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Since their discovery over 20 years ago, eukaryotic-like transmembrane
receptor Ser/Thr protein kinases (STPKs) have been shown to play critical
roles in the virulence, growth, persistence, and reactivation of many
bacteria. Information regarding the signals transmitted by these proteins,
however, remains scarce. To enhance understanding of the basis for STPK
receptor signaling, we determined the 1.7-Å-resolution crystal structure of
the extracellular sensor domain of the Mycobacterium tuberculosis receptor
STPK, PknH (Rv1266c). The PknH sensor domain adopts an unanticipated
fold containing two intramolecular disulfide bonds and a large hydropho-
bic and polar cleft. The residues lining the cleft and those surrounding the
disulfide bonds are conserved. These results suggest that PknH binds a
small-molecule ligand that signals by changing the location or quaternary
structure of the kinase domain.
© 2012 Elsevier Ltd. All rights reserved.
Introduction

Mycobacterium tuberculosis (Mtb) is a persistent
human pathogen that currently infects one-third of
the world's population and causes over 1.7 million
deaths per year.1 The pathogenicity of Mtb stems
from its ability to alter its developmental programs
and metabolism in different host niches. After
phagocytosis by alveolar macrophages, Mtb slows
growth and alters the composition of cell‐wall
mycolic and fatty acids to survive the nutrient-
poor phagocytic environment and resist microbi-
cides such as nitric oxide and reactive oxygen
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species. 2 However, little is known about the
developmental programs and molecular signals
that trigger these adaptive responses. Candidate
sensor molecules for transmitting environmental
signals into adaptive responses include the 11
eukaryotic-like Ser/Thr protein kinases (STPKs)
encoded in the Mtb genome, 9 of which have an
intracellular N-terminal kinase domain (KD) linked
via a single transmembrane helix to an extracellular
C-terminal sensor domain.3 Recent sequencing pro-
jects indicate that eukaryotic-like STPKs exist in
many prokaryotes, including a wide range of
pathogenic bacteria.4 Since their discovery, STPKs
have been shown to regulate diverse cellular
functions, such as exit from dormancy,5,6 protein
secretion,7 cell division,8 sporulation,9,10 and cell-
wall biosynthesis.11

The first bacterial STPK KD structures, which
revealed nucleotide complexes of the Mtb PknB KD,
demonstrated that bacterial and eukaryotic STPKs
share close structural similarities and common
modes of substrate recognition and regulation.12,13

Despite advances in understanding the KDs of
d.
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Table 1. X-ray data collection, analysis, and refinement
statistics for the crystal structure of the PknH ECD

PknH ECD Tb3+ complex

Data collection
Wavelength (Å) 1.12
Temperature (K) 100
Space group P21
Unit cell parameters
a, b, c (Å) 47.46, 35.92, 49.31
β (°) 98.36
Resolution (Å) a 50.0–1.70 (1.76–1.70)
Number of unique reflections 34,200 (3328)
Rsym (%) 6.1 (25.3)
I/σI 17.4 (4.9)
Completeness (%) 98.8 (98.1)
Redundancy 3.8 (3.8)
SAD solution
Proteins per a.u. 1
Terbium sites per a.u. 2
Mean figure of merit 0.424

Refinement
Resolution (Å) 48.78–1.70
Number of reflections 34,190
Rwork/Rfree (%) 16.30/19.74
Number of atoms
Protein 1467
Solvent 221
Average B‐factors
Protein (Å2) 17
Solvent (Å2) 25
rmsd
Bond lengths (Å) 0.013
Bond angles (°) 0.96
Ramachandran plot
Favored (%) 96
Allowed (%) 4
PDB ID 4ESQ

