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Can the soil bacterium Cupriavidus necator sense ZnO nanomaterials
and aqueous Zn*" differentially?
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Abstract

Synthetic metal oxide nanomaterials exert toxicity via two general mechanisms: Release of free ions at concentrations which
exert toxic effects upon the target cell, or specific surface-mediated physicochemical processes leading to the formation of
hydroxyl free radicals and other reactive oxygen species which act to disrupt cell membranes and organelles. From a regulatory
standpoint this presents a potential problem since it is not trivial to detect free metal ions in the presence of nanoparticles in
biological or natural media. This makes efforts to identify the route of uptake difficult. Although 7 vitro studies of zinc oxide
nanoparticles suggest that toxicity to the soil bacterium Cupriavidus necator is exerted in a similar manner to zinc acetate, we
found no free Zn ion is associated with nanoparticle suspensions. The proteome of cells subjected to equal concentrations of
either the nanoparticle or zinc acetate suggest that the mode of toxicity is quite different for the two forms of Zn, with a number
of membrane-associated proteins up-expressed in response to nanoparticle exposure. Our data suggests that nanoparticles act
to interrupt cell membranes thereby causing cell death rather than exerting a strictly toxic effect. We also identify potentially
useful genes to serve as biomarkers of membrane disruption in toxicogenomic studies with nanoparticles or to engineer
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biosensor organisms.
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Introduction

A key question raised by the rapid adoption of nano-
technology across a wide variety of technologies from
electronics to personal care products is release to the
environment and exposure of ecoreceptors to tradi-
tional metal contaminants present in a new form. This
exposure presents a potential cause for concern in
respect to how regulatory bodies treat eventual dis-
posal, either inadvertent or intended, to the environ-
ment. The salient question is whether such new forms
of metals (as nanoparticles) should be treated effec-
tively as aqueous ions, falling under a legal framework
established upon a wealth of information regarding
biological and environmental effects of metal expo-
sure, or whether nanomaterials should be treated as
novel forms of environmental contaminants. Implicit
in the adoption of the latter is acceptance that envi-
ronmental exposure to nanomaterials occurs outside
any evidence-based framework until relative toxicity

of new products is compared to the equivalent free
metal ion. It is therefore important to develop data
establishing the relative toxicity of nanomaterials and
to determine whether any observed toxicity occurs
through the relatively well established mechanisms
ascribed to aqueous ions or whether new paradigms
of toxicity have to be elucidated.

A number of studies have demonstrated that, for
metal and metal oxide nanomaterials it is, for exam-
ple, dissolved silver (Ag), zinc (Zn), copper (Cu) or
cadmium (Cd) released from nanoparticles that are
responsible for the observed toxicity (Derfus et al.
2004; Brunner et al. 2006; Franklin et al. 2007;
Karlsson et al. 2008; Aruoja et al. 2009; Studer
et al. 2010). In this instance, regulation of disposal
or environmental exposure may reasonably be based
upon toxicological studies of aqueous ions. However,
the wide variety of synthesis pathways for the same
nanoparticle — ranging from laser vapor/condensation
(Samy El-Shall et al. 1995) to refluxing over-saturated
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solutions of zinc acetylacetonate hydrate in 1-butanol
and isobutanol (Ambrozic et al. 2010) for ZnO alone —
means that it is not always clear whether free aqueous
ions are present in nanoparticle suspensions. In such
situations it is important to identify the main toxico-
logical mechanism, a problem confounded by the fact
that descriptions of synthesis rarely consider the pres-
ence of aqueous ions, concentrating instead on the
properties of the particles themselves. Equilibrium
dialysis (1 kDa molecular weight cut-off, pore size
approximately 1 nm) can be used to identify free
aqueous ions derived from nanoparticles in simple
solutions (Franklin et al. 2007) however, in complex
media or in the presence of organisms where free
metal ions may associate with membranes etc. it is
often difficult to differentiate between effects of nano-
particulate species and the associated ionic species
(Brunner et al. 2006) making assessment of specific
nanoparticle risks imprecise. Additionally, many
spectroscopic techniques may fail to identify relatively
low concentrations of free ions associated with nano-
particle suspensions.

