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Sensor Domain of the Mycobacterium tuberculosis
Receptor Ser/Thr Protein Kinase, PknD, forms a
Highly Symmetric 3 Propeller
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Diverse pathogenic bacteria produce transmembrane receptor Ser/Thr
protein kinases (STPKs), but little is known about the signals mediated
by these “eukaryotic-like” proteins. To explore the basis for signaling in
the bacterial STPK receptor family, we determined the structure of the
sensor domain of Mycobacterium tuberculosis PknD. In two crystal forms,
the PknD sensor domain forms a rigid, six-bladed B-propeller with a
flexible tether to the transmembrane domain. The PknD sensor domain is
the most symmetric B-propeller structure described. All residues that
vary most among the blade subdomains cluster in the large “cup” motif,
analogous to the ligand-binding surface in many B-propeller proteins.
These results suggest that PknD binds a multivalent ligand that signals
by changing the quaternary structure of the intracellular kinase domain.
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Tuberculosis is the world’s leading infectious
disease, killing over two million people annually."
The causative bacterial agent, Mycobacterium
tuberculosis (Mtb), has a distinctive life cycle
spanning different environments and develop-
mental stages. The developmental programs and
the molecular signals that mediate environmental
adaptations are unknown. Along with two-
component systems, 11 putative Ser/Thr protein
kinases (STPKs) encoded in the Mtb genome®*
provide candidates for the sensors that initiate
and maintain distinct developmental and meta-
bolic states. Nine of the STPKs encode putative
transmembrane receptors with an intracellular,
N-terminal kinase domain linked to an extra-
cellular, C-terminal sensor domain. The sequences
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of bacterial and phage genomes obtained in recent
years revealed that members of this “eukaryotic-
like” STPK family occur in numerous pathogenic
bacteria.

Six of the Mtb STPKs or kinase domains have
been expressed, purified and shown to be active in
vitro.>~? The most studied Mtb STPK is PknB. Like
eukaryotic STPKs, PknB is activated by auto-
phosphorylation of the activation loop."°"> In
addition, phosphorylation of two sites in the linker
joining the kinase domain to the predicted trans-
membrane helix may regulate the binding of
unidentified regulatory factors. Two crystal
structures of the PknB kinase domain'*"* revealed
close structural similarities to eukaryotic STPKs,
suggesting that mechanisms of regulation and sub-
strate recognition are universal in this protein
family. We proposed that dimerization through an
intermolecular interface conserved in PknB ortho-
logs may mediate inhibition and signaling of these
STPKs."

Less is known about the structures and functions
of the bacterial STPK sensor domains. Genetic
evidence suggests that the sensor and trans-
membrane domains of the Bacillus subtilis PknB
homolog are capable of dimerizing in vivo."” The
sensor domains of Mtb PknB and PknD have been
predicted to contain PASTA domains'*'* and a

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Table 1. Data collection, phasing and refinement statistics for the PknD sensor domain

Data collection and phasing

Crystal symmetry P2,
Sample . Thr606Cys PCMBS
Wavelength (A) 1.0092
Resolution (A) 75-3.0
Completeness (%) 97.6 (98.4)
Multiplicity 3.8(3.9)
Rumerge (%)*° 3.6 (10.6)
{(I/ol)® 21.0 (13.7)
Phasing power® 0.29/0.47

Mean figure of merit?

Refinement

Crystal symmetry P2,
Resolution (A) 15.4-1.8
Reflections 50,571
Rcryst/Rﬁee (O/O)e 0.190/0.220

rms A bonds, A angles' 0.013 1&, 1.476°
Average B-factor (A?) 23.8
Main-chain dihedral angles

0.282; 0.791 after solvent flattening

Most-favored, 86.1%, allowed, 13.9%

P2, P2, P2,212¢
Thr606Cys PCMBS Native Native
0.9698 1.0781 1.0719
75-3.0 75-1.8 75-1.9
97.5 (98.3) 99.4 (99.4) 99.1 (98.9)
3.8(3.9) 4.1 (3.9) 3.5(3.6)
3.7 (11.3) 5.2 (30.8) 6.9 (51.4)
20.2 (13.1) 18.0 (3.9) 8.5 (2.8)
P2,212¢
30.-1.9
17,367
0.214/0.262
0.017 A, 1.634°
329

Most-favored, 84.7%, allowed, 15.3%

PCMBS; p-chloromercurybenzenesulfonic acid.
? Rmerge = ZII - <I>‘/ZL I, intensity.
Parentheses denote values for highest resolution shell.

