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The sensor histidine kinase A (KinA) from Bacillus subtilis triggers a phos-
phorelay that activates sporulation. The antikinase Kipl prevents sporula-
tion by binding KinA and inhibiting the autophosphorylation reaction.
Using neutron contrast variation, mutagenesis, and fluorescence data, we
show that two Kipl monomers bind via their C-domains at a conserved
proline in the KinA dimerization and histidine-phosphotransfer (DHp) do-
main. Our crystal structure of the Kipl C-domain reveals the binding motif
has a distinctive hydrophobic groove formed by a five-stranded antiparallel
B-sheet; a characteristic of the cyclophilin family of proteins that bind
prolines and often act as cis—trans peptidyl-prolyl isomerases. We propose
that the DHp domain of KinA transmits conformational signals to regulate
kinase activity via this proline-mediated interaction. Given that both KinA
and Kipl homologues are widespread in the bacterial kingdom, this
mechanism has broad significance in bacterial signal transduction.

© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Sensor histidine kinases are used by bacteria,
fungi, and plants in signaling pathways to detect
diverse environmental signals and orchestrate adap-
tive responses such as chemotaxis, virulence, anti-
biotic resistance, metabolite utilization, and develop-
ment.! Cells of the bacterium Bacillus subtilis can
develop into spores in response to depleted nutri-
ents, and the initiation of sporulation is regulated
primarily by histidine kinase A (KinA). Autophos-
phorylation of KinA triggers a phosphorelay
whereby the phosphate is transferred from KinA
via the phosphotransfer proteins SpoOF and Spo0B to
the response regulator Spo0A; a transcription factor
that directly controls the expression of more than
120 genes involved in spore development.”™

*Corresponding author. E-mail address:
jtrewhella@usyd.edu.au.

Abbreviations used: KinA, histidine kinase A; DHp,
dimerization and histidine phosphotransfer; CA, catalytic
and ATP-binding; Kipl, kinase inhibitor protein; Sda,
suppressor of dnaA; GST, glutathione S-transferase; AI-2,
autoinducer-2; TCEP, tris(2-carboxyethyl)-phosphine
hydrochloride.

Like all known histidine kinases, the sensor func-
tion of KinA is localized in its N-terminal domains
that communicate a yet to be identified environ-
mental signal to the C-terminal autokinase. The KinA
autokinase (from here on referred to as KinA3¥6%)
can be overexpressed as a functional enzyme” and is
composed of a dimerization and histidine phospho-
transfer (DHp) domain and a catalytic and ATP-
binding (CA) domain (Fig. 1a).® The KinA3*>%
sequence is homologous to the histidine kinase
HK853 from Thermotoga maritima for which there is a
crystal structure [protein data bank (PDB) entry
2C2A].” Our previous small-angle scattering stu-
dies® confirmed that the KinA383-606 dimer (KinA,)
has the same distinctive shape of HK853 with its
globular CA domains positioned symmetrically
either side of the four-helix bundle formed by the
dimerizing DHp domains, referred to as the ‘stalk.’
The DHp stalk carries the histidines (H405, one from
each subunit) that are phosphorylated upon KinA
activation. The y-phosphate of ATP is delivered by
the CA domain to the histidine of the partner sub-
unit, likely involving movement of the CA domain
toward the DHp domain facilitated by a flexible
linker between them.

There are many control points in the pathways
that regulate spore formation in B. subtilis, includ-
ing at the level of transcription of the phosphorelay

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Fig. 1. KinA*¥ % and KipI homology models. (a) KinA, homology model from the previously published KinA,-2Sda
structure, based on the crystal structure of HK853 with the positions and orientations of the CA and DHp domains refined
against the scattering data for that complex.® Positions of key residues H405, P410, and F436 (corresponding to H260, P265,
1296 in HK853) are indicated. (b) The crystal structure of the Kipl homologue PH0987 (PDB entry 2PHC) comprising an N-
terminal domain (cyan) and a C-terminal domain (orange) separated by a short linker sequence. W179 (corresponding to
W195 in KiplI) is shown as blue sticks. (c) Sequence alignment of B. subtilis Kipl with PH0987 from P. horikoshii. Identical
residues are indicated in italics and ‘+” indicates similar residues. Secondary structural elements identified from the crystal
structure in the case of PH0987 and predicted for KipI (using JPRED’) are colored red (e-helix) and yellow (B-sheet). Kipl
has an additional 7% ‘gap’ sequence, which appears in a region of low sequence homology to PH0987.

genes, the activity of specific phosphatases target-
ing either SpoOF or Spo0A, and the expression of
histidine kinase inhibitors.>'"" Two of these kinase
inhibitors, or ‘antikinases,” are Kipl (kinase inhibi-
tor protein) and Sda (suppressor of dnaA).1213 Kipl
and Sda appear to inhibit KinA by directly binding
to the autokinase domain and preventing exchange
of phosphate from ATP to H405 while also
preventing the reverse reaction—transfer of phos-
phate from H405~P to ADP. Neither Kipl nor Sda
prevent transfer of phosphate from H405~P to
SpoOF, nor do they stimulate dephosphorylation of
KinA'5,l3

Transcription of the gene encoding Sda is up-
regulated when DNA replication is perturbed or
DNA damage is detected,!?!4 thereby ensuring that
cells complete chromosome replication before initi-
ating spore development. The production of Kipl
appears to be linked to the utilization of nitrogen
and many Kipl sequence homologues from other
organisms have been classified as putative allopha-
nate hydrolases, although this activity has not been
demonstrated for Kipl.!3 The operon containing the

kipl gene is induced by glucose when preferred
nitrogen sources such as ammonia or glutamine are
scarce; however, additional factors influence the
activity of Kipl. Kipl is coexpressed with a second
protein, KipA, which prevents Kipl from inhibiting
KinA in vivo and in vitro."”® Cells growing in the
presence of glucose and a nonpreferred nitrogen
source thus appear to be poised so that an additional
signal can inhibit sporulation by antagonizing KipA,
leaving Kipl free to inhibit KinA.

