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Abstract
The equilibrium binding of E. coli RecBC and RecBCD helicases to duplex DNA

PT

ends containing varying lengths of polyethylene glycol (PEG) spacers within pre-formed

RI

3’-single-stranded (ss) DNA ((dT)n) tails were studied. These studies were designed to
test a previous proposal that the 3’-(dT)n tail can be looped out upon binding RecBC and

SC

RecBCD for 3’-ssDNA tails with n ≥ 6 nucleotides. Equilibrium binding of protein to

NU

unlabeled DNA substrates with ends containing PEG-substituted 3’-ssDNA tails was
examined by competition with a Cy3-labeled reference DNA which undergoes a Cy3

MA

fluorescence enhancement upon protein binding. We find that the binding affinities of
both RecBC and RecBCD for a DNA end are unaffected upon substituting PEG for the

TE

D

ssDNA between the sixth and the final two nucleotides of the 3’-(dT)n tail. However,
placing PEG at the end of the 3’-(dT)n tail increases the binding affinities to their

AC
CE
P

maximum values (i.e. the same as binding constants for RecBC or RecBCD to a DNA
end with only a 3’-(dT)6 tail). Equilibrium binding studies of a RecBC mutant containing
a nuclease domain deletion, RecBΔnucC 1 suggest that looping of the 3’-tail (when n ≥ 6
nucleotides) occurs even in the absence of the RecB nuclease domain, the nuclease
domain stabilizes such loop formation. Computer modeling of the RecBCD-DNA
complexes suggests that the loop in the 3’-ssDNA tail may form at the RecB/RecC
interface. Based on these results we suggest a model for how a loop in the 3’-ssDNA tail
might form upon encounter of a “Chi” recognition sequence during unwinding of DNA
by the RecBCD helicase.

2

ACCEPTED MANUSCRIPT
Introduction
DNA helicases are a class of motor proteins that couple the energy from

PT

nucleoside triphosphate (NTP) binding and hydrolysis to unwind double-stranded (ds)
DNA to form single-stranded (ss) DNA intermediates required for DNA metabolic

RI

processes, such as replication, recombination and repair 2; 3; 4; 5. Mutations in human

and the Bloom syndrome 8; 9.

NU

7

SC

enzymes with helicase activity result in genetic disorders such as the Werner syndrome 6;

E. coli RecBCD is a heterotrimeric enzyme consisting of the RecB (134 kDa),

MA

RecC (129 kDa) and RecD (67 kDa) subunits. It is a multifunctional enzyme, possessing
ds and ssDNA exonuclease, ssDNA endonuclease, DNA-dependent ATPase and helicase

D

activities and is responsible for the majority of recombination and dsDNA break repair in

TE

E. coli 10; 11. These RecBCD-facilitated recombination and repair events are regulated by

AC
CE
P

an eight-nucleotide recombination hotspot sequence (Chi site: 5’-GCTGGTGG-3’).
RecBCD generates a 3’-ended ssDNA intermediate upon encountering a Chi site during
the course of DNA unwinding, and facilitates the loading of RecA protein onto this
ssDNA 12. The RecA-bound ssDNA filament then forms a joint molecule with a
homologous DNA to initiate a recombination event.
RecBCD has also been called a “bipolar DNA helicase” because both the RecB
and RecD subunits possess helicase activity in isolation, but display opposite unwinding
polarities; RecB is a 3’ to 5’ helicase 13 while RecD is a 5’ to 3’ helicase 14. This
suggests that in order for a RecBCD heterotrimer to unwind duplex DNA in the same net
direction, the RecB subunit will translocate along the 3’-ended strand while the RecD
subunit will translocate along the 5’-ended strand. This suggestion is consistent with
both the chemical crosslinking studies of RecBCD-DNA complexes indicating that the

3
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RecB subunit can be crosslinked to the 3’-ended strand while the RecC and RecD
subunits can be crosslinked to the 5’-ended strand 15, and the crystal structure of RecBCD

PT

bound to a DNA end 16. The RecBC enzyme, lacking the RecD subunit, also functions as

RI

a helicase and is capable of facilitating homologous recombination in vivo 17; 18.
However, even though the nuclease site is located on the 30-kDa C-terminal domain of

SC

the RecB subunit 19, nuclease activity is greatly attenuated in RecBC 20; 21, hence the

NU

RecD subunit activates the RecB nuclease activity.

Both RecBCD and RecBC enzymes initiate unwinding from duplex DNA ends,

MA

including blunt-ended duplexes 22; 23. Our previous studies on the equilibrium binding of
RecBC and RecBCD helicases to duplex DNA ends containing pre-existing ss-(dT)n tails

D

of varying lengths found that the binding affinities of both RecBC and RecBCD increase

TE

as the 3’-(dT)n tail length increases from zero to six nucleotides, but then decrease

AC
CE
P

sharply as the 3’-(dT)n tail length is further increased from six to 20 nucleotides 24.
Isothermal titration calorimetry (ITC) experiments with RecBC show the decrease in
binding affinity for 3’-(dT)n tail length with n ≥ 6 is due to an unfavorable entropic
contribution. Thus, we proposed a 3’-tail looping model for n ≥ 6 nucleotides in which
the helicase interacts with both the ss/dsDNA junction and somewhere on the 3’-tail
between the ss/dsDNA junction and the end of the tail. Hence, the portion of the 3’ssDNA tail located between these two sites would be looped out and may not interact
with the helicase upon binding. To test this hypothesis, we substituted part of the 3’(dT)n tail with varying lengths of polyethylene glycol (PEG) and compared the binding
affinities of RecBC and RecBCD for these DNA molecules to the binding affinities for
DNA molecules containing unmodified 3’-(dT)n tails of equivalent lengths. We have also

4
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examined if the nuclease domain of the RecB subunit interacts with the 3’-ssDNA tail by
studying the equilibrium binding of a RecBC mutant in which the nuclease domain of

PT

RecB has been deleted (RecBΔnucC) 1 to DNA molecules containing either 3’-(dT)n tails

SC

Results

RI

or PEG-substituted 3’-tails.

DNA substrate design

NU

Our 3’-tail looping model hypothesizes that the RecBC and RecBCD helicases

MA

interact with both the ss/dsDNA junction and some other region of the 3’-(dT)n tail to
form a loop in the ssDNA when the pre-existing 3’-ssDNA tail has n ≥ 6 nucleotides.

D

Therefore, replacement of the stretch of nucleotides between the sixth and final two

TE

nucleotides of the 3’-ssDNA tail with polyethylene glycol (PEG) should not affect the
free energy of binding (binding constant) because this region of the 3’-tail is not

AC
CE
P

predicted to interact with the helicase. Looping of the 3’-tail is the proposed basis for the
increasingly unfavorable entropic contribution to the binding free energy change that
results in the decrease in the equilibrium constants for RecBC and RecBCD binding to a
DNA end containing 3’-(dT)n tail with n ≥ 6 nucleotides. Therefore, if looping of the 3’tail is eliminated, the binding constant should not decrease for RecBC/RecBCD binding
to DNA molecules possessing 3’-ssDNA tails with n ≥ 6 nucleotides. Another hypothesis
of the 3’-tail looping model is that no loop can be formed at the ss/dsDNA junction
because it interacts with the helicase. However, if a loop can be formed at the beginning
of the 3’-(dT)n tail, then replacing the first through sixth nucleotides of the 3’-(dT)n tail
with PEG should not affect the binding constant because this section of 3’-tail would be
looped out thus not interact with the helicase.

5
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We have tested these predictions by measuring the equilibrium constants for
RecBC and RecBCD binding to DNA ends containing PEG at different positions within

PT

the 3’-(dT)n tail (DNA IV through VI series in Figure 1a). A previous study indicates
that a hexaethylene glycol chain ((EG)6) has an average contour length equivalent to a

RI

trinucleotide of ssDNA 25. We therefore compared the binding constants for a series of

SC

PEG-substituted DNA molecules to the binding constants for unmodified DNA

NU

molecules possessing the equivalent lengths of ss-(dT)n tails.
Our experiments were performed with the same 60-bp Cy3-labeled reference

MA

DNA (I in Figure 1a) and two series of non-fluorescent competitor DNA molecules (II
and III in Figure 1a) for the reasons discussed previously 24. A series of three PEG-

D

modified non-fluorescent competitor DNA molecules (IV, V and VI in Figure 1a) were

TE

also studied. The DNA IV series molecules contain m repeating units of ethylene glycol

AC
CE
P

(EG) (one repeating unit is defined as -(CH2CH2O)-) between the first 3’-(dT)6 and the
final (dT)2 nucleotides at the 3’-end. The DNA V series molecules contain m repeating
units of EG spacers after the first 3’-(dT)6 nucleotides with no additional nucleotides at
the 3’-end while the DNA VI series contains 12 units of EG spacers at the beginning of
the 3’-tail followed by ss-(dT)n. In both the DNA IV and V molecules, a region of (dT)6
was placed in front of the PEG region to maximize the interactions between RecBC or
RecBCD and the ss/dsDNA junction because both RecBC and RecBCD bind optimally to
DNA possessing a 3’-(dT)6 tail 24. The chemical structures of these modified DNA
molecules are shown in Figure 1b through d.

6
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Effects of PEG-substituted 3’-ssDNA tails on RecBCD binding to
DNA ends
We have previously shown that RecBC and RecBCD exist as a stable heterodimer

PT

and heterotrimer, respectively, under the solution conditions used in our equilibrium

RI

binding studies 24. Using sedimentation equilibrium methods (see Materials and

SC

Methods) we have also shown that RecBΔnucC exists as a stable heterodimer at 25°C over
the concentration range from 90 to 230 nM in buffer M plus 10 mM MgCl2 and 30 or 750

NU

mM NaCl, which are the conditions used in the current study (data not shown). As in our
previous studies 24, we have used the fluorescence competition method 26 to investigate

MA

the equilibrium binding of RecBC, RecBCD and RecBΔnucC to DNA ends with PEG-

D

substituted 3’-ssDNA tails.

