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Significance

DinI, LexA, UmuD, and λCI bind to 
RecA filaments sequentially and 
regulate the bacterial SOS 
response chronologically. Here, 
we find that, despite their 
different structures and 
oligomeric states, they all engage 
the same protein elements in the 
groove of RecA filaments. Due to 
the mutagenic effects of the 
bacterial SOS response, it has 
been targeted for suppression of 
the evolution of antibiotic 
resistance. Our structures 
explain five decades of research 
on bacterial SOS response and 
potentially will aid rational drug 
design to combat antimicrobial 
resistance.
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In response to DNA damage, bacterial RecA protein forms filaments with the assistance 
of DinI protein. The RecA filaments stimulate the autocleavage of LexA, the repressor 
of more than 50 SOS genes, and activate the SOS response. During the late phase of 
SOS response, the RecA filaments stimulate the autocleavage of UmuD and λ repressor 
CI, leading to mutagenic repair and lytic cycle, respectively. Here, we determined the 
cryo-electron microscopy structures of Escherichia coli RecA filaments in complex with 
DinI, LexA, UmuD, and λCI by helical reconstruction. The structures reveal that LexA 
and UmuD dimers bind in the filament groove and cleave in an intramolecular and an 
intermolecular manner, respectively, while λCI binds deeply in the filament groove as a 
monomer. Despite their distinct folds and oligomeric states, all RecA filament binders 
recognize the same conserved protein features in the filament groove. The SOS response 
in bacteria can lead to mutagenesis and antimicrobial resistance, and our study paves 
the way for rational drug design targeting the bacterial SOS response.

SOS response | RecA | LexA | UmuD | lambda repressor

The SOS response is a global response to DNA damage in which the cell cycle is arrested 
and DNA repair and mutagenesis are induced (1–4). In bacteria, the LexA dimer acts as 
a transcriptional repressor for genes belonging to the SOS regulon by binding to a specific 
operator sequence in their promoter region. LexA protein is composed of two domains 
separated by a short flexible linker: an N-terminal DNA-binding domain (NTD) and a 
C-terminal catalytic/dimerization domain (CTD) with a Ser-Lys catalytic dyad (5, 6). 
After DNA damage, RecA binds the single-stranded DNA (ssDNA), and in the presence 
of a nucleoside triphosphate converts to nucleoprotein filaments (7), which is bound and 
stabilized by DinI (8, 9). RecA filaments stimulate the autocleavage of LexA at A84-G85 
peptide bond (10), leading to the derepression of over 50 genes (11–13).

The SOS response is precisely timed and synchronized according to the amount of 
damage and the time elapsed since the damage was detected. Error-free repair, i.e., homol-
ogous recombination and nucleotide excision repair, characterizes the early phase of SOS. 
If the damage can’t be repaired by error-free repair, RecA filaments further stimulate the 
autocleavage of UmuD at C24-G25 peptide bond, leading to the activation of error-prone 
repair (translesion synthesis) and mutagenesis (14–16). Since mutagenesis is a main driver 
of antimicrobial resistance development, RecA mediated LexA and UmuD cleavage could 
be targeted to tackle antimicrobial resistance (17–20).

The structures of RecA filaments and their complexes have been studied extensively by 
Egelman and coworkers using negative-staining electron microscopy (EM) (21–26). Their 
pioneering work showed that all RecA filament binders are bound within the deep groove 
of RecA filaments and provided a framework for understanding genetic and biochemical 
observations. However, due to the low resolution of negative-staining EM, the detailed 
interactions are missing, which hampers the rational drug design. In this work, we solved 
the cryo-EM structures of RecA filaments in complex with DinI, LexA, UmuD, and λCI 
at near-atomic resolutions. The structures show that the interactions involve the L2 loop 
and a patch of positively charged residues in the groove of RecA filaments, which poten-
tially could be targeted for rational drug design.

Results and Discussion

Structural Basis for DinI Mediated Stabilization of RecA Filaments. First, the stabilization 
of RecA filaments by DinI was verified with negative-staining EM. As expected, RecA 
filaments formed with DinI are greater in number and significantly longer when compared 
with filaments observed in the absence of DinI (SI Appendix, Fig. S1 A and B). Then RecA 
was incubated with 27-nt oligo (dT) ssDNA, ATPγS, and DinI, and the cryo-EM structure 
of RecA-DinI was determined by helical reconstruction at a nominal resolution of 3.3 
Å as determined by the gold standard Fourier shell correlation procedure (SI Appendix, 
Figs. S2 and S3 and Table S1). The map shows helical filaments with ATPγS in RecA-
RecA interfaces and ssDNA near filament axes (Fig. 1 A and B and SI Appendix, Fig. S3 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chunzhou@zju.edu.cn
mailto:yufengjay@zju.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2217493120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2217493120/-/DCSupplemental
https://orcid.org/0000-0002-9257-468X
https://orcid.org/0000-0003-4239-8320
http://www.pnas.org/lookup/doi/10.1073/pnas.2217493120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217493120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217493120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217493120#supplementary-materials
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2217493120&domain=pdf&date_stamp=2023-1-4


2 of 9   https://doi.org/10.1073/pnas.2217493120� pnas.org

E and F). In addition, the map shows that DinI binds deeply in 
the groove of RecA filaments with two RecA protomers and one 
DinI molecule in each asymmetrical unit (SI Appendix, Fig. S4). 
Two RecA protomers in the asymmetrical unit adopt similar 
conformations, with a Cα rmsd value of 0.67 Å. If a second 

DinI molecule was modeled into the asymmetrical unit, there 
would be a steric clash between DinI molecules, indicating that 
the stoichiometry is attributed to nearest neighbor exclusion. In 
the cryo-EM structure, each DinI molecule interacts with five 
continuous RecA protomers (RecA2 – RecA6) with a buried surface 