In the face of these obstacles to unequivocally
identifying the mechanisms of toxicity of nanoparti-
cles, we have chosen to study the cellular (proteome)
response of a common soil bacterium to ZnO nano-
particles and compared the response to that observed
towards a zinc acetate solution. Cupriavidus necator,
originally isolated from soil (Don and Pemberton
1981), is an ideal model for the important group of
plant-associated microorganisms, the rhizobacteria.
In common with other well studied rhizobacteria,
C. mnecaror exhibits high catabolic diversity (the
genome and associated plasmids contains determi-
nants for 11 of the 12 main aromatic compound
degradation pathways, Pérez-Pantoja et al. 2008).
In addition to mineralization of plant-derived and
anthropogenic aromatic compounds, C. necator also
influences the soil carbon cycle by producing poly-
hydroxyalkanoate carbon and energy storage com-
pounds common to prokaryotes. We demonstrate
that although ZnO nanoparticles and zinc acetate
appear similarly toxic to C. mnecator, the cellular
response to ZnO nanoparticles indicates an absence
of Zn ions from nanoparticle suspensions. In fact the
cellular response to the two forms of Zn is quite
different with an emphasis on up-expression of mem-
brane proteins in response to nanoparticle exposure.

Materials and methods
Characterization of ZnO nanomaterials

Pinnacle®" ZnO nanoparticle (ZnO-NP) suspension
was purchased from Applied Nanoworks (now

Auterra Inc., Malta, NY; www.auterrainc.com).
The product was reported by the manufacturers to
have a primary particle size of 2-6 nm and a surface
area of 250 m? g*. Acetate (OAc) was also reported to
be present in the suspension. Subsamples were char-
acterized along with stock and aqueous dilutions of
the suspension as described below where appropriate.
Total zinc concentration was determined with induc-
tively coupled plasma mass spectrometry (ICP-MS;
Elan DRC Plus, Perkin Elmer-Sciex, Waltham, MA,
USA). Total OAc concentration of the received
suspension and experimental suspensions were deter-
mined using ion chromatography (DX-500, Dionex,
Sunnyvale, CA, USA). Particle images were obtained
using a Philips/FEI Technai 20 transmission electron
microscope (TEM) operating at 200 keV. The TEM
micrographs revealed particle morphology and size.
Samples were prepared by placing a drop of diluted
sample on a holey carbon-coated copper grid and
allowing the solvent to evaporate in air. In a similar
fashion, the XRD pattern recorded for ZnO-NPs
shares more charateristics with Zn-OAc than ZnO
(Figure 3).

ZnO-NPs were characterized and compared to
zinc oxide mineral (ZnO-wurtzite) and zinc acetate
(Zn-OAc) standards by FT-Raman spectroscopy.
Spectra were collected on a Nicolet FT-Raman
960-ESP spectrometer, equipped with a Ge liquid-
N, cooled detector and 1064 nm excitation from a
2 W Nd:YVO, laser. Samples were characterized as
powders.

Bacterial culture and exposure to nanomaterials

The Beta-proteobacterium Cupriavidus necator
JMP134 (also known as Ralstonia eutropha, Wautersia
eutropha, Alcaligenes eutropha and C. pinatubonensis)
was acquired from the American Type Culture Col-
lection (strain 17699). Cells were grown from frozen
stocks on Nutrient Agar (Fisher Scientific, Hampton,
NH, USA) for each experiment. Biomass was pro-
duced by culture in Nutrient Broth at 25°C with
agitation (150 rpm). Overnight cultures were har-
vested by centrifugation and washed three times in
5 mM Piperazine-1,4-bis(2-ethanesulfonic acid)
buffer (PIPES, Sigma P6757), pH 7.2. Washed cells
were then transferred to a medium containing 10 mM
PIPES, 5 mM Na(O,CCH3), (Na-OAc) and cultured
under the same conditions for 8 h. Cells were then
diluted to an optical density at 410 nm (OD 4;¢) of
0.06 for use in growth experiments.

