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Abstract

RecA plays a central role in bacterial DNA repair, homologous recombination and restoration
of stalled replication forks by virtue of its active extended nucleoprotein filament. Binding of
ATP and its subsequent recognition by the carboxamide group of a highly conserved Glutamine
(GIn196 in MsRecA) has been implicated in the formation of active RecA nucleoprotein
filaments. Although, the mechanism of ATP-dependent structural transitions in RecA has been
proposed based on low-resolution electron microscopic reconstructions, the precise sequence of
events that constitute these transitions were poorly explored. Based on biochemical and
crystallographic analyses of MsRecA variants carrying mutations in highly conserved GIn196
and Argl98 residues, we propose that the disposition of the inter-protomer interface is the
structural basis of allosteric activation of RecA. Furthermore, this study accounts for the
contributions of several-conserved amino acids to ATP hydrolysis and to the transition from

collapsed to extended filament forms in Mycobacterium smegmatis RecA (MsRecA). In addition
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to their role in the inactive compressed state, the study reveals a role for GIn196 and Argl198
along with Phe219 during ATP hydrolysis in the active extended nucleoprotein filament. Finally,

our data suggests that the primary, but not the secondary nucleotide-binding site in MsRecA

©CoO~NOUTA,WNPE

isomerizes into the ATP binding site present in the extended nucleoprotein filament.

ACS Paragon Plus Environment
3



©CoO~NOUTA,WNPE

Biochemistry Page 4 of 45

Escherichia coli RecA (EcRecA) is the founding member of a growing class of proteins that
couple energy from ATP hydrolysis to perform mechanical functions '~*. RecA plays important
roles in DNA repair, homologous recombination and restoration of stalled replication forks by
virtue of biochemical activities attributed to the catalytically active, extended RecA
nucleoprotein filaments. These filaments are formed by the polymerization of RecA monomers
on single stranded DNA (ssDNA) in the presence of ATP “%. The right-handed helical filaments
have one monomer of RecA bound to three nucleotides of ssDNA or three base pairs of double
stranded DNA (dsDNA), with 6 monomers of RecA per helical turn. The extended active
filaments have a helical pitch of ~ 95A " whereas the inactive compressed filaments, formed in
the presence of ADP or by RecA alone, with or without DNA, and have a helical pitch of ~ 65-
75A7.

The conversion of the inactive compressed RecA filament to an active extended one is an
essential regulatory step in the context of the RecA catalytic cycle. It is initiated by the binding
of ATP in the primary ATP binding pocket of RecA located in the central catalytic domain’’'*,
This domain consists of three invariant structural elements; the P loop (residues 66-73), the
walker B motif (residues 140-144), a single residue Glu96 and two residues, GIn194 and
Argl96', that make hydrogen bonds with the y-phosphate of the bound ATP (Supplementary
figure 1) ©°. Several studies, both biochemical and those based on crystal structures of E. coli and
mycobacterial RecA proteins, implicate GIn194/196 and Argl196/198 as sensors of ATP bound in

15-20
A

the catalytic core of Rec . This inference is supported by the high degree of conservation

evident at this site ?’. Crystal structure of Mycobacterium smegmatis RecA (MsRecA) in

' Amino acid notation in Ec and MsRecA differ due to presence of two extra amino acids in N-terminal of MsRecA.
Henceforth, the first number refers to Ec and the second to MsRecA notation.
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complex with dATP revealed that GIn194/196 makes contact with y-phosphate of dATP using its
carboxamide group '*. Superimposition of the apo and the dATP bound forms of MsRecA
showed that the a-carbon of GIn194/196 deviates by 1A or more * . Quantum mechanical
calculations indicate that Glu194/196 is in close proximity to the B-phosphate of the ADP
resulting from hydrolysis of ATP in the extended RecA filament %, indicating that these residues
play important roles in the extended filament conformation as well.

To investigate the role of GIn194/196 and Argl196/198, we generated MsRecA variants
carrying mutations in these highly conserved residues. These variants contained substitutions of
GIn196 by Alanine (MsRecA®'?*Y), Glutamic acid (MsRecAQF) or Asparagine
(MsRecA¥™), and Arg198 by Lysine (MsRecAR'***). Biochemical characterization of these
mutant proteins showed that while these mutations had no measurable effect on ATP-binding;
they were defective in activation of ATPase activity by ssDNA and high concentrations of
sodium chloride. Mutant variants of MsRecA were able to catalyze D-loop formation to a limited
extent, indicating that they were competent in binding single and double stranded DNA.
However, they were unable to catalyze strand exchange between single and double-stranded
DNA. Crystallographic analysis and molecular modeling of MsRecA protein and its variants in
the presence of ATP or its analogues revealed that these mutations caused defects in several

molecular steps that follow ATP binding in MsRecA.
Materials and methods

Materials
Oligonucleotides were purchased from SIGMA-GENOSYS India. DNA polymerase,
restriction endonucleases and T4 polynucleotide kinase were purchased from New England Bio

labs. Radio labeled ATP was purchased from NEN Life science products and PEI cellulose
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chromatography plates were obtained from MERCK. ATPyS and ATP were purchased from
Merck and GE Life Sciences, respectively. M13 bacteriophage DNA was prepared in the
laboratory according to published protocols .
Site-directed mutagenesis

Site-directed mutations in MsRecA were made using the sense-antisense method of
mutagenesis **. Briefly, M. smegmatis recA gene was amplified using the primers spanning the
nucleotides coding for both the GIn196 or Argl198 residues and a sequence 3’ downstream. The
primers annealed at the 3° end contained mismatches either at GIn196 or Argl98. The second
primer (Mut. primer) contains translationally silent mutations that introduce a Hind III site
(Supplementary table 1). The identity of the constructs was confirmed by DNA sequencing.
Protein purification, crystallization and structure refinement

M. smegmatis SSB and M. tuberculosis LexA were purified according to published protocols
225 M. smegmatis RecA and its mutant forms were purified to near homogeneity essentially as
described earlier *’. Detailed protocol for purification of MsRecA and its variants is included in
the accompanying supporting information. Protein preparations contained no detectable exo- or
endonuclease activities. Concentration of the proteins was determined using dye binding method
. Crystallization and structure refinement of MsRecA and its variants as well as their
complexes with ATP/ATP analogues has been described in an earlier publication % Details of
the PDB structures used in this study are described in Table 1.
Generation of MsRecA presynaptic filament model

A homology model for the structure of presynaptic filament of MsRecA structure was

29-31

constructed using the Modeller v9.14 suite of programs . The structure of E. coli RecA

presynaptic filament was used as the template (PDB code: 3CMT). Target template alignment
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was performed using Clustal Omega server *° with default parameters. Ten models were
constructed utilizing the Modeller “refine very slow” option. The best scoring model was
selected based on the DOPE potential **. Initially, models of RecA dimers were constructed with
five monomers and subsequent addition of one protomer to complete a turn of the filament using
symmetry considerations. The PDB file for the model of presynaptic MsRecA filament has been
uploaded as part of the supplementary information.

