
Methods 204 (2022) 160–171

Available online 7 November 2021
1046-2023/© 2021 Elsevier Inc. All rights reserved.

Determining translocation orientations of nucleic acid helicases 

Himasha M. Perera, Michael A. Trakselis * 

Department of Chemistry and Biochemistry, Baylor University, Waco, TX 76798, USA   

A R T I C L E  I N F O   

Keywords: 
DNA replication 
MCM helicase 
Translocation 
Unwinding 
Polarity 
Orientation 

A B S T R A C T   

Helicase enzymes translocate along an RNA or DNA template with a defined polarity to unwind, separate, or 
remodel duplex strands for a variety of genome maintenance processes. Helicase mutations are commonly 
associated with a variety of diseases including aging, cancer, and neurodegeneration. Biochemical character
ization of these enzymes has provided a wealth of information on the kinetics of unwinding and substrate 
preferences, and several high-resolution structures of helicases alone and bound to oligonucleotides have been 
solved. Together, they provide mechanistic insights into the structural translocation and unwinding orientations 
of helicases. However, these insights rely on structural inferences derived from static snapshots. Instead, 
continued efforts should be made to combine structure and kinetics to better define active translocation orien
tations of helicases. This review explores many of the biochemical and biophysical methods utilized to map 
helicase binding orientation to DNA or RNA substrates and includes several time-dependent methods to un
equivocally map the active translocation orientation of these enzymes to better define the active leading and 
trailing faces.   

1. Introduction and classifications of helicases/translocases 

An essential requirement for efficient DNA replication is the enzyme- 
catalyzed DNA unwinding by replicative helicases, which act as a 
lynchpin for the replisome to control assembly, progression, and 
termination. Despite the ever-increasing body of research, there is sub
stantial disparity over the precise molecular mechanisms involving DNA 
unwinding, particularly, regarding the helicase ring orientation on DNA 
during active unwinding. While extensive experimentation has been 
carried out to interpret the static binding orientations of helicases on 
DNA, there is a need to address the translocation orientation of helicases 
during active unwinding. The main focus of this review is to analyze the 
current body of research on helicases from different organisms, compare 
and contrast different classifications of helicases, and examine trans
location mechanisms with a specific focus on looking at methods of 
determining active helicase translocation orientation on DNA. 

1.1. Superfamilies 

Based on the characteristic features and amino acid sequence iden
tity of conserved sequence motifs, helicases can be divided into six su
perfamilies (SFs) SF1-SF6 [1,2]. Members of SF1 and SF2 are defined by 
seven signature motifs, are generally monomeric or dimeric, and work in 
a variety of RNA and DNA dependent metabolism processes [3]. 
Although there are subtle differences between the arrangement of motifs 
for SF1 or SF2 helicases, they can be characterized structurally by twin 
core RecA domains that bind and hydrolyze NTP for energy coupled to 
unwinding. Relevant examples include PcrA/Rep/UvrD for SF1 and 
DEAD-box (i.e. Ded1), RecQ-like (i.e. EcRecQ), or Swi/Snf2 (i.e. INO80) 
within the largest superfamily, SF2 [4,5]. Hexameric helicases fall into 
superfamilies SF3 through SF6 with common examples of SV40 Large T 
antigen (SV 40 L-Tag) and papilloma virus E1 (SF3); T4 gp41, T7 gp4, 
bacterial DnaB and mitochondrial Twinkle helicase (SF4); Rho (SF5); 
and archaeal and eukaryotic minichromosome maintenance proteins 
(MCMs) (SF6) (Table 1). 

Abbreviations: CMG, cdc45/MCM2-7/GINS; C@duplex, CTD adjacent to the duplex; CTD, C-terminal domain; MCM, minichromosome maintenance; EM, electron 
microscopy; EMSA, electrophoretic mobility shift assay; FA, fluorescence anisotropy; FRET, fluorescence energy resonance energy transfer; MSE, modified steric 
exclusion; N@duplex, NTD adjacent to the duplex; NTD, N-terminal domain; NTP, nucleic acid triphosphate; OBD, origin binding domain; SCE, side channel 
extrusion; SE, steric exclusion; SEW, steric exclusion and wrapping; SF, superfamily; smFRET, single molecule fluorescence energy resonance energy transfer. 
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1.2. Monomeric vs oligomeric 

Helicases can also be subdivided based on their oligomeric state. The 
oligomeric state of SF1 and SF2 helicases are generally considered to be 
monomeric or dimeric, while SF3-6 helicases are hexameric. The SF1 
and SF2 helicases contain two RecA folds in one polypeptide chain, 
which together form an ATPase site at the domain interface [1]. SF1-2 
helicases can also interact, as with the RecBCD complex, that binds 
dsDNA ends for coupled translocation and unwinding effectively uti
lizing two helicases with opposite polarities [13]. The hexameric heli
cases in SF3-6 have evolved from broader P- loop family of ATPases, 
which contain an ATPase site in each of the six subunits. While the in
dividual evolution of RecA folds give rise to SF4 helicases, SF3 and SF6 
helicases arise from an ATPase associated with a variety of cellular ac
tivities (AAA+) clade providing and ATPase active site in trans between 
adjacent subunits [1,52–54]. 

1.3. Translocation 

1.3.1. Polarity 
The DNA double helix is defined by the two anti-parallel single 

strands that run in opposing directions. One of the distinct features 
among helicases is the polarity of their translocation and movement 
along an oligonucleotide [48,55,56]. Once the helicase is loaded, it can 
translocate in either 3′-5′ (Type A) or 5′-3′ (Type B) direction determined 
by the polarity of the translocating strand (Fig. 1A) [1]. The members of 
SF1, SF2 and SF6 contain motors that can translocate in either direction. 
Helicases that belong to SF1 and SF2 contain enzymes that translocate 
both 3′-5′ (SF1A - PcrA, Rep, UvrD) and 5′-3′ (SF1B - RecD, Dda, Pif1, 
Rrm3) [1]. All SF3 helicases characterized to date translocate in 3′-5′

direction, whereas SF4 and SF5 translocate 5′-3′. Several examples of 
characterized translocation polarity from each SF are listed in Table 1. 
The hexameric helicases that falls into AAA+ family of enzymes such as 
SV40 Large T-antigen (SF3), papilloma Virus E1 (SF3), archaeal MCM 
helicase (SF6), and eukaryotic MCM2-7 helicase (SF6), translocate along 
the encircled leading strand in 3′-5′ direction while Rec-A family en
zymes such as bacterial Escherichia coli (E. coli) DnaB (SF4), T7 gp4 (SF4) 

translocate along the encircled lagging strand in the 5′-3′ direction [54]. 
The prokaryotic RuvB is a member of the SF6 hexameric proteins [1], 
but it is a double-strand translocase [57], tracking with a 5′-3′ polarity 
on one of the strands [58]. 

