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ABSTRACT 
Replicative hexameric helicases are thought to 
unwind duplex DNA by steric exclusion (SE), 
where one DNA strand is encircled by the 
hexamer and the other is excluded from the central 
channel. However, interactions with the excluded 
strand on the exterior surface of hexameric 
helicases have also been shown to be important for 
DNA unwinding, giving rise to the steric exclusion 
and wrapping (SEW) model. For example, the 
archaeal SsoMCM helicase has been shown to 
unwind DNA via a SEW mode to enhance 
unwinding efficiency. Using single molecule 
FRET (smFRET), we now show that the 
analogous E. coli DnaB helicase also interacts 
specifically with the excluded DNA strand during 
unwinding. Mutation of several conserved and 
positively-charged residues on the exterior surface 
of EcDnaB resulted in increased interaction 
dynamics and states compared to wild-type. 
Surprisingly, these mutations also increased the 
DNA unwinding rate, suggesting that electrostatic 
contacts with the excluded strand act as a regulator 
for unwinding activity. In support, experiments 
neutralizing charge of the excluded strand with a 
morpholino substrate instead of DNA also 
dramatically increased the unwinding rate. Of 
note, although the stability of the excluded strand 
was nearly identical for EcDnaB and SsoMCM, 
these enzymes are from different superfamilies 
and unwind DNA with opposite polarities. These 
results support the SEW model of unwinding for 
EcDnaB that expands on the existing SE model of 
hexameric helicase unwinding to include 

contributions from the excluded strand to regulate 
the DNA unwinding rate. 
 
INTRODUCTION 

Hexameric helicases are structurally 
conserved toroidal enzyme complexes capable of 
translocating and separating double-stranded DNA 
(dsDNA) into two single-strands (ssDNA) 
providing templates for DNA replication. They 
utilize the inherent energy from ATP hydrolysis to 
translocate along an encircled strand physically 
displacing the opposing excluded strand. The 
translocation polarity of hexameric helicases 
differs among helicase superfamilies (SF), defined 
by the organization and conservation of various 
folds (1). SF4 helicases from bacteria and 
associated phages (T4 and T7) include RecA-like 
folds and have 5’-3’ unwinding polarity, 
translocating on the lagging strand while SF6 
helicases from archaea and eukaryotes have AAA+ 
folds and 3’-5’ unwinding polarity, translocating 
on the leading strand (2). Although these two well-
studied helicase families have globally conserved 
structural features, their amino acid sequences, 
structural folds, and unwinding polarities are not. 
Moreover, the precise contacts with each DNA 
strand to facilitate duplex unwinding are not 
known.  

The bacterial replicative helicase, DnaB, has 
been shown to encircle the 5’ lagging strand in its 
central channel. Orientation of DnaB binding on 
ssDNA was shown to place the RecA motor C-
terminal domain (CTD) adjacent to the duplex 
region and the N-terminal domain (NTD) towards 
the 5’ end (3). DnaB unwinds dsDNA in a steric 
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exclusion (SE) mechanism, and can even 
translocate over two or three strands of DNA 
indicating plasticity within the central channel of 
the hexamer (4,5). Currently, various X-ray and 
EM structures of hexameric DnaB (with and 
without DNA or accessory proteins) show the 
hexamer as either a closed ring (6-8) or a split lock 
washer (9,10). ssDNA bound in the central 
channel adopts an A-form right-handed spiral 
conformation making contacts with multiple 
interior DNA binding loops from different 
subunits to pass DNA along in a hand-over-hand 
mechanism (9). 

In addition to specific DNA contacts that exist 
within the central channel, further exterior contact 
sites are proposed to exist for hexameric helicases 
to aid in DNA loading and unwinding (2). 
Previously, we have identified an interaction path 
on the external surface of the archaeal (AAA+) 
SsoMCM helicase with the excluded strand that 
both protects and stabilizes the complex in a 
forward unwinding mode (11,12). This interaction 
expanded the widely accepted SE model of 
unwinding to include contributions of the excluded 
strand in the mechanism. This new unwinding 
model was termed steric exclusion and wrapping 
(SEW). Recently, interactions with the excluded 
strand have been uncovered from a variety of 
hexameric helicase complexes in addition to 
archaeal MCM including: E1 (13), SV40 LargeT 
(14), T7gp4 (15,16), EcDnaB (17,18), TWINKLE 
(19), and the eukaryotic Cdc45/MCM2-7/GINS 
(CMG) complex (20,21). It is hypothesized that 
external interactions with the excluded strand will 
not only protect ssDNA, but also stabilize the 
helicase/DNA complex, and modulate the 
unwinding rate.  
      In this study, we examined whether EcDnaB 
has a similar specificity for exterior interactions 
with the excluded single-strand DNA. Single 
molecule FRET (smFRET) experiments were 
employed to directly detect EcDnaB binding to the 
excluded strand and compared with SsoMCM 
binding. The absolute FRET states, transition 
probabilities, and dwell times were strikingly 
similar between EcDnaB and SsoMCM, even 
though they reside in different superfamilies and 
have opposite unwinding polarities. Mutation of 
several conserved external positively charged 
residues on EcDnaB differentially altered the 
observed FRET states and binding dynamics 

consistent with disruption of the excluded strand 
binding path. Notably, those external SEW 
mutations on EcDnaB dramatically increased the 
dsDNA unwinding rate compared to wild-type 
(WT). Neutralizing the negative charge on the 
excluded stand with a morpholino substrate 
increased the unwinding rate for wild-type 
EcDnaB consistent with electrostatic interactions 
regulating activity. This is the first molecular 
explanation for controlling/regulating the rate of 
DNA unwinding through specific external surface 
interactions on the helicase with the excluded 
strand.  
 
