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Abstract
Helicobacter pylori is a Gram-negative bacterium that colonizes the human stomach and
contributes to peptic ulceration and gastric adenocarcinoma. H. pylori secretes a pore-forming
exotoxin known as vacuolating toxin (VacA). VacA contains two distinct domains, designated p33
and p55, and assembles into large “snowflake”-shaped oligomers. Thus far, no structural data are
available for the p33 domain, which is essential for membrane channel formation. Using single-
particle electron microscopy and the random conical tilt approach, we have determined the three-
dimensional structures of six VacA oligomeric conformations at ~15-Å resolution. The p55
domain, composed primarily of β-helical structures, localizes to the peripheral arms, while the p33
domain consists of two globular densities that localize within the center of the complexes. By
fitting the VacA p55 crystal structure into the electron microscopy densities, we have mapped
inter-VacA interactions that support oligomerization. In addition, we have examined VacA
variants/mutants that differ from wild-type (WT) VacA in toxin activity and/or oligomeric
structural features. Oligomers formed by VacAΔ6–27, a mutant that fails to form membrane
channels, lack an organized p33 central core. Mixed oligomers containing both WT and VacAΔ6–
27 subunits also lack an organized core. Oligomers formed by a VacA s2m1 chimera (which lacks
cell-vacuolating activity) and VacAΔ301–328 (which retains vacuolating activity) each contain
p33 central cores similar to those of WT oligomers. By providing the most detailed view of the
VacA structure to date, these data offer new insights into the toxin's channel-forming component
and the intermolecular interactions that underlie oligomeric assembly.
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Introduction
Helicobacter pylori is a Gram-negative bacterium that colonizes the human stomach1–3 and
can lead to the development of peptic ulcer disease, gastric adenocarcinoma, or gastric
lymphoma.4–6 Gastric cancer is the second leading cause of cancer-related deaths
worldwide,7 and H. pylori is classified as a type 1 carcinogen by the World Health
Organization.

The major secreted exotoxin of H. pylori is known as VacA (vacuolating toxin), named for
its ability to induce vacuolation in the cytoplasm of mammalian cells (reviewed in Refs. 8–
12). Additionally, VacA causes a slew of cellular responses that include depolarization of
membrane potential,13 mitochondrial dysfunction,14–17 autophagy,18 cell death,17,19,20

activation of mitogen-activated protein kinases,21 and inhibition of T cells.22–24 The
mechanisms by which these alterations occur are not fully understood, but many require
VacA internalization into cells.15,19,25 VacA forms anion-selective channels in planar lipid
bilayers and in the plasma membranes of cells,13,26–28 and it is hypothesized that VacA can
also form channels in endosomal and mitochondrial membranes (reviewed in Ref. 10).

VacA, secreted as an 88-kDa toxin, consists of two domains, designated p33 and p55. The
p33 domain is postulated to form the anion-selective channel, and both the p33 and p55
domains mediate VacA binding to host cells.10,16,29–32 A 2.4-Å three-dimensional (3D)
structure of the p55 domain was determined by X-ray crystallography,33 but there is no
structural information on the p33 domain.

VacA assembles into a heterogeneous assortment of oligomeric “snowflake” structures,
which have been visualized by several approaches.26,31,32,34–38 Mutant VacA proteins that
fail to oligomerize lack toxin activity.39–41 The snowflake structures likely represent water-
soluble forms of the anion-selective membrane channels formed by VacA. The highest-
resolution structures of VacA oligomers thus far (~ 19-Å) were obtained by cryo-negative
stain electron microscopy (EM).31 In this previous structural analysis,31 it was not possible
to obtain tilt pair images, and therefore the 3D models relied on a number of modeling
techniques to generate structures from the heterogeneous images of VacA oligomers.
Analysis of the X-ray crystallographic structure of p55 together with EM images of the
oligomers has led to a model of VacA oligomer organization in which the p33 domain
occupies the inner core of the snowflakes and the p55 domain extends outward from the
central core.33 However, the cryo-negative stain EM structure contained no details about
p33 organization and did not allow an analysis of how VacA monomers interact to form
oligomers.