Growth and OAc utilization experiments were con-
ducted in a 96-well plate format, allowing treatment
replication and a number of treatments to be con-
ducted simultaneously. Varying amounts of either
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ZnO-NPs or Zn-OAc were added to provide a range
of Zn concentrations from 25 nM-100 pM. At each
time point, three replicates for each treatment were
sampled by collecting the entire contents (200 uL) of
pre-determined wells. The effect of the Zn-form and
various concentrations upon cell growth was followed
by monitoring OD,;o. Growth rate (1) was estimated
from the linear portion of the growth curve, expressed
according to L = (In OD; _ ¢/In OD; _ ,)/t: where OD
represents ODy;o and ¢ represents time. Mean | for
each treatment were compared using an analysis of
variance, employing time as a covariate. Significant
differences between U in the absence of any added Zn
and each treatment were determined using Bonfer-
roni comparisons (o0 = 0.05). OAc-utilization was
determined by collecting culture samples (1 mL),
filtering (<0.2 um) to remove cells, and measuring
OAc concentration by ion chromatography. Total
metal exposures at which OAc-utilization was mea-
sured were limited to 50, 25, 1 and 0.1 uM total Zn,
based upon consideration of growth rates. Data for
OAc-utilization was analyzed the same way as growth
rate data.

Two-dimensional gel electrophoresis

Soluble proteins were extracted from bacterial pellets
using 1 mL of extraction buffer containing 40 mM
TRIS (tris (hydroxymethyl)aminomethane) base, pro-
tease inhibitor cocktail (1.04 uM AEBSF, 0.8 nM
aprotinin, 20 nM leupeptin, 40 nM bestatin, 0.15 UM
pepstatin A, 0.14 uM E-64), 150 U benzonase. The
cells were lysed in this buffer by sonication and the
lysate centrifuged at 13,000 g for 20 min at 4°C.
The supernatant was removed and saved as the
soluble protein fraction at —80°C. The resulting
pellet was resuspended in the extraction buffer and
the solution centrifuged again. The proteins within
the pellet were extracted in 0.3 mL of insoluble
protein extraction buffer containing 5 mmol L™
urea, 2 mmol L thiourea, 2% (w/v) CHAPS
(3-[(B-cholamidopropyl) dimethylammonio]-1-proa-
nesulfonate), 2% (w/v) SB 3-10 (N-decyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate), 40 mmol
L' TRIS base, 0.2% carrier ampholytes pH 3-10,
2 mmol L tributyl phosphine. The samples were
sonicated twice for 10 sec and then vortexed for
4 min. The samples were incubated overnight at
—80°C, then thawed and vortexed for 5 min. The
samples were centrifuged at 13,000 g for 10 min at
room temperature. The supernatant containing the
extracted pellet proteins was transferred to fresh
microfuge tubes. The amount of protein in the soluble
protein samples was determined by the RC/DC Pro-
tein Assay (Bio-Rad), based upon the Lowry
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procedure (Lowry et al. 1951). The protein concen-
tration of the insoluble protein samples was deter-
mined using the Bradford Protein Assay (Bradford
19765 Zor and Selinger 1996).

The volume of sample containing either 300 ug
soluble or 200 pg insoluble proteins was reduced and
alkylated prior to 2-D GE. The protein solution was
reduced by adding 25 uL of 200 mmol L' TBP per
mL and incubating at room temperature for 1 h. The
protein solution was then alkylated by adding 30 puL of
500 mmol L! jodoacetamide and incubating for 1.5 h
at room temperature. Protein was precipitated with
acetone and dissolved in rehydration buffer prior to
isoelectric focusing.

2-D gel electrophoresis. A total of 300 ug of soluble
protein, or 200 g of insoluble protein, was loaded on
to pH 3-10 immobilized pH gradient isoelectric
focusing strips (Bio-Rad). The strips were actively
rehydrated overnight in insoluble protein buffer con-
taining 0.002% Bromophenol blue. Focusing was
performed at 20°C for 20 kV-hours. Focused strips
were equilibrated for 20 min with SDS-PAGE sample
buffer containing 6 mol L™ urea, 375 mmol L
TRIS-HCI, pH 8.8, 2% (w/v) SDS, 20% (v/v) glyc-
erol, 2 mmol L' TBP and 0.00125% (w/v) Bromo-
phenol blue. Strips containing focused soluble
proteins were placed on top of denaturing 12.5%
acrylamide gels with 3% stacking gels while those
containing focused insoluble proteins were placed
on top of denaturing 10% acrylamide gels with 3%
stacking gels. The second dimension separating gels
were run using 30 mA gel™ constant current. The gels
were fixed in 40% methanol:10% acetic acid for at
least 1 h, then rinsed with ultrapure water three times
for 10 min each time, and stained overnight with
colloidal blue silver (Candiano et al. 2004). Stained
gels were de-stained in ultrapure water until the
background was minimal. The gel images were dig-
itized using a flatbed scanner and analyzed using the
Phoretix 2D densitometry program. Spot densities
exhibiting two-fold or greater differences were excised
and analyzed by mass spectrometry at the Proteomics
and Mass Spectrometry Core Facility of The Medical
College of Georgia, Augusta GA, USA.