TE

As a test of the 3’-tail looping model, we measured equilibrium constants (KBCD)
for RecBCD binding to the PEG-substituted DNA IV, V and VI series under the same

AC
CE
P

solution conditions (buffer M plus 200 mM NaCl, 25°C) used in our previous study of
RecBCD and compared these to KBCD for RecBCD binding to DNA possessing
unmodified 3’-(dT)n tails of equivalent lengths (DNA II series). The equilibrium
constant for RecBCD binding to the end of reference DNA I was measured previously 24
(KBCD,R = (7.5 ± 0.4) × 107 M-1), and thus we obtained KBCD for RecBCD binding to the
PEG-substituted non-fluorescent DNA IV through VI series using a competitive binding
assay as described previously 24. For each non-fluorescent DNA molecule in the IV, V
and VI series, three separate titrations were performed in which the concentration of
fluorescent reference DNA I was maintained at 20 nM while the concentration of the
non-fluorescent competitor DNA was varied in each titration. Data from all three
titrations were analyzed globally by non-linear least square (NLLS) methods using

7
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equations (11) and (13) as described in Materials and Methods to obtain KBCD for binding
to the end of each competitor DNA (Table 1).

PT

Figure 2a shows the results of representative competition experiments performed

RI

with a reference DNA I (20 nM) and DNA IV molecule with m = 12. The solid lines
represent simulations based on equations (11) and (13) and the best fit value of KBCD

SC

(Table 1). The values of KBCD for the DNA IV through VI series are plotted in Figure 2b

NU

as a function of equivalent 3’-ssDNA tail length, along with KBCD (Table 1) for DNA
with unmodified 3’-(dT)n tails (DNA II series) as measured previously 24.

MA

The DNA IV substrates have either 12 or 24 units of EG placed between the first
(dT)6 and final (dT)2 on the 3’-tail, which is equivalent to a total 3’-ssDNA tail length of

D

14 and 20 nucleotides, respectively. As shown in Figure 2b and Table 1, KBCD for these

TE

two DNA IV molecules (2.5 ± 0.5 × 107 M-1 and 0.53 ± 0.05 × 107 M-1 for m = 12 and

AC
CE
P

24, respectively) are the same as KBCD for DNA molecules with regular 3’-(dT)n tails
(DNA II series) of equivalent lengths (2.3 ± 0.6 × 107 M-1 and 0.51 ± 0.03 × 107 M-1 for n
= 15 and 20, respectively). The DNA V substrates, with either six or 18 units of EG
placed at the end of its 3’-(dT)6 tail, have a total 3’-ssDNA tail length equivalent to nine
or 15 nucleotides, respectively. As shown in Figure 2b and Table 1, KBCD for these two
DNA V molecules (22 ± 3 × 107 M-1 and 21 ± 3 × 107 M-1 for m = 6 and 18, respectively)
are the same as KBCD for a DNA with a 3’-(dT)6 tail (23 ± 3 × 107 M-1), which is the
maximum KBCD for a DNA with only a regular 3’-(dT)n tail. KBCD for the DNA V series
remains constant at 22 ± 3 × 107 M-1 as the number of units of EG increases from m = 6
to m = 18 while KBCD for the DNA IV series decreases ~ five-fold as m increases from 12
to 24 (Table 1). The DNA VI molecules, with either (dT)2 or (dT)6 placed after 12 units

8
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of EG on the 3’-tail,have a total 3’-ssDNA tail length equivalent to eight or 12
nucleotides, respectively. KBCD for these two DNA VI molecules (1.8 ± 0.4 × 107 M-1

PT

and 0.55 ± 0.06 × 107 M-1 for n = 2 and 6, respectively, Table 1) are lower than KBCD for

RI

a blunt DNA end (3 ± 0.4 × 107 M-1) by a factor of ~2/3 and 1/6, respectively.

SC

Effects of PEG-substituted 3’-ssDNA tails on RecBC binding to
DNA ends

NU

As was found with RecBCD, the equilibrium constant (KBC) for RecBC binding to
a DNA end also decreases sharply as the length of the 3’-(dT)n tail increases from six to

MA

20 nucleotides 24. These data also support the 3’-tail looping model and indicate that the
RecD subunit is not required for such effects. To test the looping model for RecBC, we

D

measured KBC for RecBC binding to the DNA IV through VI molecules by performing

TE

three competition titrations for each non-fluorescent DNA molecule in which the

AC
CE
P

concentration of reference DNA I was kept constant at 20 nM while the concentration of
the non-fluorescent DNA molecule was varied in each titration (data not shown). Data
from all three titrations were analyzed globally using equations (11) and (13) as described
in Materials and Methods to obtain KBC (Table 2).
The resulting values of KBC for the DNA IV molecules with m = 6 or 24, which
have 3’-ssDNA tail lengths equivalent to a total of 11 or 20 nucleotides, respectively, are
shown in Figure 3 and Table 2, along with KBC for the DNA II series obtained previously
24

. As was observed with RecBCD, replacing the ssDNA in the middle stretch of the 3’-

tail with PEG (DNA IV series) does not change KBC, whereas placing PEG at the end of
the 3’-tail (DNA V series) increases KBC to the same value as KBC for a DNA end with
only a 3’-(dT)6 tail (Figure 3). Substituting the first through the sixth nucleotides on the

9
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3’-(dT)n tail (DNA VI series) also decreases KBC to a value lower than KBC for a blunt
DNA end (Figure 3).

PT

The 3’-ssDNA tail looping model suggests that the middle region of the 3’-

RI

ssDNA tail located between the sixth nucleotide and the 3’-end should not interact with
RecBC or RecBCD. The fact that KBC and KBCD for the DNA IV series are the same,

SC

within experimental error, as KBC and KBCD for the DNA II series molecules containing

NU

the equivalent length of 3’-(dT)n tail is consistent with this prediction. The observed
increase in KBC and KBCD when the final two nucleotides of the 3’-ssDNA tail are

MA

removed (DNA V series) agrees with our hypothesis that the 3’-end is needed for loop

D

formation.

TE

Effects of 3’-(dT)n ssDNA tails on RecBΔnucC binding to DNA
ends
duplex

16

AC
CE
P

Although the recent crystal structure of RecBCD in complex with a 19 bp hairpin
indicates potential contacts between the ss/dsDNA junction and both RecB and

RecC subunits, the 3’-ssDNA region is not sufficiently long (4 nucleotides) to suggest
how the end of a 3’-tail that is over six nucleotides long might interact with the protein.
The preferential digestion of the 3’-end of the unwound DNA by the RecBCD nuclease
activity before it encounters a Chi site 27 indicates an interaction between the end of the
3’-tail and the nuclease domain of RecB must occur at some point during the unwinding
reaction. We therefore considered the 30-kDa C-terminal nuclease domain of the RecB
subunit as a possible candidate for interaction with the end of a long 3’-ssDNA tail. To
examine this we studied the binding of DNA ends to a RecBC complex containing a
RecB polypeptide with the 30 kDa nuclease domain deleted, referred to as RecBΔnucC.

10
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Equilibrium binding of RecBΔnucC to reference DNA I is very tight under low
monovalent salt conditions (30 mM NaCl in buffer M plus 10 mM MgCl2) and results in

PT

a ~45% enhancement in the Cy3 fluorescence signal (Figure 4a). Under these tight

RI

binding conditions, the relative fluorescence change (ΔFobs as defined in equation (9))

SC

increases linearly with increasing [RecBΔnucC] until a sharp breakpoint is reached at a
molar ratio of two RecBΔnucC per DNA I (Figure 4a), consistent with one molecule of

NU

RecBΔnucC bound per DNA end at saturation. Importantly, the sharp breakpoint at a

MA

RecBΔnucC/DNA ratio of two indicates that our preparation of RecBΔnucC protein is 100%
active in DNA binding.

D

In order to lower the binding constant of RecBΔnucC for reference DNA I so that it

TE

can be measured accurately, the monovalent salt concentration was increased to 100 mM
NaCl (in buffer M plus 10 mM MgCl2 at 25°C). Titrations were performed at three

AC
CE
P

different concentrations of DNA I (Figure 4b). These three titrations were analyzed
using the MBDF method 28; 29; 30 to determine the relationship between ΔFobs and the
average extent of RecBΔnucC bound to the DNA. Figure 4c shows that ΔFobs is directly
proportional to the average number of molecules of RecBΔnucC bound per DNA I
molecule ([RecBΔnucC]bound/[DNA]total) and extrapolates to a value of 2 at ΔFobs = 0.45,
indicating a stoichiometry of two molecules of RecBΔnucC per DNA molecule at
saturation. Global NLLS analysis of the three titration curves using equation (12) as
described in Materials and Methods yields an equilibrium binding constant, KΔnuc,R = (4.5
± 0.5) × 107 M-1 for RecBΔnucC binding to each end of the reference DNA I, which is the
same, within experimental error, as the binding constant of RecBC for DNA I (KBC,R =
(4.8 ± 0.3) × 107 M-1) 24. The fact that the same equilibrium constant describes all three
11
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titrations very well and that the Cy3 fluorescence enhancement is the same for RecBΔnucC
binding to each DNA end indicates that each RecBΔnucC molecule binds independently to

PT

each DNA end and the binding affinity of RecBΔnucC for each DNA end is identical

RI

within experimental uncertainties. These results also indicate that the RecBΔnucC enzyme

over the protein concentration range examined.