Solution NMR and mutagenesis experiments
determined that Sda has an a-helical hairpin struc-
ture with an exposed hydrophobic surface that is
implicated in KinA binding.> Our solution structure
of the KinA,—2Sda complex, based on neutron
contrast variation data, shows two Sda monomers
binding symmetrically on opposite sides of the KinA
DHp stalk and toward the end that is distal to the CA
domains.® While there is no crystal structure for Kipl,
the structure of a homologous protein has been
solved—PH0987, a two-domain protein of unknown
function from Pyrococcus horikoshii (PDB entry
2PHC).
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Using a combination of small-angle scattering with
neutron contrast variation, fluorescence, mutagen-
esis, and crystallography, we have determined that
two KipI monomers bind to the KinA, DHp domain,
each via their C-terminal domains that have a
cyclophilin-like structure. Further, this interaction
involves conserved proline residues (one in each
KinA subunit) that sit five residues away from each
autophosphorylation site of the DHp domain."> We
propose that inhibitory signals within the DHp do-
main of this and other histidine kinases are regulated
by recognition of the conserved proline and may
involve a cis—trans peptidyl-prolyl isomerization.

Results

Kipl has two domains and forms a homodimer
via interactions between its N-terminal domains

The crystal structure of P. horikoshii PH0987 is
shown in Fig. 1b and a sequence alignment of Kipl
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with that of PH0987 is shown in Fig. 1c. Overall, the
two proteins have 47% sequence identity (64%
similarity) and we therefore expect Kipl to have the
same two-domain architecture as PH0987. We were
successful in crystallizing and solving the structure
of the Kipl C-domain (see below) and found that, as
predicted, it has a fold similar to that of the PH0987
C-domain. Small-angle X-ray scattering data (Fig.
2a) were used to characterize the solution structure
of the full-length Kipl, which size-exclusion chro-
matography (SEC) and dynamic light scattering
indicate is a dimer. The inverse Fourier transform
of the scattering data (calculated using GNOM'®)
yields the probable distribution of distances between
atoms in the proteins, P(r) versus r (Fig. 2b), along
with the radius of gyration, Rg;, maximum linear
dimension, Dp.x, and zero-angle scattering, 1(0)
(Table 1). I(0), normalized for protein concentration
(milligrams per milliliter) and molecular weight of
the scattering species, is expected to be constant and
our I(0) analysis confirms that, like KinA, KipI forms
a homodimer. The Kipl dimer (Kipl,) is a more
extended structure compared to KinA, (Table 1,

1.0
= KinA:Kipl
4+ KinA
0.8 Kipl
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Fig. 2. X-ray scattering data for KinA***%, Kipl, and the complex they form. (a) Solvent-blank-subtracted X-ray
scattering profiles, I(Q) versus Q, for the KinA,-2KipI complex (black), for KinA, (blue), Kipl, (red), and the KipI N- and
C-domains (cyan and orange, respectively). The plots have been shifted on the vertical axis relative to each other for
clarity. The Guinier plots corresponding to these profiles are presented in Supplementary Fig. 1 and show the expected
linearity for solutions of monodisperse, identical particles. (b) P(r) versus r calculated as the indirect Fourier transforms of
the scattering data for the KinA,—2Kipl complex, KinA,, Kipl,, and the N- and C-domains [colored as in (a)]. The P(r)
curves are scaled (by x 3 for KinA, and Kipl,, and x 4.6 and x 8 for the N- and C-domains) so that the features of the curves
can be seen. (c) The best-fit KipI dimer structure optimized using rigid-body refinement. The model is superimposed in
the molecular envelop determined by ab initio shape restoration from the scattering data.
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Table 1. Structural parameters derived from the scattering
data

X-ray scattering data from the individual proteins and
their complex

Protein
conc. I(0)/c/ i i
Protein/Complex (mg/mL) MW)* Rg (A) Dinax (A)
Kipl, 4.0 1.03 31.3+0.2 100
Kipl N-domain 11.2 0.97 18.55+0.02 60
Kipl C-domain 1.6 097  17.94+0.08 58
KinA, 3.7 1.00 29.6+0.1 95
KinAz—ZDKipI 5.3 1.02 33.4+0.2 100

Neutron scattering data from the KinA,—2KipI complex

Stuhrmann Componen’t scattering

° functions
analyﬂs1s, - -
Component Ry (AP Rg (A) Dimax (A)
KinA, 26.0+0.9 24.9+0.2° 78¢
ZDKipI 34.0+0.9 34.5+0.5 115

# These values have been normalized to the corresponding
ratio for lysozyme and assume KinA and Kipl are dimers alone
and are in a 2:2 stoichiometry when complexed. Combined
statistical errors in I(0) values are <1%, while the uncertainty in
protein concentrations must be <5% based on the excellent
agreement of the normalized experimental 1(0)/c/MW values
with the expected value of 1.0. Protein concentrations for the
neutron scattering experiments were 5.3 mg/mL.

? The Stuhrmann plot and quadratic fit used to determine
structural parameters are shown in Supplemental Fig. 2. The
separation of centers of mass of the deuterated and nondeuterated
components determined from the fit is 17+8 A.