¢ Phasing power (dis/ano) = [>_, \Fle /S, E P*1'2; Fy, calculated heavy atom scattering factor; E, lack of closure error.
4 Mean figure of merit = {| 3, P(w)e™/ >~ P(@)); o, phase; P(«), phase probability distribution.

¢ Root mean square deviations from ideal values.

f Reryst = S°IFo = Fealel/Y_Fo; Fo, observed structure-factor amplitude; Fe, calculated structure-factor amplitude.

NHL-repeat B propeller, respectively.'>'® Mutant
phenotypes and the nature of genes neighboring
the STPK genes have supported working
hypotheses for the functions of the bacterial
STPKs.* For example, PknA and PknB have been
proposed to regulate cell division,®"” and PknD
has been associated with phosphate transport.*
However, no structures, ligands, or oligomeriza-
tion states of the sensor domains have been
reported.

Here we describe the X-ray crystal structures of
two crystal forms of the extracellular sensor
domain of Mtb PknD. This domain forms a six-
bladed B propeller built on a remarkably rigid
and symmetric framework. The sites that differ
most among the sequences of the six blades cluster
in the large concave “cup” of the B propeller. Many
B-propeller proteins bind cognate ligands on the
analogous surface. These results restrict models
for signaling through PknD.

Results

To characterize the sensor domain, we expressed
and purified Mtb PknD residues 403-664. This
sequence starts at the first charged residue follow-
ing the predicted transmembrane helix. The
expressed protein included a C-terminal His, tag
that was not removed. This construct crystallized
in two forms (Table 1). Because no suitable heavy
atom derivatives of the wild-type protein were
identified, we created five mutants that introduced
a single cysteine, as well as a mutant that con-
tained two Leu-to-Met substitutions. The cysteine
mutations were introduced at the positions of

threonine residues predicted to be partially solvent
exposed in a homology model produced by the
program 3D-PSSM.'®" Methionine residues were
substituted for two leucine resides predicted to be
buried in the homology model.

The structure of the monoclinic (P2;) crystal
form was determined at 1.8 A resolution by multi-
wavelength anomalous diffraction (MAD) analysis
of a Hg derivative of the Thr606Cys mutant
(Table 1, Figure 1A). The partially refined model
of a monomer was used to determine phases for
the orthorhombic (P2;2;2;) crystal form by molecu-
lar replacement. The His, tag was fully or partially
ordered in intermolecular contacts in both crystal
forms, and the tag bound either seven (P2;) or
four (P2;2;2;) Cd ions per monomer. Two regions
of the structure were disordered in all three
independent monomers: a four amino acid loop
(455-458) in blade 1 and the N-terminal 11
residues (403—-413) that connect the sensor domain
to the transmembrane domain.

In both crystal forms, the PknD sensor domain
forms a 3 propeller containing six blades arranged
cyclically around a central pore (Figure 1(B)). Each
blade contains four antiparallel § strands, with the
first strand in the center of the structure and the
last strand at the outer edge. The loop connecting
strand 4 to strand 1 of the next blade (the 4-1
loop) and the loop connecting strands 2 and 3 (the
2-3 loop) form the “cup” of the B propeller. The
1-2 and 3—4 loops are on the opposite face of the
structure. The PknD C terminus forms  strand 3
of the sixth blade, and the N terminus of the
protein forms strand 4 of the sixth blade. This topo-
logical overlap creates a “latch” that knits the
structure together (Figure 1(B)).
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The central pore in the PknD sensor domain is
~8 A in diameter and is bordered by the first
strand of each blade. The generally small side
chains in B strand 1 radiate tangentially around
the pore. The pore contains stacked rings of water
molecules (Figure 1(C)). On the face of the
propeller corresponding to the N-terminal side of
strand 1 (the 4-1 loop or the “cup”), Trp597 closes
the pore in the orthorhombic form. In the mono-
clinic form, no density is apparent for the side-
chain of Trp597 in either monomer, which leaves
the pore open to the solvent. On the face of the
propeller corresponding to the C-terminal end of

