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Abstract

KdpD/KdpE two-component signaling system regulates expression of a high

affinity potassium transporter responsible for potassium homeostasis. The

C-terminal module of KdpD consists of a GAF domain linked to a histidine

kinase domain. Whereas certain GAF domains act as regulators by binding

cyclic nucleotides, the role of the juxtamembrane GAF domain in KdpD is

unknown. We report the high-resolution crystal structure of KdpD GAF

domain (KdpDG) consisting of five α-helices, four β-sheets and two large loops.

KdpDG forms a symmetry-related dimer, wherein parallelly arranged mono-

mers contribute to a four-helix bundle at the dimer-interface, SAXS analysis of

KdpD C-terminal module reveals an elongated structure that is a dimer in

solution. Substitution of conserved residues with various residues that disrupt

the dimer interface produce a range of effects on gene expression demonstrat-

ing the importance of the interface in inactive to active transitions during sig-

naling. Comparison of ligand binding site of the classic cyclic nucleotide-

binding GAF domains to KdpDG reveals structural differences arising from

naturally occurring substitutions in primary sequence of KdpDG that modifies

the canonical NKFDE sequence motif required for cyclic nucleotide binding.

Together these results suggest a structural role for KdpDG in dimerization and

transmission of signal to the kinase domain.
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1 | INTRODUCTION

In many membrane bound sensor histidine kinases, the
input–output signaling is mediated by a juxtamembrane
adaptor domain, known as HAMP (Histidine kinase,
Adenylyl cyclases, Methyl-accepting chemotaxis, and Phos-
phatase proteins) domains.1 In fewer histidine kinases,
PAS (Per-ARNT-Sim)2,3 and GAF (cGMP-binding PDEs,
Anabaena Adenylyl cyclases, and Escherichia coli FhlA)1,4,5

adaptor domains replace HAMP domains. GAF domains
are one of the largest families of small-molecule-binding
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regulatory domains involved in various signal-transduction
systems and in observed in all forms of life.5–8 To date,
GAF domains are present in �184,337 receptors of bacte-
ria, 13,956 of eukaryotes and 4,583 of archaea.9 In certain
nucleotide phosphodiesterases, regulation of enzymatic
activity is dependent on cyclic nucleotides binding to GAF
domain.7,8,10

At 894 residues in length, KdpD is a relatively large
protein with at least six distinct domains. Topologically it
is comprised of centrally situated four transmembrane
helices with large cytoplasmic N-terminal (M1-W395)
and C-terminal (R499-M894) modules.11,12 The cytosolic
C-terminal module of KdpD, which is the effector mod-
ule is further divided into three domains that includes
the juxtamembrane GAF-domain, followed by histidine
phosphotransfer (DHp) domain (or HisKA) and histidine
kinase (HATPase_c) domain,13,14 together they are referred
to as GAF-DHp-HK module.

KdpD functions as a membrane bound potassium (K+)
biosensor.15–17 Although few structure–function studies
have been attempted, the structure and the functional
role of the individual domains are poorly delineated and
so are the interactions between the domains in regulating
signaling.18–23 Although a previous report suggested that
the oligomeric state of KdpD to be at least a dimer,23 the
elements contributing to oligomerization were not identi-
fied. Here we show that C-terminal GAF-DHp-HK module
of KdpD is a dimer that forms an elongated structure using
SAXS analysis. We determined the crystal structure of the
KdpD GAF domain, identified a four-helix bundle at the
dimer interface that is involved in input–output transition
in response to changes in potassium concentration.