SC

does not undergo any change in its assembly state either when free or upon binding DNA

NU

Competition experiments were performed to obtain the equilibrium constant

MA

(KΔnuc) for RecBΔnucC binding to the ends of the series of non-fluorescent DNA II
molecules as described above for RecBCD and RecBC (data not shown) using DNA I as

D

the reference DNA molecule. The resulting values of KΔnuc are presented in Table 3 and

TE

plotted in Figure 5a as a function of 3’-(dT)n tail length, along with KBC for the same
DNA II series (Table 2). As shown in Figure 5a, when n ≤ 6 nucleotides, KΔnuc is the

AC
CE
P

same, within experimental uncertainties, as KBC. Both KΔnuc and KBC increase by a factor
of ~20 as the length of the 3’-tail increases from zero to six nucleotides. However,
although KΔnuc decreases as the 3’-tail length increases beyond six nucleotides, KΔnuc
decreases only by a factor of ~4, as opposed to the ~20-fold decrease exhibited by KBC.
Hence, removal of the nuclease domain does influence the binding constant for n ≥ 6
nucleotides although a decrease is still observed.
To further understand the cause for the different tail length dependences exhibited
by KΔnuc and KBC when n > 6 nucleotides, we measured KΔnuc for the PEG-substituted
DNA IV and V series. Using the same competition methods described above and DNA I
as the reference molecule, we measured KΔnuc for DNA IV molecules with m = 12 and 24,
which should have 3’-tail lengths equivalent to a total of 14 and 20 nucleotides,
12
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respectively. We also measured KΔnuc for the DNA V series molecules with m = 6 and
18, which should have 3’-tail lengths equivalent to a total of nine and 15 nucleotides,

PT

respectively. The values of KΔnuc are presented in Table 3 and plotted in Figure 5b as a

RI

function of equivalent 3’-tail length.

SC

As shown in Figure 5b, KΔnuc for the DNA IV series (21 ± 2 × 107 M-1 and 9 ± 2 ×
107 M-1 for m = 12 and 24, respectively), which has PEG in the middle of its 3’-tail, are

NU

the same as those for the DNA II series containing an unmodified 3’-(dT)n tail of
equivalent length (19 ± 2 × 107 M-1 and 10 ± 2 × 107 M-1 for n = 15 and 20, respectively).

MA

This result was the same as that observed for RecBCD (Figure 2b) and RecBC (Figure 3).

D

KΔnuc for RecBΔnucC binding to a DNA end with PEG placed at the end of the 3’-tail

TE

(DNA V series) (38 ± 3 × 107 M-1 and 38 ± 4 × 107 M-1 for m = 6 and 18, respectively)
has the same value as KΔnuc for a DNA II molecule with only a 3’-(dT)6 tail (38 ± 3 × 107

AC
CE
P

M-1) (Figure 5b), the same behavior as was observed for RecBCD (Figure 2b) and RecBC
(Figure 3). Figure 5b also shows that KΔnuc for binding to a DNA V molecule with m = 6
is the same as KΔnuc for binding to a DNA V molecule with m = 18. This behavior is very
different from the decrease observed in KΔnuc when different lengths of PEG spacers are
located in the interior of the 3’-ssDNA tail as in the DNA IV series molecules. These
data suggest that loops can still form within a pre-existing 3’-(dT)n tail with n > 6
nucleotides upon binding RecBΔnucC to a DNA end, although the loop probability appears
to be affected.

13
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Effects of 5’-(dT)n ssDNA tails on RecBΔnucC binding to DNA
ends
We also examined if removal of the nuclease domain influences the effects of the

PT

5’-(dT)n tail length on the energetics of RecBΔnucC binding to a DNA end by measuring

RI

KΔnuc for binding to the non-fluorescent DNA III series containing pre-existing 5’-(dT)n

SC

tails with n varying from zero to 20. The same competition approach, using DNA I as
the reference DNA, yields the values of KΔnuc presented in Table 4 and plotted in Figure

NU

6. Values of KBC for binding to the same series of DNA molecules measured under the

MA

same solution conditions are also plotted in Figure 6 for comparison. These data show
that KΔnuc and KBC are the same, within experimental uncertainties, for the DNA III

AC
CE
P

TE

binding to the 5’-(dT)n tail.

D

series. Hence removal of the nuclease domain does not affect the energetics of RecBC

Discussion

Both RecBCD and RecBC can initiate unwinding from a blunt duplex DNA end
as well as from duplex DNA ends possessing short ssDNA extensions 22; 23. In our
previous equilibrium studies of RecBC and RecBCD binding to duplex DNA ends in the
absence of ATP, we observed that both KBC and KBCD increase as the length of a preformed 3’-(dT)n tail increases from zero to six nucleotides. However, when the length of
the 3’-(dT)n tail increases beyond six nucleotides, both KBC and KBCD decrease sharply 24.
ITC studies performed with RecBC indicate that the decrease in KBC for n > 6 nucleotides
is accompanied by an unfavorable entropic contribution. These results led us to propose
that the pre-formed 3’-ssDNA tail forms a loop upon binding RecBCD or RecBC when n
> 6 nucleotides 24. No evidence for such looping in pre-formed 5’-(dT)n tails was
observed.

14
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Formation of 3’-ssDNA tail loop in RecBCD and RecBC-DNA
complexes
The 3’-tail looping model 24 predicts that the helicase interacts with two regions

PT

of the pre-existing 3’-(dT)n tail when n ≥ six nucleotides (Figure 7a). The first point of

RI

interaction is expected to occur at the ss/dsDNA junction, including the first six

SC

nucleotides in the 3’-ss-DNA tail, while the second interaction point is expected to be
somewhere near the end of the 3’-(dT)n tail. Hence, the stretch of DNA located between

NU

these two points of interaction is not expected to interact with the helicase. Our

MA

observation that replacing the stretch of DNA between the sixth and the last two
nucleotides of the 3’-(dT)n tail with PEG does not affect KBC or KBCD (Figure 2b and

D

Figure 3) is consistent with this prediction (Figure 7b).

TE

The 3’-tail looping model also hypothesizes that the increasingly unfavorable
entropic contribution to binding upon increasing the 3’-(dT)n tail length for n > six

AC
CE
P

nucleotides reflects the looping of the 3’-tail. Hence, if ssDNA looping is eliminated,
then KBCD and KBC should remain unchanged as the length of the 3’-(dT)n tail increases
from six to 20 nucleotides and should be higher than the values of KBCD and KBC for
DNA with unmodified 3’-(dT)n tail of equivalent length. Our observations that placing
PEG at the end of the 3’-tail increases both KBCD and KBC to their maximum values
supports this proposal (Figure 2b and Figure 3). These data further suggest that the two
(possibly one) nucleotides at the 3’-end of the ss-DNA tail are needed for loop formation
(Figure 7c) and thus appear to be part of the second interaction site with the helicase.
Our data also suggest that the proposed ssDNA loop does not form at the
ss/dsDNA junction (i.e., before the 3’-ssDNA tail enters the enzyme). Support for this
conclusion comes from the fact that replacing the first through sixth nucleotides on the

15
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3’-(dT)n tail with PEG results in a binding constant lower than that for binding to a blunt
DNA end.

PT

Looped vs. Non-looped structures

RI

Since the formation of a looped 3’-ssDNA tail should be energetically

SC

unfavorable, relative to an unlooped structure, a simple equilibrium scheme, such as that
in Scheme 1 (Figure 8a) is not consistent with our results, as discussed below. In Scheme

NU

1, B represents RecBC (or RecBCD), BDL represents the looped complex and BDN
represents the non-looped complex (Figure 8a). The binding polynomial for Scheme 1 is

MA

given by equation (1),

P = 1 + 2 ( K L + K N ) Bf + ( K L + K N ) Bf2

(1)

D

2

TE

where Bf is the free RecBC or RecBCD concentration, KL is the equilibrium constant for
formation of a looped complex, KN is the equilibrium constant for formation of a non-
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D
describes the equilibrium between the looped and the nonlooped complex, and K LN

looped states as defined in equation (2).
D
K LN
=

[ BD N ] = K N
[ BDL ] K L

(2)

The observed equilibrium constant for the binding of B to one DNA end (Kobs) can then
be expressed in terms of KL and KN as in equation (3).
K obs = K L + K N

(3)

KL is expected to decrease as the length of the 3’-(dT)n tail increases from six to
20 nucleotides because the looping of a longer tail is energetically more unfavorable than
that of a shorter tail. Therefore, if only looped complexes are formed when B binds a
DNA end containing a 3’-(dT)n tail over six nucleotides long, then KL should equal the
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values of KBC (Table 2) or KBCD (Table 1) for binding to the DNA II series with n > 6
nucleotides, thus providing an upper limit for the value KL. Since KN is expected to be

PT

independent of the 3’-(dT)n tail length for n > 6, the value of KBC (Table 2) or KBCD

RI

(Table 1) for binding to the DNA II substrate with n = 6 nucleotides provides a lower
limit for KN.

