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A B S T R A C T

Mycobacterium tuberculosis (Mtb) has 11 Serine-Threonine Protein Kinases (STPK) that control numerous physi-
ological processes, including cell growth, cell division, metabolic flow, and transcription. PknF is one of the 11
Mtb STPKs that has, among other substrates, two FHA domains (FHA-1 and FHA-2) of the ATP-Binding Cassette
(ABC) transporter Rv1747. Phosphorylation in T152 and T210 located in a non-structured linker that connects
Rv1747 FHA domains is considerate to be the regulatory mechanism of the transporter. In this work, we resolved
the three-dimensional structure of the PknF catalytic domain (cPknF) in complex with the human kinase inhibitor
IKK16. cPknF is conserved when compared to other STPKs but shows specific residues in the binding site where
the inhibitor is positioned. In addition, using Small Angle X-Ray Scattering analysis we monitored the behavior of
the wild type and three FHA-phosphomimetic mutants in solution, and measured the cPknF affinity for these
domains. The kinase showed higher affinity for the non-phosphorylated wild type domain and preference for
phosphorylation of T152 inducing the rapprochement of the domains and significant structural changes. The
results shed some light on the process of regulating the transporter's activity by phosphorylation and arises
important questions about evolution and importance of this mechanism for the bacillus.
1. Introduction

Reversible protein phosphorylation is the main cellular mechanism
by which signals from the environment are transmitted to the interior of
cells to be translated into responses, both in prokaryotes and eukaryotes
(Av-Gay and Everett, 2000; Barthe et al., 2009). In the latter, these types
of post-translational modifications play a crucial role in most cellular
processes (Panni, 2019). Typically, phosphorylation activates the sub-
strate to perform a specific activity or cellular localization and/or transfer
ail.com (A. Balan).
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the phosphate group to a subsequent effector, initiating a signaling
cascade in response to the signal. The reverse reaction leaves the effector
proteins to their initial state, ready to start a new signaling event. In this
way, kinases and phosphatases act as molecular switches modulating
specific signal transduction pathways (Canova and Molle, 2014).
Therefore, Serine/Threonine protein kinases (STPKs) consist of impor-
tant environmental sensingmechanism in bacteria, as it can not only alter
the biological function of proteins, but also increase their ability to
associate with other proteins through phosphorylation-dependent
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interactions. In Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis, there are eleven STPKs that play a central role in the
physiology and pathogenesis, acting over hundreds of substrates that
participate in all biological processes of the bacterium (Prisic and Hus-
son, 2014; Wagner et al., 2019). The maintenance of these genes during
evolution and the up-regulation of at least eight members of this family
during infection in Mtb reveal their relevance for the pathogenesis (Baer
et al., 2014).

This work concerns the Mtb PknF STPK (Rv1746) that participates in
several cellular processes of physiological importance due the diversity of
substrates, such as cell division (HupB, ParB), arabino synthesis (EmbR
and EmbR2), mycolic acid synthesis (FabD, FabH, KasA, KasB, HadAB/
BC, InhA, PcaA), peptidoglycan synthesis (FhaA), TCA cycle (GarA),
methionine cycle (SahH), signaling (PtkA), chaperone (GroE1) and
transport (Rv1747) (Richard-Greenblatt and Av-Gay, 2017). A role for
PknF was suggested in the regulation of growth, cellular morphology,
glucose transport, sliding mobility and biofilm formation inM. smegmatis
(Deol et al., 2005; Gopalaswamy et al., 2008), regulation of a cell wall
transport component (Spivey et al., 2011; Richard-Greenblatt and
Av-Gay, 2017) and phosphorylation of Rv0020 (Grundner et al., 2005)
and MtFabH (Veyron-Churlet et al., 2009). Indeed, PknF phosphorylates
the product of the closest gene present in the same operon, the
non-canonical ATP-Binding Cassette (ABC) transporter Rv1747. Differ-
ently from ABC transporters described until now, Rv1747 has two FHA
domains (FHA-1 and FHA-2) connected by a disordered region of ~100
amino acids that include two PknF target residues, T152 and T210 (Curry
et al., 2005; Spivey et al., 2013). Replacement of these residues by
Table 1
Data collection and refinement statistics. Statistics for the highest-resolution
shell are shown in parentheses.

Parameters cPknF-IKK16

Data collection
Synchrotron and beamline APS, BEAMLINE 24-ID-C
Temperature, K 80
Wavelength, Å 0.97
Resolution limit, Å 39.89–2.75 (2.848–2.75)
Space group P2 (1)2 (1)2
Unit cell dimensions a; b; c, Å
α; β; γ, o

100.13; 239.33; 53.98
90.00; 90.00; 90.00

Total reflections 200514 (17870)
Unique reflections 34601 (3428)
Multiplicity 5.8 (5.2)
Completeness, % 99.41 (98.93)
Mean I/sigma(I) 11.14 (1.38)
Wilson B-factor, Å2 62.42
R-merge 0.1453 (1.579)
R-meas 0.1599 (1.76)
R-pim 0.06569 (0.7616)
CC1/2, % 0.997 (0.601)
CC*, % 0.999 (0.867)
Data refinement
Reflections used in refinement 34543 (3412)
Reflections used for R-free 1685 (175)
R-work 0.2446 (0.3609)
R-free 0.2838 (0.4026)
CC(work) 0.925 (0.728)
CC(free) 0.897 (0.692)
Number of non-hydrogen atoms 7088
Macromolecules 6831
Ligands 140
Solvent 117
Protein residues 937
RMS(bonds) 0.013
RMS(angles) 1.72
Ramachandran favored, % 97.24
Ramachandran allowed, % 2.76
Ramachandran outliers, % 0.00
Rotamer outliers, % 0.31
Clashscore 2.62
Average B-factor, Å2 72.16
Number of TLS groups 24
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alanine caused attenuation of Mtb growth in infection models (Spivey
et al., 2011, 2013, 2013). Albeit function or transported substrate are not
known yet, studies suggested the participation of Rv1747 in the trans-
location of bacterial cell wall components, possibly lipo-oligosaccharides
or phosphatidyl-myo-inositol-mannosides (PIMs), and antibiotic extru-
sion. Indeed, four Mtb proteins with FHA domains are involved in pro-
cesses connected to cell wall synthesis or remodeling (Pallen et al., 2002).
Viability studies have shown that while the transporter is not essential for
in vitro bacterial growth, its absence (Δrv1747 mutant) significantly
decreased Mtb growth in vivo assays on bone marrow-derived macro-
phages and dendritic cells, associating its function with the infection and
pathogenesis of the bacteria (Spivey et al., 2011, Curry et al., 2005).
Phosphorylation of Rv1747 induces the phenomenon of phase separation
and clustering of the transporter in vitro in membrane models and in live
cells, as well as mediates the inter- and intra-molecular associations
within the protein as a putative mechanism of Rv1747 transport activa-
tion (Heinkel et al., 2018, 2019).

In this work we carried out a biophysical characterization of the
cytoplasmic catalytic domain of PknF (cPknF) and solved its three-
dimensional structure in complex with the broad-spectrum human ki-
nase inhibitor IKK16 (Waelchli et al., 2006; Chen et al., 2017). Small
Angle X-Ray Scattering (SAXS) analysis showed the structural changes in
cPknF in the non-phosphorylated and phosphorylated (cPknF*) states
and its interaction with the FHA domains of Rv1747. We used the wild
type (FHA_wt) and three phosphomimetic mutants that emulate phos-
phorylation in the target residues T152 (FHA_T152E), T210
(FHA_T210E) and in both (FHA_T152E/T210E).We showed that after the
in vitro autophosphorylation, cPknF suffers structural changes and that its
affinity for the FHA domains is dependent on their phosphorylation
states. Similarly, the phosphorylation plays essential role for approxi-
mation of FHA-1 and FHA-2 domains and, in the stepwise of this move-
ment, phosphorylation on T152 important for attraction of cPknF.
Altogether, our data show the first structure of the Mtb cPknF and reveal
important aspects of its interaction with Rv1747 FHA domains that might
trigger the transport.

2. Material and methods

2.1. Phylogenetic analysis

Mycobacteria phylogenetic tree was based on 16S ribosomal RNA
sequences obtained in the Mycobrowser website (https://mycobrowser.e
pfl.ch). The sequences represent species that belong to different com-
plexes as defined for Mycobacterium genus. The evolutionary history was
inferred using the Neighbor-Joining method and evolutionary analyses
were conducted in MEGA X with 1000 bootstrap. The list of the species
(NCBI reference) is showed in SI Appendix, Table A1. Searching for pu-
tative orthologs of Rv1746 and Rv1747 was performed using their pro-
tein sequences as query in BlastP in the non-redundant bank and using
the parameters pre-established by the tool. Only sequences with coverage
of 95 or higher and identity greater than 50 % were considered. Phylo-
genetic tree of the Mtb STPKs was obtained in ClustalW server (Larkin
et al., 2007) after a multiple sequence alignment of the eleven Mtb se-
quences (function “build” of ETE3 v3.1.1) as implemented on the
GenomeNet (https://www.genome.jp/tools/ete/). Branch supports were
computed out of 100 bootstrapped trees.

