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The Structure of the KinA-Sda Complex Suggests an
Allosteric Mechanism of Histidine Kinase Inhibition
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The Bacillus subtilis histidine kinase KinA controls activation of the tran-
scription factor governing sporulation, Spo0A. The decision to sporulate
involves KinA phosphorylating itself on a conserved histidine residue, after
which the phosphate moiety is relayed via two other proteins to Spo0A. The
DNA-damage checkpoint inhibitor Sda halts this pathway by binding KinA
and blocking the autokinase reaction. We have performed small-angle X-ray
scattering and neutron contrast variation studies on the complex formed by
KinA and Sda. The data show that two Sda molecules bind to the base of the
DHp dimerization domain of the KinA dimer. In this position Sda does not
appear to be able to sterically block the catalytic domain from accessing its
target histidine, as previously proposed, but rather may effect an allosteric
mode of inhibition involving transmission of the inhibitory signal via the
four-helix bundle that forms the DHp domain.
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transduction pathways that orchestrate cellular
responses to environmental stimuli. Typically, each
histidine kinase functions in concert with a tran-
scription factor, termed the response regulator.1

When a histidine kinase recognizes its cognate
signal, usually a small effector molecule, it autopho-
sphorylates by transferring the terminal phosphate
of ATP to a conserved histidine residue to form a
phosphoimidazole adduct. This phosphate moiety is
subsequently transferred to a conserved aspartate
residue on the response regulator, inducing a
conformational change that leads to the up or
down-regulation of an ensemble of target genes.
Responses governed by such pathways are as
disparate as chemotaxis, nutrient utilization, and
the specialized cell division process known as
sporulation that is undertaken by certain species of
bacteria. Sporulation occurs specifically in response
to starvation and involves an asymmetric cell di-
vision in which one daughter chromosome is pack-
d.
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aged into a resilient spore that can survive until
conditions are favorable for germination.
The primary histidine kinase responsible for

activating the sporulation pathway in Bacillus subtilis
is KinA. Once activated, KinA indirectly phosphor-
ylates its cognate response regulator, the transcrip-
tion factor Spo0A, via a phosphorelay involving two
additional proteins, Spo0F and Spo0B.2 The phos-
phate moiety on KinA is transferred to an aspartate
residue on Spo0F, from the Spo0F aspartate to a
histidine on Spo0B, then from the Spo0B histidine to
an aspartate on Spo0A, thereby activating it. Hence,
the γ-phosphate of ATP is passed from: ATP→His→
Asp→His→Asp. The increased complexity of this
phosphorelay, compared to the more typical two-
component pathway employed by most histidine
kinases, provides more points at which a decision as
important as sporulation can be regulated. As
packaging damaged genetic material might compro-
mise the production of viable spores, a mechanism
exists to halt the onset of sporulation when DNA-
damage is detected. In response to DNA damage a
small 46 residue protein known as Sda,3 whose
structure has been solved using NMR,4 is up-regu-
lated alongwith themany proteins involved in DNA
repair and recombination. Sda binds KinA and
prevents its autokinase activity, thus silencing the
sporulation directive at the first step of the KinA-
Spo0A phosphorelay.4 Interestingly, while Sda inhi-
bits the KinA autophosphorylation reaction, it does
not abrogate the ability of already phosphorylated
KinA to donate phosphate to Spo0F.
Histidine kinases generally have two domains: an

N-terminal “sensor” domain, often membrane-
bound, which recognizes one or more signal mole-
cules, and a C-terminal “autokinase” domain. The
autokinase domain is further divided into a C-ter-
minal catalytic and ATP-binding (CA) domain and
an N-terminal dimerization and histidine phospho-
transfer (DHp) domain (Figure 1(a)). KinA is
comprised of 606 amino acid residues, the first 383
of which constitute the sensor region which contains
three Per-Arnt-Sim (PAS) domains5 to which as-yet-
unknown effector molecules presumably bind. Resi-
dues 383–606 constitute the autokinase half of the
protein, with residues 383–465 and 456–606 forming
the DHp and CA domains, respectively. Although
the structure of the autokinase domain of KinA has
not been solved, it can be modeled using the
structures of homologues. The structures of isolated
CA domains are known from the histidine kinases
EnvZ,6 NtrB,7 and PhoQ8 from Escherichia coli, CheA
from Thermotoga maritima,9 and PrrB from Mycobac-
terium tuberculosis.10 All display the same α/β
sandwich fold. The structure of the isolated DHp
domain from EnvZ11 reveals a helix-turn-helix fold
(involving helices α1 and α2), which in the context of
its dimer partner (helices α1′ and α2′) forms a four
helix bundle or “stalk”(Figure 1(b)). Approximately
halfway along the stalk on the α1 and α1′ helices lie
the solvent-orientated target histidine residues.
When the sensor domain is appropriately stimu-
lated, the CA domains catalyze a trans-autopho-
sphorylation reaction in which each CA domain
phosphorylates the target histidine on the opposite
protomer. Disulfide cross-linking studies of the EnvZ
autokinase domain have led to a model predicting
the positions of the DHp andCAdomains during the
autophosphotransfer event.12 Recently, the first
crystal structure of an entire histidine kinase auto-
kinase domain, designated HK853, from T. maritima
was solved.13 The HK853 structure has its canonical
CA domains and DHp stalk positioned in an
“extended” conformation such that considerable
movement of the CA domains would be required
to facilitate autokinase activity (Figure 1(b)).13 This
arrangement is one that allows for the interaction of
the histidine kinase with the response regulator,
which must access the same target histidine. A
similar extended arrangement of CA and DHp
domains is noted in a model derived from low
resolution X-ray diffraction and small-angle X-ray
scattering of the ThkA-TrrA HK-RR complex from
T. maritima.14

Two molecules of Sda bind to a dimer of KinA
(KinA2), to form a KinA2-2Sda heterotetramer, and
in doing so increase the stability of the KinA2.

