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ABSTRACT: The ATP-binding cassette (ABC) transporter
ComA is a key molecule essential for the first step of the
quorum-sensing system of Streptococcus. The nucleotide binding
domains (NBD) of Streptococcus mutans ComA with different N
termini, NBD1 (amino acid residues 495—760), NBD2 (517—
760), and NBD3 (528—760), were expressed, purified, and
characterized. The shortest NBD3 corresponds to the region
commonly defined as NBD in the database searches of ABC
transporters. A kinetic analysis showed that the extra N-terminal
region conferred a significantly higher ATP hydrolytic activity
on the NBD at a neutral pH. Gel-filtration, X-ray crystallog-
raphy, and mutational analyses suggest that at least four to five
residues beyond the N-terminal boundary of NBD3 indeed

participate in stabilizing the protein scaffold of the domain structure, thereby facilitating the ATP-dependent dimerization of
NBD which is a prerequisite to the catalysis. These findings, together with the presence of a highly conserved glycine residue in
this region, support the redefinition of the N-terminal boundary of the NBD of these types of ABC exporters.

TP-binding cassette (ABC) transporters form one of the

largest protein superfamilies in many organisms and
participate in a diversity of physiological functions, including
virulence secretion, multidrug resistance of tumor cells*® and
pathogenic bacteria,* antigen presentation,” and regulation of
ion channels.® The typical core architecture of an ABC
transporter is two transmembrane domains (TMD) and two
cytosolic nucleotide-binding domains (NBD). The TMDs form
the transport pathway with several membrane-spanning a-
helices, which are divergent in sequence and number, reflecting
the wide range of endogenous and exogenous ligands for the
ABC transporters. On the other hand, the NBDs provide the
driving force for substrate transport by their ATP hydrolytic
activity and are conserved among the superfamily.

Despite the common organization of these domains, two
TMDs and two NBDs are encoded in independent polypeptide
chains and assembled together in most ABC importers, while in
most ABC exporters, the dimers are formed from two
polypeptide chains which are composed of the N-terminal
TMD and the C-terminal NBD or from a single polypeptide
chain with two TMD—NBD units fused in tandem.” Thus, for
the ABC exporters, a linker region connects the TMD and
NBD. Routinely, as in database searches, the boundaries in this
linker region of the ABC exporters are defined by sequence
comparisons with the N-termini of soluble single-domain—
polypeptide NBDs of the ABC importers and other nucleotide
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triphosphatase superfamily members such as Rho GTPases and
RecA.® There have been several studies where constructs with
different N termini of NBDs of the ABC exporters were
heterologously expressed in Escherichia coli to test the solubility
of the protein products.””'> However, there have been no
reports that discussed the exact domain boundary of NBD in
terms of its detailed functional and structural properties.
ComA of Streptococcus is an essential ABC exporter for
quorum-sensing signal transduction. Quorum-sensing is a
bacterial cell—cell communication system mediated by an
inherent small molecule to properly respond to environment
changes and survive as a “community”."” Bacterial cells sense
the concentration increase of the secreted signal molecule in
response to the change in the cell density by either the cell
surface or intracellular receptors and then alter the target gene
expression.M’15 In Streptococcus, the quorum-sensing system is
believed to regulate the competence for genetic trans-
formation'® and biofilm formation."’ ™" The competence-
stimulating peptide, which functions as a quorum-sensing signal
in this bacterium, is cleaved from the precursor peptide ComC
and concomitantly exported to the extracellular space by ComA
with a help of the accessory protein ComB. ComA is a member
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of the ABC exporter maturation and secretion (AMS) protein
family. This family features the N-terminal peptidase domain
preceding the TMD, consisting of six membrane-spanning
segments, and the C-terminal NBD located on the cytoplasmic
face of the membrane.”® We have recently characterized the
peptidase domains from six species of Streptococcus and
determined the three-dimensional structure of this domain
from S. mutans at the near-atomic resolution of 1.9 A*"** It
was also proposed that the peptidase domain of ComA
recognizes ComC in a dual mode, in which a tight cleft in the
vicinity of the active center binds the Gly—Gly cleavage motif
and a shallow hydrophobic concave surface accommodates the
conserved hydrophobic residues in the N-terminal region of
ComC. On the other hand, little is known about the transport
mechanism of the cleaved quorum-sensing peptide across the
membrane, especially how the cleavage reaction and the
transport are cooperated. To address this issue of interest, other
parts of ComA, the TMD and the C-terminal NBD, should be
investigated in isolation or in combinations with each other and
the peptidase domain.

In this study, we found that the extra N-terminal region
beyond the commonly annotated N-terminal boundary of NBD
increased the ATPase activity and facilitated the dimerization of
the NBD, which is essential for the catalysis. The crystal
structure of the longest version of the NBD homodimer in
complex with ATP-Mg** was then determined. The structure
suggests that the N-terminus is located on the opposite side of
the active site, but that a few residues of them are structurally
integrated into the protein scaffold of the domain. This region
contains a highly conserved glycine residue, and the
replacement of this glycine with alanine impaired both the
catalytic activity and the dimer formation. The present data
would redefine the N-terminal boundaries of the NBDs of the
ABC exporters.