Molecular modeling of intermediate structures between collapsed and extended RecA
filament.

Intermediate structures between compressed and extended RecA filaments were generated
using the FATCAT server **7 by linear interpolation. The intermediate structures were studied
using the E. coli RecA structures alone, as residues that are important in the transition from
compressed to extended state are nearly identical in both proteins (Supplementary figure 1).
Dimers of EcRecA in the compressed (extracted from PDB: 1XMS) and the extended (extracted
from PDB: 3CMT) states were used as input structures to the FATCAT server. All other
parameters of the FATCAT server remained unaltered from their default values. The FATCAT
server generates intermediate structures with Ca atomic positions. An in-house script that uses
rigid structure superimpositions was used to complete these intermediate structures with explicit
coordinates of all atoms in the protein.

Circular dichroism spectroscopy

The CD spectra of MsRecA and its variant forms were measured in the far UV region from 260
to 200 nm at 25°C using the CD spectrophotometer (model J750, Jasco, Tokyo Japan). Reaction
mixture containing 25 mM Tris-HCI (pH 7.0), 1 mM DTT and 100 mM KCI and 5 uM MsRecA

or its variant forms were pre incubated with varying concentrations of ATPyS at 37°C for 10 min

ACS Paragon Plus Environment

7



©CoO~NOUTA,WNPE

Biochemistry Page 8 of 45

in a reaction volume of 200 pL. The spectra were recorded using a quartz cuvette with constant
stirring; a 1 mm slit and a 5 nm/min scan speed. The spectra were averaged over three scans and
the elipticity was reproducible within an error of + 5%.
Surface Plasmon Resonance (SPR) measurements

SPR measurements were performed using BIAcore 2000 (GE biosciences). The 60-mer
oligonucleotide containing 3' terminal biotin was immobilized in the flow cells of a streptavidin-
coated chip with flow cell number 1 serving as control (Supplementary table 1). Usually, 1100
relative resonance units (RU) were immobilized. Various concentrations of MsRecA or its
variant forms in binding buffer [20 mM Hepes (pH 7.0), 12 mM MgCl,, 1.4 mM DTT, 0.1mM
ATPyS and 50 mM NaCl] were passed across the surface for 5 min at a flow rate of 5 pL/min.
The surface was regenerated using solutions containing 0.1% SDS, followed by 100 mM NaCl.
Each protein concentration was injected thrice into the chip to ensure reproducibility. Affinity
and kinetic analysis was performed using BIAevaluation software, ver. 3.0. The experiment was
repeated twice to reduce noise.
D-loop assay

The formation of D-loops by MsRecA or its variant forms was performed as described .
Reaction mixtures (20 uL) containing 33 mM Tris-HCI (pH 7.0), 12 mM MgCl,, 0.1 mM ATPyS
and 1 pM (nucleotides) of an 83-mer oligonucleotide complimentary to M13 phage DNA-ODN1
(Supplementary Table 1) was incubated at 37°C for 5 min with increasing concentrations of
MsRecA or its mutant forms. Oligonucleotide ODN1 was radiolabelled at its 5° end using
polynucleotide kinase (PNK). The formation of D-loops was initiated by the addition of 40pM
M13 replicative form I DNA, and the reaction mixture was incubated at 37°C for 5 minutes. The

reaction was terminated by the addition of 2% SDS and deproteinised with 0.2 mg/ml proteinase
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K. The samples were subjected to electrophoresis in a 0.8% agarose gel in 89 mM Tris/borate
buffer (pH 8.3) at 2V/cm for 4 hours. The gels were treated with a 7% tricholoroacetic acid
solution for 15 min, dried onto a 3 mm filter paper (Whatman™) and exposed to phosphorimager
plates.
Three-strand exchange assay

The reaction mixture (20 puL) contained 20 mM Tris-HCI, (pH 7.0), | mM DTT, 0.1 mM
ATP/ATPyS and 10 mM MgCl, at 37°C. The 83-mer ssDNA substrate ODN1 (Supplementary
table 1) was pre-incubated with MsRecA, or its variant forms, in the presence of ATPyS or ATP
for 10 min at 37°C. The reactions were initiated by the addition of the **P-labeled 83-mer
dsDNA formed by annealing ODN1 with its complimentary sequence ODN2. The reactions were
terminated at the indicated time intervals with the addition of EDTA and SDS to final
concentrations of 20 mM and 1%, respectively. SuL gel loading dye (30% Glycerol, 0.08%
bromophenol blue, 0.08% xylene cyanol FF) was added to each reaction. This was followed by
electrophoresis on 10% polyacrylamide gel in 13.2 mM Tris-acetate buffer (pH 7.4) at 12 V/em
for 6 hours at 4°C. The gels were dried onto a 3 mm filter paper (Whatman™), exposed to
phosphorimager plates and visualized by autoradiography.
RecA mediated LexA cleavage

RecA mediated cleavage of LexA in the presence of ATPyS and ssDNA was monitored in
vitro. Briefly, 2.5uM MsRecA or its mutant variants were incubated for 20 minutes at 37°C, in a
buffer containing 20mM Tris-HCI (pH 7.0), 2mM MgCl,, ImM DTT and where indicated, either
0.ImM ATPyS alone or in the presence 30uM M13ssDNA. 10 uM MtLexA was incubated in
20mM Tris-HCI (pH 7.0), SmM MgCl,, ImM DTT and 0.1mM ATPyS at 37°C for 20 minutes.

