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Chi hotspot control of RecBCD
helicase-nuclease by long-range
intramolecular signaling

Susan K. Amundsen, Andrew F. Taylor & Gerald R. Smith™

Repair of broken DNA by homologous recombination requires coordinated enzymatic reactions to
prepare it for interaction with intact DNA. The multiple activities of enterobacterial RecBCD helicase-
nuclease are coordinated by Chi recombination hotspots (5' GCTGGTGG 3’) recognized during DNA
unwinding. Chi is recognized in a tunnel in RecC but activates the RecB nuclease, > 25 A away. How the
Chi-dependent signal travels this long distance has been unknown. We found a Chi hotspot-deficient
mutant in the RecB helicase domain located > 45 A from both the Chi-recognition site and the nuclease
active site. This unexpected observation led us to find additional mutations that reduced or eliminated
Chi hotspot activity in each subunit and widely scattered throughout RecBCD. Each mutation alters
the intimate contact between one or another pair of subunits in crystal or cryoEM structures of
RecBCD bound to DNA. Collectively, these mutations span a path about 185 A long from the Chi
recognition site to the nuclease active site. We discuss these surprising results in the context of an
intramolecular signal transduction accounting for many previous observations.

Regulation of complex enzymes and reaction pathways is critical for all living organisms, because having too
much or too little enzymatic activity, or having spurious activity, can be highly deleterious or lethal. This principle
holds true for the repair of broken DNA, which requires in many cases large, complex enzymes. If not properly
regulated, DNA repair can fail and produce incomplete or rearranged chromosomes leading to sickness or death.
Here, we identify widely scattered positions in the enterobacterial RecBCD helicase-nuclease required for Chi-
hotspot regulation of RecBCD and thus proper DNA break repair and genetic recombination.

When DNA is broken, its faithful repair requires interaction with intact homologous DNA, such as the sister
chromosome or, in diploids, the homolog. This interaction can produce genetic recombinants if the broken and
intact DNAs are genetically different, as often occurs in diploids or when linear DNA is introduced into a cell.
In many bacteria, including Escherichia coli studied here, the major pathway of homologous recombination and
DNA break repair requires RecBCD enzyme, a three subunit, 330 kDa enzyme with DNA unwinding (helicase)
and DNA cutting (nuclease) activities (reviewed in'). RecBCD enzymes of enteric bacteria, ranging from E. coli
to Proteus mirabilis and Vibrio harveyi, are controlled by a special DNA sequence called Chi (5' GCTGGTGG
3)*%. At Chi the enzyme acts at high frequency, resulting in a high frequency of recombination. Chi is thus a
recombination hotspot. After acting at Chi, RecBCD does not act at another Chi site; this regulation assures a
single recombination event for each DNA end and regeneration of the circular bacterial chromosome necessary
for viability>*. The molecular mechanism of regulation by Chi has been elucidated progressively, both genetically
and biochemically, since its discovery over four decades ago"”*. Our results reported here begin to explain at
the atomic level Chi’s regulation of RecBCD and may serve as an example by which other complex enzymes are
regulated over long distances by large conformational changes during their reaction cycle.

The RecBCD reaction cycle begins with RecBCD binding tightly (Kp ~0.1 nM) to the end of broken DNA
(Fig. 1A)°. The RecD helicase binds to and moves along the 5'-ended strand rapidly (~ 1 kb/s); the RecB helicase
binds to and moves along the 3’-ended strand more slowly (about ¥ the rate of RecD)'*!!. Consequently, a single-
stranded (ss) DNA loop on the 3"-ended strand accumulates, presumably ahead of RecB, and grows with time!213,
Crystal and cryoEM structures of RecBCD bound to DNA show that, when the 3'-ended strand emerges from
the RecB helicase, it enters a tunnel in RecC (Fig. 1B*!>. Mutational analysis indicates that the Chi sequence on
the 3'-ended strand is recognized within this RecC tunnel'*-*%.

Chi recognition results in multiple changes in the activities of RecBCD*!**. Upon encountering Chi, the
RecB nuclease cuts the emerging 3'-ended strand a few nucleotides 3 of the Chi octamer, and the enzyme begins
loading RecA DNA strand-exchange protein onto the newly generated 3’-ended strand'®?"**, The RecA-ssDNA
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Figure 1. Model for homologous recombination and DNA break repair by RecBCD enzyme and its control

by Chi hotspots. (A) Pathway of RecBCD-promoted recombination and DNA break repair’?’. RecBCD binds

a ds DNA end (a) and unwinds the DNA, producing loop-tail structures (b) that are converted into twin-loop
structures (c) by annealing of the tails. At Chi, RecBCD nicks the 3’-ended strand (d) and loads RecA (e); later,
the RecBCD subunits disassemble (likely at the DNA end with purified components)®. The ssDNA-RecA
filament invades intact homologous DNA to form a D-loop (f), which can be converted into a Holliday junction
and resolved into reciprocal recombinants (g). Alternatively, the 3’-end in the D-loop can prime DNA synthesis
and generate a non-reciprocal recombinant (k). See ref.! for discussion of alternative models. (B) Atomic
structure of RecBCD bound to DNA (PDB 1W36)'. RecB is orange, RecC blue, and RecD green. Yellow dashed
line indicates the RecC tunnel in which Chi is recognized. Cyan indicates the RecC patch with differential
trypsin-sensitivity during the RecBCD reaction cycle'’.

filament can invade homologous DNA, and subsequent reactions can produce intact DNA and reciprocal or
non-reciprocal recombinants (Fig. 1A)"#. After cutting at Chi, RecBCD continues to unwind the DNA, but at
a slower rate®, as though the slower RecB translocase becomes the leading (unwinding) helicase; the initially
faster RecD helicase either stops moving or moves more slowly than before Chi. Although unwinding continues
after Chi, the enzyme fails to cut detectably at a subsequently encountered Chi®, as noted above. Furthermore, the
three subunits dissociate after cutting at Chi, likely upon leaving the DNA (at the end of linear DNA substrates
with purified enzyme).

These observations indicate that Chi affects all three subunits of RecBCD. Chi is recognized in a tunnel in
RecC but activates the nuclease and RecA-loading activity in RecB; Chi also alters the activity of the RecD heli-
case. There are additional subunit interactions required for RecBCD’s activities, because recD mutants lack Chi
hotspot activity (localized stimulation of recombination) and nuclease activity*>*, although the sole nuclease
active site is in RecB?. To explore the extent of subunit interactions involved in Chi activity, we searched for
mutations outside the RecC tunnel that decrease or abolish Chi hotspot activity. Remarkably, we found mutations
with this property at widely scattered positions in all three subunits. We discuss how these positions coordinate
RecBCD’s activities and thus regulate DNA break repair and recombination.
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E. coli Hfr cross