B EXPERIMENTAL PROCEDURES

Cloning and Plasmid Constructions of S. mutans
NBDs. For the construction of the expression plasmids, the
genes encoding the NBDs were directly amplified from the S.
mutans (strain ATCC No. 700610) genomic DNA (GenBank
AE014133) by PCR using the primers NBD1f and NBDr-his
for bases 272110—272907, NBD2f and NBDr-his for bases
272176—272907, and NBD3f and NBDr-his for bases 272209—
272907. The sequences of the primers used for the PCR are
listed in Table S1. A Hiss-tag sequence was attached to the C-
terminal end of each NBD for the convenience of the
purification. The PCR products were digested with Ndel and
Sall and ligated into pET21-b to generate pSMuN1, pSMuN2,
and pSMuN3. The nucleotide sequences of the coding regions
of all the expression plasmids were verified using an Applied
Biosystems DNA sequencer, model 3130.

Site-Directed Mutagenesis. Mutagenesis was done using
a QuikChange II site-directed mutagenesis kit (Stratagene)
according to the manufacturer’s instructions with pSMuN1 as
the template. The primer pairs used for the mutagenesis are
listed in Table S1. The nucleotide sequences of the entire
coding regions were verified.

Protein Expression and Purification. For expression of
the wild-type and mutant NBDs, an E. coli strain, BL21 (DE3)
pLysS, was used as the host. The E. coli cells carrying each
expression plasmid were grown overnight at 37 °C in LB
medium containing 50 pg/mL ampicillin and 20 pg/mL
chloramphenicol. The overnight culture of 3 mL was used to
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inoculate 600 mL of LB medium containing S0 pg/mL
ampicillin and 20 pug/mL chloramphenicol, and the cells were
grown with shaking at 37 °C for 2 h. For induction, isopropyl-
p-p-thiogalactopyranoside was added to the culture to a final
concentration of 0.2 mM, and the culture was allowed to grow
at 37 °C for an additional 2 h. After the 2-h induction, the
cultured medium was chilled in an ice—water bath, and the cells
were harvested and resuspended in 12 mL of a buffer
containing 20 mM Tris-HCl, 500 mM NaCl, and 5§ mM
imidazole, pH 7.9. The cell suspension was stored at —80 °C.

For protein purification, the cell suspension was thawed in a
water bath, and then any insoluble material was removed by
centrifuging at 15000g for 20 min at 4 °C. The supernatant was
applied to a column packed with 1 mL of His-Bind Resin
(Novagen). After the column was extensively washed with the
above buffer containing 80 mM imidazole, the NBDs were
eluted with a buffer containing 20 mM Tris-HCl, 500 mM
NaCl, and 100 mM EDTA, pH 7.9. The eluate from the
His-Bind column was dialyzed against a buffer containing 20
mM Tris-HCl, 150 mM NaCl, and 0.1 mM dithiothreitol
(DTT), pH 7.0. GS26A NBD1 used in the kinetic analysis was
further purified using a Superose 12 10/300 GL column (GE
Healthcare) connected to an AKTA fast protein liquid
chromatography (FPLC) system (GE Healthcare) at the flow
rate of 0.5 mL/min. The column was equilibrated and run with
a buffer, 20 mM Tris-HC], 150 mM NaCl, 0.1 mM DTT, pH
7.0. All the chromatography procedures were done at ambient
temperature. The concentrations of the NBDs were spec-
trophotometrically determined based on the number of the
aromatic amino acid residues.”®

Circular Dichroism (CD) Measurements. The CD
spectra of NBDs were recorded using a Jasco spectropolarim-
eter, model J-720WI (Jasco), equipped with a thermocontroller
using a 0.1-cm light path sample cell. For the pH stability
analysis, NBD in 20 mM Tris-HCI, 150 mM NaCl, 0.1 mM
DTT, pH 7.0, was diluted with 39X volume of each of the
following buffer solutions: 30 mM sodium acetate (for pHs 3.9
and 4.9), 30 mM sodium phosphate (for pHs 5.9, 6.9, and 7.9),
or 30 mM sodium carbonate (for pHs 8.8 and 9.9) containing
150 mM NaCl. The final pH values were determined after CD
measurements using a Horiba pH meter, model F-52 (Horiba).
The CD spectra were measured at 25 °C.

Determination of Kinetic Parameters. The NBD’s
activity was assayed in a 100 pL reaction mixture containing
50 mM Tris-HCI, 150 mM NaCl, 10 mM MgCl,, pH 8.5 or 7.0,
and various concentrations of ATP. The ATP hydrolysis
reaction was started by adding the NBD solution to a final
protein concentration of 2.0 yuM. The reaction was carried out
at 25 °C, and 10 L aliquots were transferred to wells of a 96-
well plate containing 50 uL of BIOMOL GREEN reagent
(Enzo Life Sciences) to quench the reaction and measure the
inorganic phosphate at 620 nm by a microplate reader 680 XR
(BIO-RAD). The data were analyzed using the Hill equation:

(1)

where v = velocity, k., = the catalytic rate, [E] = enzyme
concentration, [S] substrate concentration, Ky the
concentration of substrate at 50% of the maximum velocity,
and n = the Hill coeflicient.

Gel-Filtration Analysis. A gel-filtration analysis was carried
out using an AKTA FPLC system equipped with a Superose 12
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10/300 GL column at the flow rate of 0.5 mL/min. The
column was equilibrated and run with a buffer, 50 mM Tris-
HCl, 150 mM NaCl, pH 8.5 or 7.0, containing various
concentrations of ATP (and Mg*"). The elution of NBD was
monitored by the absorbance at 280 nm, and an elution volume
was measured from the start of the sample application to the
apex of each elution peak. The elution volume was calibrated
using a gel-filtration calibration kit (GE Healthcare) containing
ribonuclease A (13.7 kDa), carbonic anhydrase (29.0 kDa),
ovalbumin (43.0 kDa), and conalbumin (75.0 kDa). The
logarithm of the molecular mass was plotted versus K,y that
was calculated for each protein as follows:

Ky = (V. = )/ (V, = V) (2)

where V, = elution volume for the protein, V, = column void
volume, and V, = total bed volume.

