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Membrane vesicles of A. baumannii

Abstract

Acinetobacter baumannii is an important nosocomial pathogen responsible for
colonization and infection of critically ill patients. The effect of the bacterium on the host
follows from the interplay between virulence attributes of the micro-organism and the
condition of the host. As some virulence attributes can be delivered to the host by
membrane vesicles, this study aimed at characterization of the formation and morphology
of membrane vesicles formed by A. baumannii ATCC19606" in vitro using cryo-electron
tomography. Results revealed that different membrane vesicles were formed by A.
baumannii during the various stages of its life cycle: (i) small outer membrane vesicles
(OMVs; £30 nm in diameter) formed at distal ends in the log-phase; (ii) larger OMVs (200-
500 nm) formed at septa during cell division; (iii) inner and outer membrane vesicles
(lOMVs; 100-300 nm) formed in the stationary phase, and (iv) OMVs with a rough surface
formed in the late stationary phase. Exposure of A. baumannii to a sub-inhibitory
concentration of the antibiotic ceftazidime resulted in filamentous forms that produced
large numbers of OMVs. We argue that the different types of membrane vesicles formed
during the various stages of the life cycle of A. baumannii play distinct roles in infection.
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Chapter 6

Introduction

Acinetobacter baumannii is a Gram-negative bacterium that can colonize and infect
severely ill, hospitalized patients. Multidrug-resistant strains of A. baumannii have the
propensity to spread among patients and numerous endemic and epidemic episodes
caused by this species have been reported [13,32]. Although colonization is far more
common than infection, severe A. baumannii-associated infections, including ventilator-
associated pneumonia and catheter-related bloodstream infections, do occur [32]. Several
virulence attributes are thought to play a role in A. baumannii infections, including its
ability to adhere to and invade host cells [7,10,11,25], form a biofilm, induce host cell
death [6], resist the killing actions of serum [20] and produce siderophores [15].

It has been reported that virulence factors of Gram-negative bacteria can be
delivered to host cells by outer membrane vesicles (OMVs) [18,22,23]. OMVs are
nanovesicles composed of outer membrane and periplasm components, such as
phospholipids, proteins, and lipopolysaccharides (LPS) [1,26]. However, OMVs produced
by a clinical A. baumannii isolate were found to contain not only proteins from the outer
membrane, including the potent cytotoxic outer membrane protein A (OmpA), and the
periplasm, but also components from the inner membrane and cytoplasm [23]. OmpA
present on OMVs of A. baumannii can contribute directly to host cell death [18], indicating
that OMVs from A. baumannii are an important vehicle to deliver bacterial effector
molecules to host cells. Moreover, it has been suggested that A. baumannii release OMVs
as a mechanism of horizontal gene transfer whereby carbapenem resistance genes can be
delivered to surrounding A. baumannii isolates [34]. It is of note that these studies on the
composition and function of OMVs of A. baumannii all used extensive purification
methods for the isolation of OMVs, including (ultra)-filtration and centrifugation. A
disadvantage of this isolation procedure could be the presence of inner membrane and
cytoplasmic proteins in OMVs resulting from random capture by membrane fragments.
Thus, these preparations may not represent the naturally occurring OMVs [22]. The aim of
the present study was to characterize the formation and morphology of naturally formed
membrane vesicles by A. baumannii ATCC19606" during the various stages of its life cycle
using cryo electron tomography.
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Membrane vesicles of A. baumannii

Material and Methods

Bacterial strain and culture conditions

A. baumannii ATCC19606" was used in the present study. Bacteria were preserved for
prolonged periods in nutrient broth supplemented with 20% (v/v) glycerol at -80°C. For
experiments, inocula from fresh overnight cultures on sheep blood agar plates were
grown overnight in Luria Bertani (LB) medium at 37°C under shaking. One hundred
microliters of the overnight culture were added to 15 ml of prewarmed LB medium in an
Erlenmeyer flask and incubated at 37°C under vigorous shaking. Where indicated, bacteria
were cultured for 2.5 h at 37°C under vigorous shaking in the presence of 4 mg/L
ceftazidime (Sigma-Aldrich, Zwijndrecht, The Netherlands), i.e. below the MIC level of 16
mg/L of A. baumannii ATCC19606' [8].

Isolation of vesicles

Bacterial suspensions were cultured for 1, 2.5, 6, 20, and 48 h in LB medium at 37°C.
Thereafter the bacteria were centrifuged for 10 min at 3,000 g and the supernatants were
centrifuged for 1 h at 17,000 g to remove remaining cells and debris. Next, the pellets
were resuspended in 1 to 2 ml phosphate buffered saline (PBS; pH 7.4) and these
preparations were used for analysis by cryo electron microscopy.