Fig. 1. Structural basis for DinI mediated stabilization of RecA filaments. (A) The cryo-EM density map of RecA filaments in complex with DinI. Green and 
blue, RecA; purple, DinI; red, ssDNA. (B) The model of RecA filaments in complex with DinI. Colors as in A. (C) Each DinI molecule interacts with five continuous 
RecA protomers. Colors as in A. (D) L2 loop of RecA binds into a groove in DinI. Contact residues are shown as sticks. The map of contact residues is shown as 
transparent surfaces. Colors as in A. (E) Substitution of RecA residues decreases the length of RecA filaments in the presence of DinI. Representative EM photos 
and the statistics of filament lengths are shown in the Upper and Lower panels, respectively. The scale bar is 100 nm. Fifteen random fields were imaged, and 
the lengths of filaments longer than 40 nm were summed for each field. (F) Substitution of DinI residues decreases the length of RecA filaments in the presence 
of DinI. Representative EM photos and the statistics of filament lengths are shown in the Upper and Lower panels, respectively. The scale bar is 100 nm. Fifteen 
random fields were imaged, and the lengths of filaments longer than 40 nm were summed for each field. (G) A patch of negatively charged residues of DinI are 
positioned to make electrostatic interactions with a patch of positively charged residues in the groove of RecA filaments. Contact residues are shown as sticks. 
RecA surface is colored according to the electrostatic surface potential (blue, +5 kT; red, −5 kT). Other colors as in A.
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area of 983 Å2 (Fig. 1C and SI Appendix, Table S2), explaining the 
stabilization activity of DinI.

RecA-DinI structure reveals the binding determinants for DinI. 
The most striking and novel feature of the structure is that the L2 
loop of RecA3, previously implicated in DNA binding (27, 28), 
binds into a groove in DinI (Fig. 1D and SI Appendix, Fig. S5). 
Specifically, L2 residue F203 inserts into a hydrophobic pocket 
formed by DinI residues L13, L21, W71, W77, and F78. Alanine 
substitution of L2 residue F203 does not affect RecA filament 
formation in the absence of DinI (SI Appendix, Fig. S6), but 
decreases the number and the length of RecA filaments in the 
presence of DinI (Fig. 1E), confirming that the cryo-EM structure 
is biologically relevant. Accordingly, alanine substitution of DinI 
residues L13, L21, W71, W77, and F78 jeopardizes its stabiliza-
tion activity, as well (Fig. 1F). Furthermore, a patch of negatively 
charged residues of DinI (E24, E69, and D76) are positioned to 
make electrostatic interactions with a patch of positively charged 
residues (K232, R243, and K245) in the groove of RecA filaments 
(Fig. 1G). Consistently, charge reversal substitution of RecA res-
idue R243 doesn’t affect filament formation in the absence of DinI 
(SI Appendix, Fig. S6), but decreases the number and the length 
of filaments in the presence of DinI (Fig. 1E). Moreover, charge 
reversal substitution of DinI residues E24, E69, and D76 affects 
its stabilization activity, as well (Fig. 1F).

RecA filaments formed with DinI are longer than the ssDNA 
(Fig. 1E). The longer filaments must be held together by protein–
protein interactions between RecA oligomers rather than by the 
ssDNA itself. The RecA-DinI structure indicates that DinI stabi-
lizes the longer filaments by spanning RecA-RecA interfaces rather 
than by increasing the RecA-RecA interface area. In fact, the RecA-
RecA interface area in the structure of RecA-DinI (2,127 Å2) is 
similar to the structure of RecA alone (2,083 Å2) (27).

Structural Basis for RecA Mediated LexA Cleavage. Initial 
attempts to determine the cryo-EM structure of the RecA filaments 
in the presence of full-length LexA by helical reconstruction failed 
to generate an interpretable map, which is consistent with the 
previous EM study (26). Then we turned to a NTD truncated 
LexA (residues 75 to 202), which underwent RecA mediated 
cleavage as well (SI Appendix, Fig. S7). To prevent cleavage during 
cryo-EM sample preparation, the general base, K156, of the Ser-
Lys catalytic dyad was substituted with alanine. 3D classification 
shows that the sample is highly homogenous, so all particles were 
combined to generate the final reconstruction at 3.3 Å resolution 
(SI Appendix, Figs. S8 and S9 and Table S1). Surprisingly, the 
map shows that LexA dimer binds deeply in the groove of RecA 
filaments with two RecA protomers and one LexA dimer in each 
asymmetrical unit (Fig. 2 A and B and SI Appendix, Fig. S10). In 
the cryo-EM structure, each LexA dimer touches six continuous 
RecA protomers (RecA1 – RecA6) with a buried surface area of 
1,540 Å2, among which the inside LexA protomer (LexAi) and 
the outside LexA protomer (LexAo) contribute 1,294 Å2 and 246 
Å2, respectively (Fig. 2C and SI Appendix, Table S3).

Although the structure of LexA is dramatically different from 
DinI, their binding determinants are strikingly similar. The L2 
loop of RecA3 binds into a groove in LexAi (Fig. 2D and 
SI Appendix, Fig. S11). In particular, L2 residue F203 inserts into 
a hydrophobic pocket formed by LexAi residues F111, L113, and 
V153. Alanine substitution of these interacting residues compro-
mises RecA mediated LexA cleavage significantly (Fig. 2 E and F), 
confirming that the cryo-EM structure is biologically relevant. 
These interacting residues are conserved in RecA and LexA 
homologs (SI Appendix, Figs. S12 and S13), indicating that the 
hydrophobic interactions are also conserved in different bacteria.

Besides the hydrophobic interactions, electrostatic interactions 
also contribute to the binding affinity of LexA. Specifically, a patch 
of negatively charged residues of LexAi (D150, D151, and E152) 
are positioned to make electrostatic interactions with the same 
patch of positively charged residues (K232, R243, and K245) in 
the groove of RecA filaments (Fig. 2G). Consistently, charge rever-
sal substitution of two or three LexA residues in combination 
affects RecA mediated LexA cleavage substantially (Fig. 2F). 
Again, both the negatively charged cluster of LexA and the posi-
tively charged cluster of RecA are highly conserved (SI Appendix, 
Figs. S12 and S13), indicating that the electrostatic interactions 
are also conserved in different bacteria.