Protein Crystallization and Data Collection. NBD1
E690A was concentrated to about 7.5 mg/mL in 16.7 mM Tris-
HCI, 125 mM NaCl, 12.5 mM ATP, and 0.083 mM DTT, pH
7.0, using a Vivaspin 6 centrifuge concentrator with a molecular
mass cutoff of 10 kDa (Sartorius Stedim Biotech). Crystals
were grown by sitting drop vapor diffusion. The protein
solution containing 20 mM MgCl, was mixed with the
precipitant solution containing 20% polyethylene glycol 8000,
0.1 M CAPS, pH 10.5, and 0.2 M NaCl at 4 °C in a 1:1 ratio.
Crystals were observed on day S. The crystals were briefly
soaked in the precipitant solution with 22.5% glycerol and flash
frozen in a liquid nitrogen stream (—173 °C). The crystallo-
graphic data were collected at BL44XU in SPring-8 (Hyogo,
Japan) using a MX-22SHE detector. The data sets were
processed and scaled with the program package HKL 2000.>*

Structure Determination and Analysis. The structure
was solved by molecular replacement with MOLREP*® using
the homology model of NBD2 constructed from the crystal
structure of TAP1 (PDB ID code 2IXE). Model building and
refinement were performed with the programs REFMACS,*
COOT,”” and PHENIX.*® The refinement statistics are
summarized in Supplemental Table S2, Supporting Informa-
tion. The secondary structure elements were determined by the
Stride program.”” Figures were drawn using the program
Chimera.*® The atomic coordinates and structure factors have
been deposited in the Protein Data Bank (www.rcsb.org/)
under the accession code 3VX4.

B RESULTS

Expression and Purification of ComA NBDs with
Different N Termini. First, the boundaries of the TMD and
NBD domains of S. mutans ComA were deduced by the CD-
Search of the NCBI conserved domain database.® The database
search predicted that the amino acid residues 212—482 and
528—760 of ComA are the TMD and the NBD, respectively.
We then tried to heterologously express the NBDs with three
different N termini: NBD1 (residues 495—760), NBD2 (517—
760), and NBD3 (528—760). Each NBD could be expressed as
a soluble protein in E. coli and purified to apparent
homogeneity as judged on the SDS-polyacrylamide gels (Figure
S1). The yields of the purified proteins from 300 mL of the
bacterial culture were routinely ~5.2 mg for NBD1; ~ 1.1 mg
for NBD2; and ~2.3 mg for NBD3.

Before doing a detailed analysis on the isolated NBDs, the
structural stability and folding properties of NBD1 were
determined by circular dichroism (CD) measurements.>
Figure S2 shows the CD values of NBD1 at 222 nm in the
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pH region of 4.9—9.9 measured immediately and at 24 h (kept
at 25 °C) after the pH changes. The zero time data show that
NBD1 is stable at pH > 5.9, although immediately denatured at
pH 4.9. After 24 h, the CD values were identical to those at
zero time at pH > 6.9, while the CD spectrum deteriorated at
pH 5.9. Thus NBD1 is properly folded and stable enough for
the analyses described below at neutral to alkaline pHs.
Kinetic Parameters of NBDs for ATP Hydrolysis.
Generally, the ATP hydrolytic activities of the NBDs have
been measured at either neutral®"** or alkaline pHs.>*** In this
study, the kinetic parameters of NBD1, NBD2, and NBD3 for
ATP hydrolysis were determined at pHs 8.5 and 7.0 (Table 1).

Table 1. Kinetic Parameters of NBDs for ATP at pHs 8.5
and 7.0°

_ kae/ Kog
NBDs ke (min™") Ky (mM) M'sTh) n
pH 8.5
NBD1 2.4 (0075) 0.49 (0.028) 82 1.6 (0.097)
NBD2 1.6 (0.086) 0.35 (0.036) 76 17 (0.24)
NBD3 0.55 (0.026) 0.86 (0.061) 11 1.8 (0.17)
GS26A 0.098 (0.0086) 12 (0.16) 14 1.9 (0.030)
NBD1
pH 7.0
NBDI 12 (0.042) 049 (0.030) 41 17 (0.12)
NBD2 0.95 (0.024) 0.44 (0.020) 36 1.6 (0.087)
NBD3 0.059 (0.0063)  0.74 (0.12) 13 16 (0.24)
GS26A 0021 (0.0012) 053 (0.044) 0.66 2.2 (0.036)
NBD1

“The experiments were carried out at 25 °C in 50 mM Tris-HCI, 150
mM NaCl, 10 mM MgCl,, pH 8.5 or 7.0, as described in Experimental
Procedures. The concentrations of ATP were 0.05—2 mM, except for
0.25—3 mM for NBD3 at pH 8.5 and 0.25—4 mM for G526A NBD1 at
pH 8.5. The concentration of NBDs was 2.0 uM. Numbers in
parentheses indicate the standard deviations.