Results
Characterization of zinc oxide nanoparticles

The total zinc concentration of the ZnO-NP stock
solution was determined to be 71.8 g L' (standard
deviation [SD], 3.1 g L"), and the acetate concen-
tration 3.01 M (SD, 0.14 uM). Drying ZnO-NPs at
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room temperature resulted in the evaporation of
55.5% of the acetate initially present (SD 1.14%).
In conjunction with data collected from
FT-Raman spectroscopy (see below), this appeared
to correspond to a free acetate population present in
the ZnO-NP stock solution. TE micrographs show
the primary ZnO-NPs to be between 1 and 3 nm in
diameter (Figure 1).

FT-Raman spectroscopy of zinc oxide (ZnO, wurt-
zite structure, G4, space group) and zinc acetate (Zn-
OACc) standard compounds are shown in Figure 2 and
compare well with published spectra (Yang et al.
2005; Ben Yahia et al. 2008; Kim et al. 2010). For
ZnO, the principal peaks with Raman shifts of
438 and 99 cm™ are due to the E,"" and E,°%
phonon modes respectively. Other peaks are due to
the (B, - BE,'°") mode at 333 cm™ and the A,
transverse optical mode at 381 cm™’. A broad second
order mode is observed at approximately 1105 cm™.
For Zn-OAc, contributions to the spectra arise from
the Zn centre, the B,; and A;; modes at 227 and
264 cm™, respectively, due to ZnO, vibrations, Zn-
OH, symmetric stretch (v) at 413 cm™, and due to the
acetate ligand at 954 cm™ (A; mode, vVC-C), 696 cm™!
(A, mode, OCO bend), 476 cm™ (B; mode, OCO
rocking), 1362 cm™ (CH; bend) and 1467 cm’
(vC-0). With the exception of some structural differ-
ences below 200 cm™, the FT-Raman spectrum col-
lected from the ZnO-NPs is very similar to that
collected from Zn-OAc. All the major vibrational
modes of Zn-OAc are observed, none of the ZnO
modes are clearly resolvable. Reduction in the inten-
sity of the E,"#" ZnO mode has previously been
observed for acetate-stabilized ZnO-NPs (Yang
et al. 2005) and it is possible that this intensity
reduction, combined with the strong vibrations due
to OAc groups, account for the lack of obvious ZnO
vibrational modes associated with ZnO-NPs.

Additionally, a characteristic red-shift of the
vC-O vibration has also been observed for acetate-
stabilized ZnO-NPs (Yang et al. 2005). The shift has
been presented as evidence for a lack of free-
OAc groups associated with the ZnO-NPs, which
are instead bonded to the ZnO surface (Yang et al.
2005). For our samples, vC-O is shifted from
1467 cm™ for Zn-OAc to 1452 cm™! for ZnO-NPs,
a red shift of 15 cm™.

C. necator growth rate and acetate utilization

To determine whether exposure to the two forms of
Zn affected C. necator growth and acetate catabolism
rates, cells were exposed to increasing concentrations
of zinc either as Zn(II) (Zn-OAc) or ZnO-NPs in
batch culture. A significant, dose-dependent effect of
both forms of Zn upon growth rate (1) was observed
(Figure 4). No growth was evident at Zn concentra-
tions above 50 uM for either ZnO-NPs or Zn-OAc.
Statistical analysis indicated @ at 25 pM Zn was
significantly reduced (p < 0.05) compared to the
baseline i of 0.011 h™, determined from cells grown
in the absence of Zn. At 25 UM, there was no signif-
icant difference between the effects of the two forms of
Zn. At total Zn concentrations below 25 UM, 1 was
not statistically different from the baseline down to a
concentration of 25 nM: Again no differences
between the two Zn forms were detected. However,
the growth response across the 1000-25 nM Zn range
does differ between the two forms: With the exception
of 100 nM, p at all other concentrations of ZnO-
NPs was identical to the baseline growth in contrast to
Zn-OAc, where L shows an optimum utilization rate
at 100 nM of 0.013 h™! with reduced growth rates both
at higher and lower Zn concentrations. This can be
interpreted as a response of cell growth rate to the
availability of Zn(II), an essential element for growth

