10 mM KCl 
o 25 mM Tris pH 7.5 
o 10% glycerol 
o Adjust final pH to 7.5 at room temperature 

Day 1 
-‐ Pipette 60 µL deionized water and 30 µL of 1000X chloramphenicol onto an LB-Kan agar 

plate, spread with autoclaved glass beads or sterile spreader, and let dry at least one hour. 
-‐ Transform 100 µL of chemically competent BL21 pLysS (DE3) cells with 1 µL of Rho-

pET24b plasmid (100-300 ng/uL) using standard methods. 
-‐ Plate entire reaction and incubate overnight at 37°C. 
Day 2 
-‐ In the morning, place plate at 4°C. 
-‐ In the evening (~5-6pm), pick one colony from the plate and inoculate 50 mL 2XYT media 

containing 50 µL each of 1000X kanamycin and chloramphenicol.  Shake flask at ~225 
RPM overnight. 

-‐ Pre-warm the 2L of 2XYT media at 37°C overnight. 
-‐ Clean and equilibrate the S-300 column overnight by running 140 mL 0.5 M NaOH, 140 mL 

Millipore water, and140 mL buffer C over the column in that order. 
-‐ Place all buffers at 4°C 
Day 3 
-‐ Add 1 mL of 1000x chloramphenicol and kanamycin to each of the 1L flasks of 2XYT 
-‐ Inoculate each 1L of 2XYT with 10 mL of the overnight culture (preferably before 8 A.M.). 

Shake flasks at ~225 RPM and at 37°C.  
-‐ Grow cells to an OD600 of approximately 0.6 (takes approximately 2 hours). 
-‐ Induce protein expression by adding 1mL of 1M IPTG to each flask, and continue to shake 

at 37°C for three more hours. 
-‐ While protein expresses, clean and equilibrate the Poros HS column by running 30 mL 0.5M 

NaOH, 30 mL Millipore water, and 30 mL buffer A over the column in that order.  
-‐ Pellet cells by spinning at 4,000 RPM in JLA-8.1 rotor for 15 minutes and pour off media. 
-‐ Resuspend cells in ~30 mL buffer A. 
-‐ Lyse cells on ice using a Misonix sonicator (power setting 5.0, 30 seconds on, 60 seconds 

off, 4 cycles). 
-‐ Immediately spin lysed cells at 16,0000 RPM in SS-34 rotor for 30 minutes 
-‐ Load supernatant at 3 mL/min onto Poros HS column, wash with 100 mL of buffer A and 

elute with a 100 mL gradient into buffer B collecting 3 mL fractions.  Pool the five to six 
fractions centered on the elution peak (~15 – 18 mL). 
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-‐ Calculate the concentration of KCl in the pooled fractions based upon the elution profile and 
add a sufficient volume of Rho Diluent Buffer to bring the final KCl concentration to 100 
mM. 

-‐ Re-load the diluted protein onto the Poros-HS column, wash and elute overnight following 
the same protocol used for the first Poros-HS column. 

Day 4 
-‐ Pool the five fractions centered on the elution peak (~15 mL) and concentrate to 2 mL in an 

Amicon Ultra-15 10,000 MWCO concentrator (Millipore). 
-‐ Run the concentrated protein over the cleaned an equilibrated S-300 column.  Pool all peak 

fractions (over ~200 mAU), and re-concentrate to 2mL. 
-‐ Run a second S-300 column, pool all peak fraction (over ~300 mAU), and concentrate 

protein to 60mg/mL.  Determine the concentration by diluting the protein in 6 M 
Guanidinium-HCL, reading the absorbance at 280nm and using an extinction coefficient of 
14,650 M-1 cm-1. 

-‐ Store protein at 4°C.  Attempt to use purified protein within one week for crystallization 
trials and do not freeze.  For long term use in biochemical assays, dialyze Rho into Buffer C 
with the addition of 50% glycerol and 0.1 mM EDTA and store at -20°C. 

 

Selenomethionine labeled protein 
All steps conducted as described for native protein, with the exception that 4 L of a 

selenomethionine containing M9 minimal media are used for protein expression, and all buffers 
contain 0.5 mM TCEP in place of DTT.  Minimal media procedure and daily modifications are 
outlined below.  
 