The enzymatic activities were evaluated by measuring the initial
rate of inorganic phosphate release at various ATP concen-
trations. The ATPase activity of the NBDs at these pHs did not
follow the simple Michaelis—Menten kinetics in the [S]—v plot
but displayed sigmoidal curves (Figure 1 for NBD1) with Hill
coefficients (n) of 1.6—1.8. The catalytic rates (k) of NBDI,
NBD?2, and NBD3 at pH 8.5 were 2-, 1.7, and 9.3-fold higher
than those at pH 7.0, respectively, whereas the K, values for

2.0
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£
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5
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0;

0 05 10 15 20
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Figure 1. v/[E] versus substrate concentration plot of NBD1 for ATP.
Different concentrations of ATP were hydrolyzed with 2.0 uM NBD1
in a buffer containing 50 mM Tris-HCl, 150 mM NaCl, at pH 8.5
(open circles) or 7.0 (closed circles) and 25 °C. Data points were
fitted to a Michaelis—Menten equation (dashed line) or a Hill
equation (solid line).
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NBD1 NBD2

(495—) (517—)
Coma 495 ARVANTRLNEVYLVESEFEKDGDLSENSFLD,
HlyB 435 QQVGISVTRLGDVLNSPTESYHGKLALPEI
Savlg866 307 SFASMDRVFQLIDEDYDIKNGVGAQPIEIK!
MsbA 309 QRGMAACQTLFAILDSEQEKDEGKRVIDRA!
TAP1 446 KSVGASEKIFEYLDRTPCSPLSGSLAP!
MJ0796 1
Coma 552
HlyB 493
Savl8é66 365
MsbA 367
TAP1 506
MJO796 29
Coma 608 P VLGAKEGTSQEIDIIRACEIAEIRS LsD-EAGIE 666
HlyB 549 SL-ANPGMS A sm. VG! 607
Savlg8e6 421 A VG! 479
MsbA 423 AYARTEEYS! 2 IG] 482
TAP1 562 AYGLTRTP 2 SGF P VGE 621
MJ0796 89 ECL- KMAELEERFANHKPN 147
Coma 667 723
HlyB 608 665
Savlg866 478 537
MsbA 483 540
TAP1 622 681
MJ0796 148 207

Slgnature motif

ComA 724 ISQRTDEVIVMD TVEORTKE QGFYYNLEN 760
HlyB 666 TVEQEKL KR SEPESLY SYLYQLOSD 707
Savlg866 538 TITHAD I TREMT AKQGAYEHLYSIQNL 578
MsbA 541 TIEQAD IV R TS ELAQHGVYAQLHKMOFGQ 582
TAP1 682 FL VOZQE: LOMERGGCYRSMVEALAAPSD 725
MJO796 208 vme YL VEREEKLRGFDDR 235

Figure 2. Amino acid sequence alignment of NBDs of ABC transporters. The amino acid residues that are identical in at least five of the compared
NBD sequences are shaded black. S. mutans ComA; HlyB, the E. coli a-hemolysin transporter; Sav1866, the Staphylococcus aureus multidrug
transporter; MsbA, the Salmonella typhimurium lipid flippase; TAPI, the rat antigen processing transporter; and MJ0796, the Methanococcus
jannaschii LolD-homologue importer. Dots indicate five amino acid residues that are considered to be important for catalysis.

each NBD were identical at pHs 8.5 and 7.0. The catalytic
efficiencies (k. /Kys) of NBD1 and NBD2 were almost
comparable at both pHs. In contrast, the k./Kys values of
NBD3 were 7.5- and 32-fold lower than those of NBD1 at pHs
8.5 and 7.0, respectively. These results clearly show that the N-
terminal 11 amino-acid region (517—527) confers a high
activity to the NBD, especially at neutral pH.

Conserved Active-Site Residues. As NBD1 exhibited the
highest yield when expressed in E. coli and the highest ATPase
activity, further analyses were done using this protein to
characterize the NBD of ComA. Figure 2 shows the sequence
alignment of the NBD of ComA with those of four ABC
exporters and an ABC importer for which their three-
dimensional structures are known. The NBD of ComA shows
homologies in the region of 526—760 to those of the E. coli
hemolysin exporter HlyB (45%), the Staphylococcus aureus
multidrug exporter Sav1866 (41%), the Salmonella typhimurium
lipid flippase MsbA (40%), the rat antigen processing
transporter TAP1 (30%), and the LolD-homologue importer
MJ0796 (29%) from Methanococcus jannaschii.

There are three major motifs commonly seen in the NBD
domains of the ABC transporters, such as the Walker A motif
(the region 561—569: GXXGXGKS/TT, where X is any amino
acid), the Walker B motif (the region 685—690: ®POPDE/D,

2548

where @ is any hydrophobic amino acid), and the signature
motif (the region 665—669: I/LSGGQ). In addition to these
motifs, Tyr537 and His720 of ComA are supposed to be an
adenine-ring stacking tyrosine and the H-loop histidine,
respectively.”> According to this alignment, the NBD of
ComA is thought to be typical of the NBD domain of an
ABC transporter. To experimentally confirm the importance of
these motifs and also to identify a mutant NBD suitable for
crystallization (see below), five conserved residues were
selected, and the alanine mutations were introduced to measure
the relative activities at a fixed ATP concentration of 2 mM at
pH 8.5.

The activities of Y5S37A, E690A, and H720A NBD1s were
significantly decreased (0.094—2.8%) in comparison to that of
the wild-type NBD1, and KS567A and D689A NBD1s exhibited
a complete loss of activity (Table 2). Thus, the NBD of ComA
should have structural and mechanistic features characteristic of
the NBD domain of an ABC transporter.