The cleavage site region (CSR) of LexAi is stabilized by extensive 
van der Waals interactions with RecA2 (Fig. 2H). For example, 
LexAi residues R81, E86, P89, and Q91 are positioned within 4.5 
Å from RecA2 residues R227, I228, and K232. The C atom of A84 
sits 3.0 Å from the Oγ of nucleophile S119, in the range of nucleop-
hilic attack, indicating that the CSR of LexAi is primed for cleavage 
(Fig. 2I). In stark contrast, the CSR of LexAo is disordered due to 
the lack of protein–protein interaction (SI Appendix, Fig. S14).

RecA filaments formed with the NTD truncated LexA are sig-
nificantly longer than the full-length LexA (SI Appendix, Fig. S1 
C and D). The longer filaments must be held together by protein–
protein interactions between RecA oligomers. Our cryo-EM struc-
ture indicates that the NTD truncated LexA stabilizes the longer 
filaments by spanning RecA-RecA interfaces as DinI. If the crystal 
structure of full-length LexA was superimposed on our cryo-EM 
structure, there would be a steric clash between the NTD and CTD 
of neighboring LexA molecules (SI Appendix, Fig. S15). Although 
the linker between the NTD and CTD is flexible, it is probably 
energetically unfavorable to avoid the steric clash. Therefore, the 
full-length LexA can’t bind to RecA filaments stoichiometrically 
or stabilize RecA filaments at the experimental concentration.

Structural Basis for RecA Mediated UmuD Cleavage. Unlike LexA, 
UmuD only contains a catalytic/dimerization domain and cleaves 
intermolecularly (29–31). To define the molecular mechanism of 
RecA mediated UmuD cleavage, the cryo-EM structure of RecA 
filaments in complex with full-length UmuD was determined at 
3.3 Å resolution by helical reconstruction (SI Appendix, Figs. S16–
S18 and Table S1). To prevent cleavage during cryo-EM sample 
preparation, the general base, K97, of the Ser-Lys catalytic dyad was 
substituted with alanine. The map shows that UmuD dimer binds 
deeply in the groove of RecA filaments with two RecA protomers 
and one UmuD dimer in each asymmetrical unit (Fig. 3 A and B and 
SI Appendix, Fig. S19). The location and orientation of UmuD are 
similar to LexA (SI Appendix, Fig. S20). In the cryo-EM structure, 
each UmuD dimer contacts six continuous RecA protomers (RecA1 – 
RecA6) with a buried surface area of 1,567 Å2, among which the 
inside UmuD protomer (UmuDi) and the outside UmuD protomer 
(UmuDo) contribute 712 Å2 and 855 Å2, respectively (Fig. 3C and 
SI Appendix, Table S4).

Analogous to the structure of RecA-LexA, the L2 loop of RecA3 
binds into a groove in UmuD, with L2 residue F203 inserting 
into a hydrophobic pocket formed by UmuDi residues Y52, L54, 
F94, and UmuDo residue F18 (Fig. 3D and SI Appendix, Fig. S21). 
Alanine substitution of these contact residues jeopardizes RecA 
mediated UmuD cleavage significantly (Fig. 3 E and F), confirm-
ing that the cryo-EM structure is biologically relevant. Further 
analogous to the structure of RecA-LexA, a patch of negatively 
charged residues of UmuDi (D91 and E93) are positioned to make 
electrostatic interactions with the same patch of positively charged 
residues (K232, R243, and K245) in the groove of RecA filaments 
(Fig. 3G). Consistently, charge reversal substitution of the inferred 
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contact residues decreases RecA mediated UmuD cleavage sub-
stantially (Fig. 3 E and F).

The structure of RecA-UmuD unveils the molecular mechanism 
for the intermolecular cleavage by UmuD. In contrast to LexA, 
the CSR of UmuDi is disordered due to lack of protein–protein 

interaction, while the CSR of UmuDo is positioned similarly to 
the CSR of LexAi and stabilized by extensive van der Waals inter-
actions with RecA2 (Fig. 3H). For instance, UmuDo residues L21, 
Q23, F26, and P29 are positioned within 4.5 Å from RecA2 res-
idues R227, I228, K232, and E235. The C atom of C24 from 

Fig. 2. Structural basis for RecA mediated LexA cleavage. (A) The cryo-EM density map of RecA filaments in complex with LexA. Green and blue, RecA; yellow 
and pink, LexA; red, ssDNA. (B) The model of RecA filaments in complex with LexA. Colors as in A. (C) Each LexA dimer touches six continuous RecA protomers. 
Colors as in A. (D) L2 loop of RecA binds into a groove in LexA. Contact residues are shown as sticks. The map of contact residues is shown as transparent 
surfaces. Colors as in A. (E) Substitution of RecA residues compromises RecA mediated LexA cleavage significantly. A representative gel photo and the statistics 
of cleavage activities are shown in the Upper and Lower panels, respectively. Error bars represent mean ± SD of n = 3 experiments; WT, wild type. (F) Substitution 
of LexA residues compromises RecA mediated LexA cleavage significantly. A representative gel photo and the statistics of cleavage activities are shown in the 
Upper and Lower panels, respectively. Error bars represent mean ± SD of n = 3 experiments; WT, wild type; DD/KK, D150K/D151K; DDE/KKK, D150K/D151K/
E152K. (G) A patch of negatively charged residues of LexAi are positioned to make electrostatic interactions with a patch of positively charged residues in the 
groove of RecA filaments. Contact residues are shown as sticks. RecA surface is colored according to the electrostatic surface potential (blue, +5 kT; red, −5 kT). 
Other colors as in A. (H) The cleavage site region (CSR) of LexAi is stabilized by extensive van der Waals interactions with RecA. Contact residues are shown as 
spheres. Colors as in A. (I) The CSR of LexAi is primed for cleavage. The cleavage peptide bond is indicated by a purple triangle. The K156 of the Ser-Lys catalytic 
dyad is modeled as gray sticks. Other colors as in A.



