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Abstract

Escherichia coli RecBCD is a DNA helicase/nuclease that functions in double-stranded DNA 

break repair. RecBCD possesses two motors (RecB, a 3′ to 5′ translocase, and RecD, a 5′ to 3′ 

translocase). Current DNA unwinding models propose that motor translocation is tightly coupled 

to base pair (bp) melting. However, some biochemical evidence suggests that DNA melting of 

multiple bp may occur separately from single stranded DNA translocation. To test this hypothesis, 

we designed DNA substrates containing reverse backbone polarity (RP) linkages that prevent 

ssDNA translocation of the canonical RecB and RecD motors. Surprisingly, we find that RecBCD 

can processively unwind DNA for at least 80 bp beyond the RP linkages. This ability requires an 

ATPase active RecB motor, the RecB “arm” domain and also the RecB nuclease domain, but not 

its nuclease activity. These results indicate that RecBCD can unwind duplex DNA processively in 

the absence of ssDNA translocation by the canonical motors and that the nuclease domain 

regulates the helicase activity of RecBCD.
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Introduction

E. coli RecBCD is a rapid and highly processive helicase/nuclease that functions to degrade 

foreign DNA and to repair double stranded DNA breaks[1, 2]. The RecBCD hetero-trimer[3] 

is a bipolar helicase composed of two superfamily 1 (SF1) ssDNA translocating motors, 

RecB (134 kDa), a 3′ to 5′ directed ATPase motor, and RecD (67 kDa), a 5′ to 3′ directed 

ATPase motor[4-6] (see Fig. 1A). Although the RecB and RecD canonical motors 

translocate with opposite directionalities along single stranded (ss) DNA, they unwind DNA 

in the same net direction within RecBCD by translocating along the complementary DNA 

strands of the duplex. RecB also contains a ~30 kDa nuclease domain attached to the motor 

domain via a ~60 amino acid linker[7-9]. RecC (129 kDa) is a processivity factor that 

interacts with both RecB and RecD and is structurally homologous to RecB but with non-

functional helicase and nuclease domains[3, 10].

To initiate dsDNA break repair, RecBCD first binds to and unwinds from the DNA end 

using its helicase activity[1, 2]. A current model is that the RecD motor initially moves 

faster and acts as the lead helicase[5, 11] while the RecB nuclease activity degrades both 

DNA strands, with a preference for the 3′-ssDNA end. Once the enzyme recognizes a “chi” 

(crossover hotspot instigator) sequence (5′-GCTGGTGG) within the unwound 3′-ssDNA, 

RecBCD pauses then continues to unwind DNA at a ~ two-fold reduced rate, with the RecB 

motor now acting as the lead helicase[11]. Also, the nuclease selectivity of RecB switches to 

act exclusively on the 5′-ssDNA end, producing a 3′-ssDNA end onto which RecA enzyme 

is loaded. The resulting RecA-ssDNA filament then initiates homologous recombination to 

repair the dsDNA break[1, 2]. In the absence of RecD, RecBC forms a stable hetero-dimer 
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that retains highly processive and rapid helicase activity, but is no longer influenced by a chi 

site and loads RecA constitutively[5, 12-16].

Although it had been proposed that the motor activities of RecD and RecB are independent 

and uncoupled with RecD being the faster motor before chi recognition and RecB being the 

faster motor after chi recognition[11], our recent findings[15, 17, 18] suggest a more 

complex scenario. We found that RecBC (without RecD) possesses two distinct translocase 

activities that are controlled by the single RecB motor[15, 17]. The primary translocase 

enables RecBC to move along ssDNA in the 3’ to 5’ direction, consistent with the 

directionality of the canonical RecB motor, while a secondary translocase facilitates 

translocation along the other DNA strand, although this secondary translocase is not 

sensitive to the polarity of the ssDNA backbone[15]. As such, RecBC can move along two 

unpaired strands of ssDNA at the same rate in a concerted mechanism in which both 

translocases are tightly coupled to ATP hydrolysis by the RecB motor[15, 17]. This 

secondary translocase activity, that might represent a double stranded DNA translocase 

activity[15], also functions within RecBCD, hence the RecB and RecD motors are 

functionally, but asymmetrically, coupled due to the action of the secondary RecBC 

translocase[18]. That is, before chi, RecB regulates both 3’ to 5’ and 5’ to 3’ translocation, 

whereas RecD regulates only 5’ to 3’ translocation[18]. The region of RecBC responsible 

for the secondary translocase activity has not been identified, although the RecB arm that 

interacts with the duplex DNA in a crystal structure is a prime candidate[15]. Furthermore, 

the secondary RecBC translocase activity might actually represent a double stranded DNA 

translocase activity that functions during DNA unwinding[15].

RecBCD and RecBC are active helicases[19-22] that participate directly in base pair (bp) 

melting[17, 23]. Most structural models for DNA unwinding by helicases[24] propose that 

bp melting occurs as the ssDNA translocase motor pulls the duplex DNA across a protein 

wedge or pin positioned at the ss/dsDNA junction. In the case of RecBCD, the proposed pin 

is located in RecC with RecB pulling on the 3′ strand and RecD pulling on the 5′ strand[3]. 

In these models, bp disruption is tightly coupled to ssDNA translocation. However, there is 

evidence that bp melting and ssDNA translocation might occur as separate processes[17, 25, 

26]. Upon binding of a blunt-ended DNA, both RecBCD[27] and RecBC[28] can use their 

binding free energy to melt 6 base pairs in an ATP-independent reaction. In addition, a 

kinetic step size of 4±2 bp has been measured for RecBCD[25, 26, 29] and RecBC[14] 

during processive DNA unwinding. Furthermore, a recent single molecule study has shown 

that RecBCD facilitates a dynamic opening and closing of ~ 4 bp of duplex DNA in an ATP-

independent reaction[23]. Finally, the amount of ATP hydrolyzed by RecBC during 

processive ssDNA translocation is the same as during processive DNA unwinding[17], 

suggesting that most of the ATP is used for translocation rather than DNA unwinding.

In this report we find that RecBCD is able to unwind duplex DNA in the absence of 

translocation by the RecB and RecD motors. For this purpose we used DNA substrates that 

contain a block in each strand that prevents ssDNA translocation of the canonical RecB and 

RecD motors. Surprisingly, processive unwinding occurs for at least 80 bp beyond the 

blocks indicating that DNA unwinding does not occur by the RecB and RecD motors pulling 

the duplex DNA across a pin or wedge.
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Results

ssDNA translocation of the canonical RecB and RecD motors within RecBCD is blocked by 
reversing the phosphodiester backbone polarity of the DNA

The canonical SF1 ATPase motors translocate with strict directionality along ssDNA[30-34], 

either 3′ to 5′ as for RecB[12, 15] or 5′ to 3′ as for RecD[5, 6]. We synthesized ssDNA in 

which the polarity of the phosphodiester backbone is reversed at a unique point in the chain 

by inserting either a 5′-5′ linkage or a 3′-3′ linkage[35] (Supp. Fig. S1), resulting in ssDNA 

possessing either two 3′ ends or two 5′ ends[35]. We refer to these as reversed polarity (RP) 

linkages. Insertion of a 5′-5′ RP linkage within ssDNA blocks ssDNA translocation of the 

canonical RecB motor within RecBC[15] and RecBCD[18]. Similarly, insertion of a 3′-3′ 

RP linkage within ssDNA blocks ssDNA translocation of the canonical RecD motor within 

RecBCD[18]. A demonstration of this is shown in Fig. 1C for RecB and in Fig. 1D for 

RecD.

We have previously used DNA substrates of the type shown in Figure 1B (I and III) to 

estimate the ensemble rates of RecBC and RecBCD translocation along ssDNA[15, 18]. 

