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Structures of crystals of Mycobacterium tuberculosis RecA, grown and analysed under different conditions, provide
insights into hitherto underappreciated details of molecular structure and plasticity. In particular, they yield information on the invariant and variable features of the geometry of the P-loop, whose binding to ATP is central for all the
biochemical activities of RecA. The strengths of interaction of the ligands with the P-loop reveal significant
differences. This in turn affects the magnitude of the motion of the ‘switch’ residue, Gln195 in M. tuberculosis
RecA, which triggers the transmission of ATP-mediated allosteric information to the DNA binding region.
M. tuberculosis RecA is substantially rigid compared with its counterparts from M. smegmatis and E. coli, which
exhibit concerted internal molecular mobility. The interspecies variability in the plasticity of the two mycobacterial
proteins is particularly surprising as they have similar sequence and 3D structure. Details of the interactions of ligands
with the protein, characterized in the structures reported here, could be useful for design of inhibitors against
M. tuberculosis RecA.
[Chandran AV, Prabu JR, Nautiyal A, Patil KN, Muniyappa K and Vijayan M 2015 Structural studies on Mycobacterium tuberculosis RecA:
Molecular plasticity and interspecies variability. J. Biosci. 40 13–30] DOI 10.1007/s12038-014-9497-x

1.

Introduction

The members of the RecA family of enzymes catalyse DNA
strand-exchange reactions that are important for homologous
recombination and in the repair of double-strand breaks (Bell
2005; Cox 2007). RecA is an ATPase and its function
involves binding to single-stranded as well as doublestranded DNA. Its action is triggered by the hydrolysis of
bound ATP (McGrew and Knight 2003). RecA is assembled
into helical filaments in vitro and into bundles in vivo
(Egelman 1993, 2003; Lesterlin et al. 2014). For RecA
protein to participate in a variety of recombination-like reactions, it must bind cooperatively on single-stranded DNA
in the presence of ATP to form a helical nucleoprotein
filament. The RecA nucleoprotein filament is extended by
1.7-fold relative to naked single-stranded DNA (Flory et al.
1984; Egelman and Stasiak 1993; Chen et al. 2008; Fu et al.
Keywords.

2013). This phenomenon is also conserved in RadA (Wu
et al. 2004) and Rad51 (Ogawa et al. 1993; Pellegrini et al.
2002), the archeal and human homologues, respectively.
Most of the X-ray structural studies carried out so far have
been on free RecA. Interestingly, all the reported crystal
structures of free RecA have space group P61 (Story et al.
1992; Story and Steitz 1992; Datta et al. 2000, 2003a, b;
Rajan and Bell 2004). The crystal structures thus provide
information not only on the structure of the RecA molecule,
but also on its aggregation into filaments which invariably
form around the crystallographic 61 screw axis.
The molecular geometry of RecA and the location of the
nucleotide binding site were first determined through the
crystal structure analysis of the E. coli RecA (EcRecA)
(Story et al. 1992) and its complex with ADP (Story and
Steitz 1992). It was shown that the RecA molecule consists
of three domains, namely, a small N-terminal domain (N-

Homologous recombination; molecular flexibility; Mycobacterial RecA; P-loop; species variation

http://www.ias.ac.in/jbiosci

Published online: 11 January 2015

J. Biosci. 40(1), March 2015, 13–30, * Indian Academy of Sciences

13

14

Anu V Chandran et al.

domain), a large central main domain (M-domain) and a Cterminal domain (C-domain) of intermediate size. The Mdomain contains the nucleotide binding site involving a Ploop (phosphate binding loop), DNA binding loops L1 and
L2, both of which are disordered in the EcRecA structures,
and the LexA binding loop, the residues of which are involved in binding to LexA, a protein involved in SOS response. The N- and C-terminal domains play crucial roles in
the assembly of RecA into filaments and the filaments into
bundles. The details of the RecA–nucleotide interactions
have been extensively characterized in our laboratory using
the Mycobacterium tuberculosis RecA (MtRecA) and its
nucleotide complexes (Datta et al. 2000; 2003a), in a longrange programme of mycobacterial proteins (Vijayan 2005;
Krishna et al. 2007; Selvaraj et al. 2007; Kaushal et al. 2008;
Roy et al. 2008; Prabu et al. 2009; Chetnani et al. 2010) as
part of a national (Arora et al. 2011; Goyal et al. 2012;
Kukshal et al. 2012; Phulera and Mande 2013) and international effort (Terwilliger et al. 2003; Murillo et al. 2007). The
DNA binding loops were defined in some of the structures
and that helped to provide a reasonably complete picture of
the molecule, except for the undefined 20-residue stretch at
the C-terminus which was disordered in all crystal structures.
The work involving MtRecA was followed by that on the
Mycobacterium smegmatis RecA (MsRecA) and its nucleotide complexes (Datta et al. 2003b). The two sets of studies
together, among other things, led to the identification of a
glutaminyl residue at the beginning of a DNA binding loop
(Gln195 in MtRecA and Gln196 in MsRecA) as the switch
residue, the movement of which on nucleotide binding triggers the transmission of ATP-mediated allosteric information to the DNA binding regions of the molecule.
Furthermore, the C-terminal stretch referred to earlier was
ordered for the first time in a crystal structure in one of the
MsRecA–nucleotide complexes (Krishna et al. 2006). This
ordering was accompanied by the generation of a second
nucleotide binding site. A pathway for communication between the first nucleotide binding site in the molecule and
the second binding site in the adjacent molecule in the
filament was also identified. Since then much of the work
in this laboratory has been on MsRecA.
More crystal structures of EcRecA and its nucleotide
complexes have become available (Xing and Bell 2004;
Bell and Xing 2004). The movement of the switch residue
(Gln194 in EcRecA) in response to nucleotide binding was
observed in EcRecA as well. Furthermore, a correlation
between the movement of the C-domain and the pitch of
the helical filament was observed in EcRecA structures, an
observation corroborated by the work on RecA from
Deinoccocus radiodurans (DrRecA) (Rajan and Bell
2004). That prompted a further detailed study of the plasticity of the MsRecA molecule. By examining appropriate
mutants involving Gln196 and their complexes, it was