Figure 1. Crystal structure of
the extracellular domain of PknD.
(A) Stereo view of the electron
density map (2F, — F.) of mono-
clinic crystal form. Electron density
is displayed surrounding one of
the invariant prolines in the “cup”
and the exposed Tyr511. (B) The
PknD sensor domain forms a six-
bladed B propeller. Four strands
constitute each of the six blades.
The numbers around the periphery
indicate the blade number, with the
full blade nearest the N terminus
labeled 1. The “latch” formed by
the N and C termini is boxed. The
3-4 loop in blade 1 is disordered.
The B propeller forms an approxi-
mate cylinder with a radius of 40 A
and a height of 35 A. (C) Electron
density (2F, — F.) showing rings of
ordered water molecules stacked in
the central channel of the PknD
B propeller. The central pseudo-
symmetry axis runs vertically
through the center of the rings.

the first B strands, Asp residues from all six blades
point radially around the pore entrance, but no
electron density for counterions was apparent.

We calculated the surface electrostatic potential
to explore the possible relationship of the sensor
domain to the bacterial membrane. The surfaces
surrounding both ends of the central pore show a
negative potential, and the remainder of the sur-
face is generally neutral (Figure 3). The surface
lacks foci of positive potential that might mediate
direct interactions with the lipid head groups in
the membrane. In the absence of membrane inter-
actions mediated by counterions, the electrostatic

Figure 2. Similarity the indepen-
dent PknD sensor domain struc-
tures. The two monomers from the
monoclinic crystal form (P2, light
blue and dark blue) and the model
from the orthorhombic form
(P212124, red) were superimposed.
The C* rmsd between the three
monomers ranged from 0.35-
0.52 A. The high similarity between
the three models and the disorder
of the N-terminal 11 residues (dots)
implies that the PknD sensor
domain forms a rigid framework
that is flexibly tethered to the pre-
dicted transmembrane helix.
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Phe 487
Tyr 511

Figure 3. Surface electrostatic potential of the PknD sensor domain. Three views are shown looking along the central
axis into the cup (left), rotated ~90° into the plane of the page with the cup on the top (center), and rotated 90° further
looking into the central channel (right). Negative surface potential (—4 to — 8 kT) is shown in red, neutral in white, and
positive (+4.7 to +9.5 kT) in blue.*® The distribution of negative surface potential implies the domain is oriented with
the central pseudo-symmetry axis parallel to the plane of the membrane, leaving the ends of the 8 propeller accessible
to a ligand. The exposed hydrophobic residues Phe487 and Tyr511 are seen on the rim of the cup.

potential is consistent with a receptor structure in
which the sensor domain extends on edge, with
the central axis parallel with the lipid bilayer, and
exposes the loops connecting the (3 strands.

Most unanticipated was the high internal sym-
metry of the PknD sensor domain structure. The
backbone rmsd between the six blades ranged
from 0.18 A to 0.67 A (Figure 4(A)). The core of
each blade is structurally conserved. The core
sequence repeat, YVTD in 3 strand 2, forms crucial
inter-blade contacts. The tyrosine in this repeat
forms a hydrogen bond with the invariant Asp at
the C-terminal end of strand 1 of the same blade.
The Val forms an inter-blade hydrophobic pocket
with four residues in the preceding blade, the Thr
of the YVTD repeat, an invariant Val in strand 3,
an invariant Phe in strand 4, and a Leu or Ile in
strand 4. The Thr (which is replaced by Ala in two
blades) is positioned to form a hydrogen bond to
the backbone carbonyl of a variable amino acid in
the 4-1 loop. Finally, the Asp in four blades con-
tacts the e and n-nitrogen atoms of the Arg four or
five residues away. These interactions contribute
to the marked internal structural similarity. The
largest structural variation among the blades
occurs in the exposed 4-1 and 2-3 loops in the
cup (Figure 4(A)).

A structure-based alignment of the blade
sequences (Figure 4(B)) revealed a level of conser-
vation that is unprecedented in the B-propeller
family. At 30 of 42 repeat positions, the same
amino acid occurs in at least four of six blades.
The pairwise sequence identity among the blades
is a remarkable 56.4(* 8.1)%, and all six blades are
identical at 14 positions. Twelve of these invariant
residues define the core of each blade, forming the
B strand framework. Also invariant is the Asp that
caps the C terminus of strand 1, lining the pore
entrance. On the other side of each blade an
invariant Pro forms a conserved bulge in  strand

4 (Figures 1(A) and 4(A)). An invariant Pro in the
4-1 loop positions the adjacent variable residues
around the edge of the cup.