These substrates consist of a short 24 bp duplex containing a high affinity RecBCD binding 

site on one end (unpaired 3′-(dT)6 and 5′-(dT)10 ssDNA tails)[14, 15, 18, 36]. The other end 

of the duplex possesses oligodeoxythymidylate ssDNA of length L (dTL) extending from 

either one or both ends of the duplex. A Cy3 fluorophore at the end of the (dT)L, which 

displays a fluorescence intensity enhancement upon interacting with RecBC or RecBCD, 

serves to monitor arrival of the ssDNA translocase at the DNA end[15, 18, 31, 37-40]. In 

such experiments, pre-incubation of an excess of DNA (25 nM final concentration) over 

RecBCD (18.75 nM final concentration) in Buffer M with 250 mM NaCl ensures that 

RecBCD binds preferentially to the 5’T10/3’T6 site and not the ssDNA extensions[18]. This 

is then mixed in a 1:10 volumetric ratio in a stopped-flow apparatus, with a second syringe 

containing ATP (Buffer M, 8 mM NaCl, for a final NaCl concentration 30 mM) to start the 

reaction and an excess of heparin that serves to trap any free enzyme or enzyme that 

dissociates from the DNA during the reaction. The helicase first unwinds the 24 bp duplex 

and then continues to translocate along the ssDNA (dTL) extensions until the Cy3 is reached. 

The time course for such a single round reaction displays a lag phase before the onset of Cy3 

enhancement. The time of the lag phase for a translocase that initiates at a unique site on the 

DNA, as in this case, is proportional to the ssDNA length, L, that is labeled with Cy3[15, 18, 

37, 38].

A representative time course monitoring ssDNA translocation of RecBCD in the 3′ to 5′ 

direction is shown in Fig. 1C (blue curve). It shows a lag phase followed by enhancement of 

Cy3 fluorescence demonstrating that the RecB motor reaches the Cy3 fluorophore at the 5′ 

end of DNA I. The peak in Cy3 fluorescence is followed by a decrease in fluorescence 

reflecting RecBCD dissociation from the Cy3 end. However, when DNA II is used that 

possesses a 5′-5′ RP linkage in the strand along which the canonical RecB motor 

translocates, no Cy3 enhancement is observed indicating that the RP linkage block 

translocation of the RecB motor.
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To determine whether the 5′ to 3′ directional RecD motor is blocked by a 3′-3′ RP linkage, 

we examined the RecBK29QCD enzyme on DNA III and IV (Fig. 1B). The K29Q mutation 

in RecB eliminates its ATPase activity[41] and thus its primary 3′ to 5′ translocation activity 

as well as its secondary translocation activity[18]. With this mutant we monitor only ssDNA 

translocation by the RecD motor. The time course for RecBK29QCD on normal DNA (III) 

shows the characteristics of 5’ to 3’translocation by the RecD motor (Fig. 1D). However, 

when RecBK29QCD initiates on DNA IV containing a 3′-3′ RP linkage in the strand along 

which the RecD motor initiates, translocation of the RecD motor is blocked.

Experiments performed with wild type RecBCD and DNA IV show a Cy3 fluorescence 

enhancement reflecting ssDNA translocation activity (Fig. 1D). This is due to the action of 

the secondary translocase driven by the RecB motor acting within RecBCD as shown 

previously[15, 18]. This secondary translocase activity is able to move along ssDNA 

regardless of the backbone polarity[15, 18]. We note that no Cy3 fluorescence decrease is 

observed after the Cy3 fluorescence enhancement indicating no dissociation of wt RecBCD 

from DNA IV (Figure 1D). This is due to the fact that the RecBCD motors become 

physically stuck behind the two RP linkages. Thus, an RP linkage prevents ssDNA 

translocation by the canonical RecB and RecD motors, but not the secondary translocase that 

is driven by the RecB motor within the context of RecBC or RecBCD. Further 

demonstrations of this are presented below.

RecBCD can melt duplex DNA beyond the reversed polarity linkages

To examine whether RecBCD is able to melt duplex DNA when the canonical RecB and 

RecD motors are blocked by RP linkages, we examined DNA substrates (Fig. 2A) 

containing an RP linkage in each strand four bp in from the blunt end. These DNA also 

contain Cy3-Cy5 fluorophores, positioned “L” bp after the RP linkages, either within the 

backbone of the complementary DNA strands (DNA V) of across a nick in one strand (DNA 

VI and VII). In all depictions of DNA substrates in the Figures, a red X indicates the 

positions of the RP linkages, a green star represents Cy3, and a red star represents Cy5. The 

Cy3-Cy5 fluorophores undergo Fö rster Resonance Energy Transfer (FRET) when in close 

proximity, thus any DNA melting that increases the distance between Cy3 and Cy5 should 

result in an anti-correlated increase in Cy3 fluorescence and decrease in Cy5 fluorescence 

(loss of FRET). A biotin molecule bound with streptavidin (yellow) is attached to the 

opposite end of the dsDNA substrate, thus blocking RecBCD from initiating unwinding 

from that end (Supp. Fig. S2A).

Stopped-flow experiments were performed by pre-incubating RecBCD with DNA V (L= 1, 

3 or 5 bp) in one syringe (Buffer M, 30 mM NaCl) and mixing with ATP and heparin to start 

the reaction. The time courses show a lag phase followed by an increase in Cy3 fluorescence 

for all three DNA V substrates (Fig. 2B and C). There was also a concomitant decrease in 

Cy5 fluorescence indicating a loss of FRET efficiency (Supp. Fig. S2B), consistent with 

DNA melting. No FRET change was observed in the absence of ATP. The Cy5 fluorescence 

signal also showed a transient increase in fluorescence intensity before its decrease (Supp. 

Fig. S2B). As observed previously[29], the initial increase in Cy5 fluorescence is due to a 

RecBCD-induced enhancement of Cy3 fluorescence that occurs before DNA melting and is 
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transferred to Cy5. The lag times increased with increasing number of bp (1, 3 and 5 bp) 

separating the RP linkages and the Cy3/Cy5 fluorophores (Fig. 2C) indicating that DNA 

melting occurs progressively from the DNA end at which RecBCD initiates to beyond the 

RP linkages.

When RecBCD is bound to a DNA end it covers 20-22 bp[3, 42]. Furthermore, upon binding 

to a blunt DNA end, RecBCD is able to melt 5-6 bp with ATP binding or hydrolysis[3, 27, 

36], hence it was not surprising that RecBCD could melt 5 bp of DNA beyond the RP 

linkages. As a control, we examined DNA V in which the Cy3/Cy5 FRET pair was 

positioned 20 or 40 bp beyond the RP linkages. For the L=40 bp DNA, the FRET pair is 

well outside the 20-22 bp footprint of the RecBCD. Unexpectedly, upon addition of ATP, we 

also observed anti-correlated Cy3/Cy5 FRET changes with these DNA substrates consistent 

with DNA melting of 20 and 40 bp beyond the RP linkages (Supp. Fig. S2C, S2D). The lag 

times also increase linearly with duplex length consistent with DNA unwinding initiating 

from the DNA end containing the RP linkages (Fig. 2E). These results indicate that RecBCD 

is able to unwind DNA processively for at least 40 bp beyond the RP linkages that prevent 

ssDNA translocation by the canonical RecB and RecD motors.