1.3.2. Translocating/non-translocating strand 
Helicases unwind DNA with a unique directionality depending on 

which DNA strand the enzyme interacts with most strongly and tracks 
along. The DNA strand that the enzyme loads onto is referred as the 
translocating or encircled strand (for hexameric helicases), while the 
complementary DNA strand is referred as non-translocating or excluded 
strand (Fig. 1A). The loading or binding of a helicase onto a particular 
ssDNA strand combined with its propensity for unwinding polarity 
dictates its translocation directionality. 

1.3.3. DS/SS translocation 
Helicases can be further categorized based on their ability or pref

erence to bind and translocate on ssDNA or dsDNA [1] (Table 1). When 
translocating along dsDNA, helicases follow closely the polarity of one 
DNA strand and move unidirectionally [56]. Most all SF1 enzymes 
translocate on ssDNA, whereas SF2 contain examples of enzymes that 
undergo directional translocation on both ss and dsDNA in an ATP- 
dependent manner. Most SF2 enzymes that translocate on dsDNA follow 
the track of one strand and exhibit 3′-5′ polarity [56]. The NTPase ac
tivity of the some of these dsDNA translocating enzymes is stimulated 
more by duplex DNA than by ssDNA [1]. 

Although hexameric SF4 helicases from bacteria are thought to load 
only onto a pre-melted origin of replication to encircle ssDNA [59–61], 
SF6 helicases from archaea and eukaryotes encircle dsDNA during 
replication initiation. SF3 eukaryotic viral helicases appear to also load 
on to dsDNA during initiation. However, there are indications that all 
SF3/4/6 helicases can translocate on dsDNA biochemically (whether 
they do so in vivo is an open question). DNA is then remodeled for the 
helicase to favorably encircle only one of the two strands for unwinding. 
Therefore, hexameric helicases have the ability to translocate along ss or 
dsDNA depending on the overall conformation of the hexamer and the 
resulting inner diameter of the central channel [62,63]. 

Table 1 
Common helicase classifications and translocation orientations.  

Helicase Superfamily 
(SF) 

Polarity (3′-5′ or 5′- 
3′) 

Active oligomeric 
state 

Preferred Translocation 
Substrate 

Leading Face (Domain/ 
Motif) 

PcrA SF1A 3′-5′ Monomeric ssDNA 2A2,4 [6] 
UvrD SF1A 3′-5′ Mon-Dimeric5 ssDNA 2B3 [7,8] 
Rep SF1A 3′-5′ Mon-Dimeric5 ssDNA 2B3 [9] 
Dda SF1B 5′-3′ Monomeric ssDNA 1B(pin)/2B(hook)3 [10] 
Pif1, Dna2 SF1B 5′-3′ Monomeric ssDNA 1A/2B3 [11] 
RecB SF1A 3′-5′ Monomeric dsDNA, ssDNA 1B/Arm3 [12,13] 
RecD SF1B 5′-3′ Monomeric ssDNA 1B pin3 [14] 
RecBCD SF1A/B Both Heterotrimer dsDNA B-first3 [13] 
Ded1 SF2 (DEAD) Both Monomeric1 dsRNA  - [15,16] 
DHX36 SF2 (DEAD) Both Monomeric ssDNA (ssRNA) RecA23 [17] 
eIF4A SF2 (DEAD) Both Monomeric dsRNA  - [18] 
Rad54, INO80, Chd1 SF2 (Snf2) 3′-5′ Monomeric1 dsDNA RecA2 (2B)4 [19–21] 
XPD SF2 (Rad3) 5′-3′ Monomeric ssDNA Arch/Fe-S cluster3 [22–25] 
RecG SF2 (RecG) 3′-5′ Monomeric ssDNA RecA23 [26,27] 
PriA SF2 (RecG) 3′-5′ Monomeric ssDNA RecA2 (CRR)3 [28,29] 
RecQ, BLM, WRN SF2(RecQ) 3′-5′ Monomeric1 [30] dsDNA RQC domain3 [31–33] 
RIG-I, Dicer SF2(RIG-I) 3′-5′ Dimeric dsRNA (ssRNA)  - [34–36] 
Ski2, Mtr4, Brr2 SF2 (Ski2) 3′-5′ Monomeric ssRNA RecA2/Ratchet3 [37] 
Hel308 SF2 (Ski2) 3′-5′ Monomeric ssDNA RecA2/Ratchet (II/IV)4  

[38–40] 
HCV NS3 SF2 (NS3) 3′-5′ Dimeric (Monomeric) ssRNA, dsDNA RecA23 [41 42] 
SV 40 LargeT, E1 SF3 3′-5′ Hexameric ssDNA (dsDNA) Nterm3 [43,44] 
DnaB, T7 gp4, T4 gp41, G40P, 

Twinkle 
SF4 5′-3′ Hexameric ssDNA (dsDNA) Cterm3 [45,46] 

Rho SF5 5′-3′ Hexameric ssRNA Cterm3 [47,48] 
MCMs SF6 3′-5′ Hexameric ssDNA (dsDNA) Nterm4 [49–51] 
1Adopts different oligomeric states depending on which cofactors (ATP, DNA) are bound. 2Reeling in ssDNA. 3Inferred translocation orientation. 4Confirmed translocation 

orientation.5Active oligomeric state is controversial.  
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1.3.4. Leading and trailing face 
Helicase generally consist of at least two domains. This can be two 

RecA domains (SF1-2) or an N-terminal domain (NTD) and a C-terminal 
domain (CTD) (SF3-6) with each connected by a linker. Depending on 
the SF there can also be several subdomains or conserved motifs. 
Depending on which (sub)domain is at the front edge for either direc
tional translocation or unwinding, these domains can be identified as 
“leading face” or “trailing face”. For SF1-2 helicases with two RecA 
domains, RecA1 (1A) or RecA2 (2A) domain can be leading (Fig. 2). 
Subdomains or motifs within a single RecA domain can be used to 
narrow down this ‘leading face’ orientation more specifically (Table 1). 

