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Extracellular Proteins Limit the
Dispersal of Biogenic Nanoparticles

John W. Moreau,**t Peter K. Weber,? Michael C. Martin,> Benjamin Gilbert,”

lan D. Hutcheon,? Jillian F. Banfield“**

High—spatial-resolution secondary ion microprobe spectrometry, synchrotron radiation—based
Fourier-transform infrared spectroscopy, and polyacrylamide gel analysis demonstrated the
intimate association of proteins with spheroidal aggregates of biogenic zinc sulfide nanocrystals,
an example of extracellular biomineralization. Experiments involving synthetic zinc sulfide
nanoparticles and representative amino acids indicated a driving role for cysteine in rapid
nanoparticle aggregation. These findings suggest that microbially derived extracellular proteins
can limit the dispersal of nanoparticulate metal-bearing phases, such as the mineral products of
bioremediation, that may otherwise be transported away from their source by subsurface fluid flow.

concentrations of metals in anoxic waters

by sequestering metals into nanoparticles
(I-3). However, these particles are potentially
highly mobile because of their small size (4) and
can redissolve quickly if conditions change (9).
Sulfide nanoparticles may be <2 nm in diameter
[comparable in size to aqueous molecular clus-
ters (6)]; most have a diameter of 2 to 6 nm (2, 7).
Aggregation can restrict nanoparticle transport by
inducing settling (8, 9), and it can drive crystal
growth, leading to decreased solubility (10, 11).
Some organics can promote aggregation. Amine-
bearing molecules, for example, have been
shown to organize sulfide nanoparticles into
semiconductor nanowires (/2).We investigated
the hypothesis that natural organic matter con-
tributes to the formation of densely aggregated
nanoparticulate ZnS spheroids and is preserved
in nanometer-scale pores (7). We used micro-

Sulfate—reducing bacteria can lower the
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analytical and direct isolation approaches to
analyze nanoparticle aggregates formed in natu-
ral sulfate-reducing bacterial biofilms (7, /3). We
also experimentally evaluated the potential for
various amino acids to induce rapid aggregation
of metal-sulfide nanoparticles.

We examined sulfate-reducing bacteria—
dominated biofilms collected from the Piquette
Pb and Zn Mine, a flooded system (pH ~7, ~8°C)
in southwestern Wisconsin (/3). Ultramicro-
tomed biofilm sections that contained spheroidal
aggregates of biogenic ZnS nanoparticles (figs.
S1 to S4) were imaged with transmission elec-
tron microscopy (TEM) before in situ elemental
microanalysis with secondary ion mass spec-
trometry at a spatial resolution of ~50 nm
(NanoSIMS) (/4). N in the samples was
detected by NanoSIMS as CN™, NO, and NS~
secondary ions and was quantified by compar-
ison to reference samples (14, 15).

A comparison of TEM images with NanoSIMS
S distribution maps demonstrates that ZnS
spheroids are the only structures within the bio-
film that contain significant S concentrations
(Fig. 1, A to C). The composite NanoSIMS data
show the intimate association of N with biofilm
ZnS (Fig. 1, A to C); N is present throughout
these aggregates at significantly higher levels
than in abiotic ZnS reference materials (Fig. 1,
D and E). Pores in the ZnS spheroids appear as
low—diffraction-contrast features in TEM images
because of a lower concentration of sphalerite

nanoparticles (fig. S2). Porous regions are asso-
ciated with the highest N concentrations (Fig. 1,
B and C). N concentration measurements for
individual spheroids varied by 14% (relative SD,
n = 134 spheroids), as compared with an average
measurement precision of 4%, for individual ZnS
aggregates with an average diameter of 700 nm.
We estimated an average N concentration for all
analyzed biofilm ZnS spheroids of 1.6 weight %
(wt %), with a 95% confidence interval of 0.8 to
3 wt % (/4). By comparison, the average N
concentration of synthetic ZnS aggregates was
~100 times lower than it was for biofilm ZnS
spheroids.

The small nitrate concentration of mine water
(~3 ng/g) was removed from the biofilm during
sample processing and was therefore not ex-
pected to be the source of N in ZnS. To test this
prediction, we analyzed the spheroids for NO™,
relative to CN™ (/4). The CN/NO™ ratio for a
reference sample of KNOj; dissolved in graphite
(14) ranged from <1 to 200, with a median ratio
of ~6. The average CN/NO™ ratio of bacterial
spores, an organic N reference, was 2950 + 520
(SD). The average CN/NO™ ratio of the biofilm
ZnS was 3300 += 870 (SD). Measurement
precision for CN/NO™ in the biofilm ZnS was
similar to sample variability because of low NO~
secondary-ion intensities. Based on these analy-
ses, we concluded that N in the biofilm ZnS was
present neither as nitrate nor nitrite and was
therefore organic in nature (/4). This conclusion
was further supported by the presence of amide
absorption features in the infrared spectra dis-
cussed below. From the average N content of
ZnS estimated above and an average amino acid
N concentration of ~11 wt %, the ZnS spheroids
contained ~14 wt % amino acids.