J. Biosci. 40(1), March 2015

established that the systematic movements of the residue in
response to nucleotide binding occurs only when the residue
is glutamine as in the wild-type protein (Prabu et al. 2008).
Furthermore, the plasticity of MsRecA was explored by
growing crystals in somewhat different ways and X-rayanalysing them under different environmental conditions.
These studies did not indicate any significant correlation
between the movement of the C-domain and the pitch of
the helical filament. However, they revealed a correlation
between the movements of the switch residue, the C-domain
and the loop that connects the M- and N-domains (Prabu
et al. 2008). It appeared that these movements are made use
of in the transition from the inactive to the active filament,
the structure of which was reported in the meantime (Chen
et al. 2008).
The work on MsRecA by us and that on EcRecA elsewhere not only brought to light the internal mobility of the
molecule but also the interspecies variability in mobility
(Chandran and Vijayan 2013). To further explore this variability, we undertook a thorough exploration of the plasticity
of MtRecA, reported here, by varying the crystallization
conditions and the conditions under which crystals are
analysed. Three compounds reported to be inhibitors of
EcRecA, MtRecA and MsRecA (Wigle and Singleton
2007; Nautiyal et al. 2014) and another that was suggested
to be an inhibitor in docking studies (unpublished results)
were also used for this exploration. Although no RecA
complexes involving these compounds could be prepared,
the experiments involving them helped to expand the statistical base of the analysis. The analysis showed that the
MtRecA molecule is much less flexible compared to
MsRecA and EcRecA molecules. This is particularly true
of the movement of the C-domain with respect to the Mdomain and the variability in the pitch of the helical filament.
The analysis also brought to light hitherto underappreciated
finer details of the molecular architecture of RecA.

2.

Materials and methods

MtRecA was purified as previously described (Kumar et al.
1996). Congo red, bis-ANS, suramin and bordeaux, used in
the soaking studies, were purchased from Sigma Aldrich.
Native MtRecA was crystallized in two different conditions.
In one case, the protein was crystallized from a hanging drop
of 6mg ml-1 protein in 80 mM citrate-phosphate buffer pH
7.0 containing 80 mM sodium chloride, 20 mM sodium
citrate, 40 mM ammonium acetate, 0.08 mM dithiothreitol
(DTT), 8% glycerol, 6% polyethylene glycol and equilibrated against 30% polyethylene glycol 3350 and 200 mM ammonium acetate in 100 mM sodium citrate pH 5.8 (referred
to as condition I). In the second case, a hanging drop of 4 mg
mL−1 protein in 80 mM tris-acetate buffer pH 7.5 containing
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80 mM sodium chloride, 20 mM sodium citrate, 40 mM
ammonium acetate, 8% glycerol, 0.16 mM dithiothreitol
(DTT), 3% polyethylene glycol 3350 and 2% polyethylene
glycol MME 5000, equilibrated against 15% polyethylene
glycol 3350, 10% polyethylene glycol MME 5000 and
200 mM ammonium acetate in 100 mM sodium citrate pH
5.8 was used for getting crystals (referred to as condition II).
Soaking experiments in the present study were carried out
using the crystals obtained in condition II as the native data
sets in the crystals obtained previously using condition I
have a phosphate ion bound to the active site. In all soaking
experiments, a ligand concentration of ~5 mM was used in
the drop. Ligands were soaked in the crystal drop initially for
12 h in the case of suramin, bis-ANS, congo red and bordeaux. Prolonged soaking with suramin broke the crystals.
Attempts were made to soak only congo red, bis-ANS and
bordeaux for a week. Soaking trials were also carried out for
a period of one month in the case of two of the ligands
(congo red and bordeaux). For low temperature data collection, 30% ethylene glycol prepared either in the protein
buffer or in the precipitant was used as the cryoprotectant.
X-ray diffraction data from all crystals, except three, were
collected at home source, 8 of them on a Bruker Microstar
Ultra 2 rotating anode generator and 2 of them on a Rigaku
rotating anode generator, both using a MAR345 image plate.
The crystal to detector distance was kept at 225–250 mm
with an oscillation angle of 1° per frame. The diffraction data
from two crystals were collected at the BM-14 beamline of
ESRF, Grenoble, with a crystal to detector distance of
around 275.7 mm and an oscillation angle of 0.25°. Data
from another crystal were collected at ELETTRA beamline
5.2R with a crystal to detector distance of 200 mm and an
oscillation angle of 1° per frame. The crystals diffracted to a
resolution range of 2.3 to 3.0 Å except in the case of the
room temperature data from crystals grown under condition
II, where the resolution was 3.4 Å. The images were processed using MOSFLM (Leslie and Powell 2007) and scaled
using SCALA (Evans 2006) from the CCP4 program suite
(Collaborative Computational Project Number 4 1994).
The native MtRecA structure (PDB code 1G19) was used
as the initial model for refinement. The structures were
refined initially using CNS (Brunger et al. 1998) and subsequently using REFMAC (Murshudov et al. 2011). The structures were first refined taking the three domains, N (1–29),
M (30–269) and C (270–329), as three rigid bodies. This was
followed by positional refinement. Electron density maps
with 2Fo-Fc and Fo-Fc as coefficients were calculated at
different stages of refinement. Model building was carried
out using COOT (Emsley et al. 2010). Refinement and
model building were continued till R and Rfree converged.
Water molecules were built into the map based on peaks
greater than 1σ in 2Fo-Fc and 3σ in Fo-Fc maps after fitting
the protein chain and the ligands.
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The structures were validated using PROCHECK
(Laskowski et al. 1993) and the RCSB validation server,
ADIT (http://deposit.pdb.org/validate/). Contact distances
were calculated using CONTACT from the CCP4 program
suite. Distances of less than 3.6 Å between appropriate
acceptor and donor groups were taken as indicating possible
hydrogen bonds. Structural alignments were carried out
using ALIGN (Cohen 1997) and figures were prepared using
PyMOL (DeLano 2002) and MOLMOL (Koradi et al. 1996).