Sequence variations within VacA influence cytotoxicity and are associated with distinct
pathological responses.42,43 Three polymorphic regions have been identified:44 an N-
terminal region that is differentially cleaved during toxin export to form either an s1 or an s2
variant,42 an intermediate region (i1 or i2) located at the C-terminus of the p33 domain,43

and a middle region (m1 or m2) in the p55 domain that affects receptor binding.42,45 Type
s1m1 and s1m2 VacA variants are considered fully active, although the s1m2 variant binds
to a narrower range of cells.45,46 Type s2 VacA variants contain a 12-residue hydrophilic N-
terminal extension, do not vacuolate cells, and form membrane channels less efficiently than
s1 variants;42,46–48 moreover, s2 forms of VacA are associated with a very low risk of
symptomatic gastric disease.42 The mechanism by which these additional residues disrupt
VacA activity is not well understood.

Analysis of experimentally constructed VacA mutant proteins has identified specific VacA
domains and/or residues required for pore formation and oligomerization. However, the
limited structural understanding of how VacA oligomerizes, coupled with the lack of

Chambers et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2014 February 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



structural information on p33, has made it difficult to elucidate the exact roles of these
domains or residues in VacA function. One mutant, VacAΔ6–27, lacks three hydrophobic
GXXXG motifs posited to be important for pore formation29 and exhibits a dominant-
negative phenotype when mixed with equal molar ratios of acid-activated wild-type (WT)
VacA.39 Although this mutant has previously been structurally characterized,31 the low
resolution and lack of structural detail in the central p33 region of the 3D maps made it
difficult to mechanistically explain how the Δ6–27 mutation disrupts function, and the
structural consequences of VacAΔ6–27 interaction with WT VacA were not explored.
Another mutant, containing a deletion between the p33/p55 domains of VacA, retains cell-
vacuolating activity49,50 and was reported to assemble into predominantly six-sided
oligomeric structures instead of seven-sided oligomers.49

VacA does not exhibit homology to other known bacterial toxins; therefore, there is
considerable interest in elucidating the structure of this protein and understanding the
mechanism of membrane pore formation. Although the toxicity of VacA lies in its ability to
form channels, a high-resolution 3D structure of oligomeric VacA has yet to be determined,
creating a large gap in our understanding of this toxin and its role in H. pylori pathogenesis.
In this study, we report the determination of ~15-Å 3D reconstructions of six oligomeric
forms of VacA. These structures provide the first details of p33 organization in the central
pore and allow us to generate a structure-based model for how VacA oligomerizes. We have
also used EM analysis to characterize VacA variants and mutants that differ from WT VacA
in activity or oligomeric structure, providing structural insights into the mechanism by
which a dominant-negative mutant inhibits the activity of WT VacA and the mechanisms by
which VacA oligomerizes and forms membrane channels.

Results and Discussion
Visualization of VacA oligomers by negative stain EM

WT VacA was purified from H. pylori culture supernatant and, as expected, acid-activated
preparations caused vacuolation of epithelial cells (data not shown). Negative stain EM
analysis of purified WT VacA revealed snowflake-like particles (Fig. 1a), corresponding to
morphologies observed in other studies.26,31,34–36,38 In contrast to the random orientation of
VacA in previously described cryo-negative stain images,31 VacA oligomers adsorbed in a
preferred en face orientation on the grids. If the specimen adsorbs on the carbon film in one
or a few preferred orientations, the specimen must be tilted in the electron microscope to
obtain the additional views required for 3D reconstruction. Using this technique, referred to
as the random conical tilt (RCT) approach,51 we calculated the 3D volume by back-
projection algorithms. Since the same specimen area is imaged twice in this technique, once
at a high tilt angle and then again untilted, the orientation parameters are uniquely defined
and the resulting 3D reconstruction is very reliable. This approach is especially useful when
examining samples, such as VacA, that exist in more than one structural state since we are
able to classify the distinct conformations using the untilted images and then use the tilted
images to determine the structure. Image pairs of grids containing negatively stained VacA
were recorded at tilt angles of 55° and 0°. A total of 14,573 pairs of particles were selected,
and images of the untilted specimens were classified into 20 class averages (Fig. S1a). These
class averages showed that while essentially all VacA particles adsorbed to the carbon grid
in the same orientation, the oligomer adopts multiple conformations. As seen previously,31