For a hexameric helicase that loads NTD first on to the duplex DNA 

(N@duplex), the leading face would be NTD and the trailing face would 
be CTD. Similarly, a helicase that loads CTD first on to the duplex DNA 
(C@duplex), will have CTD as the leading face and NTD as the trailing 
face (Fig. 2). While NTD or CTD can be leading or trailing faces, high- 
resolution structural information is required to ascertain actual and 
accurate leading/trailing faces during active unwinding. This is impor
tant for accurately placing and modelling interacting proteins within an 
unwindosome directionally with respect to translocation orientation on 
DNA [64,65]. 

Fig. 1. Definitions of helicase translocation and unwinding. A) Shows an enzyme translocating 3′-5′ (Type A) or 5′-3′ (Type B) on the encircled or translocating 
strand. B) Models for unwinding for SF1-2 helicases include: i) Monomer Stepping that consists of two RecA domains that hydrolyze NTP to advance the leading 
domain, ii) Dimer Marching that add additional proteins to enhance the efficiency of unwinding, iii) Rolling Dimer that alternates between binding ss and dsDNA to 
peel off one strand, and iv) Bipolar motor that includes two helicases with opposing polarities acting on each strand. The red arcs indicate destabilization of the 
terminal base pair in either an active or passive fashion. C) Models for SF3-6 hand-over-hand spiral unwinding include a traditional Steric Exclusion (SE), a more 
nuanced Steric Exclusion and Wrapping (SEW), and a Modified Steric Exclusion (MSE) for unwinding. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 2. Possible DNA binding orientations of monomeric or hexameric helicases. N and C are labels for the N-terminal and C-terminal domains respectively; and 
1A and 2A are RecA domains in SF1 and SF2 helicases indicating relative orientations at the duplex side. Arrows indicate the direction of translocation. 
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1.4. Mechanisms for helicase translocation 

Helicases employ different mechanisms for translocation. Mono
meric helicases translocate by the well- established inchworm mecha
nism (Fig. 1B); whereas, hexameric helicases utilize a hand-over hand 
mechanism for translocation (Fig. 1C) [56]. Both mechanisms work on 
subunit or domain rotation powered by the NTPase cycle. The key 
feature that distinguishes the two mechanisms is whether the helicase 
subunits/domains alternately take the lead position (SF3-6), or whether 
one subunit/domain always maintains the lead position (SF1-2) [66]. 

1.4.1. Inchworm mechanism 
In the inchworm mechanism, one subunit/domain always maintains 

the lead position and then alternates with the other subunit for contacts 
along the nucleic acid (Fig. 1B, i). Monomeric helicases in SF1 and SF2 
superfamilies translocate by employing an inchworm mechanism [56]. 
At least two contact points are made with interchanging tight and loose 
(analogous to the front and hind leg of an inchworm) interactions are 
required to maintain this mechanism. While one RecA lobe is tightly 
bound to the nucleic acid, the other is loosely bound. The loose RecA 
lobe at the front will dissociate and translocate to bind to the DNA 
tightly at the forward position. After the loose position moves ahead, the 
original tight site at the back transitions to a loose conformation and 
moves forward to regain close proximity with the forward site [67]. 
Separation of the duplex takes places through at a stable ‘pin’ or a 
‘wedge’ structure that acts as physical barrier [68]. The tight coupling of 
the two contact points with the domain rotations results in unidirec
tional translocation. The direction can be reversed if the two helicase 
contact sites switch their tight and loose grips with the DNA in coordi
nation with their movement. The crystal structures of PcrA and RecQ 
DNA helicases complexed with a DNA substrate suggest an inchworm 
mechanism for translocation [33,69]. 

Modifications of the inchworm mechanism can include additional 
subunits binding to the ‘trailing face’ forming a dimer or linear oligo
meric ‘marching’ complex that promotes stability, prevents slippage, 
and forces unidirectional translocation utilizing a functional coopera
tivity mechanism (Fig. 1B, ii) [70]. Dda and NS3 appear to utilize this 
marching mechanism whereby increasing the length of ssDNA and 
allowing multiple subunits to binding increases unwinding [71,72]. SF1 
helicases such as UvrD [73], Rep [74], PcrA [75], and Pif1 [76] can 
dimerize to increase or activate unwinding, however, other accessory 
proteins can also fulfill this role [77,78]. In those cases, rotation of the 
2B domain on the ‘leading face’ appears to be influential as a switch-like 
regulator of unwinding activity [8,79,80]. The ‘rolling dimer’ model 
(Fig. 1B, iii) was originally proposed for Rep [81,82] based on affinity 
for both ss and dsDNA and the need for at least a dimer to activate un
winding [83], however, there is now more evidence for the inchworm 
and 2B regulator model instead. Finally, the heterotrimeric RecBCD 
helicase nuclease is organized as a bipolar motor (Fig. 1B, iv), where 
RecB translocates 3′-5′ and RecD translocates 5′-3′ effectively splaying 
the duplex through a pin domain in RecC [13]. 

1.4.2. Hand-over hand mechanism 
In a hand-over hand mechanism, each of the six subunits in hex

americ helicases alternately take the lead position as they translocate, 
akin to a circular staircase (Fig. 1C). This mechanism has been observed 
in various hexameric helicases including E1 [43], gp4 [46], DnaB [84], 
Rho [48], archaeal MCM [85], and Drosophila CMG [86]. Each subunit of 
the hexameric helicase contain a DNA binding loop aligned with the 
spiral DNA backbone that maintains a helical conformation even with 
the single strand. Binding of NTP stabilizes the subunit interface as well 
as the tight binding to DNA backbone. Once NTP is hydrolyzed and Pi (or 
NDP + Pi) product is released, both the subunit interface and DNA 
binding becomes unstable and loose. The subunit with the first NTP 
hydrolysis, is released from its neighboring subunit and DNA to trans
locate forward and regain tight binding to DNA. This subunit will then 

form a new subunit interface to bind ATP. Similarly, each of the 
remaining five subunits will undergo sequential ATP hydrolysis result
ing in subunits successively translocating from one end of the spiral to 
the other. This translocation mechanism mimics a hand-over-hand 
movement with each subunit alternatively taking the lead position as 
they move forward [46,56]. 