PNAS  2023  Vol. 120  No. 2  e2217493120� https://doi.org/10.1073/pnas.2217493120   5 of 9

UmuDo sits 3.0 Å from the Oγ of nucleophile S60 from UmuDi, 
in the range of nucleophilic attack, indicating that the CSR of 
UmuDo is primed for cleavage by UmuDi (Fig. 3I).

Structural Basis for RecA Mediated λCI Cleavage. RecA filaments 
also stimulate the cleavage of repressor protein CI of λ phage at 
A111-G112 peptide bond, switching on its lytic cycle (32). To 

explore the extent to which the molecular mechanism of RecA 
mediated cleavage is conserved, we determined the cryo-EM 
structure of RecA filaments in complex with a NTD truncated 
λCI (residues 101 to 236), which has been used in a previous 
structural study (33) and underwent RecA mediated cleavage 
(SI  Appendix, Fig.  S22). To prevent cleavage during cryo-EM 
sample preparation, the general base, K192, of the Ser-Lys catalytic 

Fig. 3. Structural basis for RecA mediated UmuD cleavage. (A) The cryo-EM density map of RecA filaments in complex with UmuD. Green and blue, RecA; orange 
and tan, UmuD; red, ssDNA. (B) The model of RecA filaments in complex with UmuD. Colors as in A. (C) Each UmuD dimer contacts six continuous RecA protomers. 
Colors as in A. (D) L2 loop of RecA binds into a groove in UmuD. Contact residues are shown as sticks. The map of contact residues is shown as transparent 
surfaces. Colors as in A. (E) Substitution of RecA residues jeopardizes RecA mediated UmuD cleavage significantly. A representative gel photo and the statistics 
of cleavage activities are shown in the Upper and Lower panels, respectively. Error bars represent mean ± SD of n = 3 experiments; WT, wild type. (F) Substitution 
of UmuD residues jeopardizes RecA mediated UmuD cleavage significantly. A representative gel photo and the statistics of cleavage activities are shown in the 
Upper and Lower panels, respectively. Error bars represent mean ± SD of n = 3 experiments; WT, wild type. (G) A patch of negatively charged residues of UmuDi 
are positioned to make electrostatic interactions with a patch of positively charged residues in the groove of RecA filaments. Contact residues are shown as 
sticks. RecA surface is colored according to the electrostatic surface potential (blue, +5 kT; red, −5 kT). Other colors as in A. (H) The CSR of UmuDo is stabilized by 
extensive van der Waals interactions with RecA. Contact residues are shown as spheres. Colors as in A. (I) The CSR of UmuDo is primed for cleavage by UmuDi. 
The cleavage peptide bond is indicated by a purple triangle. The K97 of the Ser-Lys catalytic dyad is modeled as gray sticks. Other colors as in A.
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dyad was substituted with alanine. The structure was determined 
at a nominal resolution of 2.8 Å (SI  Appendix, Figs. S23 and 
S24 and Table S1). Although λCI was dimer according to the gel 
filtration experiment (SI Appendix, Fig.  S25) and the previous 
structural study (33, 34), the map shows that λCI monomer binds 
deeply in the groove of RecA filaments with two RecA protomers 

and one λCI molecule in each asymmetrical unit (Fig. 4 A and 
B and SI Appendix, Fig. S26), in accordance with the previous 
reports that λCI monomer is the preferred substrate for RecA 
(35, 36). The location of λCI is similar to LexAi and UmuDi, but 
the orientation of λCI is different (SI Appendix, Fig. S27). In the 
cryo-EM structure, each λCI molecule interacts with six RecA 

Fig. 4. Structural basis for RecA mediated λCI cleavage. (A) The cryo-EM density map of RecA filaments in complex with λCI. Green and blue, RecA; salmon, λCI; 
red, ssDNA. (B) The model of RecA filaments in complex with λCI. Colors as in A. (C) Each λCI molecule interacts with six RecA protomers. Colors as in A. (D) L2 
loop of RecA binds into a groove in λCI. Contact residues are shown as sticks. The map of contact residues is shown as transparent surfaces. Colors as in A. (E) 
Substitution of RecA residues decreases RecA mediated λCI cleavage significantly. A representative gel photo and the statistics of cleavage activities are shown 
in the Upper and Lower panels, respectively. Error bars represent mean ± SD of n = 3 experiments; WT, wild type. (F) Substitution of λCI residues decreases RecA 
mediated λCI cleavage significantly. A representative gel photo and the statistics of cleavage activities are shown in the Upper and Lower panels, respectively. 
Error bars represent mean ± SD of n = 3 experiments; WT, wild type. (G) A patch of negatively charged residues of λCI are positioned to make electrostatic 
interactions with a patch of positively charged residues in the groove of RecA filaments. Contact residues are shown as sticks. RecA surface is colored according 
to the electrostatic surface potential (blue, +5 kT; red, −5 kT). Other colors as in A. (H) The CSR of λCI is stabilized by extensive van der Waals interactions with 
RecA. Contact residues are shown as spheres. Colors as in A. (I) The CSR of λCI is in a cleavage competent conformation. The cleavage peptide bond is indicated 
by a purple triangle. The K192 of the Ser-Lys catalytic dyad is modeled as gray sticks. Other colors as in A.
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protomers (RecA2 – RecA6, and RecA8) with a buried surface area 
of 1,803 Å2 (Fig. 4C and SI Appendix, Table S5).

