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Structure of amylase-binding protein A
of Streptococcus gordonii: A potential
receptor for human salivary a-amylase
enzyme
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Abstract: Amylase-binding protein A (AbpA) of a number of oral streptococci is essential for the

colonization of the dental pellicle. We have determined the solution structure of residues 24–195 of
AbpA of Streptococcus gordonii and show a well-defined core of five helices in the region of 45–

115 and 135–145. 13Ca/b chemical shift and heteronuclear 15N-{1H} NOE data are consistent with

this fold and that the remainder of the protein is unstructured. The structure will inform future
molecular experiments in defining the mechanism of human salivary a-amylase binding and biofilm

formation by streptococci.
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Introduction
Human salivary a-amylase is the most abundant

enzyme in the oral cavity of humans where it plays

a key role in the hydrolysis of the a1,4 glycosidic

bonds in dietary starch.1 a-Amylase, however, accu-

mulates in the dental pellicle formed on the tooth

surface where it acts as a site for colonization of a

group of oral streptococci, including Streptococcus

gordonii, S. mitis, S. parasanguis, S. cristatus and

S. salivarius.2–4 Furthermore, these bacteria act as

attachment points for nonamylase-binding bacteria

and thus the development of the dental pellicle. The

colonization of the dental pellicle by the attachment

of these bacteria to a-amylase does not prevent the

enzyme from hydrolysing starch.5,6 Thus, the contin-

ued activity of a-amylase supplies fermentable sug-

ars to the oral microflora in the developing pellicle

Disclosure: There were no conflicts of interest.

Ashish Sethi and Biswaranjan Mohanty contributed equally to
this work.

Grant sponsor: Australian Research Council, Discovery; Grant
number: grant DP110103161 and equipment grant
LE120100022.

*Correspondence to: Paul R. Gooley; Department of Biochemis-
try and Molecular Biology, Bio21 Molecular Science and Biotech-
nology Institute, University of Melbourne, 30 Flemington Road,
Parkville, VIC 3010, Australia. E-mail: prg@unimelb.edu.au

Published by Wiley-Blackwell. VC 2015 The Protein Society PROTEIN SCIENCE 2015 VOL 24:1013—1018 1013



and the resultant production of lactic acid, which is

an important causative agent of tooth decay.

Of these bacteria, S. gordonii is a primary colo-

nizer of the tooth, and present in substantial quanti-

ties in the early dental pellicle. This initial

attachment of S. gordonii to a-amylase is critical to

the development of the pellicle in providing a coloni-

zation site for nonamylase-binding bacteria and

therefore its disruption may be significant for con-

trolling the development of pellicle and dental dis-

ease. To attach to a-amylase on the tooth surface, S.

gordonii produces amylase-binding proteins, of

which two have been well characterized: low-

molecular weight protein (AbpA) and high-molecular

weight protein (AbpB).7–9 Of these two proteins,

AbpA (20 kDa) has been identified as the major

amylase-binding protein of S. gordonii.10–13 AbpA-

deficient mutants showed not only that the protein

is required for adhesion and biofilm development,

but important for growth of S. gordonii in human

saliva.12 Currently, how AbpA binds a-amylase is

not understood. Sequence alignments and truncation

experiments suggest several conserved regions may

be involved in a-amylase binding,13,14 but in the

absence of structural data it is difficult to draw con-

clusions. Here we present the NMR solution struc-

ture of AbpA (24–195) from S. gordonii and show

that the protein fold has a helical core with disor-

dered N- and C-terminal regions. The structure will

guide further structure–function experiments.

Results and Discussion

Amylase-binding protein A (AbpA) comprises 42 ala-

nine residues (24.4% of the total amino acids) and

often repeated along the sequence. Therefore

sequence specific resonance assignments were man-

ually assigned using several three dimensional NMR

experiments: HNCACB, HN(CA)CO, H(CCO)NH,

(H)CC(CO)NH, 15N-edited NOESY, 13C-edited (ali-

phatic) NOESY, and 13C-edited (aromatic) NOESY.