the classes revealed VacA oligomers that contained six chiral arms (Fig. S1a, panels 7 and
8) and oligomers that contained six or seven arms arranged in an achiral fashion. In contrast
to previous cryo-negative stain studies,31,38 we did not observe particles with eight or nine
arms. Furthermore, all the averages, even the chiral forms, had a visible “spoke”-like density
in the center of the oligomers. From the 20 classes, we selected 7 that represent distinct
conformations and 1 less well-resolved VacA class (Fig. S1a, marked with an “*”). These
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were used as references for a cycle of reference-based alignment (Fig. 1b). The results of the
reference-based alignment revealed six well-resolved classes (Fig. 1b, marked with an “*”)
and two classes that contained particles with disordered arms. Five of the well-resolved
classes contained either six or seven achiral arms (Fig. 1b, panels 1, 2, 3, 5, and 8), while
one class showed an oligomer with six chiral arms (Fig. 1b, panel 4). As seen in the
reference-free alignment, all the reference-based classes had visible central densities that
appear structurally organized.

To more carefully analyze the structural organization of the VacA oligomers, we used
images from the tilted specimens corresponding to each of the eight classes to calculate 3D
reconstructions using RCT52 (Fig. 2). The 3D structures with 6- or 7-fold applied symmetry
are shown in Fig. 2, while the same structures without applied symmetry are shown in Fig.
S2. Of the eight 3D reconstructions, only tilted particles associated with the six well-
resolved class averages (Fig. 1b, marked with an “*”) led to well-defined 3D structures.
Structures calculated from particles found in two of the classes looked very similar (Fig. 2b
and c) and could easily be aligned. To further improve the reconstruction of a VacA
oligomer, we combined the tilted images plus 10% of the highest correlated 0° images from
these two classes and used them to calculate a 3D reconstruction either with or without
applied 6-fold symmetry (Fig. 3 and Fig. S1c).

From the presented structures, it is clear that VacA monomers can oligomerize into achiral
double-layer structures containing either six or seven arms (Figs. 2a–c, e, and f and 3) or
into a chiral hexameric structure (Fig. 2d). Our statistics show that approximately 8% of the
oligomers represent hexamers, 79% represent dodecamers, and 11% represent tetradecamers
(Table 1). Interestingly, VacA heptamers, although seen previously under negative stain,32