2.2. Cloning and site-directed mutagenesis

The FHA domain of rv1747 (residues 1 to 310, including FHA-1,
linker and FHA-2) and the kinase domain of pknF (residues 1–299)
were amplified fromMtbH37Rv chromosomal DNA by PCR using the two
pairs of oligonucleotides: Fw_Rv1747_FHA_NcoI (50 ata-
taccatgggagtgccgatgagccaaccag 30) and Rv_Rv1747_FHA_HindIII (50

atatgaagctttcagttctcttcacggcgcg 30) for rv1747_FHA, and Fw_PknF_EcoRI
(50 atatagaattcatgccgctcgcggaaggttcg 30) and Rv_PknF_HindIII (50

https://mycobrowser.epfl.ch
https://mycobrowser.epfl.ch
https://www.genome.jp/tools/ete/
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atataaagctttcacgcgggcgcggccacggcgaccggtt 30) for cpknF. rv1747_FHA
amplified fragment was cloned into the expression vectors pOP3BP
(Addgene catalog number 112606) that adds a N-terminal His8-tag and a
GB1 protein Phusion. Similarly, cpknF fragment was cloned into pOP5GT
vector (Addgene catalog number 112608) in fusion with a N-terminal
His8-tag and GST protein. The amplified PCR products and the expression
vectors were digested at 37 �C for 2 h with the restriction enzymes NcoI
and HindIII in the case of FHA, and EcoRI and HindIII for PknF. The
digestion reaction was carried out following the guidelines of the Fast
Digest enzyme manufacturer (Thermo Scientific, EUA). The fragments
and vectors were purified from the agarose gel using the QIAquick Gel
Extraction Kit (Qiagen, Germany) and incubated in a 3:1 insert:vector
molar ratio (150 ng of vector and 91 ng of FHA or 80 ng of PknF), with 5U
of the T4 DNA ligase enzyme (Thermo Scientific, EUA) in the enzyme
buffer in a 10 μl reaction mixture at 16 �C overnight according to the
manufacturer's indications. The next steps were the transformation of
electrocompetent DH5α cells, purification and analysis of these recom-
binant plasmids by colony PCR and restriction analysis with previously
described protocols (Sambrook and Russell, 2001). All plasmids were
confirmed by DNA sequencing.

Site-directed mutations of T152, T210 or both by glutamic acid were
made in the coding region of Rv1747_FHA domain, to emulate different
phosphorylation states of the domain. Three mutants of the FHA domain,
FHA_T152E, FHA_T210E and FHA_T152E/T210E (double mutant), were
produced. The recombinant plasmid containing the wild type domain
(pOP3BP_FHA1-310) was used as a template and the mutations were made
using the Q5 Site-Directed Mutagenesis Kit (New England BioLabs, EUA)
according to the instructions of the manufacturers. Mutations were
confirmed using DNA sequencing.

2.3. Protein expression and purification

Overproduction of Rv1747_FHA1-310 and cPknF1-299 were performed,
respectively, in E. coli strain BL21 (DE3) and E. coli BL21 Star (DE3).
Luria-Bertani broth (LB) supplemented with ampicillin was inoculated
with these cells harboring the recombinant plasmids and the cultures
were incubated at 37 �C with shaking (180 r.p.m.) until the A600 reached
0.6. Protein expression induction was completed with addition of Iso-
propyl 1-thio-D-galactopyranoside (IPTG) at a final concentration of 1
mM for FHA1-310 and 0.25 mM for cPknF1-299. The bacterial growth was
continued in shaker with 180 r.p.m. for 2 h at 37 �C and 18 h at 18 �C,
respectively. Cells were harvested by centrifugation during 15 min at
7000 rpm at 4 �C. The cell pellets obtained during expression were
resuspended in lysis buffer (100mMTris/HCl, pH 8.0, 100mMNaCl, 5 %
glycerol) containing DNase (5 μg/ml), RNase (5 μg/ml), lysozyme (1 mg/
ml) and a mixture of protease inhibitors (Sigma Aldrich). Bacteria were
disrupted by sonication (VibraCell, Sonics) on ice with 10 bursts of 20 s at
amplitude 10. To obtain the supernatant, the lysate was centrifuged at 18
000 rpm at 4 �C for 45 min. The soluble extracts were applied to a
HisTrap HP column 5 ml (GE Healthcare) equilibrated with binding
buffer (100 mM Tris/HCl, pH 8.0, 100 mM NaCl, 5% Glycerol and 5 mM
Imidazole) at flow rate of 1 ml/min�1. The column was washed with 15
column volumes (CV) of binding buffer to remove the unbound material.
Proteins were eluted by a linear elution gradient with Elution buffer
(Binding buffer, with Imidazole at 500 mM) in an AKTA STAR® system
(GE Healthcare). When the protein started to elute, the imidazole con-
centration was maintained. Flowthrough and eluted fractions were
collected and analyzed by SDS-PAGE. Afterward, the GB1 and GST fusion
proteins were removed by incubation overnight of the fractions with 3C
and TEV protease, respectively, in a relation of 1:20 μM 3C/TEV:protein
with addition of 1 mM EDTA and DTT. cPknF was separated of the GST
protein fusion by passing again by the HisTrap 5 ml column at 0.5 ml
min�1 and recuperation of the flow through. Before, imidazole, EDTA
and DTT were remove of the sample by their dilution with binding buffer
without imidazole. Finally, a size exclusion chromatography was per-
formed to separate the proteins of interest from any remaining
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contaminant and eliminate the GB1 fusion protein from the FHA domain.
It was used a pre-packed HiLoad 16/60 Superdex 200 prep grade column
(GE Healthcare) equilibrated with GF Buffer (100 mM Tris/HCl, pH 8.0,
100mMNaCl, 5% Glycerol) at flow rate 0.5 ml/min�1. In the case of FHA
domains, it was necessary to perform two steps of size exclusion chro-
matography, one after the affinity chromatography, and another after the
protease cleavage.
2.4. Detection of the FHA1-310 and cPknF1-299 by SDS-PAGE and western
blot assay

The expression and purification of recombinant proteins were
monitored by SDS-PAGE electrophoresis andWestern blot assays. Culture
samples before induction (T0) and after induction of expression (T2), as
well as samples of the various purification stages were mixed with pro-
tein loading buffer and then denatured at 95 �C for 5 min and loaded onto
a 12 % SDS-PAGE gradient gel. Protein observation was performed by
staining the gel with Coomasie brilliant blue. For the Western blot
analysis, the proteins in the gel without staining were transferred to a
polyvinylidene fluoride membrane (Merck Millipore, Massachusetts -
USA) in electro-transfer buffer (25 mM Tris, 250 mM Glycine, 20 %
Methanol) for 30 min at 100 V, then blocked overnight with 5 % skim
milk in Tris-Buffered Saline with 0.05 % Tween 20 (TBS-T). For FHA and
cPknF detection, monoclonal anti-His-Tag antibody produced in mouse
(GE Healthcare) diluted at 1:20000 were used as primary antibody, fol-
lowed by membrane incubation for 2 h. Afterward five washes with TBS-
T, the membrane was incubated with the secondary antibody Anti-Mouse
IgG (whole molecule) �Alkaline Phosphatase produced in goat (Sigma
Aldrich, EUA) diluted 1:30 000 for 1 h. The membrane was revelated
after previous washing with TBS-T and then adding the substrate for
alkaline phosphatase BCIP/NBT reagent (Sigma-Aldrich, EUA).
2.5. Evaluation of the protein folding by Differential Scanning Fluorimetry
(DSF)

DSF was used to evaluate the stability of proteins of interest based on
the fluorescence emitted by SYPRO Orange dye (Sigma-Aldrich, Catalog
Number S5692; 5000x stock solution; 10 mM) according to the stability
of the tertiary structure. As proteins are denatured because of heating,
will expose their hydrophobic regions, normally hidden. SYPRO Orange
can interact with these hydrophobic surfaces and increases its quantum
yield (Kroeger et al., 2017). The assays were carried out in triplicate and
utilizing optical 96 well plates (Bio-Rad). The reaction was composed of
10 μM protein and 5x SYPRO Orange (10 μM) in GF buffer. DSF was
measured in a real-time thermocycler (Bio-Rad CFX connect) with filters
of excitation/detection from 450 to 580 nm and a temperature range
from 25 �C to 95 �Cwith a linear increment of 0.5 �C by 30 s of dwell. The
Melting Temperature (Tm) was determined by Bio-Rad CFX Manager
software applying –d (RFU)/dT.

