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ABSTRACT

Motor enzymes that process nucleic-acid substrates
play vital roles in all aspects of genome replica-
tion, expression, and repair. The DNA and RNA nu-
cleobases are known to affect the kinetics of these
systems in biologically meaningful ways. Recently,
it was shown that DNA bases control the translo-
cation speed of helicases on single-stranded DNA,
however the cause of these effects remains un-
clear. We use single-molecule picometer-resolution
nanopore tweezers (SPRNT) to measure the kinet-
ics of translocation along single-stranded DNA by
the helicase Hel308 from Thermococcus gamma-
tolerans. SPRNT can measure enzyme steps with
subangstrom resolution on millisecond timescales
while simultaneously measuring the absolute posi-
tion of the enzyme along the DNA substrate. Pre-
vious experiments with SPRNT revealed the pres-
ence of two distinct substates within the Hel308
ATP hydrolysis cycle, one [ATP]-dependent and the
other [ATP]-independent. Here, we analyze in-depth
the apparent sequence dependent behavior of the
[ATP]-independent step. We find that DNA bases at
two sites within Hel308 control sequence-specific ki-
netics of the [ATP]-independent step. We suggest
mechanisms for the observed sequence-specific
translocation kinetics. Similar SPRNT measurements
and methods can be applied to other nucleic-acid-
processing motor enzymes.

INTRODUCTION

Nucleic-acid-processing motor enzymes such as helicases,
polymerases and translocases that move along DNA or
RNA play vital roles in genome replication, expression

and maintenance (1–6). The nucleic-acid (NA) sequence
has been shown to regulate important properties of some
of these enzymes. For example, RNA polymerase tran-
scriptional elongation and pausing are controlled by spe-
cific DNA sequences (7–9). Helicases are known to have
sequence-dependent DNA unwinding kinetics due to the
energetic differences between AT and GC base pairs (10–
12). Recent reports have demonstrated that the DNA he-
licases Hel308 and UvrD translocate on single-stranded
DNA (ssDNA) in a sequence-dependent manner (13,14),
however the mechanism for this sequence-dependence is
unclear. To understand the role that DNA sequence plays
in sequence-dependent translocation on ssDNA by heli-
case Hel308, we used Single-molecule Picometer Resolution
Nanopore Tweezers (SPRNT, (15,16)), a high-throughput
technology with both high spatiotemporal resolution and
the ability to directly reveal the NA sequence that is passing
through a motor enzyme. Here we use SPRNT to determine
the relationship between kinetic parameters and the DNA
sequence in Hel308.

In SPRNT, a single Mycobacterium smegmatis porin A
(MspA) nanopore (17) in a phospholipid bilayer forms the
only electrical connection between two electrolyte solutions
(Figure 1A). A voltage applied across the nanopore causes
ions to flow through the nanopore, establishing a measur-
able ion current. Negatively charged NA bound to a motor
enzyme is attracted into the nanopore by the electric field
until the enzyme comes to rest on the rim of the nanopore.
The enzyme walks along the NA, causing the NA to move
through the nanopore. The NA bases in the nanopore re-
duce the ion current flowing through the nanopore depend-
ing on the nucleotide sequence in the nanopore, enabling
nanopore sequencing (18–20). The ion current also provides
a precise time-record of enzyme position along the NA (Fig-
ure 1B). During SPRNT, the electric force on the DNA re-
sults in a force (∼0.2 pN/mV, resulting in ∼35 pN force
at 180 mV voltage) on the enzyme which can be with, or
against the enzyme motion (15). While it is possible that
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Figure 1. (A) A single DNA molecule (black) bound to a Hel308 helicase (blue) is drawn into the MspA pore (yellow) by the voltage applied with electrodes
(gray). Ion current is measured and used to monitor the progression of a Hel308 helicase along the DNA strand. X represents the distance between the
nanopore constriction and the site of sequence dependent effects in the helicase. (B) Position versus time trace for a single Hel308 molecule, with backwards
steps indicated. The DNA sequence in MspA nanopore is shown with the associated DNA position. This curve is constructed from the current vs. time
data by a non-linear transformation function as described in (13,15,16). (C) DNA design. While Hel308 walks along a 21-nt DNA test sequence (red) that
we change to alter Hel308’s kinetics, the heteropolymer measuring sequence (blue) is pulled through the MspA constriction, yielding a high-contrast series
of ion current states on which kinetic measurements are made. N is any of A, C, G and T. X in this sequence refers to an abasic site, not to be confused for
the distance measurement in panel A.