Although the orientation of λCI is different from LexA and 
UmuD, their binding determinants are similar. The L2 loop of 
RecA3 binds into a groove in λCI, with L2 residues M202 and 
F203 inserting into a hydrophobic pocket formed by λCI residues 
F106, F121, F141, L143, and F189 (Fig. 4D and SI Appendix, 
Fig. S28). A patch of negatively charged residues of λCI (D187 
and E188) are positioned to make electrostatic interactions with 
the same patch of positively charged residues (K232, R243, and 
K245) in the groove of RecA filaments (Fig. 4G). Substitution of 
these interacting residues compromises RecA mediated λCI cleav-
age significantly (Fig. 4 E and F), confirming that the cryo-EM 
structure is biologically relevant. In addition, the CSR of λCI 
makes significant van der Waals interactions with RecA2 (Fig. 4H), 
while the C atom of A111 is positioned 2.5 Å from the Oγ of 
nucleophile S149 (Fig. 4I), corroborating that the CSR of λCI is 
in a cleavage competent conformation.

To explore whether λCI dimer can bind to RecA filaments, the 
crystal structure of λCI dimer was superimposed on the cryo-EM 
structure of RecA-λCI. Steric clashes between RecA and the out-
side λCI protomer were observed (SI Appendix, Fig. S29), indi-
cating that λCI dimer can’t bind to RecA filaments.

Our cryo-EM structures reveal the structural basis for the cleav-
age stimulation activity of RecA filaments (SI Appendix, Fig. S30). 
Both the L2 loop and the positively charged cluster are highly 
conserved features in the groove of the RecA filaments (SI Appendix, 
Fig. S12). Only proteins who recognize these features by making 
hydrophobic and electrostatic interactions can bind into the 
groove, thereby avoiding the binding of irrelevant proteins. The 
CSRs are intrinsically flexible. The extensive van der Waals inter-
actions with RecA stabilize the CSRs in a cleavage competent 
conformation, therefore stimulating their cleavage. Because all 
kinds of residues can make van der Waals interactions, the CSRs 
can be highly divergent (5).

The significance of RecA-LexA axis in the evolution of resistance 
under antibiotic stress and its value as therapeutic target have 
gained tremendous interest. Our cryo-EM structures provide a 
framework for designing drugs targeting the axis. Moreover, the 
workflow presented here can been utilized to study other RecA 
filament binders, such as RecX and AlpR (37–39).

Materials and Methods

RecA. Escherichia coli strain BL21(DE3) (Invitrogen, Inc.) was transformed with 
plasmid pET16b-RecA encoding N-heptahistidine-tagged RecA (1 to 335) under the 
control of the bacteriophage T7 gene 10 promoter. Single colonies of the resulting 
transformants were used to inoculate 1 l LB broth containing 100 μg/mL ampicillin, 
cultures were incubated at 37 °C with shaking until OD600 = 0.8, cultures were 
induced by addition of IPTG to 1 mM, and cultures were incubated 16 h at 20 °C. 
Then, cells were harvested by centrifugation (5,000 × g; 15 min at 4 °C), resus-
pended in 25 mL lysis buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, and 1 mM 
DTT), and lysed using a JN-02C cell disrupter (JNBIO, Inc.). After centrifugation 
(20,000 × g; 40 min at 4 °C), the supernatant was loaded onto a 1 mL column of 
Ni-NTA agarose (Smart-Lifesciences, Inc.) equilibrated with lysis buffer. The column 
was washed with 10 mL lysis buffer containing 0.02 M imidazole and eluted with 
10 mL lysis buffer containing 0.3 M imidazole. The sample was further purified 
by anion-exchange chromatography on a HiTrap Q HP column (GE Healthcare, 
Inc.). The flow through was applied to a HiLoad 16/600 Superdex 200 column (GE 
Healthcare, Inc.) equilibrated in buffer A (40 mM Tris-HCl, pH 7.5, 200 mM NaCl, 
2 mM DTT). Fractions containing RecA were pooled and stored at −80 °C. Yield was 
~1 mg/L, and purity was >95%. The same method was used to purify RecA mutants.

DinI. DinI was prepared from E. coli strain BL21(DE3) (Invitrogen, Inc.) transformed 
with plasmid pET28a-DinI encoding DinI under the control of the bacteriophage 

T7 gene 10 promoter. Single colonies of the resulting transformants were used to 
inoculate 1 l LB broth containing 50 μg/mL kanamycin, cultures were incubated at 
37 °C with shaking until OD600 = 0.8, cultures were induced by addition of IPTG 
to 1 mM, and cultures were incubated 16 h at 20 °C. Then cells were harvested 
by centrifugation (5,000 × g; 10 min at 4 °C), resuspended in 20 mL buffer B (50 
mM Tris-HCl, pH 7.5, 75 mM NaCl, and 5% glycerol), and lysed using a JN-02C cell 
disrupter (JNBIO, Inc.). The lysate was centrifuged (20,000 × g; 45 min at 4 °C), 
and the supernatant was loaded onto a 5 mL column of HiTrap Heparin HP (GE 
Healthcare, Inc.) equilibrated in buffer B and eluted with a 100 mL linear gradient 
of 0.075 to 1 M NaCl in buffer B. The sample was further purified by size exclusion 
chromatography on a HiLoad 16/600 Superdex 200 column (GE Healthcare, Inc.) 
equilibrated in buffer C (25 mM Tris-HCl, pH 7.5, and 300 mM NaCl). Fractions 
containing DinI were pooled and stored at −80 °C. Yields were ~7.5 mg/L, and 
purities were >95%. The same method was used to purify DinI mutants.