SC

KL decreases as n increases from eight to 20 nucleotides (from (19 ± 2 to 0.89 ±

NU

0.09) × 107 M-1 for RecBC binding to the DNA II series (Table 2)) while KN remains
unchanged (40 ± 3 × 107 M-1 for RecBC binding to a DNA II substrate with n = 6 (Table

MA

D
should increase ~20-fold as n increases from
2)). Hence, Scheme 1 predicts that K LN

D

eight to 20 nucleotides since formation of the non-looped state would be favored as the

TE

length of the 3’-ssDNA tail increases. Scheme 1 also predicts that Kobs ≥ KN for binding
to a DNA end containing 3-(dT)n tail longer than six nucleotides. However, our results
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show that KBC for binding to the DNA II series with n > 6 (ranges from (19 ± 2 to 0.89 ±
0.09) × 107 M-1) (Table 2) is always lower than KBC for a DNA end with 3’-(dT)6 tail (40
± 3 × 107 M-1) (Table 2). Similar results are also observed in KBCD for binding to the
DNA II series with n > 6 (Table 1). Thus Scheme 1 is not consistent with our
experimental data.
However, our results can be explained by either of two models. The first is the
equilibrium model shown in Scheme 2 (Figure 8b), in which the free protein exists in
equilibrium between two conformations, BL and BN. In this scheme, a looped complex is
formed when conformation BL binds to a DNA end while a non-looped complex is
formed when conformation BN binds to a DNA end. The equilibrium between BL and BN
is defined by the equilibrium constant KLN in equation (4).
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K LN =

[ BN ]
[ BL ]

(4)

PT

The binding polynomial describing Scheme 2 is given in equation (5),
2

(5)

RI

⎛ K + K N K LN ⎞
⎛ K L + K N K LN ⎞ 2
P = 1+ 2⎜ L
⎟ Bf + ⎜
⎟ Bf
⎝ 1 + K LN ⎠
⎝ 1 + K LN ⎠

SC

where Bf = BL + BN (see Materials and Methods). From this we obtain the expressions

(6)

K LN K N
KL

(7)

K L + K N K LN
1 + K LN

MA

K obs =

NU

D
given in equations (6) and (7), respectively.
for Kobs and K LN

D

D
K LN
=

TE

For the case of RecBC, if KN equals KBC for binding to a DNA end with a 3’-(dT)6
tail (~ 4.0 × 108 M-1) and KL equals KBC for binding to the DNA II series with n > 6
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(ranging from ~19 to 1 × 107 M-1), then a value of 0.01 or less for KLN would result in
Kobs having a similar value to KL. The same is true for RecBCD. Therefore, our results
could be explained if the free protein exists in equilibrium between two forms, BL and
BN, with the BL conformation favored over the BN conformation.
The second possibility is that the looped structure is not a true equilibrium state,
but rather is a kinetically trapped state. The formation of a non-looped complex between
RecBC or RecBCD and a DNA end with a long 3’-ssDNA tail would require the tail to
thread through the helicase until the ss/dsDNA junction can interact with the helicase. It
is therefore possible that the ssDNA tail may fail to thread its entire length, getting stuck
at the RecB/RecC interface, and therefore form a looped complex. Hence, the looped
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complex could be caused by the kinetic inaccessibility of the non-looped state. Our
current data cannot distinguish between these last two possibilities.

PT

RecB nuclease domain affects the interaction of RecBC with the
end of the 3’-ssDNA tail

RI

Our results indicate that the nuclease domain of RecB does not influence the

SC

energetics of the interactions of RecBC with the first six nucleotides of the 3’-tail.

NU

However, when the length of the 3’-(dT)n tail is increased beyond six nucleotides, KΔnuc
exhibits a much more gradual decrease than KBC (Figure 5a). Our PEG-substituted DNA

MA

data (Figure 5b) indicate that some 3’-tail looping does occur when RecBΔnucC binds a
DNA with a 3’-(dT)n tail longer than six nucleotides. Hence, the higher value of KΔnuc

D

over KBC for the same DNA when n > 6 nucleotides can be explained in either of two

TE

ways. The first possibility is that the 3’-ssDNA loop formed in a RecBΔnucC-DNA
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complex is different from the loop formed in a RecBC-DNA complex. The second
possibility is that the population of RecBΔnucC-DNA complexes has a smaller fraction of
looped states than does the population of RecBC-DNA complexes. The absence of the
RecB nuclease domain could facilitate the threading of ssDNA tails through the helicase
or it could increase the value of KLN and/or KL as discussed above. In either case, these
data suggest that the RecB nuclease domain is not likely the site of interaction with the
end of the 3’-ss-DNA tail, although it can influence the formation of loop on the 3’-tail.
In the RecBCD-DNA crystal structure 16, the RecB nuclease domain is ~70 Å
from the end of the end of the four nucleotide 3’-ssDNA tail melted out by RecBCD.
Based on modeling studies, we estimate that a ss-DNA tail of ~15 nucleotides would be
required to reach the nuclease domain. However, the nuclease domain is connected to the
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helicase domain via a long flexible linker (~70 amino acid residues), thus it is possible
that the nuclease domain could be in a different position in solution that would enable it

RI

kinetics and/or equilibria for formation of the looped state.

PT

to interact with the helicase domain of RecB and/or the RecC subunit and influence the

The effects of the RecB nuclease domain on loop formation in RecBCD were not

SC

studied here. Even though KBCD also decreases sharply when the 3’-tail is increased from

NU

six to 20 nucleotides, the RecB nuclease domain may influence loop formation in
RecBCD differently due to the presence of RecD. Since RecBCD preferentially digests

MA

the unwound 3’-ssDNA strand before interacting with a Chi site, it is possible that the
nuclease domain of RecB could stabilize loop stabilization in a RecBCD-DNA complex

TE

D

via direct contact with the end of the 3’-ssDNA.

Is there a functional role for 3’-ssDNA tail looping?
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Our data suggest that loops in the 3’-ssDNA tails can form in vitro upon binding
of RecBCD or RecBC to duplex DNA ends that possess pre-existing 3’-ssDNA tails
longer than six nucleotides. Large ssDNA loops spanning several hundred nucleotides in
length in the 3’-strand have been observed in electron microscopic (EM) studies of DNA
unwinding by RecBCD but not RecBC 31; 32; 33. The current interpretation is that these
loops result from the fact that RecBCD is composed of two DNA motors that translocate
on opposite strands of the DNA duplex, but in the same net direction because RecB is a
3’ to 5’ translocase while RecD is a 5’ to 3’ translocase. Hence, if RecB is a slower
helicase than RecD, then this would result in formation of a loop within the unwound 3’ssDNA tail 33. Our results suggest a possible alternative explanation for the formation of
such loops in that the nucleation of a loop on the 3’-strand may be inherent to how DNA
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binds the RecB subunit in the initiation complex. However, since such loops are not
observed in studies of RecBC-catalyzed DNA unwinding 33 we do not favor this

PT

hypothesis.

RI

Alternatively, the loops suggested by our binding studies may be related to loops
that have been hypothesized to form in the 3’-ssDNA tail after RecBCD has encountered

SC

a “Chi” site. Singleton et al. 16 and Spies et al. 34 have suggested that a loop might form

NU

within the unwound 3’-ssDNA upon interaction with a Chi site. Once the “Chi” site
becomes bound to the RecC subunit (amino acid residues 647-663 within RecC 35), then

MA

subsequent DNA unwinding by RecB would produce a loop in the unwound 3’-ssDNA
tail. Although no “Chi” sequences exist within the DNA substrates that we have

D

examined, it is possible that 3’-ssDNA loops that are suggested from our data follow a

TE

similar path within the enzyme. We suggest that a DNA end possessing a pre-existing 3’
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single strand that is greater than six nucleotides is unable to enter the ss-DNA binding
site within the RecC subunit (see below). As such, a loop will form in the 3’-ssDNA tail
and this loop will increase for DNA ends possessing longer 3’-ssDNA tails.

Models for RecBCD complexes with duplex DNA ends
possessing long ssDNA tails and a looped “Chi” recognition
complex
The results presented here and previously 15; 24; 36 as well as the RecBCD-DNA
crystal structure 16 indicate that the RecBCD and RecBC enzymes interact with both the
duplex DNA and the first six nucleotides of the 3’-ssDNA at the ds/ssDNA junction.
Based on this, we hypothesize that in order for a loop in the 3’-ssDNA to form, the 3’ssDNA tail must exit the enzyme somewhere after the first six nucleotides and then reenter the enzyme to form the second set of contacts with the enzyme. We therefore
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examined the crystal structure of the RecBCD-DNA duplex in an attempt to identify
potential pathways by which a loop in the 3’-ssDNA tail might form within a RecBC or

PT

RecBCD complex.

RI

Starting with the RecBCD-DNA structure 16, we used computational molecular
modeling approaches (see Materials and Methods) to search for “pathways” within the

SC

RecBCD structure that would accommodate ssDNA extensions from the ends of the four

NU

nucleotide 3’-ssDNA tail and the 5’-ssDNA tail that are observed in the crystal structure
(see Materials and Methods). We identified approximately 25 such paths; however, only

MA

13 of these started at the DNA fork, extended through the protein, and ended at the
surface of the protein. Six of these 13 paths were selected for further examination (see

D

Figure 9a) based on satisfying one of the following three criteria: (1)- paths that were

TE

previously identified in the crystal structure 16; (2)- paths that are consistent with our
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experimental binding data 24; or (3)- paths that might allow formation of a bulge loop,
defined as a path in which the ssDNA exits and re-enters the protein along two paths that
are within 5 Å of each other. For these six paths, we then extended both the fournucleotide 3’-ssDNA and the four-nucleotide 5’-ssDNA tails observed in the crystal
structure by sequentially adding one deoxythymidylate at a time to the ends of each
ssDNA tail (see Materials and Methods).
Extension of the 5’-ssDNA- Using the above criteria only one path extended from
the end of the 5’-strand. Based on our DNA binding data, RecBC shows optimal binding
to a duplex DNA end possessing a six-nucleotide 5’-ssDNA tail, whereas RecBCD shows
optimal binding to a duplex DNA end possessing a ten-nucleotide 5’-ssDNA tail 24. The
existing four-nucleotide 5’-ssDNA tail in the crystal structure (shown in orange in Figure
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9b) was therefore extended (as described above) by an additional six nucleotides.
However, due to the fact that a significant portion of the RecD polypeptide is not

PT

observable in the RecBCD crystal structure, there were no protein constraints to guide the

RI

modeling of the 5’-ssDNA strand beyond this length. The first two nucleotides added are
shown in cyan, while the last four nucleotides added are shown in white. The model in

SC

Figure 9b indicates that a six-nucleotide 5’-ssDNA tail will only reach the surface of the

NU

RecC polypeptide, but not enter into the RecD polypeptide. This is consistent with our
observation that RecBC shows optimal binding to a duplex DNA end possessing a six-

MA

nucleotide 5’-ssDNA tail 24. The model in Figure 9b shows that a 10-nucleotide 5’-

D

ssDNA tail reaches, at least partially, into the DNA binding site within RecD 24.

