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The periodontal pathogen Aggregatibacter actinomycetemcomitans displays on the bacterial surface a nonfim-
brial adhesin, EmaA, which is required for collagen binding. In this study, electron tomography was used to
characterize the three-dimensional (3D) architecture of this adhesin. The antenna-like surface appendages,
corresponding to EmaA, were found to be composed of an ellipsoidal domain capping a rod-like domain that
adopts either a straight or a bent conformation at various positions along the length. The most common flexible
point along the length of the EmaA appendage was localized 29.4 nm away from the distal end. One-fifth of the
appendages were straight and the remaining showed angles distributed between 140° and 170° at this location.
Deletion analysis mapped this bend to amino acids 611 to 640 of the protein sequence. The 3D structure of the
collagen binding domain of EmaA was generated by alignment and averaging of 9 subvolumes of the adhesin
extracted from tomograms. The structure contains three subdomains: a globular structure with a diameter of
~5 nm and a cylindrical domain (~4.4 nm by 5.8 nm) separated by a linker region with a diameter of ~3 nm,
followed by a cylindrical domain (~4.6 nm by 6.6 nm). This is the first 3D structure of a trimeric autotrans-

porter protein of A. actinomycetemcomitans.

Bacterial adhesion to host receptors, a crucial step for col-
onization and infection, is mediated by fimbrial and nonfim-
brial adhesins. These adhesins are proteinaceous appendages
displayed on the surface of bacteria and contain the receptor
binding domains. Aggregatibacter actinomycetemcomitans, a
gram-negative, nonmotile bacterium is found associated with
periodontal diseases and other extraoral infections (12, 23, 32,
40). When isolated from the oral cavity, the bacterium exists as
a fimbriated form and switches to an afimbriated form upon
planktonic subculturing (5, 14). A. actinomycetemcomitans fim-
briae mediate the nonspecific adherence of the bacterium to
abiotic and organic surfaces and decorate the bacterial surface
with long fibrils of 5 to 7 nm in diameter (14, 15). In addition
to fimbriae, nonfimbrial adhesins, which mediate the specific
binding to host cells and tissues, have been identified in this
bacterium (1, 6, 19, 27, 29). Among these nonfimbrial adhesins,
only the extracellular matrix protein adhesin A, EmaA, has
been visualized forming structures on the bacterial surface by
transmission electron microscopy (29).

EmaA is an outer membrane collagen adhesin unique to A.
actinomycetemcomitans; however, orthologous proteins exist in
other bacterial genera (13, 18, 21, 26, 33, 38). The protein is
encoded by a 6-kb gene present in all A. actinomycetemcomi-
tans strains investigated (36). Genetic heterogeneity within the
gene exists between different strains, which are based on the
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serotype of the organism. Based on this heterogeneity, two
molecular forms of the protein have been identified: a full-
length and an intermediate form. The prototypic or full-length
protein exists as a 202-kDa protein and shares 75% amino acid
homology with the intermediate form. The intermediate pro-
tein form (173 kDa) contains an in-frame 279-amino-acid de-
letion but maintains collagen binding activity and surface ap-
pendages similar to the prototypic form (36).

EmaA is associated with the binding of A. actinomycetem-
comitans to both isolated acid-soluble collagen and collagen
found in tissues (19, 29, 35, 39). The specificity of EmaA for
collagen was demonstrated using a rabbit cardiac valve tissue
model (35). Valves with an intact endothelium bound equal
amounts of the wild type or emaA isogenic mutants. Removal
of the endothelium by trypsin treatment, thereby exposing the
underlying collagen, did not affect the level of binding of the
mutant. However, the number of wild-type bacteria bound to
the exposed collagen was five times the number of mutant
bacteria. This represents a 10-fold increase with respect to the
number of bacteria bound to the endothelium. The role of
EmaA as a virulence determinant in A. actinomycetemcomitans
infection was demonstrated in a rabbit endocarditis infection
model, in which the wild-type bacterium outcompeted the
binding of the mutant 10-fold (35).

Sequence analysis indicates that EmaA belongs to the Oca
(oligomeric coiled-coil adhesin) family of autotransporter ad-
hesins (19). Multimers of EmaA oligomerize to form append-
ages on the bacterial surface and are visible as long rods or
antenna-like structures capped by an ellipsoidal domain (29).
A strong correlation exists between the translocated region of
the protein (head and stalk domains) and the structural fea-
tures. The head domain, consisting of amino acids 70 to 386,
forms the ellipsoidal ending of the appendage, which is essen-
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TABLE 1. Strains and plasmids