Materials 
-‐ 2L 10X M9 Salts (autoclaved) 

o 135.6 g Na2HPO4 (anhydrous), or 232.9 g Na2HPO4 (heptahydrate) 
o 60 g KH2PO4 
o 10 g NaCl 
o 20 g NH4Cl 

-‐ 1M CaCl2 (sterile filtered) 
-‐ 10 mg/mL thiamine (vitamin B1) (sterile filtered) 
-‐ 1M MgSO4 (sterile filtered) 
-‐ 40% glucose solution (sterile filtered) 
-‐ Dry stocks of: 

o leucine, isoleucine, valine (add 50mg per liter of media)  
o phenylalanine, lysine, threonine (add 100mg per liter of media) 
o selenomethionine (add 75 mg per liter of media) 

 
Day 1 
-‐ Autoclave four 2L baffled flasks each containing 900 mL water (from the DI tap) 
Day 2 
-‐ Pre-warm the four liters of autoclaved water at 37°C overnight 
 
Day 3 
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-‐ Spin the 50 mL overnight culture at 4,000 RPM in a Sorval Legend RT tabletop centrifuge 
for 30 minutes. 

-‐ Add to each (4) of the 2 liter flasks of pre-warmed autoclaved water: 
o 100 mL 10X M9 salts 
o 100 µL of 1 M CaCl2 
o 100 µL of 10 mg/mL thiamine 
o 1 mL of 1 M MgSO4 
o 10 mL of 40% glucose 
o 1 mL of 1000x stocks of kanamycin and chloramphenicol 

-‐ Pour off 2XYT media from the spun overnight culture and re-suspend the cell pellet in 40 
mL of the M9 minimal media (10 mL from each of the flasks). 

-‐ Inoculate each of the newly mixed M9 cultures with 10 mL of the re-suspended cells. 
-‐ Grow cells to an OD600 of 0.5 and add dry amino acids directly to flasks at the amounts 

indicated in the material sections. 
-‐ Shake cells an additional 15 minutes, then induce, express and purify as described for native 

protein.  
 
 

RNA Preparation and Storage 
	  
Materials 
-‐ Ambion RNase free water (not DEPC treated) 
-‐ 250 nmole synthesis of deprotected and desalted RNA (IDT) 
-‐ RNase free pipette tips and 0.5 mL microcentrifuge tubes 
-‐ Nanodrop (Thermo) spectrophotometer 
 
Bring lyophilized RNA up in RNase free water to a final concentration of 4 mM (based on IDT 
quoted yield of RNA).  Check concentration on Nanodrop using theoretical extinction 
coefficients.  Store at -80°C in 10 µL aliquots. 
 
 

25 mM ADP•BeFx (1:3:15) Preparation and Storage 
	  
Materials 
-‐ 1M BeCl2 (mix in hood) 
-‐ 1M NaF 
-‐ 100 mM ADP, pH ~7 
-‐ Millipore water 
Mix 75 µL of 1M BeCl2 with 375 µL of 1M NaF.  Add 250 µL of 100 mM ADP to the BeFx 
solution.  Adjust the pH to ~7 using HCl, NaOH and pH paper (it should be pretty close).  Bring 
volume to 1 mL and store at -80°C in 100 µL aliquots.  
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Rho-RNA-Nucleotide Complex Preparation and Crystallization 
	  
Materials 
-‐ 60 mg/mL Rho in buffer C 
-‐ Dialysis buffer for use in crystallization 
-‐ Adenosine nucleotide stock 
-‐ Nucleic acid stock 
 
Dialyze Rho protein for 3 hours against dialysis buffer using a dialysis unit with a 10,000 
MWCO.  Measure volume (Vd) and the protein concentration after dialysis (typically around 40 
mg/mL).  Determine final volume (Vf) required to reach final protein concentration (typically 
~20 mg/mL for crystallization).  Calculate the volume of nucleotide stock required for desired 
concentration (Vn).  Calculate the volume of nucleic acid stock required for desired 
stoichiometry (Va).  Determine the amount of dialysis buffer (Vb) required to dilute the entire 
protein-ligand mixture to 20 mg/mL (Vb = Vf – (Vd+Vn+Va)).   
 