¢ For KinA; in the KinA,-2Sda complex, Ry=25.2+0.1 A,
Dinax=75 A

Fig. 2b) and ab initio shape restoration calculations
from the scattering data yield a molecular envelope
that has one dimension much longer than the other
two (Fig. 2¢). A symmetric Kipl dimer was created
based on the crystal structure of PH0987 and the
positions and orientations of the subunits were
optimized by rigid-body refinement against the
Kipl scattering data. The N- and C-domains were
allowed to move independently in the refinement to
account for possible differences in the low-sequence-
homology region linking the domains (Fig. 1b and c).
As multiple refinements did not discriminate
between the dimer interactions involving the N- or
C-terminal domains, we measured scattering data
for the N- and C-domains alone (Table 1, Fig. 2a),
each prepared freshly and maintained under
strongly reducing conditions to inhibit disulfide
formation. The I(0) analysis, along with the R, and
Diax values derived from P(r), show that the C-
domain in solution is a monomer, while the smaller
N-domain forms a dimer. The Kipl dimer model
shown in Fig. 2¢, superposed with the molecular
envelope from shape restoration, has the N-domains
interacting and is the model that best fits the
scattering data (Fig. 2a) from 20 independent rigid-
body refinements. The x value for the fit is 1.6,
indicating a reasonable but not ideal fit, possibly due
to flexibility in the longer domain linker in Kipl
compared to PH(0987.

Two Kipl monomers bind symmetrically to the
KinA, DHp domain to form a KinA,—2Kipl
complex

Size-exclusion chromatography of an equimolar
mixture of Kipl and KinA33-606 yielded an early-
eluting peak that SDS-PAGE and amino acid analysis
determined to contain both proteins in approxi-
mately equimolar amounts. Dynamic light scattering
gave a single peak corresponding to a molecular
mass of ~112 kDa and I(0) analysis of the scattering
data confirmed this value (Table 1). Thus, all indi-
cators are that Kipl forms a tight complex with
KinA%3% in a 2:2 stoichiometry. We used small-
angle neutron contrast variation to determine the
nature of this complex, similar to our previous work
on the KinA,-2"Sda complex.®

The intensity of the scattering signal from a protein
depends on the difference between its scattering
density and that of its solvent (the ‘contrast’) and the
scattering density of a protein and its solvent can be
systematically manipulated by substitution of hydro-
gen (*H=H) for deuterium (*H=D). Neutron scatter-
ing data obtained from a complex containing
deuterated and nondeuterated proteins in solvents
with different HyO/D,O ratios constitute a contrast
series from which structural parameters for the
proteins and their relative dispositions can be
obtained. Neutron scattering profiles were measured
for KinA®> %% complexed with deuterated Kipl
(PKipl) in 0%, 10%, 20%, 30%, 40%, 80%, 90%, and
100% DO (Fig. 3a). The Kipl deuteration level (61%)
was chosen so that high-contrast data could be
collected either side of the solvent match point for
the total particle (63% D,0O), thus maximizing the
information content in the contrast series on the
deuterated and nondeuterated components. The rela-
tionship between the observed R, value and the
inverse of the mean contrast of the complex yields R,
estimates for the KinA%*% and PKipI components
within the complex as well as the approximate sepa-
ration of their centers of mass'” (Table 1). Analysis of
the neutron contrast series data in terms of the
component scattering functions yields the individual
scattering profiles for dimeric KinA**°% and bound
PKipI monomers as well as the ‘cross-term’ that
contains information about their relative dispositions
within the complex.'” These component scattering
functions and their respective P(r) profiles are shown
in Fig. 3b and ¢, while Table 1 gives the associated R,
and Dy, values. The structural parameters obtained
from the different analyses of the neutron contrast
series are the same within experimental error,
demonstrating that the data are of the high quality
needed for accurate structural interpretation. Of note,
the significantly larger R, value for Kipl in the
complex compared to that for the Kipl dimer in
solution indicates that the two Kipl monomers are
well separated in the complex.

As we observed for Sda, Kipl binding affects the
structure of KinA,. The structural parameters for the
KinA, component of the complex with PKipl are
identical (within experimental error) to those
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Fig. 4. The DHp domain of KinA binds the C-domain of Kipl. (a) SDS-PAGE showing the results of Ni2+-pull—down
assays. Wild-type KinA®*7%% binds GST-Kipl and Sda, while the KinA?**-¢%(P410L /F436S) mutant retains the ability to
bind Sda but not Kipl. (b) The fluorescence signal from W195 in Kipl increases as KinA**>®% binds, indicating that the
environment of this residue changes as the complex forms. (c) In contrast to the results for wild-type KinA38-606 (black
trace), the fluorescence signal does not change when KinA%**°%(P410L/F436S) is titrated with Kipl (red trace).

derived for KinA, in the KinA,-2PSda complex
(Table 1), indicating that both inhibitors induce a
similar overall compaction of KinA,. To build a
starting model for rigid-body refinement against the
neutron scattering data, we therefore used the KinA,
homology model that has already been refined to
best fit the scattering data in our KinA,-2"Sda study
(Fig. 1a). For the KipI component we used the crystal
structure of PH0987, allowing the N-and C-domains
to move independently as was done for the Kipl
dimer modeling (above). Multiple independent
rigid-body refinements yielded models that consis-
tently placed the Kipl C-domains in contact with the
DHp domain of KinA,, while the Kipl N-domains
showed either no interaction or a small surface area
interaction with the CA domains. Our best-fit model
is shown in Fig. 3d (top), with the corresponding fits
to the experimental data in Fig. 3a (black curves).