Data were collected at 100 K at Beamline 8.3.1 at the Lawrence
Berkeley National Laboratory Advanced Light Source.39 Data
were reduced and scaled with HKL2000.40 The structure was
determined using PHENIX41 and the model was adjusted
manually using Coot.42 Phenix.autosol found two terbium sites
per asymmetric unit (a.u.), and phenix.autobuild produced a
model with 191 residues and an Rfree of 24% after seven cycles of
automatic building and refinement. Building and refinement were
completed with phenix.refine and Coot and included addition of
a single ordered molecule of 2‐[bis(2‐hydroxyethyl)amino]‐
2‐(hydroxymethyl)propane‐1,3‐diol buffer that coordinated one
of the two terbium ions. The final model was validated using
MolProbity.43
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STPKs, only two of the Mtb STPK sensor domains
have been structurally characterized. The PknD
sensor‐domain structure was found to form a
rigid, six-bladed β-propeller with a flexible linker
to the transmembrane helix,14 while the PknB sensor
domain was found to have four PASTA domains15

that bind peptidoglycan fragments and localize the
kinase to sites of peptidoglycan turnover to regulate
cell growth and division.16 To further understand
STPK receptor signaling, we determined the X-ray
crystal structure of the extracellular sensor domain
of the Mtb STPK PknH (Rv1266c).

Protein production and structure determination

To characterize the PknH sensor, we expressed the
extracellular domain (ECD; residues 435–626) begin-
ning eight residues after the predicted transmembrane
helix. This N-terminally His6-tagged protein was
largely insoluble in Escherichia coli. The presence of
four conserved Cys residues suggested that the
structure may be stabilized by one or two disulfide
bonds. To test this idea, we isolated inclusion bodies,
denatured the protein in 6 Mguanidine hydrochloride
(GuHCl), and refolded it on a Ni-NTA column by
stepwise dilution of the GuHCl in the presence of a
10:1 mixture of reduced-to-oxidized glutathione. This
procedure yielded soluble ECD that was sensitized
to proteolysis and precipitation when reduced,
suggesting that the disulfides are essential for the
stability of the fold. The oxidized protein crystallized
after removal of the purification tag. The crystal
structure was determined at 1.7-Å resolution by
single-wavelength anomalous diffraction (SAD) anal-
ysis of a terbium derivative (Table 1). The entire
sequence from residue 435 to 626 was ordered.

PknH sensor‐domain structure

The PknH sensor domain contains six α‐helices and
seven antiparallel β‐strands with α1–α2–α3–α4–β1–-
β2–α5–β3–β4–β5–β6–β7–α6 topology (Fig. 1a). Two
intramolecular disulfide bonds link α3 to α5 (C482–
C545) and β6 to β7 (C587–C604). A 22-residue
irregular loop connectsα2 andα3. Themost prominent
feature is a large v-shaped central cleft (Fig. 1b). Five
of the seven antiparallel β-strands (β1/β2 and β5–β7)
make up one side of this cleft, while α‐helices α3 to
α5 and β‐strands β3 and β4 comprise the other side.
The α2–α3 loop forms the rim of the cleft, and
residues 486–490 in the α3–α4 loop line the cleft inner
wall (Fig. 1). The cleft has a calculated17 surface area
of 1134 Å2 and a volume of 2768 Å3.
A BLAST search reveals that PknH orthologs

occur only in pathogenic mycobacteria. Homolo-
gous sensor domains in STPKs generally show
N50% sequence identity. In addition, the PknH
sensor domain shows 27–40% sequence identity to
mycobacterial LppH proteins, which contain an
N-terminal lipid attachment sequence, but no KD.
More remote PknH ECD homologs in Mtb include
LppR, Rv3705c, LpqA, LpqQ, LprH, and the PknJ
sensor domain. Plotting the sequence conservation
in PknH orthologs on the sensor-domain structure
reveals that residues surrounding the disulfide
bonds and lining the bottom of the cleft have a
high degree of conservation (Fig. 2). In contrast, the
residues forming the edges and surface-exposed
sides of the cleft are less conserved. These results
point to the recent emergence of this fold in
mycobacteria and suggest that the sensor-domain
homologs are adapted to bind different related
ligands in different species.