In contrast to this extensive internal sequence
conservation, only three positions differ in at least
5/6 blades. Remarkably, these variable residues
cluster in the structure in the 4-1 and 2-3 loops
(Figure 4(B) and (C)). These exposed loops show
the largest structural variation among the blades.
Variable residues form the entire concave surface
that encompasses the cup of the B propeller. This
surface includes both hydrophilic and hydro-
phobic residues, with a hydrophobic ridge contain-
ing three exposed Phe and Tyr residues extending
up to the rim of the cup (Figure 3). Trp597 is
located in the bottom of the cup and seals off the
central water channel in the structure in the mono-
clinic crystal form. In both crystal forms, the His,
tag and associated Cd ions bind deeply in the cup
of the neighboring molecule.

The three independent monomers seen in the
two crystal forms are highly similar. The backbone
rmsd among the three independent monomers
varies from 0.35 A to 0.52 A (Figure 2). In contrast,
the 11 N-terminal residues were disordered in
both crystal forms. These results suggest that the
PknD sensor domain forms a rigid framework that
is loosely tethered to the putative transmembrane
helix.

Discussion

As predicted,' the sensor domain of PknD forms
a B propeller, a widespread motif found in
numerous proteins (mostly in eukaryotes) with
diverse functions.” First reported in the structure
of the influenza virus neuraminidase,®' B propel-
lers have been described containing 4-8 cyclically
arranged blades, each with four B strands. In
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(A)

(B)

Strand 1 Strand 2 Strand 3 Strand 4

111G VEREMS AGNUBRESIT SEGMYGREUBIKIBSATGS TGT TRY NGLY - - - QI4Q|(430-472
2GLEWMEIG AGTRHREAITD F - - NNRUBITIRAAGSNNQTRY DGLN - Y E|473-513
SGLEWAIT QG ANBREBIADRG - NNRENBUKINAAGSKTQTRY TGLN - - - DI D|514-555
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<
C

Figure 4. High internal symmetry of the PknD  propeller. (A) Structural superposition of the six blades. The central
pseudo-symmetry axis and B strand 1 are vertical on the right side. The cup residues occur on the top right. The
invariant proline residues in B strand 4 and the 4-1 loop and the invariant Asp near the C-terminal end of 8 strand
1 are indicated in the three-letter code. The backbone rmsd between the blades ranged from 0.18 to 0.67 A. The core
B sheet regions show exquisite similarity in all six blades. (B) Structure-based sequence alignment of the six blades of
the PknD sensor domain. Blade numbers are listed on the left, and residue numbers are listed on the right. The 14
positions in black are invariant in all six blades, and the 16 positions boxed in grey are invariant in at least four of
the six blades. Residues shown in italics are in the “cup” of the structure. With 30 of 42 positions conserved in at
least four of six blades, the PknD sensor domain contains the most highly conserved sequence repeat observed in
any B-propeller structure solved to date. (C) Sequence variation between the blades clusters in the structure. The
side-chains for the three positions per blade (18 total positions) at which the amino acid residues differ in five of the
six blades (black sticks) all map to the cup region of the structure. This variation would complement an asymmetric
ligand. Residues in the cup are hydrophobic and hydrophilic in character, and include exposed aromatic side-chains.
These features suggest that the cup region may play a role in ligand binding or protein—protein interactions.
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some B-propeller structures, additional B strands
occur on the outside of individual blades, or
unrelated globular domains replace one or more
blades.”® With the notable exception of the viral
neuraminidases, the vast majority of § propellers
are built on an approximate sequence repeat, such
as the Trp-Asp repeat embedded in a weak, ~40
amino acid repeat that defines the WD40 motif.”
The sequence repeat does not correspond to an
individual blade. Rather, each B propeller has a
topological “latch” in which B strands from both
termini of the protein chain are juxtaposed within
one or more blades. The latch in PknD, in which
the N terminus forms strand 4 of the last blade,
corresponds to the latch structures observed in
WD40 proteins® and the NHL-repeat protein,
brain tumor (BraT).” A variation of this arrange-
ment occurs in the P2 protein of the bacteriophage
PRD-1, in which the N terminus forms the outer
strands of the three C-terminal blades.” In
contrast, the YWTD and the archaeal surface-
layer-protein (SLP) B propellers start with strand 2
of the last blade."

