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Abstract

Helicases are vital enzymes that carry out strand separation of duplex nucleic acids during 

replication, repair, and recombination1,2. Bacteriophage T7 gene product 4 is a model hexameric 

helicase which has been observed to utilize dTTP, but not ATP, to unwind dsDNA as it 

translocates from 5′ to 3′ along ssDNA2–6. Whether and how different subunits of the helicase 

coordinate their chemo-mechanical activities and DNA binding during translocation is still under 

debate1,7. Here we address this question using a single molecule approach to monitor helicase 

unwinding. We discovered that T7 helicase does in fact unwind dsDNA in the presence of ATP 

and the unwinding rate is even faster than that with dTTP. However unwinding traces showed a 

remarkable sawtooth pattern where processive unwinding was repeatedly interrupted by sudden 

slippage events, ultimately preventing unwinding over a substantial distance. This behavior was 

not observed with dTTP alone and was greatly reduced when ATP solution was supplemented 

with a small amount of dTTP. These findings presented an opportunity to use nucleotide mixtures 

to investigate helicase subunit coordination. We found T7 helicase binds and hydrolyzes ATP and 

dTTP by competitive kinetics such that the unwinding rate is dictated simply by their respective 

Vmax, KM, and concentrations. In contrast, processivity does not follow a simple competitive 

behavior and shows a cooperative dependence on nucleotide concentrations. This does not agree 
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with an uncoordinated mechanism where each subunit functions independently, but supports a 

model where nearly all subunits coordinate their chemo-mechanical activities and DNA binding. 

Our data indicate that only one subunit at a time can accept a nucleotide while other subunits are 

nucleotide-ligated and thus interact with the DNA to ensure processivity. Such subunit 

coordination may be general to many ring-shaped helicases and reveals a potential mechanism for 

regulation of DNA unwinding during replication.

Despite the fact that most motor proteins use ATP as a fuel source, previous bulk studies 

have shown T7 helicase does not unwind DNA efficiently in the presence of ATP, although 

it is capable of ATP hydrolysis5,6,8. To investigate why ATP appeared not to support T7 

helicase unwinding, we employed a single molecule optical trapping assay that we 

previously developed to measure unwinding of double-stranded DNA (dsDNA) or 

translocation on single-stranded DNA (ssDNA) (Fig. 1a; Supplementary Fig. 1)9. Briefly, 

two strands of a DNA fork junction were held under tension which was not sufficient to 

mechanically unwind the junction without a helicase. Helicase unwinding of the junction 

resulted in an increase in the ssDNA length, permitting tracking of the helicase location. 

When experiments were conducted with 2 mM ATP, we were surprised to find that ATP 

supported not only dsDNA unwinding but also a significantly faster rate than that with dTTP 

(Fig. 1b-c). However, processive unwinding was interrupted by slippage events, resulting in 

a remarkable sawtooth pattern in the unwinding trace (Fig. 1b). Control experiments verified 

that each trace was the action of a single helicase (Supplementary Fig. 2). We attribute this 

pattern to helicase losing its grip on the ssDNA, sliding backwards under the influence of 

the reannealing DNA fork, and then regaining its grip and resuming unwinding (Fig. 1d). In 

contrast, slippage behavior was essentially absent with 2 mM dTTP alone (Fig. 1b). These 

results resolve the mystery of the apparent lack of significant unwinding activity seen in 

bulk studies4–6,8; unwinding and slippage could not be separated, so unwinding was masked 

by unobservable slips that prevented helicase from moving over a substantial distance. The 

current work is the first direct observation of helicase nucleotide-specific slippage. Previous 

studies of non-ring-shaped helicases have reported reverse motions of the unwinding fork 

attributable to helicase reaching the end of the DNA or encountering a barrier10,11, 

dissociating from the DNA12,13, or moving in the reverse direction9,12,13. These are of a 

somewhat different nature than what we have observed. The only slippage behavior that 

may resemble ours is from non-helicase bacteriophage motors14,15, but their slippage is not 

a result of the use of a specific nucleotide.

Slippage was not observed with dTTP alone (Fig. 1b) and therefore appears to be sensitive 

either to the base composition of the bound nucleotide (e.g., adenosine versus thymidine) or 

the type of sugar (ribose versus deoxyribose). We compared slippage for all four NTPs and 

their dNTP counterparts (Supplementary Fig. 3). For each nucleotide we measured 

processivity, defined as the mean distance between slips (Supplementary Fig. 4). The results 

indicate that the additional 2′-OH group on the ribose sugar makes the helicase more prone 

to slipping. Examination of the helicase structure at the nucleotide binding pocket16 reveals 

the 2′-OH group of a bound nucleotide may displace the -OH group on the side chain of 

residue Y535 (Supplementary Fig. 5a). We thus generated a Y535F mutant to remove the -
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OH group and it showed significantly increased processivity in the presence of ATP, albeit 

still less than that seen for dATP (Supplementary Fig. 5b).