4

Whilst a combination of site-directed mutagenesis,
pull-down and kinase assays identified the surface
of Sda involved with binding KinA, little is known
of the molecular surface of KinA to which Sda
binds.4 It has been proposed that Sda binds KinA at
or near the “hinge” region linking the CA and DHp
domains4,15 (Figure 1(b)), and that anti-autokinase
activity might be achieved by Sda acting as a “mo-
lecular barricade”, sterically preventing the CA
domain from accessing the target histidine.
We present here the results of small-angle solution

scattering and neutron contrast variation experi-
ments on the dimeric KinA autokinase domain, Sda
and the complex they form. The data provide
information on the shapes of the structures of the
individual protein components alone in solution, as
well as their shapes and dispositions within the
KinA2-2Sda complex. The Sda binding region
identified on KinA2 is toward the lower part of the
stalk region with no direct interaction with the CA
domains or the linker connecting the DHp and CA
domain. These results suggest that the inhibitory
signal involves a conformational change within the
stalk region that affects the hinge region allosteri-
cally rather than being a simple molecular barricade.

Results and Discussion

Quality of protein samples and scattering data

Interpretation of small-angle scattering data in
terms of structure requires samples that are rigor-
ouslymonodisperse and approximate the conditions
of dilute solution, i.e. there are no distance correla-
tions among the scattering particles that can bias the
structural parameters. Size-exclusion chromatogra-
phy of KinA samples used for scattering experiments
yielded a single peak,which dynamic light scattering



Figure 1. Histidine kinase domain architecture. (a) KinA is comprised of an N-terminal sensor region and a C-terminal
autokinase region. The autokinase region is further subdivided into dimerization and phosphotransfer (DHp) and
catalytic (CA) sub-domains. The histidine that becomes phosphorylated (His405) is located in the one of two helices
within the DHp domain (indicated by bars). (b) HK853 structure comprising DHp stalk and CA domains. The movement
that CA domains must undertake to phosphorylate target histidine residues (red sticks), is indicated by curved arrows
(right panel). The dotted line (left panel) approximates the point at which HK853 was truncated to better model KinA.
Segments colored yellow are missing from the KinA primary structure. (c) Alignment of amino acid sequences of HK853
(residues 232–489) and KinA (residues 383–606). Identical, conserved, weakly conserved and gap positions are indicated
by black, blue, sky-blue and yellow markers, respectively. The arrow within helix α1 (bar) identifies the histidine targeted
for phosphorylation.
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confirmed to be consistent with a dimeric KinA
having a mass of ∼54 kDa (data not shown). Mass
spectrometry gave a mass of 27,101 Da, as expected
for the 6His-tagged KinA monomer with the N-ter-
minal methionine removed. The molecular mass of
Sda estimated from dynamic light scattering was
∼13 kDa, suggesting that it is a dimer in solution
under the chosen experimental conditions. The mass
estimated for Sda from mass spectrometry was
5584 Da, as expected for the Sda monomer cleaved
from its glutathione-S-transferase (GST) fusion
partner.
The KinA2-2Sda complex was prepared by com-
bining KinA2with a stoichiometric excess of Sda and
purifying it from excess Sda by size-exclusion
chromatography. Mass spectrometry on resultant
complex fractions repeatedly returned KinA-
derived mass values of 25,350 Da, consistent with
removal of the N-terminal 6His-tag from the KinA
species. The expression constructs for both 6His-
KinA and GST-Sda have a thrombin cleavage site to
facilitate tag removal. Considerable amounts of
thrombin were required to cleave GST from Sda.
In contrast, as 6His-KinAwas both hypersensitive to
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thrombin activity and susceptible to undesired
proteolysis, the 6His-tag was left uncleaved in the
KinA preparations. Hence, the unexpected mass
spectrometry data for the complex suggest that trace
amounts of thrombin contaminating the gel filtra-
tion-purified Sda may have trimmed the 6His-tag
from the KinA during complex formation and
purification.
Figure 2. X-ray scattering profiles of KinA2, Sda2 and
KinA2-2Sda. (a) Background-subtracted scattering profiles
for KinA2 (blue), Sda2 (red) and KinA2-2Sda (black), where
the plots have been shifted relative to each other for clarity.
The fits obtained from rigid-body modeling based on the
HK853 dimer structure and twomolecules of Sda based on
the NMR structure of the monomer are superimposed
over the KinA2 and Sda2 scattering profiles. (b) P(r) trans-
formations of the scattering data for KinA2, Sda2 and
KinA2-2Sda (colored as in (a)). The P(r) curves are scaled
to reflect the number of vector lengths within the protein.
The Sda trace has also been multiplied by a factor of 10 so
that features of the curve can be seen.
The small-angle X-ray scattering profiles (I(Q)
versus Q, where Q=4π(sinθ)/λ) for KinA, Sda, and
the complex they form are shown in Figure 2(a).
Figure 2(b) shows the corresponding distance
distribution functions, P(r), calculated as the inverse
Fourier transform of I(Q) using the program
GNOM.16 The P(r) function is the probable distribu-
tion of distances between scattering centers within
the scattering particle and therefore goes to zero at
its maximum dimension, Dmax. The area under the
P(r) profile gives the zero angle or forward scatter-
ing, I(0). The radius of gyration, Rg, can also be cal-
culated from P(r) (mathematically, it is the second
moment of P(r)). Alternatively, Rg can be calculated
using the lowest-Q data and the Guinier appro-
ximation.17 The Rg is a summary measure of the
distribution of distances of atoms from the center of
the molecule. The agreement between the Guinier
and P(r)-derived Rg values (Table 1) and the I(0)
analysis (discussed below) are excellent evidence
that the samples were well-behaved, monodisperse
particles in solution. In addition, the fit of the
experimental data to the P(r) model, determined
using the regularisation technique employed in
GNOM, gave goodness-of-fit values greater than
0.9 in all cases, indicating excellent agreement.

