
RESEARCH ARTICLE

NMR Structure and Dynamics of the
Resuscitation Promoting Factor RpfC
Catalytic Domain
Vincenzo Maione1, Alessia Ruggiero2, Luigi Russo3, Alfonso De Simone4, Paolo
Vincenzo Pedone1,3, Gaetano Malgieri1, Rita Berisio2, Carla Isernia1,3*

1 Dipartimento di Scienze e Tecnologie Ambientali Biologiche e Farmaceutiche, Second University of
Naples, via Vivaldi 43, 81100, Caserta, Italy, 2 Istituto di Biostrutture e Bioimmagini, CNR, Via
Mezzocannone 16, 80134, Napoli, Italy, 3 Centro Interuniversitario di Ricerca sui Peptidi Bioattivi—
University of Naples “Federico II”, Via Mezzocannone 16, 80134, Napoli, Italy, 4 Faculty of Natural Sciences,
Department of Life Sciences, Imperial College, 603 Sir Ernst Chain Building-South Kensington Campus,
London, United Kingdom

* carla.isernia@unina2.it

Abstract
Mycobacterium tuberculosis latent infection is maintained for years with no clinical symp-

toms and no adverse effects for the host. The mechanism through which dormantM. tuber-
culosis resuscitates and enters the cell cycle leading to tuberculosis is attracting much

interest. The RPF family of proteins has been found to be responsible for bacteria resuscita-

tion and normal proliferation. This family of proteins inM. tuberculosis is composed by five

homologues (named RpfA-E) and understanding their conformational, structural and func-

tional peculiarities is crucial to the design of therapeutic strategies.Therefore, we report the

structural and dynamics characterization of the catalytic domain of RpfC fromM. tubercolo-
sis by combining Nuclear Magnetic Resonance, Circular Dichroism and Molecular Dynam-

ics data. We also show how the formation of a disulfide bridge, highly conserved among the

homologues, is likely to modulate the shape of the RpfC hydrophobic catalytic cleft. This

might result in a protein function regulation via a “conformational editing” through a disulfide

bond formation.

Introduction
Tuberculosis is an infectious bacterial disease caused by various strains ofmycobacteria, most
commonlyMycobacterium tuberculosis.

This latter is a very successful pathogen that can persist in the human host regardless of a
strong immune response; a large part of the human population, is in fact, latently infected with
M. tuberculosis. The bacillus resides in the host in a dormant form creating an enduring pool of
future disease and contagion.

Although the interactions betweenM. tuberculosis and the host organism resulting in chronic
or latent infection remain elusive, the mechanism through which this bacterium "awakes" from
its dormant state is currently attracting much of the research activity in this area.
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The factors found to be responsible for the resuscitation of the dormant bacteria, allowing
them to proliferate normally, belong to the so called Rpf (Resuscitation promoting factors)pro-
tein family. This family of proteins inM. tuberculosis is composed by five homologues named
RpfA-E [1]. Rpfs contain a transglycosylase-like domain and have been proposed to act as pep-
tidoglycan hydrolases that alter the mechanical properties of the cell wall and favour cell divi-
sion and/or release of anti-dormancy factors [2].

All Rpfs share a 70 amino acid catalytic domain and present N-terminal signal sequences
that indicate that the proteins are translocated to an extracellular location. Individual rpf A-E
genes were at first considered to be unnecessary forM. Tuberculosis growth both in vitro and
in vivo[3, 4]. This initially suggested some functional redundancy between the genes that, later
was demonstrated to be not straightforward, as mutants bacteria lacking three of five rpf genes
were found to be defective for growth in vivo and for resuscitation in vitro[5]. This clearly indi-
cated that the biological function of the five Rpfs is not completely redundant. For instance,
recent in vivo studies have highlighted a different role for RpfB: its deletion produces delayed
reactivation from latent tuberculosis [6]. In 2005, Cohen-Gonsaud and co-workers determined
the NMR solution structure of the RpfB catalytic domain, showing that it has a lysozyme-like
fold[7]. Later, the crystal structure of a major portion of RpfB was also determined [8] while a
synergy between RpfB and RipA (resuscitation-promoting factor interacting protein) in pepti-
doglycan degradation and in the resuscitation of the dormant mycobacteria has been recently
documented [9]. Also recent is the crystal structure determination of the RpfE catalytic
domain[10] demonstrating that the protein adopts the characteristic Rpf fold, as observed in
RpfB, but with some distinctive features, especially in terms of electrostatic potential surface of
the catalytic cleft. This latter feature has suggested a different functional specificity of RpfE
protein.

Also the X-ray structure of the RpfC catalytic domain has been determined[11], and also in
the case of this structure the high degree of structural conservation within the Rpf family has
emerged.For these reasons the exploration of the differences within these mycobacterial paralo-
gues in terms of dynamics is certainly needed.

It is well established that the overall folds of proteins are generally very similar in solution
and in the crystalline environment[12, 13]. However, details of the structure may differ, espe-
cially when it comes to the conformations of loops and surface side-chains. In fact, while coor-
dinate accuracy of bio-molecular X-ray structures routinely reaches sub-angstrom levels,
crystallographic experiments cannot directly prove the dynamics of bio-molecules and can cap-
ture their structural heterogeneity only indirectly [14, 15]. Internal protein dynamics can
potentially affect protein function through a variety of mechanisms. In particular, in protein-
protein and protein-ligand interaction processes the protein dynamics is fundamentally linked
to function. For these reasons the description of the differences within this redundant protein
family in terms of dynamics can provide important insights in the functional properties of
resuscitation factors.

Therefore, we here report the structural, dynamic and functional characterization of the cat-
alytic domain of RpfC fromM. tubercolosis (RpfCc) using the combination of Nuclear Magnetic
Resonance (NMR), Circular Dichroism (CD) and Molecular Dynamics (MD) simulations
data. In particular, since the crystal packing may introduce conformational bias[16–18], we
first analyzed the x-ray structure using the experimental NMR data (chemical shifts).Our anal-
ysis confirmed that the conformation observed in the crystal state belongs to the conforma-
tional ensemble in solution and also suggested that RpfCc is characterized by regions with
conformational heterogeneity. The solution NMR structure of RpfCc shows the presence of a
globular fold similar to that observed in the crystal state, albeit with small but significant differ-
ences in the three loop regions. Therefore, to appreciate the functional proprieties of RpfCc,
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understanding the connection between the three-dimensional structure and dynamics, we per-
formed a backbone dynamics study and a conformational analysis of RpfCc using NMR and
MD simulations techniques. Additionally, the analysis of the pH effect on the protein structure
suggested that RpfCc may modulate its function by the redox-sensing switch, in response to
changes of external environmental conditions. The structural and dynamic features outlined
by our characterization are then compared with the other characterized members of this pro-
tein family.

