
SUPPLEMENTAL DATA 
 

Supplementary Figure 1. Purified wild type and mutant RecBCD enzymes. SDS-PAGE gel (12%) 
showing molecular mass markers (lane 1), and approximately 5 pmol each of wild type RecBCD (lane 2), 
RecBCDK177Q (lane3), and RecBK29QCD (lane 4). The molecular masses of the RecB, RecC, and RecD 
polypeptides are 134 kDa, 129 kDa, and 67 kDa, respectively. 
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	DNA substrates- pBR322 plasmid DNA (4,361 bp) was purified using Qiagen maxiprep kits and cesium chloride density gradient centrifugation. It was linearized using one of the EcoRI, NdeI, EcoRV or PstI restriction endonucleases, to produce 4-base 5( overhangs, 2-base 5(-overhangs, blunt ends, or 4-base 3(-overhangs, respectively. This was followed by inactivation either by heating according to manufacturer’s instructions (New England Biolabs) or, where appropriate, by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation (PstI-substrate). Agarose gel analysis showed that these DNA substrates were efficiently linearized and they were not further purified. pBR322 plasmid DNA does not contain Chi sequences. ( phage DNA (48,502 bp), which is also devoid of Chi sequences, was purchased from New England Biolabs. Immediately before use, the ( DNA was incubated at 65oC for 10 min. to separate the cohesive ends and then placed on ice. DNA concentrations were determined by absorbance at 260 nm using an extinction coefficient of 6330 M-1 (nucleotides) cm-1. 
	 
	Proteins- RecBCD, RecBK29QCD, RecBCDK177Q and single-stranded DNA binding protein (SSB) were expressed and purified as described (31-34). Purified proteins are shown in Supplementary Figure 1. RecBCD concentrations were determined by absorbance at 280 nm using an extinction coefficient of 414,640 M-1 (heterotrimer) cm-1. 
	 