Fig. 1. (a) Crystal structure of the PknH extracellular sensor domain. The ribbon diagram was color coded from the
N-terminus (blue) to the C-terminus (red). The v-shaped cleft is surrounded by the β-sheet, α3–α5, and the long α2–α3
loop. PknH residues 435–626 were PCR amplified from Mtb H37Rv genomic DNA and cloned into the pET28-based
destination vector pHGWA using Gateway enzymes (Invitrogen). The pHGWA vector has an N-terminal His6 tag
followed by a tobacco etch virus (TEV) protease cleavage site44 that leaves Gly–His at the N-terminus of the protein after
TEV cleavage. The protein was expressed in BL21 (DE3) CodonPlus cells (Stratagene) using auto-induction.45 Cells were
grown at 37 °C for 6 h and then at 30 °C for 18 h. Cell paste was resuspended in Buffer A {200 mMNaCl, 5% v/v glycerol,
and 20 mM 1,3-Bis[tris(hydroxymethyl)methylamino]propane at pH 8.5} plus protease inhibitors E-64 and leupeptin and
lysed by sonication on ice. The lysate was centrifuged for 40 min at 16,000 rpm and the resulting supernatant was
discarded. The pellet was resuspended in Buffer A plus 0.1% Triton X-100, and this mixture was sonicated and
centrifuged at 9000 rpm for 20 min. The supernatant was discarded and the detergent extraction step was repeated twice.
The pellet was resuspended at 4 °C overnight in Buffer A plus 6 M GuHCl, 1 mM reduced glutathione, and 0.1 mM
oxidized glutathione. The GuHCl solution was sonicated and centrifuged at 17,000 rpm for 30 min. The supernatant was
incubated with Ni-NTA agarose beads (Qiagen) for 4 h, and stepwise washes that reduced the GuHCl concentration in 1‐
M increments were used to refold the protein in the presence of the 10:1 ratio of reduced-to‐oxidized glutathione. The
protein was eluted with Buffer A plus 300 mM imidazole. After dialysis into Buffer A to remove the imidazole, the protein
was incubated with TEV protease overnight at 4 °C. Cleaved PknH protein was purified by a second IMAC step and
further purified by size‐exclusion chromatography using a HiLoad 26/60 Superdex 75 column in Buffer B (100 mMNaCl,
5% v/v glycerol, and 20 mM Pipes, pH 6.5). A single peak corresponding to the PknH sensor‐domain monomer was
concentrated to 5 mg/ml and was crystallized at 4 °C by vapor diffusion in a 1:1.5 ratio of protein‐to‐initial crystallization
buffer {0.1 M 2‐[bis(2‐hydroxyethyl)amino]‐2‐(hydroxymethyl)propane‐1,3‐diol (pH 5.5), 0.2 M ammonium acetate, and
25% polyethylene glycol 3350}. Additive screening of the initial crystal hit led to improved crystals with Tb(NO3)3, which
were used for SAD phasing. Optimal crystals were grown overnight at 18 °C using 250 nL of the initial crystallization
buffer, 500 nL of 5 mg/ml PknH in Buffer B, and 100 nL of 100 mM Tb(NO3)3. Crystals were cryoprotected with mother
liquor containing 15% v/v glycerol. Images of the structure were created using Chimera v1.5.3.46 (b). PknH sensor‐
domain surface was colored according to the Kyte and Doolittle hydrophobicity scale.47 The most hydrophobic areas are
in orange and the most polar areas are in blue. The cleft (arrow) has a surface area of 1134 Å2 and a volume of 2768 Å3

calculated using CASTp.17
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Structural comparisons