1.5. Unwinding 

The process by which the duplex is separated into two strands at the 
ss-ds junction is known as unwinding. Helicases utilize the energy from 
NTP hydrolysis to translocate along ssDNA (or ssRNA) and unwind long 
stretches of the duplex [67]. Translocation of helicases on the oligonu
cleotide can occur using the mechanisms mentioned above. In general, 
depending on its mechanism for coupling translocation to unwinding 
(base-pair separation), there are two models with which enzyme- 
catalyzed DNA unwinding can be achieved: passive or active. 

1.5.1. Passive vs. active unwinding 
In an active unwinding model, the helicase directly destabilizes 

dsDNA by breaking the hydrogen bonds between the DNA base pairs to 
promote active separation of duplex DNA coupled with ATP hydrolysis. 
Conversely, in a passive unwinding model, the helicase traps and sta
bilizes transient single stranded intermediates when thermal fraying 
partially open dsDNA (internal melting at the duplex end) [83,87]. The 
major difference between the two unwinding mechanisms is that passive 
unwinding requires helicase binding only to ssDNA, but active un
winding binds both ss and duplex DNA concurrently to facilitate un
winding [88,89]. For a given helicase, passive unwinding occurs slower 
than its translocation rate on DNA because the stability of the duplex 
slows progression, whereas active unwinding can occur as fast as 
translocation rate on DNA as NTPase activity is linked to destabilization 
of the duplex [87]. The ratio between the translocation rate to the rate of 
dsDNA unwinding is a measure to distinguish between the two mecha
nisms. If this ratio is between 0.25 and 1, the helicase can be considered 
active. Most helicases have a ratio in between these numbers. Direct 
evidence for an active unwinding mechanism for Rep, PcrA, RecQ, and 
Dda DNA helicases has been presented [4,81,89,90]. 

Passive unwinding mechanism can be utilized for helicases that can 
translocate and occupy one base at a time at the ss-ds junction. The 
likelihood of several base-pair opening due to thermal fluctuations is 
relatively low. Therefore, helicases which occupy several base pairs 
require an active mechanism to separate DNA [67]. For an instance, 
while ring-shaped hexameric helicases by themselves can actively un
wind dsDNA without the aid of accessory proteins, its rate is relatively 
slow. The energy from NTP hydrolysis is enough to translocate on 
ssDNA, but not enough to stably separate the base pairs. The unwinding 
rate can be rapidly increased when the helicase is coupled to a repli
cative DNA polymerase that backstops the helicase and provides addi
tional energy from dNTP hydrolysis to aid forward progression [91,92]. 
This coupled unwinding rate is then on par with the helicase ssDNA 
translocation rate suggesting an active unwinding mechanism for the 
complex [93,94]. Polymerases also prevent reannealing of the unwound 
DNA by immediately using the unwound ssDNA as templates to syn
thesize new duplex DNA. Interestingly, recent single molecule studies 
suggest a mechanism, where passive unwinding performed by E. coli 
DnaB helicase is driven primarily by the energy provided by the leading 
strand DNA polymerase incorporating deoxyribonucleotides [95]. 
Alternatively, the single-stranded DNA binding protein (SSB) can 
occupy the ss-ds junctions opened up due to thermal fraying and 
continue aid in the passive unwinding of the duplex DNA and promote 
DNA unwinding [96,97]. 

1.5.2. Steric exclusion models 
Numerous replicative and non-replicative helicases are shown to 

unwind dsDNA by actively translocating along one strand while the 
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other being physically excluded. This process is referred to generally as 
Steric Exclusion (SE) with an external DNA winding point acting as a 
wedge [67]. Several ring-shaped helicases including DnaB, MCM, T7 
gp4 as well as non ring-shaped helicases such as NPH-II and Dda have 
been proposed to unwind by this general mechanism [98–100]. As 
described above, the helicase will have a tight grip on the encircled 
strand while translocating with a specific polarity. Depending on the 
exact role of the excluded strand during unwinding, several modifica
tions to the SE model have also been proposed (Fig. 1C) [61]. 

In the classic steric exclusion (SE) model, the excluded strand does 
not have any interaction or contact with the helicase (Fig. 1C, i). While 
this model proposes a way to prevent immediate reannealing of the 
unwound DNA strands, it lacks any functional or regulatory role for the 
excluded strand. The mechanism for SE model became evident when 
biochemical studies on model systems disclosed helicases’ ability to 
bypass a bulky adduct on the excluded strand, but not on the encircled 
strand [101]. 

The steric exclusion and wrapping (SEW) model suggested a func
tional or regulatory role for the excluded strand (Fig. 1C, ii). In this 
evolved model of SE, the excluded strand interacts with the external 
surface residues of the helicase and partially wraps around it. The pro
posed function for SEW include helicase stability, prevention of back
ward sliding, and regulation of enzymatic activity such as unwinding. 
This model has been suggested for archaeal MCM helicase [102] and 
E. coli DnaB helicase [103]. 

In the modified steric exclusion (MSE) model, both DNA strands 
initially enter the helicase pore on the leading face (Fig. 1C, iii). Then 
the non-translocating strand is separated internally and extruded back 
from the same channel, while the encircled strand continues through the 
central channel. The key difference here from SE or SEW is that the 
wedge for unwinding occurs internally within the hexamer instead of 
externally. This type of MSE has been proposed primarily for the 
eukaryotic CMG helicase [104]. 

The side channel extrusion (SCE) model describes a process where 
duplex DNA enters the helicase central channel, separation of the 
strands (i.e., wedge) occurs internally, and then the non-translocating 
strand is extruded back out from a side channel within the middle of 
the helicase subunit. SCE has been proposed for SV40 L-Tag [105]. There 
is evidence suggesting a SE [44] or SCE [106] mechanism for the E1 
helicase, however a recent cryo-EM structure of E1 bound to a fork DNA 
substrate clearly shows the 5′ excluded strand interacting with one of the 
six dsDNA binding domain (OBD) of the hexamer to facilitate separation 
by SE or SEW [107]. 

