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a b s t r a c t

The ATP binding cassette (ABC) transporters, represent one of the largest superfamilies of primary
transporters, which are very essential for various biological functions. The crystal structure of ATP-
binding subunit of an ABC transporter from Geobacillus kaustophilus has been determined at 1.77 Å
resolution. The crystal structure revealed that the protomer has two thick arms, (arm I and II), which
resemble 'L0 shape. The ATP-binding pocket is located close to the end of arm I. ATP molecule is docked
into the active site of the protein. The dimeric crystal structure of ATP-binding subunit of ABC transporter
from G. kaustophilus has been compared with the previously reported crystal structure of ATP-binding
subunit of ABC transporter from Salmonella typhimurium.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Adenosine-5'-triphosphate (ATP) is an important molecule in
cell biology and interacts with large number of proteins during
biological reactions. ATP binding cassette (ABC) transporters,
represent one of the largest superfamilies of primary transporters,
which are very essential for various biological functions [1]. They
are found in all phyla of life and are responsible for many physio-
logical processes ranging from solute uptake to multidrug resis-
tance. ABC transporters play a major role in nutrient uptake system,
elimination of waste products, and resistance to antifungal agents,
exporting cellular components which functions outside the plasma
membrane and in an antibiotic production. ABC transporters couple
hydrolysis of ATP to vectorial translocation of diverse substrates
across cellular membranes [2]. The energy gained from ATP hy-
drolysis is utilized by the ABC transporters, for the purpose of trans-
bilayer movement of substrates either into the cytoplasm (import)
or out of the cytoplasm (export). Bacterial transporters are either
export complex molecules (lipids, polysaccharides or proteins) or
(N.K. Lokanath).
import small nutrients in cooperation with the soluble solute
binding protein are also belongs to ABC transporters family. ABC
transporters have a conserved domain structure and consist of two
membrane-spanning domains that form the transport pathway and
two cytosolic nucleotide-binding domains that energize the
transport through the hydrolysis of ATP. The nucleotide-binding
domains are highly conserved and contain an amino-acid
sequence motif (LSGGQ) that is involved in the binding of nucleo-
tides. This unique motif is known as C motif or signature motif [3].

Several structures of full-length ABC transporters (BtuCD from
Escherichia coli, MsbA from E. coli and Vibrio cholera) and of many
isolated nucleotide binding domains (NBDs), [HisP from Salmonella
typhimurium [4], ABC transporter from Methanococcus jannaschii
[5] and MalK from E. coli [6]] have been determined. The structures
of NBDs are highly conserved, which include an ATP-binding core
domain with Walker A and B motifs.

ATP-binding ABC transporters are abundant in biology, as they
power the translocation of substrates across the membrane, often
against a concentration gradient, by hydrolyzing ATP and have been
subjected to biochemical and structural studies. In order to gain
insight into the mechanism of ATP-binding subunit of an ABC
transporter, we have initiated the structural studies of ATP-binding
subunit of ABC transporter from Geobacillus kaustophilus (GkaABC).
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Table 1
Crystal data, data collection and refinement statistics of ATP binding subunit of ABC
transporter from Geobacillus kaustophilus.

Data Collection statistics
Space group I222
Unit-cell parameters (Å, �) a ¼ 54.94, b ¼ 78.63, c ¼ 112.96
VM (Å3 Da�1) 2.32
Content of the asymmetric unit Dimer
Resolution (Å) 50.0e1.77 (1.83e1.77)
Reflections (measured/unique) 166778/24183
Rmerge (%) 5.3
Completeness (%) 99.9 (99.5)
<I/s(I)> 18.8 (4.9)
Redundancy 6.9 (6.2)
Refinement statistics
Resolution (Å) 50.00e1.77 (1.83e1.77)
Rcryst (%) 21.6
Rfree (%) 25.0
rms bond lengths (Å) 0.005
rms bond angles (�) 1.24
Ramachandran plot (%)
Most favored 96.64
Additional 1.68
Generous 1.68