this force affects helicase kinetics, we observed that Hel308
is independent of the applied voltage over the range of ∼30–
65 pN (13). SPRNT is the only single-molecule technology
which simultaneously reads out the NA sequence and pro-
vides high-resolution measurements of enzyme motion on
NA (<1 Å spatial resolution at 1 ms state duration, (15,16)),
making this technology an ideal method for understanding
how NA sequence affects motor enzyme kinetics.

We previously used SPRNT to characterize how the
ATPase cycle of the superfamily 2 DNA helicase Hel308
from Thermoccocus gammatolerans coordinates transloca-
tion on a single-stranded DNA (ssDNA) substrate (13).
Hel308 is a 3′ to 5′ translocase/helicase found in archaea
and eukaryotes and is thought to be involved in restart-
ing stalled replication machinery (21,22). We found that
Hel308 pulled DNA through the MspA nanopore in two
steps per nucleotide translocated (13,15). We hypothesized
these sub-nt movements of the DNA to be the result of con-
formational changes of Hel308. The kinetics of one of these
steps are [ATP]-dependent while the kinetics of the other are
[ATP]-independent. These two steps thus represent two sep-
arate stages of the Hel308 hydrolysis cycle, with the [ATP]-
dependent step involved in ATP and ADP binding, and

the [ATP]-independent step in ATP hydrolysis. The [ATP]-
independent step corresponds to a closed conformation of
Hel308, and ATP hydrolysis results in a relative change in
binding energies of the RecA folds to different sites on the
DNA, generating forward motion of the helicase. We found,
surprisingly, that the state dwell-times, as well as the propen-
sity of Hel308 to step backwards, varied substantially along
a heterogenous DNA substrate for both [ATP]-dependent
and [ATP]-independent states, which we hypothesized to be
due to DNA interacting base-specifically with Hel308 (13).
Here, we investigate the effects of DNA sequence on ss-
DNA translocation by Hel308 helicase by examining 1256
single-molecule SPRNT recordings of Hel308 over 26 dif-
ferent short ssDNA substrates of varying DNA sequence
(Supplementary Table S1).

MATERIALS AND METHODS

Pore establishment

A single M2-NNN MspA nanopore was established
in a 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine
(DOPHPC) lipid bilayer using methods that have been well
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established (16). Lipids were ordered from Avanti Polar
Lipids.

DNA preparation

A complementary DNA strand was annealed to the tem-
plate DNA strand so that the template has a free 5′ end,
and an 8-base 3′ overhang. Hel308 binds to this 8-base over-
hang, and can begin to unwind dsDNA in solution, mean-
ing that an event can start at any location along the DNA
molecule, although most experiments begin near the start of
the DNA sequence (Supplementary Figure S1). To prevent
accumulation of ADP in bulk we perfused new reagents ev-
ery 45 minutes. The 5′ end of the template is drawn into the
pore, dissociating the complement. If a Hel308 is bound to
the DNA it will translocate from 3′ to 5′, drawing the ss-
DNA out of the pore. While in principle it is possible for
DNA to go through the pore in the 3′ orientation, no such
events were observed.

The DNA sequences for the template strands are listed in
Supplementary Table S1.

The DNA sequence for the complementary strand is:
5′ CCTGCATGAGAATGCGATAGTGAGATTTTT

TTTTTTTTTTTTTTTZ 3′, where ‘Z’ is a cholesterol
tag to facilitate binding of the DNA into the bilayer to
increase the interaction rate of DNA with the nanopore.
This complement was used for each sequence in this
study. Supplementary Figure S2 shows a depiction of the
DNA+enzyme+nanopore configuration at the start of
each experiment.