Strain or plasmid Description Source or
reference
A. actinomycetemcomitans strains
VT1169 WT Afimbriated strain with spontaneous rifampin- and nalidixic acid-resistant strain derived from 20
strain SUNY465
WT/emaA™ Wild-type strain transformed with plasmid pKM9, containing the full-length emaA gene and This study
500-bp putative promoter region, to overexpress EmaA
emaA mutant Allelic replacement mutant with antibiotic cassette coding for resistance to spectinomycin 19
inserted into unique HindIII site within the emaA gene
emaA mutant/pKM1 emaA mutant strain transformed with plasmid pKM1 29
Complemented strains emaA mutant strain complemented with plasmid pKM9 29
morC mutant Allelic replacement mutant with antibiotic cassette coding for resistance to spectinomycin 9
inserted at 5" end of morC
morClemaA™ morC mutant strain transformed with plasmid pKM9 to overexpress EmaA This study
E. coli DH10B F~ endAI recAl galU galK deoR nupG rpsL AlacX74 $80lacZAM15 araD139 A(ara leu)7697 11
mcrA A(mrr-hsdRMS-mcrBC)N™
Plasmids
pKM1 pDMG4 with aminoglycoside phosphotransferase gene (kan) replacing spectinomycin 29
adenyltransferase gene (aad9)
pKM9 emaA gene with 500-bp upstream sequence of the start codon cloned into pKM1 29
pKMSmal1504 pKM9 with Smal site introduced 1,504 bp downstream of start codon of emaA This study
pKM1603C pKMO9 with adenine at bp 1603 mutated to a cytosine This study
pKMSmal1603 pKM9 with Smal site introduced 1,603 bp downstream of start codon of emaA derived from This study
pKM1603C
pKMSmal1831 pKM9 with Smal site introduced 1,831 bp downstream of start codon of emaA This study
pKMSmal1924 pKMO9 with Smal site introduced 1,924 bp downstream of start codon of emaA This study
pKMAS502-534 In-frame deletion of bp 1504 to 1602 of coding sequence of the emaA gene engineered using  This study
pKMSmal1504 and pKMSmal1603
pKMAS535-610 In-frame deletion of bp 1603 to 1830 of coding sequence of the emaA gene engineered using  This study
pKMSmal1603 and pKMSmal1831
pKMA611-641 In-frame deletion of bp 1831 to 1923 of coding sequence of the emaA gene engineered using  This study

pKMSmal1831 and pKMSmal1924

tial for collagen binding, while amino acids 387 to 1900 form
the stalk domain (39).

Contained within the translocation domain of EmaA are
three “neck” sequences, which are conserved in the Oca family
protein members (21, 29, 33). These sequences are considered
to stabilize the oligomer and transition between {-rolls and
coiled-coil regions of the molecule (21, 26). In the EmaA
sequence, two “neck” sequences are found within the first 628
amino acids of the protein sequence (19, 29). The third se-
quence is located in the stalk domain adjacent to the carboxy-
terminal membrane anchor domain, which comprises amino
acids 1901 to 1965 (19, 29). The membrane anchor domains of
three or four monomers are proposed to form B-barrels that
are required for pore formation and protein translocation (18,
29, 37).

The translocated domain of EmaA has been subjected to a
two-dimensional (2D) study by transmission electron micros-
copy, and the overall dimensions of the EmaA appendages
have been determined by the analysis of a large number of
micrographs (29). The ellipsoidal ending shows diameters of
2.8 by 4.6 nm, and the stalk domain, which is at least 150 nm
long, has a diameter of 4.1 nm. Several conformations of the
stalk domain were present in the micrographs: either straight
or containing a bend at 29.2 nm from the distal end. This bend
position was correlated with amino acids localized between the
first two neck sequences (29).

In this study, electron tomography was used to characterize
the 3D structure of the EmaA appendages of A. actinomyce-
temcomitans in situ. The functional domain of EmaA was
found to be composed of three distinct subdomains followed by
a long stalk domain. Distinct regions of the molecule were
identified that provide flexibility for the molecule and allow for
the deformation or bending of the adhesin. A correlation be-
tween these flexible regions and specific amino acids in the
sequence was ascertained.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids are listed in Table 1. A. actinomycetemcomitans strains were grown
statically in trypticase soy broth (Becton Dickinson, Sparks, MD) supplemented
with 0.6% yeast extract (TSBYE; Becton Dickinson). One bacterial colony was
inoculated in broth and grown in a humidified, 10% CO, atmosphere at 37°C for
16 h. One-milliliter cultures were subsequently diluted to 10 ml with fresh
TSBYE broth and incubated for 2 to 3 h until mid-log phase (optical density at
495 nm [OD,9s], 0.2 to 0.4). Escherichia coli strains were inoculated in Luria-
Bertani medium (USB Co., Cleveland, OH) and grown at 37°C with agitation.