RESULTS 

EcDnaB Interacts with the Excluded-Strand 
- Previously, we have shown that interactions with 
the excluded strand exist for the 3’-5’ hexameric 
SsoMCM helicase (11,22). Using a similar 
smFRET approach, we sought to examine whether 
analogous contacts on the exterior of EcDnaB also 
interact with the excluded strand despite the 
opposing 5’-3’ translocation polarity. Three 
separate model fork substrates, 30/30 
(DNA43/DNA44), 40/30 (DNA111/DNA44), and 
50/30 (DNA116/DNA44), composed of an 18 bp 
duplex with 30 (dT) on the 5’-lagging strand and 
30, 40, and 50 (dT) on the 3’-leading strand, 
respectively, were used. DNA forks alone result in 
low FRET signals as a result of Cy3 and Cy5 on 
the termini of the fork arms not being in close 
proximity (Fig. 1A). Additional nucleotides on the 
leading strand 3’-arm of the fork further decrease 
the FRET efficiency as expected. Addition of 
EcDnaB to each of these substrates shifts the 
signal to higher FRET states (Fig. 1B). EcDnaB 
preferentially encircles the 5’-strand (3), and a 
titration of EcDnaB onto 30/30 showed little to no 
variation in the resulting histogram profiles, 
suggesting that only one hexamer can be 
accommodated by the fork substrate over a large 
concentration range (Fig. 1C). Should a second 
hexamer encircle the opposing 3’-strand, the 
FRET values would decrease. The occurrence of a 
high FRET state is consistent with an interaction 
of the excluded Cy3 3’-strand on the external 
surface of EcDnaB, analogous to SsoMCM 
binding to DNA and consistent with the proposed 
SEW model of helicase interaction and unwinding 
(11).   
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EcDnaB loaded onto the 40/30 substrate 
produced an almost exclusively high FRET state 
(>0.9); the 50/30 fork produced a bimodal 
distribution of high (>0.9) and medium (~0.5) 
FRET states, and the 30/30 fork yielded a bimodal 
distribution of two high FRET (0.8 & >0.9) states 
in the presence of EcDnaB. The interaction with 
the excluded strand likely differs from varying 
excluded strand lengths sampling slightly different 
external binding paths. However, in all cases the 
shifts to high FRET states correspond to a stably 
wrapped excluded strand that places the Cy3 dye 
near the Cy5 dye on the encircled strand.  
 

ExPRT Analysis of Excluded Strand 
Dynamics - To better visualize the FRET states, 
explicit transition probabilities, and dwell times on 
a single plot to compare different conditions, 
mutants, and helicases, we developed Explicit 
Probability and Rate Transition (ExPRT) Plots 
(Fig. 2A). The positions of the circular markers 
correspond to transitions between specific FRET 
states: initial FRET state on the x-axis and the 
final FRET state on the y-axis. The initial and final 
FRET states for a particular transition refer to the 
observed FRET states immediately preceding and 
immediately following the transition of interest, 
respectively. The size and color of each marker 
correspond to the probability of that transition 
occurring within a measured trace and the average 
dwell time of the state preceding the transition, 
respectively.  

A comparison of analyses between established 
programs, the HaMMY and Transition Density 
Plot (TDP) programs (Fig. 2B) (23) as well as the 
POpulation-weighted and Kinetically-Indexed 
Transition density (POKIT) program (Fig. 2C) 
(24), and the ExPRT program is shown. Each 
program analyzed and visualized identical data 
corresponding to EcDnaB bound to the 30/30 
substrate and can distinguish states (Fig. 2D). 
Each plot illustrates that the transitions between 
FRET states of ~0.8 and ~0.95 are the most 
frequent. The TDP program analysis works on a 
trace-by-trace basis and is able to reveal 
heterogeneities in the transition data that can be 
missed by programs that work on stitched datasets 
such as the POKIT and ExPRT programs. 
However, despite the TDP program’s ability to 
gather probability and rate values, these values are 
not directly visualized by the resulting plot. The 

POKIT program bins the probabilities and rates of 
each transition into user-defined ranges and 
produces plots that allow for some level of 
quantitative comparison between experimental 
conditions. However, these plots fail to display 
explicit probabilities and rate values. Determining 
explicit transitions, probabilities, and rates without 
binning is an inherent advantage of single-
molecule methods that allows for extensive 
insights into the dynamics and kinetics of 
molecular interactions and enzymatic activities. 
The ExPRT analysis program extracts these 
explicit values from the smFRET data and 
visualizes them directly in a single plot. This 
allows users and readers to easily make 
comparisons between datasets on the most detailed 
level. Therefore, the ExPRT plots provide a useful 
advance in the investigation and comparison of the 
probability and kinetics of smFRET dynamics.  

 
EcDnaB and SsoMCM Interact the 

Excluded Strand Similarly - The bimodal 
distribution observed for EcDnaB on 30/30 fork 
substrate was very similar to the distribution 
produced by the archaeal MCM helicase on the 
same substrate (Fig. 3A) (11). In fact, the single-
molecule traces for EcDnaB and SsoMCM 
exhibited strikingly similar dynamics between two 
high FRET states (~0.95 and ~0.8) (Fig. 3B-C). 
This is highlighted by the ExPRT plots for 
EcDnaB compared to SsoMCM on the 30/30 fork 
substrate (Fig. 3D-F). In both cases, the excluded 
strand has a reversible transition between two high 
FRET states (~0.8 and ~0.95) that is exhibited by 
~70% of the molecules analyzed. For both 
EcDnaB and SsoMCM, there is a preference for 
the ~0.95 FRET state, indicated by the longer 
dwell times measured for that state (shades of 
orange vs. green/yellow). In addition, both data 
sets exhibit a reversible lower probability 
transition between each of high FRET states and a 
medium FRET state of ~0.55. Altogether, it is 
noteworthy that similarities in the FRET states, 
transitions, and dwell times exist for EcDnaB and 
SsoMCM on the 30/30 fork even though these two 
helicases belong to different superfamilies with 
low sequence homology, exist in different 
domains of life (bacteria vs. archaea), and have 
opposite unwinding polarities. The similarities are 
suggestive of a common SEW unwinding 
mechanism across diverse replicative helicases.  
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Exterior Surface Mutations of EcDnaB 