Materials and Methods

Cloning, Expression and Purification
Oligonucleotide primers were synthesized by Primm (Milano, Italy) and were designed to
amplify the nucleotide sequence corresponding to the the catalytic domain of RpfC (residues
Gly68–Leu148 of UniProt RPFC_MYCTU) by Polymerase Chain Reaction (PCR) using geno-
mic DNA ofMtb as a template (H37Rv strain). NcoI/HindIII-digested fragments were cloned
into the expression vector pETM-11 to generate a recombinant protein containing a cleavable
N-terminal poly-His tag for metal affinity purification. The resulting positive plasmid was used
to transform E. coli Star BL21 (DE3) competent cells. Transformed cells were cultured over-
night in Luria- Bertani broth with 50 mg ml-1 kanamycin at 37°C. For the production of iso-
tope-labeled samples (15Nand 15N/13C), the culture was seeded in 1:100 volume ratio either in
1 l of minimal media (M9) containing 422 mMNa2HPO4, 220 mM KH2PO4, 85.5 mMNaCl,
186.7 mM of 15N ammonium chloride, 1 mMMgSO4, 0.2 mM CaCl2, 1 ml Thiamine 40 mg
ml-1, and 0.3% final of 13C-glucose. Culture was grown at 37°C in a shacking incubator,
induced with 0.8 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG), and grown at 22°C for
16 h for protein production. E. coli cells were harvested by centrifugation at 6000 rpm for 20
min, and the pellet was resuspended in a buffer containing 300 mMNaCl, 50 mM Tris-HCl, 10
mM imidazole, 5% (v/v) glycerol and complete protease inhibitor cocktail (Roche Diagnostic),
pH 8, and lysed by sonication on ice. The cell lysate was centrifuged at 16,500 rpm at 4°C for
30 min, and the supernatant was loaded on Ni2+- derivatized HisTrap columns (GE Health-
care). A linear gradient of imidazole was applied to elute the protein, which was then dialyzed
against a buffer containing 150 mMNaCl, 50 mM Tris-HCl, 2% glycerol, pH 8.0 at 4°C for 16
hours and digested with Tobacco Etch Virus endopeptidase (TEV) protease to remove the 6X
His tag.

This sample was further purified by a second Ni2+ affinity chromatography. The protein
was concentrated using a centrifugal filter device (Millipore) with a cut-off of 3kDa. Protein
concentrations were measured using absorption at 280 nm and resulted to be 1 mM for 15N
RpfCc and 0.8 mM for 15N-13C RpfCc. The protein obtained has as an additional sequence of
three residues (GAM) at N-terminal region due to the TEV cleavage. Therefore, we number
the protein structure from residue Gly1, while the Gly4 corresponds to Gly68 in the UniProt
entry.

Circular Dichroism (CD) experiments
Protein samples were prepared in 4 mL of 20 mM phosphate buffer containing 0.15 M NaCl at
pH 7.0. Samples in reducing conditions were prepared in the same buffer adjusted to pH 5.0
and 2.0 in presence of 2mM TCEP.CD spectra were recorded with a Jasco J-815 spectropolari-
meter equipped with a Peltier temperature control system (Model PTC-423-S). Far-UV mea-
surements were carried out on 25 μM of RpfCc protein using a quartz cuvette with a 1 cm
path-length in the 200–260 nm wavelength range with a data pitch of 1 nm. All data were
recorded with a bandwidth of 1 nm with a scanning speed of 50 nm min-1 and normalized
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against reference spectra to remove the background contribution of buffer. The thermal dena-
turation was carried out by measuring CD spectra at 5 K intervals from 278 K to 368 K. After
the final measurement, the sample was cooled back to 278 K and a final spectrum collected.
The spectra obtained were analyzed monitoring the molar ellipticity changes at 222 nm as a
function of temperature increase. The data obtained were fitted into two-state folding model.

NMR spectroscopy
All the NMR experiments were acquired at 298 K on a Varian Unity INOVA 500-MHz at
Department of Environmental, Biological and Pharmaceutical Sciences and Technology of the
Second University of Naples, using the standard pulse sequences. NMR samples consisted of
0.8–1 mM uniformly 15N or 15N-13C labeled protein dissolved in 20 mM sodium phosphate
(pH 6.9), 0.15 M NaCl, 0.02% sodium azide and 10% 2H2O. The assignment of 1H and 15N res-
onances was achieved using a suite of heteronuclear 2D and 3D spectra: 1H-15N-HSQC, 3D
[1H, 15NH]-TOCSY-HSQC, and 3D [1H, 15NH]-NOESY- HSQC. The assignment was
extended to 13C resonances and globally assessed by analyzing (H)CCH-TOCSY and triple res-
onance (HNCO, HNCACB, CBCA(CO)NH) experiments. NOEs were evaluated from 3D 15N-
and 13C-edited NOESY spectra. All NOESY spectra have been acquired with a mixing time of
90 ms. The relaxation parameters (longitudinal relaxation rate R1, transversal relaxation rate
R2 and hetero-nuclear NOE) were evaluated by recording and analyzing the following set of
experiments: Inversion Recovery 1H-15N HSQC with 7 different values of relaxation delay
(0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6 s) for the evaluation of R1; Spin Echo 1H-15N HSQC with 7 dif-
ferent relaxation delay (0.01, 0.03, 0.05, 0.07, 0.01, 0.11, 0.13 s) for the evaluation of R2; two
1H-15N HSQCs for the evaluation of the 1H-15N NOE, in one the protons were unsaturated
and in the other were saturated for 3s utilizing a 10kHz pulse.All NMR relaxation experiments
were acquired twice to assess the reproducibility of the data.The hydrodynamic proprieties
were estimated using the translational diffusion coefficient (Dt) measured by Pulsed-field gra-
dient spin-echo DOSY experiments [19]. The Rh was estimated from the Stokes-Einstein equa-
tion: (KBT)/6πηDt, where KB is the Boltzmann constant, T is the temperature in Kelvin and η is
the viscosity of the solution in Pa s. The rotational correlation time (τc) was estimated, consid-
ering a spherical globular protein, through the hydrodynamic radius (Rh) from the Stokes-Ein-
stein equation: τc ~ (4ηπRh

3)/ 3 KBT. The hydrodynamic proprieties (Dt, Rh) were also
evaluated from the 3D NMR conformers using the software HYDROPRO[20–22]. A correction
factor was introduced to keep in count the major viscosity of the solution 90% and 10% 2H2O.

Processing and analysis of the spectra
NMR experiments were processed using the software Varian (VNMR 6.1B). Proton chemical
shifts, 13C and 15N were calibrated indirectly, using an external reference. Each recorded FID
was multiplied by an appropriate weighting function, generally a “square shifted sine bell” and
the “data points” were zero filled before the Fourier transform. The program CARA[23] was
utilized to analyze and to assign the spectra. The data for the measurement of relaxation
parameters were Fourier transformed after application of a cosine-squared apodization func-
tion to yield a matrix of 2048 (F2) � 512 (F1) data points.Peak intensities were manually mea-
sured rather than peak volume for the calculation of the relaxation times and NOE values. R1
and R2 rates were obtained by the fitting the peak intensities at multiple relaxation delays to
the equation: I = I0e

(−Rt) [24] using GraphPad Prism software.
Uncertainties in R2 and R1 were obtained from the error fit. 1H-15N steady state NOEs were

calculated as the ratio of 1H-15N correlation peak volume in the spectra acquired with and
without the proton saturation during the five seconds recycle delay and their uncertainties
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were set to 5%. Model free parameters (S2, Rex and τe) were estimated using the software
Dynamics[25]. Residues with large-amplitude fast internal motions were excluded from the
calculation. Among the remaining residues, those with significant conformational exchange on
the microsecond to millisecond time scale were also excluded.

Chemical shifts prediction
The chemical shift predictions for the X-ray structure were performed of RpfCc using the
4DSPOT software[26]. As the prediction tool requires the addition of explicit hydrogens before
a calculation can be performed, we protonated each conformer in accordance with H++[27]
pka predictions. The prediction of the chemical shifts from the X-ray structure was achieved as
reported in the protocol presented in Lehtivarjo et al. [28]. The quality or Q factor was calcu-
lated using the equation presented in Cornilescu et al. and reported below:

Q ¼ rms ðDdmeas � DdpredÞ= rmsðDdmeasÞ
where δmeas is the measured chemical shift and δpred is the chemical shift predicted on the base
of the X-ray structure.