AII_eIe_ a Contact points® and mutations Chi h.OFSEOt (relatl've
description activity recombinant
frequency)?
WT NA® NA 51+0.09 =1
ArecBCD NA NA 0.99 +0.02 0.007 = 0.001
recB21 NA NA 1.0£0.03 0.01 £0.005
recB344 NA NA 2.1+0.03 0.93+0.03
Cc2 D2
CD contact 541-544 97-99
QGEW PTP
CcaA AAAA 15,14 1.0, 0.64
D2A AAA 09,1.0 0.43,0.29
C2A D2A AAAA AAA 14,11 0.81, 0.49
D3 B3
DB contact 521-528 634-646
SVQPSRLP DEHAWDVVVEEFD
D3ala AARA.L . e e 19,14 0.41, 0.49
D3A AAANAL L e e e 1.0,1.2 0.24,0.24
B3ala @ ........ AA...A...AA.A 1.8,1.6 0.21,0.34
B3lys,ar g ........ KR...K...RR 12,14 0.39,0.42
B3 ... 09,10 0.006, 0.009
D3ala B3ala AAAA AA...A...AA.A 15,14 0.48, 0.39
D3A B3ala AAAA. AA...A...AA.A 1.1 +0.06 0.53,0.34
B4 C4
BC contact 913-922 599-608
GHGIAQDLMP FLPDAETEAA
B4A AAAAAAAAAA e 42,43 0.81, 0.52
C4A ... AAAANAANAN 1.1+£0.12 0.24 £ 0.04
CANT) .. . AAAAAAA 23+0.12 0.32+0.03
B4A C4A AAAAAAAANA AAAAAAAAAA 11,13 0.09, 0.22

Table 1. Mutants altered in RecC-RecD contact (CD), RecD-RecB contact (DB), and RecB-RecC contact (BC)
have little or no Chi hotspot activity. *The indicated mutation was on a derivative of plasmid pSA607 (recBCD")
in strain V2831 (ArecBCD2731). Complete genotypes and the amino acids altered are in Tables S1-S3. ®The
contact points are composed of the indicated amino acids at the indicated positions. The alleles have mutations
deleting the indicated amino acid (A); substitutions (when made) contain the indicated amino acid; (.) indicates
that the amino acid is wild type. °Chi hotspot activity in lambda vegetative crosses was determined as described
in Materials and Methods . Chi hotspot activity =V(t/c),/(t/c), where t/c is the ratio of turbid (cI*) to clear
(cI857) recombinant plaques among J* R* recombinants in cross 1 (with *D123) and cross 2 (with y*76).
4Frequency of His* [Str®] recombinants per viable Hfr parent relative to that in the concurrent recBCD* cross.
Wild-type frequency was 6.99% +0.46% (n=25). °NA, not applicable.

Results

A recombination-proficient recB mutant with reduced Chi hotspot activity. A search for E. coli
mutants that excise transposon Tn10 at a high rate yielded mutations in many genes, including, unexpectedly,
three that complemented as a recC or recB mutation®. Later research showed that one, recC343, changes pro-
line 666 to leucine (P666L; 5 CCA 3' changed to 5’ CTA 3'), which is on the surface of the RecC tunnel in
which Chi is recognized'**. Dozens of other RecC tunnel mutants have the same or similar phenotype—little
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Figure 2. Contact points between RecBCD subunits tested for a role in Chi hotspot activity. Atomic structures
of RecBCD showing contacts between RecB (orange), RecC (blue), and RecD (green); DNA is grey. Points

of contact studied here are represented as spheres; the rest of the molecule is represented as cartoons (PyMol
version 2.2.0). Note that the RecB-RecD contact points are separated by >20 A in the crystal structure (dotted
circle in A) PDB 1W36'* but are close to each other in the cryoEM structure (solid circle in B) PDB 5LD2!>%.
Note that, conversely, a domain of ~ 70 amino acids in RecD is ordered in the cryoEM structures but disordered
in the crystal structures. (C) Contact point CD. C2 (amino acids QGEW at positions 541-544 of RecC) is yellow,
and D2 (PTP at positions 97-99 of RecD) is red. Shown is part of the crystal structure PDB 1W36. (D) Contact
point DB. B3 (DEHAWDVVVEEFD at positions 634-646 of RecB) is yellow, and D3 (amino acids SVQPSRLP
at positions 521-528 of RecD) is red. Shown is part of the cryoEM structure PDB 5LD2. (E) Contact point BC.
B4 (amino acids GHGIAQDLMP at positions 913-922 of RecB) is yellow, and C4 (amino acids FLPDAETEAA
at positions 599-608 of RecC) is red. Shown is part of the crystal structure PDB 1W36. See Fig. S2 for additional
views of each contact point.

or no Chi hotspot activity but retention of recombination-proficiency and “general” (Chi-independent) nuclease
activity'¢'%3°, More surprising, however, was recB344: this mutant has significantly reduced Chi hotspot activity,
the ratio of recombinant frequency in a genetic interval with Chi to that in the same interval without Chi*'. Chi
activity was 2.1£0.033 in recB344 but 4.9+ 0.021 in concurrent wt crosses (1 indicates no Chi activity; data are
mean + SEM with n=3) (Table 1) (see also'®?*). It also had reduced cutting of DNA at Chi (Fig. S1), as expected
from the genetic assays. The recB344 mutant retains, however, recombination-proficiency in E. coli Hfr crosses
(93% of wt) and general nuclease activity (60% of wt) (Tables 1 and 2)'®?%. Thus, it has the same overall pheno-
type as RecC tunnel mutants with reduced Chi hotspot activity.

Also surprising was the location of the recB344 mutation. DNA sequencing showed that it changes 5’ GCC
3" to 5’ GTC 3’, which changes alanine 68 to valine (A68V). A68 is part of an a-helix within the RecB helicase
domain'#?. In the cryoEM structure in which the Chi octamer is in the RecC tunnel, A68 is 24-42 A from the
Chi nucleotides and ~ 65 A from the RecB nuclease active site'®. These results show that positions in RecBCD
far from either the site of Chi recognition (in the RecC tunnel) or the nuclease active site (in the RecB nuclease
domain) are involved in Chi hotspot activity. They also led us to seek additional RecBCD mutants with little or
no Chi hotspot activity but with amino acid alterations far from the RecC tunnel or the RecB nuclease active site.

Search for additional wide-spread mutations with the Chi-recognition-deficient pheno-
type. The recognition of Chi in the RecC tunnel but its stimulation of the RecB nuclease indicates that some
“signal” must be transmitted through the enzyme from the tunnel to the nuclease. A search for a Chi-dependent
covalent modification, such as phosphorylation, that could account for the Chi-dependent alteration of RecBCD
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activities was negative (AFT, unpublished data). Instead, we found evidence for a Chi-dependent conformational
change: a patch on the RecC surface (Fig. 1B) is sensitive to four proteases before DNA is bound and becomes
markedly more resistant when DNA is bound". During unwinding up to Chi this patch remains resistant but
becomes protease-sensitive again after Chi’s encounter. The recB344 mutation may affect this Chi-dependent
conformational change. Other mutations could have a similar effect, by blocking a conformational change
from one subunit to another. If so, we reasoned that points of intimate contact between subunits might well be
involved in the response to Chi.