2. Determining static binding orientations 

Our understanding of the mechanisms that govern the translocation/ 
unwinding processes by replicative helicases has been enormously 

enriched by a combination of biochemical, biophysical, and structural 
studies. In this section, we will discuss and compare different experi
mentation methods based on their potential to study static binding 
orientations of diverse helicases. 

Biochemical methods 
There are numerous methods that have been developed both in vivo 

and in vitro to monitor protein-DNA complexes. Although there are 
others including filter binding assays, isothermal titration calorimetry 
[18], analytical ultracentrifugation, and presteady-state approaches to 
measure kon and koff directly, some of the most prominently utilized 
techniques used in vitro to identify protein-DNA interactions and speci
ficities are electrophoretic mobility shift assay (EMSA), fluorescence 
anisotropy (FA), and measuring DNA unwinding directly (Fig. 3A-C). 

2.0.1. Electrophoretic mobility shift assay (EMSA) 

EMSA is a routinely used rapid and sensitive method that permits 
visualizing the interaction between a protein and DNA substrate. Re
actions containing a constant amount of end-labelled DNA (either 32P or 
fluorescent) with increasing concentrations of the protein of interest are 
incubated together to establish an equilibrium. The products can be 
resolved on a native polyacrylamide gel matrix with high resolution to 
separate the free DNA from the bound protein-DNA complexes (Fig. 3A). 
EMSA can be used to determine the fraction of bound complex versus 
free nucleic acid, and using a variety of equations can calculate the 
apparent equilibrium dissociation constants or indicate cooperativity 
[108]. The strengths of EMSA are its ability to determine the presence of 
different protein oligomeric conformations, sensitivity, sequence or 
DNA structure specificities, and binding site distribution on DNA. 
However, it cannot be used to validate the orientation of a protein with 
respect to the polarity of the bound DNA. 

2.0.2. Fluorescence anisotropy (FA) 

FA is based on the change in fluorescence polarization upon protein 
binding to a fluorescently labeled nucleic acid (Fig. 3B) [109]. Similar to 
EMSA, anisotropy can also help determine the binding affinity, speci
ficity, and any cooperativity through fitting the change in anisotropy to 
a variety of equations. However, FA does not provide positional infor
mation of the protein on DNA, nor does it actually reveal multiply bound 
states or conformations which can confuse the analysis. Both EMSA and 
FA are equilibrium binding techniques, and it is important to make sure 
that a sufficient equilibrium is established for the experiment [110]. 
There is also a host of solution, substrate, concentration, and environ
mental conditions that can significantly affect measured binding affin
ities. Therefore, it is important to fully test and understand (with 
appropriate controls) a specific binding experiment to reduce potential 
variability. 

Fig. 3. Static binding techniques to determine substrate affinity and specificity. A) Electrophoretic mobility shift assay (EMSA) shows then decrease in mobility 
through a gel upon protein binding to a labelled oligonucleotide. B) Fluorescence anisotropy (FA) shows an increase in polarization and resulting anisotropy upon 
titration of a protein into a fluorescently labelled oligonucleotide. A low concentration of the labeled DNA can be titrated against an increasing concentration of the 
protein to obtain the affinity (Kd) between the DNA and protein complex [172]. C) Traditional unwinding experiments can define substrate specificity for helicases 
resolved on native gels. D) Chemical or enzymatic footprinting can identify site specific binding positioning for proteins based on a protection pattern after digestion. 
All these images are cartoon representations of experiments and not real data. 
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2.0.3. Unwinding polarity specificity 

Unwinding experiments measure the rate of NTP- dependent helicase 
enzyme- catalyzed dsDNA (or RNA) separation over time or at 
increasing protein concentrations (Fig. 3C). Based on its physiological 
function, helicases from different organisms can unwind a wide variety 
of duplex substrates including fork substrates, or substrates with 3′ or 5′

arms. The products can be separated on a native polyacrylamide gel to 
separate the duplex from the unwound ssDNA substrate. Fig. 3C is a 
representation of a helicase that translocates in the 3′-5′ direction to 
unwind duplex DNA and can do so for fork or 3′ single arm substrates. 
Even though, unwinding experiments can detect the translocation po
larity of a helicase, it cannot determine the orientation of the helicase 
while actively translocating. 

2.0.4. Traditional footprinting 

Traditional footprinting methods have been widely employed to 
study DNA (or RNA)-protein complexes, specially to determine the 
binding site size, specificity, and positioning of a protein bound to an 
oligonucleotide. When a protein is bound to a specific sequence, the 
protein bound portion is protected from attack by chemical reagents or 
endonucleases, while the unbound portion of the DNA molecule is free 
to react [111,112]. Footprinting reagents can be specific for ssDNA (i.e. 
KMnO4 [113,114], S1 nuclease [115], mung bean nuclease [102]) or 
more nonspecifically for ss or dsDNA (DNaseI [116], hydroxy radical 

[111,117] or micrococcal nuclease [118]). In this way, it is possible to 
identify helicase protected regions of ss or dsDNA or hypersensitive sites 
that are distorted upon binding, activation, or unwinding. Cleavage 
products are separated on a denaturing polyacrylamide gel to identify 
protein-binding sites on the nucleic acid from 32P or fluorescent end 
labelling and protection from digestion. The cleavage products will be 
visualized as a ladder of bands. The protected protein binding sites are 
revealed by the diminished bands present in the gel (Fig. 3D, light grey 
bands). Similar to the biochemical methods discussed above, traditional 
footprinting methods lack the ability to determine the bound or trans
location orientation of the helicase bound to the DNA, but it can be used 
to monitor helicase positioning on a variety of substrates. 

2.0.5. Site-specific footprinting 

Biochemical methods that employ site-specific footprinting can be 
utilized to determine the static binding orientation of a protein bound to 
a specific sequence. Few examples of chemical reagents that can be used 
for site specific footprinting are 4-azidophenacyl bromide (APB), S-(2- 
pyridylthio)cysteaminyl-EDTA, and 1-(p-Bromoacetamidobenzyl) eth
ylenediamine N, N,N (Fe-BABE). Several studies have been conducted 
with these crosslinking reagents to study the static binding orientations 
of proteins on DNA [119–121]. We have previously studied the static 
binding orientation of Saccharolobus solfataricus MCM helicase on DNA 
using both APB and Fe-BABE [49,122]. Both these crosslinking agents 
contain a bromide functional group that reacts with a reduced thiol (e.g. 