X-ray scattering data indicate that both Sda and
KinA are dimers in solution

For a solution of monodisperse particles, I(0)
normalized for concentration (in mg/ml) and mole-
cular weight is a constant. The values reported in
Table 1 show that this requirement is met assuming
that both KinA and Sda are homodimers in solution
and that the complex they form has a 2:2 stoichio-
metry (Table 1). This I(0) analysis is consistent with
the Rg and Dmax values derived from the P(r)
analysis. The experimental values determined for
KinA agree well with those calculated for the
homologous HK853 dimer (see discussion below,
Rg= 28.9 Å, Dmax=89 Å, calculated using the
program CRYSOL18 and Protein Data Bank (PDB)
coordinate file 2C2A). However, those measured for
Sda are too large for a single Sda molecule
(Rg=11.5 Å, Dmax=34 Å calculated using CRYSOL
and PDB coordinate file 1PV0). The program
SASREF619 was used to perform rigid-body refine-
ment of an Sda dimer, in which the position and
orientation of two Sda monomers relative to each
other were optimized, yielding a dimer model with
an excellent fit to the X-ray data (χ2 =1.08, Figure
2(a), black line on red data). Additionally, X-ray data
acquired for Sda at concentrations as low as 1mg/ml
(i0.1 mM) did not reveal evidence of dimer
dissociation.

The shape of KinA is similar to HK853 and is
compacted upon binding Sda

Among the available structures of histidine ki-
nases, that from T. maritima (HK853 residues 232–
489, PDB code 2C2A)13 has the highest sequence



Table 1. Structural parameters derived from X-ray scattering data using Guinier and P(r) analyses

Protein
Concentration

(mg/ml)

Guinier P(r)

Rg (Å) Rg (Å) Dmax (Å) I(0)/(c x MW)a

KinA2 3.7 29.3±0.4 29.6±0.1 95 8.6±0.9
Sda2 5.2 15.3±0.3 15.4±0.1 52 7.4±0.7
KinA2-2Sda 4.4 29.2±0.3 29.10±0.06 80 7.4±0.7
KinA2-2

DSda 3.7 29.4±0.5 29.1±0.1 80 n.a.
a Assumes that KinA and Sda are dimers, and that the stoichiometry of the complex is 2:2.
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homology with KinA (residues 383–606). The 258
residues of HK853 and 224 residues of KinA
spanning these regions share 29% amino acid
identity, 49% similarity, and contain only 10% of
“gap” sequence (Figure 1(c)). Beyond the simple
calculation of Rg and Dmax values given above,
theoretical scattering curves were derived from
HK853-based models and compared with X-ray
scattering data measured for KinA2. Each HK853
monomer was first N-terminally truncated by seven
residues to account for the large N-terminal homol-
ogy gap noted in the DHp domain (Figure 1(b),
dotted line and yellow helical segment immediately
below this line). Rigid body modeling of this
structure using SASREF6, in which the relative
positions of the DHp and CA domains were
optimized, provided an excellent fit to the KinA2
X-ray scattering profile for this model (χ2 of 1.04)
(Figure 2(a), black line over blue data) with the
extremities of the CA domains ∼5 Å further apart
than in the HK853 structure.
The X-ray scattering data also show that the

binding of two Sda molecules to KinA2 , which
constitutes an 11% increase in mass, results in
a significantly smaller Dmax value for the complex
(reduced from 95 to 80 Å), while there is no change
in the Rg value (Table 1). These results indicate that
an overall compaction of KinA2 must occur upon
Sda binding, consistent with information from the
neutron scattering experiments described below.

Neutron contrast variation data provide
information on the shapes and dispositions of
components within the KinA2-2Sda complex

Neutron contrast variation experiments were
performed with deuterated Sda (DSda) complexed
with non-deuterated KinA in order to extract
structural information on the individual components
within the complex. The intensity of the small-angle
scattering signal from proteins in solution depends
upon their contrast, which is simply the difference in
scattering density (ρ) between the protein and the
solvent (i.e. contrast,Δρ=ρprotein–ρsolvent). X-rays are
scattered by electrons and X-ray scattering power
therefore increases monotonically with atomic num-
ber. As most proteins have very similar elemental
composition, they have similar electron densities and
it is not generally possible to separate the contribu-
tions to a scattering profile from two proteins within
a complex. Neutrons are scattered by atomic nuclei,
and scattering power varies randomly with atomic
number and isotopes of the same element can show
large differences. One of the largest isotope differ-
ences is between the stable isotopes of hydrogen
(1H≡H and 2H≡D, referred to as hydrogen and
deuterium, respectively). This difference, combined
with the facts that hydrogen is abundant in
biomolecules and deuterium substitution in proteins
and in their solvents can be relatively easy and
benign, provides the opportunity for contrast varia-
tion experiments. By forming a protein complex in
which one protein component is deuterated and
measuring the neutron scattering profiles for the
complex in solvents with different H:D ratios, the
contrast of the individual protein components is
systematically varied. From such a “contrast series,”
structural information on the individual components
and their relative dispositions can be obtained.
The Sda was selected for deuteration due to its

superior stability in solution compared with KinA.
Deuterating Sda had the additional advantage of
compensating for the relatively small size of the Sda,
and hence its small scattering signal, by giving it a
large contrast in solutions with high H content for
which incoherent background scattering is also
high. The DSda was prepared by bacterial expres-
sion using deuterated media. Mass spectrometry
indicated that the resultant DSda had ∼86% of non-
exchangeable hydrogen positions deuterated.
Two neutron contrast series were measured for

KinA2-2
DSda at different protein concentrations

and with different salt concentrations: 3.7 mg/ml
protein in 50 mM NaCl (contrast variation series
not shown) and 11.9 mg/ml in 200 mM NaCl
(Figure 3). The latter contrast series also included a
measurement of the complex at 26.6 mg/ml in 40%
D2O at which value the neutron scattering density
of KinA is approximately matched to that of the
solvent and hence only the Sda molecules con-
tribute to the scattering signal; i.e. the KinA has
zero contrast and thus is “solvent matched.” The
values for Rg and Dmax for both series are given in
Table 2. The Rg data from the two independent
contrast series with a ∼threefold difference in
protein concentration are in excellent agreement,
indicating the absence of significant inter-particle
interference. The increased salt concentration in the
second contrast series measurement was explicitly
done to minimize this potential effect that arises
when there are inter-particle distance correlations
in the solutions, often due to electrostatic repulsive
forces, that give rise to a structure factor term. This
term can suppress the lowest-angle data and bias