Areas with cell-like morphologies enriched in
N (Fig. 1) and P (fig. S8) are interpreted as being
either whole or degraded microbial cells. These
features are morphologically distinct from ZnS
spheroids, arguing against spheroid formation by
nanoparticle encrustation and infilling of cells. We
inferred that the spheroids formed by the aggrega-
tion of biogenic ZnS nanoparticles (/3) with
extracellular polypeptides or proteins. This process
may have involved the adsorption of amino acids
or peptides onto nanoparticle surfaces (/6) or the
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coaggregation of protein molecules and nano-
particles. High N concentrations along the surfaces
of some aggregates suggest protein-rich regions
(Fig. 1, B and C).

Synchrotron radiation—based Fourier-transform
infrared spectroscopy (SR-FTIR), with roughly
10 um spatial resolution, was used to characterize
organics associated with biofilm ZnS aggregates
(14). SR-FTIR analysis revealed that absorptions
at ~1580 and 1640 cm ' were associated only
with ZnS spheroid-rich regions of the biofilm
(Fig. 2). These absorption features are well

described for the amide II and amide I vibration
modes, respectively, and they are characteristic of
polypeptide- and/or protein-derived amino acids
(17). Analyses of the spheroid-rich regions of
biofilm varied by a few percent in the relative
magnitudes of amide I and II absorptions. The
SR-FTIR data confirm that the N detected by
NanoSIMS analysis of spheroids was organic
and support an origin in polypeptides or proteins.

Proteins were directly extracted from density-
separated fractions dominated by either organic
biofilm components or ZnS spheroids (fig. S6)

Fig. 1. NanoSIMS secondary-ion images showing
C, N, and S distributions in an ultramicrotomed
TEM section of biofilm. (A) Composite element
distribution map (~10 um by 10 um) of *2C (blue),
12C14N for N (green), and %S (red). Colors reflect
the proportion of each species. Uniformly red
regions represent relatively pure S (as ZnS),
whereas orange and yellow regions indicate the
presence of increased levels of N. Light blue

1100
14N

1100
12¢
binary

ternary

regions indicate the presence of both C and N, with little to no S (no ZnS). (B) TEM image of several
conjoined ZnS spheroidal aggregates. (C) NanoSIMS composite element distribution map of (B). (D)
NanoSIMS composite element distribution map of ultramicrotomed Balmat ZnS. (E) NanoSIMS composite
element distribution map of synthetic nanoparticulate ZnS. (F) Color box plots of the relative ion
abundances displayed in (A) and (C) to (E). Primary colors and maximum ion counts are noted for each
species along each axis; all axes are linear, with respect to ion counts. In the left box (binary), only binary
ion compositions (one or two species) are shown; in the right box (ternary), only primary (the species
corresponding to each axis) and ternary ion compositions (three species) are shown. Black and white
corners correspond to points of minimum and maximum ion counts, respectively, for all three species. All
scale bars are 1 um. Figures S8 to 510 (14) present grayscale versions of (A), (C), and (D), respectively.
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(14). Proteins from the biofilm fraction produced
faint bands when reacted with protein-specific
stains in 4 to 10% polyacrylamide gels at mo-
lecular masses of ~37 and ~48 kD (Fig. 3) (14).
In contrast, the ZnS-enriched fraction yielded a
strong band at ~37 kD, suggesting that the N de-
tected by NanoSIMS and SR-FTIR was asso-
ciated with protein(s) of this molecular mass. It
was not possible to further characterize the
protein(s) because of their low concentration
and biofilm-sample accessibility (/3). However,
the observed mass lies within the mass range of
bacterial proteins known to bind certain metals
(18-20), and genes for these proteins have been
reported in some sulfate-reducing bacteria (2/-23).
We speculate, therefore, that the ZnS-associated
protein(s) found in this study may serve a metal-
binding function.