Fig. 4. Determining static binding orientations of helicases. A) Site-specific footprinting can be used to isolate a nuclease reaction to a specific region of a protein 
through conjugation to identify N-first binding [49]. The axe denotes the position of the site-specific DNA cleavage agent attached at either the N or C-terminal 
domain. B) FRET and smFRET can utilize spectral signals from an appropriated placed fluorescent donor dye at the fork junction and acceptor dyes at either the NTD 
(top panel) or the CTD (bottom panel) to monitor relative distances of bound species to correlate with N-first [49]. All these images are cartoon representations of 
actual experiments and not real data. C) Helicase-nucleic acid structures can provide high resolution snapshots of static binding orientations [43,46,140], where the 
NTD (N) and the CTD (C) are indicated relative to the 3′ and 5′ ends of the encircled strand. 
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solvent accessible cysteine amino acid) at either the NTD or CTD faces 
(Fig. 4A) by S- alkylation to form stable thioester products. After incu
bating these functionalized protein products with labeled DNA, cleavage 
can be induced by either UV/NaOH (APB) or hydrogen peroxide and 
ascorbic acid (Fe-BABE) at nucleotides in the closest proximity and 
within a limited radius of the cleavage agent. The resulting DNA 
cleavage products can be separated on native or denaturing acrylamide 
gels to analyze lengths and cutting patterns. As an example, for a protein 
of interest that loads onto a fork DNA with the NTD at the duplex, 
crosslinking with a cysteine within the NTD will result in cleavage of the 
substrate in the middles (Fig. 4A, upper panel), whereas crosslinking 
with a cysteine at the CTD will provide very short DNA fragments 
(Fig. 4A, lower panel). The 32P or fluorescent labeling can occur at 
either ends and provide different cutting patterns for confirmation. 
Therefore, site-specific footprinting can be utilized to determine the 
static binding orientation of a protein of interest on DNA; thus providing 
a major advantage from the techniques described above. However, this 
method will not directly confirm the translocation orientation of a 
protein during active unwinding and just reports on static states that 
may include multiple orientations. 

FRET and smFRET 
Steady-state fluorescence resonance energy transfer [123] or single 

molecule FRET (smFRET) can also be used to monitor the relative 
binding positions between two donor and acceptor fluorescence dyes 
(Fig. 4B). FRET relies on quantifying the efficiencies of the overlapping 
spectra of two interacting dyes and has been applied to a variety of 
biological systems, acting as a molecular ruler [124,125]. When FRET is 
applied by labelling a helicase and an oligonucleotide at specific limiting 
sites, the relative bound orientations can be determined [126]. FRET 
and its more recent cousin, protein induced fluorescence enhancement 
(PIFE) [127,128], are also commonly used to quantify binding affinities 
for protein–protein or protein-DNA species [129], complementing 
EMSA and FA described above. smFRET has also been effectively uti
lized to examine the dynamics of helicase/oligonucleotide complexes 
for a variety of systems [130], taking advantage of single-pair or 
multicolor labeling [131]. The advantage of smFRET is that it generally 
includes a time dimension for individual molecules, allowing the anal
ysis of distributions and the dynamics of binding for a population. This 
time domain can be important in better confirming translocation 
orientation; however, the characterization is not absolute. 

For example, we had previously combined analyses of MCM binding 
to various DNA substrates using steady-state FRET [132] and smFRET 
[133] and incorrectly inferred a particular translocation orientation 
based on static binding. The static equilibria data indicated that the 
majority of MCM hexamer species were bound with the CTD at the 
duplex fork junction. This result may be more representative for the 
initial origin bound and loaded state of the double hexamer, where the 
CTD would be at the duplex side of an activated open state and not that 
of the active unwinding hexamer. Later, we were able to characterize the 
binding population distributions of the hexamer on various substrates 
and utilize single-turnover kinetics and presteady-state FRET to deter
mine an N-first orientation of the active translocating hexamer [49]. The 
lesson is that static (or population) binding orientations provide infor
mation on equilibria binding properties but do not confirm translocation 
orientations for active species. 

2.1. Structures, X-ray and EM 
Several prominent publications examining static structural features 

of various helicase on DNA using X-ray crystallography 
[13,27,29,33,42,43,46,69,85,134,135] and cryo- EM [50,136–143] 
have been valuable for inferring the static binding orientation of heli
cases/translocases on DNA and providing insights into the translocation 
and/or unwinding mechanisms (Fig. 4C). Once again, these structures 
are static equilibrium bound states, and although there are various 
crystal lattice forms and EM sub-classes that can represent probable 
dynamic states, they remain snapshots. Helicase structures that include 

oligonucleotides are particularly influential as combined with validating 
biochemistry on the substrate preference and measure polarities, they 
can be used to predict the translocation orientation and the leading face 
of the helicase (Table 1). Structures of helicases in complexed with 
oligonucleotide and/or other interacting proteins continue to be highly 
valuable in assigning relative orientation of these complexes in more 
accurately describing directionality as evident by structures of the T7 
replisome [46], eukaryotic CMG-Polε [136,143], and papilloma virus E1 
helicase [107]. 

3. Determining active translocation orientations 

Of course, any true determination of translocation orientation will 
require a time element to monitor progress in direct relation to the DNA 
substrate. As outlined above, determination of static binding orienta
tions (Fig. 2) can provide strong insights into mechanism, however, only 
when monitoring dynamic processes can the translocation orientation 
be absolutely determined. 

Building on experiments and concepts described above, many of 
those techniques can be adapted to include a time dimension to un
derstand structural processes of translocation through kinetic assays. For 
this to be conclusive, information on both the structure and relative 
orientation as related to the nucleic acid polymer needs to be monitored 
upon translocation initiation. Fortunately, many helicases and trans
locases are initiated with either addition of Mg2+ or ATP, other energy 
sources, or firing factors making this a convenient time zero. If these 
cofactors can easily be introduced into the reaction in a continuous or 
discontinuous but time dependent manner, then it is possible to watch 
translocation orientation directly using a variety of methods. 