The reaction was initiated by mixing the two samples and the mixture was incubated at 37°C for
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60 minutes. The reaction was terminated by the addition of SDS-PAGE loading dye. LexA

cleavage was monitored on a 15% SDS PAGE and visualized by silver staining.

Results

GIn196 and Arg198 are essential for ATP hydrolysis, but not ATP binding.

Photo crosslinking by exposure to ultra violet (UV) light has been used to quantify nucleotide
binding affinities of several proteins including RecA ’8Quantification of radiolabelled ATP
bound by MsRecA and its variants showed that the same amount of ATP was cross-linked to
each of the proteins (Supplementary figure 3A). We have previously shown the presence of
dATP in crystal structures of MsRecA and its variants *.

Kinetics of ATP hydrolysis by MsRecA" and its mutant proteins was assayed by measuring
the release of inorganic phosphate from ATP in the absence of any cofactor (Supplementary
figure 3B), presence of ssDNA (Supplementary figure 3C) or 1.8 M NaCl (Supplementary figure
3D) *. Consistent with a previous report !5 mutant MsRecA proteins showed no increase in
ATPase activity in the presence of ssDNA or 1.8M NacCl, indicating that the functional role of
GIn194/196 and Argl196/198 is conserved among bacterial RecA proteins.

Carboxamide group at position 196 is essential for structural transitions associated with
ATP binding in MsRecA

The amino acid sequence of loop L2 is highly conserved in all eubacterial RecA proteins with
several amino acids displaying near complete conservation (Figure 1A). This region of RecA has
been shown to undergo conformation changes in response to ATP binding **. Therefore, we
followed conformation changes in MsRecA and its variants in the presence of ATPyS using
circular dichroism spectroscopy. This method that has been used to study conformation changes

in RecA upon binding of DNA ***/ as well as that of DNA binding loop L2 upon binding ATP
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or its analogues *°. The CD spectrum of MsRecA shows a dichroic minimum at 209 and 220 nm
(Figure 1C). Nearly identical spectra were obtained for MsRecA variant proteins, indicating that
the mutant proteins have no gross structural abnormalities as a result of the substitutions (Figure
1D-E). The CD profile of MsRecA™ showed secondary structure transitions associated with
ATPyS binding, centered at around 220 nm (Figure 1C), similar to those displayed by isolated
loop L2 in the presence of ATP and its analogues **. On the other hand, MsRecA variant proteins
were unable to display significant spectral changes in the presence of ATPyS (Figure 1D-G),
indicating that nucleotide binding is not accompanied by changes in secondary structure of the
mutant variants. While, we do not rule out the possibility that changes in the CD spectra upon
addition of ATPyS may be an indirect result, when considered in the context of isolated loop L2
acquiring an extended B-sheet in the presence of ATPyS %, it is likely that these transitions are
contributed, at least in part, by changes in the secondary structure of loop L2 (Figure 1C).
Subsequent to/as a result of the changes in the secondary structure of loop L2; a conserved
Phenylalanine (Phe217/219) is postulated to interact with a hydrophobic pocket in the
neighboring protomer '/, thereby transmitting the information about ATP binding in the central
core of RecA to the inter-protomer interface (Figure 2A-C). Upon inspection of the crystal
structure of MsRecA bound to dATP, we observed a small but clear change in the orientation of
a-helix 8 as well as the aromatic ring of Phe219 (Figure 2D). Closer inspection of the immediate
environment surrounding Phe219 revealed that the observed rotation of 20 degrees is the
maximum rotation possible at this position due to steric considerations. In contrast, Tyr218/220
showed no change and was completely superimposable in the apo (cyan) and ATP (brown)
bound states, indicating that these changes were specific to Phe217/219. On the other hand we

observed no change upon dATP binding in crystal structures of mutant variants of MsRecA,
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indicating that this movement of Phe217/219 is tightly correlated with the interaction of the
carboxamide group at position 194/196 with the y-phosphate of dATP (Compare figure 2D with
2E-G). These results support the inference that the interaction of Phe217/219 with the
hydrophobic pocket in the neighboring protomer requires the presence of both ATP and a
carboxamide group at position 194/196.

GIn194/196, Arg196/198 and Phe217/219 regulate ATP hydrolysis in the extended
nucleoprotein filament.

In addition to communicating the presence of ATP in the nucleotide-binding pocket, the crystal
structure of presynaptic EcRecA as well as our model of the MsRecA presynaptic filament
suggests that GIn194/196, Argl196/198 and Phe217/219 participate directly during ATP
hydrolysis in the presynaptic filament (Figure 3). These interactions between Gln194/196,
Argl96/198 and Phe217/219 as well as the ATP sandwiched between two RecA protomers are
mediated by cation-pi and anion-pi interactions, distinct from the hydrogen bond network seen in
the compressed state of RecA involving the same interacting partners. We postulate that the
transition of RecA filament into an extended conformation causes Phe217/219 to leave the
hydrophobic environment created by Thr150/152 and Ile155/157 in the neighboring protomer.
Presence of ATP creates a negative environment in the vicinity of Phe219, which attracts the
GIn196 and Argl98 side chains from the neighboring protomer. This movement induces contact
between GIn194/196 and Phe217/219, which in turn causes the Phe217/219 ring to form a more
stable cation-pi interaction, bringing the edge of the Phe217/219 ring towards the Glu96/98
(Figure 3A). The partial positive charge attracts the Glu96/98, forming anion-pi interaction while
simultaneously forming anion-pi interaction with y-phosphate of the bound ATP (Figure 3B).