We next examined DNA VI (L=20, 40, and 60 bp) and VII (L=80 bp) (Fig. 2A). These 

substrates are similar to DNA V, but the Cy3/Cy5 fluorophores are positioned across a nick 

in the DNA strand that initially starts with a 3′-end. This is the strand along which the 

canonical RecB motor is expected to translocate. If RecBCD is able to unwind the DNA and 

reach the nick, a loss of FRET should occur. The time courses displayed a lag in the Cy3 

fluorescence increase (Fig. 2D) with an anti-correlated decrease in Cy5 fluorescence, 

consistent with DNA unwinding. Surprisingly, DNA unwinding was observed even for DNA 

VII in which L= 80 bp (Fig. 2D, 2E, Supp. Fig. S2E). Hence, RecBCD is able to unwind at 

least 80 bp processively in the absence of ssDNA translocation of the canonical RecB and 

RecD motors.

The RP linkages in DNA substrates V, VI and VII are positioned only 4 bp from the DNA 

end to which RecBCD binds and initiates unwinding. Since RecBCD melts 6 bp upon 

binding a blunt DNA duplex end [3, 27, 36], we were concerned that the presence of the RP 

linkages within the binding site RecBCD could influence the ability of RecBCD to unwind 

DNA beyond the RP linkages. We therefore examined a DNA substrate in which the RP 

linkages were placed further away (15 bp) from the single strand/double strand junction at 

the high affinity (3-dT6/5′-dT10) RecBCD binding site and thus 21 bp (15 + 6) from the 3′-

DNA end. This places the RP linkages outside of the 20 bp RecBCD-DNA binding 

footprint[3, 42] so that they should not influence RecBCD binding. The Cy3/Cy5 FRET 

probes are positioned 32 bp from the RP linkages. Stopped-flow experiments (Supp. Fig. 

S2F) with this substrate show Cy3 time courses with the expected lag phase that is [ATP]-

dependent indicating that RecBCD is still able to unwind the DNA beyond the RP linkages.

RecBCD unwinds reversed polarity DNA with only a 2-fold slower rate

The lag times for all RP DNA (V, VI and VII) increase linearly with the number of bp, L, 

separating the RP linkages from the FRET reporters (Fig. 2E), indicating an unwinding rate 
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of 415±29 bp/sec at 5 mM ATP. The lag time also increases with decreasing [ATP] 

indicating a slower unwinding rate at lower [ATP] (Fig. 2F).

For comparison, we examined RecBCD unwinding of DNA substrates that are identical in 

sequence to the nicked DNA VI (Fig. 2A), but lack the RP linkages (DNA VIII, L=20, 40, 

and 60 bp, Fig. 3A). Stopped-flow experiments showed the expected DNA length dependent 

lag times (Fig. 3B, Supp. Fig. S3A), yielding an unwinding rate of 808±88 bp/sec (Supp. 

Fig. S3B), the same, within error, as previously determined[25, 29]. Hence RecBCD 

unwinds RP containing DNA only ~2-fold slower than normal DNA. The ATP-dependence 

of the unwinding rates for normal and RP DNA shows that RecBCD unwinds the RP DNÃ2-

fold slower at all [ATP]. Best fits of the data in Figure 3C yield Vmax = 815±16 bp/s and 

392±38 bp/s for normal vs. RP DNA, respectively.

Although the DNA unwinding rates, as calculated from the length dependence of the lag 

times, differ only by a factor of ~2, unwinding of the regular DNA by RecBCD was 

complete within less than one second at saturating ATP concentrations (Fig. 3B; Supp. Fig. 

S3A). Conversely, unwinding of the RP DNA by RecBCD took much longer to reach 

completion (Fig. 3B). We also note that the unwinding amplitudes for the RP DNA is much 

lower than for normal DNA (Fig. 3B). This reduced amplitude suggests either a lower 

processivity for unwinding RP DNA or that only a fraction of the RecBCD initially bound 

can unwind past the RP linkages or that RP DNA unwinding is in a steady state between 

unwinding and rewinding and thus complete unwinding is never reached.

RecB is required to unwind RP DNA

We next examined the role of the two RecBCD motors in unwinding the RP DNA using 

DNA IX (Fig. 3A) that has identical ends containing high affinity binding sites for RecBCD 

and RecBC. RP linkages are positioned at the ss/ds DNA junctions and Cy3 and Cy5 are 

incorporated into the backbone at the center of the DNA, 20 bp removed from the RP 

linkages. RecBC binds with highest affinity to a duplex DNA end possessing a 3’-T6 tail and 

a 5’-dT6 tail[36]. RecBCD binds with highest affinity to a duplex DNA end possessing 5’-

dT10 and 3’-T6 tails[36]. The longer 5’-dT10 tail is needed to make contact with the RecD 

motor[36, 43]. This DNA does not require a biotin-streptavidin block since both ends are 

identical and contain RP linkages.

Stopped-flow experiments performed with DNA in excess over enzyme ensured initiation 

only at one end of the DNA. We examined RecBCD, RecBC, RecBK29QCD, and 

RecBCDK117Q, the latter two variants containing a mutation eliminating ATPase activity in 

the RecB or RecD motor, respectively, so that those motors cannot translocate [41, 44-46]. 

The time courses indicate that wt RecBCD, RecBC and RecBCDK117Q are able to unwind 

RP DNA (Fig. 3D). However, RecBK29QCD was unable to unwind RP DNA (Fig. 3D). 

Therefore an active RecB motor is needed to unwind RP DNA, but not an active RecD 

motor.

ssDNA loops form during RecBCD unwinding of RP DNA

Recall that the kinetic time course for RecBCD translocation on ssDNA using DNA IV 

containing two RP linkages does not show a dissociation phase that is clearly evident with 
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normal DNA (Fig. 1D). This suggests that RecBCD remains bound to the DNA, but stuck 

behind the RP linkages, as it unwinds the DNA. As a test of this, we compared RecBCD 

unwinding of DNA X (normal DNA) vs. DNA XI (RP DNA) (Fig. 4A). These DNA 

substrates have a high affinity RecBCD binding site (3’-dT6/5’-dT10), with a Cy3 label at the 

3′ end of the 3′-dT6 tail. When RecBCD binds to a DNA end labeled with Cy3, the Cy3 

fluorescence is enhanced[36]. Hence, we can use Cy3 fluorescence to monitor whether 

RecBCD leaves the high affinity binding site as it unwinds the DNA. If it can move past the 

RP linkages and leave the binding site we should observe a decrease in Cy3 fluorescence as 

it moves away from the Cy3 at the 3′-end. If RecBCD is stuck behind the RP linkages and 

thus stays at the binding site, Cy3 fluorescence should remain unchanged.

Stopped-flow experiments pre-incubating excess DNA with RecBCD were initiated with 

ATP and heparin (Buffer M, 30 mm NaCl). The resulting time courses indicate no change in 

Cy3 fluorescence with RP DNA XI indicating that RecBCD remains at the high affinity 

binding site (Fig. 4B). In contrast the Cy3 fluorescence decreased for DNA XI that lacks the 

RP linkages, indicating that RecBCD moves away from the initial binding site during 

unwinding of normal DNA (Fig. 4B). Hence, the RecB and RecD motors remain bound, but 

are prevented from moving past the RP linkages when unwinding DNA XI.

As a further test, we found that RecBCD, pre-bound at a high affinity DNA end that contains 

RP linkages, is unable to reinitiate DNA unwinding on a FRET DNA substrate that is not 

covalently attached to the RP DNA (Supp. Fig. S4A). This was also true in the absence of 

the heparin trap (Supp. Fig. S4B). This further confirms that RecBCD is not only prevented 

from moving beyond the RP linkages, but remains bound to the RP DNA and cannot 

dissociate in order initiate unwinding of the FRET DNA.