To test this hypothesis, we examined crystal and cryoEM structures of RecBCD'*!>? for points of contact
between RecC and RecD (called “CD”), between RecD and RecB (“DB”), and in or near the RecB nuclease domain
close to the exit of the RecC tunnel (“BC”) (Fig. 2). (To aid Discussion, we designate each side of the contact as C2
D2, D3 B3, and B4 C4, respectively; Fig. 2.) Contact points for DB and BC were discussed by Wilkinson et al.?’
(see Discussion). We then mutated, by deletion or amino acid substitutions, these points of contact and assayed
the genetic and enzymatic activities as for recB344 and other Chi-recognition mutants. (Note that there is no
direct assay for Chi recognition, such as binding of Chi DNA to RecBCD, since Chi is recognized only during
active unwinding by RecBCD; consequently, only the effect of Chi can be assayed, such as cutting of DNA at
Chi and Chi genetic hotspot activity.) As described below, we isolated multiple mutants altered at each contact
point. Many of these mutants have reduced or undetectable Chi hotspot and cutting activities, like previously
described Chi recognition mutants'®-%3°,

RecC-RecD interaction. In the published crystal and cryoEM structures (Fig. 2A,B)*!>%, four contiguous
amino acids (here named C2) in RecC make intimate contact with three contiguous amino acids (named D2) in
RecD (Figs. 2C and S2). C2 is QGEW at positions 541-544 in RecC'’s helicase-like domain 2B, and D2 is PTP at
positions 97-99 in RecD’s domain 1 (Table 1). Deletion of C2 (C2A) strongly reduced Chi hotspot activity to 1.5
(from 5.1 in wild type), and deletion of D2 (D2A) abolished Chi hotspot activity (Chi activity=1.0) (Table 1). As
expected, the double mutant C2A D2A also had no significant Chi activity. Substitution of alanine for the amino
acids of C2 or D2 (C2ala or D2ala) also significantly reduced Chi activity, to 3.3 or 2.7, respectively (Table S1).
These mutants had slightly reduced recombination proficiency in Hfr matings (~ 40 to 80% of wt); a recBCD null
mutant’s proficiency is much less (0.7% of wt; Tables 1 and S1). Thus, Chi hotspot activity requires the point of
contact (CD) between RecC and RecD.

RecD-RecB interaction. In the cryoEM structures of RecBCD bound to DNA'>?, four contiguous amino
acids (QPSR) in RecD with overall positive charge contact an a-helix of 13 amino acids (named B3) in RecB, six
with negative charge (D or E; Figs. 2D and S2). We define D3 as SVQPSRLP at positions 521-528 in RecD’s heli-
case domain 2B and B3 as DEHAWDVVVEEFD at positions 634-646 in RecB’s helicase domain 2B (Table 1). As
for the CD interaction, complete deletion of B3 or the central part of D3 (QPSR) eliminated Chi hotspot activity
(Table 1). Substitution of alanine for the central four amino acids in D3 or for the six negative amino acids in B3
or both sets strongly reduced Chi activity (to 1.7, 1.7, and 1.5, respectively; Table 1). A second double mutation
(D3A B3ala) eliminated Chi activity (1.1). Hfr recombination proficiency was reduced to 20-50% of the wild-
type value, except in the B3A single mutant, which had recombination proficiency similar to that of a recBCD
null mutant (Table 1). These results show that the DB point of contact is essential for Chi activity.

As noted above, deletion of the central four amino acids in D3 (QPSR) eliminated Chi activity. To determine
which of these four amino acids is critical, we deleted separately the left two (QP) and the right two (SR) amino
acids. Surprisingly, both mutants had nearly full Chi activity (4.4 and 5.0, respectively; Table S2A). We then
deleted other combinations of amino acids in D3 (SVQPSRLP). Some of these deletions eliminated Chi activity
(e.g., deletion of SV, deletion of QP plus LP, or deletion of SRLP); other deletions strongly reduced Chi activity
(e.g., deletion of just V; to 1.5). These results show that D3 and its surround are critical for Chi activity and sug-
gest a more complex effect than simple deletion of a few amino acids as the basis for loss of Chi activity. Indeed,
except in one case, substitution of alanine for one to four of the amino acids in SVQPSRLP also significantly
reduced Chi activity (to 1.4-3.5).

We similarly explored the requirements for amino acids in B3 (DEHAWDVVVEEED). Deletion of only 3,
5, 8, or 10 amino acids, collectively spanning all points of the 13 amino acids deleted in AB3, left significant but
reduced Chi activity (2.9-4.4; Table S2B), suggesting that no individual part of B3 is essential. Four or six alanine
substitutions distributed throughout B3 substantially reduced Chi activity (to ~2.0). Other substitutions in B3
also significantly reduced Chi activity (e.g., ......... E.Dto......... Q..S had Chi activity of 3.4, and .R...N...QK.S
had Chi activity of 3.0. Substitutions of only two D or E residues with K or R left nearly full Chi activity (4.8 and
4.1), but similar K and R substitutions of four or five residues nearly eliminated Chi activity (1.8, 1.6, and 1.3).
Thus, both the presence and the amino-acid composition of B3 are critical for Chi activity.

Double D3 B3 mutants were similar to the stronger single mutant, except in one case. An additive effect of
.E.DE..in D3 and .R...N...QK.S in B3 was observed in the double mutant: Chi activities were 3.0, 3.2, and 1.8,
respectively (Table S2C). Thus, the role of DB is more complex than that of CD, but nevertheless this couple also
plays an essential role in Chi hotspot activity.

RecB-RecC interaction. In the published crystal structures of RecBCD!'**2, a 10-amino-acid a-helix in
RecB (named B4) is close to a 25-amino-acid a-helix in RecC; we define C4 as the seven amino acids at the
N-terminus of this RecC a-helix plus the adjacent three amino acids, which form a turn (Figs. 2E and S2). B4 is
GHGIAQDLMP at positions 913-922 in RecB’s nuclease domain, and C4 is FLPDAETEAA at positions 599-608
in RecC’s helicase-like domain 2B (Table 1). The B4 a-helix has been postulated to control RecBCD nuclease
activity'»?, but deletion of B4 only marginally reduced Chi activity (to 4.3) and had no significant effect on
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ATP-dependent nuclease
activity (units/mg
protein)® T42 Chi hotspot
Contact point Allele description® | 25 uM ATP | 1 mM ATP | eop® DNA unwinding® | Chi cutting® | activity*
recBCD+ 440, 250 280, 280 <2x10% |+ + 5.1+£0.09
ArecBCD <2 NDf 1.0 - - 0.99+0.02
recB344 220 ND ND + + 2.1+£0.03
C2A 780 360 <2x10% |+ - 1.5,1.4
D2A 35 <2 1.6x107° |+ - 09,1.0
C2A D2A 10 16 1.3x107° |+ - 14,11
b C2ala 52 12 <2x10°% |+ - 32,35
D2ala 8.7 21 <2x10% |+ - 24,29
C2ala D2ala 1.7 1.7 <2x107% |+ - 22,23
B3A 3.5 23 51x107* | + - 0.9, 1.0
B3ala 400, 610 300, 360 <2x10% |+ + 1.8, 1.6
D3ala 310, 470 340, 330 <2x107% |+ + 1.9,1.4
DB B3ala D3ala 37,37 96,93 <2x107% |+ - 15,14
D3A 14, 38 68, 68 3.1x10° |+ - 1.0,1.2
B3A(10) 400, 370 240, 240 <2x10% |+ + 4.6,4.2
B3ala D3A 12,16 47,35 4.6x10™ |+ - 1.1+£0.06
B4A 700 350 <2x10°% |+ + 42,43
BC C4A 10 23 <2x10% |+ - 1.1£0.12
B4A C4A 12 16 1.9x107° |+ - 1.1,1.3

Table 2. RecBCD contact-mutant enzymatic and genetic activities. *The indicated mutation was on a
derivative of plasmid pSA607 (recBC¥7°D) in strain V2831 (ArecBCD2731). Alleles are described in Tables 1
and S1-S3. *Specific activity in units of ATP-dependent ds DNA nuclease/mg of protein at 25 uM ATP or

1 mM ATP. ND, not determined. “Efficiency of plating (eop) is the phage titer on the indicated strain divided
by the titer on strain V2831 (ArecBCD2731). ¢Activity in extracts (Figs. 4 and S1). +, activity present. —, activity
absent. =, activity reduced. *Data from Tables 1 and S1-S3. fND, not determined.