The plasmid pKM9, containing the full-length emaA gene and 500 bp up-
stream of the start methionine, was constructed as described previously (29).
pKML1, the empty shuttle plasmid, was transformed into the emaA mutant strain
(19) as a negative control for the collagen binding assays. The emaA mutant
strain transformed with pKM?9 was designated as the complemented strain. All of
the emaA in-frame deletion mutations were constructed using pKM9 as tem-
plate. In-frame deletion mutants were constructed based on a site-directed mu-
tagenesis strategy using the QuikChange XL kit (Stratagene, La Jolla, CA) as
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TABLE 2. Oligonucleotides used for generating Smal sites in the emaA gene

Oligonucleotide

Sequence (5’ to 3')*

Position” (bp)

Smal1504f CCGATAGTAATTACGACAATCCCGGGGCTAAAGCAGTAGGTTC 1483-1526
Smal1504r GAACCTACTGCTTTAGCCCCGGGATTGTCGTAATTACTATCGG 1483-1526
1603Ct TTGGTTTAAACAGCAATGTTCCCGGCCAAAATACCGTTGCA 1583-1623
1603Cr TGCAACGGTATTTTGGCCGGGAACATTGCTGTTTAAACCAA 1583-1623
Smal1603f ACAGCAATGTTCCCGGGCAAAATACCGTTGCATT 1592-1625
Smal1603r AATGCAACGGTTATTTTGCCCGGGAACATTGCTGT 1592-1625
Smal1831f CGTCAAATTAAAAATGTGGCACCCGGGAATGTTGCGGCAAACTC 1810-1853
Smal1831r GAGTTTGCCGCAACATTCCCGGGTGCCACATTTTTAATTTGACG 1810-1853
Smal1924f CAAGGTTGGCAAATCACTCCCGGGGTAGAAAATGGTGG 1906-1943
Smal1924r CCACCATTTTCTACCCCGGGAGTGATTTGCCAACCTTG 1906-1943

“The generated Smal sites are underlined and the mutated nucleotides are indicated in boldface.
> The position of the indicated oligonucleotide in the emaAd sequence downstream of the start codon (accession number AY344064).

described previously (39). Smal restriction sites were generated within the spe-
cific sequences of emaA using the overlapping mutagenesis primers listed in
Table 2. The strains containing these plasmids were propagated in medium
containing 50 pg/ml kanamycin.

Collagen binding assay. Binding of A. actinomycetemcomitans strains to hu-
man type V collagen (Sigma Chemical Co., St. Louis, MO) was determined using
an enzyme-linked immunoabsorbent assay as previously described (20, 29, 39).
Each strain was tested in triplicate. The OD,q, value of the background (no
added bacteria) was subtracted from the mean OD,q, value of the experimental
sample and the data are represented as the percentage of binding activity of the
complemented strain: [(OD.og target = ODaoo vackgrouna)/(ODaso complemented
OD49p backgrouna)] X 100%. The final results are presented as the means = the
standard deviations of three independent experiments. The data were statistically
analyzed using Student’s ¢ test. A P value of <0.05 was considered significant.

Electron microscopy sample preparation and data acquisition. Bacterial sam-
ples were prepared as described by Ruiz et al. (29). Briefly, mid-logarithmic
bacteria were collected and resuspended in phosphate-buffered saline (10 mM
sodium phosphate, 150 mM NaCl, pH 7.4) on ice to a final concentration of 5 X
10° CFU/ml. Five-microliter aliquots of bacterial suspensions were applied to
copper grids coated with a thin layer of carbon, rinsed with phosphate-buffered
saline, and stained using either 2% phosphotungstic acid (pH 7; Ted Pella,
Redding, CA) or Nano W (Nanoprobes, Yaphank, NY). For electron tomogra-
phy, the carbon-coated grids were pretreated with 5 pl polylysine (molecular
weight, 2,500 to 4,000; 0.05 mg/ml; Sigma) for 1 min followed by 5 pl of colloidal
gold (SPI, West Chester, PA) for 1 min before adding the bacterial suspension.
Data collection was carried out using a Tecnai 12 electron microscope (FEI,
Hillsboro, OR) equipped with a LaB, cathode, a 14-um 2,048- by 2048-pixel
charge-coupled device (CCD) camera (TVIPS, Gauting, Germany) and a dual
axis tilt tomography holder (Fischione, Export, PA), operating at 100 kV. 2D
micrographs were recorded in the CCD camera at a 67,000X nominal magnifi-
cation, which corresponds to a 0.196-nm pixel size on the specimen scale. Single-
axis tomography tilt series were recorded in the CCD camera over a +60°
or =70° angular range in 2° increments. The series of projections were collected
at either 52,000 or 42,000X nominal magnification, which corresponds to either
a 0.250-nm or 0.308-nm pixel size on the specimen scale, respectively.

2D image analysis. Electron micrographs of each strain were visualized using
ImageJ (10), and the distances of the bending positions from the apical end of
the EmaA appendages were measured. The number of molecules showing a
specific bend was represented as the percentage relative to the total number of
EmaA appendages. The electron micrographs of each strain were divided, for
statistical purposes, into groups containing at least 70 EmaA appendages per
group. Averages and standard deviations for each of the bend distances were
calculated for each group and analyzed for statistical significance. The final
results were presented as the mean of the percentage * the standard deviation.
Statistical analysis used Student’s ¢ test, and a P value of <0.05 was considered
significant.