This model gives near-ideal x? values against the
neutron scattering data (0.96, 0.86, 0.83, 0.98, 1.10,
1.02, 0.90, and 0.99 for the 0%, 10%, 20%, 30%, 40%,
80%, 90%, and 100% D,O data, respectively) with no
steric clashes between the components. Our pre-
viously determined KinA,-25da model is shown for
comparison (Fig. 3d, bottom).

The KinA,—2Kipl interaction involves proline 410
in the KinA DHp domain and tryptophan 195 in
the Kipl C-domain

We used pull-down assays and tryptophan fluo-
rescence experiments with native KinA383-606 and the
double mutant KinA?**%%(P410L/F436S) to identify
specific residues at the KinA—Kipl interface. In addi-
tion to the interactions suggested by our neutron-
derived model for the complex, mutational analysis

Fig. 3. Neutron contrast variation data for KinA,-2KipI and best-fit models for the KinA,-2KipI and KinA,-2Sda
complexes. (a) Neutron scattering profiles, I(Q) versus Q, measured for the contrast variation series overlaid with the
model profiles for the best-fit model of the complex shown in (d). (b) Component scattering functions corresponding to
the scattering profiles for KinA, the two bound PKipl subunits, and the cross-term between them. (c) P(r) versus r profiles
calculated as the indirect Fourier transform of the component scattering functions in (b). (d) Top: best-fit model for the
KinA,—2Kipl complex calculated using rigid-body refinement. The primary interaction is between the DHp domain of
KinA and the C-domain of Kipl. Bottom: our previously published model for KinA,-2Sda® is shown for comparison.
KinA?*% js shown in blue, the C-domain of Kipl in red, the N-domain of Kipl in dark red, and Sda in magenta).
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of KinA together with protection and cross-linking
studies indicate that P410, a highly conserved proline
within the histidine kinase family," is close to the
Sda-binding site, involved in the binding of Kipl, and
important for inhibition by both Sda and KipI (K.A.C.
and W.EB., in preparation). P410 is located directly
below H405 in the DHp domain of KinA,, while F436
is positioned nearby on the adjacent helix (see Fig.
la). The KinA383-606(P410L/F436S) double mutant
was used for experiments described here because it
retains full kinase activity and is more stable in solu-
tion for biophysical and biochemical studies than the
single P410L mutant (K.A.C. and W.EB,, in prepara-
tion). In performing pull-down assays, we immobi-
lized His-tagged KinA** % or KinA*°%(P410L/
F436S) on Ni?* agarose beads and used them to cap-
ture Sda or glutathione S-transferase (GST)-tagged
Kipl. Use of GST-tagged Kipl ensured sufficient
separation between the KinA383-60¢ and KipI bands

(b)

on SDS-PAGE. Results show that under conditions
of excess inhibitor, both the wild-type and mutant
KinA®*% pyll down Sda, but only the wild-type
KinA?*% pulls down Kipl (Fig. 4a), indicating that
P410 is likely to be required for KipI binding.

The interaction of KinA**?7% with Kipl was fur-
ther examined by monitoring the intrinsic fluore-
scence of W195, the sole tryptophan in Kipl, as a
function of KinA®¥ % binding. As KinA6%
lacks a tryptophan, changes in tryptophan fluores-
cence specifically probe the environment of W195. In
concert with the incremental introduction of
KinA%37%% to solutions of Kipl, the intensity of the
tryptophan fluorescence emission peak (336 nm)
increases and saturates at an approximately equi-
molar ratio of KinA?*¥7%% to Kipl (Fig. 4b and c). The
increased intensity of the emission peak indicates
that the environment of W195 changes upon com-
plex formation. When repeated with KinA%%7¢%

Fig.5. Crystal structure of the C-domain of Kipl. (a) Ribbon representation of the C-domain of Kipl with W195 shown
as sticks. (b) Surface representation of the C-domain in the identical perspective as in (a). Conserved aromatic residues
forming a hydrophobic groove (dashed line) on the surface of the protein are colored blue. (c) Stereo view of the residues
that form the hydrophobic groove on the surface of the C-domain. Electron density (2Fps—Fcaic, contoured at 1.50) is
shown as pale blue mesh and clearly defines the aromatic residues (sticks) that are conserved in this region. *Side-chain

density is absent for 1189, which is truncated at C".
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(P410L/F436S), there is no change in the fluore-
scence signal, consistent with the pull-down results
with GST-Kipl. These pull-down and fluorescence
data confirm that the primary KinA-Kipl interface
involves the conserved tryptophan, W195, in the C-
domain of Kipl and the conserved proline, P410, of
the KinA DHp domain.

The C-domain of Kipl resembles a
peptidyl-prolyl isomerase, whilst the N-domain
resembles the quorum-sensing enzyme LuxS

We have solved the crystal structure for the Kipl
C-domain to 3 A resolution (Fig. 5). Data collection
and refinement statistics are given in Table 2. The
structure confirms that the overall fold (Fig. 5a) is
very close to that predicted from the P. horikoshii
structure, containing two short a-helices and a five-
stranded antiparallel R-sheet. The p-sheet segment
defines a concave surface that includes a hydro-
phobic groove (Fig. 5b and c). A VAST'® structural
homology search reveals that the proteins with the
highest structural similarity to the C-domain of Kipl
are those of the cyclophilin family (VAST rmsd, 2.1~
3.1 A for 13 structures with greater than 50% aligned
sequence; Fig. 6a). Cyclophilins are a ubiquitous
family of proteins whose functlons include protein
folding, transport, and signaling.'” Their primary
activity appears to be to catalyze the cis—trans iso-
merization of peptide bonds preceding proline
residues, although there are examples of peptidyl-
prolyl isomerases that can inhibit kinase activity by
binding an essential proline without inducing an
isomerization (e.g., FKBP12?Y). The mechanism of
the peptidyl-prolyl isomerization reaction remains