cryo-negative stain,31 and vitrified ice conditions (data not shown), were not observed in our
analysis, even when we expanded the number of classes to 60 (data not shown). One
possible explanation stems from our observation that the preferred conformation of VacA
oligomers in solution shifts over time towards hexameric, dodecameric, and tetradecameric
forms (data not shown). The structures, regardless of oligomeric type, contain two
prominent features: extended straight arms with a slight kink at the distal end and central
spoke-like densities. The arms clearly represent the VacA p55 domain,33 leaving the central
region to represent the p33 domain. The double-layer VacA oligomers contain a well-
resolved central region on one side of the structure (Figs. 2a–c and f and 33), although there
is central density present on both sides when no symmetry is applied (Fig. S2). Additionally,
some of the oligomers appear to contain a “plug” that occludes the central hole (Fig. 2 and
Fig. S2). It is possible that the less ordered face is the one that makes contact with the
carbon grid and that the presence of a plug represents either unorganized central density or
stain accumulation. The exception to this observation is the structure of one VacA
dodecamer, which does not contain any well-resolved central density at the molecular
weight threshold corresponding to its calculated mass (1056 kDa), regardless of whether or
not symmetry is applied (Fig. 2e and Fig. S2e). The six-sided oligomers have a diameter of
290 Å. The extended arms are ~95 Å long, while the central region has a diameter of 100 Å
(Figs. 2a–e and 3). The central regions for all the oligomers, with the exception of the
dodecamer shown in Fig. 2e, contain two domains separated by a thinner connecting density
(Figs. 3 and 4a and c). The innermost, central domain has dimensions of ~15 Å×15 Å×15 Å,
while the domain that extends seamlessly from the arm has dimensions of ~30 Å×25 Å×20
Å (Figs. 2 and 3). The tetradecamer is slightly larger than the six-sided oligomers, with an
overall diameter of 310 Å and a central region with a diameter of 120 Å (Fig. 2f); however,
the size of the arms and central densities are similar to those in the hexameric and
dodecameric oligomers.
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VacA structure and oligomerization
To gain insight into how VacA oligomerizes, we placed the 2.4-Å crystal structure of the
VacA p55 domain33 into the 3D density maps of the VacA oligomers using the program
Chimera53 (Fig. 4a and c and Fig. S3). As is common for negatively stained specimens,
VacA oligomers were slightly flattened, causing the tips of the peripheral arms to appear to
be touching, a feature that is less pronounced in side views of VacA particles in vitrified ice
(Ref. 31 and data not shown). Although the flattening in the z-axis limits our ability to map
inter-p55 interactions in double-layered oligomers to specific loops rather than to specific
amino acids, the distortion was fairly minor since the p55 structure unambiguously fits into
the EM maps even in the double-layered VacA oligomers. Placing the p55 crystal structure
into the VacA oligomers (Fig. 4 and Fig. S3) clearly shows that the extended arms represent
the p55 domain and the central densities represent the p33 domain along with regions of p55
that have not been crystallized (residues 312–354) (Fig. 4e). As previously predicted,33 the
portion of p33 contiguous to the p55 domain likely adopts an extended β-helix fold since
there is no clear demarcation in the density map at the p55–p33 intramolecular interface
(Fig. 4a, c, and e).

The model of hexameric VacA (Fig. 4a) shows that oligomerization depends on
intermolecular interactions between the N-terminal portions of p33 in adjacent protomers, as
well as contacts between p33 of one protomer and an adjacent p55 arm of another protomer
(Fig. 4b, see p88 pink and yellow protomers). The interactions between the arms can be
mapped to a region spanning residues 442–448 of p55 (Fig. 4f) and a region of p33
contiguous with the p55 β-helix in an adjacent arm. The lack of a high-resolution structure
of the VacA N-terminus precludes mapping this interaction to specific residues; however,
we speculate that this region likely includes residues 346 and 347, which are important in
VacA oligomerization.41

VacA forms double layers through interactions mediated by the many loop regions
extending from the p55 β-helix (Fig. 4c, d, and g). These loops can be grouped into three
major blocks (Fig. 4g) and each oligomeric type uses a different block to support double-
layer formation (Fig. 4c and d; Fig. S3). Although this allows for numerous VacA double-
layer conformations, the different interactions, with the exception of one conformation (Fig.
S3c), do not have any distinct effect on the arrangement of the central p33 domains. This
suggests structural flexibility within p88 protomers, likely found at regions around the p33–
p55 interface and within the short region connecting the two lobes of the p33 domain (Fig.
4e). The dodecamer lacking a well-defined central density uses regions in the C-terminus of
p55 to support double-layer formation (Fig. S3c). Perhaps the angle the arms must adopt in
this oligomer exceeds the inherent flexibility found in p88 disrupting ordered N-terminal
p33 interactions. From the structural analysis of the numerous VacA oligomer
conformations, we propose a model where soluble VacA first oligomerizes into hexamers or
heptamers and then these single layers interact to form double-layer structures via structural
motifs along the arm domains.