Alter Excluded-Strand Wrapping - As 
positively charged residues on the surface of 
SsoMCM had previously been shown to support 
an external interaction with the excluded strand 
(11), similar surface exposed and conserved 
residues were identified based on a homology 
model for EcDnaB (Fig. 4). Four EcDnaB surface 
positions (R74, R164, K180, and R328/R329) that 
exist in positively charged electrostatic patches 
were mutated to alanine, overexpressed, and 
purified. All mutant proteins were consistent with 
a hexamer as the major peak after gel filtration 
(data not shown). smFRET DNA fork binding 
assays were performed for the wild-type and each 
mutant on each of the three fork templates (30/30, 
40/30, 50/30). The results were analyzed and 
compared using traditional histograms and ExPRT 
plots. The mutations gave rise to several important 
differences in the hexamer-excluded strand 
interactions and dynamics. Across all the excluded 
strand lengths tested, EcDnaB (R74A) does not 
sample the highest observed FRET state (Eapp= 
~0.95) observed for the WT and the other mutants. 
This can be seen clearly in the histograms (Fig. 5 
B vs. A) and the ExPRT plots (Fig. 5 G, L, Q vs. 
F, K, P). R74A also produces less transitions 
between FRET states compared to the WT for the 
30/30 and 40/30 forks because the most frequent 
transitions observed for the WT data are those 
between the highest FRET state (Eapp= ~0.95) and 
lower FRET states. The absence of the 0.95 FRET 
state for R74A across all substrates tested suggests 
that R74 is necessary to close the connection of 
the excluded strand to the NTD traversing the 
entire longitudinal length of EcDnaB (9).  

 EcDnaB (K180A) bound to the 30/30 fork 
produces similar FRET states and dynamics when 
compared to the WT EcDnaB, however, there are 
now five states compared to three (Fig. 5 I vs. F). 
Examples traces for individual molecules for WT 
compared to K180A as well as other mutants are 
shown in Figure 6. As an example, for molecule 
51, there are ten transitions between two states, 
and for molecule 177, there are seventeen 
transitions between three states. A greater number 
of FRET states and transitions are indicative of a 
less stable and less precise interaction between the 
exterior surface of the helicase and the excluded 
strand leading to alternative binding paths. 

Similarly, the R164A mutant also samples a 
greater number of states than WT on the 40/30 (5 
vs. 2 states) and 50/30 substrates (4 vs. 2 states) 
(Fig. 5 M & R vs. K & P). The ExPRT plots for 
both K180A (Fig. 5 I vs. F) and R164A (Fig. 5H 
& F) on the 30/30 substrate somewhat resemble 
the WT on the same substrate. However, the 
histograms of K180A and R164A (Fig. 5C & D) 
show populations that are broader than those seen 
for the WT and R74A (Fig. 5A & B), which is 
indicative of less stable or precise interactions 
between the helicase and the excluded strand as 
visualized in the ExPRT plots. For the R164A 
mutation on the 30/30 substrate (Fig. 5H), the 
most probable transitions occur at the 
approximately the same rate reversibly. Similar to 
the WT, K180A on 40/30 and 50/30 substrates 
show less transitions to and from the high FRET 
state with and a significantly longer dwell time for 
the high FRET state (Fig. 5N & S). This may 
indicate greater stabilization of an interaction 
towards the NTD of the helicase. Therefore, K180 
and R164 contribute to but do not solely mediate 
the helicase-excluded strand interactions that give 
rise to the FRET states we observe for the WT. 

The EcDnaB (R328A/R329A) mutant shows 
similar FRET state transitions, probabilities of 
those transitions, and dwell times on the 30/30 
fork when compared to the WT (Fig. 5 J vs. F). 
However, there are extreme differences in the 
binding states and dynamics on the longer DNA 
strands compared to WT (Fig. 5 T vs. P). WT 
EcDnaB bound to the 50/30 fork shows a small 
fraction of traces that transition between high and 
medium FRET states. In comparison, EcDnaB 
(R328A/R329A) produces almost entirely medium 
FRET states that are very dynamic, with many 
transitions and relatively short dwell times, 
indicative of severe destabilization of binding. In 
contrast to WT, very little high FRET signal from 
the R328A/R329A mutant on the 30/50 substrate 
is observed. These results indicate that R328 and 
R329 may be required to stabilize longer excluded 
strands (40 and 50mers) along the waist of the 
hexamer and mediate interactions between the 
excluded strand and other regions, such as NTD 
where R74 is located and responsible for the 
highest FRET state (Eapp= ~0.95).  

Although we primarily tested the effect of 
eliminating positive charge on the exterior surface 
of EcDnaB and its effect on excluded strand 
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binding, there may be also be additional 
noncovalent binding interactions defining a path. 
To directly test whether electrostatic interactions 
exclusively define the excluded strand binding 
path, we titrated NaCl into WT EcDnaB prebound 
to a 30/30 fork in our smFRET experiments. 
Increased salt concentrations resulted in increased 
dynamics (shorter dwell times), but the FRET 
states were not significantly affected as visualized 
using ExPRT plots (Fig. 7). The decreased dwell 
times while keeping the FRET states and transition 
probabilities constant suggests that EcDnaB 
utilizes electrostatic interactions to mediate 
wrapping but that other noncovalent interactions 
are also important.  
 