Chi-independent nuclease activity (Tables 1 and 2). Deletion of C4, however, eliminated Chi activity, as did the
double deletion (B4A C4A) (Table 1). Deletion of seven amino acids in C4 also strongly reduced Chi activity (to
2.3) (Table 1). Alanine substitutions of the ten amino acids in B4 or three of the ten amino acids in C4 slightly
reduced Chi activity (to 3.7 and 4.4, respectively; Table S3). These results show that at least part of C4 is essential
for Chi activity but that B4 plays at most a minor role on its own.

We noted that the B4 and C4 a-helices ordered in the crystal structure are close to a seven-amino-acid loop
of RecD (named D4) in the cryoEM structures (PDB 5LD2, 6SJB, 6SJE, 6SJF, 6S]G, 6T2U, and 6T2V; Figs. 2B and
$3)'52°, D4 is HRHPHSR at positions 469-475 in RecD’s helicase domain 2B (Table S3). This loop in RecD and
50 surrounding amino acids are disordered in both molecules in the asymmetric unit of both crystal structures
(PDB 1W36 and 3K70; Fig. 2A)'*2, and B4 is disordered in the cryoEM structures. This outcome indicates that
B4 and the loop in RecD can adopt alternative structures. Deletion of this loop or changing each amino acid to
alanine had little if any effect on Chi activity (3.9 or 4.4) or recombination potential (74 or 83% of wild type)
(Table S3). Control of RecBCD thus appears to be largely independent of this loop in RecD.

Recombination proficiency is positively correlated with Chi hotspot activity. The critical role of
Chi in regulating RecBCD'’s activities predicts that lowering the Chi hotspot activity would also lower recombi-
nation proficiency. We tested this hypothesis by plotting the two values for each of the mutants discussed above
[RecC tunnel and contact points CD, DB (with recB344), and BC] (Fig. 3). The correlation was significantly
positive (R?=0.60, 0.58, 0.46, and 0.65 for these sets, respectively; p= <0.0001, 0.047,<0.0001, and <0.0002,
respectively). We noted that the intercept of Hfr recombination proficiency at no Chi hotspot activity (0.27;
mean of the four values in Fig. 3) was comparable to the ratio (0.20) of lambda recombination without and with
Chi in the Chi hotspot crosses. In other words, removing a Chi site reduces lambda recombination to about the
same extent that inactivating any of the four contact points reduces Hfr recombination. Residual recombination
reflects RecBCD’s innate ability to promote recombination without Chi or the signal it elicits.

New mutants have DNA unwinding activity, general nuclease activity, and assembled RecBCD
heterotrimers but have lost Chi cutting. To test more directly the effect of the mutations on RecBCD
and its activities, we assayed DNA unwinding, cutting of DNA at Chi, general nuclease activity, and abundance
of RecBCD heterotrimeric proteins. Representative mutants altered at each of the contact points were tested. In
some cases, the mutants retained approximately wild-type levels of DNA unwinding activity (Figs. 4 and S1), but
in other mutants there was significant reduction. As expected, Chi cutting was observed in mutants with full or
slightly reduced Chi hotspot activity (>4.3) but not in mutants with little or no Chi activity (<1.6). Chi cutting
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Figure 3. E. coli Hfr recombination proficiency is positively correlated with Chi hotspot activity. Red data
points are for deletion mutants, blue for substitution mutants, and green for mutants with a substitution and
deletion; black point is wild type, and star is recB344. Linear regression lines and the coeflicient of determination

(R?) are shown. Data are from Tables 1, 2, S1, S2, and S3 and refs'-18,

was not observed in CD mutants with partial Chi genetic activity (2.2-3.4) but was observed in two DB mutants
(B3ala and D3ala) with low Chi hotspot activity (1.7-1.8) (Table 2). The difference may reflect intracellular vs.
extracellular conditions for the assays.

Chi-independent nuclease activity was nearly wild-type in some mutants but was low in others (Table 2). In
most of the latter cases, nuclease activity was about twofold higher with 1 mM ATP than with 25 uM ATP; wild-
type RecBCD activity, by contrast, was about twofold lower with 1 mM ATP, as reported previously®. Possible

Scientific Reports |

(2020) 10:19415 |

https://doi.org/10.1038/s41598-020-73078-0

natureresearch



www.nature.com/scientificreports/

RecC - RecD contact

Boil recBCD’ C2A D2A C2A D2A WT
+ + Chi

0 0 + 0 0 + 0 +
- + ;l‘ ;l‘ ‘|‘;|‘0_1ug
T ——— ——— ————— —————— —————— = DS

- - ) - - - - SS

Chi

RecD - RecB contact

Boil recBCD’ B3ala D3A B3ala D3A WT
0 0 + 0 + 0 + 0 + + Chi
-+ ;|‘ ‘|‘ ‘l‘ ‘|; 01 png

- ———— — — ————— ———— — N —————— N — - DS

o \ - - - SS
Chi
RecB — RecC contact
Boil recBCD’ B4A C4A B4A C4A WT

0 0 + 0 + 0 + 0 + + Chi
.+‘|; ‘|‘ ‘|‘ ‘|‘ 0.1 pg
- — —— - ——— — —— - " ———— —— - DS

. . - SS
-

- - - - « Chi

Figure 4. RecBCD contact-point mutants retain DNA unwinding activity but have reduced or undetectable
cutting of DNA at Chi hotspots. Extracts of recBCD* (wild type or WT; 0.3, 0.1 or 0.03 pg protein) and the
indicated mutants (1, 0.3 or 0.1 pg protein) were assayed for unwinding and cutting of linear pBR322 DNA

(4.3 kb long) with or without a Chi site (y*F225) 1470 bp from the 5’ [**P]-labelled DNA end. Note that the
Chi-cut species and ss DNA are reaction intermediates and their observed amount is not necessarily a linear
function of enzyme amount. ds substrate (DS), unwound ss DNA (SS), and Chi-cut DNA (Chi) are indicated.
Each right panel was run below the left panel on the same gel; the two are separated by a white space. Additional
lanes were removed from the white space between C4A and B4A C4A.

explanations for this phenotype are in the Discussion. All of the mutants studied here do, however, block the
growth of T4 gene 2 mutants, showing that they retain nuclease activity in living cells**. Extracts of all mutants
tested contained wild-type abundance of assembled heterotrimeric RecBCD protein (Fig. S4), showing that their
nuclease activity reflects low intrinsic activity and not low protein abundance or stability.