Since the RecB and RecD motors are stuck behind the RP linkages, another region of 

RecBCD must interact with the duplex DNA in order to carry out DNA unwinding. In 

addition, the DNA ahead of the RP linkages must be brought closer to the RecBCD that is 

stuck at the RP linkages during DNA unwinding. This predicts that the intervening ssDNA 

should form looped intermediates. To address this, we examined DNA XII (normal DNA) 

and XIII (RP DNA) (Fig. 4A), which are identical in sequence, and contain a Cy5 

fluorophore in the DNA backbone of the 3′-dT6 ended strand, one bp ahead of the ss/dsDNA 

junction, and a Cy3 fluorophore in the backbone of the same DNA strand, but 61 bp away 

from Cy5. Before any unwinding by RecBCD, the Cy3 and Cy5 fluorophores are separated 

by 61 bp (>200 Å), yielding no initial FRET signal. Upon unwinding RP DNA XIII, the 

RecB and RecD motors should remain stuck behind the RP linkages and close to Cy5, 

resulting in formation of a loop in the ssDNA that would bring the Cy3 closer to the Cy5, 

resulting in an increased FRET signal.

In fact, stopped-flow experiments with RP DNA XIII show a FRET increase indicating that 

the Cy3 and Cy5 fluorophores are brought closer together as the DNA is unwound (Fig. 4C), 

consistent with formation of a loop in the DNA between the RP linkages and the Cy3 

fluorophore. At high [ATP] (>100 μM), the Cy3 and Cy5 fluorescence signals reach a 

plateau after ~5 sec (Fig. 4C). However, at longer times, the Cy5 and Cy3 fluorescence 

signals return to their initial values before the start of the reaction (Fig. 4D), indicating 
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dissipation of the DNA loops. Furthermore, the time required for loss of the FRET signal 

decreased with decreasing ATP concentration (Fig. 4D), suggesting that DNA loop 

formation reverses after all of the ATP is hydrolyzed. As a further test of this, we performed 

this experiment in the presence of an ATP regenerating system (Materials and Methods). 

Under these conditions, the high FRET signal remained for > 10 minutes (Fig. 4E). These 

results indicate that the RecBCD motors remain stuck behind the RP linkages during DNA 

unwinding, preventing complete strand separation, and that the DNA duplex reforms after all 

ATP is hydrolyzed.

Upon performing the same experiment with normal DNA (XII) that is identical to DNA 

XIII, but lacks the RP linkages, a much larger FRET increase was observed upon DNA 

unwinding by RecBCD, but this FRET signal did not return to baseline even at long times 

(Fig. 4F). This is consistent with full unwinding and strand separation of the DNA, with no 

duplex DNA reformation. The FRET increase observed with DNA XII (normal DNA) does 

not necessarily reflect formation of a DNA loop during unwinding. Rather, after RecBCD 

unwinds the DNA, the newly formed ssDNA is flexible allowing the Cy3 and Cy5 

fluorophores to come in close proximity resulting in an increase in FRET signal.

RecB Arm domain is needed for RecBCD to unwind RP DNA

We next asked what regions of RecB are required for this activity. One possibility is the arm 

domain since in the crystal structure[3] it contacts the DNA duplex ~22 bp from the blunt 

DNA end (Figure 1A).

We constructed a RecB variant, RecBΔArm, in which the arm (residues 218-323) was 

replaced with 4 glycines. We purified a stable RecBΔArmCD hetero-trimer (see Materials and 

Methods), however, RecBΔArmCD did not display any detectable DNA unwinding activity 

on a blunt-ended DNA substrate (Supp. Fig. S5A). We considered that this could be due to 

an inability of RecBΔArmCD to melt out a blunt-ended DNA. We then examined 

RecBΔArmCD activity on DNA XIV (Fig. 5A) possessing a high affinity 3’-dT6/5’-dT10 

DNA end. We found that RecBΔArmCD binds with high affinity to a DNA end possessing 3’-

dT6/5’-dT6 tails (Supp. Fig. S5B), hence RecBΔArmCD should bind tightly to DNA XIV. 

The longer 5’-dT10 tail in DNA XIV also ensures DNA binding to the RecD motor[36, 43]. 

Stopped-flow experiments showed some unwinding of DNA XIV by RecBΔArmCD, 

although the amplitude was only ~15% of that observed with wt RecBCD (Fig. 5B).

RecBΔarmCD displays a low level of 5’ to 3’ ssDNA translocation activity (Supp. Fig. S5C) 

with a rate of 2058±42 bp/sec (Supp. Fig. S5D) similar to wt RecBCD[18], but shows little 

secondary translocase activity, at least on a DNA with a (dT65) tail (Supp. Fig. S5E). 

Furthermore, RecBΔArmCD showed no ability to unwind RP DNA IX, indicating a 

requirement of the RecB arm for this activity (Fig 5C, inset).

RecB nuclease domain, but not nuclease activity, is needed to unwind RP DNA

We next examined whether the nuclease activity of RecB might be involved in the ability of 

RecBCD to unwind past RP linkages. We examined two nuclease deficient variants of 

RecBCD. In the first, RecBD1080ACD, the D1080 mutation in the catalytic site eliminates its 

nuclease activity[8, 47]. In the second, RecBΔNucCD, the entire RecB nuclease domain 
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(residues 930-1180) was deleted. Both RecBD1080ACD and RecBΔNucCD retain processive 

DNA helicase activity[7].

Using DNA XIV (Fig. 5A), we found that RecBΔNucCD unwinds normal DNA (Fig. 5B) as 

shown previously[7]; however, the unwinding rate is ~65% slower than for RecBCD (Vmax 

= 531±51 bp/s vs. 815±16 bp/s at 5 mM ATP), (Supp. Fig. S5F). This clearly indicates that 

the nuclease domain plays a role in regulating the rate of DNA unwinding by RecBCD. This 

is especially interesting in light of the fact that the rate of DNA unwinding by RecBCD is 

reduced by ~two-fold after recognition of a chi sequence, consistent with the suggestion that 

RecBΔNucCD might mimic RecBCD after chi recognition[7]. Interestingly, RecBΔNucCD 

also displayed a higher apparent KM for ATP (KM = 246±87 μM) than wt RecBCD (96±8 

μM) (Supp. Fig. S5F).

We next used DNA XV (Fig. 5A) to determine if RecBΔNucCD can unwind RP DNA. 

Surprisingly, we found that RecBΔNucCD cannot unwind DNA XV (Fig. 5C). However, the 

RecBD1080ACD mutant, which also lacks nuclease activity but retains the nuclease 

domain[47], is able to unwind DNA XIV as well as wt RecBCD (Fig. 5C). These 

unexpected findings indicate that the RecB nuclease domain, but not its nuclease activity, is 

required for RecBCD to unwind past the RP linkages.

As a further test of these results, DNA unwinding experiments were performed using a 

standard gel electrophoresis assay. In these experiments, fluorescently labeled DNA was run 

on a native polyacrylamide gel after denaturing the enzyme in order to detect unwound and 

strand separated DNA (Materials and Methods). Using this approach, RecBCD, 

RecBD1080ACD and RecBC showed ATP-dependent unwinding and strand separation of RP 

DNA, whereas RecBΔNucCD and RecBΔArmCD showed no unwinding (Supp. Fig. S5G). 

Recall that our stopped-flow experiments indicate that the unwound RP DNA remains bound 

to the enzyme and can reanneal to reform the original DNA substrate once all of the ATP is 

hydrolyzed (Fig. 4D). DNA strand separation is only observed when enzyme is denatured 

and thus cannot remain bound to the DNA.