Table 2. Crystal structure data collection and refinement
statistics for Kipl C domain

Data collection
Space group
Cell dimensions; a, b, c (A ) 4491, 84.42, 84.41
Resolution (A) 16.88-3.01 (3.06-3.01)"
Ruerge 0.14 (0.66)

P2,2:2;

Average I/ ol 6.7 (1.5)

Completeness (%) 99.8 (98.4)

Redundancy 6.0 (4.6)

Refinement

Resolution (A) 16.88-3.01

No. of reflections 6375

Rwork/Rfree 0.26,0.34

Molecules per 2
asymmetric unit

No. of nonhydrogen atoms 1635

A chain: 147-148,
205-213, 232-240;
B chain: 207-215, 232-240
A chain, 24; B chain, 29

Residues missing in
residue range 100-240

No. of residues truncated

to C®
Mean B-factor 37.7
rmsd
Bond lengths (A) 0.009
Bond angles (°) 1.2
PDB entry 27P2

? Values in parentheses are for the highest-resolution shell (of 20).

controversial and it has even been suggested that
these enzymes need only display a hydrophobic
cav1ty of the correct conformation to confer activ-
1ty " Even at the modest resolution (3 A) of our
crystal structure the electron density is well defined
for the aromatic residues W195, Y187, F152, F150,
and F147 as well as for the numerous proline resi-
dues that combine to define such a groove (Fig. 5c).

The structures of the full-length Kipl or its N-
domain have not yet been solved. However, a VAST
structural homology search using the N-terminal
domain of P. horikoshii PH0987 reveals it to be a
structural homologue of the S-ribosylhomocystei-
nase (LuxS) family, (VAST rmsd 2.5-2.8 A for 18
structures with greater than 88% sequence aligned;
Fig. 6b). LuxS is an enzyme involved in producing
autoinducer-2 (Al-2), a small bacterlal signal mole-
cule used in quorum sensing.”* Of note, like the KipI
N-domain, LuxS forms a dimer.

Discussion

Similarities and differences between the
interactions of KinA with Kipl and Sda

We previously suggested that Sda binding to the
DHp domains of KinA transmits an inhibitory signal
to the CA domains allosterlcally via some kind of
conformational change.® Our low-resolution solu-
tion structure of KinA,-2Sda has the Sda molecules
toward the base of the DHp stalk in a position that
appears unlikely to form a steric barrier between the
CA domains and their target histidines, H405 (Fig.
3d, bottom). The Kipl C-domain is approximately
three times the size of Sda, and our KinA,—2Kipl
structure shows it also interacts with the DHp do-
main (Fig. 3d, top). The binding interface on KinA,
overlaps with that of the Sda molecules but is
significantly larger, extending further toward H405.
While H405 appears likely to remain exposed, the
more extensive interface with the Kipl C-domain
plus the positioning of the N-domain as modeled
would almost certainly act as a steric block, res-
tricting the CA domains from accessing H405. In the
light of the apparent differences in potential for
these kinds of steric restrictions, it is interesting to
note that the solution scattering data show that Sda
and Kipl binding induce the same overall compac-
tion of KinA, involving a movement of the CA
domains toward the DHp domain. It thus appears
that the binding of either antikinase to the DHp
domain induces a similar conformational signal that
results in the movement of the CA domains,
presumably transmitted via the four-helix bundle
of the DHp domain and sequences linking to the CA
domains.

The more extensive interface between KinA, and
the KipI C-domain in our structural model includes
the conserved proline of KinA, P410 gsee Fig. 1a). The
P410L/F436S mutant of KinA%3-6% yas originally
identified as retaining full kinase activity, yet being
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Fig. 6. Comparison of the PH0987 N- and Kipl C-domains with structural homologues of known function and
modeling the DHp-Kipl interface. (a) Superposition of the C-domain of Kipl (orange, PDB entry 2ZP2) with cyclophilin B
from Homo sapiens (purple, PDB entry 1CYN); rmsd of 2.8 A for 54% C* alignment. The active site of cyclophilin B and the
hydrophobic groove of the C-domain of KipI occur on the same five-stranded [3-sheet. (b) Superposition of the N-domain
of PH0987 (cyan) with the core of LuxS from B. subtilis (red-brown, PDB entry 2FQO); rmsd of 3.0 A for 87% C*
alignment. (c) Stereo view of the proposed interaction surface between the DHp stalk of KinA (silver, based on the
kinase model HK853, PDB entry 2C2A) and the C-domain of Kipl (orange, PDB entry 2ZP2). Our crystal structure of
the C-domain has been superposed on the C-domain of the P. horikoshii homologue from our neutron-scattering-derived
model for the KinA,-2Kipl complex. The DHp residues are labeled according to their position in KinA with their
corresponding positions in HK853 shown in parentheses. The conserved proline, P410, is juxtaposed against the
hydrophobic groove of the C-domain containing W195. F436 is predicted to occur in the dimer interface away from the

KiplI binding site, while H405 is positioned just above the C-domain.

resistant to inhibition by the overexpression of Sda in
vivo (K.A.C. and W.EB,, in preparation). Neither
P410 nor F436 was predicted to interact with Sda in
our previous work (P410 occurring further up the
DHp stalk, and F436 being buried at the dimer
interface; see Fig. 6¢). Our pull-down data show that
the KinA****%double mutant is unable to interact
with Kipl, whilst still being able to bind Sda. These
observations, in light of the KinA3%3%% double
mutant being resistant to Sda in vivo, support the
idea that Sda inhibits KinA via an allosteric mechan-
ism involving a conformational change in the DHp
domain and not simply through a steric blocking
mechanism. In contrast, Kipl binding appears to
require P410. In vivo studies (K.A.C. and W.EB,, in

preparation) have shown that the single P410L mu-
tation, while resulting in an approximately 50% loss
in sporulation frequency, is relatively unaffected by
overexpression of Kipl, further implicating this resi-
due as key to KiplI binding and inhibition.