In some aggregates, NanoSIMS data indi-
cated overlapping N and S distributions, imply-
ing the presence of fine-scale mixtures of ZnS
nanoparticles and protein-rich organic matter.
Known bacterial metal-binding proteins bind Zn
and other potentially toxic metals (e.g., Cd and
Cu), primarily at cysteine residues in proximity
to OH  groups (24). Experimental evidence
shows that cysteine also binds strongly to ZnS
nanoparticles and limits their size to <~5 nm
(25) and that thiol groups bind strongly with S-
deficient surface Fe(Il) atoms in pyrite (/6). The
conditional stability constant for monoligand
cysteine-Zn>" complexation in low—ionic-
strength solutions [<0.1 moles of charge (M.)]
at 20° to 25°C is more than four orders of
magnitude larger than those of all the other
amino acids tested except for lysine, for which

100.0
90.0 1

80.0 1

% transmission

70.0 1

50.0 ’\ + t + + +
1175 1275 1375 1475 1575 1675

1

cm
Fig. 2. SR-FTIR transmission spectra of biogenic
ZnS aggregates (black) and background biofilm
(gray). Amide 1 (~1640 cm™) and Il (~1580 cm™)
absorption features are diagnostic of amino acid—
associated bond vibrations in polypeptides and/or
proteins.
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the constant is about two orders of magnitude
larger (table S1) (/4). These observations
suggest that cysteine or cysteine-rich polypep-
tides or proteins could have played a role in
determining the ZnS particle size and aggrega-
tion state.

We tested the efficacy of individual amino
acids (100 uM) to promote the aggregation of
synthetic ZnS particles 3 nm in diameter or
smaller (10 uM) (/4). The chosen amino acids
(alanine, aspartate, cysteine, lysine, phenyl-
alanine, proline, and serine) possess chemically
distinct side-chain functional groups. Aggrega-
tion was monitored periodically with dynamic
light scattering (DLS) (/4), and results showed
that the inorganic aggregation of ZnS initially
occurred rapidly to form ~100-nm-diameter
aggregates, but then slowed greatly or ceased
after 1 week (Fig. 4 and fig. S7). In contrast,
7ZnS nanoparticles in the presence of cysteine
exhibited more extensive and prolonged aggre-
gation, ultimately forming 1-to-10-um-sized
structures. Other amino acids had little (e.g.,
serine) to no (e.g., proline) detectable effect on
nanoparticle aggregation, relative to controls
(fig. S7). Cysteine in the absence of ZnS formed
no measurable aggregates (Fig. 4), and humic

Fig. 3. Composite SDS—
polyacrylamide gel elec-
trophoresis image of
biofilm and ZnS protein
extractions. SyproOrange
and colloidal silver mo-
lecular weight standards

compounds added to ZnS nanoparticle suspen-
sions did not accelerate aggregation.

The DLS results correlate with earlier studies
of the adsorption of amino acids, other organic
ligands, and inorganic ions onto the surfaces of
metal chalcogenides (16, 26, 27). For example,
the sulthydryl group present in cysteine and
mercapto-compounds exhibits strong specific
binding to the surfaces of sulfide minerals and
nanoparticles. Similarly, serine with a terminal
hydroxyl group causes somewhat more aggre-
gation than is observed in control samples, as
was expected from both the weaker chemical
interaction of this group with sulfide surfaces
and the higher pK, (where K, is the acid
dissociation constant), relative to cysteine (9.15
versus 8.33). Thus, strong specific chemical
binding is a necessary prelude to amino acid— or
protein-driven ZnS nanoparticle aggregation.

Mineral/protein mixtures with internal orga-
nization are typically considered biominerals,
and biominerals normally form within orga-
nisms. The structures reported here represent an
exception to this pattern. Proteins, peptides, and
amino acids could be released after cell death
and scavenged by hydrophobic ZnS surfaces.
Alternatively, bacteria may export Zn-binding

N

are shown (far left and right lanes, respectively). (A) Extraction from the biofilm organic fraction stained
with SyproOrange. (B) Extraction of the ZnS spheroid fraction stained with SyproOrange. (C and D)
Replicate extractions of the biofilm organic fraction stained with silver. (E and F) Replicate extractions of
ZnS spheroids fraction stained with silver. Numbers are molecular masses in kilodaltons.
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Fig. 4. Size distribution curves from DLS data acquired in ZnS nanoparticle aggregation experiments.
(A) Control experiments. 10 uM ZnS nanoparticles alone (solid lines) aggregate within 1 day to form
~100-nm-radius clusters that exhibit little further growth over a 5-day period. 100 uM cysteine alone
(dashed lines) gives a very weak DLS signal, with no consistent trend in size distribution. (B) In the
presence of both 10 uM ZnS and 100 uM cysteine, sustained aggregation occurs over the 7-day period,
resulting in aggregates that are more than one order of magnitude larger than the initial clusters. DLS
correlation functions from which size distributions were derived are shown in fig. S7.