B-Propeller repeat motifs are classified on the
basis of sequence and structural topology. The
Pfam database of protein families* and the Con-
served Domain Database (CDD)¥ define three
classes of p-propeller repeats. Each consensus
sequence can be represented by a single family
member in the PDB. The G protein B subunit*
represents the classic WD40 class, the low-density
lipoprotein receptor® defines the YWTD class, and
the NHL domain of BraT protein® defines the
NHL class. Sequence and structural databases
classify B-propeller repeats in a similar fashion.
The Structural Classification of Proteins (SCOP)
database® defines three superfamilies of B-propel-
ler repeats: the WD40-repeat, the low-density lipo-
protein receptor-YWTD, and the YVTN-repeat.
The CATH Protein Structure Classification
database™ classifies the WD40-repeat and low-
density lipoprotein receptor-YWTD repeats as
homologous superfamilies.

On the basis of sequence profiles, PknD is a
NHL-repeat B propeller with a core sequence
motif, YVID, which differs from any previously
determined B-propeller structure. The repeat with
highest sequence homology to the NHL consensus
matches with 65% identity (E-value =5x107").
The NHL domain, named after NCL-1, HT2A and
Lin-41, is found largely in tandem arrays in ring-
finger beta-box coiled-coil (RBCC) regulatory
proteins.'® The NHL protein family has been
proposed to mediate diverse protein interactions
largely in eukaryotes.'® The domain was defined
structurally by the six-bladed B propeller in the
translational repressor BraT.*® The NHL repeats in
BraT show at most 50% identity with the consensus
NHL sequence. However, BraT contains an IVAD
core sequence repeat that does not match the
YVID repeat in PknD. The overall sequence
identity between BraT and the PknD sensor is 23%
over 208 residues (E-value=9Xx107°. The C¢

rmsd between the PknD and BraT  propellers is
2.6 A, a value which is not better than matches to
B propellers with other sequence repeats (see
below). As the second structure of a NHL-repeat
protein (and the first from a bacterial source), the
PknD sensor domain reveals substantial structural
variation within the NHL class.

Interestingly, the PknD sensor domain shows
significant sequence homology to nidogen,” a
YWTD B propeller (28% identity over 159 residues,
E-value =5%x107°%), and to the B propeller of
archaeal SLP' (30% identity over 189 residues,
E-value = 9 X 107°)). Nidogen and SLP, however,
lack the NHL-repeat signature and show no signifi-
cant homology to BraT. Nidogen and SLP also con-
tain characteristic core contacts and a latch
topology that differ from PknD. Thus, the sequence
of PknD can be considered intermediate between
the NHL proteins on the one hand and the YWTD
proteins and YVTN repeat of SLP" on the other.
Overall, the PknD sensor domain structure demon-
strates a new core sequence repeat capable of
forming a NHL-domain B propeller.

The network of contacts in the YVTD blade is
unique to this repeat. In the YWTD repeat, for
example, the Asp forms hydrogen bonds with the
peptide backbone® instead of contacting a con-
served Arg. Unlike the YVTD repeat of PknD, the
SLP YVIN Tyr has no apparent hydrogen bond
partner, and the Asn contacts a Ser side-chain and
a backbone amide." The distinctive latch structures
and the absence of B propellers containing mix-
tures of different sequence repeats argues that the
B-propeller family arose by serial duplications of
the basic blade sequence followed by divergence
and/or deletions of the repeats.

The pairwise sequence identity among the PknD
blades (56.4(*8.1)%) is higher than in any other
B-propeller structure. Compared to SLP, in which
five of 42 positions are conserved in all seven
blades,'® 14 of 42 residues are identical in all six
blades of PknD. In tachylectin-2, a five-bladed B
propeller from the Japanese horseshoe crab
Tachypleus  tridentatus, the pairwise sequence
identity between blades is 53.5(*+5.5)%.% This
symmetry in tachylectin-2 defines the core and the
peripheral binding sites for the ligands N-acetyl-
glucosamine and N-acetylgalactosamine.*® In con-
trast, the pairwise sequence identity between the
seven blades of the GB (B propeller is only
20.7(=5.8)%.** Thus, the high sequence identity
among the six PknD blades raises the possibility
that PknD may bind six homologous ligands
(analogous to tachylectin-2). Alternatively, PknD
may bind a single asymmetric ligand through
residues that differ in each blade. In this case, the
conserved blade framework may indicate the pro-
tein arose recently in evolution. The idea that
PknD is a “new” protein is consistent with the
observation that orthologs are narrowly distri-
buted, occurring only in pathogenic mycobacteria.