Kipl and Sda share no sequence or structural
homology, and so differences in their interactions
with KinA are not surprising. It has been suggested
that while Sda can inhibit both KinA-dependent
sporulation as well as the activity of the auxiliary
sporulation kinase, KinB,'? KipI only inhibits KinA-
dependent sporulation.'” The region of the hairpin
in the DHp domain of KinA shares little sequence
homology with KinB, and it is conceivable that some
of these residues play a role in conferring specificity
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for Kipl. It is possible, therefore, that the different
binding properties observed may reflect the differ-
ent antikinase specificities of Kipl and Sda.

The DHp domain and modulation of
conformational signaling

Our crystal structure of the Kipl C-domain
reveals an overall fold and hydrophobic groove
that is characteristic of the proline-binding site in
the cyclophilin protein family (Fig. 6a). The
aromatic residues (W195, Y187, F152, F150, F146)
that define this groove in Kipl are highly conserved
among ~300 sequences of Kipl homologues across
species. An alignment of this crystal structure with
the C-domain of the P. horikoshii homologue in our
neutron-scattering-derived model for KinA,—2Kipl
shows this groove interacting with the DHp helix
carrying P410 (Fig. 6¢). Based on the homology of
KinA383-606 with the histidine kinase HK853, we
expect that P410 induces a bend in this helix (Figs.
la and 6c). A similar bend is observed in the
structure of the dimerization domain of the
Escherichia coli histidine kinase, EnvZ (at P248,
PDB entry 1JOY?). The bend allows the two helices
of one monomer to pack more tightly against the
two helices of the partner monomer, resulting in a
tightly twisted four-helix bundle. A protein that is
structurally similar to KinA**?7*% but does not have
a proline in this position is the phosphotransfer
protein Spo0OB (PDB entry 1IXM?*) whose four-
helical bundle is less tightly wound compared to
the other structures. Distinct from the histidine
kinases, Spo0OB has no autokinase activity and, as
such, the differences between their DHp domains
may reflect the nature of different conformational
requirements for function. By binding in the region
of P410, possibly inducing cis-trans isomerization
of this residue, it is likely that Kipl alters the
conformation of the DHp domain so that auto-
kinase activity is inhibited.

It has been shown that neither Kipl nor Sda
inhibits the phosphotransfer reaction between KinA
and Spo0F.513 In our KinA,-2Sda model,® we noted
that some steric overlap might be expected between
Sda and the SpoOF recognition site, although it is
conceivable that both could be bound to KinA3#3-¢%
at the same time. In our KinA,-2Kipl model, this
steric overlap is far more severe and would preclude
simultaneous binding of SpoOF and Kipl. To account
for the biochemical data in the context of these
structural data, one can consider the possibility of
competing equilibria allowing SpoOF transient
access to the phosphorylated histidine. For instance,
the autokinase activity of KinA might still be
inhibited by the binding of just one Kipl molecule.
In such a scenario, should a single Kipl molecule
dissociate from one side of the DHp stalk, SpoOF
could gain access to one of the target histidines.
Alternatively, it is also possible that structural
rearrangements in the DHp domain induced by
KiplI (such as cis-trans isomerization of P410) might
be sustained in the DHp domain for a time after

dissociation, allowing access to SpoOF while transi-
ently inhibiting further autophosphorylation.

A possible role for antikinases in quorum
sensing?

Quorum sensing in bacteria is used to regulate
gene expression in response to local population
density, resulting in community-wide responses
such as sporulation, secretion of virulence factors,
motility, and biofilm formation.?® Interestingly, the
phosphorelay governing sporulation in B. subtilis is
also responsible for regulating biofilm develop-
ment. While high levels of the transcription factor
Spo0A~P triggered by KinA activity induce spor-
ulation, low levels of Spo0A~P resulting from the
activities of other sensor histidine kinases induce
expression of genes associated with biofilm forma-
tion.”® Quorum sensing and biofilm production are
therefore intimately related to the B. subtilis sporula-
tion phosphorelay and recently, Kipl and Sda have
been implicated in regulating at least one of the
histidine kinases involved in biofilm formation.*”

In light of these observations, it is intriguing that
the N-domain of Kipl shares structural homology
with LuxS, an enzyme required for synthesis of the
quorum-sensing, interspecies signaling molecule
AI-2.* As Kipl interacts with KinA via its C-domain,
the N-domain is available to act as a potential sensor
for small molecules or as a recognition site for other
proteins. While it is known that the inhibitory effect
of Kipl is antagonized by interaction with KipA,"
little is understood of the nature and regulation of
this interaction. It is interesting to speculate that the
actions of Kipl, KipA, and possibly even Al-2 or a
like molecule might combine to coordinate sporula-
tion and biofilm development.