Figure 3. X-ray and neutron scattering profiles for the
KinA2-2

DSda complex; the plots have been shifted relative
to each other for clarity. Superimposed on the scattering
profiles are the fits to the scattering data for our best-fit
model based on rigid-body modeling using the HK853
dimer and Sda structures.
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the derived structural parameters, thus making
macromolecules appear smaller than they are. As
an additional check, an X-ray scattering concentra-
tion series was measured on the samples used for
the neutron studies. In these data a small concen-
tration-dependent inter-particle interference effect
in the 11.9 mg/ml samples was extracted and
estimated to be 1.2% at Q=0.02 Å−1 and 0.003% at
Q=0.04 Å−1, well below the statistical quality of
individual neutron scattering data sets.
Two different approaches were used to interpret

the dependence of Rg on the mean contrast for the
complex in terms of structural parameters for the
components. The first is based on the work of
Stuhrmann,20 in which the Rg values for the complex
are related to contrast by:

R 2
g ¼ R 2

m þ a

Dq̄
� h

Dq̄2 , ð1Þ

where Δρ̄ is the mean contrast for the complex
(equal to the volume fraction weighted sum of the
contrast values for the KinA and DSda components),
Rm is the radius of gyration value of the complex at
infinite contrast, and α and β are scattering density
related coefficients. The sign of α relates to whether
the center of mass of the component with the lowest
or highest scattering density is closest to the center
of mass of the entire complex, and β is proportional
to the separation of the centers of mass of the two
components. From these coefficients, Rg values for
the KinA2 and 2DSda components in the complex
and the separation of their centers of scattering
density can be calculated using the methods and
equations that we have previously described in
detail.21 These parameters can also be determined
from the parallel axis theorem.21,22 A plot of the
Stuhrmann relationship for the KinA2-2

DSda data
(Figure 4) shows definite quadratic behavior that is
extremely well represented by the fitted polynomial.
The positive value observed for the coefficient α
(corresponding to the position of the apex of the
parabola being at positive values of 1/Δρ̄) reveals
that the higher contrast component (2DSda) lies
towards the periphery of the complex. The struc-
tural parameters obtained from both analyses (Table
3) show that the distance between the centers of
scattering density (which to a good approximation is
the same as the centers of mass) is 27±1 Å, with Rg
for the KinA2 component equal to 25.5±0.2 Å and Rg
for the 2DSda component equal to 25±1 Å.
Another method of analysing contrast variation

data that uses all of the scattering data, as opposed
to the summary Rg values, involves decomposition
of the scattering profiles into contributions from the
deuterated and non-deuterated components, and a
“cross” term due to the proximity of these compo-
nents in the complex.21 Each scattering profile can be
expressed in the form:

IexpðQ,DqH,DqDÞ ¼ Dq 2
H IHðQÞ þ Dq 2

D IDðQÞ
þ DqHDqDIHDðQÞ, ð2Þ

where ΔρH=ρH–ρsolvent, and is the contrast of the
non-deuterated protein, and is the corresponding
quantity for the deuterated protein at a given H:D
ratio in the solvent. Contrast values are calculated
from the amino acid sequence of the proteins, their



Table 2. Structural parameters derived from individual neutron scattering profiles using Guinier and P(r) analyses

Sample
Protein concentration

(mg/ml)
%

D2O

Guinier P(r)

Rg (Å) Rg (Å) Dmax (Å)

KinA2-2
DSda 3.7 0 28.9±0.7 28.3±0.5 80

10 28.3±1.1 28.5±0.9 80
20 28.0±2.8 27.9±1.0 80
70 15.4±1.7 15±8 80
80 22.5±1.3 22.7±0.8 80
90 27.1±0.7 24.4±0.3 80
100 25.7±1.3 25.1±0.3 80

KinA2-2
DSda 11.9 0 28.3±0.2 28.9±0.1 80

10 28.2±0.3 28.3±0.2 80
20 29.1±0.5 28.2±0.3 80
80 22.5±0.2 23.0±0.2 70
90 24.3±0.1 24.2±0.1 75
100 25.3±0.1 25.1±0.1 75

KinA2-2
DSda 26.6 40 21.6±0.6 23.4±0.7 70
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estimated cumulative volumes,23 and standard
scattering lengths for the appropriate atoms con-
tained within them. The scattering profiles IH, ID and
IHD are obtained by weighted least-squares fit to
equation (2) at the different contrast values as
described previously.21 The scattering profiles
obtained from this procedure and the corresponding
P(r) profiles calculated using GNOM are displayed
in Figure 5(a) and (b), respectively. The associated Rg
values are seen to be in good agreement with those
obtained independently from the Stuhrmann plot
and the parallel axis theorem (Tables 2 and 3).
The P(r) profile obtained for the 2DSda component

(Figure 5(b), filled and open red spheres) is
characteristic of two separated globular molecules.
Hence, although Sda molecules alone in solution
exist as dimers, they bind to KinA2 as monomers.
The position of the second peak of the 2DSda profile
also indicates that the centers of mass of the two Sda
molecules are separated by approximately 45 Å. The
extracted P(r) profile for the KinA2 component
(Figure 5(b), blue squares), and the associated Rg
Figure 4. Stuhrmann plot for the KinA2-2
DSda

particle.
and Dmax values (Table 3), as well as the X-ray
scattering data (Table 1), all indicate that the KinA2
in the complex is significantly more compact than
free KinA2 in solution (Figure 2(b)).
The neutron scattering data analysis presented