SEW Mutants of EcDnaB Have Enhanced 
DNA Unwinding Activity - Mutating positively 
charged residues involved in the excluded-strand 
interaction inhibited SsoMCM’s unwinding 
activity (11,22). Gel based fluorescent DNA 
unwinding assays were performed to determine 
whether these EcDnaB SEW mutants have any 
effect on activity. Figure 8A shows a 
representative six-minute time point; however, 
quantification of the steady-state unwinding rates 
occurred over multiple time points for each mutant 
(Fig. 8B). All mutants had increased unwinding 
rates compared to the WT EcDnaB. Specifically, 
R74A (26 ± 1 nM s-1) and R164A (53 ± 13 nM s-1) 
have 3-fold and 6-fold increases, respectively, 
over WT (9 ± 1 nM s-1); while K180A (199 ± 16 
nM s-1) and R328A/R329A (191 ± 13 nM s-1) have 
more than 20-fold increases in unwinding activity. 

ATPase assays were performed for WT and 
mutant EcDnaB proteins, and the rates were 
quantified in the absence and presence of DNA 
(Fig. 8C). R74A, K180A, and R328A/R329A 
have similar basal rates to WT, however, R164A 
had a 2.5-fold enhancement over WT. Similar to 
WT EcDnaB, both R74A and R164A were 
stimulated 1.5-2.0-fold in the presence of DNA 
consistent with previous results (25). Interestingly, 
the fastest unwinding mutants, K180A and 
R328A/R329A, were only weakly stimulated 
further in the presence of DNA. Previously, the 
R328A/R329A mutant was investigated for its 
potential role in a leucine zipper motif (26) 
(although later discounted) (27) and was also 
found not to have DNA stimulated ATPase 
activity. No stimulation in ATPase rate with DNA 

is sometimes indicative of a perturbation in DNA 
binding, however, these mutants show stimulated 
unwinding abilities and fluorescence anisotropy 
experiments showed no significant differences in 
Kd values measured for mutants binding to fork 
DNA compared with WT (data not shown).  

To validate whether alteration of electrostatic 
interactions are responsible for the increased 
unwinding rates in the mutants compared to WT 
EcDnaB, we performed DNA unwinding reactions 
with a 3’-morpholino (morph) strand. Morpholino 
nucleic acids have standard base pairing properties 
but instead have morpholine rings linked through 
phosphorodiamidate groups that lack negative 
charge and are as stable or more stable than an 
equivalent DNA duplex (28,29). Previously, the 
homologous hexameric T7 gp4 DNA helicase was 
shown to unwind excluded strand morpholino 
substrates with a greater rate and efficiency than 
for DNA (16). They attributed this enhanced 
unwinding activity to the disruption of the 
helicase’s interaction with the displaced strand that 
limits its activity. 

Interestingly, WT EcDnaB also unwinds 
excluded strand morpholino substrates with a 
profoundly enhanced rate compared to a 
DNA/DNA duplex (Fig. 9). The rate of unwinding 
for the Morph/DNA is at least 1000-fold faster 
with a > 0.7 amplitude after 1 minute, while the 
DNA/DNA duplex is only ~0.4 unwound after 45 
minutes. No unwinding or strand separation is 
seen when ATP is excluded from the experiment. 
Accurate quantification of the unwinding rate 
would require rapid quench experiments, but the 
point that EcDnaB unwinds excluded strand 
morpholinos rapidly is apparent. The unwinding 
rates for the Morph-DNA are also significantly 
faster (~10-fold) than even those seen above for 
the fastest SEW mutant (K180A) on a DNA fork 
(Fig. 8). This may not be surprising as the SEW 
mutants only affects contact at one specific 
mutated site on the exterior surface, while the 
excluded strand morph eliminates electrostatic 
contacts throughout the longitudinal length of 
EcDnaB. 
 
DISCUSSION 

Although hexameric DNA replication 
helicases have global structural conservation, their 
amino acid sequences are not conserved, allowing 
for the classification of these helicases into 



DnaB excluded strand interaction 

6 
 

different superfamilies. We have shown previously 
that the 5’ excluded strand makes important 
external surface interactions that aid in the 
mechanism of unwinding for the SF6 archaeal 
SsoMCM helicase (3’-5’) to develop the SEW of 
unwinding (11). In this report, we can now show 
that the bacterial replication helicase, EcDnaB, 
with opposite unwinding polarity (5’-3’) and of a 
different family (SF4) and organismal domain, has 
similar conformational states and dynamics of 
binding the excluded strand that also regulate 
DNA unwinding (Fig. 10). The combined results 
highlight the importance and conservation of the 
SEW model for hexameric helicase unwinding of 
DNA and reveal external surface residues required 
for regulating the activity of the EcDnaB helicase. 
Importantly, the SEW effects on the mechanism of 
unwinding are opposing for SsoMCM and 
EcDnaB. 

It is striking that the absolute FRET states, 
transition probabilities, and dwell times visualized 
by the ExPRT plots are extremely similar between 
SsoMCM and EcDnaB hexameric helicases bound 
to fork DNA. In both cases, the large increase in 
FRET observed is consistent with encircling of the 
translocating strand and exclusion of the other 
along the exterior surface. For EcDnaB, there have 
been reports of hexamers loading on opposing 
strands in opposite orientations (3,30-32). The 
consequence of loading two hexamers would 
ultimately separate the strands further, resulting in 
a decrease in the FRET signal, which is opposite 
to what we observe in the smFRET experiments 
even at high concentrations of EcDnaB (Fig. 1B). 
Both helicases are of similar size, oligomeric state, 
and are thought to engage their respective 
translocating strands in a similar way. So, the 
DNA bound states of each helicase may be 
structurally equivalent even with opposing 
translocation polarities. Therefore, EcDnaB 
binding of DNA includes both the encircling of the 
5’-strand and the exclusion and external 
interaction of the 3’-strand in a similar manner to 
SsoMCM and the SEW model for unwinding. 

Without an appropriate DNA bound crystal 
structure of EcDnaB, we had to infer binding 
positions for the excluded 3’-strand based on 
amino acid homology and electrostatics from 
crystal structures that represented a closed ring 
(6,7) or a split lock washer structure (9). Because 
ssDNA was contained in the central channel of the 

split lock washer structure, we used this 
conformation as a primary model to interpret 
interactions with the excluded strand. This 
restricted the definition of any precise or specific 
exterior binding path, and rather we can only 
conclude general binding to the CTD, the waist, 
and the NTD. That along with the specific residues 
that were mutated and the smFRET data informed 
our interpretation of excluded strand binding. 