	Stopped-flow dye-displacement helicase assay- Experiments were performed in a Hi-Tech SF61 DX2 stopped-flow apparatus with excitation at 366 nm and emission measured after a 400 nm cut-on filter. Excitation slit widths were set to 4 mm. Note that, unless stated otherwise, all quoted concentrations are final, after mixing of equal volumes in the stopped flow apparatus. Reactions were performed at 37oC in a buffer containing 25 mM Tris-acetate pH 7.5, 6 mM magnesium acetate and 1 mM DTT. The buffer also contained 200 nM Hoechst 33258 dye (Molecular Probes) and 100 nM SSB protein which are saturating concentrations with respect to the DNA substrate. For experiments where the RecBCD enzyme was pre-bound to the DNA, enzyme, at the final concentration indicated, was incubated with 50 pM DNA molecules (equivalent to 100 pM RecBCD binding sites or 0.43 (M nucleotides) for at least 5 min. and this was then mixed with 2 mM (saturating) ATP to initiate the reaction. When RecBCD was not pre-bound, it was mixed with the DNA and ATP to initiate the reaction. In some experiments, 0.5 mg ml-1 heparin (sodium salt, Sigma) was present with the ATP to trap free RecBCD, following its release from DNA. Control experiments demonstrated that this concentration of heparin was sufficient to completely eliminate binding of free RecBCD to DNA ends under the conditions of our experiments (data not shown). Under our standard conditions, unwinding of the pBR322 substrates by saturating RecBCD enzyme is between 95 and 100% complete within 20 s, as determined by comparing the amplitude of the fluorescence decrease with that of a heat-denatured pBR322 control (data not shown). Therefore, a saturated, pre-bound, wild type RecBCD unwinding trace was obtained and used to calibrate the fluorescence signal to the percentage of DNA unwound by assuming that 100% of the DNA was unwound at 20 s. 
	Conventional dye displacement helicase assay- Assays were performed essentially as described (14) in a Perkin-Elmer LS50B fluorimeter. Excitation and emission were at 344 nm and 487 nm, respectively, and slit widths were all at 5 nm. Experiments were performed at 37oC in a buffer containing 25 mM Tris-acetate pH 7.5, 6 mM magnesium acetate, 200 nM Hoechst 33258, 1 (M SSB, and 1 mM DTT. For the “low free Mg2+ ion” conditions, the buffer contained 1 mM magnesium acetate, which results in a free magnesium ion concentration of 25 (M as calculated using WEBMAXC software (35). Saturating enzyme (5 nM) was pre-bound to 0.1 nM ends (4.85 (M nucleotides) ( DNA or to 1.1 nM ends (5 (M nucleotides) pBR322 plasmid DNA. Reactions were initiated with a final concentration of 2 mM ATP, or 2 mM ATP and 0.5 mg/ml heparin as indicated. The fluorescence amplitude was calibrated with solutions containing no protein (representing 0% unwound), or heat-denatured DNA (representing 100% unwound). 
	Implications for general models of SF1 helicase activity. There has been considerable discussion in the literature as to the functional oligomeric state of helicases and how this relates to mechanism. Helicases are a disparate group of enzymes encompassing three superfamilies and two smaller families (23) that function in a variety of DNA processing events and, as such, they are not necessarily expected to have identical protein architectures and/or biochemical mechanisms. However, within the SF1 class of enzymes, even highly related enzymes such as B. stearothermophilus PcrA , E. coli Rep and UvrD, and phage T4 Dda have been proposed to function by fundamentally different mechanisms. PcrA and Dda can act as monomers and are proposed to function using an “inchworm”-type mechanism (27,46). However, dimers or cooperatively acting monomers of RepD ,UvrD and Dda are required to observe maximal DNA helicase activity in vitro (17,47,48). In distinct contrast, RecBCD is active as a heterotrimer containing a single copy of each of the three constituent polypeptides (5), two of which (RecB and RecD) contain SF1 helicase motifs and function independently as DNA helicases. Before this had been appreciated, the enzyme was thought to be driven solely by the RecB motor, and it had been proposed that the RecBCD system provided evidence against a general requirement for an oligomeric arrangement of identical helicase subunits (5). The recent observation, by ourselves and others (21,22), that RecBCD contains two helicase subunits invalidates this conclusion. However, the bipolar translocation model that was proposed to explain the presence of a second DNA motor subunit envisions the two activities as being autonomous. In other words, both the RecB and RecD subunits are independent, fully-viable “monomeric” DNA motors that drive DNA unwinding by translocating ssDNA in an ATP-dependent fashion. This view is borne out by the observation that RecBCD remains a potent helicase if either, but not both, of the two motors are inactivated by mutagenesis. In fact, the mutant enzymes are at least an order of magnitude more processive and faster than PcrA, Rep, or UvrD. Therefore, these studies clearly indicate that the essential functional unit required for DNA helicase activity catalyzed by a SF1 enzyme can be encoded by a single set of SF1 helicase motifs. 
	Why does RecBCD enzyme employ a bipolar DNA translocation mechanism? In this manuscript, we provide direct experimental evidence that bipolar DNA translocation is an important determinant of highly processive DNA unwinding. The RecC subunit also plays a role, because RecBC enzyme is a fast and processive helicase, while RecB is poorly processive (49). The crystal structure of RecBCD suggests an obvious structural basis for this stimulatory effect of RecC; the RecC subunit forms tunnels for each of the unwound ssDNA strands as they pass through the RecBCD complex (45). However, the processivity of RecBC has previously been shown to be only a few thousand base pairs (53), similar to that of the RecBCDK177Q mutant as might be expected (30,53; and this work), but about an order of magnitude reduced relative to the wild type (20,30,53; and this work). 
	These observations raise the question of why RecBCD enzyme needs to be so processive. The answer probably relates to the need to reach the regulatory Chi sequences that transform the enzyme from a destructive helicase/nuclease into a recombinogenic multi-functional enzyme. Although Chi sequences are substantially over-represented in the E. coli genome (6,7), they are nevertheless about 5,000 bp apart, on average. Consequently, the RecBCD enzyme must be capable of highly processive translocation to reach a Chi sequence. To have a probability of 0.9 or better for reaching a Chi sequence that is 5000 bp away, RecBCD must possess a processivity in excess of about 50 kbp per binding event (20; and unpublished calculations). Based on our experimental data, the RecBK29QCD and RecBCDK177Q enzymes would have a probability of only about 1% and 40%, respectively, of reaching a Chi sequence. Furthermore, our experiments were performed on naked DNA, whereas in vivo the translocating RecBCD enzyme may expect to encounter a variety of protein roadblocks and topological obstacles. Moreover, in vitro Chi sequence recognition is only about 30-40% efficient (54,55). Therefore, the problems for a poorly processive enzyme may be even more acute than is suggested here. Interestingly, AddAB enzyme, the functional analogue of RecBCD enzyme in Bacillus subtilis (56), apparently contains a single translocation motor. It will be of interest to see if this enzyme is less processive than RecBCD, perhaps more comparable to RecBC enzyme, and whether this lower processivity correlates with the shorter (and more frequent) 5 bp Chi sequence that AddAB enzyme recognizes. Other possible functions for the bipolar translocation organization may include the ability to bypass gaps or damage in either DNA strand or it may be a determinant of the blunt-end binding specificity. We have also suggested that the nuclease polarity switch at Chi results from a switch in motor subunit usage. The accompanying manuscript (41) demonstrates that this is not the case as, surprisingly, the RecBCDK177Q mutant recognizes and responds to Chi, by switching its nuclease activity in the same manner as the wild type enzyme. It is also demonstrated that RecBCDK177Q enzyme restores the UV resistance of recBCD( cells, showing that, under the conditions used, the motor activity of RecD is dispensable for repair of UV-induced damage in vivo. 
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