3.
3.1

Results and discussion

Crystallization conditions, ligands and additives

The structure of MtRecA was originally solved using the
crystals grown from citrate-phosphate buffer, which
diffracted to a resolution of 3.0 Å (Datta et al. 2000). In
order to get better data, crystals were grown using the same
buffer and data were collected from these crystals at room
temperature and low temperature at resolutions of 2.6 Å and
2.8 Å, respectively. 30% ethylene glycol in the same buffer
was used as the cryoprotectant in data collection at low
temperature. Both the structures contained a phosphate ion
as the ligand near the P-loop involved in nucleotide binding.
The nucleotide complexes were originally studied at room
temperature using crystals grown in tris- acetate buffer.
Native crystals were again grown in the same buffer containing glycerol with a solution containing sodium citrate as
the precipitant. The crystals grown in this manner were
fragile and diffracted only up to 3.4 Å resolution at room
temperature on a home source. Crystals rapidly deteriorated
when attempts were made to collect data at a synchrotron
source at room temperature. However data at better resolution could be collected at low temperature using 30% ethylene glycol in the precipitant (containing 100 mM sodium
citrate) as the cryoprotectant. The protein now had a citrate
ion as the ligand near the P-loop (figure 1a). Thus, it would
appear that phosphate is preferred as the ligand when it is
present in the medium as in the case of the crystals grown
from phosphate-citrate buffer. In the absence of phosphate,
citrate is preferred as the ligand as in the case of the crystals
grown from tris-acetate buffer, when citrate is available in
excess on account of its presence in the cryoprotectant.
When citrate is not available as in these experiments, a
glycerol is taken up as the ligand in the P-loop (see later).
Congo red, bis-ANS and suramin have been reported to
be inhibitors of RecA activity (Wigle and Singleton 2007;
Nautiyal et al. 2014). Docking and other studies (data not
presented) showed that bordeaux could cause reduction in
the ATPase activity of MtRecA. Attempts to co-crystallize
these compounds with MtRecA did not succeed. Soaking
experiments were then carried out in the tris-acetate buffer
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Figure 1. Electron density in simulated annealing omit maps for (a) citrate and (b) glycerol in typical structures (citrate in 4PPF and
glycerol in 4PSA). The contours are at 3σ level.

system. Data were collected at low temperature using 30%
ethylene glycol in the precipitant containing citrate as the
cryoprotectant. None of the structures contained the compound attempted to be soaked in, bound to the protein.
Instead, all of them had citrate as the ligand near the P-loop.
A possible interpretation of the above results is that the
four compounds are unable to compete with citrate for binding at the P-loop on account of the citrate present in the
cryoprotectant. Therefore, two sets of experiments were carried out using different cryoprotectants. In one, the precipitant
solution without citrate was used to dissolve ethylene glycol.
In another, 30% ethylene glycol in the protein buffer was
used as the cryoprotectant. Following reports that dGTP
could also bind MtRecA (Kumar et al. 1996), an attempt
was made to soak GMPPNP, a non hydrolysable analog of
GTP, into preformed protein crystals. Furthermore, data were
collected from three different protein crystals without any of
the compounds mentioned above in the medium to serve as
controls when exploring the variability in the structure of the
MtRecA molecule. In spite of the presence of different compounds in the medium in most of these structures, all of these
yielded structures with electron density near the P-loop which
could be interpreted as corresponding to glycerol (figure 1b).
Attempts were made to explore the variability in the
structure on account of the differences in the relative humidity around the crystal (Prabu 2009). Unlike in the crystals of
MsRecA (Prabu et al. 2008), the reduction in relative humidity did not lead to changes in the solvent content of the
structure. This appeared to be an indication of the relatively
high rigidity of MtRecA in comparison with MsRecA.
To sum up, the crystallographic experiments explained
above resulted in a number of structures (table 1) which can
be classified primarily in terms of the ligands near the Ploop. Two of them, one determined at room temperature and
the other at low temperature, have phosphate near the Ploop. Four, all determined at low temperature, have citrate as
the ligand. In the remaining structures, including one determined at the room temperature, glycerol is the ligand. Data
collection and refinement statistics pertaining to them are
J. Biosci. 40(1), March 2015

given in table 2. The structures mentioned above and those
of the nucleotide complexes reported earlier form the database for the analysis presented here.
The nucleotide bound structures considered here were
refined using CNS more than a decade ago (Datta et al.
2003a). The structures presented here have been refined
using REFMAC. Furthermore, a few errors were noticed in
the reported nucleotide bound structures, when they were
compared with the MtRecA structures analysed now. These
errors were corrected and the structures were further refined
using REFMAC to facilitate comparison. It was important to
do so, as unlike in the MsRecA and EcRecA structures, the
differences among the different MtRecA structures are small.

3.2

Overall structure

As is to be expected, the geometry of the molecule in the
crystal structures reported here are nearly same with the N,
M and the C domains, made up of the residues 1–30, 31–269
and 270–329, respectively. The N-domain, the first five residues of which are disordered in all the structures, is primarily a
long helix. The M-domain has a ‘P-loop containing NTPase’
fold made up of an eight stranded sheet flanked by helices. The
two DNA binding loops in it are substantially disordered in
most structures. The LexA binding loop is flexible, but exhibits much less disorder. The rest of the domain is ordered.
The C-domain, made up of three helices and three strands,
form an independent globular unit. The C-terminal stretch of
this domain, made up of 20 amino acid residues, is disordered
as in all the known structures of RecA, except a dATP complex of MsRecA (Krishna et al. 2006).
MtRecA exhibits limited variability in the structures considered here. In pair-wise superpositions involving residues
defined in all the 21 structures, the r. m. s. deviations in no
case exceeds 0.72 Å. Thus, it would appear that the overall
effect of ligands and other additives on the structure is not
substantial. The variation among structures, although limited, is not distributed uniformly as illustrated in the sausage
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Table 1. Conditions of crystallization, soaking and data collection of different structures solved in the present study
PDB code