2 | RESULTS

2.1 | Structural characterization

E. coli KdpD GAF domain, namely KdpDG (L515-T646)
(Figure 1) was expressed in a soluble form, purified

(Figure S1A) and crystallized. The resulting GAF domain
incorporated four residues at the N-terminus (sequence:
GAMD) and 13 extra residues at the C-terminus (KLAAAL
EHHHHHH) arising from cloning. During modeling,
seven residues (EHHHHHH) at the C-terminal region were
not traced due to poor electron density. The structure of
KdpDG exhibits a GAF-like fold (Figure 2a,b). It contains
five alpha helices, four beta-sheets and two loops. Whereas
the N-terminal α-helix 1 (L515-V524) and the α-helix
2 (P528-F543) were arranged in antiparallel fashion, the
C-terminal α-helix 5 (P625-T646) was situated parallel
to N-terminal α-helix 1. Clustering together, these helices
form a three-helix bundle. The β-sheets 1, 3 and 4 that
forms a distorted convex surface were sandwiched between
the three-helix bundle and the two large loops (P560-D571
and G582-Y597). These two large loops bookend the
β-sheets that form a convex surface with the intervening
α-helix-3 forming a cap over it. This face of KdpDG, which
points away from the 3-helix bundle forms a putative
ligand-binding pocket as defined in other GAF domains.
Few GAF domains, particularly those associated with phos-
phodiesterase's have been shown to bind cyclic nucleotides
at this site. Symmetry-related KdpDG molecules form a
dimer along the crystallographic axis (Figure 2c).

2.2 | GAF domain dimer interface

The core of the observed dimer fashioned out of a four-
helix bundle was formed by α-helixes 1 and 5 from each
symmetry related molecule. It is buttressed by interac-
tions between the small β-turn (S604-K607) connecting
β-sheets 3 and 4 of one molecule and the α-helix 1 from
the symmetry related molecule. The dimer buried a total
surface area of 1,237 Å2 (Figure 2c) suggesting that this
interface has the potential to be a relevant to quaternary
structure of the full-length KdpD molecule.

The GAF domain dimer interface was characterized
by multiple hydrophobic, electrostatic and water mediated
interactions (Figures 2c and 3). Analysis of the dimer

FIGURE 1 Schematic of KdpD delineating various domains. The N-terminal module starts with the namesake KdpD domain

containing the classical Walker A and B nucleotide-binding motifs followed by the USP (Universal Stress Protein) domain. The centrally

located TM (transmembrane segments 1–4) domain links the N- and C-terminal modules. The C-terminal module consists of the GAF

domain, the DHp (dimerization histidine phosphotransfer) domain containing a conserved histidine, and the kinase domain that binds ATP

to phosphorylate the conserved histidine in the DHp domain. The numbers above and below the boxes show the start and the end residue of

each domain respectively, whereas numbers to the left and right indicate the start and end residue of the full-length KdpD from E. coli
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revealed three layers of interactions stabilizing the inter-
face (Figure 3a). α-helix 5 was a major contributor that
participated in all the layers of interactions. Layer 1
involved hydrophobic interactions between the side
chains of L515/α-helix 1, T633 and L626/α-helix 5, and an
water bridge that connects the hydroxyl group of the side
chain of T633 from two molecules of KdpDG (Figure 3b).
Layer 2 forms the core of the dimer-interface and involves
L637/α-helix 5 from the two protomers (Figure 3c). One-
turn further down the helix from the conserved L637/
α-helix 5 of layer 2 was the residue N640 which was again
one turn above E643 and R644. These residues project
their side chains out of the same face of the α-helix 5 into
the potential dimer interface. N640, E643 and R644
formed a thicket of interactions between protomers in
layer 3 (Figure 3c). E643/α-helix 5 of one protomer inter-
acts with R644/α-helix 5 of the other protomer and vice
versa. N640 was involved in water-mediated interaction

with R644 of its dimeric counterpart. The residues
involved in dimer interface formation (L515, T633, L637,
E643 and R644) are highly conserved (Figure 4).

2.3 | Significance of the GAF domain
dimer interface

Thus far the data suggests formation of a putative dimer,
wherein some residues involved in the dimer interface
are conserved among various genera. To evaluate the
role of these residues, specific changes were introduced
into full-length KdpD, and the variants were assayed
for KdpD mediated gene expression using reporter
β-galactosidase assays. Wild-type KdpD turns-on and
switches-off expression of kdpFABC operon at 0 mM and
10 mM K+ concentration, respectively as demonstrated by
reporter β-galactosidase assays (Figure 5). Truncation of