98.8% backbone amide signals were unambiguously

assigned. Missing assignments include the first N-

terminus residue (Ala24) and the histidine residue

(His87) located in the loop connecting the helices a3

and a4. The near-complete backbone (98.7%, HN, N,

C, Ca, Ha) and side chain (80%) assignments were

useful to generate the automated structure determi-

nation using UNIO-ATNOS/CANDID15,16 and

CYANA3.0.17 Table I shows the structure calculation

statistics of 20 conformers representing the NMR

structure of AbpA.

The final solution structure of AbpA showed

apparent disorder in the N- and C-terminal regions.

However, the region spanning residues 45–115 and

135–145 shows a well-ordered protein core [Fig.

1(A)]. The core consists of five helices. The first two,

a1 (Ala47–His57) and a2 (Asp58-Ala67), are almost

continuous; however, there is a bend between His57

and Asp58 that makes these two helices distinct.

Pro69 breaks the main chain following a2 and is at

the N-terminal end prior to a3 (Ala70–Ala80). After

a3, a well-defined loop reverses the direction of the

mainchain to form the long helix a4 (Asn87–

Gln115). Following this helix is a poorly structured

loop region and the final short helix, a5 (Thr134–

Tyr142). Conserved hydrophobic residues [Fig. 1(C)]

appear to form the hydrophobic core between a1-4

which is likely to be important for protein stability.

These residues include Leu54, Ile61, Val71, Ala74,

Leu78, Val81, Ala102, and Val111. Multiple sequence

alignment suggests several polar residues are con-

served [Fig. 1(C)], including His57, His86, Arg107

and Arg141. His57, Arg107, and Arg141 are located

in close proximity; however, Arg107 is on the oppo-

site side of the protein relative to the other two resi-

dues [Fig. 1(B)]. Interestingly, Lys109, together with

His57 and Arg141 would form a positive patch [Fig.

1(B)], but Lys109 is not conserved. Extending from

this positively charged cluster are four tyrosines,

Tyr53, Tyr110, Tyr118, and Tyr129 [Fig. 1(B)]. None

of these Tyr residues are strictly conserved; however,

Table I. Structure Calculation Statistics of the 20
NMR Conformers of the S. gordonii Amylase-Binding
Protein A (AbpA)

Quantity Valuea

NOE upper distance limits 1774
Intraresidual 402
Short range 642
Medium range 536
Long range 194

Talos dihedral angle constraints (u, w) 126
Residual target function value (Å2) 2.04 6 0.36
Residual NOE violations

Number �0.1 Å 16 6 4
Maximum (Å) 0.17 6 0.11

Residual dihedral angle violations
Number �2.5� 1 6 1
Maximum (�) 3.3 6 1.3

AMBER energies (kcal/mol)
Total 26859 6 131
Van der Waals 2234 6 32
Electrostatic 28056 6 138

RMSD from mean coordinatesb (Å)
Backbone (47–117,134–142) 0.74 6 0.23
All heavy atoms (47–117,134–142) 1.25 6 0.32

Ramachandran plot statisticsc (24–195)
Most favoured and additional
allowed regions (%)

93.9

Generously allowed regions (%) 3.8
Disallowed regions (%) 2.4

a Except for the top six entries, average values, and stand-
ard deviations for the 20 energy-minimized conformers are
given. The top five entries represent the output from the
seventh cycle of UNIO-ATNOS/CANDID and CYANA 3.0.
b The numbers in parentheses indicate the residues for
which the RMSD was calculated.
c As determined by PROCHECK.27 Residues in the disal-
lowed regions were observed either in the loop or unstruc-
tured regions of the structure.
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Figure 1. Structure of S. gordonii amylase-binding protein AbpA (pdb id 2MXX). A. Stereoview of a superposition of the best

20 conformers for the region 45–145 showing the well-defined five helices. The flow of the mainchain starts in the back of the

plane. B. Stereoview of the best conformer (model 5) oriented as in (A). A cluster of Tyr and basic residues are annotated. C.