RecBCD unwinding of RP DNA requires its secondary translocase activity

Using a DNA substrate similar to DNA XVI (Figure 6A), we previously found that RecBC 

is able to unwind a proximal 24 bp duplex, then translocate 5′ to 3′ along a stretch of ssDNA 

(dT40) and re-initiate unwinding of a 25 bp distal duplex[15]. We therefore examined 

whether RecBCD could re-initiate DNA unwinding beyond two RP linkages using DNA 

XVII, and XVIII (Fig. 6A). These DNA substrates contained a 5’-dT10/3’-dT6 DNA end 

providing a high affinity binding site for RecBCD on the proximal 24 bp duplex. RP 

linkages were placed in each DNA strand directly after the proximal duplex, followed by a 

stretch of dT40 on one strand and a distal 25 bp duplex that has a Cy3/Cy5 FRET pair to 

monitor DNA unwinding of the distal duplex DNA. The other DNA strand possesses a dT20 

ssDNA after the RP linkage. DNA XVII has the distal FRET duplex attached to the 5′ end of 

the DNA, which engages the RecD canonical motor, and thus can only be reached due to 

action by the RecBC secondary translocase activity. DNA XVIII has the distal FRET duplex 

attached to the 3′ end of the DNA, which engages the RecB canonical motor, and thus can 

only be reached by the primary RecB translocase activity.
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Stopped-flow experiments were performed by pre-incubation of excess DNA XVII with 

RecBCD at 250 mM NaCl to ensure that RecBCD binds preferentially to the 5’-dT10/3’-dT6 

DNA end and not the longer ssDNA regions or double-stranded DNA[14, 15, 36]. Upon 

initiation of the reaction by mixing with ATP and heparin in the same buffer, the Cy3 

fluorescence signal exhibited a lag phase followed by an increase, while the Cy5 

fluorescence signal exhibited a lag phase followed by a short enhancement and then a 

decrease below the initial baseline (Fig. 6B) indicating unwinding of the distal 25 bp FRET 

DNA[29]. These DNA unwinding time courses are ATP dependent, showing an increasing 

lag time at lower ATP concentrations (Fig. 6C). Since the RecBC secondary translocase is 

the only motor activity that can bypass the two RP linkages in DNA XVII[15], these results 

indicate that the RecBC secondary translocase is the motor activity that is required to re-

initiate DNA unwinding beyond the RP linkages.

As discussed above, RecBCD that is pre-bound at a high affinity DNA end that contains RP 

linkages is unable to reinitiate DNA unwinding on a FRET DNA substrate that is not 

covalently attached to the RP DNA (Supp. Fig. S4A), even in the absence of a heparin trap 

(Supp. Fig. S4B).

Discussion

A current mechanism for how RecBCD unwinds DNA proposes that the two translocating 

motors, RecB and RecD, act on the complementary strands of ssDNA to pull the duplex 

DNA across a wedge or pin[3, 48]. In fact, similar wedge models have been proposed for 

other helicases based solely on structural considerations[24]. All of these models propose 

that DNA unwinding is tightly coupled to and requires motor translocation along ssDNA. 

The experiments reported here indicate that both RecBCD and RecBC helicases are able to 

unwind DNA in the absence of ssDNA translocation by the canonical RecB and RecD 

motors, ruling out these simple mechanical models. An alternative mechanism is that the 

free energy of RecBCD binding to DNA is used to melt multiple DNA bp that provide the 

ssDNA tracks along which the RecB and RecD motors translocate. Translocation proceeds, 

hydrolyzing 1 ATP per nucleotide moved per motor, until the ss/ds DNA junction is reached. 

ATP hydrolysis then resets the enzyme so that it can again use its binding free energy to melt 

out another stretch of duplex DNA to continue the unwinding process.

This mechanism is supported by the finding that both RecBCD and RecBC can melt out 5-6 

bp upon binding to a blunt DNA end in a reaction that does not require ATP[3, 23, 27, 28, 

49]. Furthermore, the extent of ATP hydrolysis by RecBC is the same during processive 

DNA unwinding (DNA melting plus ssDNA translocation) as during only ssDNA 

translocation[17]. It is also consistent with the finding that processive DNA unwinding by 

RecBCD and RecBC occurs with a kinetic step size of 4±2 bp, suggesting that a slow kinetic 

step is repeated during the unwinding process and that 4±2 bp are unwound between 

successive slow steps[14, 18, 25, 26, 29].

In this study we used our finding that reversing the phosphodiester polarity within the DNA 

backbone will block ssDNA translocation of the canonical SF1 RecB and RecD motors[15, 

18]. Yet, the secondary translocation activity that functions within the context of both 
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RecBC and RecBCD is able to function past a 3′-3′ RP linkage as shown previously[15, 18] 

and in this study. This activity enables RecBCD to unwind DNA past the RP linkages. Our 

results suggest that the secondary translocase activity resides, at least in part, within the 

RecB arm domain and is controlled by the RecB ATPase motor.

We present experiments with many different DNA substrates showing that RecBCD and 

RecBC are able to unwind DNA processively even when its canonical motors are prevented 

from undergoing ssDNA translocation past the RP linkages. FRET signals indicative of 

DNA melting are observed when a Cy3/Cy5 pair are placed either in the DNA backbone or 

across a nick. Stopped-flow experiments show the expected lag phase before the Cy3/Cy5 

FRET pair become separated due to DNA unwinding and the lag time increases linearly with 

DNA length from which we estimate the rate of unwinding[25, 26, 29, 50]. We find that 

ssDNA loops form between the RP linkages and the FRET pairs due to the fact that the 

RecBCD motors remain stuck at the RP linkages. Interestingly, these ssDNA loops dissipate 

and the duplex DNA reforms after all ATP is hydrolyzed. This provides further evidence that 

the unwound DNA strands remain bound to the RecBCD during the unwinding process.

We observe lower amplitudes for unwinding of the RP DNA vs. normal DNA in the stopped-

flow experiments. The lower amplitudes may reflect a lower processivity for unwinding past 

the RP linkages. However, it also might reflect establishment of a steady state of DNA 

unwinding due to a repetition of unwinding/rewinding events while RecBCD is stuck at the 

RP linkages, hence complete unwinding of all RP DNA is never achieved.

We found that the ability of RecBCD to unwind RP DNA processively requires ATP 

hydrolysis by the RecB motor, but not the RecD motor. It also requires the RecB arm 

domain. Since deletion of the RecB arm prevents initiation of DNA unwinding on a blunt 

ended DNA, RecBΔArmCD can only initiate unwinding at a DNA end possessing a high 

affinity site consisting of pre-melted 3′-dT6/5′-dT10 tails. This result also implicates the 

RecB arm in the DNA melting process.

Our results indicate that ATP hydrolysis by the RecB motor not only drives ssDNA 

translocation of that motor, but also transmits conformational changes allosterically to the 

RecB arm to generate a force that enables the arm region to move along the DNA ahead of 

the RP linkages. As previously proposed, the RecB arm appears to be responsible for the 

secondary translocase activity of RecBC [15]. Although this secondary translocase activity 

was identified as a ssDNA translocase, it is possible that it might actually function as a 

double stranded DNA translocase during DNA unwinding[15]. Since the RecB and RecD 

motors are stuck behind the RP linkages, the coupled ATP-dependent activity of such a 

dsDNA translocase might result in the “reeling in” of the dsDNA resulting in ssDNA loops 

as illustrated in Fig. 7, consistent with our observation of simultaneous DNA unwinding and 

ssDNA loop formation by RecBCD when operating on DNA containing RP linkages.

Interestingly, recent structural studies of the B. subtilis AddAB helicase/nuclease, that is 

structurally similar to E. coli RecBC, have proposed a model for DNA unwinding that 

involves a role for the AddA “arm” domain, that is similar to the RecB “arm” domain[51]. In 

a crystal structure[51], the AddA arm and the C-terminal nuclease domain of AddB contact 
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the duplex DNA ahead of the fork as does the RecB arm in the RecBCD-DNA structure[3]. 