Although ATP caused helicase to slip more frequently, it supported a much faster unwinding 

rate between slips, consistent with an earlier finding of a faster rate of ATP hydrolysis17. 

Because ATP and dTTP support different unwinding rates and processivities, we used 

nucleotide mixtures to understand how multiple subunits of the helicase coordinate 

unwinding activity. We approximated the in vivo concentrations of ATP and dTTP of E. 

coli18, by utilizing 2.0 mM ATP and a small amount of dTTP, 0.2 mM (Fig. 1b-c). Although 

the unwinding rate between slips was close to the value observed with 2 mM ATP alone, the 

processivity increased by ~ 3-fold. When the converse experiment was performed (0.2 mM 

ATP and 2.0 mM dTTP), the unwinding rate was comparable to that with 2 mM dTTP alone 

and minimal slippage was observed (Fig. 1b-c). These results imply that even a small 

fraction of helicase subunits, when bound with dTTP, reduce slippage and substantially 

increase processivity. This finding was further substantiated by bulk experiments using ATP 

alone, and an ATP/dTTP mixture (Supplementary Fig. 6). To determine if T7 helicase binds 

DNA with different affinities in the presence of dTTP and ATP, bulk binding studies were 

carried out using fluorescence anisotropy with dTTP and ATP analogs (Supplementary Fig. 

7). The results show that T7 helicase binds ssDNA 100-fold more tightly with dTMPPCP 

than with AMPPCP, and indicate that the greater slippage in the presence of ATP is likely 

due to weaker binding to DNA.

The discovery of helicase slippage and the ability to directly measure helicase processivity 

provided a unique opportunity to address the following questions. How do ATP and dTTP 

compete for binding to helicase subunits? How does nucleotide binding regulate helicase 

affinity to DNA? How do multiple subunits of helicase coordinate their activities?

To understand how ATP and dTTP compete for binding to helicase subunits, we determined 

the unwinding rates between slippage events (Fig. 2a) as a function of nucleotide 

concentration. For each nucleotide alone, the unwinding rate followed Michaelis-Menten-

like kinetics, yielding Vmax and KM values, both higher for ATP than for dTTP (Fig. 2b). 

This kinetics indicated that there was no cooperativity in NTP binding and hydrolysis. Next, 

we conducted experiments in which the concentration of one nucleotide was fixed while that 

of the other nucleotide was varied. The resulting unwinding rates could be explained by 

competitive kinetics: ATP and dTTP compete for binding based on their respective affinities 

and the resulting reaction rate is determined by their concentrations, Vmax, and KM (Fig. 2c-

d; Methods Summary and Supplementary Discussion). A comparison of unwinding rates 

with mixed nucleotides and direct predictions (not fits) by the competitive binding kinetics 

showed excellent agreement. These results were further substantiated by ssDNA 

translocation rate experiments (Supplementary Fig. 8). This also explains why in Fig. 1b-c 

the unwinding rate was minimally altered when 0.2 mM of dTTP was added to 2 mM ATP. 

Under those conditions, only about 16% of the nucleotide bound to the helicase hexamer 

was dTTP.

The competitive binding kinetics for nucleotides, however, does not explain the observed 

slippage behavior with mixed nucleotides (Fig. 1b-c). That is, how did the 16% bound dTTP 
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result in a 3-fold increase in processivity? If only a single nucleotide can be bound by the 

helicase at a time and the type of the bound nucleotide determines the helicase’s affinity to 

the DNA, then processivity should only increase by 7% (Supplementary Discussion). In 

addition, it has previously been shown that the helicase subunits do not bind to ssDNA in the 

absence of a nucleotide19. However, we found minimal slippage even at [dTTP] much 

below its KM. These observations indicate participation of multiple subunits in both 

nucleotide and DNA binding, where each subunit would have a nucleotide-specific DNA 

binding affinity. Our data suggest that helicase may not slip if at least one subunit of the 

hexamer is in a deoxythymidine-ligated state, which has a higher affinity for the DNA.