Discussion

The results reported here greatly expand the set of mutants with reduced control of RecBCD enzyme by Chi
hotspots of recombination. They reveal that points of contact between each of the enzyme’s three subunits are
essential for Chi activity (Fig. 2C-E), and they provide important material for more direct biophysical assays of
the molecular mechanism of this control.
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The 63 mutants studied here have a wide range of effects on Chi activity, from no significant effect to com-
plete loss of Chi activity. At each of the three tested points of intersubunit contact, we found mutants that
lacked Chi activity. For two of these contact points (CD and DB), we found such mutations in each of the two
interacting subunits (RecC-RecD and RecD-RecB, respectively). For the other contact point (BC), mutations
in RecC abolished Chi activity, but none of the RecB or nearby RecD mutants tested dramatically lowered Chi
activity. Because the nuclease active site is in RecB* and a part of RecC essential for Chi activity (C4 in Table 1
and Fig. 2E) is close to the RecB nuclease domain, it seems likely that RecC and RecB must contact each other
to effect Chi hotspot activity. Thus, our choosing points of contact to mutate, based on the crystal and cryoEM
structures, successfully identified areas of RecBCD far from the Chi-recognition site (in RecC) and nuclease site
(in RecB) critical for Chi’s control of RecBCD.

It is noteworthy that two of the points of contact are positioned differently in the crystal and cryoEM struc-
tures (Fig. 2A,B)'*. The RecD-RecB contact points (D3 B3) intimately interact in the cryoEM structures
(Figs. 2B,D, and S2) but are> 15 A apart in the crystal structures (Fig. 2A). Conversely, the RecB-RecC contact
points (B4 C4) intimately interact in the crystal structures (Figs. 2A,E, and S2) but are > 20 A apart in the cryoEM
structures (Fig. 2B). This is evidence that these points can move relative to each other, in accord with confor-
mational changes of RecBCD being important for Chi hotspot activity. In addition, one of the proposed contact
points (B4) is ordered in the crystal structure but not in the cryoEM structures. This outcome also indicates
flexibility around these contact points, as expected for parts of the protein that interact differently during steps
of the reaction cycle.

Based on the crystal and cryoEM structures of RecBCD bound to a set of forked DNA substrates with increas-
ingly long 5’ single-stranded DNA extensions, Wigley’s group has discussed the roles of contact points DB and
BC (Figs. 2D,E, and S2). When the 5’ extension of the DNA is elongated from four to ten nucleotides, parts of
RecD become more ordered'**?. An additional two nucleotides on the 5’ extension result in larger changes®.
The SH3-like domain of RecD becomes well-ordered, and contact point D3, in the SH3 domain, touches contact
point B3. There is also a major change in the B4 a-helix. The C4 a-helix moves a few A and apparently allows
the B4 a-helix to become disordered and to move away from the RecB nuclease active site. They postulated that
this movement of ~ 15 A of what they termed the RecB "linker," which contains B4, was necessary to convert
RecBCD from an inactive nuclease (when bound to a ds DNA end) into an active nuclease (during unwinding).
Deletion of B4, however, had little effect on RecBCD nuclease or Chi hotspot activity (Tables 1 and 2; Fig. 2E).

Comparison of cryoEM structures of RecBCD bound to a 3’ extension without Chi or with Chi appropriately
placed for its recognition by the RecC tunnel revealed additional small changes in the position and orientation
of the RecB nuclease domain'®. These changes were postulated to inactivate the nuclease after making its final
cleavage, on the 3’-ended strand upon encountering Chi, a property of purified RecBCD under reaction condi-
tions with high [Mg?*] but not, the evidence indicates, in living cells’***”. With high [Mg**], purified RecBCD
begins to cut the 5'-ended strand at Chi*®*, but the basis for this switch in strand cutting was not addressed
by Cheng et al.'®. The predictable consequences of these structural changes were not tested, for example by the
type of mutational analysis used here. Our data here demonstrate the importance of the points of contact in the
structures reported by Wigley’s group.

A quarter of the mutations altering the contact points (16 of 63 analyzed here) retained nearly full Chi hotspot
activity (4.1-5.0), recombination proficiency, and the enzymatic activities tested (Tables 1, 2, and S1-S3; Figs. 4
and S1). Thus, some alterations as great as deletion of ten amino acids [B3A(10) in RecB at the DB contact point
(Tables 2 and S2)] had little effect. This outcome shows that not all structural alterations, even large ones, block
Chi’s control of RecBCD and its other activities. It also supports the view that the contact points in mutants that
do have an effect have a direct role in Chi activity as proposed in the models discussed below (Fig. 5). Additional
points in RecBCD, such as RecB A68 in the helicase domain and changed to V68 in the recB344 mutant (Table 1
and 2), are also likely critical for Chi activity, but more complex analyses, such as molecular dynamics, may be
required to reliably predict additional points to mutate.

Here and elsewhere, we have identified five points in RecBCD enzyme at which mutations reduce or abolish
Chi activity. These include mutations in the RecC tunnel (Chi recognition)!®-'® and in each of the three contact
points studied here (CD, DB, and BC) (Tables 1 and S1-S3; Figs. 1 and 2). Mutations in the RecB tether con-
necting the RecB helicase and nuclease domains show that the tether has to be long enough and sufficiently
flexible to allow the nuclease domain to swing and act at Chi (Figs. 5B and $5)*’. Each of these pairs of contact
points spans a distance as great as 80 A; the maximal distance between points in RecBCD is ~ 140 A. The sum
of distances from Chi recognition in the RecC tunnel to point CD, then to point DB, then to point BC, and
finally to the nuclease active site is ~ 185 A. The signal from Chi to the nuclease domain thus traverses much of
the expanse of the enzyme even though in the reported crystal and cryoEM structures the Chi recognition site
is only ~ 25 A from the nuclease active site. This result indicates that a high degree of coordination among the
three subunits is required to control the numerous activities of RecBCD. Additional points in RecBCD are also
likely required for Chi’s control of RecBCD.

We have previously proposed a signal transduction model for Chi’s control of RecBCD’s multiple activities
(Fig. 5A)* and a more detailed model (nuclease-swing) for one step (Fig. 5B)'. In these models, Chi is recognized
in the RecC tunnel (step 1); RecC then signals RecD helicase to stop (step 2). When RecD is stopped, it signals
the RecB nuclease domain to swing from its inactive position on the "left" side of RecC to the RecC tunnel exit
(step 3). The nuclease then cuts the DNA a few nucleotides 3’ of the Chi octamer and begins loading RecA strand-
exchange protein onto the newly generated 3’ end (step 4). The mutants described here are consistent with step
2 (CD mutants), step 3 (DB mutants), and step 4 (BC mutants) being disrupted. Alteration of each contact point
reduces or eliminates the end result of this "pathway" (or pathways)—Chi hotspot-stimulated recombination.
The properties of dozens of mutants in the RecC tunnel and the RecB tether also support these models.
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Figure 5. Models for Chi hotspot control of RecBCD enzyme. (A) Signal transduction model for RecBCD
regulation by Chi*!. (B) Nuclease swing model for Chi’s control of RecBCD". Cyan indicates the RecC patch
that is differentially sensitive to proteases". Grey indicates the RecB nuclease domain and the tether connecting
it to the RecB helicase domain; it was positioned by hand in the middle panel (b). (a) Before DNA is bound. (b)
After DNA is bound but before Chi is encountered. (c) After Chi is encountered during unwinding. Modified
from".