Figure 1. Zinc oxide nanoparticles observed by transmission electron microscopy after allowing a dilute nanoparticle suspension to dry on the

surface of a holey carbon coated copper support.
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Figure 2. Powder Fourier-transform Raman spectra of the standard
materials zinc acetate and the zinc oxide mineral wurtzite compared
to the spectrum collected from dried zinc oxide nanoparticles.
There is little evidence of the principal wurtzite modes in the
nanoparticle spectrum. The C-O stretching mode of zinc acetate
at 1467 cm™ is red shifted in the ZnO nanoparticle spectrum
suggestive of acetate groups coordinated to the ZnO surface.

but which is also toxic at elevated concentrations.
Following this line of argument, the response of
growth rate to ZnO-NDP concentrations would suggest
that far less bio-available Zn(II) was present in sus-
pensions of the ZnO nanoparticles compared to the
Zn-OAc solutions.

Based upon analysis of growth rates, the effect of Zn
upon the utilization of acetate by C. necaror cultures
was limited to 50, 25, 1.0 and 0.1 uM. In the absence
of Zn, culture acetate ulitization rates were measured
at 4.2 nM-OAc h™! (standard error, 0.5 nM-OAch™).
At Zn concentrations of 50 and 25 uM, OAc utiliza-
tion rates for both forms of Zn were significantly
(p < 0.05) reduced to approximately 3 nM-OAc h™!
(Figure 5). It is notable that in both cases, significant
OAc utilization was observed at 50 WM total Zn in the
absence of any measureable growth (Figure 4). This
suggests that Zn exerts such high metabolic costs to
overcome toxicity effects that growth ceases. At
1.0 and 0.1 pM ZnO-NPs, OAc utilization was not
significantly different from that in cultures growing in
the absence of Zn. However, at both concentrations of
Zn-OAc acetate, utilization rates were significantly
greater than the baseline rate, again suggesting a
role for bioavailable Zn(II) in increasing growth in
the presence of Zn-OAc not observed with the ZnO-
NP exposed bacteria. The fact that OAc utilization
was higher for 0.1 uM Zn-OAc than for 1 uM suggests
that some inhibitory effect is exerted by Zn at 1 UM,
although the net effect of this inhibition and the
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Figure 3. Cu Ko X-ray diffraction patterns recorded for powders of
the standard materials zinc acetate and the zinc oxide mineral
wurtzite compared to the spectrum collected from dried zinc oxide
nanoparticles.

greater OAc utilization in response to bioavailable
Zn results in an increased OAc utilization rate com-
pared to cells growing in the absence of Zn (baseline
OACc utilization rate).