2.6. cPknF activity assay and mass spectrometry analysis

Presence of phosphorylated sites in cPknF was confirmed by intact
mass spectrometry analysis considering that each phosphate group added
approximately 80 Da to the protein. The analyses were performed at the
Proteomics Service of the Central Laboratory of High-Performance
Technologies in Life Sciences (LaCTAD) of the State University of Cam-
pinas (UNICAMP, Campinas, SP, Brazil) in the equipment LC-MS/MS
coupled to a mass spectrometer with a quadrupole-time-of-flight
(QTof) analyzer model Waters XEVO G2 XS, equipped with an ESI type
ionization source. 1 μL of each purified sample of cPknF, FHA and cPknF
þ FHA_wt (3 μM each) were submitted to the mass intact spectrometry
analysis before and after the in vitro phosphorylation reaction in buffer
containing Tris-HCl pH 8.0100 mM, NaCl 100 mM, DTT 1 mM, EDTA 5
mM, MgCl2 5 mM and ATP 5 mM for 30 min, at room temperature.
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2.7. Circular dichroism (CD) and fluorescence measurements

CD assays were performed in the range of 190–260 nm on the Jasco J-
810 spectropolarimeter (JASCO, Easton, MD USA) using the facility of
the Laboratory of Biotechnology at Institute Butantan, S~ao Paulo, Brazil.
Data were collected with a 50 nm/min scan with 20 accumulations for
the sample at 5 μM and 10 accumulations for the buffer (20 mM Tris-HCl
pH 8.0 and 10 mM NaCl). The CD spectra for each sample were obtained
using the CAPITO online tool (Wiedemann et al., 2013). On the other
hand, UV–visible absorption spectra were obtained with an UV–visible
spectrophotometer (Varian Cary, Santa Clara, CA). In addition, the
fluorescence emission spectrum was recovered with a Varian Cary
Eclipse fluorimeter (Santa Clara, CA). Samples were placed in quartz
cuvettes, with an optical pathway of 4 mm (10 � 4 mm) and the ex-
periments performed at room temperature (22.5 �C), with 1 ml samples
of proteins (10 μM) in GF buffer. Emission spectra were obtained using an
excitation beam light at 295 nm. No inner filter correction was necessary
as Absorbance value at 295 nm was found to be smaller than 0.1
(Albrecht, 2008).
2.8. Crystallization and structure determination

Non-phosphorylated protein (confirmed by mass spectrometry) was
used in the crystallographic experiments at 14 mg/ml (426 μM). To
improve the protein stability and chances of obtaining crystals, the
competitive inhibitors of kinases, JNJ-7706621, IKK16 and AZD 5438
(SGC library, UNICAMP, Campinas, SP, Brazil), diluted to 10 mM 100 %
DMSO, as well as the non-hydrolysable ATP analog, ATP-γ-S, were added
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at a final concentration of 174 μM in buffer GF containing 29 μM cPknF
(0.96 mg/ml). A sample containing protein and ligand in a molar ratio
1:6 was incubated for 30 min in ice and concentrated using the Amicon
Ultra-0.5 Centrifugal Filter Unit up to 14 mg/ml of protein, now with the
bound compound. cPknF:inhibitor crystals appeared. Crystallization tri-
als of cPknF:inhibitor were screened in 96-well plates against sparse
matrix crystallization commercial kits LFSG, HCS3, and SALT-RX2 (Mo-
lecular Dimensions, Maumee, OH, USA) using the sitting-drop vapor
diffusion process. Crystals of cPknF with IKK16 were obtained after three
days when maintained at constant temperature of 18 �C in 0.1 M Citrate
pH 5.5, 200 mM Ammonium acetate and 30 % (w/v) polyethylene glycol
(PEG) 4000. The diffraction dataset was collected at Advanced Photon
Source (APS) 24 ID-C beamline, by fine ϕ-slicing (0.2�), and achieved
2.75 Å maximum resolution after processing with autoPROC (Vonrhein
et al., 2011). Phaser (McCoy et al., 2007) was used for molecular
replacement (MR), applying the Mtb kinase domain - cPknI (PDB 5M07)
as assemble. ClustalW was used to align the accessible sequences of ho-
mologous PDB protein structures. Homology modelling using MOD-
ELLER (Eswar et al., 2006), together with the structural alignment of
kinase domains from PknA, PknB, PknE and PknI (r.m.s.d.¼ 0.295) were
used for the strategic removal of flexible loops and helped to establish a
logical sub-domain division between N-lobe and C-lobe modules for
better MR solutions and model building. C-lobe module of cPknF was
used for building initial search. After several modelling cycles in Coot
(Emsley et al., 2010) and autoBuild (Terwilliger et al., 2008), the satis-
factory location of the two other modules in liaison to the p-lobe vali-
dated our possible MR solution. Reciprocal space refinement was carried
out by phenix.refine (Adams et al., 2010) and BUSTER-TNT (Blanc et al.,
Fig. 1. The three-dimensional structure of
Mtb cPknF domain and active site. (A) Sur-
face representation of the four molecules of
the crystal asymmetric unit (chain A to D)
organized in two dimers. The IKK16 inhibi-
tor is shown as red spheres. (B) A single
molecule of cPknF with the N and C-terminal
lobes in yellow and green cartoon, respec-
tively. N-terminal lobe consist of six β anti-
parallel twisted sheet (β1-β6) and C-terminal
is an a-helix bundle (C1–C6). The active site
lies on the cleft between the two lobes, on
which is bound the IKK16 kinase inhibitor
(in surface and pink sticks). The αC-helix
(blue) and activation loop (red) are the
important secondary structures for catalysis.
(C) Dimeric state of cPknF with the N-ter-
minal back-to-back interface. The two mole-
cules are shown in pale blue and green
cartoon, respectively. IKK16 inhibitor is
represented in yellow sticks and surface. (D)
Positioning of IKK16 and ATP in the active
site ofMtb cPknF. N and C lobes are shown in
yellow and green cartoon, respectively, with
the ligands in the active site. Details of the
cPknF with ATP and IKK16 are shown in the
frames I and II, respectively, evidencing the
main residues for interactions.
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2004) supported by the ligand restraints, which were generated using
geometry and coordinates analysis in Mogul (Bruno et al., 2004; Cottrell
et al., 2012). Control of the model quality was performed with MOL-
PROBITY (Williams et al., 2018) and the Ramachandran statistics are
reported in Table 1. The PISA (Krissinel, 2010) webserver was used for
the recognition of surface contacts area that is associated with various
subunits, hydrophobic or polar regions. Further electrostatic measure-
ments were accomplished with APBS Tools (Baker et al., 2001).

2.9. Small-angle X-ray scattering experiments (SAXS)

Small angle X-ray scattering experiments were performed on a lab-
based Xenocs-Xeuss 2.0 equipment operating with CuKα, λ ¼ 1.52 Å,
radiation from a GENIX 3D source with optics arrangement of FOX 3D-
Xenocs beam focus and two sets of scatterless slits to collimation. SAXS
data were carried out to samples of FHA wild type, FHA_T152E,
FHA_T210E, FHA double mutant, cPknF in non-phosphorylated and
phosphorylated states (cPknF*) using samples concentration of 1.0, 0.6,
0.6, 1.2, 1.0, respectively for FHA domains, and 1.7 mg/ml for cPknF.
Mixed samples of FHA wild type þ cPknF and FHA wild type þ cPknF*,
each protein in the concentration of 0.5 mg/ml, also were submitted to
SAXS analyses. All the samples and each buffer were injected in a Xenocs
low noise flow cell and exposed time of 30 min to 2D SAXS data col-
lections recorded on a photon-counting Pilatus 300k detector at a
sample-to-detector distance of 1.2 m, in a total of 3 frames per sample.
The 2D isotropic scattering imagens were submitted to azimuthal inte-
gration resulting the 1D SAXS profile intensity as function of momentum
transfer vector modulus ðqÞ defined by q ¼ 4π sinðθÞ=λ, where 2θ is the
scattering angle. Afterward, the data treatment to 1D SAXS profile were
performed with the subtraction of respectively buffer from each sample,
finally the water and empty cell SAXS experiments performed in the same
condition was used to determine the final samples SAXS profile in ab-
solute scale. All the data treatment procedure was performed using the
program package SUPERSAXS (Oliveira and Pedersen, unpublished). The
SAXS data profiles were fitted using GNOM program (Semenyuk and
Svergun, 1991) where the pair distribution function ½pðrÞ] is calculated
using Indirect Fourier Transformation (IFT) procedures. The maximum
diameter (Dmax) and the radius of gyration (Rg) were derived from the
pðrÞ and GNOM parameters calculation results.

2.10. Structural modelling and dynamics analysis of FHA domain and
docking simulations of cPknF*-FHA complex

The investigation of the full-length FHA interdomain orientation was
performed using the ensemble optimization method (EOM) program
(Tria et al., 2015), applying different tools of the EOM routine. First, a
random pool of 10 000 structures of FHA-1 and FHA-2 connected by a
long linker of 95 residues were built to using the RANCH program with
input of the crystal model to FHA-1 (PDB 6CCD) and NMR model to
FHA-2 (PDB 6CAH), including no symmetry constraint. Afterward, the
pool was used as input to GAJOE program, which selected an optimized
ensemble that best fit the collected SAXS data to FHA wild type and
mutant samples, individually. This step was based on the standard EOM
configuration process for the method applied in the genetic algorithm
(GA).