Two models may be consistent with this idea. In an uncoordinated model1,2,7, each helicase 

subunit functions independently in its nucleotide binding/hydrolysis, and DNA binding/

release (Supplementary Discussion). Conversely, coordinated models have been proposed 

for T7 helicase1,2,7, but details of the coordination remain unclear. Biochemical and 

structural studies suggest that nucleotide hydrolysis may occur sequentially around the 

hexameric ring16,20,21, that roughly four subunits are nucleotide-ligated at any given time20, 

and that DNA binding to the helicase might involve one to two helicase subunits16,20–22. A 

model based on structural studies has been proposed for ring-shaped helicases E1 (ref. 23) 

and Rho24 where all or some of the subunits coordinate their chemo-mechanical activities 

(Fig. 3d). Coordination could occur sequentially around the hexameric ring with the leading 

subunit poised for NTP binding and each successive subunit having a bound nucleotide in 

states of progression along the chemical reaction pathway (NTP, NDP + Pi, NDP, etc.). 

Depending on the state and type of nucleotide bound each subunit may have a different 

affinity to DNA. Once the leading subunit binds to an NTP and reels in the DNA, the 

remaining subunits progress to their next reaction states. Product release by the last 

participating subunit results in release of DNA from that subunit, and thus completes a 

single cycle.

We formulated quantitative descriptions for the uncoordinated and coordinated models 

(Supplementary Discussion). The observed rate of unwinding as a function of [ATP] or 

[dTTP] is consistent with both models which predict an apparent Michaelis-Menten-like 

kinetics. The observed unwinding rate with ATP and dTTP mixtures is also consistent with 

the competitive binding kinetics for both models as long as, in the case of the coordinated 

model, the rates are treated as averages over time (Supplementary Discussion). Although the 

two models cannot be distinguished based on rate measurement studies, they do yield 

different predictions for the DNA slippage behavior. The uncoordinated model 

(Supplementary Discussion) requires that each subunit binds and hydrolyzes nucleotides 

independently with an affinity to DNA dependent on the state and the type of nucleotide 

bound. This model is not consistent with the processivity data taken with mixed nucleotides 

at concentrations near or lower than their respective KM (Supplementary Fig. 9).

On the other hand, the coordinated model requires that subunits participating in coordination 

bind and hydrolyze nucleotide in coordination, with only one subunit poised to bind a 

nucleotide at a time and with each subunit having an affinity to DNA dependent on the state 

and type of nucleotide bound. This model predicts that processivity should increase linearly 

with [NTP] in the presence of a single type of NTP. Indeed, our data show that the 
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processivity increases linearly with increasing [ATP] (Fig. 3a-b). If multiple helicase 

subunits coordinate in their chemo-mechanical activities, what is the degree of coordination 

as measured by the number of participating subunits at any given time (n)? This is a key 

parameter that characterizes the mechanism of the helicase. Previous studies indicate that 

only one or two subunits are involved in significant DNA binding, suggesting a lower 

degree of coordination of n = 1 or 2 (refs. 16,20–22). However, subunits may participate in 

the coordination even if they have lower affinity to ssDNA. The coordinated model 

formulated (Supplementary Discussion) is rather general and naturally takes this into 

account. Interestingly, it predicts that processivity sensitively depends on n as [dTTP] is 

increased in the presence of a fixed [ATP] – the larger the n, the more subunits participate in 

DNA binding, and the more steeply processivity increases with [dTTP]. Therefore we 

measured processivity with mixtures of ATP and dTTP (Fig. 3c). A global fit to the 

processivity data in Fig. 3b-c yielded n = 5.2 ± 0.4 (Methods Summary). In contrast, n = 2 

does not agree with the measurements. These findings are further substantiated by 

experiments using UTP instead of ATP (Supplementary Fig. 10, n = 5.0 ± 0.3 ), experiments 

under a different unzipping force (Supplementary Fig. 11, n = 5.4 ± 0.3 ), and data on time 

between slips (Supplementary Fig. 12, n = 5.5 ± 0.4 ). Since n≤ 6 is expected for a hexamer, 

this finding indicates that nearly all subunits participate in the coordination ( n = 5 or 6) 

(Fig. 3d). Our findings suggest that only one subunit at a time can accept an incoming 

nucleotide, while the rest of the subunits are already nucleotide-bound and coordinate to 

prevent slippage and maintain high processivity.