thus far point towards a model for the KinA2-2
DSda

complex in which the DSda components are posi-
tioned toward the periphery of the complex, the
KinA2 and 2DSda centers of mass are separated by
∼27 Å, and the centers of the two DSda molecules
are 45 Å apart. These constraints place the indivi-
dual DSda molecules on opposite sides of the base of
the DHp stalk of KinA2. Two extreme orientations of
the DSda molecules with respect to the 2-fold axis
down the DHp domain can be considered; one
orientation has each DSda molecule positioned
directly under a CA domain, the other has them
equidistant from the CA domains in a plane
perpendicular to the first positions. Information
regarding the correct orientation is encoded within
the cross-term P(r) profile (Figure 5(b), green
triangles). This plot represents the distribution of
vector lengths between atoms in the non-deuterated
KinA2 and those in the two DSda molecules.
Theoretical profiles derived from the alternate
arrangements are shown in Figure 6. The experi-
mentally derived cross-term P(r) more closely
resembles the theoretical profile derived from a
model in which the DSda molecules lie equidistant
from the two CA domains, showing a single
dominant peak at 40–45 Å. The shoulder evident at
about 25 Å suggests that the DSda molecules bind a
little off center to the equidistant position.
Models for the KinA2-2

DSda complex that satisfy
all of the constraints derived from these basic
analyses of the scattering data will have the DSda
molecules positioned on either side of the DHp
domain of KinA2 near the base and approximately
equidistant from each of the catalytic domains.

Modeling the KinA2-2
DSda complex against all

the scattering data

A KinA2-2
DSda model consisting of our trun-

cated HK853 dimer (described above) and two



Table 3. Structural parameters for the components of the KinA2-2
DSda complex from three different analyses of the

neutron contrast series data

KinA2 in the complex DSda in the complex

Da (Å)Rg (Å) Rg (Å)

Stuhrmann analysis 25.43±0.08 25.31±0.67 27.0±1.0
Parallel axis theorem 25.51±0.08 25.59±0.65 26.6±1.0

Rg (Å) Dmax (Å) Rg (Å) Dmax (Å)
Component scattering functions 25.2±0.1 75 25.1±0.5 75

a D is the separation of the centres of scattering density (or mass) for the KinA2 and 2DSda components.
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monomeric Sda molecules (coordinates from the
NMR structure, PDB 1PV0) was subjected to rigid
body refinement against the combined X-ray and
neutron scattering data using SASREF7.19,24 This
program uses the same simulated annealing
method as SASREF6 to optimize the positions of
component structures to scattering profiles while
Figure 5. Component scattering functions correspond-
ing to KinA2, 2

DSda and the cross term extracted from the
neutron data (a), and corresponding P(r) vector length
distributions (b).
minimizing steric clashes, but has been generalized
to handle neutron contrast variation data on
protein complexes with deuterated components.
All of the measured data to Qmax=0.3 Å−1 were
used. Above this Q value the data are flat and
noisy and do not contain any shape information on
the protein components or the complex. The KinA2
portion of the model was allowed flexibility
between the CA domains and the DHp domain,
whilst the Sda molecules were free to move with
only a loose constraint to help orient them such
that the surface implicated in binding4 was di-
rected towards KinA2. The movement of the CA
domain with respect to the DHp is likely to involve
conformational changes in the linker sequence. The
flexibility in the linker sequence was accomplished
by allowing the CA domain to rotate freely about
two different peptide bonds in the linker sequence
(torsion between S319 and L320, and between R324
and E325 of the 2C2A coordinates). The use of two
points of rotational freedom in the linker sequence
allowed an expansive search for the optimal
positions of the CA domains relative to the DHp
to be performed, including allowing for sampling
positions that stretched the CA domain to the
Figure 6. Two possible orientations of the Sda mono-
mers with respect to the CA domain of the KinA. The
vectors drawn onto the representations of the complex
indicate how features of the P(r) profile can be related to
the structure.



Figure 7. Best-fit model of the KinA dimer (blue surface and skeleton) complexed by two Sda molecules (red surface
and skeleton) obtained from rigid-body modeling. Distances refer to the derived distances between the centers of mass of
the two Sda molecules (∼45 Å) and the distance between the centers of mass of the deuterated (Sda) and non-deuterated
(KinA) components (∼27 Å). Three perspectives are shown.
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opposite end of the DHp stalk. The entire system
was constrained by a 2-fold symmetry axis through
the center of the four-helix bundle of the DHp
domain. The simulated annealing calculation was
repeated 14 times, and each of the minimized
structures consistently positioned the CA domains
and Sda molecules at opposing ends of the DHp
stalk, with the Sda molecules slightly off-set from
the plane perpendicular to the plane of the CA
domains. The model that best fit to the scattering
data (represented in Figure 7) gave χ2 values equal
to 0.97, 0.63, 0.56, 0.56, 0.92, 1.12, 0.95, 1.27 for the
neutron data in 0, 10, 20, 40, 80, 90, 100% D2O and
the X-ray data, respectively. Two of the remaining
minimized structures gave fits that were statisti-
cally as good as this best-fit model, and these had
the same approximate dispositions for the KinA
domains and Sda molecules. The remaining mini-
mizations all gave models that had significantly
worse steric clash penalties and fits, especially for
the 100% D2O data, which are dominated by the
scattering from the KinA2 component. Some of
these remaining structures have the same relative
positions of the CA domains and Sda molecules,
but effectively rotated by ∼90° with respect to the
axis down the DHp stalk. Additional infrequent
refinement outputs with relatively poor fits to the
data were of models in which the CA domains and
Sda molecules effectively swapped ends with
respect to the length of the DHp stalk. These latter
models had the Sda molecules positioned near the
very end of the DHp stalk with a very restricted
surface area of interaction between the Sda and
DHp stalk that was not deemed meaningful. The
sub-optimal characteristics of this interaction result
from the fact that the DHp domain at the sensor
end of the stalk is constructed of only two (not
four) helices.
Ab initio shape restoration modeling of the

complex was also performed using the combined
X-ray and neutron scattering data and the program
MONSA.24,25 A typical dummy atom output from
these calculations is displayed in Supplementary
Data. None of the ab initio reconstructions fit the
scattering data as well as the best-fit rigid body
models. Nonetheless, the features identified are
similar to those of our model presented in Figure
7. Specifically, the deuterated component (2DSda) is
resolved in two positions towards the base of a T-
shaped non-deuterated component (KinA2); the
deuterated species are rotated with respect to the
bulky lobes corresponding to the CA domains; and,
there is a significant separation between the centers
of mass for the deuterated and non-deuterated
components.
Our three best-fit models from our rigid-body

refinements all show very similar arrangements of
the domains and subunits, excellent χ2 values
with respect to all data sets, and have signifi-
cantly lower steric clash penalties. In addition,
they show excellent agreement with the structural
parameters derived independently using the Rg
analyses and scattering profile decomposition
described above and are consistent with the
general features of the ab initio shape restoration
model.