The mutants described here provide excellent material for biophysical tests of these models. Possible methods
include Forster resonance energy transfer (FRET). RecBCD enzyme with fluorescent moieties at two points, for
example on the nuclease domain and at the RecC tunnel exit, could show that the nuclease domain swings as
inferred from previous studies (Fig. 5B)". Such structural changes might also be visible by cryoEM of RecBCD
stopped during active unwinding before and after Chi. Single-molecule unwinding experiments, such as those
using DNA curtains*?, could also show pausing at Chi or not. These methods require advanced equipment not
currently available for our studies.

Some mutants studied here unexpectedly had lower “general” (ATP-dependent but Chi-independent) nuclease
activity than the wild type (Table 2), although they contained wild-type levels of assembled RecBCD hetero-
trimer (Fig. S4). These mutants’ nuclease activities were higher with 1 mM ATP than with 0.025 mM ATP, the
concentration in the standard nuclease assay*’, whereas the wild-type nuclease activity is lower with 1 mM ATP,
which is more nearly physiological (Bochner and Ames, 1982; Bennet et al., 1998; Smith, 2012; these are"***, In
the nuclease-swing model (Fig. 5B), the nuclease domain can be positioned at the exit of the RecC tunnel, where
it can cut DNA, or on the protease-protected patch of RecC (Figs. 1B and 5B), where it cannot cut DNA'". We
propose that, during unwinding, the nuclease domain remains in these mutants more often than in wild type at
the protease-sensitive patch on RecC and thus far from the RecC tunnel exit and unable to cut DNA frequently
(Fig. 5B). In this view, the activity of the nuclease reflects the fraction of time the nuclease domain resides at the
tunnel exit. This fraction may be altered by the mutations studied here and by the ATP concentration. Other
explanations have not been ruled out.

The approach we have used here may be useful to study other complex proteins that undergo large confor-
mational changes during their reaction cycle. Of special interest are mutants altered far from an enzyme’s active
site(s) that strongly affect its activity. For example, alteration of two amino acids in Thermus thermophilus RNA
polymerase B’ subunit located ~ 20 A from the polymerization site reduces transcription rate > 1000-fold*. Con-
versely, a single amino acid change in Saccharomyces cerevisiae RNA polymerase I subunit Rpal35, located ~ 50 A
from the site of RNA synthesis, enhances transcription rate 2- to 3-fold*®. ATP hydrolysis by myosin is required
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for movement of myosin along an actin filament’. A single amino acid change located ~30 A from human
myosin’s ATP hydrolysis site, and even farther from its actin binding site, reduces ~ 85-fold the second-order
rate constant of ADP binding to myosin in the presence of actin, and perhaps interfering with signal transduc-
tion between the remote ATP- and actin-binding sites*®. More extensive analyses might reveal many additional
points required for long-distance communication between sites in these enzymes, as shown here for RecBCD.
Co-ordination of activities of many other large enzymes, such as kinesin and ATP synthase ****, must require
communication between distant parts of the enzyme and could be similarly analyzed. RecBCD is large, has
a complex reaction cycle, and is not essential for growth, making it readily amenable to mutational analysis.
RecBCD is therefore an excellent model for studies in this area.

Materials and methods

E. coli strains, growth media, and genetic methods. Media for cell growth, and methods for
lambda and E. coli crosses and nuclease and Chi-cutting assays have been described*. The recC343 and recB344
mutations?® were cloned into pBR322 on the 19-kb BamHI fragment containing thyA-recC-ptrA-recB-recD-
argA, as described for recBCD*°. These plasmids, pDWS21 and pDWS33, respectively, were used for the genetic
experiments described here and for DNA sequencing.

Site-specific mutagenesis. Mutations were generated on plasmid pSA607, which contains the three genes
of RecBCD controlled by their native promoters'®, using the QuikChange Site-Directed (Agilent Technologies)
or the Q5 Site-Directed (New England Biolabs) mutagenesis kit. Oligonucleotides with the desired mutations
were designed using web-based programs (Agilent Primer Design Program or NEBaseChanger) and purchased
from Integrated DNA Technologies. Each mutant plasmid was confirmed by sequencing at least 300 bp on each
side of the intended mutation, the only mutation detected. Sequences of the DNA primers for generating these
mutations are available upon request. Plasmid pSA607 contains the recC2773 mutation, which places six histi-
dine residues on the RecC C-terminus to aid protein purification; this mutant has a wild-type phenotype'. Allele
numbers and codon changes are in Tables S1-S3.

Genetic assays for Chi hotspot activity and homologous recombination. Mutant plasmids were
introduced by calcium-mediated transformation into strain V2831 (ArecBCD2731 <kan> argA21 recF143 hisG4
met rpsL31 galK2 xyl-5 A'F); ArecBCD2731 deletes the entire recBCD gene cluster*!. These transformants were
tested for Chi hotspot activity, lambda recombination-proficiency, and E. coli recombination-proficiency using
Hfr strain $727 (PO44 thi-1 relA1), as described®. Chi hotspot activity is expressed as V(t/c),/ (t/c),, where t/c is
the ratio of turbid to clear plaques among selected J* R* phage from cross 1 (susJ6 b1453 cI857 y*D123 x b1453
%"D123 susR5) or cross 2 (susJ6 b1453 y*76 cI1857 x b1453 y*76 susR5)*'. Recombinant frequency for lambda is
the titer of J* R* recombinants (on Su’ strain 594) divided by the total phage titer (on Su* strain C600) (average of
the two crosses); for E. coli, it is the titer of histidine-independent streptomycin-resistant (His* Str®) cells divided
by the Hfr input titer in matings of Hfr strain V1306 [thi-1 relAl (HfrPO44)] with derivatives of strain V2831
(ArecBCD2731 <kan> hisG4 rpsL31) with a plasmid bearing the indicated recBCD genes. Recombinant frequen-
cies are normalized to the recBCD" frequencies.

Enzymatic assays for general nuclease activity, DNA unwinding, and Chi cutting. RecBCD
Chi-independent (“general”) nuclease activity was assayed using uniformly [*H]-labelled DNA from phage T7%.
Duplicate assays, each with three amounts of extract in the linear range, are given in many cases in Table 2. Back-
ground values (i.e., without ATP) determined in each set of assays were subtracted; they ranged from 21 to 58
units/mg of protein (37 + 10 units/mg averaged over all assay sets). Protein concentrations were determined with
a BioRad protein assay kit, using bovine serum albumin as standard. DNA unwinding and cutting at Chi were
assayed using pBR322 with or without Chi (y*F225), linearized with HindIIl, and 5'-end labeled using [y-**P]
ATP and phage T4 polynucleotide kinase*’. Reaction products in Fig. 4 were separated by agarose gel elec-
trophoresis and transferred to Whatman 3MM paper instead of DEAE paper; oligonucleotide limit-digestion
products, seen in previously published results (e.g.,**) and Fig. S1 (top panel), were thus not detected in Fig. 4.