Crystal structure

Crystallization
condition

Compound
soaked

Temperature of data
collection

Ligand modelled
near P-loop

4PSV
4PSK
4PPF
4PPG
4PPN
4PPQ
4OQF
4PQR
4PQF
4PSA
4PR0
4PQY
4PO9
4POA
4PO8
4PTL
4PO1

I-RT
I-LT
IIA-N
IIA-BR
IIA-BN
IIA-CR
IIB-SR
IIB-BN
IIB-CR
IIC-N1
IIC-N3
IIC-N4
IIC-BR
IIC-BN
IIC-CR
IIC-GM
IIC-RT

I
I
IIA
IIA
IIA
IIA
IIB
IIB
IIB
IIC
IIC
IIC
IIC
IIC
IIC
IIC
IIC

Bordeaux
Bis-ANS
Congo Red
Suramin
Bis-ANS
Congo Red
Bordeaux
Bis-ANS
Congo Red
GMPPNP
-

298K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
100K
298K

Phosphate
Phosphate
Citrate
Citrate
Citrate
Citrate
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol
Glycerol

Crystallization conditions have been described in the text. Cryoprotectant used with crystals grown under condition II were 30 % ethylene
glycol in the precipitant (IIA), in the precipitant without citrate (IIB) and in the protein buffer (IIC).

plot based on the deviations in Cα positions among different
structures (figure 2a). The variations based on B-factor in all
the structures, illustrated again as a sausage plot in figure 1b,
are similar to those based on deviations in Cα positions, thus
lending additional credibility to the results presented in the
two plots.
Residues in the DNA binding loops, L1 and L2, are
disordered in most of the structures. Therefore, they were
omitted when preparing figure 2. Both the plots show that the
most flexible ordered region of the molecule is the LexA
loop. In the M-domain, P-loop, the strand that precedes it and
the helix that follows it show substantial variability in their
locations. The same is true about the regions of the domain
which are in close proximity to the bound ATP analogs.
Thus, the nucleotide binding region, the LexA binding loop
and the DNA binding loops in that order exhibit increased
flexibility. The N and C domains on the whole, exhibit higher
flexibility than the M-domain. In the N-domain, the flexibility increases as the chain approaches the N-terminus. The
region farthest from the LexA binding loop, namely, the 283–
297 stretch, is the most flexible region in the C-domain.
3.3

P-loop and its interactions

Walker motif A, GXXXXGKT (Walker et al. 1982), occurs
in a large number of proteins, but it assumes a P-loop
conformation only when nucleotide binding is involved

(Ramakrishnan et al. 2002). Furthermore, P-loop from different proteins exhibits a measure of structural variability
depending upon the nature of the four variable residues in
the motif. These residues are Pro, Glu, Ser and Ser in
MtRecA as well as in MsRecA and EcRecA. The availability
of several independent copies of MtRecA structure, obtained
in different conditions, permit a reliable delineation of the
structural features of the motif in it. ATP binding and its
hydrolysis is central to the function of RecA. Therefore,
interactions of the P-loop, which has a structure tailor made
for binding the phosphate tail of the nucleotide, with residues
in the neighborhood are also of considerable interest.
The conformation of the P-loop in all the MtRecA structures is essentially the same. The same is true about the
internal hydrogen bonds that stabilize the structure (figure 3).
The structure involves a 68–71 β-turn and a 71–73 turn
which is often stabilized by hydrogen bonded interactions
between Lys73 NH and Ser71 OG. The two turns are further
stabilized by a Pro68 O…Ser71 OG hydrogen bond. The
two turns are interconnected by a hydrogen bond between
the side chain amino group of Lys73 and Pro68 O in most of
the structures. In some structures, a Lys73 NZ…Gly67 O
hydrogen bond also exists. The P-loop is preceded by a
strand. The C-terminal residues 72–74 form part of a helix
that follows the P-loop. The sequence and structure of the Ploop in MsRecA and EcRecA are essentially the same as
those in MtRecA, indicating the robustness of the loop.
J. Biosci. 40(1), March 2015
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31
47.9
46.4
52.9
45.0

0.007
1.2
92.7
7.3
0.0

45.5
31.7
65.4

0.006
1.1
90.8
9.2
0.0

19963
(2835)
10.5
(6.7)
97.5
(95.4)
18.0
(2.0)
8.4
(87.6)

5
44.2

11506
(1633)
3.0
(2.6)
99.5
(97.2)
8.6
(2.0)
10.6
(51.0)

14941
(1489)
4.0
(4.1)
98.9
(99.8)
25.9
(3.4)
5.6
(47.0)

2.3
3.06
59.8
1

30.0–2.3
18.4
23.5
2263
110

2.8
3.1
60.3
1

2.6
3.3
62.2
1

P61
Citrate
107.02,
70.27

IIA-N

29.61–2.8
19.2
25.4
2240
51

P61
Phosphate
107.12,
71.07

I-LT

P61
Phosphate
108.42,
72.75

Refinement
Resolution (Å)
27.11–2.6
R-factor (%)
15.4
Rfree (%)
19.6
Protein atoms
2250
Water
51
molecules
Other atoms
5
Average B
51.2
factor (Å2)
B factor, protein
48.5
atoms(Å2)
B factor, water
50.30
molecules (Å2)
B factor,
69.0
ligand (Å2)
RMS deviation
Bond lengths (Å)
0.007
Bond angles (deg)
1.2
Ramachandran plot statistics (%)
Favoured region
93.5
Allowed region
6.1
Generously allowed
0.4
region

Rmerge (%) †

I/σ(I)

Completeness (%)

Multiplicity

Space group
Ligand
Unit cell
dimensions
(a=b, c) (Å)
Resolution (Å)
Vm (Å Da-3)
Solvent content (%)
No. of subunits/
asymmetric unit
Unique reflections