Structure calculation
The cross-peaks of the 3D 1H-15N NOESY-HSQC and the 3D 1H-13C-NOESY-HSQC recorded
in H2O were manually integrated using the program XEASY[23]. The volumes were trans-
formed in upper limit distance constraints by the CYANA routine CALIBA, using the func-
tions V = A/r6 for the backbone and V = B/r4 for the side chains, where V is the peak volume
and r is the corresponding distance. The distances thus obtained were used by GRIDSEARCH
to generate a set of allowed dihedral angles; at the end, ANNEAL calculated the structure using
the torsion angles dynamic. Protein structures were calculated using1030 inter-proton distance
constraints, derived from NOESY experiments, and 120 dihedral angle restraints obtained by
TALOS+ software [29](Table 1). A total of 100 structures was calculated, and the 20 conform-
ers with the lowest CYANA target function were further refined by means of unrestrained
energy minimizations with the program SPDB[30]. The small number of residual constraint
violations (Table 1) indicates that the input data represent a self-consistent set and that the
constraints are well satisfied in the calculated conformers. The global rmsd value calculated for
the backbone atoms of the region 9–78 (Table 1) shows that an overall high precision of the
structure determination has been achieved.

The structures were visualized and evaluated using the programs MOLMOL and PRO-
CHECK-NMR [31].

Molecular Dynamics (MD) Simulations
Simulations were performed using GROMACS [32] software. The Amber99SB [33] force
field was used with explicit TIP3P water[34]. All simulations used a 2fs inner step and were car-
ried out in NVT ensemble using a Nose-Hoover thermostat after equilibration to constant
box volume in the NPT ensemble. The simulations were carried out with periodic boundary
conditions at a constant temperature of 298 K. A rectangular box was used to accommodate
the protein, water molecules, and ions. The system considered for RpfCc included 4261 water
molecules.
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Results and Discussion

Chemical shift assignment and analysis of the X-ray structure using
NMR data
In order to complement the available structural data with an accurate description of the confor-
mational space sampled by the protein in solution, we performed a structural and dynamics
characterization of the RpfCc protein via Nuclear Magnetic Resonance and Molecular Dynam-
ics techniques.

Resonance assignments for backbone HN,
15N, Cα and CO, as well as Cβ nuclei were

obtained for the RpfC catalytic domain (RpfCc) using inter-residue connectivities observed in
standard triple-resonance experiments. The analysis of Hα and Cα chemical shifts using the
Chemical Shift Index Method [35] allowed the initial identification of the secondary structure
elements of RpfCc (Fig A in S1 File). Successively, all the side-chain resonances and the NOEs
were also assigned. The NOE diagram confirmed the position and length of the secondary
structure elements within RpfCc sequence (Fig B in S1 File).

Overall, the data indicated that the catalytic domain presents three helical region spanning
residues Trp9-Glu16, Pro37-Gly44, Arg54-Glu68, in agreement with the X-ray structure [11].

Table 1. NMR structural statistics.

NMR constraints

Distance 1030

Intraresidue 539

Sequential (|i–j| = 1) 220

Medium-range (|i–j| < 5) 132

Long-range (|i–j| �5) 139

TALOS+ Dihedral angle restraints 120

Structure statistics

Rms deviations from idealized covalent geometry

Bond length (Å) 0.015

Bond angle (°) 1.9

Average rms deviation from current reliable structures (rms Z scores, null deviation = 1)

Bond length (Å) 0.807 ± 0.007

Bond angle (°) 0.976± 0.015

Rms deviations from distance restraints(Å) 0.0046 ± 0.0005

Rms deviations from dihedral restraints (°) 0.104 ± 0.018

CYANA target function (Ǻ2) 0.57

AMBER Kcal/mol

Total -504 ± 19

Van der Waals - 469 ±7

Electrostatic - 319 ± 17

Coordinate precision

RMSD from mean structure (residue 9–78) (Ǻ)
All backbone atoms 0.634

All heavy atoms 1.034

Ramachandran analysis (residue 9–78), % residues

Most favored regions 84

Additional allowed regions 14.9

Generously allowed regions 1.1

Disallowed regions 0

doi:10.1371/journal.pone.0142807.t001
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These findings are a first strong indication that the structure adopted in solution by RpfCc is
similar to the structure obtained via X-ray.

The crystallographic structure of the catalytic domain of RpfC (PDB code 4OW1) contains
eight molecules in the asymmetric unit (named A, B, E, S, T, U, W, X–Fig C in S1 File). On the
basis of the RMSD listed in the Table reported in the supporting information (Fig C in S1 File),
molecule E has been selected to be the representative structure for chemical shifts evaluation.
The backbone chemical shifts (13Cα, 15N, 1HN and 1Hα) were then fitted to the RpfCc crystal
structure (Fig 1), as reported in the Material and Methods section. All analyzed chemical shifts
provided good quality fits as reflected by Q-factor values 0.020 for 15N, 0.056 for 1HN, 0.024 for
13Cα and 0.056 for 1Hα. Overall, the results confirmed that the conformations adopted by
RpfCc in the crystal belong to the conformational ensemble sampled by the protein in solution.

Interestingly, our chemical shift analysis allowed also the identification of various regions
endowed with a wide conformational space and therefore a higher flexibility compared to the
rest of the protein. These regions include residues between Asn20-Tyr30, Gly44-Gly47 and
Trp73-Thr75. These data fostered the following characterization of the structure and the
dynamics behaviour of RpfCc in solution.

Fig 1. Chemical Shift analysis. Back-calculated versus observed backbone 1Hα (A), 1HN (B) 13Cα (C) and 15N (D) Chemical Shifts for RpfCc. The
evaluation was performed using the X-ray structure of the catalytic domain of RpfC (PDB code 4OW1).

doi:10.1371/journal.pone.0142807.g001
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Solution structure of RpfC catalytic domain
The NMR solution structure of RpfCc was calculated, as reported in the Material and Methods
section, using 1030inter-proton distance constraints, derived from NOESY experiments, and
120 dihedral angle restraints obtained by TALOS+ software [29] (Table 1). The obtained struc-
ture is of high quality and consists of a well structured globular fold of 69 amino acids (with a
backbone rmsd of 0.634 Å), ranging from Trp9 to Ala78 and two disordered N and C terminal
tails (Fig 2C and 2D). RpfCc presents four α-helices connected by flexible loops to form a helix
bundle topology.

The N-terminal flexible tail is constituted by residues Gly1–Pro7 followed by the first α-
helix (α1) which is constituted by two turns spanning residues Trp9 to Glu16.This helix con-
tains the catalytic glutamate residue (Glu16) (Fig 2A and 2B), conserved among Rpfs and lyso-
zyme enzymes, and is anchored to the fourth helix by a hydrogen bond between the Nε-H of
the Trp9 and the amidic group of Asn62 side chain.

A flexible loop, that ranges from Ser17 to Lys36, connects α1 to the second α-helix (α2).
This loop is not well defined as it shows a RMSDbb value of 0.7 Å suggesting that the protein in
this region explores a wide conformational space. α2, containing the residues fromPro37 to
Phe43, is anchored to the fourth helix (α4) by an hydrogen bond that involves Thr39 side
chain-OH and side chain carbonyl group of Gln68 (Fig 2A and 2B).

A five residues loop connects α2 to the short α3 (residues Pro49 to Ala51) while a short two
residues loop connects α3 to the fourth helix. α4 is a well defined four turns helix (RMSDbb =

Fig 2. NMR solution structure of RpfCc. (A,B) Ribbon drawing of one representative conformer of the RpfCc NMR structure in two orientation rotated by
180° around z-axes. (C) Overlay of the 20 lowest energy structures of RpfCc. (D) Sausage representation of the RpfCc globular domain (9–78).

doi:10.1371/journal.pone.0142807.g002
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0.16 Å) that ranges from Arg54 to Gln68 and whose axis is nearly orthogonal to α1 and α2
axis. α4 is followed by a short 310 helix in the region Leu70-Ala72.