Structural characterization of VacA mutants and variants
A number of VacA variants and mutants have been shown to differ from WT toxin in
activity and/or oligomeric structural features. For example, both VacAΔ6–27 and a VacA
s2m1 chimera lack cell-vacuolating activity;39,48 VacAΔ301–328 retains vacuolating
activity (data not shown), but a similar mutant preferentially formed particles with increased
6-fold symmetry rather than 7-fold symmetry.49 To gain a better mechanistic understanding
for why certain VacA mutants and/or variants are more active than others, we examined
VacAΔ6–27, VacA s2m1, and VacAΔ301–328 by negative stain EM, and particles from the
untilted images were subjected to alignment and classification (Figs. 5 and 6). The classes
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were compared to WT VacA classes using difference mapping. In cases where significant
differences were detected, 3D structures were determined. In addition, we calculated the
number of hexameric, heptameric, dodecameric, and tetradecameric forms for these variants
and/or mutants (Table 1). In general, WT, Δ6–27, s2m1, and Δ301–328 VacA all formed
oligomers with 6-fold symmetry more frequently than 7-fold symmetry and more double-
layer oligomers than single-layer oligomers (Table 1). Consistent with a previous report,49

the Δ301–328 mutation leads to an increased proportion of oligomers with 6-fold symmetry,
but what was not previously appreciated is that these oligomers also contain 50% fewer
single-layer oligomers when compared to WT VacA. Interestingly, s2m1, a VacA variant
lacking cell-vacuolating activity, forms single-layer oligomers approximately three times
more often than WT VacA (Table 1, 24% versus 8%) and six times more frequently than
VacAΔ301–328 (Table 1, 24% versus 4%). These analyses suggest that whether VacA
forms single- or double-layer oligomers in solution is not a key determinant of VacA
activity.

As seen previously,31 VacAΔ6–27 double-layer oligomers clearly lack density in the p33
region (Fig. 5a–c and d). We now show that the central density is absent in both single- and
double-layer oligomers (Fig. 5b and c). To carefully examine the structural consequences of
the Δ6–27 mutation, we determined the 3D structure of VacAΔ6–27 using the RCT
approach,52 with one representative structure shown in Fig. 5d. For all calculated structures,
the central region of each oligomer was no longer structurally organized. We propose a
model in which deletion of residues 6–27 leads to the disruption of important interactions
between the N-termini of p33 domains in the oligomers, causing the N-terminal globular
domains of p33 to no longer adopt an organized central core in any oligomeric form.

VacAΔ6–27 can inhibit WT VacA activity in a dominant-negative manner,39 but the
mechanism is not completely understood. It has been proposed that this inhibitory activity
arises from interaction of VacAΔ6–27 with WT VacA and formation of mixed oligomers
with defective activity.39,48,54 To determine whether VacA oligomers that contain a mixture
of WT and VacAΔ6–27 p88 subunits have a structurally organized central density, we
mixed WT VacA and VacAΔ6–27 in a 1:1 molar ratio, acidified the preparation to pH 3.5 to
promote oligomer disassembly, and then neutralized the pH to promote oligomer
formation.39 These oligomers were analyzed by negative stain EM. A total of 22,242
particles were selected, and images were classified into 20 class averages (Fig. 5e).
Although these classes show that oligomers containing mixtures of WT and Δ6–27 VacA do
seem to have central density, difference maps generated between a common hexamer and
dodecamer class (Fig. 5f and g) show that the central density is not as well organized as that
found in WT oligomers. This finding provides evidence supporting a model in which the 6–
27 deletion disrupts important N-terminal p33 interactions required for organizing the
central core and supports a model in which the dominant-negative mutant acts through the
formation of mixed oligomers with defects in channel formation.39 To ensure that these
changes in the central organization are specific and not simply the result of a general change
of structural conformation due to the deletion of residues, we also compared WT VacA
averages with averages of VacAΔ301–328 and found no statistical differences (Fig. 6a and
data not shown).