Conclusions

Based on our structural data on KinA*?°% and
the antikinases Kipl and Sda, and comparisons with
structural and functional homologues, we propose
that the helix-bending P410 in the KinA DHp is
targeted by the hydrophobic groove of the Kipl C-
domain. Whilst Kipl binding at P410 appears
capable of altering KinA autophosphorylation acti-
vity through steric effects alone, the similarity of the
observed KinA**3% compaction to that caused by
the much smaller Sda suggests that allosteric effects,
perhaps involving isomerization of P410, play a role
in the KinA,—2Kipl complex. It is possible that this
proline, whose isomerization would dramatically
affect the ‘conformational twist’” of the DHp,
constitutes a proline-mediated switch that regulates
kinase activity. Such a mechanism would have
broad significance, representing a novel structural
conduit for the regulation of other sensor histidine
kinase signal transduction systems.

While we have focused here on the role of Kipl in
regulating spore formation in B. subtilis, it is im-
portant to note that Kipl homologues are found in
diverse species in the bacterial kingdom, including
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gram-negative species not capable of forming spores.
Indeed, P. horikoshii, which provided our initial
Kipl model, does not sporulate, indicating that the
role of Kipl is more extensive than simply being an
inhibitor of endospore formation. The homology it
shares with proteins associated with quorum sen-
sing supports this idea. The possibility that Kipl and
its homologues in other species have roles involved
in environmental sensing, bacterial communication,
and orchestrated multicellular development presents
an exciting new dimension to this family of proteins.

Materials and Methods

Cloning

The full-length KipI gene and segments encoding the
predicted N- and C-terminal domains (residues 1-99 and
100-240, respectively) were PCR amplified from B. subtilis
chromosomal DNA (laboratory strain 168). Oligonucleo-
tide primers (Geneworks, Australia) and plasmid con-
struct details are given in Supplementary Table 1. Both
N-terminal His- and N-terminal GST-tagged versions of
the full-length protein were produced, whilst the N- and
C-terminal domains were produced as N-His-tag fusions
only. Expression tags were removable using thrombin.

Protein overexpression and purification

The autokinase domain of B. subtilis KinA (residues 383—
606) and full-length Sda were overexpressed and purified
as described previously.” The KinA333-606 (P410L/F436S)
mutant was overexpressed from a pET28b-based plasmid
pKC20 and purified as per the wild-type. The Kipl full-
length N- and C-domain constructs were overexpressed
in E. coli BL21(DE3) grown in LB medium (100 pg/mL
ampicillin) at 30 °C, induced with 1 mM IPTG. Cells
were harvested 4 h post-induction and lysed with
lysozyme (~100 pg/mL) and 0.1 mM phenylmethylsul-
fonyl fluoride with cycles of freeze-thaw and pressure
shock in Buffer A: 50 mM Tris (pH 8.5), 200 mM NaCl,
and 5 mM tris(2-carboxyethyl)-phosphine hydrochloride
(TCEP). Insoluble material was removed by centrifuga-
tion (50,000g, 1 h, 4 °C).

His-tagged or GST-tagged proteins were purified by
sequential passage over DEAE-agarose and Ni-NTA®
resin (imidazole elution) or DEAE-agarose and glu-
tathione-agarose resin (glutathione elution), respectively.
SEC was performed on His-tagged proteins by passage
over a HiLoad® 16/60 Superdex 200 prep-grade column
where isocratic elution was performed using Buffer B:
150 mM imidazole, 50 mM Tris (pH 8.5), 200 mM NaCl,
5 mM TCEP. Protein purity was judged to be >99% by
SDS-PAGE. SEC of Kipl yielded a major peak that
dynamic light scattering showed contained a single mass
as expected for dimeric 6His-tagged Kipl (~58 kDa). The
Kipl samples ran as a monomer on nonreducing SDS-
PAGE, indicating that the dimerisation is not disulfide-
mediated. KinA383-69¢ purified as a dimer (~54 kDa by
dynamic light scattering). Storage, transport, fluorescence,
and scattering experiments all used purified proteins in
Buffer B.

PKipl was produced by culturing cells in M9 salts
minimal medium dissolved in 80% (v/v) D,O with
nondeuterated glucose. Cells were first adapted to D,O

by sequential inoculation of 50% and 80% D,O starter
cultures. Overexpression and purification of "Kipl was
performed as described above for Kipl except due to the
reduced growth rates, the cells were harvested 12 h post-
induction. Tryptic peptide masses from Kipl and PKipI
were obtained by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (QSTAR XL Hybrid
Mass Spectrometer equipped with an oMALDI source)
and their difference was used to calculate the level of
protein deuteration.

Protein concentrations were estimated using calculated
molar extinction coefficients at 280 nm (5960 M ! ecm ™! for
KinA?*¥% and 23,505 M ' em ™' for Kipl, calculated using
the ProtParam tool*®). The KinA,-2KipI complexes
(including those with PKipl) were formed by incubating
a 1:1 molar ratio of KinA38-606 /Kipl for 30 min at room
temperature. The complex was separated from any
unbound components by SEC (described above) and
quantitative amino acid analysis, to confirm the stoi-
chiometry, was performed at the University of Utah with
an L-8800 Hitachi AAA instrument.

Small-angle scattering

Samples used for X-ray scattering were dialyzed over-
night against Buffer B and the dialysate was used for
solvent blank measurements. Samples of the complex for
neutron scattering experiments were dialyzed against
Buffer B with D,O concentrations of 0%, 10%, 20%, 30%,
40%, 80%, 90%, and 100% (v/v) and the respective
dialysates were used as solvent blanks. The monodisper-
sity of samples for scattering was confirmed by dynamic
light scattering and by comparison to the scattering of a
lysozyme standard known to be monodisperse.?’ This
comparison also confirms that there were no correlated
interparticle distances, and therefore the samples approxi-
mated infinite dilution conditions for scattering. The
absence of interparticle interference was further confirmed
in the neutron experiments by placing the data on an
absolute scale and thereby allowing the molecular weight
of the complex to be calculated for each contrast point.*
The average molecular mass obtained from six high-
contrast measurements is 114 kDa with a standard
deviation of 5, in excellent agreement with the expected
value based on amino acid composition (112 kDa). The
good agreement of these values between contrast points
confirms that the stoichiometry of the complex in our
samples is 2:2.