The C-terminal region does not fold in any predominant secondary structure and is
anchored to the N-terminal region of the domain by a disulfide bond (Cys15-Cys76)(Fig 2A
and 2B). However, in 4 of the 20 structures of the calculated ensemble, the region Gly77-Ser80
shows an helical propensity. This secondary structure spatial arrangement allows the formation
of a compact 9 residues hydrophobic core(Fig 3A).This hydrophobic core is well resolved in
the solution structure and is constituted by side chains of residues positioned quite uniformly
along the entire domain backbone (Val12, Trp21, Leu33, Phe35, Phe43, Ile58, Val60, Val64,
Trp73). In particular, Val12, Trp21, Leu33, Phe35, Ile58, Trp73 constitutes an hydrophobic
pocket that is close to catalytic glutamate (Glu16) (Fig 3B). This pocket is well conserved in all
Rpfs, suggesting that an hydrophobic environment for the glutamate is important for the cata-
lytic mechanism of these enzymes [36].

RpfC backbone dynamics probed by Molecular Dynamics simulations
In order to describe the dynamic behavior and have a reliable description of the conformational
space sampled by RpfCc in solution a set of varied length MD simulations was performed, as
described in Materials and Methods. The representative conformer of the calculated NMR
ensemble was used as starting structure and the longest MD simulation of 60 ns. In particular,
a number of stereochemical parameters (gyration radius, secondary structure, and RMSD)
were monitored along the trajectories to evaluate the conformational variations of the RpfCc
domain in the simulation timescale. Overall, the trend of these parameters indicates that the
simulation converged in*10ns. The Root Mean Square Fluctuations (RMSF) profile (Fig 4A
and 4B) confirmed that RpfCc adopts a compact module in the region 9–78 with a significant
flexibility (RMSF larger than 1.0 Å) in the loop regions. In particular, the three loops l1(Asn20--
Tyr30), l2(Gly44-Gly47) and l3(Trp73-Thr75) display rather high RMSF values.

In a recent work, the dynamic behavior of RpfB catalytic domain (RpfBc) was described by
using MD simulations [36].The comparison of the MD simulations results obtained for RpfB
and RpfC catalytic domains indicates that the two proteins show a quite similar backbone
dynamics behavior. In particular, the globular domain of RpfCc (mean RMSF 0.9 Å) appears to
be slightly more flexible with respect to the RpfBc (mean RMSF 0.7 Å); the loops l1 and l2

Fig 3. The hydrophobic pocket. (A,B) Close-up views of the hydrophobic pocket close to the catalytic glutamate (Glu16). The catalytic glutamate is
depicted in magenta, the disulfide bond (Cys15-Cys76) in yellow and all other residues in light blue.

doi:10.1371/journal.pone.0142807.g003
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display the same conformational plasticity in the fast motion time scale; while the loop
l3inRpfCc is more rigid than in RpfBc. This latter feature may be due to the presence of the
short 310 helix (region Leu70-Ala72) in RpfCc that narrowing the sampled conformational
space induces a significant reduction of protein motions.

NMR protein dynamics characterization
Since the quality of the MD simulations strongly depends on the applied force field, we per-
formed a cross-validation using experimental NMR relaxation parameters. We characterized
three relaxation parameters for each backbone amide for the description the protein motion:
the 15N R1 and R2 self-relaxation rates and the steady-state NOE enhancement of the amide
15N population due to dipolar cross-relaxation with the attached 1H. The two rate constants
characterize the decay rate of longitudinal or transverse magnetization and are related to the
protein motions on the time scale of pico to nanoseconds (R1) or milli to microseconds (R2).
All relaxation parameters were plotted as function of the amino acid residues and are reported
in Fig 5. As expected for a rigid structure, relaxation parameters are generally constant along
the whole globular domain (Trp9-Ala78), whereas they are well below the mean values in the
N- and C-terminal regions. In particular, the measured relaxation data indicate that the resi-
dues located within the three loops (l1 Gly18-Gln34, l2 Gly44-Gly47 and l3 Trp73-Thr75) show
a discrete mobility in the picoseconds time scale.

To further characterize the internal mobility of RpfCc, the measured relaxation data were
used as input to determine the model-free parameters for each amide group in the protein
using the program Dynamics [25, 37]. Five models were used to appropriately fit the dynamical
parameters to the experimental relaxation data and the axially symmetric diffusion tensor of
the molecule has been chosen as the best fitting the relaxation data. For the axially symmetric
model, the rotational diffusion tensor of RpfCc is characterized by Dk/D = 1.3 ± 0.1 and
τc = 4.19 ± 0.09 ns (Table 2) which is in excellent agreement with the correlation time derived
from the translational diffusion coefficient (τc = 4.17 ± 0.10) (Table 2) obtained by NMR
DOSY experiment and from the RpfCc NMR structure analyzed with HYDROPRO software
(τc = 4.05 ± 0.27) (Table 2). The obtained S2 values (Fig 5) of RpfCc residues are generally high
in the globular domain (<S2> = 0.87 ± 0.09) indicating that the protein adopts a compact con-
formation. In particular, the mean values of S2 computed for the five helices (including also the
short 310 helix Leu70-Ala72) are in the range 0.81–0.97 whereas they slightly drop for the

Fig 4. Molecular Dynamics simulation analysis. (A) The Root Mean Square Fluctuations (RMSF) profile of RpfCc of the 60 ns MD simulation versus the
residue numbers. (B) RMSF values reported onto the representative conformer of the NMR structure.

doi:10.1371/journal.pone.0142807.g004
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residues located in the three loop l1 (<S2> = 0.74 ± 0.06), l2 (<S2> = 0.77 ± 0.07) and l3
(<S2> = 0.69). Moreover, exchange terms (Rex) are required for only four residues (Asn27,

Fig 5. NMR protein dynamics characterization.Relaxation parameters (R1, R2, and
15N-{1H}-NOE) and the order parameter S2 (black circle) of RpfCc

plotted versus the residue numbers. The order parameter S2 derived from the MD data is also reported (red circle).

doi:10.1371/journal.pone.0142807.g005
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Ala50, Trp73 and Leu82) and local correlation times are needed for most of the residues
located in the loop regions (Fig D in S1 File).

These finding clearly indicate that the helix regions are relatively rigid whereas the residues
located within the loop regions are characterized by a moderate backbone internal flexibility in
the picosecond timescale.

In order to check if the NMR analysis is consistent with the Molecular Dynamics data we
compared the generalized S2 order parameter obtained by the relaxation NMR data (S2NMR)
with the values predicted fromMD simulation (S2MD) (Fig 5). The average S

2
MD/S

2
NMR ratio

1.00 ± 0.07 clearly demonstrates that the experimental S2 are in perfect agreement with the
MD-derived values indicating that the Molecular Dynamics simulation well reproduce the
RpfCc backbone dynamics. Additionally, we estimated the correlation time by using the soft-
ware HYDROPRO [20–22] from the conformers selected along the molecular dynamics trajec-
tory. As reported in the Table 2 the τc predicted fromMD data is in good agreement with the
correlation time values obtained from the relaxation NMR data as well as from the NMR
ensemble.

Overall, the NMR protein dynamics characterization, confirming the Molecular Dynamics
simulations, shows that the RpfCc protein presents a rigid globular domain, two flexible tail in
the N-terminal and C-terminal region and three loops showing a discrete conformational
flexibility.

Comparing RpfCc structure to other Rpfs
The RpfC catalytic domain basically adopts the fold already observed in RpfB and RpfE. As
expected (Fig E in S1 File) given the 52% sequence identity of the 76 residues, the structural
conservation between the RpfCc solution structure and the RpfBc domain is high. The calcu-
lated Cα RMSD between the two structures (our structure versus PDB entry 3EO5[8]) is 2.03
Å (Fig 6). When compared to theRpfE structure (PDB entry 4CGE [10], 77 residues with 64%
sequence identity) (Fig E in S1 File), the calculated Cα RMSD is 1.93 Å. Most of the backbone
geometry is conserved, including the connecting loops between the helices.