Tomography data analysis. The projections of each single-axis tomography tilt
series were aligned to a common origin using IMOD (17). A preliminary align-
ment was obtained by cross-correlation and was subsequently refined by fiducial
marker alignment. The tomograms were reconstructed using a weighted back-
projection algorithm (25) in the SPIDER image processing system (version 5
with modifications [8]). EmaA appendages were identified in the projection of
the whole tomogram. The z slices of the tomogram containing the appendages
were visualized using WEB (8). The x and y coordinates defining the edges of a

box encompassing the appendages were recorded, and subvolumes comprising
the whole thickness of the tomogram were extracted. Projection onto convex sets
(Pocs) on the extracted subvolumes was used to minimize the effect of the
missing wedge (4). The subvolumes were rewindowed to the appropriate z di-
mension for each EmaA appendage, and the appendages in the subvolumes were
segmented semiinteractively using the program JUST (31). The segmented in-
formation was used to create a mask for subsequent processing.

Alignment of 3D volumes of the EmaA appendages. Volumes containing seg-
mented EmaA appendages were aligned in three steps. First, the volumes were
visualized using the program Chimera (22), and the appendages were coarsely
aligned by hand to a common orientation. Second, the alignment of the whole
EmaA appendages was refined using Radon transform algorithms (24). Finally,
the outermost region of the EmaA appendage (30 nm from the apical end) was
windowed out and used for subsequent alignment steps. For each round of
refinement, three orthogonal projections of the volumes (0°, 0°; 0°, 90°; and 90°,
90°) were computed and rotationally/translationally aligned to a selected refer-
ence. Initially, the alignment was carried over an angular range of 180° in 5°
angular increments. The averaged x, y, and z shifts were calculated from the 2D
shifts of the three projections (2, 28, 30). The Euler angles for the volume
rotation were determined from the angles obtained from the alignment of the
(90°, 90°) projection. The volumes that showed high cross-correlation coefficients
were averaged to create a volume with a higher signal/noise ratio. The averaged
volume served as a new reference in the next round of refinement, which was
carried out over a smaller angular range and with smaller angular increments.

RESULTS

The surface of A. actinomycetemcomitans was investigated
using negatively stained whole-mount preparations of the bac-
terial cells. Preliminary studies on three different strains were
performed to determine the optimal strain for EmaA append-
age visualization. The strains chosen for this study were (i) the
wild type (WT), which contains a moderate number of EmaA
molecules, (ii) a wild-type strain transformed with emaAd (WT/
emaA™), which overexpresses EmaA appendages, and (iii) a
morClemaA ™ mutant strain, constructed from the parent morC
mutant strain, that shows minimal convolutions (9) and may
aid in the visualization of the entire EmaA appendage. The 3D
tomograms presented in perspective clearly delineated the sur-
face features of the three strains (Fig. 1). In all of the strains,
the EmaA appendages were more abundant at the apical ends
of the bacteria. Although in the morClemaA™ strain the EmaA
appendages were unobscured by membrane convolutions or
secreted vesicles, the low aspect ratio of the bacterial dimen-
sions made it difficult to distinguish the apical end of the
bacteria to collect the data under the low-dose conditions used
in this study (Fig. 1C). EmaA appendages were very abundant
in the WT/emaA™ strain but were not well separated in 3D
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FIG. 1. Perspective view along the z axis of 3D tomograms of A.
actinomycetemcomitans strains acquired from whole-mount prepara-
tions of the bacterium. The amount of perspective is indicated by the
white bounding box framing the tomogram. (A) WT strain stained with
Nano W; (B) WT/emaA™ strain stained with 2% phosphotungstic acid
(pH 7); (C) morClemaA™ strain, a morC mutant strain transformed
with pKM9, stained with Nano W. Arrows indicate EmaA appendages
on the bacterial surface. Dark points are colloidal gold particles. Bars,
100 nm.

J. BACTERIOL.

(Fig. 1B). Therefore, the WT strain was selected to study the
structure of the EmaA appendages (Fig. 1A). A total of 23
tomograms were collected from this strain for further analysis.

Whole tomograms were segmented semiinteractively to sep-
arate the different structures on the surface of the bacterium,
thus allowing the investigation of the relationship between
these structures in situ. Densities representing the EmaA ap-
pendages and the bacterial membrane surface were labeled in
blue and green, respectively (see Fig. S1 in the supplemental
material). Although regions of the EmaA appendage were
found at the level of the membrane, the loci where EmaA
anchors to the membrane could not be resolved due to the high
electron density of proteins and membrane components inside
the bacterial cell. Therefore, the complete length of the EmaA
appendage could not be determined under these experimental
conditions. Since whole tomograms are very large to manipu-
late, subvolumes containing single EmaA appendages were
extracted from the tomograms for a more detailed analysis. In
addition, the EmaA appendages were segmented from the
subvolumes (data not shown), and a 3D mask was created to
aid in the visualization and subsequent alignment of the EmaA
appendages.