Assays for RecBCD heterotrimeric enzyme. Cell extracts were subjected to electrophoresis through
native 3-8% polyacrylamide gels in Tris—acetate buffer (pH 7.5). Proteins were transferred to PVDF membranes
(Immobilon-FL; Merck Millipore) and analyzed with rabbit polyclonal antibodies to RecC, followed by goat
anti-rabbit antibodies conjugated to IRDye 680LT (Li-Cor), which was analyzed with an Odyssey IR scanner
(Li-Cor). Details are in Ref*.

Received: 11 June 2020; Accepted: 8 September 2020
Published online: 05 November 2020

References
1. Smith, G. R. How RecBCD and Chi promote DNA break repair and recombination—a molecular biologist’s view. Microbiol. Mol.
Biol. Rev. 76,217-228 (2012).
2. McKittrick, N. H. & Smith, G. R. Activation of Chi recombinational hotspots by RecBCD-like enzymes from enteric bacteria. J.
Mol. Biol. 210, 485-495 (1989).

Scientific Reports |

(2020) 10:19415 | https://doi.org/10.1038/s41598-020-73078-0 nature research



www.nature.com/scientificreports/

3. Smith, G. R, Kunes, S. M., Schultz, D. W, Taylor, A. & Triman, K. L. Structure of Chi hotspots of generalized recombination. Cell
24, 429-436 (1981).
4. Schultz, D. W. & Smith, G. R. Conservation of Chi cutting activity in terrestrial and marine enteric bacteria. J. Mol. Biol. 189,
585-595 (1986).
5. Smith, G. R. Conjugational recombination in E. coli: Myths and mechanisms. Cell 64, 19-27 (1991).
6. Taylor, A. E & Smith, G. R. RecBCD enzyme is altered upon cutting DNA at a Chi recombination hotspot. Proc. Natl. Acad. Sci.
USA 89, 5226-5230 (1992).
7. Lam, S. T, Stahl, M. M., McMilin, K. D. & Stahl, E. W. Rec-mediated recombinational hot spot activity in bacteriophage lambda.
II. A mutation which causes hot spot activity. Genetics 77, 425-433 (1974).
8. Henderson, D. & Weil, ]. Recombination-deficient deletions in bacteriopahge lambda and their interaction with Chi mutations.
Genetics 79, 143-174 (1975).
9. Taylor, A. F. & Smith, G. R. Monomeric RecBCD enzyme binds and unwinds DNA. J. Biol. Chem. 270, 24451-24458 (1995).
10. Taylor, A. F. & Smith, G. R. RecBCD enzyme is a DNA helicase with fast and slow motors of opposite polarity. Nature 423, 889-893
(2003).
11. Ganesan, S. & Smith, G. R. Strand-specific binding to duplex DNA ends by the subunits of Escherichia coli RecBCD enzyme. J.
Mol. Biol. 229, 67-78 (1993).
12. Taylor, A. & Smith, G. R. Unwinding and rewinding of DNA by the RecBC enzyme. Cell 22, 447-457 (1980).
13. Braedt, G. & Smith, G. R. Strand specificity of DNA unwinding by RecBCD enzyme. Proc. Natl. Acad. Sci. USA 86, 871-875 (1989).
14. Singleton, M. R,, Dillingham, M. S., Gaudier, M., Kowalczykowski, S. C. & Wigley, D. B. Crystal structure of RecBCD enzyme
reveals a machine for processing DNA breaks. Nature 432, 187-193. https://doi.org/10.1038/nature02988 (2004).
15. Cheng, K., Wilkinson, M., Chaban, Y. & Wigley, D. B. A conformational switch in response to Chi converts RecBCD from phage
destruction to DNA repair. Nat. Struct. Mol. Biol. 27, 71-77. https://doi.org/10.1038/s41594-019-0355-2 (2020).
16. Amundsen, S. K., Sharp, J. W. & Smith, G. R. RecBCD enzyme “Chi recognition” mutants recognize Chi recombination hotspots
in the right DNA context. Genetics 204, 139-152. https://doi.org/10.1534/genetics.116.191056 (2016).
17. Handa, N. et al. Molecular determinants responsible for recognition of the single-stranded DNA regulatory sequence, x, by
RecBCD enzyme. Proc Natl Acad Sci USA 109, 8901-8906. https://doi.org/10.1073/pnas.1206076109 (2012).
18. Schultz, D. W,, Taylor, A. F. & Smith, G. R. Escherichia coli RecBC pseudorevertants lacking Chi recombinational hotspot activity.
J. Bacteriol. 155, 664-680 (1983).
19. Taylor, A. . et al. Control of RecBCD enzyme activity by DNA binding- and Chi hotspot-dependent conformational changes. J.
Mol. Biol. 426, 3479-3499. https://doi.org/10.1016/j.jmb.2014.07.017 (2014).
20. Taylor, A. F. & Smith, G. R. Regulation of homologous recombination: Chi inactivates RecBCD enzyme by disassembly of the three
subunits. Genes Dev. 13, 890-900 (1999).
21. Anderson, D. G. & Kowalczykowski, S. C. The translocating RecBCD enzyme stimulates recombination by directing RecA protein
onto ssDNA in a  regulated manner. Cell 90, 77-86 (1997).
22. Taylor, A. E, Schultz, D. W,, Ponticelli, A. S. & Smith, G. R. RecBC enzyme nicking at Chi sites during DNA unwinding: Location
and orientation dependence of the cutting. Cell 41, 153-163 (1985).
23. Smith, G. R, Schultz, D. W,, Taylor, A. E & Triman, K. Chi sites, RecBC enzyme, and generalized recombination. Stadler Genet.
Symp. 13, 25-37 (1981).
24. Spies, M. et al. A molecular throttle: the recombination hotspot Chi controls DNA translocation by the RecBCD helicase. Cell 114,
647-654 (2003).
25. Chaudhury, A. M. & Smith, G. R. A new class of Escherichia coli recBC mutants: Implications for the role of RecBC enzyme in
homologous recombination. Proc. Natl. Acad. Sci. USA 81, 7850-7854 (1984).
26. Amundsen, S. K., Taylor, A. F, Chaudhury, A. M. & Smith, G. R. recD: The gene for an essential third subunit of exonuclease V.
Proc. Natl. Acad. Sci. USA 83, 5558-5562 (1986).
27. Yu, M., Souaya, J. & Julin, D. A. The 30-kDa C-terminal domain of the RecB protein is critical for the nuclease activity, but not the
helicase activity, of the RecBCD enzyme from Escherichia coli. Proc. Natl. Acad. Sci. USA 95, 981-986 (1998).
28. Lundblad, V., Taylor, A. E, Smith, G. R. & Kleckner, N. Unusual alleles of recB and recC stimulate excision of inverted repeat
transposons Tn10 and Tn5. Proc. Natl. Acad. Sci. USA 81, 824-828 (1984).
29. Wilkinson, M., Chaban, Y. & Wigley, D. B. Mechanism for nuclease regulation in RecBCD. Elife 5, €27644322 (2016).
30. Ponticelli, A. S., Schultz, D. W, Taylor, A. E. & Smith, G. R. Chi-dependent DNA strand cleavage by RecBC enzyme. Cell 41, 145-151
(1985).
31. Stahl, FE W. & Stahl, M. M. Recombination pathway specificity of Chi. Genetics 86, 715-725 (1977).
32. Saikrishnan, K., Griffiths, S. P, Cook, N., Court, R. & Wigley, D. B. DNA binding to RecD: role of the 1B domain in SF1B helicase
activity. EMBO J. 27, 2222-2229. https://doi.org/10.1038/embo;j.2008.144 (2008).
33. Eichler, D. C. & Lehman, L. R. On the role of ATP in phosphodiester bond hydrolysis catalyzed by the RecBC deoxyribonuclease
of Escherichia coli. ]. Biol. Chem. 252, 499-503 (1977).
34. Oliver, D. B. & Goldberg, E. B. Protection of parental T4 DNA from a restriction exonuclease by the product of gene 2. J. Mol. Biol.
116, 877-881 (1977).
35. Yu, M., Souaya, J. & Julin, D. A. Identification of the nuclease active site in the multifunctional RecBCD enzyme by creation of a
chimeric enzyme. J. Mol. Biol. 283, 797-808 (1998).
36. Dixon, D. A. & Kowalczykowski, S. C. The recombination hotspot x is a regulatory sequence that acts by attenuating the nuclease
activity of the E. coli RecBCD enzyme. Cell 73, 87-96 (1993).
37. Taylor, A. E, Amundsen, S. K. & Smith, G. R. Unexpected DNA context-dependence identifies a new determinant of Chi recom-
bination hotspots. Nucl. Acids Res 44, 8216-8228. https://doi.org/10.1093/nar/gkw541 (2016).
38. Taylor, A. E & Smith, G. R. Strand specificity of nicking of DNA at Chi sites by RecBCD enzyme: modulation by ATP and mag-
nesium levels. J. Biol. Chem. 270, 24459-24467 (1995).
39. Anderson, D. G. & Kowalczykowski, S. C. The recombination hot spot x is a regulatory element that switches the polarity of DNA
degradation by the RecBCD enzyme. Genes Dev. 11, 571-581 (1997).
40. Amundsen, S. K. & Smith, G. R. The RecB helicase-nuclease tether mediates Chi hotspot control of RecBCD enzyme. Nucl. Acids
Res 47, 197-209. https://doi.org/10.1093/nar/gky1132 (2019).
41. Amundsen, S. K., Taylor, A. E, Reddy, M. & Smith, G. R. Intersubunit signaling in RecBCD enzyme, a complex protein machine
regulated by Chi hot spots. Genes Dev. 21, 3296-3307. https://doi.org/10.1101/gad.1605807 (2007).
42. Finkelstein, . J., Visnapuu, M. L. & Greene, E. C. Single-molecule imaging reveals mechanisms of protein disruption by a DNA
translocase. Nature 468, 983-987. https://doi.org/10.1038/nature09561 (2010).
43. Bennett, B. D. et al. Absolute metabolite concentrations and implied enzyme active site occupancy in Escherichia coli. Nat. Chem.
Biol. 5, 593-599. https://doi.org/10.1038/nchembio.186 (2009).
44. Bochner, B. R. & Ames, B. N. Complete analysis of cellular nucleotides by two-dimensional thin layer chromatography. J. Biol.
Chem. 257, 9759-9769 (1982).
45. Nedialkov, Y. A. et al. Hinge action versus grip in translocation by RNA polymerase. Transcription 9, 1-16. https://doi.
0rg/10.1080/21541264.2017.1330179 (2018).
Scientific Reports|  (2020) 10:19415 | https://doi.org/10.1038/s41598-020-73078-0 nature research