Phe217/219 restrains Glu96/98 and y-phosphate of the ATP in an optimal position for a
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nucleophilic attack by Glu96/98 leading to ATP hydrolysis. These results could potentially
explain the relatively faster kinetics of ATP hydrolysis in the presynaptic filament as the absence
of such interactions in the compressed state implies that the positioning of Glu96/98 is a function
of thermal fluctuations and as such inefficient, accounting for slower kinetics of ATP hydrolysis.
Our model suggests that these molecular events are unlikely to occur in MsRecA variants (Figure
3C) hinting at a role for GIn194/196 and Arg196/198 during ATP hydrolysis in the presynaptic
RecA filament. This conclusion is supported by the high degree of conservation observed in side
chains that make contact with GIn194/196 and Argl196/198 in the presynaptic filament, as any
change in their disposition is likely to result in disruption of these interactions (Table 2) and
consequently affect RecA functions.
Mutations at GIn196 and Arg198 affect stability of RecA-ssDNA nucleoprotein complexes.
The ATP-dependent ssDNA-binding activities of MsRecA and its mutant variants were
assessed using nitrocellulose filter binding assay, electrophoretic mobility shift assay (EMSA)
and surface plasmon resonance (SPR) measurements. Consistent with the previous studies,
MsRecA™ displayed stable ssDNA-binding activity, yielding a binding curve with an endpoint
corresponding to a stoichiometric ratio of 3 nucleotides per RecA monomer in both mobility shift
and nitrocellulose filter binding assay (Supplementary figure 4). In the same assay, ssDNA-
binding activity of GIn196 and Argl198 mutants was much weaker, compared to the MsRecA™.
While MsRecA?”** and MsRecA?”F failed to bind ssDNA, we were able to detect formation
of nucleoprotein complex by MsRec AN that disintegrated while being electrophoresed
through polyacrylamide gel (Supplementary figure 4B). These results suggest that, MsRecAQ 7N
was capable of interacting with ssDNA, however the resulting nucleoprotein filaments were

unstable and therefore, not detected in nitrocellulose filter binding or mobility shift assays.
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To explore this possibility further, SPR measurements were carried out (Figure 4). The
resonance units increased rapidly with the flow of MsRecA" over the chip, and reached a
plateau at 1 pM followed by a gradual decrease indicating dissociation of the complex upon
injection of the buffer at 120 sec (Figure 4A). Next, MsRecA mutant proteins were individually
applied and the changes in the resonance units were recorded. We observed that with the
exception of MsRecAQF (Figure 4E), the mutant proteins were able to interact with ssDNA
(Figure 4B-D). In comparison with MsRecA", the kinetics of ssDNA-binding by the variant
proteins was relatively slower, although the stoichiometric ratios of binding remained 3-
nucleotide per molecule of RecA. The profile of the sensogram was comparable for all proteins
that bound ssDNA, at sub saturating concentrations of RecA. MsRecA™ saturated the
immobilized ssDNA at high concentrations (500 and 1000nM) as evident by the stable resonance
units. On the other hand, MsRecA variants were unable to achieve stable resonance, indicating
that a stable complex formation was not achieved by these variants.

The poor stability of these protein-DNA complexes prevented us from exploring their
conformation further experimentally. We, therefore, employed molecular modeling to understand
the differences in ssSDNA binding by MsRecA and its variants (Figure 5). Comparison of the
compressed and the presynaptic filament of MsRecA revealed that the residues that make salt
bridges with the phosphate backbone of ssDNA are not affected by the presence of ATP in the
primary nucleotide-binding site (Figure 5A). Furthermore, the positively charged groove present
on the inner surface of MsRecA filament remains unaltered by the binding of ATP, accounting
for ssDNA binding by both MsRecA™ and its variants that fail to transition into extended
conformation (Figure 5B). However, comparative energetics of the protomer interfaces

(Supplementary table 2) indicates that the protomer interface is relatively more stable in the
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extended conformation of MsRecA™. Furthermore, the inter protomer interface is stabilized by
five additional H-bonds in the extended filament conformation (Figure 5C) (Supplementary

tables 3 and 4), resulting in a greatly stabilized association between adjacent protomers. The

©CoO~NOUTA,WNPE

resulting cooperative binding of MsRecA protein on ssDNA accounts for the stable

13 nucleoprotein filament formation as opposed to non-cooperative interaction observed with the

15 mutant variants (Figure 4).

18 MsRecA variants are capable of initiating three-strand exchange but fail to take the

20 process to completion

Since the mutant variants of MsRecA were capable of binding ssDNA, we wanted to

25 investigate if they can initiate strand exchange. We employed D-loop assay for this purpose, as
27 D-loop is the first heteroduplex DNA intermediate generated between two recombining DNA
molecules. Furthermore, D-loop formation by RecA requires ATP binding but not hydrolysis .
32 While EcRecA is able to incorporate up to 50% of labeled ssDNA into D loops **, mycobacterial
34 RecA proteins are relatively inefficient in their ability to promote D loop formation ?/. MsRecA™
37 displayed ability to catalyze D loop formation consistent with published reports *’. Surprisingly,
39 however, mutant MsRecA proteins were also able to catalyze the formation of D-loops, albeit at
a much reduced level (Figure 6). We ruled out the possibility that this limited activity may be a
a4 result of EcRecA that may have co purified with mutant variants of MsRecA, by expressing

46 these variants in E. coli strain JC10289 {A (srl-recA) 306::Tnl10}. However, it is pertinent to
note that reactions containing MsRecA?'*°F that failed to bind ssDNA in all three assays, also

51 showed the formation of D-loops. It is, therefore, plausible that the mechanism by which

53 MsRecA variants promote D-loop formation may be distinct from that employed by MsRecA™

(Figure 6 B-D). Although these results indicate that variants of MsRecA are capable of
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catalyzing limited D-loop formation, the mechanism by which these D-loops are generated and
their parity or lack thereof, with D-loops generated during the course of strand exchange by
MsRecA™, warrants further investigation.

We next tested the ability of mutant MsRecA proteins to catalyze strand exchange between
ssDNA and linear duplex DNA (Figure 7). DNA substrates with a relatively shorter length and a
low probability of forming secondary structures were used to exclude the possibility that RecA
nucleation is interrupted due to the presence of such structures **. RecA nucleoprotein filament
was assembled on ssDNA (83-mer; ODN1) with stoichiometric amounts of RecA protein (Figure
7A). To prevent dissociation of the nucleoprotein filament of RecA-ssDNA, a poorly hydrolyzed
analog of ATP, ATPyS was also used. After the addition of homologous 83 bp dsDNA, the
reactions were carried out for the time intervals as indicated at the top of each panel. MsRecA™
was able to catalyze complete strand transfer with fast kinetics of heteroduplex formation in the
presence of ATP and ATPyS (Figure 7B second row). In contrast, the mutant MsRecA proteins
failed to catalyze strand exchange in the presence of ATP or ATPyS, indicating that transition to
an extended filament conformation is essential for strand exchange even over short DNA
fragments (Figure 7B, rows 3,4 and 5).