Docking simulations between the cPknF* domain and both crystal
structure of FHA-1 (PDB 6CCD) and NMR ensemble of FHA-2 (PDB
6CAH) were performed using the HADDOCK2.4 webserver (de Vries
et al., 2010). To further investigate the interaction between the kinase
and its substrate, the missing activation loop region of cPknF*
(A158-T181) was modeled with a LoopModel protocol from MODELLER
and the residues T173 and T175 substituted by their phosphorylated
state. Prior to docking simulations, the cPknF* structure was submitted to
energy minimization using steepest descent method from GROMACS
(Berendsen et al., 1993). Both phosphorylated residues were defined as
the active residues of cPknF, and the motifs GR, SRxH, and SxNGwere set
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as the active residues of FHA domains. For both receptor and ligand,
passive residues were automatically assigned around active residues. To
improve docking prediction, the intrinsically disordered region of the
kinase activation loop was set as a full-flexible segment. The top 400
solutions generated were clustered by the fraction of common contacts
with a cutoff of 0.75 and scored by HADDOCK score. The four repre-
sentative models of the top 2 clusters were further ensembled and sent to
the HADDOCK refinement function. The final docking solutions were
analyzed by PISA (Krissinel, 2010).

2.11. Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) experiments were performed at
20 �C with 74 μM of FHA wild type (FHA_wt) and mutant samples
(FHA_T152E, FHA_T210E and double mutant) and 132 μM of cPknF*, in
a MicroCal ITC200 (GE Healthcare). Samples of cPknF* were accom-
modated into the calorimeter cell and the syringe was filled with FHA
samples in the same buffer. The ITC thermograms were collected in a
total of 56 injection with the first injection of FHA sample of 0.1 μl,
followed by 0.7 μl for the remaining injections with a time interval of
150s between each. ITC experiments were carried out to solution buffer
of cPknF* with the same configuration to each FHA sample titration, then
used as background enthalpy variation to FHA sample injection. The
Origin 7.0 software provided by the instrument was used to integrate the
thermogram picks and to analyze the colorimetry final profile, assuming
a stoichiometric binding of N sites with same affinity, where the final
dissociation constant, Kd, binding enthalpy (ΔH) and entropy (ΔS) were
determined.

3. Results

3.1. rv1746/rv1747 operon is highly conserved in the Mtb complex

The rv1746/rv1747 operon encodes the STPK PknF and the ABC
transporter Rv1747, respectively. The predicted PknF structure indicates
that its cytoplasmic catalytic domain (cPknF) is connected to an extra-
cellular sensor domain (ePknF) by a transmembrane helix. It is expected
that the dimerization in the membrane is needed for activation of these
proteins (Alber, 2009). The ABC transporter Rv1747 forms a homodimer
consisting of two transmembrane domains (TMDs) with predicted six
α-helices each, two nucleotide-binding domains (NBDs, residues
330–559) and two extraordinary FHA domains (FHA-1 and FHA-2, res-
idues 1–310), which are connected by a disordered region where the
phosphorylation targets T152 and T210 are localized (SI Appendix,
Fig. A1A). The rv1746/rv1747 operon is spread among species of bio-
logical and medical relevance in the Mycobacteria genus (SI Appendix,
Table A1) and identical in those that belong to the Mtb complex,
including the human pathogens Mtb H37Rv, M. bovis, M. caprae and
M. microti and the opportunistic M. canetti (SI Appendix, Fig. A1B). The
presence of operons with relative high similarity when compared to
rv1746/rv1747 and that encode a putative STPK in tandem with trans-
membrane transporters is also observed in species such as M. smegmatis
group,M. marinum,M. ulcerans, M. kansasii group andM. avium complex,
suggesting that the corresponding proteins have an important role in the
genus and highlights the importance of the phosphorylation as a regu-
lation mechanism of the transport. Species that belong to the Mtb com-
plex also conserved the eleven genes encoding the STPKs. The
phylogenetic relationship among these Mtb kinases as previously
described (Narayan et al., 2007) indicated that PknF is closely related to
PknJ and PknI. With the exception of PknG and PknK that show large
cytoplasmic domains, all the other kinases of Mtb have similar structural
organizationwith a cytoplasmic catalytic domain, a transmembrane helix
and an extracellular sensor domain (SI appendix, Fig. A2). The cPknF
shared between 28 % and 37 % of amino acid sequence identity with the
corresponding domains of the Mtb kinases, including PknB, PknD and
PknE, enzymes that also phosphorylate Rv1747 and other FHA domains



Fig. 2. SAXS profile fit and oligomerization studies of Mtb Rv1747 FHA domains and cPknF. SAXS experimental intensity as a function of the modulus of the scattering
vector (q ¼ 4 π sin θ=λ) (symbol) and fitting results from EOM program using IFT method (line) (upper graphs) and pair distribution functions, p(r), respectively to
each fitted sample (bottom graphs). (A) SAXS data to FHA wild type and the mutants; (B) SAXS data to cPknF (non-phosphorylated) and cPknF* (phosphorylated) in
buffer solution. (C) SAXS data to the mixture samples of FHA wild type and cPknF* and cPknF. (D) Oligomerization states of cPknF* and cPknF. Superposition of
theoretical SAXS profile calculated using CRYSOL program and the experimental data from cPknF samples in the phosphorylated and non-phosphorylated states as
monomeric state as input. (E) High-resolution three-dimensional structures of cPknF in the monomeric (gray cartoon and surface) and dimeric (red cartoon and
surface) are shown in I and II, respectively. (F) Upper graph: SAXS profile analysis assuming a mixture of monomers and dimers in solution using the program
OLIGOMER and the models in (E) as input. Bottom graph: Plot of the volume fraction of cPknF* and cPknF assuming a mixture of PknF* in monomeric (I: black) and
dimer (II: red) states.
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(Grundner et al., 2005). The available three-dimensional structures of
extracellular domains of PknD (PDB 1RWL), PknH (PDB 4ESQ) and PknI
(PDBs 5CLL and 5XLM) show they have differences in the folding. An
analysis of the genomic context of the kinase genes in Mtb genome show
they are close to genes that are involved in a diversity functions, which is
in accordance with their multiplicity of targets (SI appendix, Table A2).
Genes pknG, pknB, pknA and pknD have in common with pknF the vicinity
of membrane proteins. pknD is located in a cluster that encodes compo-
nents of an ABC transporter dedicated to the phosphate uptake (Braibant
et al., 2000; Oliveira and Balan, 2020) and pknG is close to genes glnH
(rv0411) and rv0412, which encode a periplasmic glutamine-binding
protein and a membrane protein, respectively. pknB and pknA share the
same operon that encodes a penicillin-binding protein (PBP, rv0016c)
and the RodA protein involved with cell division (rv0017c) (SI appendix,
Table A2). Resuming, our data showed that the rv1746/rv1747 operon is
highly conserved in Mycobacterium species suggesting the relevance of
the encoded proteins for physiological processes. The maintenance of the
kinase gene to always close transporter genes also reinforce its role in the
transport regulation.
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3.2. Overall three-dimensional structure of catalytic domain of Mtb PknF

The structure of the catalytic domains ofMtb PknA, PknB, PknE, PknG
and PknI have been determined, but thus far there was no structural
information for the corresponding domain of PknF. To gain insight on
how it exerts its action, we pursued protein crystallization and structure
determination of cPknF (residues 1–299). The domain was produced in
Escherichia coli BL21 (DE3) Star overexpressing the E. coli lambda phos-
phatase to obtain a non-phosphorylated protein and to reduce sample
heterogeneity. The recombinant cPknF was obtained after purification
and cleavage with TEV protease with a molecular mass of 32.8 kDa. The
autophosphorylated cPknF (cPknF*) was obtained in the presence of ATP
and confirmed by intact mass spectrometry. Mtb cPknF* incorporated up
to seven phosphate groups into its structure and presented molecular
weight of 33 378 Da (SI Appendix, Fig. A3).