FIGURE 2 Crystal structure of KdpDG. (a) and (b) A ribbon representation of the KdpD GAF domain (KdpDG). Secondary structure

elements, loops and termini are labeled and indicated by different colors. Helix α3 (D572-G581), which is located at the putative ligand-

binding pocket is colored pink. (c) Representation of a putative dimer formed around the crystallographic axis in space filling and ribbon

representation
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side chain of T633 in layer 1 by introduction of alanine
at that position (T633A) has no effect control kdpFABC
expression. Introduction of a bulky hydrophobic side
chain (T633W) interferes with switching off gene expres-
sion at 10 mM K+ while the induction of expression
at 0 mM K+ remains at wild-type level. Introduction of
large charged residues at this position (T633E and T633R)
negates both the capability of KdpD to switch-on and
switch-off gene expression. Similar pattern of effects on
gene expression were observed for substitutions of L637 of
layer 2 and the residues in layer 3 namely E643 and R644
(Figure 4).

2.4 | Putative ligand binding pocket

Analysis of KdpDG sequence shows the lack of
conserved NKFDE motif (Figure 6a),73 common to cyclic

nucleotide-binding GAF domains of phosphodiesterases.
NKFDE motif was shown to be required for the folding
stability of the GAF domain or stabilization of the cyclic
nucleotide-binding pocket in cyclases and PDEs.8,24–27

The structural comparison of KdpDG with cAMP-bound
PDE10A (PDB ID 2ZMF; Figure 6b) and cGMP-bound
PDE6C (PDB ID 3DBA; Figure 6c) revealed that the loop
connecting β1-α3 (L550-D572) occludes the putative
binding pocket in KdpDG.

2.5 | Analysis of SAXS data

KdpD C-terminal full-length construct, the GAF-DHp-HK
module, which we termed as KdpDGDK was expressed,
purified (Figure S1B) used for SAXS data collection
(Table 1). Computed molecular mass and radius of gyra-
tion values for KdpDGDK show linear Guinier plots with

FIGURE 3 Structural details of the central four-helix bundle at the putative dimer interface. (a) The four-helix bundle made of

α-helices 1 and 5 from each protomer (colored pink and yellow) is stabilized by hydrophobic, electrostatic, and water-mediated interactions.

L1, L2 and L3 represent three layers of interactions at the dimer interface. Residues involved in the dimer interface and the water molecules

are shown as sticks and green spheres, respectively. (b) Close view of layer 1 indicates the involvement of L515/ α1 and T633/ α5. The water
molecules mediate interactions of T633/ α5 interacts with its symmetry-related counterpart. (c) Layer 2 involves hydrophobic interaction

between L637/α5 of two protomers. (d) Layer 3 involves multiple residues involved in an intricate network of electrostatic, hydrophobic and

water-mediated interactions
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expected values and no significant variation across
the range of concentrations studied (Figure 7d). The pair
distance distribution function, P(r), is slightly bimodal
indicating at least two separated domains (Figure 7c).
Shape reconstruction produced good statistics (mean
value of NSD = 0.664, χ2 = 1.062 for the reference) with
no rejected structures. The resulting shape, however,
did not match any biophysically meaningful arrangement
of domains. Analysis of the P(r) function using the
AMBIMETER program reveals the data can match 309
shape categories producing a poor Ambiguity score of
2.49. Despite the apparent ambiguity, AMBIMETER
reported a crude “best” 7-bead structure that matches the
expected structural features of KdpDGDK surprisingly well.

Currently, we lack an experimentally determined
3D-structure of KdpDGDK. Therefore, we constructed a
composite model of KdpDGDK using coordinates from
E. coli histidine kinase (PDB ID 4CTI) from which the

coordinates for HAMP domain were excluded while
retaining those of DHP and HK domains and the crystal
structure of KdpDG determined in this study. The
sequences of 4CTI and KdpDGDK were aligned to the con-
served motif SHDLRTPLT to determine the number
of residues between the joining GAF and 4CTI helices
(Figure S3). GAF dimer was manually docked into the
crude 7-bead structure while attempting to preserve rea-
sonable continuity of helices. At this level of resolution,
sequence composition of the E. coli DHp Kinase domain
is preserved, so no attempt is made to construct a true
homology model here, nor to refine connecting helices.
The GAF domain is situated in the expected location with
a slight asymmetric tilt, but it appears to preserve the nat-
ural twist of the helix pair best seen from the top view
(Figure 7b). The computed scattering profile from the
manually docked model fits the experimental profile well
(χ2 = 1.368).