No structures of proteins with similar sequences
have been reported, making the structure of PknH
ECD the first for its Pfam18 family (PF 14032). A
search for similar structures using the DALI server19

found DIP2269, a hypothetical protein from Coryne-
bacterium diphtheriae [Protein Data Bank (PDB) ID:
3V7B, Z=9.6, rmsd=3.6 Å over 118 aligned resi-
dues], TM1622, a GTP-binding regulator from
Thermotoga maritima (PDB ID: 1VR8, Z= 8.8,
rmsd=3.5 Å over 120 aligned residues), and
BT1490, an uncharacterized protein from Bacteroides
thetaiotaomicron (PDB ID: 3HLZ, Z=8.8, rmsd=3.2 Å
over 119 aligned residues). Structural alignment of
PknH ECD with these three proteins using POSA20

revealed a shared core of two α‐helices and six
antiparallel β-strands (β1–β2–α5–β4 exten-
sion–β5–β6–β7–α6 in PknH, Fig. 2c) that comprises
60% of the structure. The longer, unique N-terminal
segment and an extra β-hairpin (β3–β4) between the
core elements α5 and β5 in PknH provide evidence
for a new fold. Nonetheless, the presence of the
common core also is consistent with the idea that the



Fig. 2. Sequence conservation among PknH sensor‐domain orthologs identifies the disulfide bonds and the cleft as
critical functional elements while structural alignment suggests similarities to the Mog1p fold. (a) Ribbon representation
of the PknH sensor domain with residues colored according to conservation among 11 unique orthologous sequences
from different mycobacterial species. The orthologs are as follows: M. tuberculosis H37Rv (GI: 15608406), M. marinum
DL240490 (GI: 169245959),M. tuberculosis C (GI: 254231523),M. bovis BCG Tokyo 172 (GI: 224989669),M. bovisAF2122/97
(GI: 31792458), M. tuberculosis K85 (GI: 289573926), M. marinum M (GI: 183984142), M. parascrofulaceum ATCC BAA-614
(GI: 296170175), M. avium 104 (GI: 118465657), M. colombiense CECT 3035 (GI: 342862145), and M. intracellulare ATCC
13950 (GI: 254820140). The alignment for the first nine sequences was downloaded from PhyloFacts48 family bpg0185066
(redundant sequences removed), and the two additional sequences were identified using BLAST and added to the
alignment using Chimera Multalign Viewer. (b) Surface representation of residue conservation. Conservation was
mapped onto the PknH sensor domain and imaged using version 1.5.3 of Chimera.46 (c) Ribbon representation of the
PknH ECD (blue) and DIP2269 (yellow), a Mog1p-fold protein from C. diphtheriae (PDB 3V7B). The PknH ECD shares a
central antiparallel β-sheet and two α‐helices with DIP2269, but PknH has an extra β3–β4 hairpin and a significantly
different N-terminus.
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PknH ECD may be a distant variant of the SCOP
Mog1p fold.21 In any case, the modest Z-scores,
partial alignments, distinct secondary structures,
high Cα rmsds, and uncharacterized activities led us
to conclude that direct structural comparisons
between the PknH sensor domain and the DALI
search results do not provide insights into the
possible functions of this STPK.
Despite the lack of close structural homologs,

visual comparison between the PknH sensor
domain and the glycolipid-binding Mtb lipopro-
teins LprG (Rv1411c)22,23 and LppX (Rv2945c)24
shows that all three have a large central cleft
bordered on one side by a β‐sheet and on the
other by two to three α‐helices (Fig. 3). The cleft of
PknH has a surface area of 1134 Å2 and a volume
of 2768 Å3, compared to the clefts for LprG
(1549 Å2 and 2679 Å3) and LppX (1375 Å2 and
2835 Å3).17

LprG is a widely distributed and conserved Mtb
lipoprotein with TLR2 agonist activity that has
been shown to bind the cell‐wall precursor
molecule Ac1PIM2.