To test the specificity of this external 
interaction, mutations of conserved residues were 
found to both disrupt and alter the binding states. 
In particular, R74 was found to be necessary for 
stable interactions of the excluded strand at the 
NTD giving rise to the highest FRET state (~0.95). 
R164A and K180A exhibited somewhat different 
dynamics than WT, generally fitting to more 
FRET states, which may reflect alternate binding 
paths on the helicase exterior. It is likely that these 
two residues partially contribute to the excluded 
strand interaction. R328 and R329 both seem to be 
important for wrapping longer ssDNA substrates 
at the waist; where upon mutation, the values shift 
from a medium (~0.8) to a lower (~0.5) FRET 
state consistent with decreased wrapping. 
Altogether, these mutants individually alter the 
interaction between the excluded strand and the 
exterior of the helicase to varying degrees, and the 
amount of destabilization or altered external DNA 
binding paths can depend on excluded strand 
length. The data provide information on the 
contacts all along the longitudinal length of the 
hexamer defining a minimal binding path.  

Previously, mutation of external positively 
charged residues on SsoMCM reduced DNA 
unwinding, presumably through a slippage 
mechanism where the mutant helicase was unable 
to stabilize forward unwinding steps (11). 
However, for EcDnaB, mutation of external 
positively charged residues generally increased 
unwinding rates. The enzymatic effects of the 
mutations largely correlate with two classes of 
results. Two of the mutations (R74A and R164A) 
show slightly enhanced unwinding activity and 
their ATPase rates are stimulated with DNA 
similarly to WT. For R164A, the increased 
ATPase activity of this mutant could account for 
the DNA unwinding enhancement, but R74A has 
similar ATPase rates to WT. In both cases the 
mutation to alanine has disrupted or altered the 
external interaction as measured by smFRET. We 
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propose that releasing some of the electrostatic 
wrapping interaction frees the helicase to unwind 
faster.  

The more intriguing class of mutations 
(K180A and R328A/R329A) exhibit more than 
20-fold increases in DNA unwinding. 
Interestingly, they do not show as significant 
DNA-dependent stimulation of ATP hydrolysis 
rates. For these mutants, the most significant 
differences are an increase in the number of 
conformations for K180A with shorter fork arms 
and a global change in FRET states and an 
increase in dynamics for R328A/R329A with the 
longer excluded strand. Overall, a general trend of 
increased unwinding activity emerges as we 
neutralize positively charged residues found on the 
exterior of the hexamer. Therefore, exterior 
electrostatic interactions with the excluded strand 
restrict the unwinding activity of EcDnaB.  

By using excluded strand morpholino 
substrates instead, we have the added benefit of 
testing the total effect of exterior electrostatics on 
unwinding, instead of contributions at specific 
amino acid sties. Disruption of the electrostatic 
interaction of the excluded strand through this 
morpholino chemistry was strongly stimulatory to 
unwinding. A similar stimulation in unwinding of 
morpholino strands were also seen with the 
homologous T7 gp4 hexameric helicase (16). In 
both cases, interactions on the outer surface of the 
helicase with the excluded strand will act to 
regulate the unwinding rate. However, this 
external interaction is not entirely electrostatic as 
increasing ionic strength in the smFRET 
experiments resulted in decreased dwell times but 
did not significantly affect the FRET states.  

Previous single-molecule work has detailed 
the single molecule force contributions of each 
DNA strand to unwinding by EcDnaB using either 
a hairpin or fork substrate (33). In that study, it 
was concluded that the unwinding rate was 
controlled by both force-induced destabilization of 
the duplex as well as interactions of the excluded 
strand with the exterior surface. The main apparent 
discrepancy between our work and theirs is that 
when the excluded strand is sequestered because 
of constraints in the hairpin assay, the rate is 
slower than when it is allowed to interact with the 
exterior surface in the fork assay. This would 
imply that contacts of the excluded strand with the 
external surface of EcDnaB increase unwinding; 

whereas we show that specific external contacts 
restrain unwinding. However, it is probable that 
the force applied to the excluded strand in the fork 
assay artificially alters the interaction with the 
exterior surface in a way analogous to the altered 
DNA binding paths and kinetics for the R74A and 
R164A mutants. Therefore, measured increases in 
unwinding in both studies can be explained by 
altered DNA binding paths on the exterior surface. 
It is notable that a variety of recent biophysical 
techniques monitoring EcDnaB activity and 
binding have detected an elusive external 
interaction with the excluded strand (18,33). We 
can now conclude that this SEW interaction and 
the precise binding path regulates the speed of 
unwinding for EcDnaB. 

Clearly, interactions with the excluded strand 
are acting as a regulator to control the speed of 
unwinding. It remains to be seen whether this is 
because of a greater increased force applied by the 
motor domain for EcDnaB that is modulated by 
the excluded strand or whether discrete external 
binding paths or polarity dictate the rate of 
unwinding. Further experiments will be needed to 
more specifically define the exterior binding path. 
For EcDnaB, the excluded strand interaction may 
act as a ‘molecular brake’ to control the amount of 
exposed ssDNA or provide a platform for 
accessory helicases, i.e. Rep, to assemble and 
rescue stalled forks (34,35). Coupled DNA 
synthesis by the leading strand polymerase (Pol 
III) could sequester the excluded strand from the 
exterior surface of EcDnaB and explain the 
increased rate of unwinding by the coupled 
replisome (36-38). In fact, a recent report has 
shown that when the bacterial helicase and 
polymerase become decoupled, the unwinding rate 
is reduced by 80% as a fail -safe ‘dead man’s 
switch’ (39). This can be explained at the 
molecular level by our data in which decoupling of 
the polymerase engages the excluded strand with 
the exterior surface of EcDnaB slowing its 
unwinding progression. In addition to controlling 
the unwinding rate, the external DNA binding sites 
on both helicases are likely to contribute during 
the loading mechanism for encircling of the 
translocating strand to maintain strand separation 
during the action and conformational changes 
induced by the initiation enzymes. 
 