The morphologies of 114 EmaA 3D structures were ana-
lyzed. Twenty-two appendages displayed straight stalks (Fig.
2A), while each of the remaining 92 appendages contained
either one (Fig. 2B) or multiple (Fig. 2C and D) bends at
different positions in the structure. The positions of the bends
were calculated as the distance from the bend to the distal end
of the appendage. The distances for all the bending positions
were recorded, analyzed for statistical significance, and divided
into 14 groups (Table 3). The data suggest that the most
common bend was found at a distance of 29.4 = 1.8 nm from
the distal end of the appendage (Fig. 2B). Two other bends
were less frequently observed within the first 29.4 nm of the
EmaA appendage at 10.3 nm and 23.5 nm (Table 3). The
angles formed by the bend at 29.4 nm were mainly distributed
between 140° and 170° (Fig. 2E), with only a few angles smaller
than 140°. The angles of the bends at other positions in the
structure were similar (data not shown).

The protein sequence corresponding to the bend at 29.4 nm
was broadly mapped to the region between amino acids 502
and 641, which is localized between the first two neck se-
quences. Three in-frame deletion mutants (A502-534, A535-
610, and A611-641) were constructed to refine the mapping of
this sequence. Plasmids containing these constructs were trans-
formed into the emaA mutant strain, 2D electron micrographs
were collected, and the surface appendages formed by the
truncated EmaA proteins were analyzed. The bend localized at
=10.3 nm was excluded, since it was unrelated to these se-
quences. The emaA mutant strain complemented with the full-
length emaA displayed 53% of the appendages with a bend at
29.4 nm (Table 4). The strains containing the A502-534 and
A535-610 constructs had similar percentages of bends at 29.4
nm as the complemented strain (Table 4). In contrast, the
strain containing the A611-641 construct displayed only 13% of
the EmaA appendages with a bend at 29.4 nm compared to the
complemented strain (Table 4). It was surprising that this value
did not approach zero, if these amino acids are truly correlated
with the bend at 29.4 nm. In this regard, it is useful to compare
the results from the 2D and 3D analysis of the WT strain.
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FIG. 2. Projections through EmaA subvolumes extracted from the
tomograms showing different morphologies of the EmaA appendages.
Subvolumes have been rotated to visualize the EmaA appendage par-
allel to the imaging plane. (A) Straight EmaA appendage; (B) EmaA
appendage with a bend at 29.4 nm (arrowhead) from the apical ending
of the structure; (C) EmaA appendage with bends at 29.4 nm (arrow-
head) and 65.6 nm (thin arrow); (D) EmaA appendage with bends at
29.4 nm (arrowhead) and 68.8 nm (thick arrow). BM, bacterial mem-
brane. Bar, 10 nm. Dark points are gold particles. (E) Angular distri-
bution of the bends at 29.4 nm.

Concomitant with the reduction of the percentage of bends at
29.4 nm, the percentage of the straight EmaA appendages of
the strain containing the A611-641 construct increased com-
pared with the other strains (Table 4). There was no significant
difference between the percentages of the bends at other po-
sitions in the structures of these strains (Table 4). The appar-
ent discrepancy can be accounted for by the foreshortening of
distances (by cos[a]) in the 2D projections, which affects the
correct assignment of the bend location. Based on this fact, the
13% of EmaA appendages displaying a bend at 29.4 nm is
within the discrepancy margin and is essentially equivalent to
zero.

Gain-of-function studies of the strains containing the dele-
tion constructs were performed to determine the role of these
sequences in collagen binding. All the mutant strains showed a
decrease in collagen binding activity compared to the comple-
mented strain (Fig. 3E). The strain containing A502-534 re-
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TABLE 3. Specific bending positions measured from the distal end
the EmaA appendage and the number of EmaA appendages
bent at that location

Distance (nm) of bend No. of EmaA

from distal end” appendages”
103 =05 4
235 +0.6 4
294+ 1.8 47
34.0 £0.6 7
382+ 1.6 17
446 £ 1.3 14
512+1.2 6
59.8 £0.7 3
62.4 0.9 3
65.6 0.9 8
68.8 = 0.8 5
719 £1.2 5
76.6 = 1.1 3
86.5 = 2.6 4

“ Each group of bending positions is significantly different from the neighbor-
ing groups (P < 0.05).