LexA. The NTD truncated LexA was prepared from E. coli strain BL21(DE3) 
(Invitrogen, Inc.) transformed with plasmid pET21a-LexA encoding 
C-hexahistidine-tagged LexA (L89P, K156A, and residues 75–202) under the 
control of the bacteriophage T7 gene 10 promoter. Single colonies of the result-
ing transformants were used to inoculate 1 l LB broth containing 100 μg/mL 
ampicillin, cultures were incubated at 37 °C with shaking until OD600 = 0.8, 
cultures were induced by addition of IPTG to 1 mM, and cultures were incubated 
an additional 14 h at 18 °C. Cells were harvested by centrifugation (5,000 × g; 
10 min at 4 °C), resuspended in 20 mL buffer D (50 mM Tris-HCl, pH 7.5, 0.25 M 
NaCl, and 1 mM DTT), and lysed using a JN-02C cell disrupter (JNBIO, Inc.). The 
lysate was centrifuged (20,000 × g; 45 min at 4 °C), and the supernatant was 
loaded onto a 1 mL column of Ni-NTA agarose (Smart-Lifesciences, Inc.) equili-
brated with buffer D. The column was washed with 10 mL buffer D containing 
0.02 M imidazole and eluted with 10 mL buffer D containing 0.3 M imidazole. 
The eluate was concentrated to 5 mL using an Amicon Ultra-15 centrifugal filter 
(10 kDa MWCO; Merck Millipore, Inc.) and applied to a HiLoad 16/600 Superdex 
200 column (GE Healthcare, Inc.) equilibrated in buffer E (25 mM Tris-HCl, pH 7.5, 
0.2 M NaCl, and 1 mM DTT). Fractions containing LexA were pooled and stored at 
−80 °C. Yields were ~4 mg/L, and purities were >95%.

Full-length LexA was prepared from E. coli strain BL21(DE3) (Invitrogen, Inc.) 
transformed with plasmid pET28a-LexA encoding N-hexahistidine-tagged full-
length LexA under the control of the bacteriophage T7 gene 10 promoter. Single 
colonies of the resulting transformants were used to inoculate 1 l LB broth con-
taining 50 μg/mL kanamycin, cultures were incubated at 37 °C with shaking until 
OD600 = 0.8, cultures were induced by addition of IPTG to 1 mM, and cultures 
were incubated an additional 14 h at 18 °C. Cells were harvested by centrifugation 
(5,000 × g; 10 min at 4 °C), resuspended in 20 mL buffer F (50 mM Tris-HCl, 
pH 7.5, 0.3 M NaCl, 5% glycerol, and 1 mM DTT), and lysed using a JN-02C cell 
disrupter (JNBIO, Inc.). The lysate was centrifuged (20,000 × g; 45 min at 4 °C), 
and the supernatant was loaded onto a 1 mL column of Ni-NTA agarose (Smart-
Lifesciences, Inc.) equilibrated with buffer E. The column was washed with 10 ml 
buffer F containing 0.02 M imidazole and eluted with 10 mL buffer F containing 
0.3 M imidazole. The sample was further purified by anion-exchange chroma-
tography on a HiTrap Q HP column (GE Healthcare, Inc.). The flow through was 
applied to a HiLoad 16/600 Superdex 200 column (GE Healthcare, Inc.) equili-
brated in buffer F. Fractions containing full-length LexA were pooled and stored 
at −80 °C. Yield was ~6 mg/L, and purity was >95%. The same method was used 
to purify LexA mutants.

UmuD. E. coli strain BL21(DE3) (Invitrogen, Inc.) was transformed with plasmid 
pET28a-UmuD encoding N-hexahistidine-tagged UmuD under the control of 
the bacteriophage T7 gene 10 promoter. Single colonies of the resulting trans-
formants were used to inoculate 1 l LB broth containing 50 μg/mL kanamycin, 
cultures were incubated at 37 °C with shaking until OD600 = 0.8, cultures were 
induced by addition of IPTG to 1 mM, and cultures were incubated an additional 
14 h at 18 °C. Cells were harvested by centrifugation (5,000 × g; 10 min at 4 °C), 
resuspended in 20 mL buffer D, and lysed using a JN-02C cell disrupter (JNBIO, 
Inc.). The lysate was centrifuged (20,000 × g; 45 min at 4 °C), and the supernatant 
was loaded onto a 1 mL column of Ni-NTA agarose (Smart-Lifesciences, Inc.) equil-
ibrated with buffer D. The column was washed with 10 mL buffer D containing 
0.02 M imidazole and eluted with 10 mL buffer D containing 0.3 M imidazole. 
The eluate was concentrated to 5 mL using an Amicon Ultra-15 centrifugal filter 
(10 kDa MWCO; Merck Millipore, Inc.) and applied to a HiLoad 16/600 Superdex 
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200 column (GE Healthcare, Inc.) equilibrated in buffer E. Fractions containing 
UmuD were pooled and stored at −80 °C. Yields were ~1.2 mg/L, and purities 
were >90%. The same method was used to purify UmuD mutants.

λCI. The NTD truncated λCI was prepared from E. coli strain BL21(DE3) (Invitrogen, 
Inc.) transformed with plasmid pET21a-λCI encoding C-hexahistidine-tagged λCI 
(K192A, residues 101 to 236) under the control of the bacteriophage T7 gene 10 
promoter. Single colonies of the resulting transformants were used to inoculate 1 
l LB broth containing 100 μg/mL ampicillin, cultures were incubated at 37 °C with 
shaking until OD600 = 0.8, cultures were induced by addition of IPTG to 1 mM, 
and cultures were incubated an additional 14 h at 18 °C. Cells were harvested 
by centrifugation (5,000 × g; 10 min at 4 °C), resuspended in 20 mL buffer D, 
and lysed using a JN-02C cell disrupter (JNBIO, Inc.). The lysate was centrifuged 
(20,000 × g; 45 min at 4 °C), and the supernatant was loaded onto a 1 mL column 
of Ni-NTA agarose (Smart-Lifesciences, Inc.) equilibrated with buffer D. The column 
was washed with 10 mL buffer D containing 0.02 M imidazole and eluted with 
10 mL buffer D containing 0.3 M imidazole. The eluate was concentrated to 5 
mL using an Amicon Ultra-15 centrifugal filter (10 kDa MWCO; Merck Millipore, 
Inc.) and applied to a HiLoad 16/600 Superdex 200 column (GE Healthcare, Inc.) 
equilibrated in buffer E. Fractions containing λCI were pooled and stored at −80 
°C. Yields were ~10 mg/L, and purities were >95%.