Attempts to obtain crystals of apo cPknF were not successful. Protein
kinases have a conserved structural architecture composed of two lobes
linked by a flexible hinge region. In solution, both lobes are thought to be
free to move around the protein hinge. Binding of ATP (or ATP-



Fig. 3. FHA-1 and FHA-2 orientation assessment and cPknF*þFHA mixture by SAXS analysis. For the FHA analysis, we assumed an intrinsically flexibility of the
domains due the long-disordered linker between them. Then, a construction of a pool of structures with randomized orientation between FHA-1 and FHA-2 using the
RANCH program (internal EOM routine) was performed and followed by selection of sub-ensemble that better describe the experimental SAXS data. The radius of
gyration (Rg) distribution for RANCH models build randomly to FHA-1 and FHA-2, connected by a long randomize linker of 98 residues, are showed as solid line. The
selected EOM models from the RANCH pool to fit the SAXS profile using an ensemble of optimized fraction of models are represented as bar symbol for each analyzed
sample. The representative models of these samples are shown in cartoon and the built loop as surface representation. (A) FHA_wt, (B) FHA_T152E, (C) FHA_T210E,
(D) FHA_T152E/T210E. (E) EOM analysis for the sample FHA þ cPknF*. Frequency of populations in samples of the mixture and EOM fit. The radius of gyration (Rg)
distribution for RANCH models build to FHA þ cPknF* is showed on black solid line. The selected EOM models from the RANCH pool to fit the SAXS profile using an
ensemble optimized fraction of models are shown in the bar symbol for each analyzed sample. (F) For each sample, the representative models were obtained and
presented. cPknF and FHA domains are in cartoon and the built loop as surface representation. (G) Structural parameters obtained for the most significant models.
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competitive ligands) engages residues from both lobes and stabilizes the
kinase domain in a “closed” conformation around the hinge. We thus
used thermal-shift assay to identify a ligand that could stabilize the cPknF
and facilitate its crystallization from a library of commercially available
ATP-competitive kinase inhibitors. The unphosphorylated protein and
ligands showing the largest thermal shifts were used in co-crystallization
experiments. Co-crystals of cPknF and IKK-16, an inhibitor originally
designed for the human IκK complex (composed of inhibitory-κB kinases
α and β), produced an X-ray diffraction dataset that allowed us to
determine the crystal structure of cPknF bound to IKK-16 at 2.75 Å res-
olution. The crystallographic phase problem was solved by molecular
replacement method using the structural coordinates of the Mtb PknI
(PDB 5M07) as search model (Data collection and crystallographic
refinement statistics are shown in Table 1). Four cPknF monomers with
similar structure were present in the crystal asymmetric unit (root mean
square deviation, r.m.s.d.< 0.5 Å) (Fig. 1A). Overall, cPknF displayed the
typical fold seen for other Serine/Threonine protein kinases that con-
sisted of bilobed architecture, in which N- and C-terminal lobes were
connected by a short hinge region forming a deep cleft where ATP can
bind and where the inhibitor IKK-16 was located (Fig. 1B). Poor electron
density coincided with regions of the kinase domain known to be quite
plastic (Taylor and Kornev, 2011) and prevented us from confidently
placing the following residues in the final crystallographic model
(numbering for the Mtb cPknF protomer in chain A): 1–3, 21–23 (within
the protein P-loop), 46–57 (connecting strand β4 to helix αC), 161–180
(part of the kinase activation loop) and 277–290. In the Mtb cPknF, the
conserved GxGxxG motif or P-loop, known to be quite dynamic and to
fold over the phosphates of ATP during catalysis, folded over the ben-
zothiphene ring of the ligand. Likewise, in kinases, αC helix (showed in
blue in cPknF) is quite dynamic and can swing towards (“in”) or away
(“out”) from the N-lobe. The “αC-in” conformation facilitates the
171
formation of a salt bridge between a conserved Glutamic acid in this helix
(E60 in cPknF, blue stick) and a conserved Lysine in the β3 strand (K41,
yellow stick) (Fig. 1B). Formation of this salt bridge is one of the hall-
marks of the kinase active state and allows the Lysine to engage the ox-
ygen atoms of the α and β phosphates of ATP via hydrogen bonds (Taylor
and Kornev, 2011). In the crystal, cPknF αC adopted an outwards
conformation, preventing the formation of this crucial salt bridge, and
indicating an inactive conformation. At this point it is unclear if the
non-phosphorylated state of cPknF or if IKK-16 (in pink) played a role in
stabilizing cPknF in an inactive conformation, as other Mtb STPKs that
co-crystallized in the presence of ATP-competitive ligands adopted active
conformations (αC-in) (Wehenkel et al., 2006; Mieczkowski et al., 2008;
Wang et al., 2017; Wlodarchak et al., 2018).

Finally, the kinase domain activation loop is a highly dynamic stretch
of 20–30 residues between the conserved DFG and APE motifs (residues
159–161 and 186–188 in Mtb cPknF, respectively). In our crystal struc-
ture, most of the residues in the activation loop could not be built into the
final crystallographic model, indicating the plasticity of this region. In
eukaryotic protein kinases, phosphorylation of one or more sites within
the activation loop reorganizes it into a binding platform for the substrate
and is crucial for kinase activity. Nevertheless, even when phosphory-
lated, the activation loops ofMtb PknA, PknB and PknE remained largely
disordered (Young et al., 2003; Ortiz-Lombardía et al., 2003; Wehenkel
et al., 2006; Gay et al., 2006; Lombana et al., 2010). Thus, it is likely that
a similarly disordered activation loop would be observed in crystals of
phosphorylated cPknF. Recently, crystallographic studies showed that
the formation of a docking platform for a peptide substrate in Mtb PknB
required the interaction between the kinase phosphorylated activation
loop and the FHA domain inMtb GarA (Wagner et al., 2019). Further, the
formation of this docking platform displaced the kinase αC towards the
N-lobe, compared to the position of this helix in the unbound Mtb PknB
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structure. Crucial to these rearrangements is the interaction of a
phospho-Threonine (pT) residue from Mtb PknB activation loop and the
phosphate-binding pocket within GarA FHA domain. This same pT res-
idue engages an Arginine in the αC helix ofMtb PknB, contributing to the
displacement of this helix towards the kinase N-lobe (Wagner et al.,
2019). T173 and R59 of cPknF are structurally equivalent residues to the
PknB activation loop pT and αC Arginine residues, respectively. It is thus
likely that the binding of cPknF to FHA domain-containing proteins, such
as Mtb Rv1747, would also reorganize the kinase phosphorylated acti-
vation loop into a docking site for a peptide substrate and swing cPknF αC
into an active conformation.

Dimer formation also plays a crucial role in regulating the activation
of Mtb STPKs. The kinase domains of Mtb PknB and PknE crystallized as
structurally similar (“back-to-back”) dimers (Young et al., 2003; Orti-
z-Lombardía et al., 2003; Wehenkel et al., 2006). Further biochemical
studies revealed this organization to be important for the allosteric
activation of the kinase activity in PknB and PknD (Greenstein et al.,
2007; Lombana et al., 2010). Likewise, the four protomers within Mtb
cPknF:IKK-16 co-crystals formed two “back-to-back” homodimers
(Fig. 1C). The dimerization interface in cPknF occluded ~1070 Å2 of
solvent accessible surface area and, as seen for PknB and PknE, involved
only residues within the kinase N-lobe domain. Nevertheless, dimer
formation in cPknF was not sufficient to stabilize the kinase in an active
conformation. These observations further suggest that, as for PknB,
interaction with FHA domain-containing proteins is required for the
activation of cPknF.

These results showed that cPknF, now one of the six Mtb protein ki-
nases with available structure, was solved in the inactive state in the
presence of an inhibitor. The enzyme showed the typical bilobed archi-
tecture observed in the orthologs as well as the conservation of functional
motifs.
Fig. 4. Binding affinity of cPknF* to FHA wild type and mutants evaluated by is
FHA_T152E, FHA_T210E and FHA_T152E/T210E. (B) Overall thermodynamics param
model was of N binding sites of cPknF* and FHA with the same equilibrium dissoci
correlation with radius of gyration (Rg).

172
3.3. The Mtb cPknF ATP-binding site

The Mtb cPknF conserves 13 identical residues present in 36 unique
kinase domains (SI Appendix, Fig. A4). Seven of them are related to the
ATP catalysis, whereas the other six residues maintain the C-terminal
lobe tertiary structure. To compare IKK-16 and ATP binding modes in
cPknF, we built a molecular model of the kinase domain containing the
unmodeled secondary structures and docked the ATP into the active site.
The ATP-binding mode in docked cPknF:ATP is comparable to cPknB,
with similar conformations of several well-conserved residues in this
region of ATP-binding kinases (these include D127, K129, and Q132).
The lysine residue (K41) in strand β3 forms an ion pair with a glutamic
acid presented in the DFG-STPK signature (D159). This lysine also con-
tacts the α-phosphate of ATP and the ribose O1 oxygen, suggesting that
the lysine-glutamate pair may be involved in stabilizing or protonating
the product ADP by acid-base function (Fig. 1D-I). At the ATP γ-phos-
phate tail, a similar complex repeats in contacting the K139 and T181 to
that phosphate group, where we predict the cPknF phosphorylation
starts. The salt bridge formed between ATP γ-phosphate tail and K139
helps the phosphate group transference to T181, which also performs
interactions mediated by hydrogen bonds. Consequently, the Threonine
position and proximity to the T178/T173/T175 at the P-loop might
enable the phosphate group transference to the FHA domain at the
Rv1747 transporter (Fig. 1D-I).

On the other hand, the inhibitor IKK-16 lies on the site entrance and
hydrophobically interacts with residues V26, M89, V92, and A158. The
benzothiophene planar ring extends deep within the cPknF catalytic site,
connecting the N1 of the pyrimidine ring to the main chain residues from
the nucleotide-binding region (V26, M89, F91, V92). Other polar con-
tacts are formed between T95 and S99 with the piperidine and pyrroli-
dine rings, respectively. Conventional hydrogen bonds performed with
T95, D96, and S99 help on the benzamide and piperidine ring
othermal titration calorimetry (ITC). (A) ITC profiles of cPknF* and FHA_wt,
eters from ITC fitted profile of FHA samples titrated with cPknF*. The assumed
ation constant (Kd). (C) Representation of cPknF* affinity for FHA domains and
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stabilization. The ligand oddly forms an intramolecular interaction be-
tween the thiophene S1 and centroid benzamide that reduces the polar
interactions by repelling D159 into the αC helix direction. As a motion
result, the β4 sheet (in orange) from the N-terminal to the activation loop,
the kinase domain, thus free to maintain a salt bridge between K41 and
D159. In the absence of a nucleotide-binding connection, the active site
pocket is occupied by the F91 side chain, as an active and inactive reg-
ulatory element (Fig. 1D-II).