To prepare the complex: 

1) Mix Va with ½ Vb, slowly add solution to Vd, mix well, and incubate at least 15 minutes. 
2) Mix Vn with ½ Vb, slowly add solution to the Vd+Va solution (step 1), mix well and 

incubate another 15 minutes. 
3) Spin solution for 10 minutes at 13,000 RPM in a microcentrifuge, transfer to a fresh tube 

and immediately conduct crystallization experiments (set trays). 
 
 

Processing Data With High Mosaicity in HKL-2000 
	  

Diffraction data with high mosaicity (> 1°) presents many challenges in data processing 
that if overlooked can prevent successful structure solution and/or refinement.  The large spot 
size on the detector can lead to errors in estimation of the spot, guard and background parameters 
during data integration.  Furthermore, high mosaicity can lead to the overlap of diffraction spots 
that are spread over multiple degrees of data collection.  Finally, the large spot size that is 
typically required for accurate data processing reduces the positional accuracy of lattice and 
detector geometry refinement (worse in low symmetry spacegroups with more independent unit 
cell parameters), and can lead to severe errors in data processing.  Finally, such positional errors 
create a negative feedback cycle leading to over-estimation of dataset mosaicity, producing 
severe overlaps that limit the apparent completeness of the data.  However, a methodical two-
step procedure outlined below can mitigate many of these difficulties. 
 
Step 1 – Determine ideal unit cell geometry and mosaicity 
 

In this step, our goal is not to obtain the best data, but to obtain the best parameters for 
unit cell dimensions, and mosaicity.  The default spot size will likely be much smaller than your 
large mosaic spots require, however it will provide a high positional accuracy allowing you to 
determine the correct unit cell dimensions. 
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-‐ Open diffraction images, set beam center, pick spots, and index the diffraction pattern as 
described in the HKL-2000 manual. 

-‐ In the Index tab, click the Refine button multiple times until refinement parameters become 
stable. 

-‐ Click the Fit All button and click the Refine button multiple times until refinement 
parameters become stable. 

-‐ If your χ2 values are not “in the green” (value of ~2.5 or lower), and your data is ~3 Å or 
better, you may have chosen the wrong Bravais lattice or completely miss-indexed the data.  
Pick more spots and try again.  If you have weaker data, χ2 values “in the yellow” are not 
uncommon, and in certain cases will make determination of the correct Bravais lattice 
somewhat difficult. 

-‐ If you think you have indexed the crystal properly, and your χ2 values are not close to one, 
click the macros tab, and in the refinement section: 

o Type “error positional = n” where n is value of ~0.03 – 0.05 
o Click the Add Macro button 
o Return to the index tab and click Refine a few more times    

-‐ Using the default parameters, if your mosaicity value stabilizes to a value of ~2° or lower, 
you are probably in good shape.  If the mosaicity value appears unstable, adjust the crystal 
mosaicity manually in the Crystal Information file menu, deselect the Mosaicity refinement 
box (in other words, fix mosaicity), click Refine, and try to obtain a partiality χ2 value close 
to one.  If it looks like you need a mosaicity value much higher than ~2.5° to obtain a 
reasonable partiality χ2 value, data processing may be very difficult and you likely need to 
grow better crystals.  

-‐ Check the refined distance to see if it makes sense.  If it is more than a couple millimeters 
off of the distance listed in the image headers you might consider fixing your distance: 

o Abort refinement, go to the Data tab, remove all your frames, and then reload the 
frames (this removes the incorrect refined distance from the current session). 

o Repeat all of the above indexing steps, but after you click the Fit All button, de-select 
the Distance checkbox (and the Mosaicity checkbox if you fixed it). 

-‐ Once all of your χ2 values are as close to 1.0 as possible, change the number in the 3D 
Window box to a value approximately double your mosaicity.  If you do this, the mosaicity 
box may automatically be checked, so be sure to de-select it before hitting the Refine button 
if you are fixing mosaicity.  Next click on the integrate tab.  Click the Fix Distance or Fix 
Mosaicity checkboxes if required.  Click the Integrate button and wait for the dataset to 
integrate. 