Proteins

Hel308 from Thermococcus gammatolerans EJ3 (accession
number WP 015858487.1) and M2-NNN MspA (accession
number CAB56052.1) were prepared as described previ-
ously (15).

Operating conditions: All experiments were run at 400
mM KCl, with 10 mM HEPES at pH 8.0 and 10 mM
MgCl2. Once a single M2-NNN MspA nanopore was es-
tablished, a buffer with the above conditions along with 1
mM ATP was perfused to the cis well. ATP was ordered
from Sigma Aldrich. The perfusion is done to maintain con-
stant concentrations in the reaction volume. DNA, DTT,
and Hel308 were added to final concentrations of 5 nM,
1 mM and 50 nM, respectively. All experiments were per-
formed at elevated temperature 37◦C as described in (13).
We show in the supplementary data that the kinetics of
Hel308 translocation are independent of [KCl] down to 100
mM and independent of the applied voltage down to 60 mV
(∼12 pN, Supplementary Figures S3 and S4). Because of
the large excess in Hel308 to DNA, we considered the pos-
sibility that we could have multiple helicases on the same
DNA molecule, which could influence Hel308 kinetics. We
measured the distribution of helicase velocities and found
it to be well-described by a single-gaussian distribution (P
= 0.37, KS test). If there were a significant contribution to
the kinetics from multiple-Hel308-bound DNAs, then we
would expect the distribution of velocities to be bimodal,
which we do not observe.

Data acquisition. Data was acquired with custom labview
software on an Axopatch 200B amplifier at 50 kHz, and
downsampled by averaging to 5 kHz.

Raw Data Analysis: Ion-current versus time raw traces
were converted to position versus time traces as described
in (13,15,16). Dwell-times were determined by aligning ion-
current segments to the consensus sequence as in (13).

Experiment design

In SPRNT, the DNA sequence in the narrowest part of the
MspA nanopore (termed ‘the constriction’) determines the
ion current flowing through the nanopore, while the DNA
sequence in the helicase (X nucleotides away from the con-
striction, Figure 1A) determines the stepping kinetics (Fig-
ure 1A). Thus, in order to interpret the results of these
experiments, we must first determines the registration dis-
tance, X, in nucleotides, between the MspA nanopore con-
striction and the nucleotides in Hel308 that are responsible
for sequence-dependent kinetics. Therefore, we observe how
kinetic parameters change as we change the DNA substrate
passing through Hel308.

We designed DNA strands with two distinct regions: first
a heteropolymer that produces an easily recognizable ion-
current signal, maximizing the sensitivity of SPRNT (‘mea-
suring sequence’, Supplementary Figure S5), and second,
a variable region where test DNA sequences reside within
Hel308 when the heteropolymer sequence is in the MspA
constriction (‘test sequence’, Figure 1C., Supplementary
Table S1). We measured two kinetic quantities in these ex-
periments: (1) the distribution of dwell times at each DNA
position in the heteropolymer and (2) the probability the
enzyme moves backwards at each DNA position, where we
define a backwards step as a motion of the enzyme that cor-
responds to DNA movement from 5′ to 3′ through MspA
(as opposed to a forwards step that corresponds to DNA
movement from 3′ to 5′, Figure 1B). Because the [ATP]-
independent step is rate limiting at saturating [ATP] and
causes >95% of Hel308 backwards steps, we focus mostly
on analysis of the [ATP]-independent step, with brief com-
ments on the [ATP]-dependent step.