In summary, the comparison of the binding mode of ATP and IKK-16
in cPknF shows that both ligands are positioned on the cleft that forms
the active site, ATP in the centre, coordinated by conserved residues, and
IKK-16 displaced in a region not so conserved, which can be explored for
developing of specificity inhibitors.

3.4. Secondary structural changes induced in cPknF and Rv1747-FHA
domains

The secondary structural content of the recombinant cPknF and
cPknF* was evaluated by circular dichroism (CD) (SI Appendix, Fig. A5A-
I) and revealed that both domains presented an α/β folding as indicated
by two negative peaks of 208 nm and 222 nm, respectively, and no sig-
nificant changes in the profiles. However, experiments of Differential
Scanning Fluorimetry (DSF) showed that the phosphorylation induced
changes in the thermal stability with reduction of the at least 3 �C in the
Tm value of cPknF* (SI Appendix, Fig. A5A-II). The tryptophan fluores-
cence of cPknF* was quenched in comparison with the non-
phosphorylated protein, without displacement of the maximum peak
(SI Appendix, Fig. A5A-III). The cPknF structure has two Tryptophan,
W185 close to ATP and W86 facing T8 and T13 in the N-lobe, which
could be the most affected (SI Appendix, Fig. A5-C).

To study the effect of the phosphorylation on Rv1747 FHA domains
we made four constructs: the non-phosphorylated wild type FHA domain
(FHA_wt, residues 1 to 310), and three mutants mimicking different
states of FHA phosphorylation (FHA_T152E, FHA_T210E and the double
mutant FHA_T152E/T210E). The overexpression of all domains in fusion
with GB was obtained from E. coli BL21 (DE3) cells in the soluble extracts
of cultures upon induction with IPTG. The four FHA domains showed
bands of 33.5 kDa in the SDS-PAGE, and they were obtained firstly by
immobilized affinity nickel chromatography (IMAC) followed by size-
exclusion chromatography and then, by cleavage with 3C protease for
removing of GB1 fusion (SI Appendix, Fig. 6A to 6C). Biophysical assays
were first performed to confirm their folding and stability. Circular di-
chroism profiles of the four domains indicated the expected characteristic
β-sandwich fold with non-structured regions. No significant differences
were seen among the four domains indicating that phosphorylation does
not affect the secondary structural content. On the other hand, the
insertion of point mutations in the FHA_wt domain had an impact on its
thermal stability that gradually decreased with mutation of T152, T210
or both residues. Differences depending on the phosphorylation position
were also identified during tryptophan intrinsic fluorescence assays. The
maximum fluorescence peak at 337 nm identified in FHA_wt sample was
shifted to 340 nm in the mutated domains indicating changing in the
tryptophan environment. Also, it was observed a quenching of the fluo-
rescence in the samples FHA_T210E, FHA_T152 and FHA_T152E/T210E
when compared to the wild type. The maximum quenching evidenced in
the FHA_T152 and FHA_T152E/T210E mutants might be due the prox-
imity of W175 and W125 to T152 (SI Appendix, Fig. A.5B). The results of
CD and fluorescence for the different states of cPknF and FHA suggest
that the phosphorylation of these domains, although did not alter their
secondary structural content, promote changes that change the stability,
favoring their thermal destabilization.

Moreover, we tested if the cPknF* could phosphorylate the FHA_wt
domain in vitro. Samples of cPknF* and FHA_wt were incubated together
and submitted to mass spectrometry analysis. The results showed the
calculated mass of 33.357 for FHA_wt non-phosphorylated and 33.515
and 33.594 Da for FHA_wt after incubation with cPknF*. The increase in
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the molecular weight of FHA_wt is interpreted as incorporation of
phosphate groups in the FHA domain as a result of cPknF-mediated
phosphorylation. Since the molecular weight of each phosphate group
is approximately 80 Da, these results suggest the addition of two and
three these groups in the domain (SI Appendix, Fig. A7).

3.5. Structural changes induced by recombinant cPknF* on FHA domains

Small Angle X-ray Scattering (SAXS) analysis were performed to
evaluate the global arrangement of FHA-1 and FHA-2 domains in the wild
type and mutants, the behavior of cPknF in comparison with cPknF*, and
the interaction between cPknF* with FHA domains (Fig. 2). The pair
distribution function p(r) results to FHA_wt and the mutant samples
showed a characteristic profile of a two-domain protein with two peaks.
A common peak at approximately 30 Å is present in the four samples but
significant differences were observed in the p(r) profile of FHA_wt in
comparison to FHA mutants (Fig. 2A) regarding the second peak. The
mutant curves presented a displacement showing a correlation of pairs in
a shorter distance, which indicated a more compact orientation between
the domains after phosphorylation, clearly highlighted in the profile of
the double mutant (red line). Still, the p(r) profiles of the mutants
revealed a second shoulder in FHA_T152E (pink line) closer to the po-
sition of FHA_T152E/T210E at ~60 Å than FHA_T210E (blue line). In
contrast, the maximum observed for the second shoulder of FHA_wt is
shifted to ~90 Å. These results showed that mimetic phosphorylation in
Threonine present in the FHA linker led to the compaction of the FHA-1
and FHA-2 domains, with a suggestive participation of T152 in the pro-
cess. Based on GNOM analysis to obtain structural parameters, the higher
values of radius of gyration (Rg) and maximum distance (Dmax) corre-
sponded to FHA_wt, which molecular weight (MW) suggested a mono-
meric state in solution to all samples (SI Appendix, Table A4). The lower
values of Rg and Dmax observed for the mutants corroborated the previous
observations that the phosphorylation has an important function to
approximate the domains (Spivey et al., 2011; Heinkel et al., 2018, 2019,
2019).

We also used SAXS analyses to compare cPknF and cPknF* (Fig. 2B,
green and black lines, respectively). According to the p(r) profiles of the
two samples, the phosphorylation induced conformational changes in
cPknF structure, suggesting that phosphorylation is important to trigger
the active state of the kinase. Indeed, structural parameters for cPknF and
cPknF* samples indicate that phosphorylated domain tends to acquire a
more compact conformation (SI Appendix, Table A4). Finally, we evalu-
ated the behavior of the FHA_wt in the presence of cPknF and cPknF* in
solution. The mixture of FHA_wt with cPknF or cPknF* shows distinct
p(r) profiles, both with two peaks (Fig. 2C). The profile of the FHA_wt
with the non-phosphorylated kinase shows a larger peak with a
maximum of 22 Å and a smaller peak with a maximum of 66 Å. In the
presence of cPknF* this profile of two peaks is conserved, however, there
is greater definition of the peaks, with a displacement of approximately
15 Å in the maximum value of each one (37 Å and 83 Å, respectively for
the largest and smallest). The profile of FHA_wt þ PknF* seems a com-
bination of the profiles of the double mutant FHA_T152E/T210E
(Fig. 2A) and cPknF* (Fig. 2B). The GNOM analysis of the mixtures
showed reduction in the values of Dmax of FHA_wt in presence of cPknF*
and an increasing of the MW suggesting a possible formation of a com-
plex FHA/kinase and phosphorylation of FHA_wt (SI Appendix, Table A4).
Altogether, the results showed that cPknF suffered changes in the
structure after phosphorylation, which probably is important for its af-
finity and activity over the FHA domains. The SAXS data for wild type
and phosphomimetic mutants in the presence of cPknF* showed that the
enzyme only approaches the domains if they are partially or totally non-
phosphorylated, and that upon phosphorylation, FHA domains approxi-
mate. cPknF* showed no affinity for the double mutant that mimics the
phosphorylation of both Threonine residues. The lack of affinity between
the kinase and the domains, also is evidenced when the cPknF is not
phosphorylated, once the enzyme would be in the inactive state.