Krajewski et al.[51] propose that in an ATP-coupled reaction, the AddA arm pulls on the 

duplex DNA in the opposite direction, but in concert with the AddA canonical motor that 

pulls on the 3′-ended ssDNA. This is proposed to create stress in the duplex DNA that 

results in base pair opening. In fact, Krajewski et al.[51] further suggest that this proposed 

role for the arm domain may provide a basis for the RecBC secondary translocase activity 

that we have now demonstrated is involved in DNA unwinding by RecBCD. This model is 

consistent with our suggestion that the arm domain may actually operate as a double 

stranded DNA translocase driven by the ATPase activity of the AddA, or RecB motor.

Most surprisingly, we find that the ability of RecBCD to unwind RP DNA requires the RecB 

nuclease domain, although not its nuclease activity. Furthermore, although RecBΔNucCD can 

unwind normal DNA, its rate of unwinding is reduced ~two-fold compared with RecBCD. 

This finding indicates that the nuclease domain regulates the helicase activity of RecBCD. 

This is noteworthy since after chi recognition, the nuclease, helicase and RecA loading 

activities of RecBCD are altered[2, 11, 52-57]. In particular, the rate of DNA unwinding 

after chi recognition is reduced ~two-fold, similar to the rates we observe here for 

RecBΔNucCD unwinding of normal DNA as well as for wt RecBCD unwinding of RP DNA. 

Hence, both of these situations may mimic aspects of RecBCD after chi recognition. There 

have been suggestions that the RecB nuclease domain becomes repositioned after RecBCD 

recognizes a chi site[7, 58, 59]. In particular, the nuclease domain is involved in loading of 

RecA onto unwound ssDNA by directly binding to RecA[58]. Yet, the interface of the 

nuclease domain that interacts with RecA is found buried within the RecBCD crystal 

structure[58]. Hence, the nuclease domain would need to move from its position in the 

crystal structure in order to interact with RecA[58]. Recently, Taylor et al.[59] also presented 

evidence for a conformational change upon chi recognition that involves movement of the 

nuclease domain.

Two possibilities exist for why the nuclease domain is required for RecBCD to unwind past 

RP linkages. First, the nuclease domain could indirectly promote this activity through an 

allosteric effect. Second, the nuclease domain might participate directly in DNA unwinding. 

The nuclease domain is tethered to the RecB motor by a peptide linker of ~60 amino acids. 

This linker is long enough to potentially enable the nuclease domain to move from its 

proposed position behind the DNA duplex as in the crystal structure[3] (Fig. 1a) to a 

position ahead of the fork near the arm domain and interact directly with the duplex to 

facilitate DNA unwinding.

Although DNA containing RP linkages is not a natural substrate for RecBCD, the ability of 

RecBCD to unwind DNA past these RP linkages indicates that its mechanism of DNA 

unwinding is more complex than the two motors pulling the duplex DNA across a pin or 

wedge as previously suggested. Such behavior may occur if RecBCD encounters physical 

blocks to its motors, such as some forms of DNA damage. Furthermore, our results indicate 

that previously unsuspected regions of the enzyme, in particular the RecB arm and nuclease 

domains, play key roles in the unwinding mechanism.
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Materials and Methods

Buffers

Buffers were made from reagent-grade chemicals using double distilled water that was 

further deionized with a Milli-Q purification system (Millipore Corp., Bedford, MA). Buffer 

C is 20 mM potassium phosphate (pH 6.8), 0.1 mM 2-mercaptoethanol, 0.1 mM EDTA, 

10% (v/v) glycerol. Buffer M is 20 mM MOPS-KOH pH (pH 7.0), NaCl as listed in text, 10 

mM MgCl2, 1 mM 2-mercaptoethanol, 5% (v/v) glycerol. Stock concentrations of MgCl2 

was determined by refractometry.

Proteins

RecBCD, RecBD1080ACD, RecBK29QCD, and RecBCDK177Q were overexpressed in E. coli 
strain V2831[41]. RecB and RecC were overexpressed in E. coli strain V186[60]. 

RecBΔNucCD, and RecBΔArmCD were expressed in E. coli strain V2601, a variant of V186 

expressing the lacIq gene. V186, V2601, and V2831 contain deletions of the chromosomal 

recB, recC, and recD genes. E. coli RecB and RecC proteins were purified and reconstituted 

to form RecBC as described[15]. RecBC concentrations were determined 

spectrophotometrically in Buffer C using an extinction coefficient of ε280 = 3.9×105 M−1 

cm−1 for the RecBC heterodimer. E. coli RecBCD protein, the mutants RecBK29QCD, 

RecBCDK177Q, and RecBD1080ACD, and RecBΔNucCD, and RecBΔArmCD were purified as 

described [25, 29]. However, the RecBΔArmCD construct did not bind to the ssDNA column 

as in the RecBCD purification. RecBCD purified as a mixture of heterotrimer and 

hexamer[61]. A Hi-Trap heparin column was used to isolate the heterotrimer, which was 

used for experiments described in this paper. Proteins were dialyzed into Buffer C, 

aliquoted, and flash-frozen in liquid nitrogen for storage at −80° C. For stopped-flow 

experiments, protein was dialyzed into Buffer M and stored at 4 °C for up to a week, since 

~5% loss of activity was observed after this time. RecBCD, RecBK29QCD, RecBCDK177Q, 

and RecBD1080ACD concentrations were determined spectrophotometrically in Buffer C 

using ε280 = 4.5×105 M−1 cm−1. RecBΔNucCD and RecBΔArmCD concentrations were 

determined using ε280 = 4.11×105 M−1 cm−1 and 4.32×105 M−1 cm−1, respectively. Bovine 

serum albumin (BSA) was from Sigma (St. Louis, MO) and its concentration determined 

using ε280 = 4.3×104 M−1 cm−1 in buffer C[36].

Fluorescence Stopped-Flow Kinetics

Stopped-flow experiments were performed in Buffer M at 25°C using an Applied 

Photophysics SX.18MV instrument (Applied Photophysics Ltd, Leatherhead, UK). For Cy3 

and Cy5 FRET experiments, the Cy3 fluorophore was excited using a 505 nm LED (Applied 

Photophysics Ltd, Leatherhead, UK) and the fluorescence emission was monitored at 570 

nm using an interference filter (Oriel Corp. model 53905). The sensitized Cy5 fluorescence 

emission was monitored simultaneously at wavelengths >665 nm using a long pass filter 

(Oriel Corp. model 51330) using the dual-wavelength detection mode. Since the excitation 

path lengths and filters differ for the two observation channels, the resulting fluorescence 

intensities are not directly comparable. Cy3 excitation by the 505nm LED showed no photo 

bleaching over the time-scale of the experiments.
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Stopped-flow experiments were performed by incubating the DNA substrate (at twice the 

final concentrations noted in the figure legends for equal volume mixing experiments and 11 

times the final concentrations in the figure legends for 1:10 volumetric mixing) with three 

times its molar concentration of streptavidin for 5 minutes in the presence of 6 μM BSA. 