Remarkably, the 18 PknD residues that differ in
at least five of the six PknD blades cluster in the
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(A)

(B)

Figure 5. B-Propeller proteins bind ligands in the cup. (A) The backbones and small-molecule ligands of five
B-propeller structures similar to PknD were superimposed with DALI*® on the PknD structure. Ligands that bind in
cup of the cognate structures include heme from the cytochrome Cd1 nitrite reductase® (red), Ca®" in the active site
of diisopropylfluorophosphatase’” (purple), N-acetyl-D-glucosamine from neuraminidase* (green), 2-deoxy-2,3-
dehydro-N-acetyl-neuramic acid from trans-sialidase* (orange), and the pyrroloquinoline quinone from soluble quino-
protein glucose dehydrogenase® (blue). Tachylectin-2 which binds sugars at conserved sites on the periphery of each
blade,® provides an exception to this paradigm. Variable residues in the PknD sensor domain cup are shown as
black dots. (B) Protein ligands of B propellers bind to surface around the rim of the cup. The PknD sensor domain
was aligned with the structure of the low density lipoprotein receptor®® and the nidogen—laminin complex.*' The por-
tion of the EGF domain of LDLR that interacts with the B-propeller domain is shown in red, and a portion of integrin
that binds the nidogen B propeller is shown in blue. Both B-propeller proteins make protein—protein interactions in

the cup. In contrast, clathrin terminal domain binds target peptides on the edge of the B propeller (not shown).*®

cup of the B propeller (Figure 4). In B-propeller
enzymes and protein binding modules, the cup
often encompasses the active site or protein recog-
nition surface (Figure 5). In the PknD crystals, the
Cd**-ligated, His, tag bound in the cup of a neigh-
boring molecule in both crystal forms. Like many
protein binding sites,* the PknD cup exposes a
large surface (931 A% containing both polar and
non-polar patches. The hydrophobic residues
exposed in the cup include Phe487 and Tyr511.
Phe is the most commonly buried residue in
proteins,® suggesting that the exposed Phe487 may
function in ligand binding. These characteristics
support the idea that the cup is a functional bind-
ing surface of the PknD sensor domain.

None of the signaling ligands for bacterial recep-
tor STPKs have been identified. The PknD gene in
Mtb occurs in a cluster of genes involved in phos-

phate sensing and transport. In addition, PknD is
co-expressed with PstS2, which encodes a peri-
plasmic phosphate binding protein. Based on this
genomic position and expression pattern, Av-Gay
hypothesized that PknD may signal the levels of
extracellular phosphate.* To test this idea, we
searched the available structures using DALI*® to
identify proteins with backbone structures resem-
bling the PknD sensor. No extremely similar struc-
tures were found. Diisopropylfluorophosphatase®
and phytase® gave the closest global matches,
with rms deviations of corresponding backbone
atoms of 2.6 A. Both of these enzymes metabolize
organophosphates. Other proteins with similar
structures included protein interaction motifs,
such as nidogen® (2.1 A C* rmsd) and the pH sensor
of the low density lipoprotein receptor® (2.4 A C*
rmsd). Comparable similarity was found to several
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enzymes with diverse functions, such as soluble
quinoprotein glucose dehydrogenase®™ (2.7 A C*
rmsd), sialidase’® (2.9 A C* rmsd), and actin-related
protein 3*' (3.0 A C* rmsd). Because the B-propeller
proteins mediate so many different activities
(including numerous enzyme reactions, carbo-
hydrate recognition, metal binding, and protein-
protein interactions) the fold of the PknD sensor
domain does not define a particular functional role.