To determine whether the lack of an organized central core is a common feature found in
variants and mutants of VacA that have defects in pore formation, we compared WT VacA
averages with averages of VacA s2m1 and found no statistical differences (Fig. 6b and data
not shown). This was especially surprising considering that s2m1 VacA contains 12 extra
residues at its N-terminus,46–48 which we expected would disrupt the central core in a
manner similar to what was observed with the VacAΔ6–27 mutant. The presence of an
intact central core in s2m1 oligomers is notable because many WT H. pylori strains produce
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s2 forms of VacA.42 These data suggest that, unlike VacAΔ6–27, the lack of vacuolating
activity exhibited by VacA s2m1 does not arise from a disorganized p33 region, at least in
solution. It is possible that the N-terminal extensions may interfere with important
hydrophobic interactions between p33 and lipids that are required for pore formation in the
context of a membrane environment.

In summary, we have analyzed how soluble VacA forms single- and double-layer oligomers
and have provided the most detailed structural model of VacA to date. Our analysis of
different VacA mutants and variants provides further insight into VacA structure–function
relationships and the mechanism by which a dominant-negative mutant exhibits inhibitory
activity. There have been three published examples of VacA oligomers associated with
supported lipid bilayers;26,38,55 however, the low resolution of these studies has made it
difficult to conclude which oligomeric type of VacA associates with lipids. It is tempting to
speculate that VacA hexamers (Fig. 2d) represent the conformation that associates with
lipids and forms pores, while the dodecamers and tetradecamers (Fig. 2a–c, e, and f)
represent interactions between hydrophobic regions of p88 that would normally interact with
the lipid membrane if present. In future studies, it will be important not only to analyze the
structure of VacA oligomers at a higher level of resolution and VacA oligomers associated
with lipids but also to investigate structural changes in VacA that are required for the
formation of membrane channels.

Methods
Purification of VacA

H. pylori strain 60190 (expressing WT VacA) and strains expressing either VacAΔ6–27 or
VacA s2m1 proteins have been described previously.39,48 An H. pylori strain expressing a
VacAΔ301–328 mutant was constructed using previously described methodology.56 Strains
were grown in broth culture and VacA was isolated in oligomeric form as previously
described.35,39 VacA was further purified using Matrex affinity gel and gel-filtration
chromatography as previously described.38 Mixed WT VacA: VacAΔ6–27 oligomers were
generated by mixing equal molar ratios of WT VacA and VacAΔ6–27 at neutral pH. The pH
was acidified to 3.5 to promote oligomer disassembly39 and the tube was lightly vortexed.
The pH of the mixture was neutralized so that the mixed oligomers could form.