Weblogo29 showing the conserved residues within the region 45–145 of AbpA. Residues according to the sequence of S. gor-

donii AbpA are marked and the position of the secondary structure is indicated above the logo. Nine homologues were used in

the alignment: S. gordonii, S. cristatus, S. salivarius, S. parasanguinis, S. mitis, S. vestibularis, S. australis, S. infantis, and S.

oralis. While not all Abps from these species have been shown to bind a-amylase, the strong sequence alignment suggests

that these other Abps are likely to bind a-amylase.
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in all homologues at least three of these Tyr are

present [Fig. 1(B)].

Inspection of the 13Ca and 13Cb chemical shift

data is consistent with the description of the helical

fold of the region 45–145 [Fig. 2(A)] and shows there

is very little propensity for regular secondary struc-

ture either to the N- or C-terminal side of this

region. Indeed the analysis of a heteronuclear 15N-

{1H} NOE experiment shows outside of residues 45–

115 and 135–145 there is considerable protein flexi-

bility suggesting disordered structure in these

regions [Fig. 2(B)]. Whether these regions adopt a

structure within the cell-surface complex with AbpB

and a-amylase remains to be determined.13

A DALI18 search using the core of AbpA (resi-

dues Ala47 to Tyr142) showed greatest similarity (Z-

score 6.1) to a subdomain (residues 2229–2310) of

the carboxyl transferase domain of acetyl CoA car-

boxylase (ACC2).19 The two regions show very little

sequence similarity (�9% identity), but the helices

a1 to a4 are similarly positioned in both proteins.

The fifth helix significantly differs in its orientation.

This region in ACC2 forms an antiparallel helical

extension and is a part of a dimerization surface,

otherwise there does not appear to be a functional

overlap with AbpA.

In an attempt to localize the functional regions

of AbpA, N- and C-terminal truncations were

expressed, tested for protein fold by circular dichro-

ism (CD) and a-amylase binding by surface plasmon

resonance.14 C-terminal truncation of the last 30

residues had little effect on the ability to bind sali-

vary a-amylase, suggesting these residues are not

important. The CD spectra showed an increase in

helical content for this truncate,14 consistent with

the removal of disordered structure within the C-

terminal region (Fig. 2). N-terminal truncation of

the first 30 residues weakened binding by 104, sug-

gesting functionally important residues are within

this region. CD spectra suggested little change in

the structure compared to full-length protein (24–

195). However, the structure presented here indi-

cates that this truncation would remove the first

two turns of helix a1, and while the fold may have

been retained, the extent of any destabilization

remains to be resolved. Nevertheless, this truncation

would perturb the region of conserved positively

charged residues and the aromatic cluster that have

Figure 2. A. Secondary chemical shifts for 13Ca and 13Cb of S. gordonii AbpA. Segments with >1 ppm are consistent with the

presence of a-helix structure. 13Cab values were computed using the formula as described previously.28 B. Plot of 15N-{1H}

NOE data at 700 MHz of S. gordonii AbpA. Well defined structure typically has an NOE value of �0.8 which is observed for hel-

ices a1–4. The N-terminal region 24–45 and the C-terminal 145–195 show NOE values less than 0.5 consistent with disordered

structure. The loop between 115 and 135 also shows NOE values of less than 0.5 and helix a5 shows values �0.5, consistent

with the observed disordered structure of the loop and structural heterogeneity of a5.

1016 PROTEINSCIENCE.ORG Receptor for Human Salivary a-Amylase Enzyme



been identified [Fig. 1(B)], where the latter has been

speculated to interact with aromatic clusters that

have been identified in a-amylase.20

In summary, we have shown that the amylase-

binding protein AbpA of S. gordonii has a well-

defined fold of five helices within the regions of 45–

115 and 135–145. Chemical shift and 15N-{1H} NOE

data show that the remaining parts of the protein

are unstructured. Analysis of the core shows a clus-

ter of positively charged and aromatic residues

which may be functionally important. This structure

will advise future mutagenesis and binding studies

in order to elucidate the mechanism of binding to

human salivary a-amylase.