We further confirmed the inability of the mutant MsRecA variants to acquire the extended
active nucleoprotein conformation using co-protease assay. The presence of the extended
filament conformation has been shown to be essential for co-protease activity of RecA * %,
While the MsRecA™ protein promoted cleavage of LexA repressor (Figure 8, lane 4) in the
presence of both ATPyS and ssDNA, none of the variants were able to do so (Figure 8, lanes 5-
16). These results are consistent with the notion that the nucleoprotein filaments formed by

MsRecA in the absence of ATP or by variants of MsRecA are structurally distinct from those
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formed by MsRecA™ in the presence of ATP, and are likely to be closer to the inactive and
collapsed nucleoprotein filaments formed by RecA in the absence of ATP.

The primary ATP binding domain isomerizes to result in the ATP binding site in the
extended filament.

Two nucleotide-binding sites have been reported in the compressed/collapsed filament state of
MsRecA '*#7. While one of these represents the canonical ATP binding site found in all
eubacterial RecA proteins (Figure 9A), the second binding site has been reported only in
MsRecA so far (Figure 9B) */. The primary binding site (Figure 9A) contains all structural
elements necessary for binding and hydrolysis of ATP. In contrast, absence of side chains that
could make the nucleophilic attack necessary for ATP hydrolysis suggests that the ATP present
in the second site is not hydrolysable. Ordering of the C-terminal (MsRecA notation 329-349)
results in the formation of the second ATP binding site (Figure 9B). Residues 102-105 of the
first ATP binding site interact with the ATP in the second binding site, hinting at an allosteric
coupling between the two sites. However, it is unclear if residues in the first site influence
formation of the second site or vice versa.

While we were able to identify intermediate structures that could result in the formation of the
ATP binding pocket in the extended RecA nucleoprotein filament from the primary ATP binding
site (Figure 9C), we were unable to do the same using the second ATP binding site as the
initiating conformation using FATCAT server (Figure 9D). Our model suggests that the primary,
but not the secondary, ATP binding site can isomerize to result in ATP binding site present in the

extended RecA filament and that these sites share common structural elements.

Discussion
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Comparison of CD profiles (Figure 1) and crystal structures (Supplementary figure 2) of
MsRecA™ and its variants showed that substitution of GIn196 did not result in gross structural
abnormalities. Our observations indicate that GIn194/196 is involved in sensing the y-phosphate
of bound ATP, acting as an allosteric effector, switching RecA between active and inactive states
depending on the occupancy status of the nucleotide-binding pocket. In addition, these
observations reveal new details about the catalytic cycle of RecA protein.

Biochemical and biophysical experiments conducted over the last two decades have helped
generate a broad outline of the molecular events that constitute the RecA catalytic cycle 10. 16, 48-
’%_ The interaction of the carboxamide group of GIn194/196 with ATP leads to a conformation
change in the DNA binding loop L2, causing it to acquire an extended B-sheet conformation /.
The information is then transmitted along the peptide backbone of L2, to a-helix 8 downstream
of L2, resulting in the insertion of a conserved Phenylalanine (Phe217/219), into a hydrophobic
pocket in the neighboring RecA molecule '/, This insertion results in changes in the cross-
subunit interactions that enhance cooperative filament assembly as well as an increase in the
pitch of the RecA nucleoprotein filament from ~ 70 A in the compressed state to ~ 95 A in the
extended state. Upon ATP hydrolysis GIn194/196 returns to its position in the inactive state
resulting in the relaxation of inter-subunit interactions.

The substitutions of GIn196 and Arg198 with non-conservative mutations abolished the
structural transitions associated with nucleotide binding as evident by circular dichroism (Figure
1D-G). Furthermore, these mutants were unable to communicate the presence of ATP to the
inter-protomer interface via a-helix 8 and Phe217/219 and therefore, incapable of acquiring the

extended filament conformation (Figure 2).
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EM reconstructions of EcRecA nucleoprotein filament, in the presence and absence of ATP,
have revealed several structural differences in the compressed and extended nucleoprotein
filament *’. The subunit interactions in the compressed and extended states are significantly
different including a large rotation of subunits relative to each other. The result of these
structural changes is the positioning of the primary ATP binding site at the interface of two
subunits, which has implications for cooperative hydrolysis of ATP. This model proposes that
Phe217/219 interacts with the ATP bound in the neighboring subunit and thus coordinates
cooperative ATP hydrolysis. While elements of this model concerning the location of the
nucleotide binding site were confirmed by the X-ray structure of EcRecA bound to ssDNA *, we
provide evidence in support of a role for Phe217/219 during ATP hydrolysis in the extended
filament. GIn194/196 and Argl196/198 position Phe217/219, which in turn positions Glu96/98 to
make a nucleophilic attack on the B-y phosphate bond of the bound ATP (Figure 3A). These
interactions are mediated by the cation-pi interactions (Figure 3B), which are absent in the
mutant variants of MsRecA (Figure 3C). Such interactions, particularly involving Phenylalanine,
have been shown to have catalytic roles in several proteins */. These interactions are generally
involved in positioning the bases within active sites of enzymes ** and have an advantage over
polar interactions (hydrogen bonding and salt bridges) as the hydrophobic ring can be protected
by a hydrophobic pocket when not involved in positioning the base in the active sites.

Although the MsRecA?"?**, MsRecA?**™ and MsRecAR'*** proteins were devoid of
functional activities of MsRecA™, these mutants were able to bind ssDNA under conditions of
SPR (Figure 4). MsRecA ¥ did not show any binding to ssDNA in either SPR or nitrocellulose
filter binding assay (Figure 4E). The structure of presynaptic RecA filament suggests that inter-

protomer interface is stabilized by H-bonds (Figure 5C), including those contributed by
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GIn194/196 and Argl196/198 *°. This conclusion is supported by our finding that protomer
interface is highly destabilized in the collapsed conformation (Supplementary table 2). As a
result such complexes can only be detected by techniques such as SPR that do not physically
perturb the complex. Our data supports the inference that, ATP binding enhances ssDNA binding
by an increase in cooperative inter-protomer interactions as a result of transition to an extended
filament conformation, rather than an increase in the inherent DNA binding affinity of RecA s,
The inability of MsRecA?E to bind ssDNA can be explained, as the negative charge on the
glutamate repels the y-phosphate of the ATP, resulting in a structural distortion of the ATP
binding pocket. These distortions are clearly visible in the structure of MsRecA?'*** bound to
dATP /.