Values in parentheses are for the highest resolution shell.
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ATP-binding subunit of ABC transporter from GkaABC, shows an
amino-acid sequence identity of 26% to the ATP-binding subunit of
ABC transporter from S. typhimurium (StyABC; HisP) [4]. We have
reported the purification and crystallization of ATP-binding subunit
of an ABC transporter from G. kaustophilus [7]. Here we report the
high resolution crystal structure of ATP-binding subunit from
Fig. 1. Overall ribbon representation of ATP-binding subunit of GkaABC. (A) The monomeri
correspondingly. The docked ATP molecule is shown as ball-and-stick model. (B) View of th
represented by magenta and green colors. (C) Dimeric interface: The beta sheets b1, b2 and b
figure legend, the reader is referred to the web version of this article.)
GkaABC, providing definitive evidence for the involvement of ATP
binding in the molecular mechanism of ABC transporter.
2. Materials and methods

2.1. Protein purification and crystallization

The ATP-binding subunit of GkaABC was purified and crystal-
lized as described [7]. For the preparation of selenomethionine-
substituted ATP-binding subunit of GkaABC, the recombinant E.
coli BL21 (DE3) Star (Invitrogen) cells were grown in M9 medium
until they reached an absorbance at 600 nm (A600) of 0.4. At this
point, 100 mg of L-lysine, 100 mg of L-phenylalanine, 100 mg of L-
threonine, 50 mg of L-isoleucine, 50 mg of L-leucine and 60 mg of
SeMetwere added to 1 l of culture and the cells were grown at 37 �C
for further 1 h, before inducing the expression with 1 mM IPTG
overnight at 25 �C. The proteinwas purified using SuperQ Toyopearl
650, ResourceQ, Hydroxylapatite and Superdex 200 columns. The
purified protein was concentrated to 12.2 mg/ml for crystallization
studies. The selenomethionine-substituted ATP-binding subunit of
GkaABC was crystallized in a similar way as the native ATP-binding
subunit of GkaABC [7].
2.2. Data collection, structure determination and refinement

Data sets were collected at the synchrotron beam line BL26B1 at
SPring-8, Japan, under cryogenic conditions. Crystals were flash-
frozen with liquid nitrogen at 100 K in their respective mother li-
quor or soaking solution containing 25% (v/v) glycerol as
c structure of ATP-binding subunit of GkaABC, N-terminal and C-terminal are marked
e dimer along an axis perpendicular to its two-fold axis. Domains, arm I and arm II are
4 are labeled at the dimer interface. (For interpretation of the references to color in this
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cryoprotectant. The RIGAKU CCD detector was used for data
collection. The data were processed and scaled using HKL 2000
suite [8]. The datasets were completed by including all possible hkl
and Rfree columns using UNIQUE of CCP4 suite [9]. The data
collection parameters and processing statistics are given in Table 1.

The structure of ATP-binding subunit of GkaABC was solved by
multi-wavelength anomalous dispersion phasing method [10] us-
ing the automatic structure determination software SOLVE [11].
Refinement was carried out using CNS [12]. The model was further
improved using the graphics program COOT [13] through its real
space fitting and interactive manual building. Stereochemical
quality of the coordinates was checked with the program PRO-
CHECK [14]. The final atomic coordinates of ATP-binding subunit of
GkaABC are deposited in the RCSB Protein Data Bank (http://www.
rcsb.org/pdb) with the accession codes 4RVC. The summary of the
refinement statistics are given in Table 1.
2.3. Model analysis

DALI [15] server was utilized for structural similarity search
against all known structures deposited in the protein data bank.
Figures preparation and superposition of protein models were
performed using PyMol (www.pymol.org). Dimeric surface area of
ATP-binding subunit of GkaABC and hydrogen bonds were calcu-
lated using PISA [16].
2.4. Molecular docking studies