I-RT

Table 2. Data collection and refinement statistics

91.2
8.0
0.4

0.005
0.98

32.9

29.0

44.6

13
42.9

30–3.0
18.3
24.8
2253
47

9281
(1342)
13.1
(12.2)
100
(100)
15.8
(3.0)
19.9
(88.0)

3.0
3.04
59.6
1

P61
Citrate
106.83,
70.20

IIA-BR

91.2
8.8
0.0

0.005
0.96

40.7

46.1

49.2

17
48.6

30.0–2.6
19.99
24.2
2239
61

14156
(2036)
12
(11.9)
100
(100)
19.6
(2.9)
11.6
(91.8)

2.6
3.04
59.6
1

P61
Citrate
106.73,
70.27

IIA-BN

91.2
8.8
0.0

0.006
1.0

38.3

32.7

43.6

25
41.9

30.0–2.85
19.4
25.3
2200
65

10674
(1540)
10.5
(9.7)
99.2
(98.9)
15.6
(2.7)
17.1
(89.0)

2.85
3.04
59.5
1

P61
Citrate
106.47,
70.51

IIA-CR

93.1
6.9
0.0

0.005
0.98

44.8

31.1

40.4

14
39.2

30.0–2.8
19.3
25.4
2231
63

11452
(1662)
11.9
(11.0)
100
(100)
16.6
(2.9)
17.2
(91.2)

2.8
3.06
59.9
1

P61
Glycerol
106.84,
70.61

IIB-SR

93.1
6.9
0.0

0.005
1.0

52.3

36.7

45.6

10
43.7

30.0–2.8
19.2
25.3
2212
59

11426
(1654)
11.5
(10.1)
100
(100)
13.9
(2.6)
16.9
(94.1)

2.8
3.06
59.8
1

P61
Glycerol
106.83,
70.49

IIB-BN

93.5
6.5
0.0

0.005
0.97

45.9

33.1

40.4

14
39.2

30.0–2.8
19.0
24.8
2215
71

11501
(1667)
12.1
(11.7)
100
(100)
15.1
(2.9)
19.2
(94.6)

2.8
3.08
60.1
1

P61
Glycerol
106.96,
70.81

IIB-CR

93.1
6.9
0.0

0.005
0.98

52.7

39.0

43.7

35
42.3

30.0–2.65
19.0
24.4
2241
74

13606
(1955)
11.9
(11.2)
100
(100)
14.5
(3.0)
15.4
(85.2)

2.65
3.09
60.2
1

P61
Glycerol
107.1,
70.93

IIC-N1
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Refinement
Resolution (Å)
R-factor (%)
Rfree (%)
Protein atoms
Water
molecules
Other atoms
Average B
factor (Å2)
B factor, protein
atoms(Å2)

Rmerge (%) †

I/σ(I)

Completeness (%)

Multiplicity

Space group
Ligand
Unit cell
dimensions
(a=b, c) (Å)
Resolution (Å)
Vm (Å Da-3)
Solvent content (%)
No. of subunits/
asymmetric unit
Unique reflections

Disallowed region
Ordered residues

Table 2 (continued)

30.0–2.95
18.8
25.0
2267
57
6
42.2
43.0
27.9

19
48.9

49.0

40.6

9884
(1429)
4.0
(3.6)
100
(99.9)
9.1
(2.5)
12.1
(49.4)

13343
(1999)
6.5
(6.3)
92.1
(94.3)
11.3
(2.0)
13.0
(88.9)

30–2.6
21.1
27.9
2268
65

2.95
3.09
60.2
1

2.6
3.1
60.4
1

IIC-N4

0.0
4–159,
164–197,
211–330

IIA-N

P61
Glycerol
107.22,
70.69

0.0
4–159,
164–197,
212–331

I-LT

P61
Glycerol
107.04,
71.31

IIC-N3

0.0
5–159,
164–197,
211–332

I-RT

31.9

42.4

18
40.2

30.0–2.95
19.4
24.9
2184
41

9860
(1428)
11.5
(11.3)
100
(100)
12.6
(2.9)
19.6
(87.1)

2.95
3.08
60.1
1

P61
Glycerol
106.81,
71.04

IIC-BN

0.0
4–159,
163–197,
213–332

IIA-BR
0.0
5–159,
164–196
211–329

IIA-CR

35.7

41.8

15
39.9

25.74–2.75
19.7
25.5
2212
61

12222
(1756)
12.3
(11.8)
100
(100)
16.2
(3.0)
17.2
(88.2)

2.75
3.10
60.3
1

P61
Glycerol
107.09,
71.14

IIC-BR

0.0
4–159,
164–197,
210–330

IIA-BN

38.8

43.2

14
41.6

29.42–2.7
19.8
24.7
2197
59

12722
(1853)
8.5
(8.1)
100
(100)
15
(2.8)
13.8
(76.5)

2.7
3.04
59.7
1

P61
Glycerol
106.79,
70.45

IIC-CR

0.0
5–159,
164–196,
211–331

IIB-SR
0.0
4–159,
164–196,
211–330

IIB-CR

50.9

50.8

18
50.1

30–2.5
20.1
24.8
2229
73

16019
(2307)
3.1
(3.1)
99.9
(100)
11.4
(2.4)
6.3
(49.6)

2.5
3.07
59.9
1

P61
Glycerol
106.82, 70.78

IIC-GM

0.0
5–159,
164–196,
210–330

IIB-BN

25.4

43.8

6
43.3

21.2–3.4
16.5
22.9
2216
13

6799
(981)
6.0
(6.1)
100
(100)
7.6
(2.6)
33.7
(87.2)