TE

Extension of the 3’-ssDNA tail- Five of the six potential ssDNA paths identified
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above originated from the end of the 3’-ssDNA observed in the crystal structure. Path 1
(see Figure 9a) is the shortest path, requiring only 2 additional nucleotides (6 nucleotides
total length from the duplex) to reach the protein surface. Paths 2 and 3 (see Figure 9a)
both exit the protein at the RecB/RecC interface, requiring a total of 12 and 14
nucleotides, respectively, to reach the protein surface. Paths 4 and 5 (see Figure 9a)
extend through RecB and RecC, pass the proposed Chi recognition site, and exit the
protein near the nuclease domain. Path 4 requires a total of 18 nucleotides, and extends
around the outside of the nuclease domain. Path 5, requiring a total of 17 nucleotides,
extends through the nuclease domain to the active site (Asp 1067, Lys 1082, and Asp
1080). Paths 4 and 5 were previously identified by Singleton et al. 16 in their description
of the RecBCD-DNA crystal structure.
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Our modeling suggests that the proposed pathway for the 3’-ssDNA tail that
reaches the nuclease domain requires a ssDNA tail of ~18 nucleotides (Figure 9b).

PT

Interestingly, in this model, the sixth nucleotide of the 3’-ssDNA tail just reaches the

RI

RecB/RecC interface (Figure 9b). Since our equilibrium binding data suggest that the
ssDNA loop forms only when the pre-existing 3’-ssDNA tail is longer than six

SC

nucleotides, this result suggests that the ssDNA might exit the enzyme at this RecB/RecC

NU

interface in order to form the loop. Paths 2 and 3 were the only paths satisfying the
constraint that the ssDNA exits and re-enters the protein at the same location (within 5 Å

MA

of each other) and thus we focused on these paths to construct a looped ssDNA. We
chose path 2 as the path for ssDNA to exit the protein and path 3 as the path for ssDNA

D

to re-enter the protein. The ssDNA modeled within path 3 was also extended in the
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shown in Figure 9c.

TE

direction towards the nuclease domain. The resulting model for the looped structure is

We envision the model shown in Figure 9c to represent the looped structures that
form in the RecBC/RecBCD-DNA complexes formed with DNA ends containing preexisting 3’-ssDNA tails that we infer from the binding studies reported here. That is, in
these structures, the 3’-end of the ssDNA remains stuck at the RecB/RecC interface. In
Figure 9d, we have extended the 3’-end of the ss-DNA to continue along path 4 until it
reaches the region of the RecC subunit proposed to contain the “Chi” recognition site 35
(shown in magenta in Figure 9d). We suggest that the complex in Figure 9d would
represent the looped structure formed after recognition of a “Chi” sequence during DNA
unwinding, whereas Figure 9b would represent the situation during DNA unwinding
before a “Chi” site was recognized. Once the “Chi” site is recognized, the 3’-ssDNA tail
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would become bound tightly to the RecC subunit at the “Chi” recognition site, preventing
the 3’-ssDNA from reaching the nuclease domain of RecB. However, since DNA

PT

unwinding would continue, the unwound ss-DNA would need to exit the enzyme, thus

RI

forming the proposed loop. As suggested by Spies and Kowalczykowski 34, the nuclease
domain of RecB would then interact directly with RecA protein and facilitate its loading

SC

on to the 3’-ssDNA tail via the looped region. This RecA filament will form which

NU

subsequently invades homologous duplex DNA to initiate recombination.

MA

Materials and Methods
Buffers

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

TE

D

was further deionized with a Milli-Q purification system (Millipore Corp., Bedford, MA).
Buffer C contains 20 mM potassium phosphate (pH 6.8), 0.1 mM 2-mercaptoethanol (2-
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ME), 0.1 mM EDTA, 10% (v/v) glycerol. Buffer M contains 20 mM MOPS-KOH (pH
7.0), 1 mM 2-ME, 5% (v/v) glycerol. The concentration of MgCl2 stocks was determined
by measuring the refractive index of a stock solution in water using a Mark II
refractometer (Leica Inc., Buffalo, NY) and a standard table relating refractive index to
[MgCl2] 37.

Proteins
E. coli RecB and RecC proteins were purified and reconstituted to form RecBC as
described 38. RecBCD protein was purified as described elsewhere 39. RecBC and
RecBCD concentrations were determined spectrophotometrically in buffer C using
extinction coefficients of ε280 = 3.9 × 105 M-1 cm-1

38

and ε280 = 4.5 × 105 M-1 cm-1

39

,

respectively. RecBΔnucC was reconstituted from RecBΔnuc and RecC proteins by mixing
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equimolar concentrations of purified RecBΔnuc and RecC proteins in buffer C and
incubated on ice for 10 minutes. RecBΔnuc was expressed in E. coli strain V186 40

PT

carrying pNM52 (lacIq) 41 and pMY100 (recBΔnuc+) 1 (pMY100 was a gift from Dr.

RI

Douglas Julin, University of Maryland, MD). The cells were grown, lysed and processed

SC

through to the ammonium sulfate precipitation step as described 42, followed by
chromatorgraphy purification that is the same as the RecB purification 38. RecBΔnuc has

NU

an extinction coefficient of ε280 = 1.4 × 105 M-1 cm-1 in buffer C, which was determined

MA

by comparing the absorbance spectra of aliquots of RecBΔnuc in buffer C to spectra taken
in 6 M guanidinium-HCl. The extinction coefficient of RecBΔnuc in 6 M guanidinium-

D

HCl at 280 nm was calculated from amino acid sequence as described 43. Similar

TE

measurements performed with a 1:1 mixture of RecBΔnuc and RecC in buffer C yielded an
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extinction coefficient of ε280 = 3.4 × 105 M-1 cm-1 for RecBΔnucC in buffer C. All protein
concentrations reported refer to the RecBC or RecBΔnucC heterodimer or RecBCD
heterotrimer. Bovine serum albumin (BSA) was from Roche (Indianapolis, IN) and its
concentration was determined using an extinction coefficient of ε280 = 4.3 × 104 M-1 cm-1
in buffer C 24. All proteins were dialyzed into the particular reaction buffer before use.
Dialyzed RecBC, RecBΔnucC and RecBCD were stored at 4°C for up to five days, since a
loss of activity (~15%) was observed after five days at 4°C.

Oligodeoxynucleotides
Oligodeoxynucleotides were synthesized using an ABI model 391 synthesizer
(Applied Biosystems, Foster City, CA) using reagents and phosphoramidites from Glen
Research (Sterling, VA). A first purification step of each single-stranded
oligodeoxynucleotide was performed using polyacrylamide gel electrophoresis under
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denaturing conditions followed by removal of the DNA from the gel by electroelution 44.
The resulting oligodeoxynucleotides were then further purified chromatographically by

PT

reverse phase HPLC using an XTerra MS C18 column (Waters, Milford, MA). The

RI

concentration of each DNA strand was determined by completely digesting the strand
with phosphodiesterase I (Worthington, Lakewood, NJ) in 100 mM Tris-Cl pH 9.2, 3

SC

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

NU

mononucleotides at 260 nm as described 45. The extinction coefficients at 260 nm used in
this analysis are: 15340 M-1 cm-1 for AMP, 7600 M-1 cm-1 for CMP, 12160 M-1 cm-1 for

MA

GMP, 8700 M-1 cm-1 for TMP 46 and 5000 M-1 cm-1 for Cy3 (Glenn Research). Duplex
DNA substrates were prepared by mixing equimolar concentrations (usually 3 μM) of the

D

appropriate DNA strands in reaction buffer, which was subsequently heated to 90°C for

TE

five minutes followed by slow cooling to 25°C. Reference DNA I (Figure 1a) was
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formed from strands 1 and 2 (Figure 1e); competitor DNA II was formed from strands 3
and 4; competitor DNA series III was formed from strands 5 and 6; competitor DNA
series IV was formed from strands 7 and 8; competitor DNA series V was formed from
strands 9 and 10; and competitor DNA series VI was formed from strands 11 and 12.
The sequences of the oligodeoxynucleotides used in this study are given in Figure 1e.