The current work provides a quantitative description of nucleotide binding/hydrolysis and its 

coupling to DNA binding and translocation for T7 helicase. This was possible because 

unwinding and slippage events are clearly distinguished in single molecule traces. The 

slippage behavior is explained by a multiple-site coordinated model. For helicase to slip, all 

six subunits must simultaneously lose their grip on the DNA. This happens more often when 

helicase subunits are bound only to ribose nucleotides. Our data demonstrate that T7 

helicase has a very weak DNA binding affinity in the presence of ATP but the addition of a 

small amount of dTTP to the ATP reaction increases the binding affinity of helicase to 

DNA. As a consequence, the presence of a single deoxythymidine-ligated subunit 

significantly decreases the chance of slippage so that helicase can still effectively unwind 

dsDNA with ATP. Thus T7 helicase, like most other helicases2, could still employ ATP as a 

main power source in vivo, under conditions such as those during phage infection of E. 

coli18 where ATP is most abundant. ATP could be used for rapid unwinding and dTTP for 

high processivity. Although the current work focuses on a comparison of dTTP with ATP 

for helicase unwinding, other deoxyribose nucleotides may also reduce the frequency of 

slippage (Supplementary Fig. 3). We speculate that slippage may also provide an 

evolutionary advantage for replication: when dNTP concentrations are low, slippage can 

slow down helicase to allow its synchronization with a slow-moving DNA polymerase.

METHODS SUMMARY

(1) Single-molecule assays were performed as described previously9 . Additional description 

of protein and DNA constructs, single molecule assays, data collection and analysis are 

given in Supplementary Information. (2) If dTTP and ATP compete for binding to helicase 
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according to the kinetic pathway outlined in Fig. 2d, then the resulting unwinding rate is: 

, where for each type of 

nucleotide  and Vmax = sk2 with s being the step size (in nt) (see 

Supplementary Discussion). (3) In the presence of dTTP and ATP, if n helicase subunits 

coordinate in their chemo-mechanical activities and DNA binding, then the resulting 

distance between slips (processivity) is: 

 (Supplementary 

Discussion), with c being a proportionality constant. This expression was used to fit data in 

Fig. 3b-c with c and n as fit parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of helicase unwinding behaviors with different nucleotides
a, Schematic of the single molecule configuration (not to scale). The single-stranded ends of 

a dsDNA were held at a constant unzipping force of 8 pN while T7 helicase unwound the 

dsDNA by translocating on ssDNA. b, Representative traces showing the number of 

unwound base pairs versus time in the presence of various concentrations of nucleotides. For 

clarity, traces have been arbitrarily shifted along both axes. c, A summary of unwinding 

rates and processivities. Uncertainties are s.e.m. d, Cartoon illustrating slippage behavior. 

Helicase unwinds, loses grip, slips, re-grips, and resumes unwinding. Dotted helicase 

indicates a previous location of the helicase.
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Figure 2. Helicase unwinding kinetics
a, Example of unwinding with ATP to illustrate the method of determining unwinding rate 

by analyzing data between slips. b, Kinetic constants for unwinding under a constant 

unzipping tension of 8 pN in the presence of either ATP or dTTP. For each nucleotide, KM 

and Vmax were obtained by fitting the unwinding rates as a function of NTP concentration to 

the Michaelis-Menten equation. c, Measured unwinding rates at either fixed [dTTP] and 

varying [ATP], or fixed [ATP] and varying [dTTP], and comparison with direct predictions 

(not fits) from the competitive nucleotide binding model using kinetic constants KM and 

Vmax shown in b. Error bars indicate s.e.m. d, Kinetic pathway of a competitive binding 

model where ATP and dTTP compete for binding and hydrolysis by the helicase (denoted 

by E here).
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Figure 3. Processivity dependence on nucleotides and a proposed coordinated model
a, An example of unwinding with ATP to illustrate the method of determining distance 

between slips. b-c, Measured processivity (mean distance between slipping events) as a 

function of [ATP] alone, and as functions of [dTTP] at two fixed concentrations of ATP. 

Note processivity increased substantially when a small amount of dTTP was added to the 

reaction. Solid lines are global fits using the coordinated model, yielding n = 5.2 ± 0.4 . For 

comparison, fits using n = 2 are also shown. Error bars indicate s.e.m. d, An interpretation of 

the proposed coordinated model. Each subunit is uniquely labeled with a different color and 

has a potential ssDNA binding site (small red dot). Nucleotide binding and subsequent 

hydrolysis occur sequentially around the ring. If a subunit is nucleotide-ligated (the state of 

hydrolysis indicated by Ni), it has a nonzero probability of being bound to ssDNA. During 

unwinding, the leading subunit can bind to a nucleotide (N) and thus acquire affinity to the 

upstream ssDNA. This stimulates the last nucleotide-bound subunit to release its nucleotide 

and ssDNA. Then the cycle proceeds again around the ring. Slippage occurs when all 

subunits simultaneously release ssDNA, as determined by the joint probability of 

detachment for all subunits (Supplementary Discussion).
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