Subsequently, RecBCD or its variants (at twice or 11 times listed concentration as noted 

above) was mixed with the DNA on ice for 5 minutes before loading into the stopped-flow 

syringe where it was allowed to equilibrate for another 5 minutes at 25°C. The RecBCD 

mixture was then rapidly mixed in a 1:1 ratio with a solution containing ATP (various 

concentrations), and heparin trap (16 mg/mL) in buffer M. This results in final reaction 

conditions of RecBCD, DNA, and ATP as noted in figure legends, 8 mg/mL heparin trap, 20 

mM Mops-KOH (pH 7.0), 10 mM MgCl2, 30 mM NaCl, 1 mM 2-ME, and 5% (v/v) 

glycerol at 25 °C. For experiments with a 1:10 volumetric mixing ratio, 200 μL of RecBCD 

mixture in buffer M (250 mM NaCl) was rapidly mixed with a 2 mL solution containing 

ATP (various concentrations) and heparin trap (8.8 mg/mL) in buffer M (8 mM NaCl), for 

identical final reaction conditions as 1:1 experiments.

Analysis of DNA Unwinding Kinetics

DNA unwinding rates were estimated from the inverse of the slope of plots of the lag time of 

the Cy3 kinetic time course vs. L, the number of base pairs between the reverse-polarity 

linkages and the Cy3-Cy5 fluorophores. The lag times were estimated from the time 

corresponding to the intersection of two lines corresponding to the baseline in the lag phase 

and the initial increase in the Cy3 fluorescence signal as described[15, 18]. The ATP 

dependence of the unwinding rate was fit to a Michaelis-Menten model as described[15].

Gel electrophoresis helicase assay

Reactions (9 μL) contained 20 nM RecBCD and 25 nM DNA in buffer M (30 mM NaCl) 

were incubated at 25°C for 5 minutes, followed by addition of ATP (final [ATP] = 5 mM), 

and reaction for 3 minutes before being stopped by addition of EDTA and SDS (20 mM and 

1.5% final concentrations, respectively). The samples were then placed on ice until loading 

to prevent re-annealing of DNA. Negative controls omitted RecBCD or added buffer M 

instead of 50 mM ATP. Positive controls included only 10 nM DNA, heated to 95 °C for 5 

minutes then rapidly cooled to prevent re-annealing. 3.25 μL of 5× loading buffer (.25% 

bromophenol blue, 0.25% xylene cyanol, 50% glycerol) was added to each sample before 

electrophoresis on a 10% polyacrylamide gel (19:1 acrylamide to bis-acrylamide). 

Fluorescence of the Cy3 labeled strand was observed on a Molecular Dynamics Typhoon 

imaging system (Molecular Dynamics, Sunnyvale, CA).

Fluorescence Titrations

Fluorescence titrations were performed as described [36], using a PTI QM-4 fluorimeter 

(Photon Technology International, Lawrenceville, NJ). All slit-widths were set at 0.5 mM. 

The temperature of the sample was controlled using a Lauda RM6 recirculating water bath 

(Brinkmann, Westbury, NY). Stirring was maintained using a P-73 cylindrical cell stirrer 

(NSG Precision Cells, Inc., Farmingdale, NY).
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DNA Substrate Sequences and Annealing Procedures

All oligodeoxynucleotides were synthesized on a MerMade 4 synthesizer (Bioautomation, 

Plano, TX) using phosphoramidate reagents (Glen Research, Sterling, VA) and purified as 

described [62]. The concentration of each DNA strand was determined by digesting the 

strand with phosphodiesterase I (Worthington, Lakewood, NJ) in 100 mM Tris-HCl (pH 

9.2), 3 mM MgCl2, at 25 °C and measuring the absorbance of the resulting mixture of 

mononucleotides at 260 nm. The extinction coefficients at 260 nm used in this analysis are: 

15,340 M−1 cm−1 for AMP, 7,600 M−1 cm−1 for CMP, 1,2160 M−1 cm−1 for GMP, 8,700 

M−1 cm−1 for TMP, 5,000 M−1 cm−1 for Cy3, and 10,000 M−1 for Cy5 (Glenn Research).

Double Stranded DNA—Sequences of each oligonucleotide used are given in 

Supplementary Table S1. Each oligonucleotide is labeled with a Roman numeral and a 

strand number (1, 2, or 3). Each DNA in a series (e.g., DNA series V), differs in length, 

designated by L. For example, DNA Substrate Series V (L=5) Strand-1 and DNA Substrate 

Series V (L=5) Strand-2 were annealed to make DNA V (L=5) (Fig. 1b). Each double-

stranded DNA is formed by annealing two oligodeoxynucleotides, with Strand 2 (unlabeled 

or containing Cy5) in 25% excess over Strand 1. These strands were mixed, heated to 95°C 

for 5 minutes, and cooled slowly to 25 °C. For DNA with biotin, a 3× molar concentration of 

streptavidin was added to the mixture and equilibrated for 5 minutes before RecBCD was 

added. The unlabeled RP DNA substrate was made by annealing Strand II-2 and Strand IV-2 

from Substrate II and IV in equi-molar quantities.

Nicked Substrates—Each substrate is formed by annealing three DNA strands, with the 

template strand in 25% excess and the Cy5 labeled strand (Strand 2) in 50% molar excess 

over the Cy3 labeled Strand 1 to ensure no un-annealed Strand 1 was present in the 

experiment. These were mixed, heated to 95°C for 5 minutes, and cooled slowly to 25 °C. 

For DNA with biotin, a 3× molar excess of streptavidin was added to the reaction mixture 

and allowed to equilibrate for 5 minutes before RecBCD was added.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

E. coli RecBCD can unwind duplex DNA processively in the absence of 

ssDNA translocation by the canonical motors

DNA melting by RecBCD can occur separately from DNA translocation

This activity requires the RecB ATPase motor, the RecB arm and nuclease 

domains, but not its nuclease activity

The RecBC secondary translocase activity is dependent on the RecB arm 

domain

The RecB nuclease domain regulates the helicase activity of RecBCD

DNA unwinding by RecBCD does not occur solely by the RecB and RecD 

motors pulling the duplex DNA across a pin or wedge

Simon et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2017 July 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Reversal of the sugar-phosphate backbone polarity prevents ssDNA translocation of the 
RecB and RecD canonical motors
A. Cartoon of RecBCD bound to a dsDNA end based on a crystal structure[3]. RecB, RecC, 

and RecD are shown in red, blue, and green, respectively, with the RecB arm and nuclease 

domains shown in pink and purple.

B. DNA substrates used to test the effects of reverse polarity (RP) linkages on ssDNA 

translocation. The red X indicates the positions of the 3′-3′ and 5′-5′ RP linkages. A green 

star indicates the position of a Cy3 fluorophore.

C. Stopped-flow time courses monitoring Cy3 fluorescence were obtained by pre-incubating 

RecBCD (18.75 nM) with DNA I (blue trace) or DNA II (red trace) (25 nM) in Buffer M 

(250 mM NaCl) with ATP (1 mM) and heparin (8 mg/mL) in buffer M (8 mM NaCl) at 1:10 

volumetric ratio yielding a final NaCl concentration of 30 mM (concentrations of RecBCD 

and DNA listed are after mixing) at 25° C.

D. Stopped-flow time courses monitoring Cy3 fluorescence performed as described for 

panel C. RecBK29QCD pre-incubated with DNA III (green trace) or DNA IV (red trace); 

RecBCD pre-incubated with DNA IV (blue trace).
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Figure 2. RecBCD can unwind DNA when canonical motor translocation is blocked by RP 
linkages
A. DNA used to test if RecBCD can unwind DNA when ssDNA translocation is blocked by 

RP linkages. A red X indicates the positions of the 3′-3′ and 5′-5′ RP linkages, separated by 

L bp from a Cy3 (green star) and Cy5 (red star) fluorophores. One end of each DNA is 

biotinylated so that streptavidin (yellow) can bind and block binding of RecBCD.