Proteome analysis by 2-D electrophoresis and tandem
mass spectrometry

Separate analyses were conducted for soluble and
insoluble proteins isolated from cells exposed to
0.1 and 1 mM of Zn-OAc and ZnO-NPs, as well
as cells not exposed to either form of Zn (Zn-free
controls). Two gels were analyzed for each concen-
tration: treatment combination, resulting in a total of
ten gels. Quantitative intensity analysis of spots iden-
tified in Figure 6 revealed significant differences in the
proteome response of cells exposed to the two forms
of Zn. Following intensity quantification, some pro-
tein spots were identified on gels from cells exposed to
Zn with a greater than two-fold increase in intensity
compared to unexposed cells and these spots were
excised and identified by tandem mass spectrometry.
In total, four soluble proteins and three insoluble
proteins were characterized as being associated with
(presenting a greater than two-fold increase) cell
exposure to Zn-OAc, whilst two soluble and four
insoluble proteins were characterized as being
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Figure 4. Relative growth rate (U, + standard error of the mean) of Cupriavidus necaror in a simple PIPES-buffered medium exposed to varying
concentrations of zinc (Zn) either as aqueous zinc acetate (Zn,q) or as zinc oxide nanoparticles (ZnO-NPs). i was calculated from the linear
part of the growth curve and multiple comparisons of the linear regressions divided the observed rates into three groups (p < 0.05): Group A
where no growth was observed; B where relative growth rates were significantly reduced compared to baseline growth measured in the absence
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Figure 5. Rates of acetate utilisation (+ standard error of the mean) determined from cultures of Cupriavidus necator exposed to varying
concentrations of zinc (Zn) either as aqueous zinc acetate (Zn,q) or zinc oxide nanoparticles (ZnO-NPs). Maximum acetate utilisation rates
were determined from the linear portion of the acetate utilisation curve and rates were compared statistically to the baseline rate measured in
the absence of any added zinc, shown as a dashed line. Asterisks indicate a significantly different rate from the baseline rate (p < 0.05).
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Figure 6. Representative two-dimensional electrophoresis of solu-
ble and insoluble proteins purified from Cupriavidus necator exposed
to 0.1 uM zinc, either as the aqueous ion from zinc acetate (ZnOAc)
or ZnO nanoparticles (ZnO-NPs). Protein spots identified by
numerals are described in Table I.

(Reut_B4349, GI:73537699): Other proteins were
involved in controlling cellular response to stimuli
(Two-component Fis family transcriptional regulator,
Reut_A2947, GI:73542354). In contrast, proteins
increased in the presence of ZnO nanoparticles are
more characteristic of protein synthesis (GTPase-
translation elongation factor Tu, Reut_A3182,
GI:73542866) and secretion (Signal recognition par-
ticle, Reut_A2947, GI:73542631; LysM-containing
uncharacterized protein, Reut_A3409, GI:72120504).

Discussion

A key criticism of much nanotoxicological research to
date is that few studies directly compare nanomater-
ials with the parent free metal ion. We have directly
compared ZnO NPs with the aqueous Zn(II) ion to
develop a better understanding of the relative toxicity
of the two phases, and also to determine whether Zn
toxicity is exerted via the same or different cellular
mechanisms. Our studies indicate that, due to the
high concentration of acetate supplied with the ZnO-
NPs, it is difficult to establish the true chemical nature
of the nanomaterial. Particles are observed by TEM
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falling within the 1-3 nm size range (Figure 1). How-
ever, both FT-Raman spectroscopy (Figure 2) and
X-ray diffraction (XRD, Figure 3) fail to distinguish
between the nanomaterial and a Zn-OAc standard
and emphasize the complexity of determining whether
nanomaterials should be treated as new materials or as
aqueous metal ions with respect to environmental
exposure.

The issue of the presence of Zn(II) in nanomaterial
suspensions is directly addressed by observing
C. necaror growth and catabolic activity. Zn(II) acts
as an important co-factor for a number of enzymes
including DNA and RNA polymerases, alkaline phos-
phatases, carbonic anhydrases, carboxypeptidases and
alcohol dehydrogenases (Kimura 1993), and has been
shown to be required for optimal growth of C. necator
(Respaske and Respaske 1976). However, at elevated
concentrations Zn(II) exerts toxic activity: Interacting
with sulfhydryl groups of enzymes and other impor-
tant cellular proteins and aggressively inhibiting respi-
ratory electron transport (Kasahara and Anraku 1974;
Beard et al. 1995). We conducted cell exposure assays
in a simple solution of PIPES buffer and acetate,
specifically lacking in essential nutrients. Therefore
we expected to be able to observe any effects of Zn(II)
upon cellular activity, both positive or negative. In this
respect treatments including Zn-OAc can be viewed
as an effective ‘positive control’, where both growth
promotion and inhibition should be observed. If free
Zn(II) ions are present in nanomaterial suspensions
their effect may also be observed as growth promotion
at lower ZnO-NDP concentrations. The effects of C.
necator exposure to Zn-OAc solutions (Figures 4
and 5) clearly demonstrate that at concentrations
greater than 25 UM, Zn(Il) significantly reduces
both cellular growth rate and OAc utilization com-
pared to cells incubated in the background PIPES/
OAc solution. At Zn(II) concentrations below 1 UM,
both growth rate and OAc utilization are increased,
although only the latter is increased significantly. By
comparison, although both growth rate and OAc
utilization are also significantly reduced by a 25 uM
ZnO-NP suspension, no growth or catabolic promo-
tion is observed at lower concentrations of the nano-
material. This is indicative of a lack of bioavailable
zinc, as Zn(II), in nanomaterial suspensions and
confirms the existence of particles. It also suggests
that although the toxicity of Zn(II) and ZnO-
NP appear similar, the mechanism(s) of growth and
catabolism reduction cannot be common to the two
Zn forms since there is a very low level of free Zn(II)
associated with the nanomaterial.