3.1. Time resolved DNA footprinting 

Although traditional footprinting (Fig. 3D) or site specific foot
printing (Fig. 4A) are static experiments, induction of ATP can activate 
translocation and the resulting DNA cleavage can be monitored as a 
function of time to determine translocation orientation (Fig. 5A). One 
good example is following nucleosome remodeling or repositioning by 
SF2 family Snf2-type ATPase motors [144,145]. These motors share 
common structures that include two RecA-type ATPase domains or lobes 
that cradle each of the DNA strands. For translocation, the two lobes 
alternate between a closed ATP bound state and a more open ADP or 
nucleotide free state that ratchets the remodeler along in 1–2 base steps. 
Moving in the 3′-5′ direction, lobe 2 is on the front edge, while lobe 1 is 
behind. After ATP hydrolysis, lobe 2 in. forward to an open state, 
allowing for exchange of ADP with ATP stimulating a closed state where 
lobe 2 moves forward to recreate the ATPase active site. 

Translocation direction of the chromodomain helicase DNA-binding 
protein 1 (Chd1) was confirmed by using the 601 Widom positioning 
sequence, the structure and orientation of the nucleosome, and the static 
structure of Chd1 bound to a nucleosome [146]. Upon addition of Chd1, 
the nucleosome is pushed directionally along the sequence as detected 
by site-specific APB attachment to the nucleosome and resulting change 
in footprinting, indirectly confirming the translocation orientation of 
Chd1. This nucleosome movement can be explained through changes in 
DNA twist or defects enforced by Chd1 that result in 1 bp movements, 
resulting from ratcheting of DNA directed by the ATP hydrolysis cycle 
and the lobe movements [21,145,147]. Similar directional positioning 
of nucleosomes by stepping for related Snf2 remodelers have been 
observed for SWI/SNF [148], ISWI [149], and INO80 [141] allowing for 
absolute determination of an overall conserved active translocation 
orientation of these bilobed enzymes. 

3.2. Presteady-state FRET 

Presteady-state methods, including stopped-flow and rapid quench, 
are outstanding methods to introduce or mix reaction components with 
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millisecond (or better) resolutions. They have been used repeatedly to 
understand and characterize kinetics for a variety of helicases 
[150–154]. However, to add a structural dimension to translocation, 
proteins or DNA or both need to be labelled with fluorophores at defined 
sites to detect relative changes in distances that can be correlated with 
known structures. Just measuring the kinetics of unwinding/trans
location without structural context will be misleading. 

Previously, we developed a presteady-state assay that could directly 
monitor unwinding orientation of the first few base pairs of a DNA 
duplex before being stalled by a physical biotin/streptavidin block 
(Fig. 5B) [49]. The design is different from other presteady-state assays 
that are used to detect unwinding/translocation polarity or speed 
[152,154]. With those assays, it is impossible to detect translocation 
orientation as fluorescence labels on the leading face of the helicase will 
have very similar kinetics to those on the trailing face. Instead, we 
designed an assay that will result in an increase in FRET with a fluo
rophore on the leading face and either no change or a decrease in FRET 
with a fluorophore on the trailing face. The key here is utilizing Forster 
distance limitations in concert with a specific stalled state. For SsoMCM, 
fluorescence labelling on the N-terminal tier resulted in an increase in 
fluorescence, while labeling at the C-terminal tier resulted in a decrease, 
establishing that unwinding proceeds N-first with 3′-5′ polarity. In this 
case, it did not matter that the helicase is a hexamer as all of the N- 
terminal domains are arranged symmetrically to one face. 

This method can be applied for other helicase/translocations; how
ever, there are some limitations. First, appropriate sites on the helicase 
for fluorescent labelling need to be designed utilizing available proteins 
structures, either through cysteine mutations or other more advanced 
biorthogonal methods. Second, the DNA substrate needs to have a 
fluorescence label incorporated to detect advancing FRET. Third, un
winding needs to be stalled such that the leading face would provide the 
greatest FRET signal while simultaneously limiting any FRET when 
labeled at the trailing face. Stalling of the helicase becomes important 
because labeling on the trailing face would also provide a transient in
crease in FRET that may be misinterpreted. 

3.3. Single-molecule FRET (smFRET) 

Generally, smFRET already includes a time dimension and addition 
of ATP or other firing factors that can initiate enzyme action. Similarly, 
PIFE can detect kinetics or dynamics with only one fluorophore 
[155,156]. Although both smFRET and PIFE can detect movement and 
dynamics, structural information is required to determine a relative 
orientation during unwinding or translocation. When structures are 
utilized in smFRET design and analysis, translocation can be adequately 
inferred as for PcrA (3′-5′, 2A-First) [6]; UvrD (3′-5′, 2B-First) [8], Rep 
(3′-5′, 2B-First) [157]; Pif1 (5′-3′, 1A/2B-first) [158]; DHX36 (3′-5′, 
RecA2-first) [17]; WRN (3′-5′, C-first) [123]; T7 gp4 (5′-3′, C-First) 

Fig. 5. Methods for determining active translocation orientations of helicases. A) Site-specific footprinting can be combined with an enzyme initiation event 
and/or nuclease activation to monitor translocation progress. B) Presteady-state FRET assays [49] can be designed to detect translocation directly upon initiation 
with ATP and enriched at a stalled downstream state. C) Activated cryo-EM superstructure reporters [136] can be utilized to monitor changes in conformations of 
reporter subunits coupled with structural information on the active subunit to determine translocation direction. D) Single-molecule picometer-resolution nanopore 
tweezers (SPRNT) can translocate DNA through a sequencing pore [171] to indicate absolute translocation orientation of Hel308. All these images are cartoon 
representations of actual or possible experiments and not real data. 
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[159]; E1 (3′-5′, N-First) [44]; among others (Table 1). smFRET exper
iments with Chd1 were able to reveal more details on the steps and 
unstable intermediates involved with nucleosome remodeling and 
showed that bidirectional remodeling occurs with ATP and can shift 
nucleosomes [8] back and forth [160]. There is a big push to integrate 
smFRET with structural modeling and molecular dynamics for a more 
accurate picture of structure–function relationships of enzyme com
plexes including helicases and translocases [161]. 

Other single molecule methods, including magnetic [162] or optical 
tweezers/traps [163,164] have been utilized successfully to examine 
various kinetic properties for a number of helicases and replisome 
complexes, but generally do not have the resolution or structural inte
gration to determine translocation orientation. However, combining 
optical trapping with fluorescence imaging [139,165] has the potential 
to improve resolution to a point where relative orientation of enzymes 
can be monitored in addition to translocation or unwinding. 