While, MsRecA is able to catalyze formation of D-loops in the presence of ATPyS, the mutant
proteins displayed highly reduced but measurable levels of D loop formation (Figure 6).
However, this limited ability did not extend to conversion of these early intermediates into
heteroduplex DNA (Figure 7), indicating that while the inactive collapsed filament of RecA is
perhaps competent in initiating strand exchange, it is unable to promote the formation of the
heteroduplex DNA due to an inability to acquire the extended filament conformation. This
conclusion is supported by the inability of MsRecA variants to support cleavage of LexA (Figure
8), which requires an extended RecA filament conformation .

Unlike the primary ATP binding site (Figure 9D), attempts to identify intermediate/s that may
lead to formation of the presynaptic ATP binding site from the second ATP binding domain were
unsuccessful. Results of our modelling seem to indicate that the second nucleotide-binding site
does not participate directly in the catalytic cycle of RecA and is perhaps dispensable for RecA

functions. This conclusion is supported by the fact that, while deletion of residues equivalent to
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those that form the second ATP binding site (MsRecA notation 329-349), in EcRecA causes
change in the pH optima for strand exchange, it does not result in inability to promote strand
exchange™.

In summary, we provide experimental evidence to support the models proposed by De Zutter
et al., " and VanLoock et al., * explaining structural transitions associated with ATP binding in
RecA. We observed changes in secondary structure of MsRecA as well as a small but significant
rotation of aromatic side chain of Phe217/219 as a result of ATPyS binding in MsRecA" These
changes were absent in MsRecA variants (Figure 2D-QG), establishing a causal relationship
between nucleotide binding, its recognition by carboxamide group of Gln194/196 and
subsequent conformation changes including change in the orientation of Phe217/219. In addition,
we propose that interaction of Phe217/219 with ATP (Figure 3A) provides a mechanistic
explanation for the faster kinetics of ATP hydrolysis in the extended filaments. Finally, our
results suggest that the primary, but not the secondary ATP binding site can isomerize to result in

the ATP binding site in the nucleoprotein filament (Figure 9D) of MsRecA.
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Figure Legends

Figure 1: Ordering of loop L2 is dependent on recognition of y-phosphate by carboxamide group
of GIn196. (A) The loop L2 (MsRecA Residue 195-213) is highly conserved among eubacterial
RecA sequences. The y-axis represents the bit score; a score of one indicates that the residue is
invariant among the sequences analyzed. Numbers on the X-axis refer to residue numbers
according to MsRecA notation. (B) L2 loop from Apo (green; PDB code 2zrn) and presynaptic
structural model (brown) of MsRecA were superimposed. Additional H-bonds formed in the
presynaptic state are shown in cyan. (C) The CD spectra of MsRecA (5 uM) alone (dotted line),
in the presence of 10 uM ATPyS (broken line) or 25 uM ATPyS (continuous line) are
represented in terms of molar elipticity. (D-G) CD spectra of MsRecA variants in the presence of

ATPyS were recorded similar to MsRecA and displayed no change upon incubation with ATPyS.

Figure 2: Movement of a-helix 8 and Phe219 correlates with the formation of H-bonds between
y-phosphate of ATP and carboxamide group at position 196 (A) a-helix 8 (MsRecA residue 216-
221) containing Phe217/219 is highly conserved among eubacterial RecA sequences. The y-axis
represents the bit score; a score of one indicates that the residue is invariant among the sequences
analyzed. Numbers on the X-axis refer to residue numbers according to MsRecA notation. (B)
Phe217/219 at the C-terminal end of a-helix 8, makes contact with a hydrophobic pocket in the
neighboring protomer made up of residues Thr150/152 and Ile155/157 (C) Residues comprising
of Loop L2 and a-helix 8 transmit information from ATP binding pocket to the inter-protomer

surface. (D) Crystal structures of apo (green; PDB code: 2zrn) and ATPyS bound (brown; PDB
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code: 2zre) MsRecA were superimposed to detect changes in the disposition of a-helix 8 and
Phe217/219 upon ATP binding. The aromatic side chain of Phe217/219 rotates by 20 degrees-the
maximum possible rotation in this position. Tyr 220 is highlighted to indicate that the changes
are specific to Phe219. (E-G) No changes were observed in the disposition of Phe217/219 in
MsRecA variants in response to ATPyS binding (please refer to table 1 for PDB codes of the

crystal structures).

Figure 3: GIn196, Arg198 and Phe219 regulate ATP hydrolysis in the presynaptic filament. (A)
Presynaptic filament structure of MsRecA was modeled based on the structure of EcRecA bound
to ssDNA (PDB code: 3CMW). F219 ring in ATP unbound (blue) and ATP bound (pink) state
shows rotation. Mesh representation around the side chains shows the volume occupied by the
side chains. (B) Molecular orbital diagram showing side chain movements in the ATP bound
state of MsRecA. Negative charge on the ATP causes GIn196 and Arg198 to move towards
ATP, that induces contact between molecular orbitals of GIn196 and Phe219 in the neighboring
protomer. To facilitate this interaction, Phe219 rotates towards Gln196 making a more stable
cation-pi interaction. Partial positive charge on Phe219 ring brings Glu98 towards it making
anion-pi interaction. Movement of Glu98 facilitates nucleophilic attack on ATP leading to ATP

hydrolysis. (C) MsRecA mutant variants are unable to influence the disposition of Phe219.

Figure 4: Binding of MsRecA and its mutant variants to single-stranded DNA (SPR). (A-D)
Surface plasmon resonance (SPR) measurements; ssDNA-binding was measured using BIAcore
2000, as described under materials and methods. The y-axis shows the response units (RU) as a
function of time represented on the x-axis (sec). Only three concentrations of RecA are shown

for clarity. The arrow indicates the time at which buffer was injected into the chip and the protein
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starts dissociating from ssDNA (E) Comparison of dissociation constants (uM) for MsRecA and

its variants obtained from filter binding and SPR studies.