22 Phosphatidylmyoinositol
mannosides (PIMs) are glycolipids found in the
inner and outer membrane of the cell envelopes of
all mycobacteria. They consist of a phosphatidyl-
myoinositol lipid anchor that carries one to six
mannose residues with up to four acyl chains.25 In
addition to being critical structural components of
the cell envelope, PIMs such as Ac1PIM2 are
precursors for lipomannan and lipoarabinoman-
nan, which modulate host–pathogen interactions
over the course of a tuberculosis infection.26 LppX
is another conserved Mtb lipoprotein that shares
31% sequence identity with LprG and is predicted
to bind to phthiocerol dimycocerosates and trans-
port them to the outer layer of the mycobacterial
cell envelope.24

PknH function

The PknH STPK sensor domain adopts a
distinctive fold with two intramolecular disulfide
bonds and a large v-shaped cleft. Possible functions
for the PknH sensor domain can be inferred from
its genomic location and reported substrates. The
pknH gene (Rv1266c) is adjacent to the gene for the
EmbR transcriptional regulator (Rv1267) on the
Mtb chromosome. In vitro phosphorylation by
PknH enhances EmbR binding to the promoter of
the embCAB arabinosyltransferase genes and leads
to increased transcription of these enzymes.27

EmbA and EmbB are glycosyltransferases that
create the terminal hexaarabinoside motif in Mtb
cell‐wall arabinogalactan,28 while EmbC synthe-
sizes the arabinan portion of lipoarabinomannan.29

image of Fig.�2


Fig. 3. Structures qualitatively resembling the PknH
sensor domain. Ribbon representation of (a) the PknH
sensor domain, (b) Mtb lipoprotein LprG bound to the
glycolipid cell‐wall precursor molecule AC1PIM2 (PDB
3MHA), and (c) Mtb lipoprotein LppX bound to two
molecules of cis-vaccenic acid (C18:1) and one docosanoic
acid (C22:0) molecule (PDB 2BYO).
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Deletion of PknH in Mtb results in a hypervirulent
phenotype in mice and decreased transcription of
embB and embC in cultures treated with sublethal
concentrations of ethambutol.30 By phosphorylat-
ing EmbR, PknH may control the ratio of lipoar-
abinomannan to lipomannan, a critical determinant
of Mtb virulence.
In addition, PknH and several other Mtb STPKs

have been shown to phosphorylate KasA, KasB, and
MtFabH. KasA and KasB are β-ketoacyl-ACP
synthases that elongate mycolic acid precursors.31

Mycolic acids are long-chain (C60–C90) α-alkyl-β-
hydroxy fatty acids that promote bacterial resistance
to antibiotics and environmental stress32 and thus
increase Mtb virulence33 and persistence.32 Phos-
phorylation-induced inhibition of KasA activity
presumably leads to immature mycolic acids while
phosphorylation-induced stimulation of KasB activ-
ity is thought to ensure production of the full-length
mycolates required for bacterial survival and
virulence. 34,35 MtFabH is the β-ketoacyl-ACP
synthase III enzyme that catalyzes the condensation
of FAS-I‐derived acyl-CoAs with malonyl-AcpM,
thus linking the FAS-I and FAS-II systems in Mtb.36

MtFabH is phosphorylated in vitro by PknH, PknA,
and PknF.37 If PknH functions as a feedback
regulator, the sensor domain may be responsive to
signals generated in the complex Mtb cell wall.
Alternatively, PknH may regulate cell-wall produc-
tion in response to environmental cues, including
compounds that are unrelated to the mycobacterial
cell wall.
The novel structure of the sensor domain affords

few clues about the signaling ligand(s). The putative
recognition cleft is narrow, deep, and conserved, as
expected for small‐molecule binding sites in
proteins.38 Visual comparison between the cleft in
PknH and the glycolipid-binding clefts of the Mtb
lipoproteins LprG and LppX indicates that the PknH
binding site is less hydrophobic, making it unlikely
that cell-wall glycolipids are the signals. The mixed
hydrophobic and polar character of the PknH cleft is
consistent with a more polar signal. The stabilizing
disulfides impart rigidity to the fold, and the
N-terminus, which connects the domain to the TM
helix, extends away from the structure. These
general characteristics of structural stiffness and
loose tethering to the TM helix are shared by the
PknD and PknB sensor domains, implying a
common signaling mechanism in which ligands
may modulate the localization or oligomerization of
the kinase.
Coordinates

The coordinates and structure factors were
deposited in the PDB under the accession number
4ESQ.
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