FIGURE 4 The multiple sequence alignment of KdpD GAF domains (KdpDG) from various bacteria. The residues involved in the

dimer interface formation are indicated by black dots. The conserved residues are boxed. The α-helices and β-strands shown above the

alignment are derived from the structure for E. coli KdpDG (this study), whereas loops and unstructured regions are not shown
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3 | DISCUSSION

KdpD/KdpE two-component signal transduction system
is activated under conditions of potassium limitation
and/or under salt-stress to aid in regaining homeosta-
sis.13,28 Additionally, it is used as an adaptive regulator to
promote the intracellular survival, in a few pathogenic
bacteria.29–32 The effector module of KdpD C-terminal
region (KdpDGDK) is a GAF-linked histidine kinase, where
the juxtamembrane GAF domain (KdpDG) connects trans-
membrane segment to DHp domain. Such a topological
organization is equivalent to that of the conventional
HAMP domain containing histidine kinases wherein, the
HAMP domain acts as a juxtamembrane signal transducer
between the ligand binding domain, transmembrane seg-
ments, and the DHp-HK domains responsible for histidine
autophosphorylation activity. Such histidine kinase activity
mostly occurs in trans therefore, they are at least dimers.
KdpDG belongs to the large GAF family of proteins, some
of its members are capable of binding ligands to regulate
enzymatic activity and promote oligomerization of other
signaling proteins.8,25,26,33–38 Therefore, potential exists
for dual roles, namely ligand binding and dimerization of

the GAF domain which has not been defined for KdpD
and other GAF containing histidine kinases. Although
KdpDG lacks conserved motif for nucleotide binding and
therefore unlikely to bind cyclic nucleotides, other poten-
tial ligand(s) and ligand binding dependent regulation
remain to be discovered.

To understand the structure–function relationships
of KdpDG, we have identified, expressed, and purified
KdpDG (L515-T646) and KdpDGDK (L515-M894). How-
ever multiple attempts to express KdpDDK with varying
domain boundaries were futile. Crystallization was suc-
cessful for KdpG, but not for KdpDGDK resulting in a
high-resolution structure of the former wherein a puta-
tive dimer interface mediated by α-helix 1 (L515-V524)
and α-helix 5 (P625-T646) forms a four-helix bundle.
Although purified KdpDG was not a dimer in solution
(data not shown), The SAXS analysis reveals envelope
that fits an elongated composite model representing
two KdpDGDK molecules wherein two KdpDG domains
are juxtaposed. Furthermore, in the crystal structure
parallelly arranged protomers, and the secondary struc-
ture elements involved at the putative dimer interfaces
of GAF domains of KdpDG are comparable to dimer

FIGURE 5 Role of residues at the interface of the four-helix bundle of KdpDG in KdpD-KdpE mediated signaling. The amino acid

substitutions introduced by mutating full-length KdpD gene used in this analysis are shown below the X-axis, the boxes represent Layers 1–3
from left to right. The reporter β-galactosidase production is expressed as Miller units in media without K+ (K0) and in 10 mM K+ (K10)

conditions permissive and nonpermissive for gene expression respectively. Error bars represent SEM of three independent measurements
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interfaces reported in GAF containing PDE's. In particu-
lar, the arrangement of α-helices 1 and 5 that lead into
and out of the GAF-fold of both these multidomain pro-
teins to form a four-helix bundle at the dimer interface.
α-helix 1 is a continuum of the transmembrane helix IV
in KdpD (Figure S2), while α-helix 1 from PDE2A GAF-B
is continuum of a longer α-helix emerging from the N-
terminally situated tandem GAF-A domain (Figure S4).
Similarly, α-helix 5 of the four-helix bundles of GAF
domains of KdpD and PDE2A lead out to their respective
enzymatic domains (Figures S273 and S4).

The more common and better studied HAMP
domain histidine kinases also have a four-helix bundle
organization involved in input–output transition during
signaling.7,39–45 Various structure based mechanistic models
have been developed for HAMP containing effector mod-
ules invoke either helix rotation, helix tilting or bending,
helix kinks or lever-like motions of the helix to accomplish
conformational changes necessary to move from inactive to
active states and vice versa.42,44–49 Crux to these models is
the presence of a central four-helix bundle and the reor-
ientation of these helices relative to each other around a

FIGURE 6 Sequence and putative active site analysis. (a) The multiple sequence alignment of cyclic nucleotide binding GAF domains

with NKFDE motif marked as blue star. The secondary structure elements are shown for KdpDG (PDB ID 4Y2F) above the alignment. (b).