® The total number of EmaA appendages is 114. A total of 130 bends were
found in these appendages, while 22 appendages were straight.

stored 49.5% of the collagen binding activity compared with
the complemented strain. This level of binding was slightly
higher than that of the negative control (emaA mutant trans-
formed with the empty shuttle plasmid pKM1). The strains
containing the A535-610 and A611-641 constructs restored
44.6% and 36.5% of the collagen binding activity, respectively,
compared with the activity of the complemented strain. The
percentages of binding of these two strains were not signifi-
cantly different from that of the negative control (Fig. 3E). The
distal end of the EmaA appendages of the three deletion
constructs did not form the prototypic ellipsoidal ending do-
main when observed by transmission electron microscopy (Fig.
3; see also Fig. S2 in the supplemental material). In some cases,
a small enlargement of the stalk domain was observed (Fig.
3B). Nonetheless, the ending was still quite distinct from the
prototypic ending domain of the WT strain. Therefore, the

TABLE 4. EmaA appendages bending at different positions” and
straight EmaA appendages based on both 2D and 3D? analyses

% of EmaA appendages

Analysis Strain b;ryclitshat With bends at v'l;l;f;
294 nme  Otherpositions bt

2D Complemented 53 £3.5 40 = 4.6 25+37
2D A502-534 53+ 1.6 51 8.0 25 +32
2D A535-610 48 9.0 56 £5.6 29 +6.3
2D A611-641 13+ 1.7¢ 53 +£83 49 = 3.7
2D Wild type 69 + 0.3 58+ 8.8 16 + 32
3D Wild type 45¢ 69 19

“ An EmaA appendage may contain multiple bending positions; therefore, the
sums of the percentages for a strain may be more than 100%.

® The 3D analysis used the 114 EmaA 3D structures and the bending data
listed in Table 3.

¢ The bending positions that had a distance between 10.3 nm and 29.4 nm were
all considered as the bend at 29.4 nm.

4 The percentage of the appendages bending at 29.4 nm formed by the dele-
tion construct A611-641 was significantly different from those of other strains
(P < 0.05).

¢ The percentage includes bends at both 29.4 nm and 23.5 nm (see Table 3).
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FIG. 3. EmaA appendages windowed from electron micrographs of
A. actinomycetemcomitans strains acquired from whole-mount prepara-
tions of the bacteria stained with 2% phosphotungstic acid (pH 7).
(A) WT strain; (B) emaA mutant strain transformed with pKMAS502-534;
(C) emaA mutant strain transformed with pKMAS535-610; (D) emaA mu-
tant strain transformed with pKMA611-641. Arrows point to the apical
end of the EmaA appendages. Spherical particles in the images are ex-
tracellular vesicles. BM, bacterial membrane. Bar, 10 nm. (E) Collagen
binding activities of the emaA4 mutant strains in panels A to D and pKM9
(plasmid containing the full-length emaA gene and the upstream putative
promoter region [Compl.]) as measured by enzyme-linked immunosor-
bent assay. The data are represented as the percentage of the binding of
the full-length complemented strain (Compl.). *, statistically significantly
different from the emaA mutant/pKM1 strain.

lack of these sequences appears to affect the structure of
the binding domain and the collagen binding ability concur-
rently.

Fine detailed structural information was difficult to obtain

J. BACTERIOL.

from individual EmaA subvolumes extracted from the tomo-
grams. The low electron dose used to minimize radiation dam-
age during data collection and the reduced number of projec-
tions, 71, contributing to each volume resulted in structures
with high noise levels. However, a higher signal to noise (S/N)
ratio structure can be obtained by averaging volumes that have
been previously well aligned. Since 41% of the subvolumes
contained a bend at 29.4 nm, the alignment steps were carried
out using an additional mask of 30 nm from the apical end of
the EmaA appendages, thus increasing the number of subvol-
umes that could be included in the alignment. Alignment pro-
cedures showed good performance when applied to volumes
containing isolated structures and comprising no additional
features (e.g., vesicles or gold particles). The 114 subvolumes
containing EmaA appendages extracted from the tomograms
were analyzed to determine good candidates for 3D alignment.
Many of the original EmaA subvolumes contained additional
features (e.g., gold particles, vesicles, EmaA appendages) very
close to the EmaA appendage of interest. Although these
features do not prevent a reliable manual study, they pose a
hindrance for the alignment procedures. Thus, only 25 EmaA
subvolumes were selected for further processing. Further re-
ductions in the number of subvolumes available for averaging
arose from bends located at distances closer than 29.4 nm from
the apical end and from deficient alignment due to the low S/N
ratios of single subvolumes. Therefore, only 9 EmaA subvol-
umes could be averaged.

An average of 9 EmaA subvolumes that showed the highest
cross-correlation coefficients, after several rounds of alignment
and refinement, was calculated. The averaging resulted in a 3D
structure of the apical end of the EmaA structure with in-
creased contrast, higher S/N ratio, and well-defined densities.
The structure can be clearly divided into three main subdo-
mains, which show strong densities and have been labeled as
subdomains I, II, and III (Fig. 4). The amino-terminal subdo-
main I has a globular shape with a diameter of 5 nm and
corresponds to the ellipsoidal ending structure observed in 2D
micrographs and reported in the previous 2D analysis of EmaA
(29). Adjacent to this globular domain is subdomain II, which
has a more cylindrical shape with dimensions of 4.4 nm by 5.8
nm (Fig. 4). Subdomain III, with dimensions of 4.6 nm by 6.6
nm, has a similar shape as subdomain II. Between subdomains
II and III, at 10.8 nm from the apical end of the appendage, a
narrow density of 3 nm in diameter and 3 nm long is observed
(labeled as the linker). Subdomain III is followed by a narrow
density (~3 nm in diameter), which represents the beginning
of the stalk domain of EmaA. All the subdomains show finer
detailed features represented as mounds and valleys on the
surface of the structure. A more detailed interpretation of
these features, however, awaits the availability of a higher-
resolution structure.