Specimen preparation and EM
Uranyl formate (0.7% w/v) was used for conventional negative staining as previously
described.57 For further details, see Supplemental Data. Images of WT VacA, VacA Δ301–
328, VacA s2m1, and WT:VacΔ6–27 were taken using an F20 electron microscope (FEI)
equipped with a field emission gun at an acceleration voltage of 200 kV under low-dose
conditions at a magnification of 62,000× using a defocus value of –1.5 μm and recorded on
a 4k×4k Gatan CCD camera. Images were converted to mrc (mixed raster content) format
and binned by a factor of 2, resulting in final images with 3.5 Å/pixel. Images of WT VacA
(used for difference mapping with VacAΔ6–27 particles) and VacAΔ6–27 were recorded
using a Tecnai T12 electron microscope (FEI) equipped with a LaB6 filament and operated
at an acceleration voltage of 120 kV. Images were taken under low-dose conditions at a
magnification of 67,000× using a defocus value of –1.5 μm. Images were recorded on
DITABIS digital imaging plates (Pforzheim, Germany). The plates were scanned on a
DITABIS micron scanner (Pforzheim, Germany), converted to mrc format, and binned by a
factor of 2, yielding final images with 4.48 Å/pixel. All binned MRC files were converted to
SPIDER format using EM2EM. Image analysis for all VacA samples was carried out with
SPIDER and the associated display program WEB.58
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Classification and RCT of negatively stained WT, variant, and mutant VacA particles
Micrograph tilt pairs of WT and Δ6–27 VacA were recorded at 55° and 0°. Images for
VacA s2m1, and VacAΔ301–328 and the mixture of VacA:VacAΔ6–27 particles were
collected at 0°. Particle pairs (14,573 for WT VacA and 4470 for VacAΔ6–27) and particles
for s2m1, VacAΔ301–328, and VacA:VacAΔ6–27 (7032 for VacA s2m1, 6342 for
VacAΔ301–328, and 22,242 for VacA:VacAΔ6–27) were selected interactively using
WEB. VacA particles were windowed into 120×120 pixel images (3.5 Å/pixel for WT,
VacA s2m1, VacAΔ301–328, and the VacA:VacAΔ6–27 mixture; 4.48 Å/pixel for
VacAΔ6–27). The untilted images were rotationally and translationally aligned and
subjected to 10 cycles of multi-reference alignment and K-means classification. Particles of
WT VacA were grouped into 20 classes (Fig. S1a). The references used for the first multi-
reference alignment were randomly chosen from the raw images. From the class averages,
eight representative projections were chosen and used as references for another cycle of
reference-based alignment (Fig. S1a marked with an “*”). Particles of VacAΔ6–27 were
grouped into 10 classes (Fig. S4a), and from these class averages, seven representative
projections were chosen and used as references for another cycle of reference-based
alignment (Fig. S4a marked with an “*”). Particles of VacA s2m1 and VacAΔ301–328 were
grouped into 60 classes (Fig. S4b and c), and from these class averages, 10 representative
projections were chosen and used as references for another cycle of reference-based
alignment (Fig. S4b and c marked with an “*”). Particles of VacA:VacAΔ6–27 were
grouped into 20 classes (Fig. 5e). Difference images were calculated using both Diffmap.exe
and SPIDER.58 Results were similar using either program.

The tilted images corresponding to each of the WT and VacAΔ6–27 classes generated from
reference-based alignment were used to calculate initial 3D reconstructions by back
projection using the in-plane rotation angles determined by rotational alignment and the
preselected tilt angle of 55° implemented in the processing package SPIDER.57 The density
maps were improved by back projection and angular refinement in SPIDER. Ten percent of
the particles selected from the images of the untilted specimens in each class were included
in the data set and angular refinement was repeated. During the angular refinement process,
either 6- or 7-fold symmetry was applied to the final reconstructions as determined by the
number of “arms” in each oligomeric form. Structures with no applied symmetry are shown
in Fig. S2. For further details about structural methods used in this analysis, refer to Cheng
et al.59