Structural superposition of cGMP-bound GAF-A domain from the photoreceptor phosphodiesterase 6C (PDB ID 3DBA; cartoon in green) on

KdpD GAF domain (PDB ID 4Y2F; cartoon in orange). The bound cGMP is shown as a stick model. (c) Structural superposition of cAMP-

bound GAF-B domain from the photoreceptor phosphodiesterase 10A (PDB ID 2ZMF; cartoon in cyan) on KdpD GAF domain (PDB ID

4Y2F; cartoon in orange). The bound cAMP is shown as a stick model

TABLE 1 SAXS data

KdpDGDK

(mg/ml) qStart qEnd qRg_min qRg_max Rg rsq I0 MM

0.389 0.01042 0.2833 0.37684 1.27705 36.16584 0.9478 0.18914 76.93601

0.649 0.01274 0.2833 0.46303 1.28384 36.35807 0.95776 0.32628 79.54997

0.811 0.011 0.2833 0.39696 1.29531 36.0913 0.96555 0.38809 75.71918

1.29 0.01042 0.2833 0.38995 1.2998 37.42348 0.98138 0.69296 84.99838

1.62 0.01216 0.2833 0.46219 1.21048 38.0199 0.98394 0.81525 79.62855

1.948 0.01042 0.2833 0.38817 1.29387 37.25261 0.98898 1.04226 84.66034

2.597 0.01042 0.2833 0.39293 1.28792 37.70987 0.99295 1.40474 85.5882

3.24 0.011 0.2833 0.40154 1.28914 36.5082 0.99482 1.64379 80.27699
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shared axis at the dimer interface resulting in altered helix–
helix interactions during input–output transitions. Similar
rearrangements at the dimer interface between helices con-
stituting the four-helix bundle in GAF containing histidine
kinase such as KdpD can be envisioned based on our data
including GAF structure, sequence analysis and SAXS
analysis-based model showing GAF domains as dimers. If
true, the disruption of the observed dimer interface should
cause changes in the activity of KdpD, therefore gene
expression of the K+ pump. Functional studies using full-
length KdpD shows replacement of residues with alanine
that is expected not to disrupt the putative dimer interface
maintains wild-type behavior in regulating reporter gene
expression. Interestingly, introduction of a bulky side
chain residues like tryptophan results in wild-type level
of reporter activity at permissive K+ concentration (0 mM)
whereas the ability to completely switch-off gene expression
at nonpermissive K+ concentrations (10 mM) is com-
promised. In contrast, introduction of charged side chains
that is likely to disrupt the interface abrogates gene expres-
sion in both permissive and nonpermissive K+ concentra-
tions indicating inactivation of KdpD mediated signaling.
Taken together, the elongated dimeric structural model
based on SAXS analysis of KdpDGDK, the α-helical structure
predicted for sequences preceding and following α-helices
1 and 5 of GAF domain, respectively and the analysis of

mutants suggests input–output transitions proposed for
HAMP containing histidine kinases are broadly applicable
to GAF containing histidine kinases.

4 | MATERIALS AND METHODS

4.1 | Cloning, overexpression, and
purification of KdpD-GAF domain (KdpDG)
and KdpD C-terminal domain containing
GAF-DHp-HK module (KdpDGDK)

DNA isolated from E. coli str. K-12 substr. MG1655 was
used as a source of KdpD gene (accession # AAC73788).
Sequences encoding KdpDG (L515-T646) and KdpDGDK

(L515-M894) were cloned into the Nco1 and Xho1 sites of
pHIS-parallel1 vector,50 which introduces a His6-TeV pro-
tease site tag at the N-terminal of the translated fusion pro-
tein (Tables S1 and S2). The entirety of KdpD (KdpD-FL)
gene was amplified by PCR and cloned into pTEVGH11
vector.51 This construct can express a fusion protein
wherein a GFP-His11 tag is fused to the C-terminus KdpD-
FL protein. Site directed mutagenesis was carried out on
this construct capable of expressing KdpD-GFP-His11
using overlap PCR method to introduce single residue
changes for structure–function studies.52