-‐ Once integration is complete, click on the Scale tab.  Click the Scale Sets button, and check 
the resulting log file.  Determine if you need to choose a different spacegroup (overall Rmerge 
above 10-12%), or if you need to choose a lower resolution cutoff (I/σ drops below ~2).  If 
everything looks good, click Use Rejections on Next Run and then click the Scale Sets 
button.  

-‐ Finally, record the following numbers: 
o Unit cell dimensions (a, b, c and α, β, γ) 
o The average mosaicity 
o The rotX, rotY and rotZ values (found on the Index tab)  
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Step 2 – Process the data with ideal spot, guard and background parameters 
 

In this step, our goal is to use the HKL-2000 graphical user interface (GUI) and the 
denzo.log file (output during the integration step) to select the ideal spot processing parameters.  
As the large spot size may produce unstable refinement, we may need to use the values 
determined in step one to manually fix certain parameters. 
 
-‐ Open diffraction images, set beam center, pick spots, and index the diffraction pattern as 

described in the HKL-2000 manual. 
-‐ Click the Refine button multiple times until refinement parameters become stable. 
-‐ Click Abort Refinement, and then click the Crystal Information file menu.  Manually enter 

all the values you recorded in Step 1 in order to ensure your rotx , roty, and rotz values are 
the same.** 

-‐ Next click Fit All and then click the Refine button a few times. 
-‐ If your χ2 values are not close to 1, add the error positional macro as described in step one. 
-‐ Next click Display to display your first diffraction image, and then click Update pred in the 

new window.  Now click Zoom wind and use the middle mouse button to center the zoomed 
in image on a region containing a number of nice diffraction spots.  Now click the Int. box 
button until you see a white circle around each spot and a larger white box around each 
circle.   

-‐ Back in the main window click the More Options button. 
-‐ The square box is your background and thus directly affects your I/σ measurements. You 

generally want the square box to be as large as possible, without overlapping into adjacent 
spots.  Adjust the X and Y parameters in the Integration Box section of the main windows, 
hit Refine, and then check the box size in the zoom window.  Repeat until the box covers the 
largest possible area, but does not overlap with any adjacent spots.  Be sure to check frames 
at various points within your dataset, as overlaps may be more severe at certain φ angles. 

-‐ The white circle actually consists of two circles, the spot circle and the slightly larger guard 
circle.   Go to the main window, adjust the spot circle size, and hit Refine.  Repeat this until 
the spot circle is large enough to encompass your strongest diffraction spots, but doesn’t 
contain too much background.  Next adjust the guard circle size until it reads ~0.1 larger 
than the spot size in both the X and Y dimensions. 

-‐ Click the Refine button, and now look at your cell dimensions, mosaicity, and χ2 values.  
Ideally, your cell dimensions should be close (within 1%) to the values obtained from step 
one, and your mosaicity should be at least within +/- 0.5°.  Your χ2 values should also be 
close to 1.  However, if you truly have highly mosaic data, it is likely that all these 
parameters will deviate from these ideal values.  If they do deviate, you next need to 
experiment with fixing parameters. 

o Start over from scratch, and try fixing the distance as described in step one.  It is 
important to start over, and to never let the distance refine after you do this – 
otherwise you may inadvertently fix it at the current incorrect value. 

o If your cell dimensions are still more than ~ 1% off of the values from step one, you 
will need to fix the cell parameters by adjusting their value in the Crystal 
Information window, and deselecting the corresponding refinement boxes under the 
Index tab.**  
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o Once you fix the cell parameters, you may be able to refine the distance as long as it 
does not change by more than a few millimeters. 

o If your mosaicity is overestimated, then you will also need to fix the mosaicity 
parameter in the Crystal Information window, and deselect the Mosaicity refinement 
box under the Index tab. 

o If your data is quite poor, you may need to fix all three of these parameters 
-‐ Once everything is stable, adjust the error positional value in the Macros tab until your χ2 

values are near 1.  If you have to go much above 0.05, consider reducing your spot size. 
-‐ Adjust the 3D Window value as described in Step 1, being careful to deselect the Mosaicity 

button on the Index tab (if you are fixing mosaicity) before clicking the Refine button a few 
times. 