How does the PknD sensor domain switch the
activity of the intracellular kinase domain?
Although B-propeller domains have been pre-
dicted in the Drosophila receptor tyrosine kinase
sevenless and its vertebrate homolog c-ros,”* no
other structures of B-propeller domains that are
linked to protein kinases are available for compari-
son with PknD. Generally, large conformational
changes have not been observed in B-propeller
proteins. The B subunits of heterotrimeric
G-proteins, for example, show very limited confor-
mational shifts upon binding of the a-subunits.*
Similarly, the pH-sensor domain of the LDL
receptor®®® and the B-propeller domain in the
integrin aVB3* change little upon associating
with protein ligands. We found that backbone and
side-chain positions are extraordinarily consistent
between the three independent PknD sensor
domain monomers (Figure 2). These results
provide important support for the idea that the
PknD sensor, like other B propellers, comprises a
rigid structural framework that does not undergo
a conformational change upon ligand binding.
Moreover, although the PknD sensor domain con-
struct begins at the first residue following the pre-
dicted transmembrane helix, the first 11 residues
of the sensor domain are disordered in all three
independent monomers. This disorder suggests
that the sensor domain is tethered flexibly to the
transmembrane domain. A disordered segment
also links the transmembrane domain to the PknB
kinase domain." If this flexible coupling is a gen-
eral property of these receptor STPKs, binding of
the signaling ligands is unlikely to mediate confor-
mational changes that propagate across the mem-
brane. In the absence of propagating changes in
tertiary structure, the PknD sensor domain likely
mediates signaling through a direct or indirect
change in quaternary structure or localization that
alters the activity of the attached, intracellular
kinase domain.

Generally, B propellers mediate heterotypic
binding. The few homodimers include the
hemagglutinin-neuraminidases of the paramixo-
viruses.** Although the B-propeller protein
SEMA4D forms homodimers,* the B propeller
does not mediate this pairing. Accordingly, the
PknD sensor domain is monomeric under the
solution conditions we tested (data not shown).
Consequently, the fold and the high symmetry of
the PknD B propeller imply that plausible candi-
date ligands include an oligomeric protein that
recognizes the cup or receptors that recognize the
repeated peripheral sites on the blades.

Materials and Methods
Cloning

An expression vector for PknD residues 403-664 fol-
lowed by the C-terminal His, tag, LEHHHHHH, was
created with pET24b (Novagen) using sticky-end PCR*
as described.”” Mutagenesis was carried out with the
QuikChange kit (Stratagene). Constructs and mutants
were confirmed by DNA sequencing.

Expression and purification

The wild-type and mutant PknD sensor domains were
expressed at 25°C in BL21(DE3) Codon Plus cells
(Stratagene) as described.’” The cells were harvested by
centrifugation and resuspended in 50 mM Tris—HCl
(pH 7.5), 0.3M NaCl, 20% (v/v) glycerol, and 0.5 mM
Tri(2-carboxyethyl)phosphine hydrochloride (TCEP).
Cells were lysed by sonication on ice, and the lysate
was clarified by centrifugation. The supernatant was
loaded onto a 5 ml, immobilized metal affinity chroma-
tography (IMAC) column (Sigma) equilibrated with
0.1M NiSO, and eluted with a 10 mM-250 mM
imidazole gradient in 100 ml. After dialysis into 50 mM
Tris—-HCl (pH 7.5), 150 mM NaCl, 5% glycerol, and
0.5 mM TCEP, the protein was further purified by size-
exclusion chromatography using a HiLoad 26/60 Super-
dex 75 column (Amersham Pharmacia) equilibrated
with 50mM Tris—-HCl (pH 7.5), 150mM NaCl, 5%
glycerol, and 0.5 mM TCEP. The single peak, correspond-
ing to the PknD sensor domain monomer, was dialyzed
into 20mM Tris—-HCl (pH 7.5), 75mM NaCl, and
0.5 mM TCEP and loaded onto two tandem 5 ml HiTrap
Q Sepharose ion-exchange columns (Amersham
Pharmacia) in 20 mM Tris—-HCl (pH 7.5), 75 mM NaCl,
and 0.5 mM TCEP and eluted with a 0.075 M-1 M NaCl
gradient in 100 ml. The purified protein was dialyzed
into 25 mM Tris (pH 7.5) 75 mM NaCl, 0.5 mM reduced
dithiothreitol (DTT).

Crystallization and heavy atom derivatives

The PknD sensor domain (20 mgml™') was crystal-
lized at 22°C by vapor diffusion in hanging drops
against 0.8 M sodium acetate (NaOAc), 0.1 M Hepes
(pH 8.0) 0.05M CdSO,. These conditions yielded both
crystal forms, although the monoclinic form was much
more common.