Figure 5: ssDNA-binding interface remains unaltered in both collapsed and extended MsRecA
filaments (A) MsRecA structures in compressed (brown) and extended (green) form are
superimposed to highlight residues that interact with ssDNA. ssDNA was modeled based on the
structure of the EcRecA nucleoprotein filament (PDB code: 3CMW). The disposition of residues
that interact with ssDNA remains unchanged in compressed and extended state. (B) Space filling
model of the compressed MsRecA filament (PDB code: 2zrn); the basic residues lining the inner
surface of the filament are indicated in blue. (C) H-bonds between neighboring protomers are
shown in blue. Inter-protomer interface is stabilized by five additional H-bonds in the extended

filament conformation; see also supplementary tables 3 and 4.

Figure 6: MsRecA variants can promote limited D-loop formation. The formation of D-loop by
MsRecA and its mutant forms was assayed as described under materials and methods. Lanes 1 to
5 correspond to reaction mixtures containing no protein, 0.5 pM, 1 uM, 2 uM and 4 uM of either

MsRecA or its variants.

Figure 7: MsRecA variants are unable to promote three-strand exchange. (A) A schematic
depicting the experimental design. (B) 100 nM (molecules) of 83-mer ssDNA was incubated
with 3 uM of either wild type or mutant MsRecA in a buffer containing 20 mM Tris-HCI (pH
7.0), 10 mM MgCl,, 0.1 mM ATPyS or ATP and 1 mM DTT at 37°C for 10 min. Strand
exchange was initiated by the addition of 100 nM (molecules) of 83-mer duplex assembled by
annealing oligonucleotide I and II where oligo I is labeled at its 5° end. Aliquots were taken at

the end of the reaction, deproteinised and analyzed using 10% polyacrylamide gel.
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Figure 8: MsRecA variants do not promote cleavage of LexA. The co-protease activity of
MsRecA was monitored using LexA cleavage as described under materials and methods. The
reaction was performed in the absence of cofactors, in the presence of ATPYyS, or in the presence
of both ATPyS and M13ssDNA as indicated at bottom of the gel. Molecular weight markers in

kDa are indicated in lane 1.

Figure 9: Comparison of ATP binding sites in RecA. (A) The primary nucleotide-binding site of
MsRecA is located in the central catalytic domain. The carboxamide group of residues GIn196
and Argl98 make hydrogen bonds with the y phosphate of ATP. Glu98 is positioned to make the
nucleophilic attack necessary for ATP hydrolysis (PDB code: 2zrm). (B) Ordering of the C-
terminal results in the formation of a second ATP binding site in MsRecA. Lys258 and GIn259
make hydrogen bonds with the y-phosphate of ATP. ATP hydrolysis is unlikely in this site as
there is no acidic side chain equivalent to Glu98 that can make the necessary nucleophilic attack
(PDB code: 2G88) (C) Extended nucleoprotein filament of MsRecA was modeled based on the
structure of EcRecA bound to ssDNA (PDB code: 3CMW). The ATP binding site in the
presynaptic filament is formed at the interface of two neighboring protomers (green and brown).
Lys250 and 252 hold the y phosphate in position and Glu98 makes the nucleophilic attack
necessary for ATP hydrolysis. (D) The primary ATP binding site isomerizes to ATP binding site
in the extended nucleoprotein filament. One monomer is shown in surface representation.
Different intermediate stages (light blue and orange) of the neighboring monomer, from

compressed state (green) to extended state (pink) are shown in ribbon representation.

S.No Description PDB code Reference
1 MsRecA IV 2zrn 20
2 MsRecA—-dATP IV 2zrm 20
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MsRecA Q196A IV 2zrh
MsRecA Q196A—dATP IV 2zrk
MsRecA Q196N 1V 2zrc
MsRecA Q196N—dATP IV 2zrf
MsRecA Q196E IV 2710
MsRecA Q196E-dATP IV 2719
MsRecA-dATP complex 2G88
EcRecA-ssDNA-ADPAIF, 3CMW

20
20
20
20
20
20
47
49

Table 1: RecA structures used in this study for crystallographic analysis and molecular

modelling.

S.No Amino Acid Mutant/Experimental Method Phenotype

1 Ser145/147 recAS145C No Protein
recA1647 rec’, prt
recAS145C/F217C No Protein

2 Alal47/148 recAN125 rec, prt

3 Ser172/174 No known mutants Unknown

4 Asnl193/195 Saturation Mutagenesis rec

5 Thr210/212 Saturation Mutagenesis rec, rec’"

6 Ala214/216 No known mutants Unknown

7 Tyr218/220 Multiple rec’, rec’”, prt’,

prt+

Table 2: Mutation of residues that make direct contact with Glu194/196 and Arg196/198 in the

extended nucleoprotein filament affects RecA activity. First residue number refers to E. coli and

the second to M. smegmatis RecA. No protein - protein is unstable and hence not detected; rec -

No change in RecA activity; rec - loss of RecA activity; rec”” - reduction in RecA activity; prt -
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loss of coprotease activity; prt“- constitutive co protease activity. The entries in this table were

extracted from McGrew and Knight (2003).
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Figure 1: Ordering of loop L2 is dependent on recognition of y-phosphate by carboxamide group of GIn196.
(A) The loop L2 (MsRecA Residue 195-213) is highly conserved among eubacterial RecA sequences. The y-
axis represents the bit score; a score of one indicates that the residue is invariant among the sequences
analyzed. Numbers on the X-axis refer to residue numbers according to MsRecA notation. (B) L2 loop from
Apo (green; PDB code 2zrn) and presynaptic structural model of MsRecA were superimposed. Additional H-
bonds formed in the presynaptic state are shown in cyan. (C) The CD spectra of MsRecA (5 uM) alone
(dotted line), in the presence of 10 uM ATPYS (broken line) or 25 uM ATPYS (continuous line) are
represented in terms of molar elipticity. (D-G) CD spectra of MsRecA variants in the presence of ATPyS were
recorded similar to MsRecA and displayed no change upon incubation with ATPyS.
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Figure 2: Movement of a-helix 8 and Phe219 correlates with the formation of H-bonds between y-phosphate
of ATP and carboxamide group at position 196 (A) a-helix 8 (MsRecA residue 216-221) containing
Phe217/219 is highly conserved among eubacterial RecA sequences. The y-axis represents the bit score; a
score of one indicates that the residue is invariant among the sequences analyzed. Numbers on the X-axis
refer to residue numbers according to MsRecA notation. (B) Phe217/219 at the C-terminal end of a-helix 8,
makes contact with a hydrophobic pocket in the neighboring protomer made up of residues Thr150/152 and
Ile155/157 (C) Residues comprising of Loop L2 and a-helix 8 transmit information from ATP binding pocket
to the inter-protomer surface. (D) Crystal structures of apo (green; PDB code 2zrn) and ATPyS bound
(brown; 2zre) MsRecA were superimposed to detect changes in the disposition of a-helix 8 and Phe217/219
upon ATP binding. The aromatic side chain of Phe217/219 rotates by 20 degrees-the maximum possible
rotation in this position. Tyr 220 is highlighted to indicate that the changes are specific to Phe219. (E-G) No
changes were observed in the disposition of Phe217/219 in MsRecA variants in response to ATPyS binding
(please refer to table 1 for PDB codes of the crystal structures).
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. Phe219