ATP- and pH-Dependent Dimerization of the Wild-
Type and Mutant NBDs. In order to examine the oligomeric
state in the catalytic cycle of NBD, we carried out the gel-
filtration assay of NBDI in the absence or presence of ATP
and/or Mg2+. The NBD1 eluted with the ATP-free buffer at
pHs 8.5 and 7.0 showed single, symmetrical peaks (Figure 3a,b,

dx.doi.org/10.1021/bi3017069 | Biochemistry 2013, 52, 2545—2555
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Table 2. Relative Activities of the Wild-Type and Mutant
NBD1s*

NBD1s v/[E] (min™") %/WT
WT 17 100
Y537A 0.048 2.8
KS67AY - -
D689AY - -
E690A 0.0016 0.094
H720A 0.018 1.1

“Relative activities of NBD1s determined at a fixed substrate
concentration of 2 mM ATP. The experiments were carried out at
25 °C in 50 mM Tris-HCI, 150 mM NaCl, 10 mM MgCl,, pH 8.5, as
described in Experimental Procedures. The concentration of the NBDs
was 2.0 uM. Relative activities were determined by comparing the v/
[E] of each mutant NBD to that of wild-type NBD. YThe ATP
hydrolysis could not be detected under the conditions described
above.

red lines). The K,y values approximately correspond to 31.0
and 29.2 kDa at pHs 8.5 and 7.0, respectively, based on the
standard curves obtained with known proteins (Figure S3).
Because the calculated molecular mass of NBD1 is 30.4 kDa,
the ATP-free form of NBD1 is thought to exist as a monomer
at these pHs.

When NBD1 was preincubated and eluted with the buffer
containing various concentrations of ATP at pH 8.5, the peak
was shifted toward lower elution volumes in an ATP-dependent
manner up to the concentration of S mM (Figure 3a, magenta
to blue lines). The peak elution volume of NBDI in the
presence of 10 mM ATP showed no more shifts, while the peak
was further shifted upon the addition of 10 mM Mg** (Figure
3a, green line). Since the peak elution volume of the NBD1
dimer is estimated at 12.3 mL from the standard curve, these
peak shifts toward lower elution volumes indicate the dimer
formation of NBD1. The appearance of single peaks between
the positions of the monomer and dimer forms, not double
peaks with different heights corresponding to the two forms,
indicates that the association and dissociation rates of the NBD
subunits are significantly fast relative to the time scale for the
chromatography (about 30 min). The monomer—dimer
equilibrium of NBD1 at pH 7.0 was also shifted to the dimer
by ATP or ATP-Mg®, but the extent of the shift was
significantly smaller than that at pH 8.5 (Figure 3b). Reduction
of the ATP concentration due to dilution or hydrolytic
consumption by NBD1 would be negligible because the
column was preequilibrated and eluted with the buffer
containing the corresponding concentrations of ATP.

To check the effects of the active-site mutations on the
dimerization and identify a promising candidate for crystal-
lization, the same assay was done at pH 8.5 for the mutant
NBD1s except D689A NBD1 whose expression level in E. coli
was too low to be used in this experiment. The ATP-free forms
of the K567A, E690A, and H720A NBD1s were eluted at 13.6
mL (Figure 3d—f, red lines). The peak of the ATP-free form of
Y537A NBD1 was slightly shifted toward a lower elution
volume, suggesting that the overall configuration of the
monomer is somewhat altered upon this mutation (Figure 3c,
red line). KS67A failed to form the dimeric state by either ATP
or ATP-Mg** (Figure 3d, blue and green lines). While the
monomer—dimer equilibrium of Y537A NBD1 was not altered
by ATP, it was shifted by ATP-Mg®* (Figure 3c). For the
E690A and H720A NBDIs, the dimer formation was slightly
impaired in the presence of ATP alone, but the equilibrium was
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Scaled UV Absorbance

Scaled UV Absorbance

H720A
pH 8.5

Scaled UV Absorbance

Scaled UV Absorbance

12 14 16 10 12 14

10 16

Elution Volume (ml) Elution Volume (ml)

Figure 3. Analytical gel-filtration assay of NBD1s. Elution patterns for
the wild-type (a and b) and mutant (c, YS37A; d, KS67A; e, E690A; f,
H7204; g and h, G526A) NBDls in the absence (red) or presence of
ATP (magenta, 0.5 mM; purple, 2.0 mM; blue, 5.0 mM ATP). Green
lines indicate the elution patterns in the presence of 5.0 mM ATP and
10 mM MgCl,. The protein solution contains 50 mM Tris-HCI, 150
mM NaCl, pH 8.5 (a, ¢, d, ¢, f, and g) or pH 7.0 (b and h), and
corresponding concentrations of ATP (and Mg?*). A 100 uL solution
of 2.0 mg/mL of each NBD1 was applied onto a Superose 12 10/300
GL column and eluted with the same buffer at a flow rate of 0.5 mL/
min at ambient temperature. The proteins were detected by
monitoring the absorbance at 280 nm. Each elution pattern was
subtracted with the buffer-baseline that did not contain the protein,
and the ordinates of graphs were scaled for clarity of presentation. The
baselines in this experiment were varied due to the UV absorption of
the different ATP concentrations. Vertical solid and dashed lines are
the calculated elution volumes corresponding to the dimer and
monomer of NBD1, respectively (see text).