The protein contains only a single internal Met
residue, so we searched for heavy atom derivatives.
Numerous metal compounds failed to provide adequate
phasing signals. We created a suitable derivative by
introducing sites for metal labeling using two parallel
strategies. First, we introduced single Cys residues.
Guided by the effects of Hg binding to Cys residues
introduced in T4 lysozyme,' we sought to avoid buried
sites where metal binding would disrupt the crystals
and exposed sites that would be too mobile to restrict
the position of the metal atom. Second, with the aim of
obtaining phases from a protein labeled with SeMet, we
introduced two Leu— Met substitutions at predicted
buried sites.*** The sites of substitutions were chosen
using a homology model of the PknD sensor domain
produced by the program 3D-PSSM." The model was
based on the B-propeller domain of the pH sensor of the
low density lipoprotein receptor (LDLR). Despite only
17% sequence identity, the PknD sequence produced a
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structural match with an E-value of 0.036. Thr455,
Thr549, Ser570, Thr606 and Ser637 that were partially
exposed in the homology model were changed indi-
vidually to Cys. Leu578 and Leu620 buried in individual
blades in the model were changed in tandem to Met.

The protein variants were purified as described for the
wild-type sensor domain. The double leucine mutant
was labeled by biosynthetic incorporation of SeMet.*
Cysteine mutants were co-crystallized with 1mM
p-chloromercuribenzene sulfonic acid (Sigma). Back
soaking was carried out in cryoprotectant.

Structure determination

X-ray data were collected at the Lawrence Berkeley
National Laboratory Advanced Light Source Beamline
8.3.1. For data collection, crystals were soaked in 1M
NaOAc, 0.1 M Hepes (pH 8.5) 0.05M CdSO, and 25%
glycerol, mounted on a loop, and frozen in liquid N,.
Native data from the monoclinic crystal form were
processed to 1.8 A resolution using the Elves automation
program.”! Elves also was used to analyze Hg-derivative
data collected at two wavelengths to 3 A resolution.
Although the derivative crystals diffracted to higher
resolution, the need to collect short exposures to limit
radiation damage reduced the accessible resolution of
the data sets.

Running SOLVE** and MLPHARE® Elves located and
refined two Hg sites, automatically explored the hand of
the derivative, systematically ruled out alternative space
groups and optimized the amount of solvent to use in
solvent flattening.”" The best electron density map at
3 A resolution was interpreted manually using O,*
using features in the homology model as a guide.
Elements of the partial model common to both mono-
mers in the asymmetric unit were used to locate and
refine the non-crystallographic symmetry (NCS)
operator using DM.” The partial model was refined
against the 1.8 A resolution data from the wild-type
protein using CNS.** The refined model and the high-
resolution native data were used to initiate automated
model building of the wild-type structure with ARP/
wARP.” This procedure produced a model containing
~90% of the residues with R/Rge values of 17.3/29.7%.
The high-resolution electron density map was used to
adjust the register of several of the B strands, and the
model was completed by alternating cycles of building
using O and refinement using Refmac.® Tight NCS
restraints were used in the early stages of refinement.
Riee Was calculated with a random 5% of the data. The
final model contains residues 413-454 and 459-664 in
both monomers (plus the entire His, tag), 14 Cd** and
209 water molecules. No density was apparent in either
monomer for the first 11 residues of the protein con-
struct. The stereochemistry of the model analyzed using
PROCHECK?® scored better overall (G-factor = 0.0) than
most structures refined at 1.8 A resolution. All residues
have allowed main-chain dihedral angles.

X-ray data from the orthorhombic crystal form were
processed to 1.9 A resolution using Elves.”’ Automated
molecular replacement was performed using EPMR.%
The search model was a partially refined structure of
one monomer (lacking the His, tag) from the monoclinic
crystals. The model of the orthorhombic form was
refined at 1.9 A resolution with CNS* and rebuilding
was carried out with O. The final model contains one
PknD sensor domain (residues 413-454, 459-664 and
the first four residues of the His, tag), 71 water molecules

and four Cd ions in the asymmetric unit. The last two
residues of the His, tag were disordered. The stereo-
chemistry of the model evaluated using PROCHECK
scored better overall (G-factor =0.0) than most struc-
tures refined at 1.9 A resolution. No residues were in
the disallowed region of the Ramachandran plot.

Structure analysis

DALI® was used to identify structures related to the
PknD sensor domain. Sequence alignments were carried
out with CLUSTAL X.°' Overlays were drawn with
Ribbons,®* surface features were depicted with GRASP,*
and other Figures were drawn with PyMOL.7

Coordinates

The coordinates and the structure factors were depos-
ited in the Protein Data Bank under accession numbers
1RWI (monoclinic form) and 1RWL (orthorhombic form).
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