FIGURE 7 Analysis of the C-terminal module (KdpDGDK) using SAXS. (a) SAXS scattering curve, (b) SAXS model fitted with models of

KdpDG dimer in redand model of the DHp-HK domains from E. coli histidine kinase (PDB ID: 4CTI) excluding the HAMP domain at the

bottom in green. (c) Guinier plot and Pair-distribution function, P(r). (d) Concentration dependent changes in Rg and molar mass

2016 KUMAR ET AL.



For protein production, E. coli C43 cells containing
KdpDG and KdpDGDK constructs grown in LB media to
OD600 of 0.7 were induced with 0.5 mM isopropyl β-D-
1-thiogalactopyranoside at 37�C and harvested after 5 hr.
For labeling KdpDG with Se-Met the protocol described
by Hendrickson et al. was followed.53 Pellets of KdpDG

expressing cells resuspended in buffer A (10 mM HEPES
pH 7.5, 0.15 M NaCl) was supplemented with 0.1 mg
DNase and protease inhibitor cocktail (Sigma Aldrich
Co.). The cells were lysed using homogenizer (Avestin
Corp.) at 15,000 psi, clarified by centrifugation to obtain
clarified lysate, which was passed over Ni-NTA column
to obtain purified His6-TeV-KdpD

G. The purified His6-
TeV-KdpDG was incubated with 1:10 wt/wt of TEV prote-
ase overnight at room temperature and the mixture was
precipitated by adding ammonium sulfate to 75% satura-
tion. The precipitate was dissolved in buffer B (10 mM
HEPES pH 7.5, 50 mM NaCl) and subjected to size-
exclusion chromatography using HiLoad 16/60 S200 col-
umn (GE Healthcare) equilibrated with the same buffer.
The purified KdpDG was concentrated using Amicon
Ultra Centricon tubes (Millipore, Massachusetts). Gener-
ally, purified proteins were quantified using Nanodrop
2000c.

KdpDGDK was purified in buffer C (25 mM TRIS
pH 8.0 and 0.5 M NaCl, 5 mM β-ME) using Ni-NTA affin-
ity chromatography as described for KdpDG. Purified
KdpDGDK was subjected to ion-exchange chromatogra-
phy using Resource Q column (GE Healthcare) in buffer
D (25 mM TRIS pH 8.0, 50 mM NaCl, 5 mM β-ME) with
linear salt gradient (0.05–1 M NaCl). The fractions con-
taining highest amounts of protein was concentrated and
further purified by size-exclusion chromatography using
HiLoad 16/60 S200 column (GE Healthcare) in buffer E
(25 mM HEPES pH 7.5, 150 mM NaCl, 2 mM β-ME). The
peak fractions from size-exclusion chromatography were
used for SAXS analysis.

4.2 | Crystallization, data collection,
and structure solution of GAF domain

Crystallization of KdpDG was performed using hanging-
drop method at 20�C by mixing protein (15 mg/ml)
with well solution (30–35% PEG 3350, 0.1 M Bis-TRIS
pH 6.0–6.5) at a 1:1 ratio. The crystals were cryoprotected
by soaking in 35% PEG 3350, 0.1 M Bis-TRIS pH 6.5,
30% glycerol before flash-freezing in liquid nitrogen.
Diffraction data from native crystal was collected at
beamline 21-IDD, Advanced Photon Source and processed
using iMOSFLM.54 Structure determination by molecular
replacement method failed due to very low sequence con-
servation to other GAF domains. Therefore, experimental