Analytical sedimentation equilibrium
Analytical sedimentation equilibrium experiments with RecBΔnucC were
performed in an Optima XL-A analytical ultracentrifuge using an An50Ti rotor and Epon
charcoal-filled six-channel centerpieces (Beckman Instruments, Fullerton, CA) in the
same way as for RecBCD and RecBC 24. Sedimentation equilibrium was achieved within
24 hours. Data were edited using WinREEDIT (http://www.biotech.uconn.edu/auf/) to
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extract the data between the sample meniscus and the bottom of the sample cell. The
edited data were then analyzed by NLLS methods using WinNONLIN

PT

(http://www.biotech.uconn.edu/auf). The data were fit to equation (8), which describes
the behavior for sedimentation of a single ideal species:

(

)

(8)

SC
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⎛ M 1 − υρ ω2 ( r 2 − rref2 ) ⎞
⎟+b
AT = Aref exp ⎜
⎜
⎟
2 RT
⎝
⎠

NU

where AT is the total absorbance at radial position r, Aref is the absorbance of the single

MA

species at reference radial position rref, M is the molecular mass of the single species, υ
is the partial specific volume calculated from protein sequences 47 (0.7341 ml g-1 at 25°C

D

for RecBΔnucC), ρ is the solvent density, ω is the angular velocity, R is the gas constant, T

TE

is the absolute temperature and b is the baseline offset. Sedimentation equilibrium
experiments of 1:1 molar mixtures of RecBΔnuc and RecC (with [RecBΔnucC] ranging from
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90 to 230 nM) were performed in buffer M plus 10 mM MgCl2, 30 mM NaCl (or 750 mM
NaCl) at 25°C and indicated the presence of only a single species with M = (242 ± 11)
kDa, consistent with the presence of a stable 1:1 RecBΔnucC complex under these solution
conditions.

Fluorescence Titrations
Fluorescence titrations were performed as described previously 24 using a PTI
QM-4 fluorometer (Photon Technology International, Lawrenceville, NJ) equipped with
a 75 W Xe lamp. All slit widths were set at 0.5 mm. The temperature of sample in the
10-mm pathlength Type 3 quartz fluorometer cuvette (3mL) (NSG Precision Cells Inc.,
Farmingdale, NY) was controlled using a Lauda RM6 recirculation water bath
(Brinkmann, Westbury, NY). Stirring was maintained throughout each experiment using
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a P-73 cylindrical cell stirrer with a diameter of 8 mm (NSG Precision Cells Inc). The
corrected Cy3 fluorescence intensity (Fi.corr) after the i-th addition of protein and the

PT

initial corrected Cy3 fluorescence of the reference DNA (F0,corr) were obtained as

(ΔFobs) as in equation (9):

SC

Fi ,corr − F0,corr

(9)

F0,corr

NU

ΔFobs =

RI

described previously 24 and they are related to the observed relative fluorescence change

ΔFobs reaches its maximum value (ΔFmax) when both ends of the reference DNA are

MA

bound with protein. Hence ΔFobs/ΔFmax (0 ≤ ΔFobs/ΔFmax ≤ 1) equals the average number
of protein molecules bound per DNA end, and thus the average number of protein

TE

D

molecules bound per DNA molecule is given by (2ΔFobs/ΔFmax) (see equation (11))

Equilibrium binding of RecBΔnucC to Cy3-labeled reference DNA
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Equilibrium titrations of RecBΔnucC binding to a Cy3-labeled reference DNA were
analyed using a model used previously to describe RecBC and RecBCD binding to the
ends of reference DNA 24. In this model, RecBΔnucC, RecBC or RecBCD (hereafter
collectively referred to as B) binds to each end of reference DNA (D) with the same
binding constant, KR, because the reference DNA has nearly identical ends. The binding
polynomial for this model, which has two independent and identical binding sites, is
given in equation (10):
P = 1 + 2 K R Bf + K R2 Bf2

(10)

where Bf is the free concentration of protein.
The average number of protein molecules bound per DNA molecule is given by
equation (11):
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Bbound
ΔF
2K R Bf
=
= 2 obs
DT
1+K R Bf
ΔFmax

(11)

PT

where Bbound = ([DB] + 2[B2D]), [DB] is the concentration of D with only one of its ends
bound by B and [B2D] is the concentration of D with both of its ends bound by B.
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As derived previously 24, ΔFobs/ΔFmax can be expressed explicitly in terms of total

SC

protein concentration (BT), total reference DNA concentration (DT) and KR as in equation
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(12):

2

(12)

MA

ΔFobs 1 + K R ( BT + 2DT ) − 4 K R BT + (1 − K R BT + 2 K R DT )
=
ΔFmax
4K R DT

Experimental fluorescence titrations, plotted as ΔFobs vs. [BT], were obtained at three

D

different reference DNA concentrations, DT, and analyzed by global NLLS analysis using

TE

equation (12) to obtain the best fit values of KR and ΔFmax.
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Competition methods to determine equilibrium binding to nonfluorescent DNA
Equilibrium constants for RecBCD, RecBC and RecBΔnucC binding to nonfluorescent DNA molecules (N) were obtained from analysis of competition binding
studies 26. The analysis of competition titration data has been described in detail
previously 24 and the same analysis is used here in this study. Briefly, three separate
titration experiments were performed at three different non-fluorescent competitor DNA
concentrations (N1, N2 and N3). In each titration experiment, a constant concentration of
competitor DNA (N1, N2 or N3) was added to a cuvette containing a Cy3 labeled
reference DNA at 20 nM and then titrated with protein. Since the competitor DNA
molecules used in this study has nearly identical ends (DNA II through VI series in
Figure 1a), B should bind to both ends of N with binding constant, KN. Then, the total
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and free protein concentration (BT and Bf, respectively) can be related to the total nonfluorescent competitor DNA concentration (NT), KN, DT and KR as shown in equation
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(13):
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⎛
⎛ K N
⎛ K2N
K R DT ⎞
K R2 DT ⎞ ⎞
N
T
N T
+
+
+
B T = Bf ⎜ 1 + 2 ⎜
2B
⎟
⎜
⎟ ⎟ (13)
f
⎜ (1 + K B )2 (1 + K B )2 ⎟
⎜ (1 + K B )2 (1 + K B )2 ⎟ ⎟
⎜
N f
R f
N f
R f
⎝
⎠
⎝
⎠⎠
⎝
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Data from the three titration experiments (at competitor DNA concentrations, N1, N2 and

NU

N3) were analyzed simultaneously using equations (11) and (13) and the “implicit fitting”
NLLS algorithm in Scientist (Micromath, St. Louis, MO) without the need to obtain an

MA

explicit expression for Bf. In this analysis, the value of KN was allowed to float, while KR
and ΔFmax were fixed at the values determined from the analysis of independent titrations

TE

D

with reference DNA in the absence of competitor. The uncertainties for the
independently determined values of KR and ΔFmax were propagated into the reported
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uncertainties in KN.

In the text, we denote the site binding constants simply as KBCD, KBC or KΔnuc,
referring to RecBCD, RecBC and RecBΔnucC binding, respectively, without specifically
designating the particular type of end, which should be apparent from the context of the
discussion. All NLLS analyses were performed using Scientist (Micromath, St. Louis,
MO) and all uncertainties are reported at the 68% confidence limit (± one standard
deviation).

Binding polynomial for Scheme 2
The binding polynomial for Scheme 2 (Figure 8b) is obtained by first expressing
the total DNA concentration (DT) in terms of all the molecular species as given in
equation (14):
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DT = Df + 2 [ BD ] + [ B2 D ]

(14)

where Df is the free DNA concentration. [BD] and [B2D] consist of both looped and non-

PT

looped complexes as given in equations (15) and (16), respectively:

RI

[ BD] = [ BL D] + [ BN D]

[ B2 D] = ⎡⎣( BL )2 D ⎤⎦ + ⎡⎣( BN )2 D ⎤⎦ + 2 [ BL DBN ]

(15)

SC

(16)

NU

where [BLD] is the concentration of DNA with only one of it ends bound by BL to form a
looped state and [BND] is the concentration of DNA with only one of it ends bound by BN

MA

to form a non-looped state. [(BL)2D] is the concentration of DNA with both ends bound
by BL, [(BN)2D] is the concentration of DNA with both ends bound by BN, and [BLDBN]

D

is the concentration of DNA with one of its ends bound by BL while the other end is

TE

bound by BN. By substituting equations (15) and (16) into equation (14) and using the

AC
CE
P

definitions of KL and KN as given in equation (17),
KL =

[BL D]
[BL ][Df ]

and

KN =

[BN D]
[BN ][Df ]

(17)

one can express DT in terms of Df, KL, KN, BL and BN as given in equation (18):
DT = Df + 2 ( K L BL Df + K N BN Df ) + ( K L2 B2L Df + K N2 B2N Df + 2 K L BL K N BN Df )

(18)

Since KLN = BN/BL (defined in equation (4)), equation (18) can be rewritten as
given in equation (19):

(

DT = Df 1 + 2BL ( K L + K LN K N ) + B2L ( K L + K LN K N )

2

)

(19)

Since Bf = (BL + BN) = BL(1 + KLN), equation (19) can be expressed in terms of Bf
and KLN as given in equation (20):
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2
⎛
⎛ K L + K LN K N ⎞
⎛ K L + K LN K N ⎞ 2 ⎞
DT = Df ⎜1 + 2 ⎜
⎟ Bf + ⎜
⎟ Bf ⎟⎟
⎜
1 + K LN ⎠
1 + K LN ⎠
⎝
⎝
⎝
⎠

PT

Hence the binding polynomial for Scheme 2 is:

(20)

2

(21)

SC

RI

⎛ K + K LN K N ⎞
⎛ K L + K LN K N ⎞ 2
P = 1+ 2⎜ L
⎟ Bf + ⎜
⎟ Bf
⎝ 1 + K LN ⎠
⎝ 1 + K LN ⎠

Computational Methods

NU

Energy minimizations and molecular dynamics simulations were carried out using
the AMBER 99 non-polarizable force field 48 in the AMBER 8 molecular dynamics