EXPERIMENTAL PROCEEDURES 
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Materials -  Oligonucleotides used 
(Supplemental Data Table S1) were purchased 
from IDT (Coralville, IA). Fluorescently labeled 
DNA was HPLC purified (IDT), and non-labeled 
oligos were gel purified (40). Morpholinos were 
from GeneTools (Philomath, OR). SsoMCM was 
purified as previously described and reported as 
hexamer concentrations (11). All other chemicals 
were analytical grade or better. 
 

Cloning and Protein Purification of EcDnaB 
- The R74A, R164A, K180A, and R328A/R329A 
mutations of EcDnaB were created by overlap 
extension from pET11b-EcDnaB. The DNA 
primers are listed in Supplemental Table S1. 
Mutations were confirmed by the DNA 
sequencing facility at the University of Pittsburgh. 
Mutants and WT EcDnaB were expressed in 
Rosetta 2 cells (EMD Millipore, Billerica, MA) or 
C41 cells (Lucigen, Middleton, WI) using 
autoinduction (41) or by induction with 0.1 mM 
IPTG. Cells were pelleted, resuspended in 
EcDnaB lysis buffer [10 % sucrose, 50 mM Tris-
HCl (pH 7.5), 50 mM NaCl, 5 mM dithiothreitol 
(DTT)], and lysed using lysozyme and sonication. 
Ammonium sulfate was added to the resulting 
supernatant at 0.2 g/mL, pelleted, and then 
resuspended in EcDnaB buffer A [10 % glycerol, 
0.1 mM EDTA, 50 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 5 mM DTT]. The supernatant was purified 
using an AKTA Prime FPLC equipped with a 
HiTrap MonoQ column (GE Healthsciences, 
Sunnyvale, CA) and eluted with a stepwise 
gradient of EcDnaB buffer A with 500 mM NaCl 
followed by a similar procedure using a HiTrap 
Heparin column (GE Healthsciences, Sunnyvale, 
CA). The purified fractions were combined and 
applied to a Superdex S-200 26/60 gel filtration 
column (GE Healthsciences, Sunnyvale, CA) with 
Buffer C [50 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 5 mM DTT] to isolate the hexamer. An 
extinction coefficient (185,000 cm -1 M -1) was 
used to quantify the fractions containing purified 
hexameric EcDnaB (42). All concentrations for 
EcDnaB are indicated as hexamer throughout. 
 

Single-molecule Fluorescence Resonance 
Energy Transfer - DNA substrates labeled with 
Cy3 and Cy5 fluorophores were immobilized on a 
PEGylated quartz slide utilizing biotin-streptavidin 
interactions (43). A prism-based total internal 

reflection microscope was used to collect all 
smFRET data (44,45). A 532 nm diode laser was 
used to excite Cy3 fluorophore, and subsequent 
Cy3 and Cy5 emission signals were separated by a 
610 nm dichroic longpass mirror, a 580/40 nm 
bandpass filter, and a 660 nm longpass filter. An 
EM-CCD iXon camera (Andor, Belfast, UK) was 
used to image the signals. Data was acquired at 10 
fps for ten or more regions with each region 
containing 50 – 250 molecules in the presence of 
an oxygen radical scavenging solution [1 mg/mL 
glucose oxidase, 0.4 % (w/v) D-glucose, 0.04 
mg/mL catalase] and 2 mM trolox. EcDnaB (250 
nM) was added and given a five-minute 
equilibration period. All single-molecule 
experiments were performed in reaction buffer as 
described previously (11). 

Single-molecule FRET signals were identified 
by fitting individual regions of signal intensity to a 
2D Gaussian and measuring the goodness of fit. 
These peaks were corrected for thermal drift and 
local background intensity (46,47). The resulting 
signal was used to calculate the apparent FRET 
efficiency, Eapp, according to  

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼𝐴𝐴
𝐼𝐼𝐴𝐴+𝐼𝐼𝐷𝐷

   (1) 
in which IA  and ID are the intensity of the acceptor 
and donor signals respectively.  
 

Single-molecule FRET data analysis and 
ExPRT Plots - Data analysis and visualization 
were performed using manually selected single-
molecule traces that displayed anti-correlation 
between the donor and acceptor fluorophores and 
single-step fluorophore photobleaching. Traces 
collected under identical experimental conditions 
were stitched together, and fit to ideal states via 
Hidden Markov Modeling using the vbFRET 
software package (48). Stitched traces were fit to a 
given number of states based on those states being 
more than Eapp = 0.1 apart from one another, and 
the variation of one state not overlapping with 
another. Traces were then unstitched and fed into 
the Explicit Probability and Rate Transition 
(ExPRT) analysis program. This MATLAB 
executable program produces transition plots 
where the markers are sized based on the 
probability of transition occurring within an 
observed single-molecule trace and colored based 
on the dwell time(s) of the state preceding the 
transition. The average of all dwell times for a 
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given transition was used to determine the color of 
the marker. Only dwell times that were both 
preceded and followed by transitions were 
included. Stitched data as fit by vbFRET were also 
analyzed by the POKIT analysis program, and the 
resulting plot contains a legend for the ranges of 
rates and probabilities (24). The data were also fit 
using the HaMMY program, allowing the program 
to fit the data to up to five states. The output of the 
HaMMY program was subsequently analyzed by 
the Transition Density Plot program (23). 
 

EcDnaB Structural Homology Model - 
Global sequence alignments were performed using 
ClustalW2 analysis 
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2
.cgi). The homology model of EcDnaB was 
created by threading the alignment on to the 
structure of Geobacillus stearothermophilus DnaB 
(PDBID: 4ESV) (9) using Swiss-MODEL (49). 
 