3.4
3.23
62.0
1

P61
Glycerol
108.34,
72.54

IIC-RT

0.0
5–159,
164–196,
209–330

IIC-N1

Plasticity and interspecies variability of RecA
19

J. Biosci. 40(1), March 2015

IIC-N3
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52.7

0.006
1.0
90.8
8.5
0.8
0.0
4–159,
164–196,
211–330

0.006
1.0
91.4
7.5
0.7
0.0
4–197,
210–331

IIC-BN

43.1

IIC-N4

0.0
5–159,
163–196,
209–329

89.7
9.9
0.4

0.005
1.0

46.0

IIC-BR

0.0
5–159,
164–196,
211–236,
239–330

92.6
7.4
0.0

0.005
1.0

46.6

IIC-CR

0.0
4–159,
164–196,
210–330

93.9
6.1
0.0

0.005
0.94

61.0

IIC-GM

0.0
6–159,
164–196,
209–329

88.5
11.5
0.0

0.006
1.1

20.9

IIC-RT

Values in parenthesis are those for the highest resolution shell.
†
Rmerge= ∑hkl∑i |Ii (hkl) -<I(hkl)>| / ∑hkl ∑i Ii (hkl) where Ii(hkl) is the ith observation of reflection hkl and <I (hkl)> is the weighted average intensity for all i observations of
reflection hkl.
The PDB accession codes to structures are 4PSV, 4PSK, 4PPF, 4PPG, 4PPN, 4PPQ, 4OQF, 4PQR, 4PQF, 4PSA, 4PR0, 4PQY, 4PO9, 4POA, 4PO8, 4PO1, 4PTL.

B factor, water
molecules (Å2)
B factor,
49.6
ligand (Å2)
RMS deviation
Bond lengths (Å)
0.005
Bond angles (deg)
0.94
Ramachandran plot statistics (%)
Favoured region
91.8
Allowed region
8.2
Generously allowed
0.0
region
Disallowed region
0.0
Ordered residues
5–197,
211–330

Table 2 (continued)
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Figure 2. Sausage plots of MtRecA based on (a) deviations in Cα positions and (b) B-factors in different structures. L1 and L2 are
disordered in most structures and therefore they were not included in the calculations.

The switch residue, Gln195, occurs at the beginning of
the DNA binding loop L2. This residue is firmly anchored
on to the P-loop through three interactions. The side chain
oxygen of the residue has a hydrogen bond with Lys73 NZ

in most structures. Furthermore, the flanking residues also
interact with the loop through Gly67 N…Asn194 O and
Leu196 N…Gly67 O hydrogen bonds. The other residues
in the neighborhood of the P-loop are Val226, Arg228 and
J. Biosci. 40(1), March 2015
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Figure 3. Possible hydrogen bonds involving the P-loop. Those with distances less than 3.6 Å in half the structures or more are shown as
black dashed lines. Those shown in red occur only in a fewer number.

Thr243. A Ser OG 71…Val226 O interaction, in many cases
with a distance less than 3.6 Å, occurs in most structures.
The same is true about the Arg228 NE…Ser70 O interaction.
A Thr243 OG1…Ser71 O interaction occurs less frequently,
but is conspicuously present in nucleotide complexes.
Val226 and Arg228 precede the LexA binding loop while
Thr243 follows it. Mutational studies on EcRecA have
shown that residues in these regions are important for the
coprotease activity of RecA (Dutreix et al. 1989).

3.4

Protein–ligand interactions and their consequences

Four of the complexes considered here involve nucleotides
as ligands. In the rest of the structures, ligands were picked
up from the crystallization medium. Two structures, one
determined at room temperature and the other at low temperature, have a phosphate group bound to the P-loop. The
J. Biosci. 40(1), March 2015

phosphate group is located at a position close to that of the βphosphate of nucleotides in their complexes. The other two
ligands, citrate which occurs in 4 structures and glycerol
which occurs in 11 structures, bear no resemblance to the
triphosphate tail of ATP analogs. However, the way they are
located close to the P-loop exhibit a broad similarity in their
orientation (figure 4). The citrate is located in a closely
similar manner in all the four structures containing them.
The locations of the three carboxylate groups in the citrate
ion are roughly close to those of the three phosphate groups
in the nucleotide. This similarity is broadly reflected in their
interactions with the P-loop as well, although the triphosphate tail has a larger number of interactions than the citrate
ion (figure 5a and b). The glycerol molecule is much smaller
than the triphosphate tail and the citrate ion. Also, glycerol
does not carry any charge. Therefore, its interactions with the
P-loop could be weaker. Consequently, there is some scatter
in their location near the P-loop in the 11 structures.

Plasticity and interspecies variability of RecA
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Figure 4. Superposition of the P-loop in all the structures. Those involving nucleotides, citrate, phosphate and glycerol are shown in
yellow, green, blue and magenta respectively. The phosphate tail of ATPγS in its complex and citrate and glycerol in representative
complexes are also shown.

However the basic pattern is maintained in all of them. A
subset of the interatomic interactions observed in the nucleotide and citrate complexes occurs in the glycerol complexes
as well (figure 5c).
Admittedly citrate and glycerol are not biologically important ligands, unlike the nucleotides. However, in addition
to their importance in understanding the RecA-ligand interactions for possible inhibitor design, the effect of their binding in the P-loop can be used for elucidating the atomic
details of the action of RecA. This is particularly relevant
to the movement of the switch residue, Gln195 in MtRecA,
which is believed to trigger the transmission of information
on nucleotide binding to the DNA binding regions. It has
been shown earlier that this residue moves towards the
nucleotide when it binds to RecA. The movement of the
Gln195 Cα in all the structures considered here is illustrated
in the figure 6. The movement is the highest in the nucleotide
complexes. The movement results in a hydrogen bond between Gln195 NE2 and the γ-phosphate oxygen. The positions of Gln195 Cα cluster together in the citrate complexes
at a location behind those of the same atom in the nucleotide
complexes, indicating a smaller movement. The α-carbon of
the residue in all the glycerol complexes clusters together