RESULTS

Hel308 translocation over homopolymer sequences & dinu-
cleotide repeats

We first analyzed Hel308 translocation over 21-nucleotide-
long homopolymer sequences of adenine (A), cytosine (C),
and thymine (T) to develop a basic understanding for how
DNA sequence affects translocation kinetics (Supplemen-
tary Table S1). Due to secondary structure formation, we
did not test homopolymer guanine (G), however we exam-
ined a G-rich strand below. We found that the average dwell-
time of [ATP]-independent steps was approximately con-
stant over many nucleotides for each of the homopolymers,
but different between each of the three sequences (tA = 70
± 2 ms, tC = 55 ± 3 ms and tT = 44 ± 1 ms, Figure 2A).
However, after ∼20 nt (positions 20–25, Figure 2A), the
dwell times of each of the three sequences exhibited a com-
mon pattern, indicating that Hel308 had exited the ‘test se-
quence’ and begun walking along the ‘measuring sequence’
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Figure 2. (A) Average dwell-time of forwards steps versus DNA position for Hel308 translocation on homopolymer sequences of adenine (left), cytosine
(middle) and thymine (right). The light blue line plotted in each panel is the average taken over DNA positions 0–16. The shaded boxes indicate the DNA
positions with identical kinetics between each sequence, suggesting that Hel308 is translocating over the ‘measuring sequence’ identical to each of the DNA
sequences used in this study. (B) Probability of a backwards step vs. DNA position for Hel308 translocation on homopolymer sequences of adenine (left),
cytosine (middle) and thymine (right). The light blue line plotted in each panel is the average taken over DNA positions 0–16. (C) Average dwell-time of
forwards steps vs. DNA position for Hel308 translocation over dinucleotide repeats of GT (far left), AG (middle left), CA (middle right) and TC (far right).
(D) Probability of a backwards step vs. DNA position for Hel308 translocation over dinucleotide repeats of GT (far left), AG (middle left), CA (middle
right) and TC (far right). Each of these plots are time ordered, so that 3′ is on the left and 5′ is on the right. Gaps are DNA positions where an ion-current
state was similar to an adjacent state. These gaps are slightly different between the homopolymer (panels A and B) and dinucleotide experiments (panels C
and D) because the experiments used slightly different measuring sequences (supplementary discussion, Supplementary Figure S5, Supplementary Table
S1). All error bars are SEM.

common to each of the DNA strands that we used in this
experiment.

Next, we examined the probability of a backwards step vs.
DNA position for Hel308 translocation over the homopoly-
mer sequences (Figure 1B). We found that the probability
of a backwards step for adenine and thymine homopoly-
mers to be 15 ± 1% and 19 ± 1%, respectively, however,
Hel308 rarely backstepped on the cytosine homopolymer
(2.4 ± 0.7%). Again, after ∼20 nt, the probability of a back-
wards steps was similar for each of the three sequences. This
is not surprising since the dwell-times and the probability of
backward steps should only depend on sequence within the
enzyme and not on the nucleotide type in the constriction
of the MspA nanopore (13).

In addition to homopolymer test sequences, we per-
formed experiments of Hel308 translocation over all possi-
ble dinucleotide repeats that would not form hairpin struc-
tures (AG, CA, TC and GT, Supplementary Table S1). Fig-
ure 2C shows the average dwell-time vs. DNA position for

each dinucleotide test sequence. As expected, the dwell-
times alternates with a 2-nt periodicity, consistent with
sequence-dependent effects. Again, after ∼20 nt, the dwell
times for each sequence exhibit the same pattern as shown
in Figure 1A for the homopolymer test sequence. Figure 2D
shows the probability of a backwards step versus DNA po-
sition for each of the four dinucleotide test sequences. The
backwards step probability also alternates with 2-nt period-
icity. In three of four dinucleotide test sequences the dwell-
times are correlated with the probability of a backwards
step (GT, CA and TC), whereas in the other sequence (AG)
the dwell-times are anti-correlated with the probability of
a backwards step, which could imply different mechanisms
for Hel308 backwards steps that depend on the DNA se-
quence in Hel308. Interestingly, the two sequences with cy-
tosine show that Hel308 rarely backsteps at every other nu-
cleotide position. In the two dinucleotide sequences con-
taining adenine we see that the probability of a backwards
step at every other nucleotide position is larger than was ob-
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Figure 3. Probability of a backwards step versus DNA position for sequen-
tial mutations to a heteropolymer test sequence. Three bases suspected
of causing the large probability of a backwards step at position 9 (top,
black) were sequentially mutated to cytosine: (top) AGAC to ACAC (mid-
dle) ACAC to ACCC (bottom) ACCC to CCCC. The DNA sequence has
been offset 20 nt compared to the nucleotides within the MspA constric-
tion so that changes in the DNA sequence match up with the most sig-
nificant changes in the observed probability of a backwards step. The in-
troduction of each cytosine causes the probability of a backwards step to
decrease compared to the original ‘AGA’ sequence. Each of these plots are
time ordered, so that 3′ is on the left and 5′ is on the right. Gaps are DNA
positions where an ion-current state was similar to an adjacent state. All
error bars are SEM.

served in the homopolymer adenine sequence (29 ± 2% in
CA and 57 ± 2% in AG). This suggests that more than one
nucleotide in Hel308 is contributing to the observed kinet-
ics, and that adenine promotes backstepping.