Cryo electron microscopy

Cryo sample preparation

A few microliters of vesicle preparation were applied to glow-discharged lacey carbon EM
grids. For cryo electron tomography, 5 or 10 nm protein A - gold particles were added as
fiducial markers to the sample. Excess medium was automatically blotted onto Whatman
no. 4 filter paper for 1 to 2 sec in a controlled environment operated at room temperature
and 100% humidity. Subsequently, the specimen was vitrified by plunging into liquid
ethane in a Vitrobot Mark IV (FEI Company, Eindhoven, The Netherlands). Samples were
stored in liquid nitrogen until use. Grids were mounted in a Gatan 626 cryo holder (Gatan,
Pleasanton, Germany) for cryo electron microscopy imaging.

Cryo electron microscopy

Cryo electron microscopy (cryo EM) was performed on several microscopes. For large
scale automated data collection we used custom written software (unpublished) that was
able to automatically scan and image large areas. These images were recorded on a Tecnai
12 electron microscope with a LaBg source and operated at 120 keV using a 4k x 4k Eagle
camera (FEI Company). Cryo electron tomography (cryo ET) was performed on a Tecnai 20
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FEG operated at 200 keV and a Tecnai G2 Polara operated at 300 keV (FEI Company).
Images were recorded using Explore 3D software on a 2k x 2k camera mounted behind a
GIF energy filter (Gatan) operated at a slit width of 20 eV. Cryo ETs of membrane vesicles
were recorded with 2° tilt steps between -70° to +70° at a defocus of -5 micron, while
tomograms of whole bacteria were recorded between -60° to +60° at a defocus between -
6 and -8 micron and a magnification between 13,500 and 19,000 corresponding with a
pixel size of 1.02 resp. 0.69 nm.

Image analysis and visualization

Tomographic tilt series were processed using IMOD version 3.9 [21]. Projection images
were roughly aligned by cross-correlation and fine alignment was done using fiducial
markers. The tomograms were reconstructed using weighted back-projection. Cryo
electron tomograms were denoised using non-linear anisotropic diffusion. The number of
OMVs and their size were measured using Imagel) [33]. Image segmentation and 3D
surface rendering was performed using AMIRA version 5.2 (Visage Imaging, Berlin,
Germany).

Results

Acinetobacter morphology

We investigated the general morphology of logarithmic phase A. baumannii ATCC19606"
using cryo EM/ET (Figure 1). The bacteria did not form aggregates and readily attached to
the carbon surface of the electron microscopy grid (Figure 1A). The size of (visibly
classified) non-dividing bacteria was 1.54 + 0.07 micron in length and 0.77 + 0.04 micron in
width (n=9). The bacterial outer membrane was smooth (Figure 1B) with occasional small
ripples, predominantly at the distal ends. The distance between the outer and inner
membrane layers was 33.4 £ 1.48 nm and the peptidoglycan layer measured about 7 £ 0.7
nm in width and was centered between the inner and outer membrane (Figure 1C, D).

The bacterial cell surface was covered by a ~150 nm thick layer with very low
contrast and a radial appearance (data not shown). Also long filaments, bacterial fimbriae
or pili, were extending from the surface of the bacteria as was observed earlier by others
(11). The bacteria regularly contained 50-500 nm dark inclusions (Figure 1B) possibly
containing phosphor, magnesium and potassium [3,16].
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Membrane vesicles of A. baumannii

Figure 1. Cryo electron microscopic overview of A. baumannii ATCC19606' morphology and
membrane structure. A, A. baumannii ATCC19606" (white arrow) on a lacey carbon support. B,
Typical morphology of a single bacterium. In many cells a dark inclusion is present (white arrow). C,
Detailed image of the bacterial membrane, showing the inner membrane (IM), the peptidoglycan
layer (PG) and the outer membrane (OM). D, Density profile of the bacterial membrane showing the
inner membrane, peptidoglycan and outer membrane. Scale bars are 2 um (A) and 200 nm (B).

Formation and structure of membrane vesicles during logarithmic phase

In order to investigate whether the morphology and formation of membrane vesicles
depends on the stage of the bacterial life cycle we imaged the vesicles from A. baumannii
ATCC19606" cultured for 1 and 2.5 h (early and mid-logarithmic phase), 6 h (late
logarithmic phase), and 20 and 48 h (early and late stationary phase, respectively).