SAD phasing was conducted using crystal of Se-Met
labeled KdpDG, purified and crystallized using methods
outlined for native protein. The full 360� diffraction data
set (dlimit = 1.54 Å) was collected at selenium peak-
wavelength (0.97932 Å) at beamline 21-IDD, Advanced
Photon Source. The data collection and refinement statis-
tics are shown in Table 1. The crystal belonging to space
group P21212 contains one molecule in asymmetric unit
with solvent content and Matthews's coefficient of 34.52%
and 1.88 Å3/Da, respectively. The overall anomalous
signal-to-noise ratio is 3.44. Substructure solution, phas-
ing and density modification followed by partial model
building were performed using PHENIX AutoSol and
AutoBuild wizard.55 A total of four selenium sites were
located including one site arising from the start codon
derived from the vector. The Bayesian estimate of map
CC and figure of merit (FOMs) were 0.52 and 0.58, respec-
tively. Iterative model building and refinement were per-
formed in COOT56 and PHENIX.55 The final model has
R-factor and R-free of 18.49% and 20.56%, respectively
(Table 2) which were within the range of average values
for structures refined at these resolutions.57 The final
model has 98.57% of the residues in Ramachandran
favored region and 1.43% of the residues in allowed region.
The structures were validated using comprehensive valida-
tion tools in PHENIX.58,59 Graphics were generated using
PyMOL (http://www.pymol.org) and Chimera.60

4.3 | SAXS data collection, processing,
and modeling

KdpDGDK at concentrations of 0.389, 0.649, 0.811, 1.29,
1.62, 1.948, 2.597, 3.24 mg/ml were prepared in buffer
E and centrifuged at 14,000 rpm for 15 min prior to
data collection. SAXS data were collected on CHESS
beamline F2 at 9.881 keV (1.2563 Å, the tantalum edge) at
1 × 1010 photons/s. The X-ray beam was collimated to
250 × 250 μm2 and was centered on a 2 mm diameter qua-
rtz capillary with 10 μm thick walls (Hampton Research,
Aliso Viejo, CA). To eliminate air scatter from the capillary
tube, full X-ray flight path and beam stop were maintained
in vacuum. Using a Hudson SOLO single-channel pipetting
robot (Hudson Robotics Inc., Springfield, NJ), 20 μl sam-
ples were delivered from a 96-well plate to the capillary.
The sample plugs were oscillated in the X-ray beam using
a computer-controlled syringe pump (Aurora Biomed,
Vancouver, Canada) to reduce radiation damage. Images
were collected on a Pilatus 100 K-S detector (Dectris,
Baden, Switzerland). Sample and buffer solutions were nor-
malized to equivalent exposure before subtraction using
beamstop photodiode counts. The complete automated Bio-
SAXS system is described elsewhere.61
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The sample-to-detector distance was calibrated using
silver behenate powder (The Gem Dugout, State College,
PA). CCD images were reduced to profiles and buffer-
subtracted using the BioXTAS RAW software.62 The
q-space range used, where q = 4πsin(θ)/λ, with 2θ being
the scattering angle, was determined using the Guinier plot
as a guide. Generally, qmin = 0.01 Å−1 and qmax = 0.27 Å−1.
Radius of gyration (Rg) was calculated using both the

method of Guinier63 and the inverse Fourier transform
(IFT) method as implemented in the GNOM program.64 In
the case of the Guinier method, linear fitting was per-
formed on data having a range of qRg < 1.3 unless other-
wise noted. Interactive fitting was performed using the
BioXTAS RAW program.62

Distance distribution functions were calculated using
the program GNOM over a range of Dmax values, examin-
ing the total estimate scores and quality of fit at each step.65

Values of Dmax chosen for comparison of P(r) functions
were the smallest values that yielded smooth decay of the
curve to zero while staying below the Shannon limit set by
the experimental apparatus: Dmax < π/qmin. Ambiguity
assessment of the final scattering profile was performed
using the AMBIMETER program.63 Shape reconstruction
was performed by running 10 independent DAMMIF cal-
culations66 and building a consensus envelope using the
DAMAVER program.67 Manual docking of model domains
into envelopes was performed with PyMOL (http://www.
pymol.org). Scattering profiles for models were generated
and compared with experimental data using the CRYSOL
program.68

4.4 | β-Galactosidase activity assay

Assays for β-galactosidase were performed in strain
HAK006,69 which possess akdpFABC promoter-lacZ
fusion gene on the chromosome. Cells transformed with
plasmids expressing the wild-type KdpD or its GAF
domain dimer interface variants (Table S1) were grown in
minimal medium70 containing KCl at various concentra-
tions (0.0 and 10 mM) and assays were performed as
described previously.71 All assays were done in triplicate.
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