Materials and Methods

Protein expression and purification

The abpA gene spanning residues 24–195 from S.

gordonii G9B was cloned into a pET29b vector as

described previously.14 AbpA with a His6-tag

(referred to as AbpA) was expressed in Escherichia

coli BL21 (DE3) and cells were grown to OD600 of

0.6 at 37�C, and then transferred to 16�C and

induced for 16 h. Cells were harvested, pelleted, and

stored at 220�C. Cells were lysed using an Avestin

EmulsiFlex C3 cell crusher and centrifuged at 4�C,

13,000g for 40 min to remove insoluble cell debris.

AbpA was purified from the soluble fraction by affin-

ity chromatography over His60 Ni Superflow resin

(Clonetech, Takara), which was equilibrated with

20 mM Tris–HCl, 500 mM NaCl, and 5 mM imidaz-

ole at pH 8. AbpA was eluted with 400 mM imidaz-

ole in 20 mM Tris–HCl, 500 mM NaCl at pH 8.0.

The eluted fusion protein was further purified by

size exclusion chromatography using a HiLoadTM 16/

60 SuperdexTM 75 prep grade column (GE Health-

care), where it elutes as a single monomeric peak in

20 mM Tris–HCl, 150 mM NaCl at pH 7.4. Collected

fractions were pooled, buffer exchanged to 50 mM

sodium phosphate, 100 mM NaCl at pH 5.8 for

recording NMR experiments. The purified AbpA was

further characterized by mass spectrometry. All

NMR samples were uniformly 15N or 13C, 15N

labelled according to the protocol of Cai et al.21 The

AbpA structure was solved as fusion with the His6

tag.

NMR spectroscopy

NMR samples of 325 mM of S. gordonii AbpA (resi-

dues 24–195, with an additional Met at the N-

terminus and a C-terminal His6-tag) were dissolved

in 50 mM phosphate buffer at pH 5.8 containing 100

mM NaCl and 7% D2O. Spectra were recorded at

25�C on Bruker Avance IIIHD 700 MHz and Avance

II 800 MHz spectrometers equipped with CryoP-

robes: 3D HNCACB, HN(CA)CO, H(CCO)NH,

(H)CC(CO)NH, 15N-edited NOESY, 13C-edited (ali-

phatic) NOESY, and 13C-edited (aromatic) NOESY.

All NOESY data were collected at 800 MHz with

mixing times of 150 ms. To assess protein flexibility

a 2D 15N-{1H} NOE spectrum was acquired at 700

MHz with 4 s of 1H saturation and an additional 5 s

of relaxation. NMR data were processed using either

Topspin3.2 or NMRPipe,22 chemical shifts were

assigned using CARA,23 and the analysis of the 2D
15N-{1H} NOE in relax.24

Structure calculation

NMR structure calculation was performed using

UNIO interface (UNIO’10 Version 2.0.2). The chemi-

cal shift assignments, TALOS1 constraints,25 and

three NOESY spectra were used as the input of

UNIO-ATNOS/CANDID15,16 and CYANA 3.017 Forty

conformers with lowest target function after cycle7

were energy minimized with OPALp26 and canonical

hydrogen bonds in the region of secondary struc-

tures of the protein were identified by MOLMOL.27

The structure calculation were then repeated and

refined in the presence of hydrogen bond con-

straints. An ensemble of 20 NMR conformers was

selected using the validation criteria as described

previously28 and analyzed by MOLMOL. Structure

images were generated using PyMol (http://www.

pymol.org).

Data deposition

NOE distance constraints and chemical shifts were

deposited in the BioMagResBank (http://www.bmrb.

wisc.edu) with BMRB code 25435. The atomic coor-

dinates of 20 NMR conformers were deposited in the

Protein Data Bank (http://www.pdb.org) with PDB

code 2MXX.
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