The KinA2-2Sda structure suggests an allosteric
mechanism for inhibition

The scattering data support a model of the KinA2-
2Sda complex in which the CA domains of KinA2 sit
in a “non-active” conformation relative to the target
histidine residues on the DHp stalk, and the Sda
molecules are positioned at the base of this stalk
(Figure 7). Although torsion within the hinge region
has allowed placement of the CA domains such that
they reflect the reduced Dmax observed in the
complex, the target histidine residues in our favored
model are still accessible to the solvent and
potentially the Spo0F protein (discussed below).
The absence of steric overlap between the Sda
molecules and the CA domains suggests that the
inhibition of autokinase activity is not simply the
result of Sda acting as a steric block, as might have
been expected had the Sda proteins bound to the



Figure 8. Models showing (a) the position of point mutants no longer capable of binding Sda (arrows and sticks); (b)
the positioning of Sda molecules (red) in the context of catalytic domains poised for autokinase activity; (c) the positioning
of Sda molecules in the context of Spo0F molecules (pink) poised for phosphotransfer. A stick representation of the target
histidine is used in each case.
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hinge region or to surfaces contributed by both the
DHp and CA domains.
There is some genetic evidence that supports our

scattering-derived model. A mutant of KinA was
recently identified that has reduced affinity for Sda
and retains wild-type autokinase activity (K. A.
Cunningham and W. F. Burkholder, personal com-
munication). The mutant has two missense muta-
tions, P410L and F436S, corresponding to P265 and
I296 in the HK853 structure. Residues P265 and I296
are located in the DHp domain of HK853 (on helices
α1 and α2, respectively), further down the stalk
from the target histidine (Figure 8(a), arrows).
Whilst our model suggests it is unlikely that Sda
interacts directly with these residues (compare
Figure 8(a) and (b)), it is possible that conforma-
tional perturbations arising from the mutated
residues could transmit positional adjustments
down the stalk to the residues to which Sda
specifically interacts.
Our KinA2-2Sda model appears to place the Sda

molecules out of reach of the CA domains. We did
some additional modeling in order to assess the
possibility that they can sterically restrict access of
the CA domains to the target histidine residues by
interfering with their movement into an active
conformation. Using the targeted-crosslink model
of the EnvZ CA domain catalytically poised on the
DHpdomain as a template,12 it is possible to position
the CA domains of HK8532 in similar positions over
the target histidine residues (H260) and associated
DHp domain.13 With the CA domains of HK8532
modeled in this configuration (Figure 8(b)), there
appears to be ample room for both the catalytically
poised CA domains and Sda molecules (red ribbon)
to occupy their positions on the DHp stalk simulta-
neously. Hence, it appears unlikely that Sda func-
tions as a simple molecular barricade. An alternate
possibility, particularly in light of the above-men-
tioned P410L and F436S point mutant findings, is
that Sda exerts its effects via an allosteric mechanism,
with the inhibitory signal transmitted through the
DHp domain.
Finally, a criterion that a KinA2-2Sda model

should meet is the finding that Sda binding, whilst
inhibiting autokinase activity, does not prevent
phosphotransfer from KinA to Spo0F4, the next
protein in the phosphorelay. The structure of
Spo0F has been solved in complex with Spo0B.26

Although structurally similar to the HK853 dimer,
the DHp domain of Spo0B is smaller and has a
slightly different helix bundle arrangement (the
helices within the bundle subtly screw to the right,
not the left as in HK853). The helix that contributes
the bulk of the contact surface with Spo0F, α1, is
structurally very similar to the α1 helix of HK853.
Superposing these helices allows for Spo0F mole-
cules to be docked onto the HK853 dimer in posi-
tions suitable for the phosphotransfer event.13

Figure 8(c) shows Spo0F (pink ribbon) modeled
onto HK853 in just such a manner in the presence
of Sda (red ribbon). In this case some steric overlap
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between the Sda and Spo0F molecules is observed.
If, as suggested by our preferred best-fit model,
the Sda and Spo0F are mutually exclusive binders
of KinA, then how could phosphotransfer to Spo0F
be accomplished in the presence of Sda? Perhaps
the competing equilibria at play (i.e. KinA-Sda and
KinA-Spo0F association and dissociation, and CA
movement between active and relaxed positions)
are such that the CA domains are prevented from
accessing the target histidine in the presence of
either protein. Our rigid-body modeling calcula-
tions did yield some models for KinA2-2Sda
(described above) in which the CA and Sda com-
ponents were rotated by 90° with respect to our
preferred model. Although such arrangements
place Sda molecules where they are no longer an
impediment to Spo0F binding, Spo0F would still
be prevented from accessing the target histidine
due to the differently positioned CA domains.
Hence, coupled with their fitting the scattering
data less well, such alternate arrangements have
been discounted.
Conclusion