Fig. 5. Putative mechanism of interac-
tion and modulation of Rv1747 FHA
domains by Mtb cPknF. (A) Prediction of
the interaction between Rv1747 FHA
domains and cPknF. Docking simula-
tions between phosphorylated cPknF
and the individual domains FHA-1 and
FHA-2 was performed based on the
available structures of Mtb GarA and
PknB (PDB 6I2P). The figure shows
cPknF* (orange cartoon) superimposed
to cPknB (green cartoon) in contact with
FHA-1 (dark blue) and FHA-2 (clear
blue). The details of the interaction with
each FHA domain are shown in (I) and
(II). The involvement of two phosphor-
ylation sites in the activation loop could
increase the phosphorylation potential
and activation of the kinase. (B)
Structural-based amino acid sequence
alignment of all Mtb FHA domains and
STPKs using as reference the interface
region of GarA and PknB. (I) The Mtb
FHA domains conserve most residues of
the canonical recognition of pThr by
FHA domains – G32R, S47RxH, and
S67xNG (blue bars; reference number
from Rv1747 FHA-1; x representing any
residue). (II) The alignment of the Mtb
STPKs activation loops reveals that
cPknF conserves the two phosphorylated
Threonine when compared with PknB
and other kinases. (C) Schematic model
of the structural changes induced by Mtb
PknF in the ABC transporter Rv1747. In
this model, PknF would assume a
dimeric structure after recognition of a
signal (S, magenta) by the PknF extra-
cellular sensor domain (ePknF, in cyan)
(step 1); in this state occurs the auto-
phosphorylation (step 2) and the kinase
approaches the Rv1747 transporter,
which structure is expected to be in in-
ward state with NBDs and FHA-1 and
FHA-2 apart (step 3). The process of
Rv1747 phosphorylation would involve
the interaction between PknF activation
loop and Rv1747_FHA. We speculate
that FHA-2 (T210, black sphere in the
linker) could be the first FHA domain to
be phosphorylated due its proximity to
the kinase. According to our data, when
T210 is phosphorylated but not T152
(pink sphere), the cPknF affinity for FHA
domains is increased and that might be a
way to approximate the FHA-1 domain
(step 4). The movement of FHA-1 and
FHA-2 and the intra and intermolecular
interactions lead to structural changes in
the transporter, including NBDs
approximation. It is also expected that
the transporter acquires intermediate
states (not all represented) that would
increase the affinity for the ligand(s) (L,
yellow sphere). Gray arrows indicate the
possible pathways for ligand entry. In
step 5, a set of features such as
condensation of the FHA domains of a
monomer with the domains of the sec-
ond monomer, break of ATP, and struc-
tural changes in the permeases would
finally lead to the activation of the
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transporter, ligand interaction and its
exclusion. PstP phosphatase (in brown)
might have participation in the kinase-
transporter complex rupture and disso-
ciation of the PknF dimer, allowing the
transporter to return to resting state
(step 6).
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3.6. cPknF in solution is a mixture of dimers and monomers

To evaluate the behavior of cPknF in solution, we first calculated the
theoretical profile of SAXS for the enzyme using the full structural model
of cPknF as input to the CRYSOL program (Svergun et al., 1995). The
results were compared with the experimental data collected for the
cPknF* and cPknF and showed that the model fit the SAXS profile,
however, for small values of the scattering vector modulus, q, we have an
indication of possible oligomeric arrangements of the protein in size
larger than the monomer (Fig. 2D and E). In this case, to characterize the
possible arrangement of cPknF in the sample we used the OLIGOMER
program (Konarev et al., 2003), assuming a mixture of monomers and
dimers and applying the high-resolution models of cPknF* (Fig. 2E and
F). A nice agreement was obtained for the samples, χ2

PknFðnÞ* ¼ 5:6 e

χ2
PknFðnÞ* ¼ 1:7, indeed indicating a mixture of dimers and monomers,

respectively.
The volume fraction that best fit the data was composed of 64 % of

dimers and 36 % of monomers for cPknF*, and 44 % of dimers and 56 %
of monomers for cPknF (Fig. 2F). Although these results suggested pre-
dominance of dimers favored by phosphorylation, the analysis showed
that the system is quite dynamic and that the fraction correspondent to
the monomers is predominant (SI Appendix, Table A4).
3.7. FHA-1/FHA-2 orientation assessment in the wild type and
phosphomimetic mutants

In order to investigate the effect that mutations caused on the
orientation of FHA domains (FHA-1 and FHA-2) we used the ensemble
optimization method (EOM) to SAXS data, assuming the presence of
dynamics (EOM fit for each sample is shown in SI Appendix, Fig. A8).
Initially, a set of 10.000 structures was created without assuming re-
strictions for the construction of disordered loops and treating arrange-
ments with known structures as rigid bodies. The superposition of the Rg

distribution of the FHA domains with random pool orientation and the
selected ensemble by EOM were analyzed (Fig. 3). The FHA wild type
sample showed oscillation between twomain populations, which Rg were

centered at 43 Å and 63 Åwith Rg ¼ 56�A to the best ensemble of FHA_wt
(Fig. 3A). So, in absence of phosphomimetic mutations, FHA-1 and FHA-2
domains showed higher flexibility. On the other hand, the analysis for
individual mutants showed that FHA_T152E became majority more
compact with a large fraction of conformers at Rg ¼ 35�A; and

FHA_T210E presented a shift to larger Rg (59�AÞ (Fig. 3B and C). These
data indicated that the mimetic phosphorylation in T152 increased the
attraction of FHA domains in comparison with T210E. Still, the results
obtained for the double mutant revealed an intermediate behavior be-
tween the single mutants and the FHA_wt, represented by two more
compact populations and an ensemble conformation with Rg ¼ 49�A
(Fig. 3D). Altogether, these data indicated that the phosphorylation in
T152 and T210 induced conformational changes and rapprochement of
FHA-1 and FHA-2, but the T152 appears to play a significant role in the
transportation regulation process.

Following the same methodology used for the previous analysis, we
monitored the behavior of FHA_wt þ cPknF* mixture in solution
(Fig. 3E). The spatial coordinates of cPknF* and FHA-1 were maintained
as a single domain and the orientation with FHA-2 was free to optimize,
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building the waste linker as a disordered native arrangement. In this
analysis, three well-defined populations arrangements were determined
with an optimal fit to the SAXS data, two of more compact (Rg ~ 40 Å)
and one more open (Rg ~ 60 Å), suggesting a dynamic in the interaction
between the kinase and FHA wild type domain. The EOM fit and struc-
tural parameters of this analysis are shown in Fig. 3F and G.
3.8. cPknF binding affinity for FHA_wt and phosphomimetic mutants

Isothermal Titration Calorimetry (ITC) experiments were carried out
to investigate the affinity of cPknF* to FHA wild type and mutants
(Fig. 4). The analysis of the isothermal profile as function of the molar
ratio to each experiment showed different behavior, respectively to
individually titration (Fig. 4A). To describe the ITC binding curves with
the determined thermodynamic parameters, it was used a stoichiometric
model assuming N as individual sites with same binding affinity. The
interaction between FHA_wt and cPknF* was described by a stoichio-
metric ratio of 1:1 (N ¼ 1) with an equilibrium dissociation constant (Kd)
of approximately 0.4 μM, indicating a high affinity of the kinase for its
substrate when it is not phosphorylated. Indeed, we observed that the
smallest affinity was calculated for the interaction between cPknF* and
the double phosphomimetic mutant. The results of the interaction of
cPknF* with the different phosphomimetic mutants of FHA showed a
smaller order of magnitude in binding affinity and a likely lower effi-
ciency of interaction, indicated by N < 1 (Fig. 4B). cPknF* showed
higher affinity for FHA_T210E than FHA_T152E, indicating that the non-
phosphorylated T152 is more attractive to cPknF than T210, corrobo-
rating our previous results. cPknF affinity is inverse to the compact state
of the domains evaluated by the Rg, since the closer they are (lower Rg),
the less the tendency of the enzyme to associate. A parallel between the
affinity and the Rg is showed in Fig. 4C showing that after the double
phosphorylation event the kinase's affinity is decreased.
3.9. The merging of the FHA and cPknF SAXS data shows good agreement
with the SAXS data collected from the sample of the FHA and cPknF
mixture

ITC data did not show a detected sign of interaction between FHA
wild type and non-phosphorylated cPknF, indicating that there was no
complex formation in this case. With this information, we assumed that
the intensity collected for the mixture FHA wild type and cPknF [ImixðqÞ]
could be described by the linear combination between the intensity
profile of the FHA-wt sample and the cPknF (Equation (1)):

ImixðqÞ¼A IFHAðqÞ þ BIPknFðnÞ* ðqÞ þ C (1)

where A, B and C are optimized constants when combining spread
profiles.

The result obtained from this analysis showed an excellent agreement
between the scattered intensity collected for the mixture of FHA wild
type and cPknF, with the data of the junction of the individual experi-
mental scattered intensity of each protein (SI Appendix, Fig. A9). This
result corroborated that the interaction between these two proteins was
possibly not observed in the SAXS experiments, as well as in the calo-
rimetry data, highlighting the importance of phosphorylation of cPknF
for the beginning of the transport regulation process.
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3.10. A model for PknF and Rv1747 interaction

To better understand how cPknF could interact with Rv1747 FHA
domains, we performed docking simulations between the three-
dimensional structures of Rv1747 FHA-1 (PDB 6CCD), FHA-2 (PDB
6CAH), and cPknF (Fig. 5) through the HADDOCK2.4 webserver (de
Vries et al., 2010). The simulations generated 400 final structures for
each complex, which were further clustered and ranked based on the
HADDOCK score. The top 2 clusters demonstrated lower electrostatic and
desolvation energy terms for cPknF/FHA-2 than the cPknF/FHA-1 com-
plex (SI Appendix, Table A4). However, these values by themselves
cannot be directly correlated to the binding free energy of the systems.
When only the residues at the contact interface of both complexes were
considered, we observed RMSD values not much higher than 3 Å,
demonstrating a low dispersity of docked solutions (SI Appendix,
Fig. A10).