Determining the registration between MspA nanopore con-
striction and Hel308 by DNA sequence substitution

To determine the registration distance, X, we measured
Hel308 translocation over a heteropolymer test sequence
(Figure 3A, black). We observed that at DNA position 9
on this DNA sequence Hel308 backsteps >50% of the time.
Based on our results above suggesting that adenine adjacent
to cytosine and guanine encourage Hel308 backstepping
(Figure 2) we identified the sequence 3′. . .AGAC. . . 5′ as
being a possible candidate for causing the large probability
of a backwards step. To test that this DNA sequence was re-
sponsible for the observed kinetics, we used our knowledge
that cytosine seems to reduce backstepping and changed
the DNA sequence AGAC sequentially to ACAC, ACCC
and CCCC. Figure 3 shows the probability of a backwards
step versus DNA position for each of these four sequences.
We found that by offsetting the DNA sequence by X = 20
nt compared to the sequence measured within the MspA
nanopore constriction, that Hel308 had significantly re-

Figure 4. Probability of a backwards step vs. DNA position for two se-
quences, one of the form 3′ ...AAAGGGCC... 5′ (red) and one of the
form 3′ ...CCCGGGAAA... 5′ (blue). Changing the context around the
‘GGG’ motif causes the probability of a backwards step to change from
36% to 86% at the location of the central guanine suggesting additional
sequence context also contributes to the observed backstepping behavior.
Each of these plots are time ordered, so that 3′ is on the left and 5′ is on
the right. Gaps are DNA positions where an ion-current state was similar
to an adjacent state. All error bars are SEM.

duced backstepping at the location of each introduced cy-
tosine (positions 7, 8, 9 in Figure 3), while backstepping
at other positions was mostly unchanged. In fact, with the
registration set at 20 nt, the probability of a backwards
step at each DNA position with a cytosine at X = 20 nt
was <5%, whereas when other nucleotides are 20 nt away
from the MspA nanopore constriction, the probability of a
backwards step is larger. The dwell-times also change at the
same DNA positions as the backstepping kinetics (Supple-
mentary Figures S6-S7, supporting discussion). These re-
sults suggest a registration distance of X = 20 nt between
the MspA nanopore constriction and the nucleotides that
are primarily responsible for sequence-dependent kinetics
within Hel308.

Analysis of guanine rich sequences

To understand the effects of guanine on Hel308 kinetics,
we analyzed Hel308 translocation over a guanine-rich se-
quence. Interestingly, we found that in many cases the prob-
ability of a backwards step was small when a guanine was
present 20 nt away from the MspA nanopore constriction.
However, three consecutive guanines from X = 19 nt to X
= 21 nt away from the MspA constriction produced large
probability of a backwards steps (50 & 70% for two GGG
motifs, Supplementary Figure S8), suggesting that at least
three nucleotides affect sequence-dependent kinetics.

Motivated by variations in the homopolymer and dinu-
cleotide experiments such as the long dwell-time states in
the dinucleotide AG experiment at positions 18 and 20 (Fig-
ure 2C), we performed an experiment in which we varied
the sequence context surrounding a single ‘GGG’ motif to
determine if other nucleotide positions affected Hel308 ki-
netics. Figure 4 shows the probability of a backwards step
versus DNA position for two test DNA sequences, one of
the form 3′. . .AAAGGGCCC. . . 5′ and another of the form
3′ . . .CCCGGGAAA. . . 5′. We found that when the cen-
tral guanine was at X = 20 nt, the probability of a back-
wards step for the first test sequence was 36 ± 3% while for
the second test sequence it increased to 86 ± 7%, suggest-
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Figure 5. (A) Schematic illustrating the registration (X) between DNA
bases within the MspA constriction and DNA bases within Hel308 he-
licase. (B) Average probability of a backwards step vs. position above the
MspA constriction (X), given that the nucleotide at position X is adenine
(blue), cytosine (green), guanine (yellow) or thymine (red). The black line
is the average taken over all data. (C) Average dwell-time vs. X given the
nucleotide at position X. The black line is the average taken over all data.