Evidence for different mechanisms of growth and
catabolic reduction between Zn(II) and ZnO-NP can
be drawn by comparing the proteome response of
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Table I. Identification and function of Cupriavidus necator JMP134 proteins showing greater than two-fold increase in expression in the
presence of Zinc acetate (Zn-OAc) or ZnO nanoparticles (ZnO-NPs). Protein spots relate to those shown in Figure 6.

Treatment and

Protein spot Reut gene Accession Fold

number MS/MS identification locus?® Putative function® number Change
Soluble proteins

ZnO-NPs Spot 1 Phosphoribosylformylglycinamide A1390 Purine biosynthesis 72118497 >2
synthase, PurlL

Zn-OAc Spot 2 Chromosome segregation A3355 Chromosome organization 73543037 >2
ATPase

Zn-OAc Spot 3 Aconitase A, AcnA A2331 Metabolic processes 72119430 >2

Zn-OAc Spot 4 NAD-dependant aldehyde B4869 Cellular ldehyde 73538694 >2
dehydrogenase metabolic processes

ZnO-NPs Spot 5 Uncharacterized, LysM- A3409 Membrane-associated protein 72120504 >2
containing
domain

Zn-OAc Spot 6 Not identified - - - >2
Insoluble proteins

Zn-OAc Spot 1 Two-component, 6° -specific, A2669 Signal transduction system 73542354 4
Fis family transcriptional regulator

ZnO-NPs Spot 2 Aspartate/Tyrosine/Aromatic A1050 Cellular amino acid 73540753 2-4
amino transferase metabolic processes

ZnO-NDPs Spot 3 Signal Recognition Particle, A2947 SRP-dependant co- 73542631 2-3
subunit SRP54 translational

protein, membrane targeted

ZnO-NPs Spot 4 GTPase-translation elongation A3182 Protein biosynthesis 73542866 2-4
factor Tu

ZnO-NPs Spot 5 Integrase A2191 DNA integration 73541878 2-8

Zn-OAc Spot 6 Phasin B4349 Polyhydroxyalkanoate 73537699 2

granule-associated protein
Zn-OAc Spot 7 Phasin B4349 Polyhydroxyalkanoate 73537699 2-3

granule-associated protein

“www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id = 264198.

C. necator exposed to the two forms of zinc since a
common mode of toxicity would be expected to elicit
a common proteome response. In fact, both soluble
and insoluble proteins expressed by C. necator are
qualitatively different, dependent upon the form of
Zn to which cells are exposed (see Table I). This
supports the assumption of different modes of toxicity
between Zn(II) and ZnO-NPs. Moreover, the specific
proteins with increased expression under exposure to
each Zn species also suggest a quite different cellular
response to toxicity induced by aqueous Zn(II) com-
pared to the ZnO-NPs. Under Zn(II) exposure, up-
expressed proteins (Zn(Il)-up) are generally related to
metabolic processes such as Aconitase A, NAD-
dependent aldehyde dehydrogenase and phasin: Aco-
nitase is a key protein involved in acetate assimilation,
converting citrate to aconitate, an intermediate in the
isomerization of citrate to isocitrate in the citric acid
cycle (Nakano and Fukaya 2008); phasin is involved
in the formation of carbonosomes, formed when

excess amounts of carbon are present while growth
is limited by a lack of other essential nutrients such as
nitrogen, phosphorous or oxygen etc. (Steinbiichel
and Schlegel 1989; York et al. 2001; Potter et al.
2002) as is the case in our simple PIPES/acetate
experimental medium; other Zn(II)-up are involved
with chromosome segregation (chromosome segrega-
tion ATPase), controlling the partitioning of daughter
chromosomes into cells during cell division, and a two
component, 6> *-specific, Fis family transcriptional
regulator involved in signal transduction in response
to environmental cues, shown to be involved in cel-
lular responses of Pseudomonas putida to canola root
exudates (Cheng et al. 2009) and invasion of the
intestinal epithelium by Salmonella enterica (Baxter
and Jones 2005).