X-ray scattering measurements were performed with an
Anton Paar SAXSess with line collimation and CCD
detector as described previously.”’ Protein samples and
their solvent blanks in a 1-mm capillary were each
exposed for 60 min at 10 °C with the use of a 10-mm slit
and 10-mm integration width. Solvent subtractions and
data reduction to I(Q) versus Q (where Q=(4w sin 0)/X\,
where 26 is the scattering angle and N=1.54 A, the
wavelength of the radiation) were done using SAXS-
quantlD (Anton-Paar, Austria). Neutron scattering data
were collected with the use of NG3* at the National
Institute for Standards and Technology at 20.0 °C in 1-mm
path-length Hellma quartz cylindrical cells and using a
neutron wavelength of 6.0 A with two sample-to-detector
distances to give a combined Q range of 0.01-0.45 A™".
Data were reduced to I(Q) wversus Q as described
previously.®*

Ab initio shape restoration against the X-ray scattering
data was performed with DAMMIN.** Fifteen indepen-
dent DAMMIN calculations were performed using the



KinA Inhibition by the Cyclophilin-like Kipl

433

Kipl-dimer data and imposing P2 symmetry, all yielding
very similar shapes, as determined by the normalized
spatial discrepancy factor (0.66 with a mean variation of
0.03). The envelope shown in Fig. 2c is the DAMFILT
output by DAMAVER.* Rigid-body modeling of the KipI
dimer against the X-ray scattering data was performed
with SASREF6” using PH0987 (PDB entry 2PHC) and
imposing P2 symmetry. The two-domain PHO0987 struc-
ture was split between residues 83 and 84, while cons-
training them to be within 10 A of each other, so that the
N- and C-domains could move independently to account
for differences in the sequences linking the domains
between the PH0987 and Kipl structures.

Rigid-body refinement of the KinA,-2Kipl structural
model against the neutron data was performed the beads
with SASREF7 and imposing P2 symmetry. The KinA,
component was that already optimized to fit the KinA,—
2PSda data; based on the crystal structure of the
homologous HK853 from T. maritima (PDB entry 2C2A).
The bound KipI was modeled from the crystal structure of
PH0987 with the two domains split as for the X-ray
scattering data modeling of the Kipl dimer. No con-
straints were applied on the KinA383-606_Kijpl interaction
and all eight neutron contrast measurements were used
with a Q range of 0.01-0.25 A™'. Six independent
refinements were performed.

Pull-down assays

The KinA¥3°% or KinA%%°%(P410L/F436S) was
immobilized on 20 pL Ni-NTA beads by mixing the
beads with 5.5 nmol His-tagged protein, all in Buffer A. A
twofold molar excess of Sda or GST-Kipl was subse-
quently mixed with the beads in a total volume of 320 pL
and incubated with mixing at 4 °C for 1 h. Controls in
which Sda or GST-Kipl alone was mixed with unmodified
beads were also performed. The beads were pelleted by
centrifugation and, after removal of the supernatant,
washed three times with Buffer A. Aliquots of samples
containing whole beads were loaded onto 12% SDS-PAGE
to evaluate binding interactions.

Tryptophan fluorescence experiments

Fluorescence measurements were performed on a Cary
Eclipse Fluorescence Spectrophotometer (Varian Inc.)
using an excitation wavelength of 295 nm. Emission
spectra (325-370 nm) were collected at 0.5-nm intervals
using excitation and emission slit widths of 5 nm.
Reported data are the average of three scans recorded at
30 nm/min. KipI (21 pM) was measured in the presence of
increasing amounts of KinA383-6% (up to 25 uM) or
KinA383-606(P410L /F436S). Spectra were corrected for
buffer and KinA**7% fluorescence.

Crystallography

A single crystal of the C-domain of KipI was obtained
by hanging-drop vapour-diffusion, where 2 pL protein
(7 mg/mL) was mixed with 2 pL precipitant (15%
polyethylene glycol 8000, 20% glycerol, 40 mM potassium
phosphate, pH 6.9) at 293 K. The crystal was cryoprotected
by swimming it for a few seconds in well solution doped
with 2-methyl-2,4-pentanediol (20% v/v) before flash-
freezing it in a cold nitrogen stream (100 K, Oxford
Cryostream). Diffraction data were recorded on a Marre-
search image plate detector using radiation (A=1.5418 A)

from a Rigaku RU200 rotating anode generator fitted with
Osmic optics. Data were integrated and scaled with
DENZO and SCALEPACK from the HKL suite.”” Mole-
cular replacement was performed using PHASER,” with
a trimmed-version of the C-domain from PH0987 (PDB
entry 2PHC) as the search model. The structure was
refined using REFMAC,* manually inspected with
COOT,* and validated with the MOLPROBITY server,*!
which revealed 88.9% and 1.3% of residues lying in
favoured and outlier regions, respectively, of a Ramachan-
dran plot. Data collection and refinement statistics are
given in Table 2.

Protein Data Bank accession nhumbers

Coordinates and structure factors have been deposited
in the Protein Data Bank with accession number 2ZP2.
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