For WT VacA, two of the WT structures were very similar (Fig. 2b and c), and therefore, the
6059 particles associated with these structures were combined and a new structure was
calculated using angular refinement (Fig. 3). The Fourier shell correlation curve corresponds
to normalized cross-correlation coefficients of Fourier shells from even and odd particles
within the data set. Using a 0.5 Fourier shell correlation criterion, the resolution is ~10 Å
(Fig. S1b); however, the lack of any secondary structural details in our map suggests that the
resolution more likely falls closer to 15 Å. This resolution corresponds to the appearance of
the crystal structure of VacA p5533 when filtered to 15 Å resolution (data not shown). For
display purposes, structures were filtered in chimera using the “Hide Dust” command to
diminish “salt and pepper” noise from the maps by removing single voxels that were
unconnected to the main volume of the 3D density.53 Contouring thresholds were chosen to
match the molecular weight for each VacA oligomer. Surface rendering of the structure was
performed with the program Chimera.53
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Characterization of negatively stained VacA oligomers. (a) Raw image of VacA particles in
negative stain. The scale bar represents 50 nm. (b) VacA class averages obtained by
reference-based alignment and classification. “*” marks classes that yielded 3D structures
(see Fig. 2). The number of particles included in each class is shown in the bottom right
corner. Side length of panels, 420 Å.
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Fig. 2.
3D reconstruction of negatively stained VacA oligomers using the RCT approach. (a–f)
VacA organizes into a number of oligomeric conformations that include both hexamers,
dodecamers, and tetradecamers. These structures have applied symmetry. Structures are
rotated along the vertical axis by 90°. The scale bar represents 5 nm.
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Fig. 3.
Approximately 15-Å 3D reconstruction of VacA dodecamer. The structure contains two
prominent features: extended straight “arms” with a slight kink at the distal end and a central
spoke-like density composed of two distinct globular domains separated by a thinner
connecting density. The structure is rotated around the vertical axis by 90°. The scale bar
represents 5 nm.
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Fig. 4.
Structural model of the VacA oligomerization process. (a) The 2.4-Å crystal structure of
p5533 fits into the straight “arms” of the EM map of a VacA hexamer. Subtracting the
density of the p55 crystal structure from the EM map highlights p33 (gray, central density
and spokes). (b) p88 oligomerizes into hexamers supported by intermolecular interactions
between the N-terminal portions of p33 in adjacent protomers, as well as contacts between
p33 and an adjacent p55 arm. Blue domains, p33; red domain, p55. Two p88 protomers are
colored pink and yellow to show p88 protomer interactions. (c) The 2.4-Å crystal structure
of p5533 fits into the straight “arms” of the EM map of a VacA dodecamer. For ease in
viewing the model, the p33 density of only the well-organized side is shown. (d) Cartoon of
dodecamer formation. Colors are the same as in (b). (a–d) The scale bar represents 5 nm. (e)
The C-terminal p55 domain forms a straight arm with a kink at the end, while the N-terminal
p33 domain consists of two globular densities connected by a thinner density (blue
domains). (f and g) p55 crystal structure (2.4 Å) rotated 90° on the vertical axis. “*” marks
regions of p55 involved in (f) hexamer interactions (residues 442–448) and (g) dodecamer
and tetradecamer interactions. “1”, residues 395–404 and 421–435; “2”, residues 519–530
and 547–559; and “3”, residues 645–654 and 687–692. (e–g) The scale bar represents 2.5
nm.
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Fig. 5.
Characterization of VacAΔ6–27. (a) VacAΔ6–27 class averages obtained by reference-
based alignment and classification. “*”, class shown as a 3D volume in (d). (b and c)
Difference mapping between WT and similar VacAΔ6–27 class averages. Final panel
shown at 3 σ threshold. (a–c) Side length of panels, 573 Å. (d) 3D structure of VacAΔ6–27
corresponding to the “*” average in (a). The structure has no applied symmetry. The scale
bar represents 5 nm. (e) Class averages of VacA oligomers generated by mixing WT VacA
and VacAΔ6–27. “*”, classes used in difference mapping shown in (f) and (g). (f and g)
Difference mapping between WT VacA and mixture of WT:VacAΔ6–27 oligomers. The
final panel shown at 3 σ threshold. (e–g) Side length of panels, 420 Å. The number of
particles included in each class is shown in the bottom right corner.
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Fig. 6.
Reference-based alignment of VacAΔ301–328 and VacA s2m1. (a) VacAΔ301–328 class
averages obtained by reference-based alignment and classification. (b) VacA s2m1 class
averages obtained by reference-based alignment and classification. Side length of panels,
420 Å. The number of particles included in each class is shown in the bottom right corner.
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