almost totally shifted toward the dimer by ATP-Mg** (Figure
3e,f). Additionally, although the E690A NBD1 was eluted as a
symmetrical peak, other NBD1s including the wild type were
eluted as tailing peaks in the presence of ATP and Mg”,
indicating these proteins are dissociating into monomers during
the elution. These observations implied that E690A NBD1

dx.doi.org/10.1021/bi3017069 | Biochemistry 2013, 52, 2545—2555
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Figure 4. Structure of the E690A NBD1 homodimer complexed with ATP-Mg**. (a) Schematic representation of the overall structure of E690A
NBD1. The secondary structure elements of the catalytic domain (the residues 528—608 and 683—760) and the helical domain (609—682) are
colored light green and dark green, respectively, in the subunit A, and in cyan and dark blue, respectively, in the subunit B. The N-terminal residues
522—527 (subunit A) and 521—527 (subunit B) are colored yellow. The right structure is a view of the left one rotated by 90° along the x-axis. (b)
Stereoview of the active site of EG90A NBD1. The residues in the vicinity of the active site are indicated by sticks. The ATP, Mg**, and water are
shown as white sticks, gray spheres, and red spheres, respectively. The oxygen, nitrogen, and phosphate atoms are colored red, blue, and orange,
respectively. A and B in parentheses indicate the subunits to which each residue belongs. Glu690 is replaced with alanine in E690A NBD1.

formed the most stable dimer among the NBDIs in the
presence of ATP and Mg*". Therefore, E690A NBD1 was
selected for the cocrystallization with ATP-Mg**.

Overall Structure of the E690A NBD1 Homodimer.
Crystals of E690A NBD1 were grown at 4 °C to suppress the
ATP hydrolysis by the remaining activity. The crystal structure
of E690A NBD1 in complex with ATP-Mg*" was determined
by molecular replacement at a 2.69 A resolution with an R
of 19.1% (Rge. = 24.8%), and the root-mean square deviation
(r.m.s.d.) from the ideal values in bond lengths and bond angles
was 0.016 A and 1.30°, respectively. No electron density was
visible for a large part of the N-terminal residues (495—521 of
the subunit A and 495—520 of the subunit B) and the C-
terminal His tag. The final structure contains 479 amino acids
with two ATP-Mg*"’s and 148 water molecules. Further details
of the crystallographic data and statistics are described in Table
S2.

The E690A NBD1 monomer shows an L-shaped structure
with two domains, which are generally referred to as the
catalytic domain and the helical domain.*® The larger catalytic
domain (light shaded in Figure 4a) is composed of two ff-sheets
and six a-helices, which contains the Walker A and Walker B
motifs. The smaller helical domain (dark shaded in Figure 4a)
comprises a f-strand and five a-helices and contains the
signature motif. Two monomers were assembled in head-to-tail
configuration and two ATP-Mg*" molecules are sandwiched at
the interface between the subunits, and the N-terminal
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extension is located on the opposite site of the active center
(yellow in Figure 4a).

The E690A NBD1 dimer has a Ca r.m.s.d. of 2.65 A for 468
selected atoms and that of 1.97 A for 400 selected atoms when
compared to the HlyB H662A NBD dimer>® and the MJ0796
E171Q NBD dimer,”” respectively, using MIfit>® (Figure 5a).
The two subunits are not quite identical as is often observed in
the NBDs of other ABC transporters.””*® The positional
difference of the Car atoms between the two subunits is plotted
versus the residue number in Figure S4a. There are three
remarkable differences except for the N- and C-terminal
regions: positions 537—541 in the catalytic domain; and
positions 611—637 and 646—664 in the helical domain.
Consistently, in these regions, the B-factors of the A subunit
are significantly larger than those of the B subunit (Figure S4b).
These differences between the two subunits are probably
caused by crystal packing. The buried surface area between the
two E690A NBD1 monomers is 954 A% (9% of total surface
area of a monomer), calculated by AREAIMOL the program
(CCP4 Program Suite). This value is 1440 A* (13% of total
surface area of a monomer) in the HlyB H662A NBD, which is
similar in molecular size.>*

Active-Site Structure of E690A NBD1. Each active site of
the E690A NBD1 homodimer is composed of the conserved
residues such as Tyr537, Thr543, Ser563—Thr569 of the
Walker A motif, GIn609, Asp689 and the mutated Ala690 of
the Walker B motif, and His720 of one subunit and Ser666—

dx.doi.org/10.1021/bi3017069 | Biochemistry 2013, 52, 2545—2555
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Figure 5. Structural comparisons of the E690A NBD1 dimer in complex with ATP-Mg** with the HlyB H662A NBD dimer in complex with ATP-
Mg** (PDB ID code 1XEF) and the MJ0796 E171Q NBD dimer in complex with ATP (PDB ID code 1L2T). (a) The backbones of E690A NBD1
(gray) were superimposed with those of HlyB H662A NBD (light green, left) and MJ0796 E171Q NBD (magenta, right). (b) Stereoview of the
active site superimpositions of E690A NBD1 with HlyB H662A NBD and MJ0796 E171Q NBD. The active-site residues of E690A NBD1, Y537,
K567, D689, and A690 of the subunit A, S666 of the subunit B, ATP, and Mg>* are shown by white color. The corresponding residues, ATP and
Mg** of HlyB H662A NBD (light green) and MJ0796 E171Q NBD (magenta), are shown. The oxygen, nitrogen, and phosphate atoms are colored
red, blue, and orange, respectively. A and B in parentheses indicate the subunits of E690A NBD1.
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Figure 6. Interactions of the N-terminal extension of E690A NBD1 with the other part of the domain. Stick (a) and sphere (b) models of the
residues $22—527 (yellow) and surrounding residues (green) in the subunit A. (c) Stick model of the residues 521—527 (yellow) and surrounding
residues (cyan) in subunit B. Only the residues intimately interacting with the N-terminal extension region are depicted in (a) and (c). The oxygen
and nitrogen atoms are colored red and blue, respectively. The dashed line indicates a hydrogen bond.