Interestingly, a difference is observed within a short sequence insertion, that is present only
in the RpfB (Fig 1). A 310-helix (

321GLRYAPR327) is present in RpfBc, while in RpfCc the

Table 2. Comparison of the experimental correlation times with the values back-calculated for the NMR conformers and the MD ensemble.

Protein τc(RelaxationNMR data) τc(DiffusionNMRdata) τc(HYDRO NMR ensemble) τc(HYDRO MD ensemble)

RpfCc 4.19 ± 0.09 4.17 ± 0.10 4.05 ± 0.27 4.01 ± 0.52

doi:10.1371/journal.pone.0142807.t002

Fig 6. Comparison of RpfCc with other Rpfs.Overlay of the representative conformer of the RpfCc NMR ensemble (gray) with the structure of RpfB (PDB
code 3EO5) (magenta) and RpfE (PDB entry 4CGE) (light blue) in two different orientations rotated 180° around z axis.

doi:10.1371/journal.pone.0142807.g006
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residues 45GVGN48, connecting α2 and α3, as well as residues137GSGS140 in RpfE, show an
elongated conformation. This difference results also in a slight change inthe orientation of α-
helix 2 within the RPF fold. Moreover, the α-helix in RpfB C-terminal region (Cys355-Arg358)
is not well defined in RpfC and RpfE. In particular, as previously discussed, RpfCc shows the
presence of this helix only in few structures of the NMR ensemble (4 out of 20).

The variation in surface charge between RpfB and RpfE has previously been noted [10].
RpfC has two lysines, Lys29 and Lys36, on one side of the catalytic cleft, which are respectively
tyrosine and aspartate in RpfB while are leucine and threonine in RpfE. This feature leads to a
different charge distribution around the ligand-binding pocket, which may have a role in speci-
ficity (Fig 7). In particular, RpfB shows a negatively charged electrostatic potential at the cata-
lytic site, while RpfC and RpfE present a positively charged electrostatic potential with a single
negative patch represented by the highly conserved catalytic glutamate residue.

Structure and stability of RpfCc evaluated by CD spectroscopy
The structural features of RpfCc have been also evaluated via Circular Dichroism (CD) spec-
troscopy. The spectrum acquired at 25°C is consistent with the NMR structure (Fig F in S1
File) as the pronounced negative peak at 208 nm shows that the protein adopts a well defined
fold with a high α-helix content.

The protein has been also characterized in term of stability by performing thermal unfold-
ing experiments encompassing the temperature range between 5°C and 95°C(Fig 8A and 8B).
As indicated by the reduction (~7%) of the molar ellipticity at 222nm after cooling back the
sample to 25°C the protein unfolding mechanism has been found to be reversible. Therefore,
the data werefitted to a classical cooperative two-state model which provided a melting temper-
ature of Tm = 53°C.

Interestingly, the spectra show a positive peak at 230 nm that might either be due to aro-
matic side chains transitions, in particular of tyrosines and phenylalanines, or due to the n!σ�

transition of disulfide bonds[38, 39].
Considering that the NMR and crystal structure of this domain both exhibit the presence of

a disulfide bond (Cys15-Cys76), this feature of the CD spectrum appears to be reasonably
ascribable to this bond and it has been further analyzed also in the light of the possible role of
this interaction in determining the structure and\or the function of this domain.

Modulation of RpfC function via a redox-sensing switch?
Redox-sensing molecular switches function as unique biological machineries that modulate the
functional properties of redox-regulated enzymes, transcriptional factor and sensor proteins.
Depending on the redox status, the redox-sensing cysteines can directly modulate the protein
function via the formation or hydrolysis of a disulfide bond. Such mechanism, named as "lock-
ing and unlocking" may either induce a topology change or indirectly modulate the protein
function by influencing distant crucial residues via allosteric-like conformational changes.

RpfCc NMR structure shows that the disulfide bond between the two cysteine residues
Cys15 and Cys76 is located on the surface of the protein, adjacent to the catalytic site. As such,
it is a potential modulator of the protein function. Cys15 is contained within the first α-helix
while Cys76 is located in the unstructured C-terminal tail. In order to understand the role
played by this disulfide bond on the protein structure we performed an accurate structural
investigation using a combination of NMR and CD data. To this aim, we acquired a set of CD
spectra of the protein in reducing conditions and at different acidic pHs. The CD spectrum
acquired at pH 7 in the presence of TCEP(Fig G in S1 File) shows a similar profile to that
obtained in non-reducing conditions, indicating that the secondary and tertiary structure of
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the protein is preserved. Interestingly, at pH 2 in the presence of TCEP the peak at 230 nm dis-
appears while the protein appears to be still folded. As already mentioned, this peak is typically
due either to aromatic side chains transitions or to the presence of the disulfide bridge[38–40].

Fig 7. Solvent-accessible surface of RpfCc protein. Electrostatic surface of RpfCc (A,B), RpfBc (C,D) and RpfEc (E,F) in two different orientations rotated
180° around z axis. The positively charged residues are depicted in blue while the negatively charged residues are in red.

doi:10.1371/journal.pone.0142807.g007
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NMR experiments performed in the same conditions indicate that this change can be ascribed
to the hydrolysis of the disulfide bridge between Cys15 and Cys76. Indeed, the 1H-15N hetero-
nuclear single-quantum coherence (HSQC) spectrum indicates that RpfCc shows a good dis-
persion of signals in both proton and nitrogen dimensions with the chemical shift of the
aromatic residues of the protein only slightly perturbed, witnessing a folded conformation of
the protein also at pH 2 in presence of TCEP. Importantly, the backbone chemical shifts per-
turbation analysis reveals the largest perturbations for residues surrounding the disulfide bond
(Gln16, 82). Also Leu33, Glu55 and Leu7 exhibit significant chemical shift changes. These resi-
dues that in the primary sequence of the protein are far beyond the cysteines constituting the
disulfide bridge, are located in the catalytic pocket (Fig 9).

Overall, these data suggest that the cysteines oxidation state is likely to modulate the shape,
in terms of size and volume, of the hydrophobic catalytic cleft, probably modulating the protein
function via a protein conformational change mechanism.

Conclusions
The mechanism through which dormantM. tuberculosis resuscitates and enters the cell cycle is
of tremendous medical interest.

The family of proteins, known as resuscitation-promoting factors (RPFs), has been found to
be responsible for bacteria resuscitation and normal proliferation, although Rpfs precise mech-
anism of action remains unexplained.M. tuberculosis possesses five RPF paralogues (RpfA–E);
they all contain a conserved catalytic domain that shows a variability in composition also
found in other species[41]and the presence of N-terminal signal sequences.

Initial functional studies showed that the mycobacterial RPF proteins are redundant, yet
phenotypic alterations in the bacterial pathogen appear when deleting three or more rpf genes
revealing a functional hierarchy of the mycobacterial Rpf proteins [3, 4, 42, 43]. The Rpf cata-
lytic domains show a high degree of structural conservation within the members of the myco-
bacterial resuscitation-promoting factor family. Possible functional differences among the
various Rpf paralogues in the specificity for different peptidoglycan modifications appears then
to be based on the composition of the N-terminal portions of the proteins and on small struc-
tural changes within RPF catalytic domains such as variation in charge around the active site.

Fig 8. Thermal stability monitored by CD spectroscopy. (A) Thermal unfolding of RpfCc protein followed by circular dichroism. (B) Melting curve
monitored by CD at 222 nm. The data were fitted using a two-state model.

doi:10.1371/journal.pone.0142807.g008
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As in protein-ligand interaction processes dynamics is fundamental for the function of the
protein, by reporting the structural and dynamic features ofM. tubercolosis RpfCc and its com-
parison with the other characterized members of this redundant protein family, we aimed at
contributing insights in the properties of resuscitation factors.