ATPase Assay - EcDnaB variants (350 nM) 
were incubated in the absence and presence of 4 
µM forked DNA (DNA14/DNA15) as described 
previously (50). Briefly, 25 µL reactions were 
incubated at 37 °C for 5 minutes in unwinding 
buffer [50 mM HEPES (pH 8.0), 10 mM 
Mg(OAc)2, 5 mM DTT, 0.2 mg/mL BSA], and 1 
mM ATP with trace amounts of 32P-γ-ATP was 
added to initiate the reaction. Samples were 
quenched at 2, 5, 10, and 15 min after initiation in 
equal volumes of 0.7 M formic acid. A total of 1 
µL of quenched reaction was spotted on Millipore 
TLC PEI Cellulose F, allowed to dry, resolved in 
0.6 M potassium phosphate (pH 3.5), 
phosphorimaged, and quantified for the linear 
ATPase rate (pmol/min).  
 

Gel Based DNA Unwinding Assays - Helicase 
assays were assembled in unwinding buffer at 37 
°C. 15 nM of fluorescent forked DNA 
(DNA14/F/DNA15) was incubated with 500 nM 
EcDnaB at 37 oC for 5 minutes before initiating 
with 5 mM ATP. Reactions were quenched with 
using an equal volume of quench solution [50% 
glycerol, 1% SDS, 100 mM EDTA (pH 8.0), and 
300 nM ssDNA trap (unlabeled strand with same 

sequence as radiolabeled strand)] at various time 
points from 1-15 minutes. Reactions were kept on 
ice until loading and resolved on 20% (29:1 
acryl:bisacryl) and TBE gels electrophoresed in 
TBE buffer. The gels were imaged on a Typhoon 
9400 phosphorimager (GE Healthsciences, 
Sunnyvale, CA), and the fraction unwound was 
calculated after background subtraction using 
ImageQuant software according to:  

𝐹𝐹 = � 𝐼𝐼𝑠𝑠(𝑡𝑡)

𝐼𝐼𝑠𝑠(𝑡𝑡)+𝐼𝐼𝐷𝐷(𝑡𝑡)
− 𝐼𝐼𝑠𝑠(0)

𝐼𝐼𝑠𝑠(0)+𝐼𝐼𝐷𝐷(0)
� / � 𝐼𝐼𝑠𝑠(𝑏𝑏)

𝐼𝐼𝑠𝑠(𝑏𝑏)+𝐼𝐼𝐷𝐷(𝑏𝑏)
−

𝐼𝐼𝑠𝑠(0)

𝐼𝐼𝑠𝑠(0)+𝐼𝐼𝐷𝐷(0)
�    (2)  

where 𝐼𝐼𝑠𝑠(𝑡𝑡) and 𝐼𝐼𝐷𝐷(𝑡𝑡) are the intensities of the 
single and double-strand bands, respectively, at 
time t; subscript 0 and b indicate equivalent counts 
at t = 0 and the boiled sample, respectively. The 
fraction unwound or unwinding rate (nM min-1) 
was calculated from a linear regression fit of the 
fraction unwound for each time point.  
 
Single-Turnover DNA Unwinding Assays: 
Single-turnover unwinding experiments were also 
performed by initiating the reaction 
simultaneously with 5 mM ATP and 150 nM of a 
ssDNA trap (unlabeled strand with the same 
sequence as the radiolabeled strand). Experiments 
were performed with 250 nM EcDnaB and 15 nM 
forked 3’-DNA (DNA163/DNA161) or 3’-
morpholino (DNA163/DNA160m) substrates at 37 
oC. The 5’-end of DNA163 was labeled with 32P-γ-
ATP (Perkin Elmer, Waltham, MA) with 
Optikinase (Affymetrix, Cleveland, OH) according 
to manufacturer directions.  Reaction was 
quenched at various times using an equal volume 
of quench solution [20% Ficoll, 1.0 %SDS, 200 
mM EDTA (pH 8.0), 2 mg/mL Proteinase K] 
followed by incubation at 37 oC for 10 min. After 
electrophoresis as above, the gels were imaged on 
a Storm 820 (GE Healthsciences, Sunnyvale, CA), 
and the fraction unwound was calculated using 
ImageQuant software according to Equation 2. 
Single turnover data were further quantified using:  