ing that the DNA sequence context surrounding X = 20 nt
away from MspA also affects translocation kinetics.

Hel308 translocation over heteropolymers

To determine which additional sites in Hel308 are respon-
sible for sequence-dependent kinetics (Figure 5A), we ana-
lyzed Hel308 translocation over ten 21-nt-long heteropoly-
mer sequences (Supplementary Table S1). Figure 5B shows
the probability of a backwards step vs. DNA position, given
the identity of the Xth nucleotide away from the MspA con-
striction. For example, the blue data point at X = 20 nt is the
average probability of a backwards step given that an ade-
nine was located 20 nt away from MspA’s constriction. As
expected based on the above experiments, we see that when
adenine is at X = 20 nt the probability of a backwards step
is large compared to the mean, and when cytosine is at X
= 20 nt the probability of a backwards step is significantly
reduced compared to the mean. In addition, this plot re-
veals that when cytosine is 17 nt away from the MspA con-
striction the probability of a backwards step is also reduced,
consistent with our observation that cytosines to the 5′ side
of a ‘GGG’ motif led to a reduction in the probability of a
backwards step (Figure 4).

Figure 5C shows the average dwell-time of Hel308 for-
wards steps vs. DNA position, again conditioned on the Xth

nucleotide away from the constriction. We see that at X =
20 nt there is a slight decrease in dwell-time due to cyto-
sine, but at X = 17 nt cytosine leads to an increase in the
dwell-time compared to the mean. Thymine at X = 17 nt
leads to a decreased dwell-time, consistent with our obser-
vation that the dwell-times of Hel308 translocation over the
thymine homopolymer were shorter than either adenine or
cytosine.

Analysis of the [ATP]-dependent step

While we have focused primarily on the [ATP]-independent
step, we also examined the [ATP]-dependent step. As
above, we plotted the average dwell-time vs. DNA posi-
tion conditioned on the Xth nucleotide away from the
MspA nanopore constriction (Supplementary Figure S9).
We found no obvious relation between single DNA posi-
tions and the dwell-time, however statistical analysis us-
ing the dwell-time distributions of homopolymers and din-
ucleotide repeats suggests that that the DNA sequence does
affect the [ATP]-dependent step (supporting discussion).
This suggests that several DNA bases are responsible for
sequence-dependent behavior in the [ATP]-dependent step.
A study involving far more sequence contexts will be neces-
sary to elucidate the cause of sequence-dependent kinetics
in the [ATP]-dependent step.

DISCUSSION

We applied SPRNT to measure the effects of ssDNA
base composition on translocation kinetics of the helicase
Hel308. The ability of SPRNT to resolve sub-nucleotide-
long DNA motion at millisecond time scales and to cor-
relate the kinetics with the DNA composition within the
enzyme reveals detailed sequence-dependent behavior of
Hel308. Direct observation of such sequence-dependent ac-
tivity was beyond the capabilities of other single-molecule
techniques. We found that sequence-dependent kinetics in
the Hel308 helicase are primarily determined by the nu-
cleotides at two sites in Hel308, at X = 17 nt and X = 20 nt
relative to the nanopore MspA constriction. Fully under-
standing the mechanism for sequence-dependence requires
a detailed look at how and where the DNA interacts with
amino-acid residues in Hel308.