In this article we show by evaluation of the previously reported x-ray structure using NMR
data that the globular domain of RpfCc observed in the crystal is mainly preserved in solution
except for the loop regions in which the protein is characterized by a discrete conformational
plasticity. To appreciate the functional proprieties of RpfCc, understanding the connection
between the three-dimensional structure and dynamics, we performed a backbone dynamics
study and a conformational analysis of RpfCc using NMR and MD simulations techniques.
Our data confirmed that the globular domain of RpfCc is mainly rigid except for the loop
regions, which present a moderate conformational flexibility, and the fully flexible N- and C-
terminal tails.

Interestingly, the mobility of the third loop differentiates RpfCc from RpfBc: in RpfCc a
short 310 helix (region Leu70-Ala72) induces a significant reduction of protein motions with
respect to the same region of RpfBc.

To get insight the functional proprieties of RpfCc we investigated the conformational
changes upon pH variation. Our chemical shift perturbation analysis combined with CD data
suggests that the formation of the disulfide bridge and thus the cysteines oxidation state is
likely to modulate the shape of the hydrophobic catalytic cleft. This might result in a protein

Fig 9. Structural rearrangement of RpfCcmonitored by NMR spectroscopy. (A, B) Overlay of the 1H-15N HSQC spectra acquired at pH 7 (red), pH 5
(blue) and pH 3 (green). (C) Chemical shift changes (ppm) plotted versus the primary sequence. (D) Chemical shift perturbation mapping onto the RpfCc
NMR structure.

doi:10.1371/journal.pone.0142807.g009
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function regulation via a “conformational editing” through a disulfide bond formation within a
folded domain. It is known that the disulfide bridge is highly conserved within the Rpf family
and that replacement of one or both of the cysteine residues impaires[44] Rpfs muralytic
activity.

Overall we provide a first glimpse into the relationship between the cysteines oxidation state
and the conformational changes associated with it in one of the Rpfs. Comparisons with the
other Rpf family members might bring into light differences among the Rpfs that could con-
tribute to the explanation of the functional hierarchy of the mycobacterial Rpf proteins.

Understanding the conformational, structural and functional peculiarities of the different
Rpfs is crucial to the design of vaccine and therapeutic strategies.

Supporting Information
S1 File. Chemical Shift Index of the RpfCc protein based on the Cα, Cβ and Hα chemical shifts
(Fig A). NOE diagram of the RpfCc protein (Fig B). The root mean square distributions for
backbone heavy atoms of the residues 9–78 with respect to the mean coordinate position
between each model reported in the X-ray structure (Fig C). The τe and Rex defining the back-
bone dynamics of RpfCc are plotted as a function of the residue numbers (Fig D). (Upper)
Multiple alignment ofthe RPF domains (RpfA, RpfB, RpfC, RpfD and RpfE). (Lower) Identity–
similarity matrix of Rpf sequences (Fig E). CD spectrum of RpfC catalytic domain at pH 7.0
(Fig F). CD spectra of RpfC catalytic domain at pH 7.0 (blue), 5.0 (green) and 2.0 (red) with
2mM TCEP (Fig G).
(DOCX)

Acknowledgments
This work was funded by grants PRIN 2010 2010M2JARJ_002 and Programma MERIT
RBNE08HWLZ_014 from Ministero dell’ Istruzione, dell’Università e della Ricerca (MIUR).

Author Contributions
Conceived and designed the experiments: RB CI. Performed the experiments: VM AR LR ADS
GM. Analyzed the data: VM AR LR ADS PVP GM RB CI. Contributed reagents/materials/
analysis tools: AR RB CI. Wrote the paper: VM AR LR ADS PVP GM RB CI.

References
1. Mukamolova GV, Turapov OA, Young DI, Kaprelyants AS, Kell DB, Young M. A family of autocrine

growth factors in Mycobacterium tuberculosis. Mol Microbiol. 2002; 46(3):623–35. PMID: 12410821.

2. Keep NH, Ward JM, Cohen-Gonsaud M, Henderson B. Wake up! Peptidoglycan lysis and bacterial
non-growth states. Trends Microbiol. 2006; 14(6):271–6. doi: 10.1016/j.tim.2006.04.003 PMID:
16675219.

3. Downing KJ, Betts JC, Young DI, McAdamRA, Kelly F, Young M, et al. Global expression profiling of
strains harbouring null mutations reveals that the five rpf-like genes of Mycobacterium tuberculosis
show functional redundancy. Tuberculosis (Edinb). 2004; 84(3–4):167–79. doi: 10.1016/j.tube.2003.
12.004 PMID: 15207486.

4. Tufariello JM, JacobsWR Jr., Chan J. Individual Mycobacterium tuberculosis resuscitation-promoting
factor homologues are dispensable for growth in vitro and in vivo. Infect Immun. 2004; 72(1):515–26.
PMID: 14688133; PubMed Central PMCID: PMCPMC343985.

5. Downing KJ, Mischenko VV, Shleeva MO, Young DI, Young M, Kaprelyants AS, et al. Mutants of Myco-
bacterium tuberculosis lacking three of the five rpf-like genes are defective for growth in vivo and for
resuscitation in vitro. Infect Immun. 2005; 73(5):3038–43. doi: 10.1128/IAI.73.5.3038–3043.2005
PMID: 15845511; PubMed Central PMCID: PMCPMC1087353.

NMR Structure and Dynamics of RpfC Catalytic Domain

PLOS ONE | DOI:10.1371/journal.pone.0142807 November 17, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142807.s001
http://www.ncbi.nlm.nih.gov/pubmed/12410821
http://dx.doi.org/10.1016/j.tim.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16675219
http://dx.doi.org/10.1016/j.tube.2003.12.004
http://dx.doi.org/10.1016/j.tube.2003.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15207486
http://www.ncbi.nlm.nih.gov/pubmed/14688133
http://dx.doi.org/10.1128/IAI.73.5.3038&ndash;3043.2005
http://www.ncbi.nlm.nih.gov/pubmed/15845511


6. Tufariello JM, Mi K, Xu J, Manabe YC, Kesavan AK, Drumm J, et al. Deletion of the Mycobacterium
tuberculosis resuscitation-promoting factor Rv1009 gene results in delayed reactivation from chronic
tuberculosis. Infect Immun. 2006; 74(5):2985–95. doi: 10.1128/IAI.74.5.2985–2995.2006 PMID:
16622237; PubMed Central PMCID: PMCPMC1459759.

7. Cohen-Gonsaud M, Barthe P, Bagneris C, Henderson B, Ward J, Roumestand C, et al. The structure of
a resuscitation-promoting factor domain fromMycobacterium tuberculosis shows homology to lyso-
zymes. Nat Struct Mol Biol. 2005; 12(3):270–3. doi: 10.1038/nsmb905 PMID: 15723078.

8. Ruggiero A, Tizzano B, Pedone E, Pedone C, Wilmanns M, Berisio R. Crystal structure of the resuscita-
tion-promoting factor (DeltaDUF)RpfB fromM. tuberculosis. J Mol Biol. 2009; 385(1):153–62. doi: 10.
1016/j.jmb.2008.10.042 PMID: 18992255.

9. Nikitushkin VD, Demina GR, Shleeva MO, Guryanova SV, Ruggiero A, Berisio R, et al. A product of
RpfB and RipA joint enzymatic action promotes the resuscitation of dormant mycobacteria. FEBS J.
2015; 282(13):2500–11. doi: 10.1111/febs.13292 PMID: 25846449.

10. Mavrici D, Prigozhin DM, Alber T. Mycobacterium tuberculosis RpfE crystal structure reveals a posi-
tively charged catalytic cleft. Protein Sci. 2014; 23(4):481–7. doi: 10.1002/pro.2431 PMID: 24452911;
PubMed Central PMCID: PMCPMC3970898.