Molecular docking analysis was performed using the docking
programme Glide version 6.2 (Maestro. Schrodinger, USA). The
atomic coordinates of ATP binding ABC transporter from G. kaus-
tophilus was initially aligned with the HisP (PDB code 1B0U) co-
ordinates employing protein structure alignment tool of Maestro
Fig. 2. Structure based sequence alignment of ATP binding subunit from GkaABC and Histidi
binding. Green colored dashes represents the loops, and are labelled. Invariant residues are c
is referred to the web version of this article.)
9.8 and then the ATP coordinates from 1B0U were transferred to
4RVC pdb. The resultant complex of 4RVC coordinates were mini-
mized further through MacroModel 10.3 in a simulated aqueous
environment, employing OPLS 2005 force-field, selectively con-
straining the protein and water coordinates. Docking grids were
generated around the ATP binding site and the ATP from the
complex was scored employing standard precision ‘Score in Place’
protocol of Glide 6.2. The images were prepared using PyMOL 1.0
[17].
3. Results and discussion

3.1. Overall structure of ATP-binding subunit of GKaABC

The crystal structure of ATP-binding subunit of GKaABC had 245
amino-acid residues, of which wewere able tomodel 241, we could
not trace residues Asp242, Asp243, Ala244 and Pro245 in the
electron-density map and thus not included in the final model. The
ATP-binding subunit of ABC transporter belonged to a plus b class
of protein folds with nine aehelices and nine b-strands, which are
arranged as b1 e b2 e b3 e a1 - b4 e a2 - b5 e a3 e a4 e a5 e b6 -
a6 -b7- a7e b8 - b9 e a8 e a9 (Fig. 1A). These structures assembles
into two domains (arm I and arm II) grouped together resembles 'L0

shape (Fig. 1B). The arm I consists of a combination of a þ b
structures (b1-b2, b4, a1 and a2), whereas the arm II consists of
only a helices (a3-a8) (Fig. 1B). In addition, the remaining beta
sheets b3-b5-b6-b7-b8-b9 intermediates between the two arms.

Crystallographic analysis revealed that ATP-binding subunit of
GkaABC exists as apparent dimer in the crystal with extensive
interface. These dimers (Fig. 1B) are consistent with the earlier
studies on dynamic light-scattering showing the dimeric state of
ATP-binding subunit of GkaABC in solution [7] and the dimeric
interface area is found to be 1022 Å2. In the crystal structure,
ne permase from Salomonella typhimurium. Red stars indicate residues involved in ATP
olored red. (For interpretation of the references to color in this figure legend, the reader

http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
http://www.pymol.org


Fig. 3. (A) Superimposition of ATP binding subunit from GkaABC and Histidine permease from StyABC subunit structures. ATP binding subunit from GkaABC is colored in cyan and
Histidine permease in green. Differences at the main-chain level between these two structures are circled with black broken lines. (B) Structural surroundings of ATP-binding
subunit of ABC transporter. Docked ATP molecule is shown in ball-and-stick model, important residues are depicted as stick models and labeled, and water molecules shown in
red spheres. Hydrogen bonds are indicated by broken lines (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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prtomer oligomerizes into dimer with major interactions from beta
sheets (b1, b2 and b4) of the arm I (Fig. 1C). The invariant residue
Asp8 located at the dimer interface is stabilized by intermolecular
hydrogen bonds through water molecule. The residues (Gly39,
Fig. 4. Comparison of ATP-binding environment. (A) GkaABC residues (ball-and-stick mode
Ser43, Thr44, Asp159, Glu160, His192 and Glu83) are compared with StyABC (Tyr16, His19
model. (B) Superposition of ATP molecule of GkaABC with StyABC. (C) Comparison of ATP-b
StyABC are shown as cartoon diagram.
Gly41, Lys42, Ser43 and Thr44) of phosphate binding loop within
ATP binding pocket of arm I are conserved (Fig. 2). The invariant
residues Asp159 and Glu160, which are important for ATP hydro-
lysis are located in the arm II.
l) involved in the ATP binding (Tyr13, Gln16, Thr44, Asn38, Gly39, Ala40, Gly41, Lys42,
, Ser41, Gly42, Ser43, Gly44, Lys45 and Glu179). The ATP molecule is shown as a stick
inding region of GkaABC and StyABC. Structures of ATP-binding subunit of GkaABC and
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3.2. Structural comparison

The 3-D structural similarity search was performed using DALI
server for ATP-binding subunit of GkaABC coordinates with the
available structures in the protein data bank. The closest structural
homologue was found to be HisP, the ATP-binding subunit of the
histidine permease (StyABC, PDB code 1B0U), which shared 26% of
amino-acid sequence identity and shows a r.m.s.d of 1.347 Å for
169 Ca atoms on superposition (Figs. 2 and 3A) [4].