GIn669 of the signature motif of the opposed subunit (Figure octahedrally coordinated with the side-chains of Thr568 and

4b). The adenine ring of ATP forms a 7—7 stacking interaction GIn609, two oxygen atoms of the - and y-phosphates, and two
with the phenyl ring of Tyr537. The ribose moiety of ATP is water molecules. One of these coordinating water molecules
accommodated with Thr543 and GIn669 with the hydrophobic makes a hydrogen bond with side-chain of Asp689. This
interaction and hydrogen bond, respectively. The oxygen atoms architecture of the active site of E690A NBDI is almost

of the a-, B-, and y-phosphates of ATP are fixed by hydrogen identical with those of HlyB H662A NBD and MJ0796 E171Q
bonds donated from main-chains and/or side-chains of NBD (Figure Sb).

Ser563—Thr569 of the Walker A motif, GIn609, His720, and Environment around the N-Terminal Extension. Of
Ser666 and Gly668 of the signature motif. A Mg>" ion is particular interest in the present NBD structure is the detailed
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environment around the N-terminal extension, especially the 11
amino-acid region corresponding to NBD2. Thus, the residue—
residue interactions were determined using the PIC*' and
LIGPLOT* programs. In these regions, the residues 522—527
in subunit A and 521—527 in subunit B were visible (Figure 6).
The backbone of residues 524—527 in subunit A is bound by
the hydrophobic interactions with the imidazole ring of His603,
the side-chain of Asn588, and the Car atom and aliphatic side-
chain of Lys553. Also, the side-chain of Leu524 is
accommodated by a hydrophobic pocket constructed by the
side-chains of Ile587, Ile595, and Ala599. The carbonyl oxygen
of the main-chain and the carboxyl oxygen of the side-chain of
AspS27 form hydrogen bonds with the main-chain amide
nitrogens of Asn588 and Lys553, respectively. The ion-pairs
exist between the side-chains of Asp525—LysS553, AspS25—
His603, and Asp527—LysS52 (Figure 6a,b).

In subunit B, only the main-chains of Leu524 and Gly526 are
bound by hydrophobic interactions with the imidazole ring of
His603 and the Ca atom of LysS33, respectively (Figure 6c).
There are, however, two more hydrogen bonds compared to
those in the subunit A, which are formed between the main-
chain amide of Asn521 and ND1 of His603, and the carbonyl
oxygen of Phe523 and ND2 of Asn588. Other interactions,
such as the hydrophobic interactions around the side-chain of
Leu524 and the ion-pairs found in subunit A, also exist in this
subunit (Figure 6c).

Overall, at least four to five residues of the N-terminal
extension make intimate interactions with the surrounding
residues and may constitute a part of the domain structure.

Effects of a Mutation Introduced in the N-Terminal
Extension. The Gly526 of NBD1 was replaced with alanine.
The k_/Kys values decreased by 59- and 62-fold at pHs 8.5
and 7.0, respectively, due to this mutation (Table 1). Next, the
gel-filtration assay was done to investigate the dimer formation
of G526A NBD1. The peaks of G526A NBD1 in the absence of
ATP were shifted toward lower elution volumes at pHs 8.5 and
7.0 compared to those of the wild-type NBD1 monomer
(Figure 3gh, red lines). Although the monomer—dimer
equilibrium of GS26A NBD1 was shifted toward the dimer
formation in the presence of ATP or ATP-Mg** at pH 8.5
(Figure 3g, blue and green lines), these changes were
significantly smaller than those of the wild-type NBDI1. At
pH 7.0, the dimer formation was not observed for GS26A
NBD1 in the presence of the same concentrations of ATP or
ATP-Mg** (Figure 3h, blue and green lines).

B DISCUSSION

Relationship between Dimerization and Catalysis.
The Hill coefficients (n) of the three NBDs were all close to
2 at pHs 8.5 and 7.0 (Table 1). These results suggest a positive
cooperativity between the two ATP binding sites in the NBD of
ComA. In addition, the analytical gel-filtration assay demon-
strated that the NBD monomers associate into the homodimer
in an ATP dependent manner (Figure 3a,b). This finding was
most evident in KS567A NBD1 and E690A NBDI. The
mutation of Lys567 of the Walker A motif resulted in a loss
of activity and dimerization (Table 2 and Figure 3a,d) as
previously regorted for other NBDs, such as P-glycoprotein
from mouse® and BmrA, a multidrug exporter from Bacillus
subtilis.** Lys 567 interacts with the - and y-phosphates of
ATP and would be particularly important for the ATP binding.
Thus, K567A NBD would be unable to bind ATP, showing no
ATP-dependent shift in the gel-filtration assay and loss of
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activity. The dimer of E690A NBD1 was apparently more stable
than that of the wild-type NBD1 (Figure 3a,e). Similar results
were obtained in the gel-filtration assay of other NBDs, such as
MJ0796* and Glv, a glucose uptake importer from Sulfolobus
solfataricus,*® harboring mutations at the consensus glutamate
residue at the end of the Walker B motif. The ATP hydrolytic
activity of E690A NBD1 was significantly deteriorated (Table
2), and thus the E690A NBD1 seems to be effectively “locked”
in the dimer state in the presence of ATP-Mg** (Figure 3e).

These findings indicate that the isolated NBD transiently
associates into the productive dimer conformation upon ATP
and Mg** binding, and then ATP is hydrolyzed, followed by
dissociation into the monomers.