along with the two structures with phosphate as the ligand.
This cluster is farthest from the ligand binding site.
The movement of Gln195 appears to be related to the
strength of the ligand binding at the P-loop. As a rough and
ready estimate, the number of P-loop-ligand hydrogen bonds
can perhaps be taken as a measure of the strength of the
interaction. The average number of hydrogen bonds the
phosphate tail, citrate ion and the glycerol makes with the
P-loop is 16, 14 and 8 respectively. The chemical nature of
the ligand could also be important. In any case, the movement of the switch residue towards the ligand is related to the
number of P-loop-ligand hydrogen bonds. The phosphate
group makes 11 hydrogen bonds with the loop in the structures containing it and 195 Cα in them clusters with that in
the glycerol complexes.
The position of Gln195 Cα in the phosphate bound and
the glycerol bound room temperature structures are close to
each other with a difference in coordinates of 0.1 Å between them. That in the phosphate bound low temperature
structure is 0.2 Å closer to the ligand binding site if the Cα
atom in the room temperature structure is taken as the
reference position. The mean position in the 11 glycerol
bound structures with respect to the reference position is 0.2
J. Biosci. 40(1), March 2015
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Figure 5. Hydrogen bonded interactions of ligands with the P-loop in complexes involving (a) nucleotides, (b) citrate and (c) glycerol.
Those with distances less than 3.6 Å in half the structures or more are included.

Å. The corresponding positions in the citrate bound and the
nucleotide bound structures are at 0.8 Å and 1.2 Å, respectively. It would thus appear that lowering of temperature
causes a movement of about 0.2 Å in the position of 195 Cα
towards the ligand binding site. Significant movements are
J. Biosci. 40(1), March 2015

observed when a citrate or nucleotide is the ligand. The
movements are the highest in the structures with nucleotides as the ligands.
In the early years of structural work on the RecA protein,
when that of ligand-free EcRecA was the only well refined

Plasticity and interspecies variability of RecA

Figure 6. Positions of Gln195 Cα in the complexes with phosphate (blue), glycerol (magenta), citrate (green) and nucleotides
(yellow) as ligands, when the structures of the M-domain are
superimposed.

RecA structure available, it was suggested from modelling
studies that the P-loop in the MtRecA is wider than that in
EcRecA (Kumar et al. 1996). This suggestion appeared to
have been borne out by the subsequent X-ray analysis of
MtRecA structures (Datta et al. 2000, 2003a). However, it
was pointed out that even the nucleotide free MtRecA structure contained a phosphate ion in the P-loop and that could
have resulted in the widening of the P-loop, implying that
ligand binding has an effect on the width of the P-loop (Bell
and Xing 2004). The availability of a large number of
MtRecA structures now provides an opportunity to revisit
the issue. Among the MtRecA structures presented here, the
ligand is loosely bound in those involving glycerol at the
binding site. The number of hydrogen bonds that glycerol
makes with the P-loop is not very different from that of the
bound water molecule in the native EcRecA structures
(Story et al. 1992; Bell and Xing 2004). The binding of
citrates and nucleotides to the P-loop is stronger. The width
of the P-loop, defined as the distance between the Glu69 Cα
and Thr74 Cα (Bell and Xing 2004), ranges between 9.3 and
10.1 Å in glycerol and phosphate bound structures. The
range is 9.5 to 9.7 Å in citrate bound structures and 9.5 to
10.0 Å in the nucleotide bound structures. Thus, the results
presented here do not indicate any correlation between the
strength of the interaction with the ligand and the width of
the P-loop. The earlier studies on MsRecA are in consonance
with this inference.
Although the width of the P-loop is unaffected by ligand
binding, minor variations are observed in its geometry. The
variations are more pronounced in the complexes involving
glycerol as the ligand. The protein-ligand interactions in
these complexes are not strong and the variations in the
structure of the P-loop observed in them perhaps represent
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the natural flexibility of this structural element (figure 4).
The P-loops in nucleotide complexes and the citrate complexes cluster together separately. The two clusters exhibit
some differences between them. In particular, the bend
around the residue 70 shifts appreciably in citrate complexes
with respect to that in the nucleotide complexes. The same is
true about the flat region involving the 71–73 stretch. Close
examination indicated that these differences are caused by
the differences in the steric interactions between the ligand
and the loop. Although these two clusters are substantially
within the flexibility limits defined by the glycerol complexes, parts of them are located outside the limits. Thus,
conformational selection (Kumar et al. 2000) and induced fit
(Lange et al. 2008) seem to operate together as in the case of
a couple of instances explored in this laboratory (Sharma
et al. 2009; Sharma and Vijayan 2011).
Residues which interact with the sugar and the base in
the nucleotide complexes include Asp101, Asn241, Tyr265
and Gly266 (figure 7). Understandably, these residues exhibit differences in their positions in the three sets of
complexes. The difference is more pronounced in the side
chain of Tyr265, which moves away in the nucleotide
complexes, presumably to make room for the ligand. On
the contrary, the main chain amino group of Gly266 moves
inwards to enable it to make a hydrogen bond with the
base. The side chain of Asp241 in the nucleotide complexes
undergoes a conformational change, again to enable it to
form a hydrogen bond, now with the sugar. Tyr104, whose
side chain stacks with the base, and Asp101, whose side
chain forms a hydrogen bond with the base, also move
slightly outwards on nucleotide binding. Among the residues which interact with the nucleoside component, Asn241
belongs to a region that follows the LexA binding loop,
which as mentioned earlier, is important for the coprotease
activity of RecA.
3.5

Internal mobility

Detailed studies, involving several crystal structures in each
case, on EcRecA and MsRecA revealed substantial internal
mobility of the molecule in both the cases. A striking correlation between the C-domain movement and the pitch of the
helix was observed in EcRecA. Correlated movements of the
C-domain, the switch residue and the peptide stretch that
connects the M and the N domains were observed in
MsRecA. In fact, the change in relative humidity or temperature was enough to trigger these movements. Other environmental factors also led to the movements. MtRecA, in
spite of its 89% sequence identity with MsRecA, presents an
entirely different picture. Detailed explorations involving
changes in the relative humidity around the crystal did not
lead to any significant change in the structure (Prabu 2009).
Crystals grown under identical conditions, but determined at
J. Biosci. 40(1), March 2015
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Figure 7. The nucleoside binding region. Residues from representative structures with nucleotides (yellow), citrate (green) and glycerol
(magenta) as ligands are shown.