The overall structure of ATP-binding subunit of GkaABC is similar
to that of ATP-binding subunit of StyABC (HisP) [4]. However, struc-
tural divergences are found in theN-terminal region and loop regions
(I, II, III, IV and V). The active site region is very well conserved. The
structural differences have arisen in loops I, II, III, IV, and V due to
deletion or insertion of amino acid residues (Fig. 3A). Three b-sheets
of loops I, II and III are deleted and deletion of a-helix in the IV loop
and V loop exhibits a significance deviation when compared to the
structure of HisP (Fig. 3A). A conserved glutamine-rich sequence
(LSGGQQQRV), termed as 'linker peptide' [18] or 'significant motif'
[19] is evident. The overall structure of ATP-binding subunit of
GkaABC is well conserved with respect to functional and structural
aspects, but with the exception of few loop regions [8].

3.3. ATP binding site and docking analysis

Attempt was made to co-crystallize ATP-binding subunit of
GkaABC with the ATP molecule but it failed to get ternary complex
crystals. Therefore, docking analysis was performed to bind ATP
molecule with the ATP-binding subunit of GkaABC. Docking anal-
ysis was carried out to screen the potential active principle that
could interact with the ATP molecule. The ATP molecule showed
appreciable binding affinity and binding energy. The docked ATP
molecule has better docking score of, -2.2. Residues, Tyr13 (side
chain), Thr14 (side chain), Leu37 (back bone), Gly39 (back bone),
Gly41 (back bone), Lys42 (back bone) and Ser43 (side chain)
contribute to make hydrogen bonds with the ATP molecule (Fig.
3B). The ‘phosphate-binding loop’ or ‘P-loop’ which wraps the b-
phosphate of ATP in ATP-binding pocket, has structures similar to
that of nucleotide-binding proteins such as Ras and adenylate ki-
nase [20]. This is analogous to the A motif of Walker's A/B motif [3].

The ATP binding environment of GkaABC is similar to the ATP-
binding of HisP (Fig. 4A). Binding of ATP molecules for both
GkaABC and StyABC protomers are superposed, and observed that
adenine and ribosemoieties are in the same conformation, whereas
the tri-phosphate moiety shows a conformational deviation (Fig.
4B). The Pa-O2 directly hydrogen bonds to Thr44, Ser43 and
through water molecule to Tyr13. Lys42 and Asp159 (with water
molecule) interacts with oxygen of Pb. Finally, oxygen atoms of Pg
hydrogen bonds to water molecules showing a conformation
favorable to solvent roviding exposed (Fig. 4A and B).

The structural surroundings of the ATP binding region of ATP-
binding subunit of GkaABC are compared with ATP-binding of
HiSP (Fig. 4A and B). The orange colored ball-and-stick residues
represent the residues of GkaABC and the residues of StyABC are
represented by magenta and blue colored sticks. ATP binding res-
idues are Tyr13 (Tyr16), Gln16 (His19), Thr44 (Thr47), Asn38
(Ser41), Gly39 (Gly42), Ala40 (Ser43), Gly41 (Gly44), Lys42 (Lys45),
Ser43 (Ser36), Thr44 (Thr47), Asp159 (Asp178), Glu160 (Glu179),
His192 (His211) and Glu83 (Gln100), where the residues within the
paranthesis are from StyABC.

In conclusion, the high resolution crystal structure of ATP-
binding subunit of GkaABC has been determined. The apo-form
structure of the ATP-binding subunit of GkaABC is docked with
ATP molecule. This structure is comparable to that of ATP-binding
subunit of StyABC (HisP), which has similar properties. The active
site, which provides the molecular basis for understanding the
binding of ATP molecule, has been successfully identified.
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