Relationship between pH Dependencies of Activity
and Dimerization. The catalytic efficiencies of NBD1 and
NBD2 at pH 8.5 are about 2-fold of those at pH 7.0, and the
difference is more than 8-fold in NBD3 (Table 1 and Figure 1).
NBD1 forms its dimer in an ATP-dependent manner more
readily at pH 8.5 than at pH 7.0 (Figure 3a,b). The difference in
the monomer—dimer equilibrium of NBD1 at pHs 8.5 and 7.0
well correlates with that in the activity at these pHs. Given the
importance of the dimer formation during the catalysis, the
readiness of dimerization seems to explain the reason why the
activity is higher at pH 8.5 than at pH 7.0. To support this idea,
it is desirable to confirm that the equilibrium of NBD3 is
further shifted toward the monomer, especially at pH 7.0.
However, NBD3 irreversibly stuck to the gel-filtration column,
and no data could be obtained.

As for the amino acid residues responsible for the pH
dependency of the dimer formation, we were unable to select
specific ones, because there are too many potential residues at
the subunit interface.

Domain Boundary of NBD. The precise N-terminal
boundaries of the NBDs of the ABC exporters have rarely
been discussed or experimentally explored. Domains corre-
sponding to NBD3 (528—760) of ComA have routinely been
annotated as NBD in database searches. Expression levels as
soluble proteins when expressed in E. coli might be considered
as an indicator of the domain boundaries but ideally should be
accompanied by a more detailed analysis of the purified
proteins. Here, three NBDs with different lengths were
successfully overexpressed and purified in sufficient quantities,
enabling us to do a comparative analysis.

Surprisingly, the ATP hydrolytic activity of NBD3 was
significantly lower than those of NBD1 and NBD?2 especially at
pH 7.0, which is closer to the physiological conditions (Table
1). The relative activities among these three proteins did not
correlate with the expression levels or yields of the purified
proteins, supporting that the expression levels as soluble
proteins are not reliable evidence for domain boundaries. The
interesting question is how these extra N-terminal residues
affect the ATP hydrolytic activity in spite of their locations at
the opposite site of the active site. The three-dimensional
structure of E690A NBD1 provided details surrounding this
region. The residues 524—527 were fully integrated as a part of
the globular domain structure (Figure 6). The main chain of
this region, which precedes the first f-strand (528—531), bends
at the position of Gly526 (Figure SS). Generally, a glycine
residue has more conformational freedom than other amino
acids and therefore can adopt many different conformations.
Even a minimum change (Gly to Ala) at this position of NBD1
severely impaired the catalytic efficiency at pHs 8.5 and 7.0
(Table 1). The gelfiltration assay suggests that the overall
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Figure 7. Structure-based sequence alignment of the residues 495—540 of ComA and the corresponding regions of other ABC exporters, of which
full-length structures are known. Two completely conserved residues are marked with dots. The secondary structures are shown under the sequence.
The a-helices and f-strands are represented as cylinders and arrows, respectively. Primary sequence of exporters, S. mutans ComA (this study),
Staphylococcus aureus Sav1866 (PDB ID code 20NY]), Salmonella typhimurium MsbA (PDB ID code 3B60), Thermotoga maritima TM287/288
heterodimer (PDB ID code 3QF4), and human P-glycoprotein (PDB ID code 3GSU), are aligned. As P-glycoprotein is the tandemly fused full-size
transporter, the N-terminal NBD and the C-terminal NBD are designated as NBD1 and NBD2, respectively.

configuration of the GS526A NBD1 monomer was slightly
changed and that the dimer formation was impaired in this
mutant NBD (Figure 3). Steric hindrance between the methyl
group of alanine at this position and the side-chain of Asn588
would not be tolerated, and this mutation would destroy the
regular secondary structure around residues 525—527. Thus,
the alanine mutation at position 526 is thought to alter the
static and/or dynamic conformations of the whole NBD
domain. Similar effects might also be elicited by elimination of
this region, that is the case in NBD3, thereby destabilizing the
overall domain structure. This is supported by the low catalytic
efficiency and the fact that NBD3 irreversibly sticks to the gel-
filtration resin.

To date, three-dimensional structures of four full-length ABC
exporters, such as Sav1866," MsbA,* P-glycoprotein,48 and
TM287/288, a LmrCD-like multidrug exporter from Thermo-
toga maritima,49 have been determined. A structure-based
sequence alignment of ComA with these ABC exporters
supports the importance of the region around GlyS26 (Figure
7). The linker region composed of about 20 amino acids
connects the last a-helix of TMD and the first ff-strand of NBD.
The glycine residue is completely conserved and is located near
the C-terminal end of this linker and 11 amino-acid residues
ahead of the adenine stacking tyrosine residue (Y537 in ComA)
of the NBDs. Many NBDs from bacterial AMS proteins, human
ABC exporters belonging to the ABCB or ABCC subfamily,
and their relatives in bacteria and yeast listed in Figure S6 share
this consensus sequence feature. Thus this glycine residue is
thought to occupy a pivotal position in these ABC exporters.
On the basis of the findings obtained in the present study, it is
proposed that the annotation of NBD of the ABC exporters
should include this glycine and probably up to three more N-
terminal residues.

It is reasonable to infer that the three domains of ComA will
cooperate during a round of peptide cleavage, ATP hydrolysis,
and signal-peptide transport. This is the most interesting
mechanistic question regarding the AMS family exporters. The
findings obtained so far for the isolated peptidase domains and
NBDs are far short of providing insights into this mechanism.
Although it is obvious that studies on the full-length ComA are
necessary and ideal, it is not technically feasible at present.
Biochemical and biophysical studies of these domains and their
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substrates in various combinations at high protein concen-
trations would be the next step to achieve this purpose.
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