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After exposure to micron-sized TiO; particles, anatase and/or rutile,
Rhodococcus ruber GIN-1 accumulates an increased concentration
(2.2 £ 0.2 mg kg1) of mobilized Ti into its biomass with concomitant
decreases in cellular biometals Fe, Zn, and possibly Mn, while levels
of Cu and Al are unaffected.

Titanium is the ninth most abundant element in the Earth’s
crust and primarily occurs as Ti(IV) in sparingly soluble mineral
oxides.! Titanium dioxide (TiO;) makes up 0.9% and 1.4% of the
continental and oceanic crusts, respectively.2 The primary
crystal forms of TiO; are anatase and rutile. Titanium also occurs
in other common mineral oxides including ilmenite (FeTiOs) and
titanite (CaSiTiOs).3

Titanium is not known to be essential to any organism, and
its bioactivity has not been widely appreciated. A consideration
of any role of Ti in biology is hindered by the element’s
reputation for inertness and extreme insolubility in aqueous
environments. Yet Ti(lV) is more soluble and bioactive than has
generally been recognized.> Moreover, evolution has overcome
insolubility for the similarly hydrolysis-prone metal ion Fe(lll),
making it bioavailable and necessary for life in nearly all species.
If a small fraction of abundant environmental Ti were mobilized
in a similar manner as Fe, a significant amount of the metal
could be bioavailable. For example, siderophores avidly bind
insoluble Fe(lll) and are strong chelators of Ti(IV) in solution.®

Individual biomolecules and whole organisms do interact
with solid TiO,.> Siderophores bind to TiO; surfaces among
other metal oxides.®11 The Gram-positive bacteria Rhodococcus
ruber GIN-1 were isolated from an environmental sample by
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exploiting their binding of metal oxides in coal fly ash.12 Orange-
colored R. ruber GIN-1 cells preferentially adsorb to TiO; over
other metal oxides.1213 Adsorption is strong, resistant to
extremes of pH and temperature, and very fast. In an early
report, the authors noted qualitatively, with data not shown,
that the bacteria could incorporate Ti(lV) ions into biomass after
exposure to TiO,.14 This finding suggests a mobilization of
titanium from apparently-inert environmental TiO,. The current
work further investigates and quantitates this Ti incorporation
and its dependence (or lack thereof) on TiO, form. This work
also reveals the accompanying effect on the metal ion quotas of
other important biometals in the cells.

Rhodococcus ruber GIN-1 cells were grown in artificial sea
water media to late log phase, the most TiO,-adhesive stage
(Fig. S1).13 Cells were split into two populations, one of which
was exposed to ~40 um anatase and/or rutile Sachtopore beads
(Fig. 1) for 1 h. Under these conditions, >90% of the cells adhere
within 1 min.13 This interval is much smaller than the bacterial
doubling time (10-20 h during log phase!?). The second cell
population was treated in an identical manner except that it was
never exposed to TiO,. The cells were desorbed from the
particles,* the relatively large TiO;, particles were removed by
slow centrifugation, and the cells were washed. Scanning

Fi(f. 1. Scanning electron micrograph of R. ruber GIN-1 cells (~5 - 10 um rods)
adsorbed to an anatase Sachtopore particle.

Metallomics, 2019, 00, 1-3 | 1



oNOYTULT D WN =

Metallomics

electron microscopy (SEM) confirmed that this method
removed all TiO, particles before metal ion quantitation and
recovered the cells (Fig. S2). The gross cell morphology was
unchanged. The cell samples were lyophilized and digested for
metal ion quantitation by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), which allows detection of
multiple elements in the same sample. Concentrations of six
metals were determined for each sample: Al, Cu, Fe, Mn, Ti, and
Zn.