Full-length λCI was prepared from E. coli strain BL21(DE3) (Invitrogen, Inc.) 
transformed with plasmid pET24a-λCI encoding N-hexahistidine-tagged λCI 
under the control of the bacteriophage T7 gene 10 promoter. Single colonies of 
the resulting transformants were used to inoculate 1 l LB broth containing 50 μg/
mL kanamycin, cultures were incubated at 37 °C with shaking until OD600 = 0.8, 
cultures were induced by addition of IPTG to 1 mM, and cultures were incubated 
an additional 14 h at 18 °C. Cells were harvested by centrifugation (5,000 × g; 
10 min at 4 °C), resuspended in 20 mL buffer D, and lysed using a JN-02C cell 
disrupter (JNBIO, Inc.). The lysate was centrifuged (20,000 × g; 45 min at 4 °C), 
and the supernatant was loaded onto a 1 mL column of Ni-NTA agarose (Smart-
Lifesciences, Inc.) equilibrated with buffer D. The column was washed with 10 mL 
buffer D containing 0.02 M imidazole and eluted with 10 mL buffer D containing 
0.3 M imidazole. The sample was further purified by anion-exchange chromatog-
raphy on a HiTrap Q HP column (GE Healthcare, Inc.). The flow through was applied 
to a HiLoad 16/600 Superdex 200 column (GE Healthcare, Inc.) equilibrated in 
buffer E. Fractions containing full-length λCI were pooled and stored at −80 
°C. Yield was ~10 mg/L, and purity was >95%. The same method was used to 
purify λCI mutants.

In Vitro Cleavage Assay. The RecA mediated cleavage activity was analyzed by 
in vitro cleavage assay. The assay was performed in 25 μL of reaction mixtures 
containing 6 μM 27-nt oligo (dT) ssDNA, 2 μM RecA or RecA mutants, 50 mM 
Tris-HCl, pH 7.5, 50 mM NaCl, 2 mM MgCl2, and 1 mM ATPγS. The mixtures were 
first incubated at 37 °C for 15 min to form RecA filament. For experiments with 
LexA, 2 μM LexA was added and incubated at 37 °C for an additional 20 min. For 
experiments with UmuD and λCI, 10 μM UmuD or λCI was added and incubated 
at 37 °C for an additional 45 min. The cleavage products were loaded onto 4 to 
20% SDS-PAGE. The gels were stained with Coomassie brilliant blue and analyzed 
by ImageJ. Experiments were performed at least three times.

Negative-Staining EM Analysis. Reaction mixtures contained (25 μL): 1 μM 
RecA, 3 μM 54-nt oligo (dT) ssDNA, 25 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 
mM Mg(OAc)2, 1 mM DTT, and 3 mM ATP. The mixtures were first incubated at 
37 °C for 5 min, then 24 μM wild-type or mutant DinI was added and incubated 
at 37 °C for an additional 5 min. Carbon film grids (Zhongjingkeyi Technology, 
Inc.) were glow-discharged for 1 min at 25 mA before the application of 3 μL of 
complexes. The sample was stained with 3% uranyl acetate and imaged using a 
120 kV Talos L120C (FEI, Inc.) equipped with a CMOS camera.

Assembly and Structural Determination of RecA-DinI. Reaction mixture 
contained (40 μL): 14.4 μM RecA, 1.6 μM 27-nt oligo (dT) ssDNA, 20 mM Tris-
HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl2, 3 mM DTT, and 1 mM ATPγS. The 
mixture was first incubated at 37 °C for 10 min, then 50 μM DinI was added and 
incubated at 37 °C for an additional 1 h. UltrAuFoil grids (R 1.2/1.3; Quantifoil) 
were glow-discharged for 3 min at 20 mA before the application of 3 μL complex, 
then plunge-frozen in liquid ethane using a Vitrobot (FEI, Inc.) with 95% chamber 
humidity at 10 °C.

The grids were imaged using a 300 kV Titan Krios equipped with a Falcon 4 
direct electron detector (FEI, Inc.). Images were recorded with EPU in counting 
mode with a physical pixel size of 0.93 Å and a defocus range of 1.0 to 2.0 
μm. Images were recorded with a 7 s exposure to give a total dose of 62 e/Å2. 
Subframes were aligned and summed using RELION’s own implementation 
of the UCSF MotionCor2 (40). The contrast transfer function was estimated for 
each summed image using CTFFIND4 (41). From the summed images, approxi-
mately 1,000 particles were manually picked and subjected to 2D classification 
in RELION (42). 2D averages of the best classes were used as templates for 
auto-picking in RELION. Picked particles were 3D auto-refined using a map 
of RecA filament (EMD-22524) (27) low-pass filtered to 40 Å resolution as a 
reference, then subjected to 3D classification focused in the filament groove 
without alignment. Focused 3D classification resulted in four classes, among 
which class 1 has a clear density for DinI. Particles in class 1 were 3D auto-re-
fined and post-processed in RELION.

The cryo-EM structure of RecA filaments (PDB 7JY8) (27) and the NMR structure 
of DinI (PDB 1GHH) (43) were fitted into the cryo-EM density map using Chimera 
(44) and were adjusted in Coot (45). The coordinates were real-space refined with 
secondary structure restraints in Phenix (46).

Assembly and Structural Determination of RecA-LexA. Reaction mixture 
contained (40 μL): 14.4 μM RecA, 1.6 μM 27-nt oligo (dT) ssDNA, 20 mM Tris-HCl, 
pH 7.5, 50 mM NaCl, 10 mM MgCl2, 3 mM DTT, and 1 mM ATPγS. The mixture 
was first incubated at 37 °C for 10 min, then 14.4 μM LexA was added and incu-
bated at 37 °C for an additional 1 h. UltrAuFoil grids (R 1.2/1.3; Quantifoil) were 
glow-discharged for 3 min at 20 mA before the application of 3 μL complex, then 
plunge-frozen in liquid ethane using a Vitrobot (FEI, Inc.) with 95% chamber 
humidity at 10 °C.