room temperature and at 100K, such as I-RT and I-LT,
exhibited only marginal differences in molecular geometry.
Variations in mother liquor did not lead to substantial changes in the molecular structure. The only significant change
observed in the different structures is the movement of the
switch residue in response to ligand binding.
As can been seen from table 3, the differences in crystal
packing are unlikely to have influenced the differences in the
plasticity of MtRecA, MsRecA and EcRecA. Homologous
proteins from different species often crystallize in different
space groups leading to changes in crystal environment. In
the case of RecA, the protein from the three species crystallizes in the same space group with comparable unit cell
dimensions. Thus, the crystal packing is almost the same
in all the cases. There are similarities and some differences
in the buffer used for crystallization of the protein from
the three sources. Most of the data sets were collected at
298K or 100K. Irrespective of the crystallization buffer
J. Biosci. 40(1), March 2015

and the temperature of data collection, MtRecA yields
only one crystal form. MsRecA and EcRecA, on the other
hand, yield several crystal forms. Thus the crystal data
themselves indicate the higher rigidity of MtRecA compared to MsRecA and EcRecA. Subsequent structure analyses confirmed this indication.

4.

Conclusions

The structures of MtRecA reported here, when examined
along with those of EcRecA and MsRecA, reveal considerable interspecies variability in the internal movements
of the molecule, although all the three are organized into
filaments, and probably bundles, in the same manner and
all of them crystallize in the same space group. Within
the same frame work, EcRecA and MsRecA exhibit considerable structural plasticity while MtRecA does not.
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Table 3. Crystal data of MtRecA, MsRecA and EcRecA
MtRecA
Space group
Unit cell dimensions (Å)

P61
Form I (22) :
a=106.4–108.5,
c=70.2–72.9

Crystallization buffers

Citrate-phosphate, pH 7.0,
Tris-acetate, pH 7.5

Data collection
temperatures (K)

298K (Form I),
100K (Form I)

MsRecA

EcRecA

Form I (3):
a=108.2–108.4, c=73–73.9

Form I (1):
a=102.4, c=82.7

Form II (8):
a=103.0–103.6 c=75.1–77.1
Form III (5):
a=102.9–103.7, c=71.7–73.6
Form IV (13):
a=101.4–102.2, c=74.2–76.1

Form II (1):
a=105.9, c=73.5
Form III (1):
a=108.4, c=73.8
Form IV(1):
a=108, c=74.4
Form V (2):
a=100.5–100.7, c=81.9–82.2
Citrate phosphate, pH 5.4 (Form I),
Tris-HCl, pH 8.0 ( Forms II, III, IV, V)

Citrate phosphate, pH 7.5
(Forms I, II, III),
Citrate phosphate, pH 6.9 (Form IV)
298K ( Forms I, II, III),
100K (Form IV)

248K (Form I),
100K (Forms II, III, IV, V)

Also given is the information on crystallization buffer and temperature at which the data were collected. Further details on MtRecA are
given in the text of this paper. Relevant publications mentioned in the text may be referred to for further details on MsRecA and
EcRecA.The number of crystals in each case is given in parenthesis.

This is particularly surprising in relation to MtRecA and
MsRecA because of their close evolutionary relationship.
The only significant feature shared by all these is the
mobility of the switch residue. The mechanical properties
of RecA nucleoprotein filament and their role on
recombination-like reactions of RecA have yet to be
defined. In general, the nucleoprotein filaments that catalyse strand exchange are qualitatively stiff and regular, or
less stiff and irregular, largely depending on the nature of
the bound nucleotide cofactor (Cox 2007). Although the
existence of functional diversity among RecA nucleoprotein filaments has been demonstrated in vitro (Patil et al.
2011), the biological significance of this observation remains to be elucidated.
Perhaps the most critical element in the RecA molecule is
the P-loop which binds to ATP, the hydrolysis of which
triggers the rest of the RecA action. The availability of
structures at somewhat different conditions permits a detailed characterization of this element. A comparison among
the structures shows the P-loop along with the rest of the
nucleotide binding region to be somewhat flexible although
much less so compared to the DNA binding and LexA
binding loops. The structure of the P-loop, however, remains
essentially invariant although it is affected to a limited extent
by the nature of the ligand. The structure remains similar in
EcRecA and MsRecA, indicating the robustness of the Ploop architecture in relation to species variation. The loop
has direct interactions with the DNA binding loop L2 and the

peptide stretch preceding and following the LexA binding
loop, emphasizing its role in triggering various actions of the
RecA molecule. A detailed comparison of the complexes
involving different ligands indicates that the movement of
the switch residue towards the ligand binding site is related
to the strength of RecA–ligand interactions.
It has been suggested that RecA could have a role in the
development of drug resistance and the protein could therefore be considered as a co-target or an adjuvant target in drug
design (Sexton et al. 2010; Nautiyal et al. 2014). In this
context, insights into the interaction of non-nucleotide ligands provided by the crystal structures presented here could
be useful for design of inhibitors against RecA from
M. tuberculosis and other pathogenic organisms.
Interactions involving the citrate ion appear to be particularly
important in this context as it has a tendency to interact with
the P-loop in the absence of nucleotides. For instance, in the
several structures of M. tuberculosis pantothenate kinase
studied in this laboratory, a citrate ion picked up from the
buffer invariably interacts with P-loop when the crystallization medium does not contain nucleotides (Chetnani et al.
2009). The other structures where citrate is found in the
region which binds the phosphate tail of nucleotides, when
available, include human dynamin-1-like GTPase (Wenger
et al. 2013) and M. tuberculosis nucleotide diphosphate
kinase (Georgescauld et al. 2014). Thus, interactions involving citrate deserve special attention in relation to inhibitor
design.
J. Biosci. 40(1), March 2015
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