proteins for a physiological reason. Most known
bacterial metal-binding proteins are produced
for intracellular binding and the subsequent
export of toxic metals (24). In the case reported
here, biofilm proteins may bind excess aqueous
Zn** or interact with bound Zn(Il) and other
proteins after ZnS precipitation. In either
scenario, the aggregation of metal-sulfide nano-
particles was promoted, preventing incidental
uptake by cells (28, 29) or the entombment of
cells. From the dense spheroidal morphologies
of the aggregates, the rate of aggregation ap-
pears to be reaction-limited (30). Similar dense-
ly packed aggregates of biogenic metal-bearing
nanoparticles have been reported from other
metal-contaminated systems (3/). Such ag-
gregates in sediments could trap and possibly
preserve organic molecules or their degradation
products in sediments or rocks.

Microbial and chemical redox transforma-
tions of metals can result in the precipitation of
metal-bearing nanoparticles across a range of
environmental conditions (32). The aggregation
state of these particles may have a strong impact
on metal mobility and water quality (33). Our
results suggest that aggregation induced by
extracellular metal-binding polypeptides and
proteins plays an important role in limiting
nanoparticle dispersal in natural environments.
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Origin of the Low Rigidity of
the Earth’'s Inner Core

Anatoly B. Belonoshko,™?* Natalia V. Skorodumova,® Sergio Davis,* Alexander N. Osiptsov,*

Anders Rosengren,? Bérje Johansson™3

Earth’s solid-iron inner core has a low rigidity that manifests itself in the anomalously low
velocities of shear waves as compared to shear wave velocities measured in iron alloys. Normally,
when estimating the elastic properties of a polycrystal, one calculates an average over different
orientations of a single crystal. This approach does not take into account the grain boundaries and
defects that are likely to be abundant at high temperatures relevant for the inner core conditions.
By using molecular dynamics simulations, we show that, if defects are considered, the calculated
shear modulus and shear wave velocity decrease dramatically as compared to those estimates
obtained from the averaged single-crystal values. Thus, the low shear wave velocity in the inner

core is explained.

(IC) by Ingrid Lehmann in 1936 (1), it

has been established, on the basis of the
equation of state as compared to seismic data and
the abundance of iron, that Earth’s IC mainly
consists of iron (2—5). However, the resistance of
iron and its alloys to shear, either measured (6, 7)
or calculated (8), does not match the very low
resistance to shear of the IC, as follows from the
low velocity of the shear signal propagation
(4, 9). To explain the low rigidity of the IC, it
has been suggested that Earth’s IC contains
liquid inclusions (/0). This suggestion, however,
is met with certain difficulties (//, 12), because a
liquid is likely to be squeezed out of the IC.

Since the discovery of Earth’s inner core

Therefore, a satisfactory explanation of the low
rigidity of Earth’s IC is still lacking. Computa-
tional materials physics has now reached a high
degree of sophistication and reliability in the
calculations of crystal elastic constants at the
conditions relevant for the IC (8). Yet, the shear
moduli of relevant iron alloys, obtained by the
most advanced computational methods, are sys-
tematically higher than the observed shear mod-
ulus of the IC (8). This trend makes one question
the validity of the procedure currently applied
for calculating the elastic constants of materi-

als at high temperature 7" and pressure P. At
present, one calculates the elastic properties of
a polycrystalline material by averaging the
elastic properties of a single crystal over all pos-
sible crystallographic orientations (/3). Thus,
the elastic properties of a polycrystalline ma-
terial are completely defined by the properties of
the single crystal. Although this approach can
be quite legitimate at low temperature, it might
fail under conditions when grain boundaries
become viscous (/4), which is likely at high
temperature.

To investigate the impact of defects and grain
boundaries on the shear properties of polycrystal-
line iron under the IC pressure and temperature
conditions and to evaluate the applicability of the
contemporary approach to calculate shear proper-
ties of iron in Earth’s IC, we study the elastic
behavior of an ideal iron crystal in comparison
with that of a “realistic” sample containing sev-
eral grain boundaries as well as other extensive
structural defects.

Among the possible computational methods,
the method of molecular dynamics (MD) appears
to be very suitable for calculating the elastic
properties of a material at finite temperatures.
MD simulations of realistic samples require a
large number of atoms that prevents the appli-
cation of pure ab initio methods. Recently, a suf-
ficiently precise embedded-atom model (EAM)
of high-pressure iron has been developed (/5-17).

Table 1. Calculated properties of bcc iron as compared to the IC data.
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