The grids were imaged using a 300 kV Titan Krios equipped with a Falcon 
4 direct electron detector (FEI, Inc.). Images were recorded with EPU in count-
ing mode with a physical pixel size of 1.19 Å and a defocus range of 1.0 to 2.0 
μm. Images were recorded with a 9 s exposure to give a total dose of 52 e/Å2. 
Subframes were aligned and summed using RELION’s own implementation of 
the UCSF MotionCor2 (40). The contrast transfer function was estimated for each 
summed image using CTFFIND4 (41). From the summed images, approximately 
1,000 particles were manually picked and subjected to 2D classification in RELION 
(42). 2D averages of the best classes were used as templates for auto-picking 
in RELION. Picked particles were 3D classified in RELION using a map of RecA 
filament (EMD-22524) (27) low-pass filtered to 40 Å resolution as a reference. 
Because all classes have a clear density for LexA, all particles were combined, 3D 
auto-refined, and post-processed in RELION.

The cryo-EM structure of RecA filaments (PDB 7JY8) (27) and the crystal 
structure of LexA (PDB 1JHE) (5) were fitted into the cryo-EM density map using 
Chimera (44) and were adjusted in Coot (45). The coordinates were real-space 
refined with secondary structure restraints in Phenix (46).

Assembly and Structural Determination of RecA-UmuD. Reaction mixture 
contained (40 μL): 14.4 μM RecA, 1.6 μM 27-nt oligo (dT) ssDNA, 20 mM Tris-HCl, 
pH 7.5, 50 mM NaCl, 10 mM MgCl2, 3 mM DTT, and 1 mM ATPγS. The mixture 
was first incubated at 37 °C for 10 min, then 50 μM UmuD was added and incu-
bated at 37 °C for an additional 1 h. UltrAuFoil grids (R 1.2/1.3; Quantifoil) were 
glow-discharged for 3 min at 20 mA before the application of 3 μL complex, then 
plunge-frozen in liquid ethane using a Vitrobot (FEI, Inc.) with 95% chamber 
humidity at 10 °C.

The grids were imaged using a 300 kV Titan Krios equipped with a Falcon 
4 direct electron detector (FEI, Inc.). Images were recorded with EPU in count-
ing mode with a physical pixel size of 1.19 Å and a defocus range of 0.8 to 1.7 
μm. Images were recorded with an 8 s exposure to give a total dose of 52 e/Å2. 
Subframes were aligned and summed using RELION’s own implementation of 
the UCSF MotionCor2 (40). The contrast transfer function was estimated for each 
summed image using CTFFIND4 (41). From the summed images, approximately 
1,000 particles were manually picked and subjected to 2D classification in RELION 
(42). 2D averages of the best classes were used as templates for auto-picking 
in RELION. Picked particles were 3D classified in RELION using a map of RecA 
filament (EMD-22524) (27) low-pass filtered to 40 Å resolution as a reference. 3D 
classification resulted in four classes, among which only one class has a clear den-
sity for RecA filament. Particles in this class were 3D auto-refined, then subjected 
to 3D classification focused in the filament groove without alignment. Focused 3D 
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classification resulted in four classes, among which class 1 has a clear density for 
UmuD. Particles in class 1 were 3D auto-refined and post-processed in RELION.

The cryo-EM structure of RecA filaments (PDB 7JY8) (27) and the crystal struc-
ture of UmuD (PDB 1UMU) (29) were fitted into the cryo-EM density map using 
Chimera (44) and were adjusted in Coot (45). The coordinates were real-space 
refined with secondary structure restraints in Phenix (46).

Assembly and Structural Determination of RecA-λCI. Reaction mixture con-
tained (40 μL): 14.4 μM RecA, 1.6 μM 27-nt oligo (dT) ssDNA, 20 mM Tris-HCl, pH 
7.5, 50 mM NaCl, 10 mM MgCl2, 3 mM DTT, and 1 mM ATPγS. The mixture was first 
incubated at 37 °C for 10 min, then 14.4 μM λCI was added and incubated at 37 °C 
for an additional 1 h. UltrAuFoil grids (R 1.2/1.3; Quantifoil) were glow-discharged 
for 3 min at 20 mA before the application of 3 μL complex, then plunge-frozen 
in liquid ethane using a Vitrobot (FEI, Inc.) with 95% chamber humidity at 10 °C.

The grids were imaged using a 300 kV Titan Krios equipped with a Falcon 
4 direct electron detector (FEI, Inc.). Images were recorded with EPU in count-
ing mode with a physical pixel size of 1.19 Å and a defocus range of 0.8 to 1.7 
μm. Images were recorded with an 8 s exposure to give a total dose of 50 e/Å2. 
Subframes were aligned and summed using RELION’s own implementation of 
the UCSF MotionCor2 (40). The contrast transfer function was estimated for each 
summed image using CTFFIND4 (41). From the summed images, approximately 
1,000 particles were manually picked and subjected to 2D classification in RELION 
(42). 2D averages of the best classes were used as templates for auto-picking 

in RELION. Picked particles were 3D classified in RELION using a map of RecA 
filament (EMD-22524) (27) low-pass filtered to 40 Å resolution as a reference. 
3D classification resulted in four classes, among which three classes have a clear 
density for λCI. Particles in these classes were combined, 3D auto-refined, and 
post-processed in RELION.

The cryo-EM structure of RecA filaments (PDB 7JY8) (27) and the crystal struc-
ture of λCI (PDB 2HNF) (47) were fitted into the cryo-EM density map using 
Chimera (44) and were adjusted in Coot (45). The coordinates were real-space 
refined with secondary structure restraints in Phenix (46).

Data, Materials, and Software Availability. The accession numbers for the 
cryo-EM density maps reported in this paper are Electron Microscopy Data Bank: 
EMD-34151 (48), EMD-34152 (49), EMD-34153 (50), and EMD-34154 (51). The 
accession numbers for the atomic coordinates reported in this paper are Protein 
Data Bank: 7YWA (52), 8GMS (53), 8GMT (54), and 8GMU (55).
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