Cryo ET recordings from 1 and 2.5 h cultured A. baumannii revealed the presence
of ~30 nm vesicles budding off from the outer membrane (Figure 2B - G). These outer
membrane vesicles (OMVs) were rarely observed possibly due to their small size and/or
their limited occurrence. The formation of OMVs mainly occurred at the bacterial distal
ends. At these sites we noted that the peptidoglycan layer was thickened and less dense,
and the distance between inner and outer membrane was increased (Figure 2 A-F). In
addition, large OMVs - typically 200-500 nm in diameter - were formed predominantly at
sites of bacterial cell division (Figure 3A, B). Cryo ET on large OMVs showed that these
vesicles lacked internal structures and displayed a smooth appearance (Figure 3C, D).
These OMVs lacked fimbriae and the previously noted 150 nm thick low contrast layer
that is present on the whole bacterium. Cryo electron microscopic images of OMV
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formation indicated that these OMVs are connected to septa via a small outer membrane
tubal structure (Figure 3B, E).

normal outer membrane

expansion of proteoglycan

rippling of oter membrane

bulging of outer membrane:

%t\e

@]

release of vesicle

erl

Figure 2. Formation of small outer membrane vesicles during logarithmic growth phase. A, Cryo
electron tomographic slice of A. baumannii. B-F, Tomographic slices through the tomogram from the
area that is outlined in (A) with white arrows indicating budding of outer membrane vesicles (OMVs).
G, Surface representation of part of the bacterium that is outlined in (A) with colored in blue the
bacterial outer membrane and in red to purple the formed OMVs. H, Schematic representation of the
formation of small OMVs. Scale bars are 200 nm (A) and 100 nm (B to F).
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Figure 3. Formation of large outer membrane vesicles during logarithmic growth phase. A, Outer
membrane vesicles (OMVs; white arrow) are often formed at or in the vicinity of bacterial septa
during cell division. B, Sometimes OMVs are attached to the cell wall of dividing bacteria via a long
tube (white arrow). C, Slice from a cryo electron tomogram through a large OMV reveal a smooth
surface. D, 3D reconstruction of the tomogram in C. E, Schematic representation of the various stages
of formation of large OMV at septa. Scale bars are 300 nm (A and B) and 50 nm (C).
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Formation and structure of membrane vesicles during stationary phase

While in early (<6 h) bacterial cultures the number of vesicles was low, it dramatically
increased during stationary phase (>6 h) cultures (Figure 4). The number of membrane
vesicles did not linearly increase with the number of viable bacteria in the culture
medium, suggesting that membrane vesicles are primarily formed from stationary bacteria
and/or dying bacteria.
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Figure 4. A. baumannii growth curve and membrane vesicle formation. The growth curve of A.
baumannii ATCC19606" is plotted (round dots and black line) and the number of outer membrane
vesicles (squares and dark grey striped line) and inner and outer membrane vesicles (triangles and
light grey striped line) are plotted in time.

Also from cryo EM it appeared that the majority of membrane vesicles was formed by
cellular degradation. While logarithmic phase A. baumannii exhibited a very regular shape,
stationary bacteria often displayed anomalous shapes, such as bulges of the outer
membrane (Figure 5A - C). It seemed that these deviating bacterial shapes are
intermediates of bacterial fragmentation (Figure 5C, D) possibly associated with the
process of bacterial cell death. Vesicles pinched off from dying bacteria, resulted in the
formation of vesicles containing both inner and outer membranes (IOMV; Figure 5C, E - G,
left panel), as demonstrated by tomographic reconstruction (Figure 5E, F). Probably
IOMVs contain all components that are present in the periplasmic space and the
cytoplasm (e.g. DNA). Almost all IOMVs contained a 150 nm low dense layer and fimbriae
on their surface. These were occasionally observed in OMVs in stationary phase bacteria.
It appeared that in several IOMVs the inner membrane was dissociated or totally
detached from the peptidoglycan layer, while this peptidoglycan layer remained
associated with the outer membrane (compare Figure 5E and Figure 1C). Additionally, we
observed intermediate structures with evidence of gradual breakdown of the inner
membrane (Figure 5G) and secondary vesicle formation, i.e. membrane vesicle formation
from I0MVs (Figure 5G, right panel). This breakdown of IOMVs and the formation of
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membrane vesicles from IOMVs could explain the decrease in the relative numbers of
IOMVs compared to the numbers of OMVs in later growth stages (Figure 4). The size of the
membrane vesicles increased with the development from early logarithmic phase towards
late stationary phase; OMVs being 72.3 £ 68.4 nm, while IOMVs were about 2 to 3 times
larger (189 + 115 nm).