11. Chauviac FX, Robertson G, Quay DH, Bagneris C, Dumas C, Henderson B, et al. The RpfC (Rv1884)
atomic structure shows high structural conservation within the resuscitation-promoting factor catalytic
domain. Acta Crystallogr F Struct Biol Commun. 2014; 70(Pt 8):1022–6. doi: 10.1107/
S2053230X1401317X PMID: 25084374; PubMed Central PMCID: PMCPMC4118796.

12. Wagner G, Hyberts SG, Havel TF. NMR structure determination in solution: a critique and comparison
with X-ray crystallography. Annu Rev Biophys Biomol Struct. 1992; 21:167–98. doi: 10.1146/annurev.
bb.21.060192.001123 PMID: 1525468.

13. van GunsterenWF, Berendsen HJ. Computer simulation as a tool for tracing the conformational differ-
ences between proteins in solution and in the crystalline state. J Mol Biol. 1984; 176(4):559–64. PMID:
6205158.

14. Henzler-Wildman K, Kern D. Dynamic personalities of proteins. Nature. 2007; 450(7172):964–72. doi:
10.1038/nature06522 PMID: 18075575.

15. Chruszcz M, Wlodawer A, Minor W. Determination of protein structures—a series of fortunate events.
Biophys J. 2008; 95(1):1–9. doi: 10.1529/biophysj.108.131789 PMID: 18441029; PubMed Central
PMCID: PMCPMC2426657.

16. Shilton BH, Flocco MM, Nilsson M, Mowbray SL. Conformational changes of three periplasmic recep-
tors for bacterial chemotaxis and transport: the maltose-, glucose/galactose- and ribose-binding pro-
teins. J Mol Biol. 1996; 264(2):350–63. doi: 10.1006/jmbi.1996.0645 PMID: 8951381.

17. Zhang XJ, Wozniak JA, Matthews BW. Protein flexibility and adaptability seen in 25 crystal forms of T4
lysozyme. J Mol Biol. 1995; 250(4):527–52. doi: 10.1006/jmbi.1995.0396 PMID: 7616572.

18. Faber HR, Matthews BW. A mutant T4 lysozyme displays five different crystal conformations. Nature.
1990; 348(6298):263–6. doi: 10.1038/348263a0 PMID: 2234094.

19. Cohen Y, Avram L, Frish L. Diffusion NMR spectroscopy in supramolecular and combinatorial chemis-
try: an old parameter—new insights. Angew Chem Int Ed Engl. 2005; 44(4):520–54. doi: 10.1002/anie.
200300637 PMID: 15625667.

20. Garcia de la Torre J, Huertas ML, Carrasco B. HYDRONMR: prediction of NMR relaxation of globular
proteins from atomic-level structures and hydrodynamic calculations. J Magn Reson. 2000; 147
(1):138–46. doi: 10.1006/jmre.2000.2170 PMID: 11042057.

21. Garcia De La Torre J, Huertas ML, Carrasco B. Calculation of hydrodynamic properties of globular pro-
teins from their atomic-level structure. Biophys J. 2000; 78(2):719–30. doi: 10.1016/S0006-3495(00)
76630-6 PMID: 10653785; PubMed Central PMCID: PMCPMC1300675.

22. Ortega A, Amoros D, Garcia de la Torre J. Prediction of hydrodynamic and other solution properties of
rigid proteins from atomic- and residue-level models. Biophys J. 2011; 101(4):892–8. doi: 10.1016/j.bpj.
2011.06.046 PMID: 21843480; PubMed Central PMCID: PMCPMC3175065.

23. Bartels C, Xia TH, Billeter M, Guntert P, Wuthrich K. The program XEASY for computer-supported
NMR spectral analysis of biological macromolecules. J Biomol NMR. 1995; 6(1):1–10. doi: 10.1007/
BF00417486 PMID: 22911575.

24. Viles JH, Duggan BM, Zaborowski E, Schwarzinger S, Huntley JJ, Kroon GJ, et al. Potential bias in
NMR relaxation data introduced by peak intensity analysis and curve fitting methods. J Biomol NMR.
2001; 21(1):1–9. PMID: 11693564.

25. Hall JB, Fushman D. Characterization of the overall and local dynamics of a protein with intermediate
rotational anisotropy: Differentiating between conformational exchange and anisotropic diffusion in the
B3 domain of protein G. J Biomol NMR. 2003; 27(3):261–75. PMID: 12975584.

NMR Structure and Dynamics of RpfC Catalytic Domain

PLOS ONE | DOI:10.1371/journal.pone.0142807 November 17, 2015 18 / 19

http://dx.doi.org/10.1128/IAI.74.5.2985&ndash;2995.2006
http://www.ncbi.nlm.nih.gov/pubmed/16622237
http://dx.doi.org/10.1038/nsmb905
http://www.ncbi.nlm.nih.gov/pubmed/15723078
http://dx.doi.org/10.1016/j.jmb.2008.10.042
http://dx.doi.org/10.1016/j.jmb.2008.10.042
http://www.ncbi.nlm.nih.gov/pubmed/18992255
http://dx.doi.org/10.1111/febs.13292
http://www.ncbi.nlm.nih.gov/pubmed/25846449
http://dx.doi.org/10.1002/pro.2431
http://www.ncbi.nlm.nih.gov/pubmed/24452911
http://dx.doi.org/10.1107/S2053230X1401317X
http://dx.doi.org/10.1107/S2053230X1401317X
http://www.ncbi.nlm.nih.gov/pubmed/25084374
http://dx.doi.org/10.1146/annurev.bb.21.060192.001123
http://dx.doi.org/10.1146/annurev.bb.21.060192.001123
http://www.ncbi.nlm.nih.gov/pubmed/1525468
http://www.ncbi.nlm.nih.gov/pubmed/6205158
http://dx.doi.org/10.1038/nature06522
http://www.ncbi.nlm.nih.gov/pubmed/18075575
http://dx.doi.org/10.1529/biophysj.108.131789
http://www.ncbi.nlm.nih.gov/pubmed/18441029
http://dx.doi.org/10.1006/jmbi.1996.0645
http://www.ncbi.nlm.nih.gov/pubmed/8951381
http://dx.doi.org/10.1006/jmbi.1995.0396
http://www.ncbi.nlm.nih.gov/pubmed/7616572
http://dx.doi.org/10.1038/348263a0
http://www.ncbi.nlm.nih.gov/pubmed/2234094
http://dx.doi.org/10.1002/anie.200300637
http://dx.doi.org/10.1002/anie.200300637
http://www.ncbi.nlm.nih.gov/pubmed/15625667
http://dx.doi.org/10.1006/jmre.2000.2170
http://www.ncbi.nlm.nih.gov/pubmed/11042057
http://dx.doi.org/10.1016/S0006-3495(00)76630-6
http://dx.doi.org/10.1016/S0006-3495(00)76630-6
http://www.ncbi.nlm.nih.gov/pubmed/10653785
http://dx.doi.org/10.1016/j.bpj.2011.06.046
http://dx.doi.org/10.1016/j.bpj.2011.06.046
http://www.ncbi.nlm.nih.gov/pubmed/21843480
http://dx.doi.org/10.1007/BF00417486
http://dx.doi.org/10.1007/BF00417486
http://www.ncbi.nlm.nih.gov/pubmed/22911575
http://www.ncbi.nlm.nih.gov/pubmed/11693564
http://www.ncbi.nlm.nih.gov/pubmed/12975584


26. Lehtivarjo J, Hassinen T, Korhonen SP, Perakyla M, Laatikainen R. 4D prediction of protein (1)H chemi-
cal shifts. J Biomol NMR. 2009; 45(4):413–26. doi: 10.1007/s10858-009-9384-1 PMID: 19876601.