Hel308 helicase has five major domains (23): the two
RecA folds which are present in SF1 and SF2 helicases
and generate directed motion by an inch-worm mecha-
nism (3,24), a winged-helix domain which promotes bind-
ing to duplex DNA (25), a ratchet domain that interacts
with DNA bases via hydrogen bonding and stacking inter-
actions at multiple sites with the DNA, and a helix-loop-
helix domain that is autoinhibitory to unwinding activity
(26). The crystal structure of Hel308 from Archaeoglobus
fulgidus conjugated with DNA shows that Hel308 interacts
directly with the DNA bases at ∼10 different sites (23). The
residues that interact with the DNA bases are conserved be-
tween Hel308 from T. gammatolerans that we used in this
study and A. fulgidus, (Supplementary Figure S10, support-
ing discussion). Figure 6 depicts the contacts between the
Hel308 and the template DNA sequence. The two RecA
folds and winged-helix domain interact primarily with the



2512 Nucleic Acids Research, 2019, Vol. 47, No. 5

Figure 6. A cartoon depiction of the suspected contacts between Hel308
amino-acid residues and the template DNA based on comparison of
Hel308 from Thermoccocus gammatolerans and the crystal structure of
Hel308 from Archaeoglobus fulgidus (23). Hel308 amino acid residues are
colored according to the protein domain: RecA domain 1 (blue), RecA
domain 2 (green), Beta-hairpin motif (pink), Winged-helix domain 3 (or-
ange), Ratchet domain 4 (red). Dotted lines are hydrogen bonding inter-
actions, and horizontal bars are stacking interactions. The contacts shown
on the left interact with the sugar-phosphate backbone, whereas the con-
tacts on the right interact with the bases themselves. The DNA structure
is distorted between sites –1 and +1 by the Beta hairpin, and between the
+5 and +6 sites by the Ratchet domain. The DNA 3′ end is at the top and
the 5′ end at the bottom.

DNA backbone, whereas the ratchet domain 4 interacts
with the bases themselves at several different sites (labeled
by +3, +5, +6 Figure 6). The presence of base-specific in-
teractions in the ratchet domain offers a possible explana-
tion for the sequence-dependent kinetics, because the inter-
action energies between those amino acids and the DNA are
likely to be modified by the base content. These conserved
residues are potential mutation sites that could be used
to determine which amino-acid residues affect sequence-
dependent kinetics.

An alternative explanation for sequence-dependent step-
ping is that steric effects of the bases within the helicase
modify the relative binding energies of the RecA folds to
the DNA substrate. The primary effects of sequence on
Hel308 kinetics occur at X = 17 nt and X = 20 nt. The three
nucleotide separation between these sites is commensurate
with the separation of the RecA domain’s contacts along
the DNA backbone (23). In Figure 6 this could correspond

to the nucleotide positions labeled by +1 and +4. These are
the positions at which the motif IV helix in RecA domain 1
and the motif Ia helix in RecA domain 2 contact the DNA.
During ATP-induced conformational changes of Hel308,
the relative binding energies of these helices are believed to
result in the inchworm-like motion of the helicase along the
DNA. It is possible that steric effects of the bases within
the helicase core affect these interactions, and thereby influ-
ence translocation kinetics. In future work, we will mutate
positions in Hel308 that contact the DNA to elucidate the
mechanism of sequence-specific translocation. We can then
construct curves similar to those shown in Figure 5 for a li-
brary of Hel308 mutants, and determine which mutations
lead to changes in the kinetics at X = 17 nt and X = 20 nt.

Noting the observed sequence-dependent translocation
kinetics by Hel308 and UvrD (14), the heterogeneity of
DNA, and the large number of contacts between SF1 and
SF2 helicases and the DNA (23,27), it seems likely that
many NA motor enzymes will be shown to have sequence-
dependent kinetics. Whether these effects in helicases are
due to direct interactions between the helicase and DNA
bases or through some other mechanism are still to be de-
termined. Furthermore, the biological role that such se-
quence dependence plays in helicases remains unclear. In or-
der to fully understand motor enzyme kinetics, it is crucial
that such sequence-specific effects are well understood and
quantified. We have demonstrated here that SPRNT is an
ideal technique for determining the effects of NA sequence
on an enzyme’s kinetic parameters. SPRNT can be applied
in a similar manner to many motor enzyme systems to shed
light into the mechanisms by which NA sequence regulates
enzyme behavior.
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