Figure 5. Formation of inner and outer membrane vesicles during late stationary phase. A, B, Bacteria
deform and exhibit bulges that result in the (C) formation of membrane vesicles comprising both
inner and outer membranes and peptidoglycan. D, Schematic representation of the stages of the
formation of inner and outer membrane vesicles (IOMVs). E, Slice from a tomogram of an IOMV, with
arrows showing the inner membrane (IM) and outer membrane (OM). F, 3D reconstruction of the
tomogram in E, with in green the outer membrane and in purple the inner membrane. G, Once the
IOMVs have been released from the bacteria they can have different shapes and the peptidoglycan
and the inner membrane seem to degrade. Additionally, it appeared that MVs can arise from larger
MVs. Scale bars are 300 nm (A, B and C) and 100 nm (E and G).

In A. baumannii cultures occasionally bacterial remnants were observed. In the most
extreme case the bacterial remnants were transformed into a branched arrangement
from which at the end OMVs were released (Figure 6A, B). These OMVs (Figure 6C - E)
were rather uniform in size measuring roughly 75 nm. Cryo ET showed that the surface of
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these vesicles had a rough appearance, being covered with small and large densities, most
probable representing membrane (-associated) proteins (Figure 6E). On almost all these
OMVs a large (10 nm) density was present (Figure 6D, E) that, judged by its shape and size,
could be hemolysin (37). Large numbers of these rough OMVs were observed in the
vicinity of bacterial remnants and given the surface area of an A. baumannii and the
average radius of the OMVs, between 100 and 400 vesicles could be derived from a single

bacterium.

Figure 6. Formation of outer membrane vesicles from late stationary phase bacteria. A, outer
membrane vesicles (OMVs) were formed form bacteria in their late stationary phase. B, From
branching membrane structures OMVs are released (area from large white box in A). C, These OMVs
are round and have a rough surface (area from large white box in A). D, Cryo electron tomography
showed that these OMVs have many small densities on their surface and regularly contain a large
cylindrical density. E, 3D reconstruction of the tomogram from D more clearly shows the rough
surface and the densities that are suggestive for proteins (blue), the lipid membrane (green) and the
large cylindrical protein complex (purple). Scale bars are 1 um (A), 200 nm (B) and 50 nm (C) and 25
nm (D).

Effect of ceftazidime on vesicle formation

A sub-inhibitory concentration of the cephalosporin ceftazidime, which interferes with
peptidoglycan synthesis, was added to A. baumannii cultures to investigate the effects of
this antibiotic on the formation of OMVs. As expected in 2.5 h exposed cultures many
filaments had been formed; in most extreme cases reaching lengths up to several tens of
microns (Figure 7A). Membrane ruffling was observed along the whole outer membrane
of ceftazidime-exposed bacteria instead of being localized solely to the distal ends of
control bacteria. Additionally, deformations of the peptidoglycan layer and the outer
membrane of antibiotic-exposed bacteria were observed frequently. In the presence of
ceftazidime, membrane vesicle formation was more abundant than in the absence of the
antibiotic. Especially at sites of potential septum formation (Figure 7B, C) and at distal
ends (Figure 7D - F) membrane vesicle formation was more frequent than in control A.
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baumannii. Cryo ET showed that these membrane vesicles often contained peptidoglycan
at the inside and fimbriae and the low contrast layer on the outer surface (Figure 3G, H).

chapter 6

Figure 7. Formation of outer membrane vesicles by ceftazidime-treated bacteria. A, Ceftazidime
inhibits bacterial division resulting in the formation of long bacterial structures. B, C, The formation of
outer membrane vesicles (OMVs) was observed at potential sites of cell division with membrane
roughing and peptidoglycan expansion (the white box in B depicts the position of C). D, At the
bacterial distal ends, broadening of the peptidoglycan layer and formation of OMVs was regularly
observed (white arrow). E, A large extension of the outer membrane. F, 3D reconstruction of the area
in D shows OMVs (yellow) with attached fimbriae (orange), the formation of OMVs by bulging of the

outer membrane (blue) and the inner bacterial membrane (purple). Scale bars are 2 um (A and B),
200 nm (C to E).