In contrast, proteins up-expressed upon ZnO-NP
exposure (ZnONP-up) are related to protein biosyn-
thesis, especially of membrane-associated proteins:
The lysin motif (LysM)-containing domain of the

RIGHTS LI N Kdx



Nanotoxicology Downloaded from informahealthcare.com by University of Guelph on 05/09/12
For personal use only.

uncharacterized protein Reut_A3409 suggests a
membrane-associated protein of unknown function
where LysM acts as a peptidoglycan hydrolase attach-
ing secreted or membrane-associated proteins non-
covalently to the membrane (Buist et al. 2008); the
signal recognition particle ribonucleoprotein SRP54
functions by binding and accompanying secreted or
membrane-associated proteins to the translocational
machinery of the membrane (Wild et al. 2004); other
ZnONP-up are related to purine biosynthesis (PurL),
the reversible catalysis of aspartate, tyrosine and
aromatic amino acids into the corresponding
o-ketoacids (aspartate/tyrosine/aromatic aminotrans-
ferase), protein biosynthesis (GTP-ase translation
elongation factor), and DNA integration (integrase).
The identification of the membrane-associated
ZnONP-up is significant because it suggests that
cell membranes may be the primary site of damage,
but also because it is consistent with the observed
disruption of Escherichia coli cell membranes by silver
nanoparticles (Ag-NPs), where an increased accumu-
lation of precursors of membrane-associated proteins
was observed (Lok et al. 2006) and by membrane
disruption in E. coli by di(ethylene glycol)- and poly
(vinylpyrolidone)-stabilized ZnO-NPs (Brayner et al.
2006; Zhang et al. 2007). However, unlike the activity
of Ag-NDPs towards E. coli, we have demonstrated a
clear difference in the mode of toxicity between the
nanomaterial and the free ion, the above-mentioned
ZnO-NP studies do not make a comparison with free
Zn(II). This study therefore supports cell membrane
damage as a principle mechanism for the observed
toxicity associated with a wide range of nanomaterials
to bacteria (Neal 2008).

Regulation of new products requires a thorough
understanding of the potential stresses that the prod-
uct will place on the environment following disposal.
A comprehensive evaluation of such stress is not
possible without a proper characterization of the
materials. With regard to nanomaterials, one of the
key questions is whether they can be considered as
free ions, or whether they are indeed a totally new
class of potential environmental stressors. As we have
demonstrated, standard chemical analyses including
X-ray diffraction, FT-Raman spectroscopy and ICP-
MS are unable to discern the difference between the
nanomaterial suspension and zinc salts such as Zn-
OAc. This is in part due to the very high concentra-
tion of acetate used to stabilize the nanomaterial, and
in part due to the very small size of the ZnO-NPs.
A potential conclusion from chemical analyses would
be that the nanomaterial suspension is essentially
similar to Zn-OAc and should be regulated as such.
However, the response of bacteria to the nanomaterial
compared to Zn-OAc clearly demonstrates that the
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two Zn forms are significantly different, principally in
the bioavailability of Zn(II). This suggests that bio-
reporters of metal bioavailability (Kelly et al. 2004;
Peca et al. 2008; Aruoja et al. 2009; Ivask et al. 2009)
may be a more reliable approach to assessing the likely
mode of toxicity of new nanomaterials upon environ-
mental release. An initial step in construction of bio-
reporter strains is identification of key responding
proteins (and genes). Our proteome analyses identify
both SRP54 (Reut_A2947) and LysM-containing
Reut_A3409 as potential indicators of cell damage
by nanomaterials which do not apparently accumulate
under Zn(II) toxicity. It is therefore possible to pos-
tulate that microbial bio-reporters could be used to
establish not only the presence of metal ions associ-
ated with nanomaterials, but also identify the princi-
pal mode of toxicity of new nanomaterials in a rapid
and reliable manner.
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