3.4. Electron microscopy reporters 

Another creative way to detect translocation orientation is using 
indirect or direct protein markers and applying structural biology 
methods. Having the structure of helicase complexes really helps with 
the prediction of translocation orientation, however generally, this is 
still a static snapshot. The incorporation of streptavidin or methyl
transferase protein blocks to unwinding can provide binding context to 
yeast CMG as visualized by cryo-EM [50,86,104] as well as inform on 
the unwinding mechanism (Fig. 1B, MSE). However, when helicase 
translocation or unwinding can be activated through addition of ATP, 
other cofactors, or firing factors, then the resulting assemblies, loading, 
and translocation can be monitored as a function of time [166]. If 
translocation or unwinding can be related to or directly impact posi
tional reporters, then the process can be monitored using activated su
perstructures (Fig. 5C). This was recently performed with several yeast 
CMG double hexamers loaded onto DNA. Covalent protein roadblocks 
were incorporated into the DNA substrate to prevent the ‘pushing off’ of 
CMG hexamers after activation with kinases and protein firing factors. 
Only a subset of CMG hexamers is activated that pushed inactive CMGs 
along the DNA template directionally. This resulted in the appearance of 
CMG ‘train cars’, where the active CMG ’engine’ will be in the middle of 
the DNA complex. Zooming in on the CMG engine can identify the 
orientation and determine which domain is on the leading face. In this 
case with CMG, it was determined that the N-terminal domain is the 
leading face [136], consistent with other reports of CMG helicase 
[50,86] and later results from archaeal MCM [49,85]. 

3.5. Time resolved structural biology methods 

Based on several influential publications following enzyme action of 
DNA polymerases within a crystal and subsequent time resolved x-ray 
crystallography (tr-Xray) of their transient structures [167,168], it may 
also be possible to similarly study helicase or translocase movement 
along a nucleic acid template. However, the crystal lattice will likely 
limit large-scale conformational changes that occur and could be a major 
barrier for observing helicase translocation in crystallo. The revelation of 
the minimal T7 replisome structure by cryo-EM [46] provides a firmer 
context for DNA unwinding by the helicase by utilizing relative posi
tioning of other replisome proteins including the polymerase and pri
mase. Although still static pictures, the three class averages showed a 
movement of one of the six helicase subunits around the cracked ring 
structure to suggest a hand-over-hand translocation mechanism. One 
caveat in this study is that although subunit movement is presented as 
stepping movements from one subunit to the next, a time dimension is 
not present to confirm directionality of movement. It would be 
extremely interesting and highly valuable if these domain movements 
could be detected in real time. However, these helicase domain motions 
are quite a bit larger than those detected for nucleotide incorporation 

and translocation in DNA polymerases and may be impossible for tr-Xray 
and difficult to image rapidly in cryo-EM. That said, advances in cryo- 
EM are occurring swiftly [169]. Time resolved cryo-EM [170] is 
showing promise and may be amenable to rapid mixing and freezing of 
helicase/translocase complexes after addition of various firing factors. 

3.6. Nanopore contexts 

When visualizing translocation orientation, it is often considered 
from the standpoint of the enzyme instead of the substrate. However, 
translocation of nucleic acid polymers through an immobilized enzyme 
can also provide a direct measure of orientation. This is becoming more 
prevalent with advancements in nanopore sequencing of DNA. A good 
example involves the attachment of the helicase, i.e. Hel308, to a protein 
nanopore, MspA, embedded within a membrane (Fig. 5D) [40,171]. 
Hel308 can then actively translocate (or unwind) on a ssDNA substrate 
through the nanopore for electrochemical detection of DNA bases for 
sequencing in a method termed single-molecule picometer-resolution 
nanopore tweezers, SPRNT. Hel308 is a SF2 helicase that translocates 3′- 
5′ and is organized as a five-domain enzyme [38,39]. Although these 
crystal structures contained a 3′ overhang substrate that placed RecA 
domain 2 and rachet domain 4 on the leading face of the enzyme and 
adjacent to the duplex, this was only highly suggestive of the unwinding 
mechanism. It is not until it was possible to monitor kinetic processes in 
context with structural features to be certain of the translocation 
orientation. 

They key here is that ssDNA is fed through MspA in the 3′ to 5′ di
rection and Hel308 interacts with and is immobilized by MspA through 
the other RecA domain 1 and helix-loop-helix domain 5. Therefore, the 
actual translocation orientation of Hel308 along ssDNA can be 
confirmed with domain 2/4 on the leading face (Fig. 5D). Subsequent 
sequencing of ssDNA is accomplished by detecting the absolute changes 
in current that correspond to specific DNA bases. The result is a fast, 
specific, and inexpensive third generation prototype for DNA 
sequencing. It is likely that other helicase or translocases can be engi
neered in this nanopore fashion to resolve mechanisms of translocation, 
step sizes, orientation, unwinding as well as improve or expand DNA 
sequencing methods. 

4. Conclusions 

Although traditional biochemistry and structural biology methods 
continue to be the dominant methods for helicase characterizations, 
advances in time-resolved methods can provide greater insight into a 
more complete mechanism of translocation and unwinding. There will 
continue to be an integration of chemical, biochemical, structural 
biology, and kinetic methods to better characterize nucleic acid trans
location. As more interactions are discovered and then characterized, 
their positioning can be influential in understanding the translocation 
orientation of the entire complex. Substrate specificities, binding affin
ities, and translocation polarities are useful in biochemically charac
terizing the diverse nature of helicase/translocases. Structures of 
enzymes bound to nucleic acid substrates or with interacting subunits 
within unwindosome complexes provide a higher resolution on struc
ture function relationships. Incorporating kinetics and motion into 
structural biology of complexes will provide the greatest validation of 
helicase/translocation processes both in vitro and ultimately in vivo and 
unequivocally assign active translocation orientations. Helicases and 
translocases are some of the best characterized motor proteins, and they 
are intriguing therapeutic drug targets for a variety of diseases including 
cancer, aging, fertility, and neurodegenerative diseases. Having a better 
more in depth understanding of the enzymatic abilities, structur
e–function relationships, and translocation orientations will undoubt
edly be valuable in targeting these enzymes for future therapies. 
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