MA

package (http://amber.scripps.edu) 49. The starting RecBCD-DNA structure (1W36) 16
was obtained from the Protein Data Bank 50. The heavy atoms from Ser 1122 of RecC

TE

D

and Arg 607 from RecD that are missing in the structure were added using PDB2PQR
(http://pdb2pqr.sf.net) 51. No attempt was made to model any portion of the RecD

AC
CE
P

subunit (69 residues) that is not observable in the crystal structure. The program
PDB2PQR 51 was used to calculate the protonation states of titratable residues (Arg, Asp,
Glu, Lys, His, Cys, Ser, and Thr) using the PROPKA method 52 and to add hydrogen
atoms and optimize hydrogen-bonding. Unfavorable steric contacts in the crystal
structure were removed by minimizing the energy of the protein using a steepest descent
algorithm until convergence was reached (RMSD of 0.1 cal mol-1 Å-1). Solvent
influences were included via the generalized Born implicit solvent model 53 using a longrange electrostatic cutoff of 40 Å and a Lennard-Jones cutoff of 40 Å. The system was
equilibrated by increasing the temperature from 50 K to 300 K over a 70 ps interval.
Identifying potential paths for extending the ssDNA tails- In the published crystal

structure 16, RecBCD is bound to a 43-nucleotide DNA hairpin that forms a 19-base pair
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duplex with a five-nucleotide hairpin turn. In this structure, four nucleotides at the blunt
end of the DNA are not involved in base pairing with their complementary base, thus

PT

forming four-nucleotide long 3’ and 5’ ssDNA tails at the ss/ds DNA junction. All
potential paths for ssDNA that start from the 5’ or 3’-ends of the ssDNA within the

RI

crystal structure were identified using an iterative thinning algorithm 54. The iterative

SC

thinning process was started with a probe-accessibility map constructed from the

NU

RecBCD structure using the Shrake-Rupley algorithm 55 as implemented in APBS
(http://apbs.sf.net/) 56 and a 0.5 Å probe. This small probe radius was chosen to provide

MA

an over-sampling of potential paths (to be filtered using the methods described below)
and to compensate for the relatively low resolution (1.0 Å) of the accessibility map grid.

D

The probe accessibility data was transformed into potential ssDNA paths using

TE

morphological thinning 57; 58. The voxel set for this thinning was chosen as the union of

AC
CE
P

the probe-accessible points surrounding RecBCD, as described above. The thinning
procedure was carried out by iteratively removing boundary voxels from the voxel set
while preserving those voxels required to maintain connected components and shape
information 54. This iterative thinning procedure reduced the original set of probeaccessible points into one closed, discrete surface enclosing the RecBCD structure and a
collection of discrete curves extending from the surface to the interior, representing
potential ssDNA paths. Finally, to remove spurious features resulted from thinning an
irregular set, path branches shorter than 30 Å were pruned using morphological dilation
and erosion 54.
Building the DNA chains- Once the potential ssDNA paths were identified, the

ssDNA was extended by sequentially adding thymine nucleotides to the 3’ and 5’-single-

34

ACCEPTED MANUSCRIPT
stranded ends. The nucleotides, with standard bond lengths and angles, were added using
the LEaP program in the AMBER 8 molecular dynamics package 49. After each

PT

nucleotide addition, the energy of the extended part of the DNA was minimized as

RI

described above with a restraint of 10 kcal mol-1 Å-1, while the structures of the
polypeptides and DNA present in the crystal structure were held fixed. Each round of

SC

minimization was followed by 50 ps of molecular dynamics with 10 kcal mol-1 Å-1

NU

restraints on all atoms outside a 10 Å radius of the phosphorus atom of the new
nucleotide. This short sampling was included to remove any unfavorable steric contacts

MA

resulting from the addition of the new nucleotide. A representative structure from this
simulation was chosen based on the criterion that the ssDNA strand continues in the

D

direction of the selected path. This representative structure was then used as the starting

AC
CE
P

TE

structure to add the next nucleotide.
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PT

Figure Legends
Figure 1. DNA molecules used in the equilibrium binding studies. (a) Schematic

RI

representations of Cy3-labeled reference DNA I and the non-fluorescent series of

SC

competitor DNA (DNA II through VI), each possessing a 60 bp duplex region. (b)
Structure of the Cy3 fluorophore and its covalent attachment to the phosphate group on

NU

the 5’-end of reference DNA I via a 3-carbon linker. (c) Structure of the polyethylene

MA

glycol spacer containing m repeating units of ethlyene glycol ((EG)m) and its covalent
attachment to the phosphate group within the 3’-(dT)n tail of DNA IV and DNA VI. (d)

D

Structure of the (EG)m spacer and its covalent attachment to the phosphate group at the

TE

end of the 3’-(dT)n tail of DNA V. (e) Sequences of the DNA strands used to form the

AC
CE
P

duplex DNA molecules shown schematically in panel (a). Reference DNA I was formed
from strands 1 and 2; the series of DNA II molecules was formed from strands 3 and 4;
the series of DNA III molecules was formed from strands 5 and 6; the series of DNA IV
molecules was formed from strands 7 and 8; the series of DNA V molecules was formed
from strands 9 and 10; the series of DNA VI molecules was formed from strands 11 and
12.

Figure 2. Effects of replacing regions of the pre-existing 3’-(dT)n tail with PEG on the

equilibrium constants (KBCD) for RecBCD binding to a duplex DNA end. (a) Equilibrium
competition titrations to determine KBCD for RecBCD binding to the ends of a nonfluorescent DNA IV molecule possessing 3’-(dT)6(EG)m(dT)2 tails with m = 12.
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Mixtures of Cy3 labeled reference DNA I (20 nM) and a DNA IV molecule with m = 12
were titrated with RecBCD in buffer M plus 200 mM NaCl at 25°C and the relative Cy3

PT

fluorescence enhancement (ΔFobs defined in equation (11) in Materials and Methods)

RI

plotted as a function of total [RecBCD]. Three separate titrations were performed in
which a constant total reference DNA I concentration was used but the total

SC

concentration of the competitor DNA IV molecule was varied in each titration; reference

NU

DNA I only (20 nM) (z); reference DNA I (20 nM) and competitor DNA IV (m = 12) at
70 nM (|) and 210 nM (). Solid lines are simulations using equations (11) and (13)

MA

and the best fit values of KBCD (Table 1). (b) Values of KBCD for binding to the ends of
the DNA IV series molecules containing 3’-(dT)6(EG)m(dT)2 (with m = 12 or 24) (); for

D

the DNA V series containing 3’-(dT)6(EG)m (with m = 6 or 18) (z); and for the DNA VI

TE

series containing 3’-(EG)12 (dT)n (with n = 2 or 6) (S) (Table 1) are plotted as a function

AC
CE
P

of equivalent 3’-tail length, along with KBCD for the DNA II series molecules containing
unmodified 3’-(dT)n tails (with n = 0 to 20 nucleotides) (|) (Table 1).

Figure 3. Effects of replacing part of the pre-existing 3’-(dT)n tail with PEG on RecBC

binding to a duplex DNA end. Values of KBC for binding to the ends of the DNA IV
series containing 3’-(dT)6(EG)m(dT)2 (with m = 6 or 24) (); KBC for the DNA V series
containing 3’-(dT)6(EG)m (with m = 6 or 18) (z); and KBC for DNA VI series containing
3’-(EG)12 (dT)n (with n = 2 or 6) (S) (Table 2) are plotted as a function of equivalent 3’tail length, along with KBC for the DNA II series containing unmodified 3’-(dT)n tails)
(|) (Table 2). Experiments were performed in buffer M, 10 mM MgCl2 plus 100 mM
NaCl at 25°C.
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Figure 4. Binding of RecBΔnucC to the fluorescent reference DNA I. (a) Titrations of

PT

reference DNA I (total concentration of 20 nM (z) and 60 nM ( )) with RecBΔnucC

RI

under stoichiometric (high affinity) conditions in buffer M, 10 mM MgCl2 plus 30 mM

SC

NaCl at 25°C. Cy3 fluorescence enhancement (ΔFobs) is plotted as a function of the
[RecBΔnucC]total/[DNA]total. Excitation wavelength was 515 nm and fluorescence

NU

emission was monitored at 563 nm. (b) Determination of the equilibrium constant for

MA

RecBΔnucC binding to the ends of reference DNA I. Three separate titration experiments
were performed at different total DNA I concentrations of 10 nM (z), 20 nM ({) and 50

D

nM () (buffer M, 10 mM MgCl2 plus 100 mM NaCl at 25°C) and ΔFobs is plotted as a

TE

function of total [RecBΔnucC]. Global NLLS analysis of these data using equation (12) as
described in Materials and Methods yields the equilibrium constant for RecBΔnucC

AC
CE
P

binding to each end of reference DNA I, KΔnuc,R = (4.5 ± 0.5) × 107 M-1 and ΔFmax = 0.45
± 0.04. Solid lines are simulations using equation (12) and the best fit values of KΔnuc,R
and ΔFmax. (c) ΔFobs is directly proportional to the average moles of RecBΔnucC bound
per mole of DNA I. The dependence of ΔFobs on [RecBΔnucC]bound/[DNA]total was
determined from the titration experiments in (b) performed at 10 and 50 nM DNA I as
described 28; 29; 30. The solid line is a linear fit of the dependence of ΔFobs on
[RecBΔnucC]bound/[DNA]total while the dashed line is a linear extrapolation of the solid line
to ΔFmax = 0.45 and [RecBΔnucC]bound/[DNA]total = 2.
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Figure 5. Influence of the nuclease domain of RecB on the dependence of the end

binding constant on the length of the pre-existing 3’-(dT)n tails. All experiments were

PT

performed in buffer M plus 10 mM MgCl2 and 100 mM NaCl at 25°C. (a) Comparisons
of the effects of the length of the pre-existing 3’-(dT)n tails on the equilibrium constants

RI

for RecBΔnucC (KΔnuc) and RecBC (KBC) binding to the ends of duplex DNA. Values of

SC

KΔnuc (z) and KBC ( ) for binding to the ends of the non-fluorescent DNA II series

NU

(Table 3) are plotted as a function of n. (b) Effects of substituting parts of the preexisting 3’-(dT)n tails with PEG on KΔnuc. Values of KΔnuc for the DNA IV series with 3’-

MA

(dT)6(EG)m(dT)2 tails (m = 12 or 24) ( ) and KΔnuc for the DNA V series with 3’-

D

(dT)6(EG)m tails (m = 6 or 18) (|) are plotted as a function of equivalent 3’-tail length,

TE

along with KΔnuc for the DNA II series (z) (Table 3).