Small-angle scattering has been used to analyze
the histidine kinase KinA, its inhibitor, Sda, and the
complex that they form. Both Sda alone and KinA
alone have been found to be homodimers in solution.
When they combine to form the KinA2-2Sda com-
plex, KinA2 undergoes significant compaction com-
pared to KinA2 alone.When binding KinA2, the Sda2
dimer dissociates such that individual Sdamolecules
are available for binding. The Sda molecules have
been shown to bind to the base of the DHp stalk of
KinA2 such that they do not interact with each other
and are unlikely to interact directly with the CA
domains.
The mechanism for the inhibition of KinA auto-

kinase activity was originally proposed to involve
Sda binding KinA2 in such a manner as to prevent
the CA domains of KinA2 from accessing their target
histidine residues.4 This inhibition might have been
achieved by an appropriately positioned Sda acting
as a physical block to the movement of the CA do-
mains, or by Sda binding and immobilizing the
linking region connecting each CA domain to the
DHp stalk. A recent prediction identifies hydropho-
bic residues towards the end of theα2 andα2′ helices
of KinA protomers (adjacent to the hinge regions) as
potential Sda binding sites.15 The scattering experi-
ments presented here best support a KinA2-2Sda
arrangement in which Sda is not in physical contact
with either the CA domains of KinA, or with the
hinge linking the CA domains to the DHp stalk.
Hence, our model suggests that Sda may inhibit
KinA autokinase activity via an allosteric signal
transmitted via the four-helix bundle of the DHp
domain, rather than by acting simply as a steric-
block. The observation that Sda stabilizes KinA
dimerization4 is consistent with such a model, as are
the identification of KinA point-mutations defective
in Sda binding mapping in the vicinity of the Sda-
binding site on the DHp stalk. Modulation of the
autokinase activity of histidine kinases via conforma-
tional changes in the four-helix bundles of DHp
domains has previously been suggested as a means
by which signals from sensor domains of histidine
kinases are transduced to CA domains. Signal
transduction via DHp four-helix bundles might
involve the concerted sliding (“helical piston
displacement”27), tilting or twisting of helices.28

Our model for KinA2-2Sda suggests the intriguing
possibility that such motions could play a role in
transmitting an inhibitory signal.
Materials and Methods

Protein expression and purification

KinAproteinwas overexpressed from the pET28b-based
plasmid pBB2024 to yield a 245 amino acid residue protein
containing the autocatalytic domain of KinA (residues
383–606) fused to a 21 residue N-terminal sequence com-
prising a 6His-tag and thrombin cleavage linker. Full-
length protein had a predicted mass of 27,232 Da, with
subsequent tag removal yielding a 228 residue protein of
25,350 Da. Sda was overexpressed from the pET28a-based
plasmid pSLR654 to yield Sda (46 residues) fused via a
thrombin linker to GST (from Schistosoma japonicum). Tag
removal yielded Sda with two additional N-terminal
residues (Gly-Ser) and a predicted mass of 5584 Da. Both
proteins were overexpressed within an E. coli BL21(DE3)
host induced duringmid-exponential growth at 30 °Cwith
1 mM isopropyl-β-D-thiogalactopyranoside. Cultures
expressing KinA and Sda were harvested 5 or 12 h post-
induction, respectively.
Lysis of both strains was achieved in the presence of

lysozyme (∼100 μg/ml, United States Biochemical) by
cycles of freeze-thaw and pressure shock in a buffer
comprising 50 mM Tris(hydroxymethyl)aminomethane
(Tris, pH 8.5), 50 mM NaCl and 1 mM phenylmethylsul-
phonyl fluoride. All subsequent steps were performed at
room temperature. KinA was purified chromatographi-
cally by sequential passage over DEAE-agarose and Ni-
NTA® resin (Qiagen, imidazole elution). Size-exclusion
chromatography over a HiLoad® 16/60 Superdex 200
prep grade column attached to a BioLogic DuoFlow®
FPLC (both BioRad) in Buffer A (50 mM Tris (pH 8.5),
50 mM NaCl, 150 mM imidazole) yielded protein ∼98%
pure, as judged by SDS-PAGE. Sda was purified by
passage over DEAE-agarose followed by affinity chroma-
tography on glutathione-agarose resin (glutathione elu-
tion). Off-column cleavage of the GST-tag with thrombin
(Roche) was followed by size-exclusion chromatography
as described for KinA, yielding Sda protein ∼98% pure, as
judged by SDS-PAGE.
The DSda was produced by culturing cells in M9 salts

minimal media dissolved in 97% (v/v) D2O using non-
deuterated glycerol as the carbon source. Cells were
adapted to D2O by using a single colony to inoculate a
starter culture comprising 50% D2O. Once an A600 nm of
1.0 was achieved this culture was used to inoculate a
70% D2O culture to an A600 nm of 0.1. This procedure was
repeated for 90% and 97% D2O starter cultures, with the
latter used to inoculate the preparative culture (4.5 l, 97%
D2O, to A600 nm of 0.01). Induction of expression and
purification of DSda were performed as described above
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for the non-deuterated Sda, however the reduced growth
rates resulted in the harvest being performed 24 h post-
induction. Post purification and GST-tag removal, this
method yielded approximately 8 mg DSda.

Whole-protein mass spectrometry

Protein solutions (50 μl) were desalted by dialysis
against 50 mM Tris (pH 8.5). Samples (1 μl) were then
spotted onto a target plate with an equal volume of α-
cyano-4-hydroxycinnamic acid (10 mg/ml in 70% acet-
onitrile, 1% tri-fluoro-acetic acid) and air-dried at RT. Mass
spectra were acquired in the mass:charge range of 1000–
30,000 m/z on a QSTAR XL mass spectrometer equipped
with a MALDI source (Applied Biosystems). Mass
calibration was performed using Glu-fibrinopeptide B
(Sigma) as an external calibrant.