27. Gordon JC, Myers JB, Folta T, Shoja V, Heath LS, Onufriev A. H++: a server for estimating pKas and
adding missing hydrogens to macromolecules. Nucleic Acids Res. 2005; 33(Web Server issue):W368–
71. doi: 10.1093/nar/gki464 PMID: 15980491; PubMed Central PMCID: PMCPMC1160225.

28. Lehtivarjo J, Tuppurainen K, Hassinen T, Laatikainen R, Perakyla M. Combining NMR ensembles and
molecular dynamics simulations provides more realistic models of protein structures in solution and
leads to better chemical shift prediction. J Biomol NMR. 2012; 52(3):257–67. doi: 10.1007/s10858-012-
9609-6 PMID: 22314705.

29. Shen Y, Delaglio F, Cornilescu G, Bax A. TALOS+: a hybrid method for predicting protein backbone tor-
sion angles from NMR chemical shifts. J Biomol NMR. 2009; 44(4):213–23. doi: 10.1007/s10858-009-
9333-z PMID: 19548092; PubMed Central PMCID: PMCPMC2726990.

30. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for comparative pro-
tein modeling. Electrophoresis. 1997; 18(15):2714–23. doi: 10.1002/elps.1150181505 PMID: 9504803.

31. Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thornton JM. AQUA and PROCHECK-
NMR: programs for checking the quality of protein structures solved by NMR. J Biomol NMR. 1996; 8
(4):477–86. PMID: 9008363.

32. Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJ. GROMACS: fast, flexible,
and free. J Comput Chem. 2005; 26(16):1701–18. doi: 10.1002/jcc.20291 PMID: 16211538.

33. Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C. Comparison of multiple Amber
force fields and development of improved protein backbone parameters. Proteins. 2006; 65(3):712–25.
doi: 10.1002/prot.21123 PMID: 16981200.

34. JorgensenWL, Tirado-Rives J. Potential energy functions for atomic-level simulations of water and
organic and biomolecular systems. Proc Natl Acad Sci U S A. 2005; 102(19):6665–70. doi: 10.1073/
pnas.0408037102 PMID: 15870211; PubMed Central PMCID: PMCPMC1100738.

35. Wishart DS, Sykes BD, Richards FM. The chemical shift index: a fast and simple method for the assign-
ment of protein secondary structure through NMR spectroscopy. Biochemistry. 1992; 31(6):1647–51.
PMID: 1737021.

36. Squeglia F, Romano M, Ruggiero A, Vitagliano L, De Simone A, Berisio R. Carbohydrate recognition
by RpfB fromMycobacterium tuberculosis unveiled by crystallographic and molecular dynamics analy-
ses. Biophys J. 2013; 104(11):2530–9. doi: 10.1016/j.bpj.2013.04.040 PMID: 23746526; PubMed Cen-
tral PMCID: PMC3672874.

37. Fushman D, Cahill S, Cowburn D. The main-chain dynamics of the dynamin pleckstrin homology (PH)
domain in solution: analysis of 15N relaxation with monomer/dimer equilibration. J Mol Biol. 1997; 266
(1):173–94. doi: 10.1006/jmbi.1996.0771 PMID: 9054979.

38. Khan MY, Villanueva G, Newman SA. On the origin of the positive band in the far-ultraviolet circular
dichroic spectrum of fibronectin. J Biol Chem. 1989; 264(4):2139–42. PMID: 2914897.

39. Hider RC, Kupryszewski G, Rekowski P, Lammek B. Origin of the positive 225–230 nm circular dichro-
ism band in proteins. Its application to conformational analysis. Biophys Chem. 1988; 31(1–2):45–51.
PMID: 3233292.

40. Liu PF, Avramova LV, Park C. Revisiting absorbance at 230nm as a protein unfolding probe. Anal Bio-
chem. 2009; 389(2):165–70. doi: 10.1016/j.ab.2009.03.028 PMID: 19318083.

41. Ravagnani A, Finan CL, Young M. A novel firmicute protein family related to the actinobacterial resusci-
tation-promoting factors by non-orthologous domain displacement. BMCGenomics. 2005; 6:39. doi:
10.1186/1471-2164-6-39 PMID: 15774001; PubMed Central PMCID: PMCPMC1084345.

42. Kana BD, Gordhan BG, Downing KJ, Sung N, Vostroktunova G, Machowski EE, et al. The resuscita-
tion-promoting factors of Mycobacterium tuberculosis are required for virulence and resuscitation from
dormancy but are collectively dispensable for growth in vitro. Mol Microbiol. 2008; 67(3):672–84. doi:
10.1111/j.1365-2958.2007.06078.x PMID: 18186793; PubMed Central PMCID: PMCPMC2229633.

43. Kana BD, Mizrahi V. Resuscitation-promoting factors as lytic enzymes for bacterial growth and signal-
ing. FEMS Immunol Med Microbiol. 2010; 58(1):39–50. doi: 10.1111/j.1574-695X.2009.00606.x PMID:
19799629.

44. Mukamolova GV, Murzin AG, Salina EG, Demina GR, Kell DB, Kaprelyants AS, et al. Muralytic activity
of Micrococcus luteus Rpf and its relationship to physiological activity in promoting bacterial growth and
resuscitation. Mol Microbiol. 2006; 59(1):84–98. doi: 10.1111/j.1365-2958.2005.04930.x PMID:
16359320.

NMR Structure and Dynamics of RpfC Catalytic Domain

PLOS ONE | DOI:10.1371/journal.pone.0142807 November 17, 2015 19 / 19

http://dx.doi.org/10.1007/s10858-009-9384-1
http://www.ncbi.nlm.nih.gov/pubmed/19876601
http://dx.doi.org/10.1093/nar/gki464
http://www.ncbi.nlm.nih.gov/pubmed/15980491
http://dx.doi.org/10.1007/s10858-012-9609-6
http://dx.doi.org/10.1007/s10858-012-9609-6
http://www.ncbi.nlm.nih.gov/pubmed/22314705
http://dx.doi.org/10.1007/s10858-009-9333-z
http://dx.doi.org/10.1007/s10858-009-9333-z
http://www.ncbi.nlm.nih.gov/pubmed/19548092
http://dx.doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803
http://www.ncbi.nlm.nih.gov/pubmed/9008363
http://dx.doi.org/10.1002/jcc.20291
http://www.ncbi.nlm.nih.gov/pubmed/16211538
http://dx.doi.org/10.1002/prot.21123
http://www.ncbi.nlm.nih.gov/pubmed/16981200
http://dx.doi.org/10.1073/pnas.0408037102
http://dx.doi.org/10.1073/pnas.0408037102
http://www.ncbi.nlm.nih.gov/pubmed/15870211
http://www.ncbi.nlm.nih.gov/pubmed/1737021
http://dx.doi.org/10.1016/j.bpj.2013.04.040
http://www.ncbi.nlm.nih.gov/pubmed/23746526
http://dx.doi.org/10.1006/jmbi.1996.0771
http://www.ncbi.nlm.nih.gov/pubmed/9054979
http://www.ncbi.nlm.nih.gov/pubmed/2914897
http://www.ncbi.nlm.nih.gov/pubmed/3233292
http://dx.doi.org/10.1016/j.ab.2009.03.028
http://www.ncbi.nlm.nih.gov/pubmed/19318083
http://dx.doi.org/10.1186/1471-2164-6-39
http://www.ncbi.nlm.nih.gov/pubmed/15774001
http://dx.doi.org/10.1111/j.1365-2958.2007.06078.x
http://www.ncbi.nlm.nih.gov/pubmed/18186793
http://dx.doi.org/10.1111/j.1574-695X.2009.00606.x
http://www.ncbi.nlm.nih.gov/pubmed/19799629
http://dx.doi.org/10.1111/j.1365-2958.2005.04930.x
http://www.ncbi.nlm.nih.gov/pubmed/16359320