To characterize the binding interface, the four representative struc-
tures of the top 2 clusters were refined and the solutions with lower
HADDOCK score submitted to PISA (SI Appendix, Table A5). The analysis
revealed an interface area of 497.4 Å2 and 655.5 Å2 for cPknF/FHA-1 and
cPknF/FHA-2, respectively, demonstrating similar results to the interface
of the homologous cPknB/GarA structure (PDB 6I2P) that was 539.7 Å2.
The interaction between cPknF and FHA-1 counts with 11 hydrogen
bonds while in FHA-2 binding this bond type falls off to only four (Fig. 5A
and B). These interactions mainly occurred with the phosphorylated
Threonine residues in the activation loop of the kinase (pT173 and
pT175) and some other present in the loops between β-strands of FHA
domains. In the same way as in the PknB/GarA complex, PnkF/FHA-1
demonstrated a canonical recognition of pThr residues through the
conserved motifs S47RxH and S67xNG, but no interaction was found with
the G32R sites. Additionally, the cPknF/FHA-1 complex was also stabi-
lized by the hydrogen bond between the main-chain nitrogen atom of
N176 and the oxygen of the carboxyl group of G66. In a reduced number,
cPknF-FHA2 also presented contact predictions between both pT and the
S248RxH, but the other motifs characterized in the canonical activation of
kinase by FHA domains did not participate in the complex formation.
Interestingly, besides the activation loop, the FHA-2 domain also in-
teracts, through N236, with the S232 residue located at the C-terminal of
the ⍺-G helix of cPknF. In opposite to PknB-GarA, neither FHA-1 nor
FHA-2 presented salt bridges stabilizing the interaction with cPknF. The
involvement of two phosphorylation sites in the activation loop could
increase the phosphorylation potential and activation of the kinase. In
this way, the phosphorylated kinase would assume an active dimeric
state that increases the affinity for FHA domains, specifically domain
FHA-1 and T152 of the linker region, as suggested in the analyses of the
SAXS and ITC data. Therefore, we hypothesize that the flexibility that the
linker confers to FHA-1 and FHA-2 is important for fitting of both do-
mains in the phosphorylated kinase.

Based on previous results and data from this work, we propose a
model of the modulation of Rv1747 transporter activity by Mtb PknF
kinase (Fig. 5D). In this model, an external signal sensed by the extra-
cellular domain PknF (ePknF) would trigger conformational changes,
autophosphorylation, and dimerization of PknF increasing its affinity for
Rv1747 transporter. According to docking results and the higher rele-
vance that mutation on T152 revealed in comparison with T210, we
might expect that cPknF* would be attracted to the “relaxed” non-
phosphorylated FHA-1 domain by means of T152 phosphorylation,
which would trigger significant conformational changes that would
allow the approximation of FHA-1 to FHA-2 and consequent phosphor-
ylation of T210. The flexibility of the linker and the higher affinity of
cPknF to T152 in this situation would help the rapprochement movement
of FHA-1. Because of both phosphorylation, FHA domains assume a
compact structure closer to the NBDs cascading conformational changes
and activation of the transporter (Fig. 5C). Although the specific sub-
strate is not known, this model would satisfy the Rv1747 interaction with
membrane components, lipids or drugs, as previously suggested. cPknF
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affinity for FHA-1/FHA-2 domains reduces after double phosphorylation
and it is expected that the enzyme to leave the complex. The role of PstP
phosphatase, although not studied in this work, could be related to the
complex dissolution and PknF monomerization.

4. Discussion

PknF is one of the 11 STPKs from Mtb and consists of two domains
connected by a TM helix: the extracellular sensor domain (ePknF) and the
cytoplasmic kinase domain (cPknF). PknF has been related to phos-
phorylation of FHA domain of the universal stress protein Rv2623 and
mainly the FHA domains of Rv1747 (FHA-1 and FHA-2), an ABC trans-
porter, which gene is located downstream of pknF. The conservation of
the operon rv1746/rv1747 in almost all species evaluated, more signifi-
cantly evidenced in the Mtb complex group, suggests that the set
“transporter and kinase” participate in an important physiological pro-
cess such as maintenance of the bacillus viability, which is in accordance
with the putative role of Rv1747 in the membrane recycling and glyco-
lipids transport (Deol et al., 2005; Curry et al., 2005; Gopalaswamy et al.,
2008; Spivey et al., 2013).

Studies using super-resolution single-molecule localization micro-
scopy showed that increasing amounts of cPknF* and consequent phos-
phorylation of T152 and T210, but not only (other Threonine present in
the ID linker also showed phosphorylation), led to the oligomerization
and phase-separation in models of membranes in vitro and in live cells
with impact on the activity of the transporter (Heinkel et al., 2018,
2019). In this work, we explored the structural features of cPknF and
their interaction with the full regulatory module in different mimetic
phosphorylation states, including the non-phosphorylated wild type,
FHA-1/linker/FHA-2. The recombinant cPknF*, when in presence of the
three mutants, showed preferences indicating a stepwise mechanism for
the compaction of the Rv1747 regulatory module. The enzyme affinity
suffered direct influence of the position of phosphorylation, state of
phosphorylation, flexibility of the linker and the conformation of the
domains (higher affinity, higher Rg). The lower values of Rg and Dmax

observed for the mutants in comparison with the wild type FHA
corroborated the previous observation that the phosphorylation has an
important function to approximate the domains with further conse-
quences to the transporter and regulation (Spivey et al., 2011; Heinkel
et al., 2018, 2019, 2019). On the other hand, the results obtained for the
double mutant showed an intermediate behavior between the single
mutants and the FHA_wt, represented by two more compact populations
and an ensemble conformation with Rg ¼ 49�A. FHA-2 is less stable and
has higher affinity for p-Thr peptides than FHA-1 (Heinkel et al., 2018),
which might explain the behavior of FHA_T152E mutant. Studies have
shown that only the FHA-1 domain is essential for transporter function,
since mutations in this domain involved in the interaction with cPknF,
avoid the entire phosphorylation of Rv1747 by cPknF*. The mutant
strain carrying the plasmid with these mutations is attenuated in vivo
models, in contrast to the mutations involved in FHA-2 (Curry et al.,
2005; Spivey et al., 2013). One explanation for this may be the proximity
of FHA-1 domain to pT152 that, as we have shown, has a greater effect in
tertiary structural changes than phosphorylation of T210. SAXS analysis
revealed that in solution, the formation of the complex is dynamic and is
described by different populations. There are few examples in the liter-
ature of the effects of protein conformation after phosphorylation in
bacteria. Some of the proteins with FHA domains are OdhI and GarA, in
which the phosphorylation of a Threonine residue at the amino-terminal
end mediates their self-inhibition (Nott et al., 2009). In contrast, phos-
phorylation of the FHA domain of the Rv0020c (Fha-A) by PknB did not
induce structural changes linked to a self-inhibition mechanism, as seen
in GarA (Roumestand et al., 2011). A study conducted with β-arrestin-1
and β-arrestin-2 evaluated the effects of phosphorylation on these do-
mains through mutations of Serine and Threonine residues by aspartic
acid, followed by the Hydrogen-Deuterium exchange-mass spectrometry
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(HDX-MS) technique (Kang et al., 2020). The results showed the phos-
phomimetic mutations of T276D and S14D induced changes in the
HDX-MS profile when compared to the wild type protein, suggesting that
the loop harboring the mutation became less dynamic or less exposed to
the buffer. Additional results showed a synergistic effect on conforma-
tional changes compared to single phosphorylation states with simulta-
neous phosphorylation of S14 and T276 (Kang et al., 2020).

Altogether, the results obtained in this work showed how the Rv1747
FHA domains behavior after phosphorylation by cPknF* and allowed the
design of a model for the transport regulation mechanism. However,
many structural and functional questions are still unclear. Heinkel and
collaborators (2018) have proposed that the phosphorylation of FHA
domains and intra molecular interactions would lead Rv1747 clustering
as a mechanism to increase the transporter activity. It is possible that the
oligomerization of Rv1747 after phosphorylation could help the forma-
tion of membrane structural organization of active macromolecular
complexes such as lipid rafts (Sviridov et al., 2020). This structure would
facilitate the transport of components of the Mtb membrane, which
should adapt to the newmacrophage environment. In addition, questions
regarding the role of substrate and NBDs during this process, or how they
act in the clustering process or even what the stoichiometry of the
complex is, still need to be evaluated. Similarly, what is the role of PstP
during the process and what are the stimuli for its activation are still
unknown.

Finally, the three-dimensional structure of cPknF is conserved when
compared to the available Mtb STPKs structures of PknA, PknB, PknE,
PknG and PknI, but interestingly, the pocket where the inhibitor is
located in cPknF, has distinct residues that can be explored for the
development of PknF specific inhibitors, aiming the control of bacillus
infection.
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