DISCUSSION

A. actinomycetemcomitans is considered to be the major
pathogen in the development of an acute form of periodontal
disease that infects young individuals (12, 32). Localized ag-
gressive periodontitis is characterized by rapid periodontal at-
tachment loss and leads to bone destruction (16). Genetic and
biochemical studies have revealed a number of determinants
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FIG. 4. (Left) Surface representation of the 3D structure of the
apical 30 nm of the EmaA appendage obtained by averaging 9 EmaA
subvolumes extracted from the tomograms. (Right) Manual docking of
the atomic model of the YadA head domain into subdomain II. Three
subdomains, the linker region, and the stalk domain are labeled. Bar,
10 nm.

involved in the initiation of oral and nonoral infections asso-
ciated with this bacterium (7). These virulence factors are
either membrane associated or require the membrane for se-
cretion. Even though there is a wealth of information at the
genetic and biochemical levels, there is a paucity of structural
information describing these known or putative virulence fac-
tors that are involved in establishing disease. Our work at-
tempts to characterize, for the first time, the 3D architecture of
the associated surface structures of this periodontal pathogen.

The outer membrane surface of afimbriated A. actinomyce-
temcomitans strains is decorated with antenna-like appendages
which are composed of a multimer of the collagen binding
adhesin EmaA (19, 29). EmaA is also present on the surface of
fimbriated strains obtained from clinical isolates (data not
shown). Sequence analysis has shown that EmaA possesses all
the characteristics of the Oca family of adhesins (19). The
monomer molecular mass of 202 kDa makes EmaA one of the
larger members of this family of proteins, compared with
YadA (42 kDa), UspAl (83 kDa), UspA2 (60 kDa), Hia (114
kDa), and BadA (340 kDa) (13, 33, 38). In contrast with YadA,
UspA1/UspA2 and BadA, which are expressed at high relative
densities on the bacterial surface (13, 33), EmaA is sparsely
distributed on the surface and can be more easily found at the
apical end of the bacterium (29, 36, 39). The low number of
EmaA adhesins on the bacterial surface may appear to put A4.
actinomycetemcomitans at a disadvantage to interact with ex-
tracellular matrix components. However, the long length and
the inherent flexibility of the appendages, expressed as multi-
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ple bending points along the stalk region, may overcome the
relatively low surface coverage. The angular distribution of the
bends of the EmaA appendages with the stalk domain was
found to range between 40° and 10° (Fig. 2). These experimen-
tally derived parameters support the hypothesis, based on the
crystal structure of YadA, that a 30° angle of the head domain
with the stalk domain is required for optimal positioning of the
functional domain to interact with collagen fibers (21). There-
fore, the expression of a long, flexible EmaA adhesin should
mitigate the low level of surface expression and achieve a
physiologically relevant level of binding for A. actinomycetem-
comitans.

The EmaA bending sites are not randomly distributed
throughout the structure but appear to be localized at specific
positions. The neck sequences act as transitional elements be-
tween two distinct structural domains of the adhesin (21). Our
results have revealed the localization of two of the neck se-
quences in the 3D structure of the EmaA appendages. The
residues just after the first neck sequence (amino acids 415 to
433) correspond with the bend at 10.3 nm (Fig. 4), while the
bend located at 29.4 nm from the distal end of the molecule
correlates well with the bend observed in 2D micrographs (29).
Collectively, all the data presented here suggest that the bend
at 29.4 nm is associated with the amino acids following the
second neck sequence (619 to 628). Assuming that the stalk
domain, after the second neck sequence, forms an «-helical
structure for at least 42 nm, the bending positions can be
correlated with the amino acid sequence. Based on this as-
sumption, the sequences of seven bending positions, which
include the majority of the bends, contain the amino acids
NGS/T or NGGS/T (Table 5). Glycine and serine residues are
predicted to have a poor helix-forming probability (3). Hence,
the disruption of the helix may allow for the increased flexi-
bility observed in this adhesin. Under these assumptions, the
bends in the EmaA appendage would correlate with the con-
sensus sequence NG(G)S/T.