AC
CE
P

Figure 6. Deletion of the nuclease domain of RecB does not affect the influence of the

5’-ssDNA tail length on the binding of RecBC to a DNA end. Equilibrium constants
(KΔnuc) for RecBΔnucC binding to the ends of the DNA III series possessing pre-existing
5’-(dT)n tails with n varying between zero and 20 nucleotides (z) are plotted as a
function of 5’-tail length (n), along with equilibrium constants (KBC) for RecBC binding
to the ends of the same DNA III series ( ) (Table 4). All experiments were performed
in buffer M, 10 mM MgCl2 plus 100 mM NaCl at 25°C.

Figure 7. Cartoons depicting the binding of RecBCD to DNA ends possessing different

types of pre-existing 3’-tails. (a) Looping of the 3’-ssDNA tail occurs when RecBCD
binds to a DNA end containing a 3’-(dT)n tail with n > six nucleotides. (b) Replacing the
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section of 3’-(dT)n tail between the sixth and the last two nucleotides with PEG does not
affect loop formation because this part of 3’-ssDNA tail does not interact with RecBCD.

RI

PT

(c) Looping is eliminated when PEG is placed at the end of the 3’-tail.

Figure 8. Possible equilibrium schemes for the binding of RecBC to a DNA end

SC

possessing a pre-existing 3’-(dT)n tail with n > six nucleotides. (a) In Scheme 1, the

NU

binding of RecBC (B) can result in the formation of either a looped (BDL) or non-looped
(BDN) state. (b) In Scheme 2, RecBC is assumed to exist in two conformations (BL and

MA

BN) prior to binding DNA. The looped complex forms when BL binds to a DNA end
possessing a pre-existing 3’-(dT)n tail with n > six nucleotides, while the binding of BN to

D

a DNA end results in a non-looped complex. The nuclease domain (BN) and helicase

AC
CE
P

TE

domain (BH) of RecB are indicated.

Figure 9. Potential pathways for the 3’ and 5’-ssDNA tails within the RecBCD-DNA

complex and a model for the RecBCD-“Chi” recognition complex. (a) Representation of
the six potential paths for the extended ssDNA tails as described in the text. (b) Proposed
model for the non-looped complex in which the 3’-ssDNA tail is threaded through both
the RecB and RecC subunits and exits near the RecB nuclease domain. The 4-nucleotide
3’ and 5’-ssDNA tails in the RecBCD-DNA crystal structure were extended along the
proposed channels within the RecBCD enzyme identified by Singleton et al. 16. RecB
subunit is in gold, RecC subunit is in blue, RecD subunit is in green and the original 19bp duplex DNA used in the formation of crystal is shown in orange. Six nucleotides
were added to the 5’-tail to a total length of ten nucleotides while 14 nucleotides were
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added to the 3’-tail to a total length of 18 nucleotides. The fifth and sixth nucleotides of
the 3’ and 5’-ssDNA tails are shown in cyan, while the seventh through 18th nucleotides

PT

of the 3’-ssDNA tail and the seventh to tenth nucleotides of the 5’-ssDNA tail are shown

RI

in white. (c) Proposed model for the looped 3’-ssDNA tail structure (BDL) in Figure 8,
Scheme 2) that can form upon binding RecBC or RecBCD to DNA possessing a long

SC

pre-formed 3’-ssDNA tail. The 3’-ssDNA tail follows path 2 to exit the enzyme and then

NU

re-enters the enzyme via path 3. (d) Proposed model for the 3’-ssDNA looped structure
that might form after recognition of a “Chi” site. The 3’-ssDNA follows paths 2, 3 and 4

MA

to reach the region of the RecC subunit that contains the amino acid residues (shown in

AC
CE
P

TE

D

magenta) that have been proposed to be involved in “Chi” recognition 35.
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SC

Tables

Table 1. Equilibrium constants (KBCD) for RecBCD binding to the ends of non-

MA

3’-tail
composition
of DNA II

AC
CE
P

KBCD (107 M-1) for
DNA with PEGsubstituted 3’-tail
(IV, V and VI)

3’-tail composition of
DNA with PEGsubstituted 3’-tail
(IV, V and VI)

1.8 ± 0.4
22 ± 3

3’-(EG)12(dT)2
3’-(dT)6(EG)6

0.55 ± 0.06
2.5 ± 0.5
21 ± 3
0.53 ± 0.05

3’-(EG)12(dT)6
3’-(dT)6(EG)12(dT)2
3’-(dT)6(EG)18
3’-(dT)6(EG)24(dT)2

D

no tail
3’-(dT)2
3’-(dT)4
3’-(dT)6
3’-(dT)8

TE

KBCD (107 M-1)
3’for DNA IIa
ssDNA
tail length
(nt)
0
3.0 ± 0.4
2
5.2 ± 0.4
4
15 ± 1
6
23 ± 3
8
16 ± 2
9
ND
10
6.4 ± 0.8
12
ND
14
ND
15
2.3 ± 0.6
20
0.51 ± 0.03
a
24
Data from

NU

fluorescent DNA II, IV, V and VI series (buffer M plus 200 mM NaCl at 25°C).

3’-(dT)10
3’-(dT)15
3’-(dT)20
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Table 2. Equilibrium constants (KBC) for RecBC binding to the ends of non-fluorescent

DNA II, IV, V and VI series (buffer M, 10 mM MgCl2 plus 100 mM NaCl at 25°C).

MA

3’-(dT)10

D

3’-(dT)20

AC
CE
P
51

RI

PT

3’-tail composition of
DNA with PEGsubstituted 3’-tail (IV
and V)

0.77 ± 0.08
39 ± 3

3’-(EG)12(dT)2
3’-(dT)6(EG)6

8.8 ± 0.9
0.31 ± 0.06
36 ± 3
0.87 ± 0.07

3’-(dT)6(EG)6(dT)2
3’-(EG)12(dT)6
3’-(dT)6(EG)18
3’-(dT)6(EG)24(dT)2

NU

no tail
3’-(dT)2
3’-(dT)4
3’-(dT)6
3’-(dT)8

KBC (107 M-1) for
DNA with PEGsubstituted 3’-tail
(IV and V)

SC

3’-tail
composition of
DNA II

TE

KBC (107 M-1)
3’for DNA IIa
ssDNA
tail length
(nt)
0
1.6 ± 0.3
2
4.3 ± 0.4
4
19 ± 2
6
40 ± 3
8
19 ± 3
9
ND
10
8.8 ± 0.9
11
ND
12
ND
15
ND
20
0.89 ± 0.09
a
Data from 24
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Table 3. Equilibrium constants (KΔnuc) for RecBΔnucC binding to the ends of non-

fluorescent DNA II, IV and V series (buffer M plus 10 mM MgCl2 and 100 mM NaCl at

RI

3’-tail
KΔnuc (107 M-1) for
composition
DNA with PEGof DNA II substituted 3’-tail (IV
and V)
no tail
3’-(dT)2
3’-(dT)4
3’-(dT)6
3’-(dT)8
38 ± 3
3’-(dT)10
21 ± 2
3’-(dT)15
38 ± 4
3’-(dT)20
9±2

3’-tail composition of
PEG-substituted
DNA (IV and V)

SC

KΔnuc (107 M-1)
for DNA II

TE

D

MA

NU

1.5 ± 0.2
3.9 ± 0.3
15 ± 2
37 ± 3
38 ± 3
ND
34 ± 3
ND
19 ± 2
10 ± 2

AC
CE
P

3’ssDNA
tail length
(nt)
0
2
4
6
8
9
10
14
15
20

PT

25°C).

52

3’-(dT)6(EG)6
3’-(dT)6(EG)12(dT)2
3’-(dT)6(EG)18
3’-(dT)6(EG)24(dT)2
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Table 4. Equilibrium constants for RecBΔnucC (KΔnuc) and RecBC (KBC) binding to the

ends of non-fluorescent DNA III series (buffer M plus 10 mM MgCl2 and 100 mM NaCl

KΔnuc (107 M-1) for DNA III

1.6 ± 0.3
2.2 ± 0.4
3.8 ± 0.4
4.8 ± 0.5
4.7 ± 0.4
5.0 ± 0.5
4.7 ± 0.5

1.6 ± 0.3
ND
4.1 ± 0.5
5.0 ± 0.5
5.1 ± 0.5
4.6 ± 0.4
4.8 ± 0.5

NU

SC

RI

KBC (107 M-1) for DNA III

AC
CE
P

TE

D

MA

5’-(dT)n tail
length (n)
0
2
4
6
8
10
20

PT

at 25°C).
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