Discussion

The main finding of the present study is that A. baumannii ATCC19606' forms
morphologically diverse types of membrane vesicles during different stages of its life
cycle. In exponentially growing bacterial cultures outer membrane vesicles (OMVs) were
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formed mainly at distal ends of the bacteria and at septa of dividing cells. Stationary phase
and dying bacteria released large numbers of vesicles, i.e. rough OMVs and inner and
outer membrane vesicles (IOMVs), the latter were formed by partial fragmentation and
budding off the cells. The timing of IOMV formation suggests that they are mainly derived
from dying bacteria. These OMVs and IOMVs were abundant and it appeared that their
surfaces were covered with low contrast material with a radial appearance, fimbriae and
protein complexes. This is in accordance with the mass spectrometry measurements on
purified membrane vesicles from A. baumannii [24]. It is conceivable that the biogenesis
of membrane vesicle formation by A. baumannii in the present in vitro cultures may also
occur in vivo. For example, Jin et al demonstrated that A. baumannii ATCC19606" secreted
membrane vesicles during pneumonia in a mouse model of infection [18]. Others reported
that A. baumannii present in alveolar macrophages in a patient with fatal A. baumannii
pneumonia secreted multiple pleomorphic vesicles [28], suggesting the possibility of
secretion of different types of vesicles during infection.

What are the functions of the various types of membrane vesicles in A.
baumannii infection? It has been reported that pathogenic Gram-negative bacteria,
including A. baumannii, deliver toxins and other virulence attributes to host cells via OMVs
[2,17-19]. So far, proteomic studies on OMVs from A. baumannii including the ATCC19606'
strain have indicated that inner membrane and cytosolic proteins as well as some
virulence factors were present in these vesicles [19,23]. In addition, IOMVs of A.
baumannii contain cytoplasmic material, including genetic material, and therefore they
could be involved in gene transfer among bacteria. It should be noted that knowledge of
the transfer of genetic material among clinical A. baumannii strains is still very limited.
Together, further studies are clearly needed to identify the virulence attributes present in
the various membrane vesicles formed by A. baumannii during its life cycle.

Other important findings pertain to the main mechanisms underlying the
biogenesis of membrane vesicles in A. baumannii. Several genetic, biochemical, proteomic
and microscopic observations have indicated that disruption of peptidoglycan synthesis
genes and the removal of proteins that interconnect peptidoglycan-outer membrane
interactions can lead to increased formation of OMVs [12,27]. Our cryo electron
tomographic data showed that OMVs were formed primarily at sites where reorganization
of peptidoglycan occurred, i.e. the peptidoglycan layer increased in thickness and was
deformed, thus supporting the current models for OMV formation.

We found that sub-inhibitory concentrations of ceftazidime, which interferes
with peptidoglycan synthesis by inhibiting the penicillin-binding-proteins (PBPs) in the
cytoplasmic membrane of Gram-negative bacteria [9], resulted in filament formation, as
described before [4]. These strands of non-dividing bacteria contain enhanced quantities

114



Chapter 6

of LPS conferring the risk of delayed, higher release of LPS during treatment of infections
[14]. Moreover, these sub-inhibitory concentrations of ceftazidime enhanced OMV
production at distal and septal sites. It is conceivable that these OMVs carry LPS on their
surface. Therefore, the possibility that inadequate dosing of antibiotics, such as penicillins
and cephalosporins, has serious adverse effects in patients suffering from A. baumannii
infection should be considered.

In this study we investigated both the formation and three-dimensional structure
of naturally occurring membrane vesicles from A. baumannii using cryo electron
tomography. To ensure optimal preservation of membrane vesicles from A. baumannii
ATCC19606', we isolated the membrane vesicles from bacterial cultures by centrifugation
steps only. This lenient isolation procedure limits rupture of cells and vesicles, stripping
proteins from the surface and induction of vesicle fusion [22] resulting from harsh
purification methods, that are regularly used in other studies. Furthermore, we employed
cryo fixation of the samples using vitrification to preserve the membrane vesicles with
high integrity. Cryo electron tomography has been used since this method is able to
resolve cellular structures with high accuracy and resolution in three dimensions. In earlier
investigations on the structure and formation of membrane vesicles either negative
staining of purified MVs was employed or fixation, dehydration, staining and sectioning
techniques were used [18,29-31,35]. In line with the above considerations, cryo electron
tomography is increasingly used to study bacteria [5,36,38].

Our findings show that several types of membrane vesicles are formed by A.
baumannii ATCC19606" during the different stages of the bacterial life cycle and we
cannot exclude that these different types exert specific functions and have clinical
significance.
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