The EmaA structure inferred from the 2D electron micros-
copy analysis shows a simple geometry containing an ellipsoi-
dal head domain (with the longest axis of ~5 nm) and a long
stalk (29). The 3D structure, obtained using electron tomog-
raphy and subvolume averaging, revealed a more complex ar-
chitecture for the distal end of the appendages, which is com-
posed of defined subdomains (Fig. 4). Together subdomain I,

TABLE 5. Correlation between bending position and EmaA
protein sequence”

Bending Amino
position acid Protein sequence”
(nm) position
294 £ 1.8 619 = 12 SOTKNVAAGNVAANSTDAVNGSOQLF
AV. A631

34.0 £ 0.6 649 = 4 SSENGGTQNGA®3
382+ 1.6 678 = 10 S AGKNLAVKQNGTNFTFSTQE®®
446 + 1.3 720 + 8 12SVQNGGTINMGNNRITG"*
624 = 0.9 839 =6 833 EAAKSIPLTYKANGS®
65.6 £0.9 860 = 6 SS9 DKGLNFTNGMMT#%¢
719 1.2 902 = 8 894V AGTPGTNGANGTDGKD?'?

“ Values are means * standard deviations.
® The consensus sequences are shown in bold. The underlined sequence is the
second conserved neck sequence (amino acids 619 to 628).
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which corresponds to the head domain described in the previ-
ous 2D study (29), and subdomain II, which includes the first
neck sequence at the proximal end, comprise the region of the
EmaA sequence consisting of amino acids 70 to 450. A calcu-
lation of the volumes encompassed by each subdomain sug-
gests that subdomain II contains ~1.35 times the molecular
mass of subdomain I. Revisiting the electron micrographs with
this knowledge permits the recognition of these features on the
2D images of the EmaA appendages (see Fig. S3A in the
supplemental material; see also Fig. 8B of reference 39). In
addition, a broadening of the distal end of the stalk domain is
observed in images of the A70-206 mutant strain (see Fig. S3B
in the supplemental material), which may correspond to the
presence of subdomain II in these mutant EmaA appendages.

Additional insights into the EmaA structure were gained by
submitting the sequence to the daTAA server (http://toolkit
.tuebingen.mpg.de/dataa), a trimeric autotransporter adhesin
domain prediction program (34). Based on these predictions,
YadA-like domains are predicted in subdomains I, IT and III,
and a HIN2 domain (defined by an FxG motif) is predicted in
subdomain III (See Fig. S4 in the supplemental material). The
YadA structure results from the periodicity of specific SVAIG
degenerate motifs. Since the periodicity of these motifs in the
region of the EmaA protein (residues 323 to 415) is similar to
that found in YadA, we have manually fitted the YadA head
domain (Protein Data Bank (PDB) code 1p9h, (21) into the
3D electron tomography structure of subdomain II of EmaA
(Fig. 4). The fitted YadA head domain accounts for a large
percentage of the electron density of subdomain II, although
small external densities still remain unfilled. Moreover, this
analysis allowed us to define the location of the first EmaA
neck sequence, which is found just above the linker region
(Fig. 4).

The 3D electron microscopy data in combination with the
docking of the YadA head trimer into the subdomain II and
the linker region strongly suggest that EmaA is a trimeric
adhesin. Fitting of the YadA head domain into the subdomain
I of EmaA was not satisfactory (data not shown). The subop-
timal fit might be due to the variable periodicity of the SVAIG
motifs found in this region of EmaA (39). In some instances,
the SVAIG motifs have a much larger separation than that
found in the YadA sequence. The additional amino acids be-
tween the SVAIG motifs could be present as large loops be-
tween the B-rolls. This hypothesis is supported by the extreme
functional and structural effect of a single amino acid mutation
(G162S) in subdomain I (39). It is possible that the presence
of glycine at this position is required to stabilize the sec-
ondary structure of the regions between **GIALG'?® and
12GIAIG'® and '*>*GIAIG'®® and '"*°STAIG'*. Similar ef-
fects were not observed when comparable amino acid sub-
stitutions were carried out in other motifs (data not shown).
Thus, it is expected that the architecture of subdomain I is
not identical to YadA.

Based on the current genetic, biochemical, and structural
data, the functional domain identified by Yu et al. (39) has to
be reassigned. The collagen binding domain should include at
least subdomains I and II until the linker region, which corre-
sponds to the amino acids following the first neck sequence
and might be correlated with the bend observed at 10.3 nm. It
is possible that subdomain III might also play a functional role.
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However, at the present time the data do not show strong
support for this possibility. A more detailed structure of these
subdomains awaits higher-resolution studies.

In summary, we have initiated the investigation of the 3D
architecture of the EmaA adhesin on the surface of A. actino-
mycetemcomitans by using electron tomography of whole-
mount bacterial preparations. Our structural, functional, and
mutagenesis studies have shown that the EmaA appendages,
composed of three identical monomers, contain specific amino
acid sequences that are proposed to confer flexibility to the
adhesins for optimal collagen binding. The first 3D structure of
the functional collagen binding domain of EmaA was calcu-
lated using electron tomography and subvolume averaging.
The functional domain of the EmaA molecule is suggested to
be composed of two subdomains, or probably three. Additional
studies are under way to optimize this technology and obtain
more detailed information on the structure of this adhesin.
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