Sample preparation for small-angle scattering
experiments

Protein concentrations were estimated by spectropho-
tometry using calculated molar extinction coefficients at
280 nm (5120 M−1cm−1 for KinA and 1280 M−1cm−1 for
Sda). The KinA2-2Sda complex was formed by incubating
a 1:2 molar ratio of KinA:Sda overnight at room tem-
perature. Complex was separated from excess Sda by size-
exclusion chromatography (described above) and the
composition of fractions confirmed by SDS-PAGE.
Protein samples were concentrated using stirred cells

(Millipore) or centrifuge concentrators (Pall) with 3 kDa
molecular mass cut-offs. Samples used for X-ray scatter-
ing experiments were dialyzed against Buffer A, the
filtrate of which was used for the solvent blank
measurement. The post-dialysis protein concentrations
of samples analyzed by X-ray scattering were: KinA,
3.7 mg/ml; Sda, 5.2 mg/ml; and KinA-Sda complex,
4.4 mg/ml. The monodispersity of all samples was
confirmed by dynamic light scattering (Dynapro) prior
to scattering experiments.
The KinA2-2

DSda samples used in the neutron scatter-
ing experiment were formed and purified as described
above. Mass spectrometry of the DSda component
indicated that ∼86% of non-exchangeable protons were
substituted with deuterium. Mass spectrometry also
revealed that the KinA components of both KinA2-2Sda
and KinA2-2

DSda complexes did not carry a 6His-tag. Two
sets of samples were prepared for neutron contrast
variation experiments. Both involved dialysis of 350–
400 μl protein aliquots against buffers differing only in
their concentrations of D2O. For the first contrast series,
3.7 mg/ml protein samples were dialyzed against Buffer
A with D2O concentrations of 0, 10, 20, 70 (700 μl sample
prepared for this sample), 80, 90, and 100% (v/v). The
“high concentration” contrast series (0, 10, 20, 40, 80, 90,
and 100%D2O) used protein complex at 11.9 mg/ml for all
samples except the 40% D2O sample, which was 26.9 mg/
ml. Additionally, the high concentration contrast series
employed Buffer A containing 200 mM NaCl to counter
potential inter-particle interference. All D2O concentra-
tions were confirmed by densitometry (DMA 5000
Density Meter, Anton-Paar).

Small-angle scattering

The scattering data presented in Figure 2 were collected
at the Australian Nuclear Science and Technology Orga-
nisation (ANSTO, Lucas Heights, Australia) on a Bruker
Nanostar instrument with a copper target (λ=1.5418 Å),
three-pinhole collimation and HiStar 2D detector with
100 μm resolution. 15 μl samples of protein or matched
buffer solutions were sequentially mounted in the same
sealed quartz capillary and irradiated for periods of 1 h per
exposure at 20 °C. The sample to detector distance was
65 cm, giving a measurable Q-range of 0.02–0.34 Å−1,
where Q=4π(sinθ)/λ, and θ is half the angle between the
incident and scattered beams. Six 1 h exposures were
acquired for the common buffer, while three, two, and five
exposures were acquired for the KinA2, Sda2, and the
KinA2-2Sda complex, respectively. A lysozyme concentra-
tion series (6.5, 11.0, 17.5, and 22.0 mg/ml) was also
measured so that analysis of I(0) for each of the samples
could yield information regarding the association state of
the molecules in solution. Data for each exposure were
corrected for non-uniform detector response and radially
averaged to produce I(Q) versus Q profiles using Bruker
software. Multiple scattering profiles for each sample were
averaged, and normalized buffer scattering data were
subtracted to obtain the scattering profile for the protein
using the program PRIMUS.29 Additional X-ray scattering
data characterising the deuterated protein samples and the
weakly scattering, low concentration samples of Sda were
collected at beamline 4-2 at the Stanford Synchrotron
Radiation Laboratory (SSRL,Menlo Park, CA, USA). X-ray
scattering data investigating inter-particle interference
used the instruments at the University of Utah30 (Utah,
USA), and at the Australian National University (ACT,
Australia).
Neutron scattering data were collected on the NG3

30 m SANS instrument at the National Institute for
Standards and Technology (NIST, Gaithersburg, MD,
USA)31,32 using a neutron wavelength of 5.82(±0.04) Å
and sample to detector distances of 1.33 m (detector
offset by 25.00 cm, Q-range 0.03–0.45 Å−1), and 5.00 m
(detector centered, Q-range 0.01–0.09 Å−1). For all
experiments, data collection at 1.33 m was performed
for half as long as collection at 5.0 m, with collection
times at 5.0 m being: 3 h (0%), 3 h (10%), 1 h (20%), 1 h
(70%), 1 h (80%), 1 h (90%) and 1 h (100%) for the low
concentration samples; 2 h (0%), 2 h (10%), 2 h (20%), 2 h
(40%), 1 h (80%), 1 h (90%) and 1 h (100%) for the high
concentration samples. Samples and buffers were loaded
in Hellma quartz cylindrical cells (outside diameter,
22 mm; path length, 1.00 mm, except for the 70% D2O
sample and buffer, which were loaded in 2.00 mm cells).
All measurements were conducted at 20.0 °C. The two-
dimensional data were normalised to a common incident
neutron count (108 neutrons) and corrected for back-
ground counts, empty cell counts, and non-uniform
detector response. The data were placed on an absolute
scale by normalising the scattered intensity to the
incident beam flux. The two-dimensional data were
then radially averaged to produce I(Q) versus Q profiles.
The two data sets for each sample were then merged,
with the high-Q data scaled relative to the low-Q data to
remove any discontinuities between data sets. Normal-
ized buffer scattering data were subtracted from the
protein in buffer data to give the protein scattering
profiles. Due to the effects of incoherent scattering by the
H-rich samples and small variations between quartz
cells, the background levels in the high-Q portion of the
various buffer-corrected scattering profiles showed small
differences. To correct for these effects a constant was
subtracted from all samples such that the average
background level for 0.35<Q<0.40 Å−1 for all samples
was the same as the 80% data, which conformed well to
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the expected Q−4 dependence of the scattering profile at
high-Q for proteins in solution.33 The Rg and I(0) values
were estimated by Guinier analysis, using PRIMUS29

and by indirect Fourier transformation of the data, using
the program GNOM.16 Decomposition of the scattering
profiles and analysis of the contrast dependence of Rg
values (using Sturhmann analysis and parallel axis
theorem) were done using the methods previously
described21 and were performed using specific pur-
pose-written software, using standard weighted least-
squares fitting procedures.

Sequence alignment software

Amino acid alignments between KinA and homologues
was performed with BLASTP (v2.2.14)34 and MAFFT
(v5.743).35 Structural homology was analyzed with the
Dali server.36
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