-‐ Next, integrate ~ 10 frames of data. 
o Click on the Integrate tab 
o Click the Fix Mosaicity button and the Fix Distance button if you needed to fix them 

in the Index tab. 
o If you fixed your cell, don’t check any of the boxes, and instead click on the Special 

button.  This will cause a text editor to open up that should contain a number of 
denzo commands.  Insert additional commands (bold) so that the file looks 
something like this: 

resolution limits 50.00 edge 
fit crystal rotx roty rotz 
go go go go go go go go 
fit all 
fix cell 
fix mosaicity 
fix distance 
go go go go go  
calculate go 
 

o You can insert any or all of the bold commands that you require. 
o Save the text file, exit the text editor and hit the Integrate button. 
o Once ~10 frames have been integrated, click the Abort button. 

-‐ Next, check to see if your box, spot and guard regions were estimated correctly. 
o Navigate to the hkl2000 directory and open the denzo.log file in a text editor. 
o Scroll down until you see a representation of your integration box (as indicated by a 

square grid of numbers).  Within this box, 0’s and 1’s indicate the background 
region, while larger numbers indicate a spot .  There should be + signs corresponding 
to your spot (the largest numbers), and – signs corresponding to your guard region 
(single digit numbers).  If you have lots of double-digit numbers outside of the spot 
(+ signs), you should increase your spot and guard parameters, and integrate again. 

-‐ Once you are confident in your spot size, check for overlaps. 
o Go back to the image display window and click Refine in the main window.  Click 

Update pred in the image window.  If you see any red predictions in the image 
display, you have overlaps. 

o Overlaps can be caused by large unit cell dimensions or by high mosaicity and the 
two cases are dealt with differently. 
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 Large unit cell dimensions 
• If you see only a few (~10-20) overlaps per image, then your 

processed data should be fine. 
• If you have clear overlaps in most of your spots then your final 

processed data will be incomplete and you should consider collecting 
new data. 

 High mosaicity 
• If you see only a few (~10-20) overlaps per image, then your 

processed data should be fine. 
• If you have clear overlaps in most of your spots then your final 

processed data will be incomplete and you should consider collecting 
new data. 

• If you have predicted overlaps, but don’t see any obviously 
overlapping spots, then you may be overestimating your mosaicity (a 
common occurrence with highly mosaic data).  In this case try using 
the “overlap none” macro in the refinement section.  In the end this 
may help or hurt your data, so attempt structure refinement both with 
and without the “overlap none” macro to see which option provides 
you with better maps and/or refinement statistics. 

• You may also consider artificially lowering your mosaicity by a small 
amount (0.1 - 0.5°), to prevent very weak predicted spots from 
overlapping with real strong spots, thus causing the strong reflections 
to be thrown out. 

o Ultimately, you may need to compromise between an ideal spot size and reducing 
overlaps by slightly decreasing this spot size. 

-‐ Once you are confident in all of these parameters, experiment with adjusting the Refinement 
Sigma Cutoff (to a value no lower than 3.0) and the Profile Fitting Radius as described in the 
HKL-2000 manual. 

-‐ Finally, go to the integrate tab and Integrate your dataset. 
-‐ For scaling and merging, follow the guidelines in the HKL-2000 manual, but consider fixing 

parameters in the post-refinement section if you see mosaicity values much higher than those 
determined in Step 1.  To do this, click Custom Post Refinement and deselect Mosaicity. 

 
**Note: To get HKL-2000 to accept custom unit cell and rotx, roty and rotz parameters in the 
Crystal Information window, you may first have to hit the Abort Refinement button.  This will 
reset your space group to P1.  Thus, after you enter the desired parameters, you will need to hit 
the Bravais Lattice button, select your space group, de-select any parameters that you do not plan 
on refining in the Index tab, then hit the Refine button to lock it all in. 