1y
.

MsRecA Q196A

GIn196, Arg198 and Phe219 regulate ATP hydrolysis in the presynaptic filament. (A) Presynaptic filament
structure of MsRecA was modeled based on the structure of EcRecA bound to ssDNA (PDB code 3CMW).
F219 ring in ATP unbound (blue) and ATP bound (pink) state shows rotation. Mesh representation around
the side chains shows the volume occupied by the side chains. (B) Molecular orbital diagram showing side
chain movements in the ATP bound state of MsRecA. Negative charge on the ATP forces GIn196 and Arg198
to move towards ATP, that induces contact between molecular orbitals of GIn196 and Phe219 in the
neighboring protomer. To facilitate this interaction, Phe219 rotates towards GIn196 making a more stable
cation-pi interaction. Partial positive charge on Phe219 ring brings Glu98 towards it making anion-pi
interaction. Movement of Glu98 facilitates nucleophilic attack on ATP leading to ATP hydrolysis. (C) MsRecA
mutant variants are unable to influence the disposition of Phe219.
103x106mm (600 x 600 DPI)
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Figure 4: Binding of MsRecA and its mutant variants to single-stranded DNA (SPR). (A-D) Surface plasmon
resonance (SPR) measurements; ssDNA-binding was measured using BIAcore 2000 as described under
materials and methods. The y-axis shows the response units (RU) as a function of time represented on the
x-axis (sec). Only three concentrations of RecA are shown for clarity. The arrow indicates the time at which
buffer was injected into the chip and the protein starts dissociating from ssDNA (E) Comparison of
dissociation constants (uM) for MsRecA and its variants obtained from filter binding and SPR studies.
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(9]

Extended Filament

Figure 5: ssDNA-binding interface remains unaltered in both collapsed and extended MsRecA filaments (A)
MsRecA structures in compressed (brown) and extended (green) form are superimposed to highlight
residues that interact with ssDNA. ssDNA was modeled based on the structure of the EcRecA nucleoprotein
filament (PDB code 3CMW). The disposition of residues that interact with ssDNA remains unchanged in
compressed and extended state. (B) Space filling model of the compressed MsRecA filament (PDB code
2zrn); the basic residues lining the inner surface of the filament are indicated in blue. (C) H-bonds between
neighboring protomers are shown in blue. Inter-protomer interface is stabilized by five additional H-bonds in
the extended filament conformation; see also supplementary tables 3 and 4.
129x93mm (600 x 600 DPI)
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Figure 6: MsRecA variants can promote limited D-loop formation. The formation of D-loop by MsRecA and its
mutant forms was assayed as described under materials and methods. Lanes 1 to 5 correspond to reaction
mixtures containing no protein, 0.5 uM, 1 yM, 2 uM and 4 uM of either MsRecA or its variants.
113x161mm (600 x 600 DPI)
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Figure 7: MsRecA variants are unable to promote three-strand exchange. (A) A schematic depicting the
experimental design. (B) 100 nM (molecules) of 83-mer ssDNA was incubated with 3 uM of either wild type
or mutant MsRecA in a buffer containing 20 mM Tris-HCI (pH 7.0), 10 mM MgCI2, 0.1 mM ATPyS or ATP and
1 mM DTT at 37°C for 10 min. Strand exchange was initiated by the addition of 100 nM (molecules) of 83-

mer duplex assembled by annealing oligonucleotide I and II where oligo I is labeled at its 5' end. Aliquots
were taken at the end of the reaction, deproteinised and analyzed using 10% polyacrylamide gel.
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34 Figure 8: MsRecA variants do not promote cleavage of LexA. The co-protease activity of MsRecA was

35 monitored using LexA cleavage as described under materials and methods. The reaction was performed in

the absence of cofactors, in the presence of ATPyYS, or in the presence of both ATPyS and M13ssDNA as
indicated at bottom of the gel.
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Figure 9: Comparison of ATP binding sites in RecA. (A) The primary nucleotide-binding site of MsRecA is
located in the central catalytic domain. The carboxamide group of residues GIn196 and Arg198 make
hydrogen bonds with the y phosphate of ATP. Glu98 is positioned to make the nucleophilic attack necessary
for ATP hydrolysis (PDB code 2zrm). (B) Ordering of the C-terminal results in the formation of a second ATP
binding site in MsRecA. GIn259 and Lys258 make hydrogen bonds with the y-phosphate of ATP. ATP
hydrolysis is unlikely in this site as there is no acidic side chain equivalent to Glu98 that can make the
necessary nucleophilic attack (PDB code 2G88) (C) Extended nucleoprotein filament of MsRecA was modeled
based on the structure of EcRecA bound to ssDNA (PDB code 3CMW). The ATP binding site in the
presynaptic filament is formed at the interface of two neighboring protomers (green and brown). Lys250 and
252 hold the y phosphate in position and Glu98 makes the nucleophilic attack necessary for ATP hydrolysis.
(D) The primary ATP binding site isomerizes to ATP binding site in the extended nucleoprotein filament. One
monomer is shown in surface representation. Different intermediate stages (light blue and orange) of the
neighboring monomer, from compressed state (green) to extended state (pink) are shown in ribbon
representation.
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