https://doi.org/10.1038/nature02988
https://doi.org/10.1038/s41594-019-0355-2
https://doi.org/10.1534/genetics.116.191056
https://doi.org/10.1073/pnas.1206076109
https://doi.org/10.1016/j.jmb.2014.07.017
https://doi.org/10.1038/emboj.2008.144
https://doi.org/10.1093/nar/gkw541
https://doi.org/10.1093/nar/gky1132
https://doi.org/10.1101/gad.1605807
https://doi.org/10.1038/nature09561
https://doi.org/10.1038/nchembio.186
https://doi.org/10.1080/21541264.2017.1330179
https://doi.org/10.1080/21541264.2017.1330179

www.nature.com/scientificreports/

46. Darriere, T. et al. Genetic analyses led to the discovery of a super-active mutant of the RNA polymerase I. PLoS Genet 15, e1008157.
https://doi.org/10.1371/journal.pgen.1008157 (2019).

47. Robert-Paganin, J., Pylypenko, O., Kikuti, C., Sweeney, H. L. & Houdusse, A. Force generation by myosin motors: a structural
perspective. Chem. Rev. 120, 5-35. https://doi.org/10.1021/acs.chemrev.9b00264 (2020).

48. Chinthalapudi, K., Heissler, S. M., Preller, M., Sellers, J. R. & Manstein, D. ]. Mechanistic insights into the active site and allosteric
communication pathways in human nonmuscle myosin-2C. Elife https://doi.org/10.7554/eLife.32742 (2017).

Acknowledgments

For helpful discussions of protein structure and function, we are grateful to Rick Dahlquist, Brett Kaiser, Craig
Kaplan, Rick McLaughlin, Jim Sellers, Krishna Chinthalapudi, Sarah Heissler, and anonymous reviewers. We
thank Randy Hyppa and Rasi Subramaniam for helpful comments on the manuscript and Dennis Schultz for
plasmids pDWS21 and pDWS33. This research was supported by grants R35 GM118120 to G.R.S. and P30
CA015704 to the Fred Hutchinson Cancer Research Center from the National Institutes of Health of the United
States of America.

Author contributions
S.K.A., AET, and G.R.S. conceived the experiments, which S.K.A. and A.ET. conducted. S.K.A., A.ET., and
G.R.S. analyzed the data and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-73078-0.

Correspondence and requests for materials should be addressed to G.R.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19415 | https://doi.org/10.1038/s41598-020-73078-0 nature research


https://doi.org/10.1371/journal.pgen.1008157
https://doi.org/10.1021/acs.chemrev.9b00264
https://doi.org/10.7554/eLife.32742
https://doi.org/10.1038/s41598-020-73078-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chi hotspot control of RecBCD helicase-nuclease by long-range intramolecular signaling
	Results
	A recombination-proficient recB mutant with reduced Chi hotspot activity. 
	Search for additional wide-spread mutations with the Chi-recognition-deficient phenotype. 
	RecC-RecD interaction. 
	RecD-RecB interaction. 
	RecB-RecC interaction. 
	Recombination proficiency is positively correlated with Chi hotspot activity. 
	New mutants have DNA unwinding activity, general nuclease activity, and assembled RecBCD heterotrimers but have lost Chi cutting. 

	Discussion
	Materials and methods
	E. coli strains, growth media, and genetic methods. 
	Site-specific mutagenesis. 
	Genetic assays for Chi hotspot activity and homologous recombination. 
	Enzymatic assays for general nuclease activity, DNA unwinding, and Chi cutting. 
	Assays for RecBCD heterotrimeric enzyme. 

	References
	Acknowledgments