𝐹𝐹 = 𝐶𝐶 + 𝐴𝐴1�1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡�+ 𝑘𝑘𝑠𝑠𝑠𝑠𝑡𝑡   (3) 
where A1 is the amplitude associated with the 
initial burst rate increase (k1), kss is a steady state 
rate, and C is a constant. 
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FIGURE 1. Single-molecule FRET monitoring of EcDnaB binding to DNA fork substrates. A, 
histograms of the smFRET signal from the DNA fork substrates alone, colored to match cartoon models 
of the DNA forks with a static 30 base encircled 5’ strand and variable excluded-strand 3’ arm lengths 
(30, 40, and 50 nt) shown in blue, green and red, respectively. B, histograms of the three DNA substrates 
in the presence of 250 nM WT EcDnaB. C, the histogram profiles from a titration of WT EcDnaB onto 
the 30/30 fork substrate from 50 nM to 8 μM is shown. 30/30 alone exhibits low FRET (shown in dark 
blue). Adding WT EcDnaB shifts the FRET signal to higher FRET values in all cases, without 
significantly altering the histogram profile. 
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FIGURE 2. Comparison of smFRET dynamics for excluded strand interactions on EcDnaB. A, 
ExPRT plot showing the probability (size) and dwell time (color) of transitions for EcDnaB (250 nM) on 
30/30 fork DNA. The number of states and traces fit by the data is in the upper left-hand corner for each 
plot. B, The smFRET data set from WT EcDnaB on 30/30 was also analyzed and fit using HaMMY, and 
subsequently analyzed and visualized by the Transition Density Plot (TDP). C, Separately, the same data 
was stitched together and fit using vbFRET and visualized using the POKIT analysis program. D, Cartoon 
representation of the hypothesized three states (1, 2, 3) of bound helicase to DNA fork identified in the 
ExPRT plots and indicated on each plot.  
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FIGURE 3. Comparison of the excluded strand interactions of SsoMCM and EcDnaB by smFRET. 
A, shows the overlaid histograms of both SsoMCM and EcDnaB on the 30/30 fork. Representative single-
molecule traces for B, EcDnaB and C, SsoMCM on the 30/30 DNA template. The top panels show the 
Cy3 (green) and Cy5 (red) signals. The bottom panels show the corresponding FRET signal (blue) with 
overlaid ideal states (red) for each trace as fit by vbFRET (see Materials and Methods). D, ExPRT plots 
showing the probability (size) and dwell time (color) of transitions for E, EcDnaB (250 nM) and F, 
SsoMCM (1.3 µM), respectively, on 30/30 fork DNA. The number of states and traces fit by the data is in 
the upper left-hand corner for each plot. Inset is a carton representation of the hypothesized three states of 
bound helicase to DNA fork identified in the ExPRT plots.  
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FIGURE 4. Identification of Exterior Electrostatic SEW Sites for EcDnaB. A, Position of the SEW 
mutations (from multiple subunits) mapped onto the homology model for EcDnaB colored with an 
electrostatic surface identifying the N-terminal domain (NTD) C-terminal RecA domain (CTD) and the 
waist. B, multiple amino acid alignment of DnaB helicases using CLUSTAL W2 
(http://www.ebi.ac.uk/Tools/clustalw2). Identical (*), similar (:), and somewhat similar (.) residues are 
indicated. ECOLI - Escherichia coli strain (K-12); GEOSE - Geobacillus stearothermophilus; ECOBD - 
Escherichia coli strain (BL21-DE3); BARGA - Bartonella grahamii (strain as4aup) SALTY - Salmonella 
typhimurium; HELPY - Helicobacter pylori strain (26695); ECO57 - Escherichia coli O157:H7; SHIFL - 
Shigella flexneri; TREPS - Treponema pallidum SS14. 
  

http://www.ebi.ac.uk/Tools/clustalw2
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FIGURE 5. Histograms and ExPRT Plots of WT EcDnaB and mutants bound to DNA forks. 
Histograms (A-E) report the population of molecules as a function of FRET states on DNA forks with a 
30-base 5’-strand and a 30-base (blue), 40-base (green), or 50-base (red) 3’-strand for WT, R74A, 
R164A, K180A, and R328A/R329A, respectively. Yellow, blue, and red regions highlight low, medium, 
and high FRET populations, respectively. Corresponding ExPRT plots are shown for (F-J) 30/30, (K-O) 
40/30, and (P-T) 50/30 forks for each of the respective EcDnaB helicases.  
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FIGURE 6. Example smFRET kinetic traces.  Comparison of A-C, WT and D, K180A, E, R74A, and F, 
R328A/R329A EcDnaB FRET efficiencies as a function of time on the 30/30, 40/30 and 50/30 forks, 
respectively. The calculated FRET values (blue) are overlaid with the ideal state fits (red).  
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FIGURE 7. Titration of NaCl onto EcDnaB-bound 30/30 Fork. A-D, ExPRT plots of [NaCl] titration 
onto EcDnaB (250 nM) prebound to 30/30 DNA fork.   
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FI G U R E 8.  Bi o c h e mi c al P r o p e rti es of S E W M ut a nts of E c D n a B. A , R e pr es e nt ati v e g el f or si x- mi n ut e 
ti m e p oi nt is s h o w n f or E c D n a B ( W T a n d m ut a nts, 3  M) u n wi n di n g ass a ys p erf or m e d o n a fl u or es c ei n 
l a b el e d f or k D N A ( D N A 1 4 F/ D N A 1 5) ( 1 5 n M) a n d B , q u a ntifi e d o v er m ulti pl e ti m e p oi nt s. T hr o u g h o ut, 
d at a f or E c D n a B c o nstr u ct s ar e c o nsi st e ntl y c ol or e d ( W T - r e d; R 7 4 A – o c hr e; R 1 6 4 A – or a n g e; K 1 8 0 A – 
gr e e n; R 3 2 8 A/ R 3 2 9 A – bl u e). Err or b ar s r e pr es e nt t h e st a n d ar d err or fr o m at l e ast t hr e e i n d e p e n d e nt 
e x p eri m e nt s. C , Q u a ntifi c ati o n of t h e A T P h y dr ol ysis r at e i n t h e a bs e n c e ( di a g o n al h as h) a n d pr es e n c e 
( s oli d) of f or k D N A ( D N A 1 4/ D N A 1 5). 
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FIGURE 9. Unwinding of Morpholino Forked Substrates. A representative unwinding time course for 
250 nM EcDnaB on either an 18 bp A) DNA/DNA (D:D) or B) Morph/DNA (M:D) substrate (15 nM) 
with a 7 base 3’-excluded strand flap. Single turnover experiments were initiated with ATP and a single-
strand trap identical to the radiolabeled strand as described in Materials and Methods. C) Averaged 
unwinding data for D:D (black ○) was plotted and fit with a linear regression to give k = 0.009 min-1 and 
for (M:D, grey □) was plotted and fit using Equation 3 to give k1 = 11 min-1. The inset plot highlights 
data within the first minute. Error bars are the standard error from three independent experiments.  
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FIGURE 10. SEW models for hexameric helicase unwinding. Bacterial DnaB and archaeal MCM 
encircle the lagging or leading strand, respectively, and interact with the excluded strand on the exterior 
surface to either regulate the unwinding rate using this electrostatic brake or stabilize unwinding in a 
forward direction. 
 
 