B. Stopped-flow time courses were obtained by mixing pre-incubated RecBCD (15 nM) and 

DNA V (20 nM) with ATP (5 mM) and heparin (8 mg/mL) in Buffer M (30 mM NaCl) at 

25° C. Cy3 fluorescence was excited at 505 nm and Cy3 and Cy5 fluorescence were 
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monitored simultaneously. Cy3 fluorescence time courses are shown for DNA V with L=1 

bp (red), L=3 bp (pink) and L=5 bp (blue).

C. The first 0.2 seconds of the time courses shown in panel B showing increase in lag time 

with increasing L.

D. Stopped-flow time courses showing RecBCD unwinding of DNA VI and DNA VII. 

Experiments were performed as described in panel B. Cy3 time courses for DNA series VI 

with L=20 bp (red), L=40 bp (blue), L=60 bp (pink) and DNA VII (L=80 bp).

E. Lag times for RecBCD unwinding of RP DNA (5 mM ATP) with Cy3/Cy5 positioned in 

the DNA backbone (DNA series V) (blue triangles) or across a nick (DNA VI and VII) (red).

F. ATP-dependence of RecBCD unwinding of DNA VII. Experiments were performed as 

described in panel B, at the indicated [ATP].
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Figure 3. RecBCD unwinds RP DNA with a two-fold slower rate and requires an active RecB 
motor
A. DNA VIII used to monitor unwinding of normal DNA. Each end of DNA IX contains a 

high affinity site for RecBCD binding. A red X indicates the positions of the 3′-3′ and 5′-5′ 

RP linkages, separated by L bp from a Cy3 (green star) and Cy5 (red star) fluorophores. 

DNA VIII is biotinylated at one end so that streptavidin (yellow) can bind and block binding 

of RecBCD.

B. Comparison of RecBCD unwinding time courses with normal DNA (series VIII) vs. RP 

DNA (series VI) performed by mixing pre-incubated RecBCD (15 nM) and DNA (20 nM) 

with ATP (5 mM) and heparin (8 mg/mL) in Buffer M (30 mM NaCl) at 25° C. Cy3 

fluorescence was excited at 505 nm, and Cy3 and Cy5 fluorescence were monitored 

simultaneously. Cy3 fluorescence time courses for DNA with L=20 bp (blue), L=40 bp 

(red), and L=60 bp (green) are shown for normal DNA Series VIII and RP DNA Series VI.

C. . ATP dependence of DNA unwinding rates for normal DNA (blue) and RP DNA (pink). 

Smooth curves are the best fits to the Michaelis-Menten equation yielding Km=96±8 μM, 

Vmax=815±16 bp/sec for normal DNA and Km=138±57, Vmax=392±38 for RP DNA.

D. Stopped flow time courses, monitoring Cy3 fluorescence, for RecBCD (blue), RecBC 

(red), RecBCDK177Q (pink), and RecBK29QCD (green) with DNA IX.
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Figure 4. The RecBCD motors remain stuck behind the RP linkages and induce ssDNA loops 
during DNA unwinding
A. DNA substrates used to test for ssDNA loop formation during RecBCD unwinding of RP 

DNA. A red X indicates the positions of the 3′-3′ and 5′-5′ RP linkages. Cy3 (green star) and 

Cy5 (red star) fluorophores are separated by 61 base pairs. One end of each DNA is 

biotinylated so that streptavidin (yellow) can bind and block binding of RecBCD.

B. Stopped-flow time courses, monitoring Cy3 fluorescence, for RecBCD unwinding of 

normal DNA X (blue) and RP DNA XI (pink). RecBCD (18.75 nM) and DNA (25 nM) were 
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pre-incubated and then mixed with ATP (5 mM) and heparin (8 mg/mL) in Buffer M (30 

mM NaCl) at 25° C.

C. Stopped-flow time courses showing an increase in FRET signal accompanying 

RecBD1080ACD unwinding of RP DNA XIII. Experiments were performed by mixing pre-

incubated RecBCD (37.5 nM) and DNA XIII (50 nM) with ATP (200 μM) and heparin (8 

mg/mL) in Buffer M (30 mM NaCl) at 25° C. Cy3 fluorescence was excited at 505 nm, and 

Cy3 (green) and Cy5 (red) fluorescence were monitored.

D. Cy3 fluorescence time courses for experiments performed with RecBD1080ACD and RP 

DNA XIII as described in panel C, at 400 μM ATP (green), 200 μM ATP (light blue), 100 

μM ATP (gold), 40 μM ATP (pink), 20 μM ATP (dark blue), and no ATP (gray). Inset-

identical stopped-flow experiment performed with RecBD1080ACD and DNA XII at 200 μM 

ATP.
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Figure 5. The RecB arm and nuclease domains are needed for RecBCD to unwind RP DNA
A. DNA substrates used to test for unwinding by RecBΔArmCD and RecBΔNucCD. DNA 

XIV contains a high affinity binding site on one end and is biotinylated on the opposite end 

to bind streptavidin (yellow) to block RecBCD binding. Cy3 (green star) and Cy5 (red star) 

are on opposite strands 39 bp from the binding site. A red X indicates the positions of the 

3′-3′ and 5′-5′ RP linkages in DNA XV separated by L bp from a Cy3 (green star) and Cy5 

(red star) fluorophores.
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B. Stopped-flow Cy3 fluorescence time courses showing unwinding of DNA XIV (20 nM) 

by RecBCD, RecBΔNucCD, and RecBΔArmCD (15 nM) in Buffer M (30 mM NaCl) (5 mM 

ATP and 8 mM heparin) at 25° C.

C. Stopped-flow Cy3 fluorescence time courses with RP DNA XV and RecBCD (15 nM) 

(red), RecBD1080ACD (15 nM) (green), and RecBΔNucCD (15 nM) (pink) in Buffer M30 (5 

mM ATP and 8 mg/mL heparin) at 25° C. Inset-RecBΔArmCD is unable to unwind RP DNA 

IX containing a high affinity binding site under the same conditions.
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Figure 6. RecBCD unwinding of RP DNA requires its secondary translocase activity
A. Substrates used to test re-initiation of unwinding by RecBCD.

B. Stopped-flow experiments were performed by mixing pre-incubated RecBCD and DNA 

Substrate XVII (18.75 and 25 nM, respectively) in Buffer M (250 mM NaCl) in a 1:10 

volumetric ratio with ATP (1 mM) and heparin (8 mg/mL) in buffer M (8 mM NaCl) 

yielding the final concentrations listed above and a final NaCl concentration of 30 mM at 

25°C. Cy3 fluorescence was excited at 505 nm, and Cy3 fluorescence (green) was monitored 

at 570 nm and Cy5 fluorescence (red) was monitored at > 665 nm.

C. Cy3 fluorescence traces for experiments as performed in panel B, at 1 mM ATP (dark 

blue), 200 μM ATP (pink), 40 μM ATP (light blue), and no ATP (gray).

D. Cy3 fluorescence traces for experiments as performed in panel B at 1 mM ATP using 

Substrate XVI (red), XVII (blue), or XVIII (orange).
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Figure 7. Proposed mechanism for unwinding of reversed polarity DNA by RecBCD
(Step 1) RecBCD binds to and melts 6 base pairs at a normal DNA end. (Step 2) Canonical 

ssDNA motors (RecB (red) and RecD (green)) translocate along the ssDNA tracks until the 

RP linkages (red X) are encountered. (Step 3-5) RP linkages block ssDNA translocation by 

the canonical RecB and RecD motors, but the secondary translocase, fueled by ATP 

hydrolysis in the RecB motor, simultaneously pulls dsDNA toward RecBCD, resulting in the 
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formation of single stranded DNA loops. The RecB Arm and RecB Nuclease domains 

(highlighted) are necessary for this activity.
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