Although the concentrations of Ti, both in the original
artificial seawater medium and in the spent culture medium
after growth, were <0.005 mg L1, appreciable Ti was detected
even in control cells that were not exposed to TiO; particles (n
= 14, [Ti] = 0.29 + 0.05 mg kg 1) (Fig. 2 and Table S1). The dry-
matter content in these bacterial cells is ~40%,!> so this value
corresponds to ~2.4 uM Ti. This value is well within the range
commonly found in biological samples.> The cells may obtain Ti
from the dilute Ti in the growth medium and/or from the
container surface during the relatively long growth time to
reach late log phase. R. ruber GIN-1 cells were exposed to and
then desorbed from anatase (n = 5), rutile (n = 5), or a mixed
anatase/rutile sample (n = 4; data not shown). Each experiment
was run alongside an unexposed control, for 14 total unexposed
controls. The TiOz-exposed cells had significantly elevated Ti
levels with respect to unexposed cells (Fig. 2 and Table S1). This
finding is consistent with the earlier, qualitative report.14
Titanium concentrations in exposed cells averaged 2.2 + 0.2 mg
kg1. This value represents approximately an eightfold increase
over the control cells. It remains much lower than the highest
value ever reported for Ti in an organism (1500 mg kg ! in the
ascidian Eudistoma ritteri).16 There was no significant difference
in Ti incorporation from anatase, rutile, or a mixture of these
oxides.

Once cellular uptake of Ti from purportedly-inert titanium
oxides was confirmed and quantitated, we considered whether
and how that uptake affected the levels of other biometals in
the cells. The results were not statistically different between
exposure to anatase and rutile, so the data were averaged (n =
14). The artificial seawater medium had 0.22 mg L! Zn, 0.045
mg L1 Fe, 0.009 mg L-1 Mn, and Al and Cu less than 0.005 mg L
1 (Table S1). The native levels of these metal ions in R. ruber
GIN-1 vary over several orders of magnitude (Table S1 and Fig.
3, white boxes). Each of the metals was more concentrated in
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Fig. 2. Titanium dry weight concentration in R. ruber GIN-1 with and without
exposure to TiO, particles.
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Fig. 3. Metal concentrations (dry weight) in R. ruber GIN-1 cells (n = 14).
Analysis by a Wilcoxon signed-rank test (see SlI) supports a significant
difference in metal quota between control cells (white) and cells exposed to

TiO, (grey) for Ti (increase, P = 0.007), Fe (decrease, P = 0.007) and Zn
(Odgsc;;ease, P =0.01) and for Mn (decrease, P = 0.03) but not for Cu or Al (P >

the cell biomass than in the growth medium. After exposure to
TiO,, and concomitant with the Ti increases described above,
biometal concentrations decreased significantly for Fe, Zn, and
Mn (Table S1 and Fig. 3, grey boxes). Of the biometals analyzed,
only Zn had any variation in concentration between TiO, form
(exposure to anatase resulted in a slightly greater decrease in
Zn). There was no change in Cu or Al concentrations in cells
exposed to TiO,.

As further controls, samples having media without R. ruber
GIN-1 cells were subjected to the same washing and transfer
steps in the presence or absence of TiO; particles. The samples
not exposed to TiO; exhibit 0.005 mg L1 Fe, 0.025 mg L1 Mn,
and < 0.005 mg Lt Al, Cu, Ti, and Zn. The TiO,-exposed controls
have 0.005 mg L1 Fe, 0.011 mg L-1 Mn, 0.006 mg L1 Al, and <
0.005 mg L1 Cu, Ti, and Zn. Thus, the metal concentrations
reported in Figure 3 were associated with the cellular biomass
and did not come from the washing or manipulation steps, or
from abiological dissolution of TiO,.

The genus Rhodococcus is known to degrade environmental
pollutants and accumulate metal ions.1718 There are four
complete (and eleven total) annotated genome sequences
available for Rhodococcus ruber species, although none are for
the GIN-1 strain.’® As would be expected, there are >100
predicted metalloprotein sequences in each genome, including
numerous apparent Fe, Zn, and Cu proteins. Thus, the presence
of appreciable amounts of these metals in the cells is
unsurprising. Although Al is not believed to be an essential
biometal, it is, like Ti, very abundant and thus commonly found
in organisms.! Rhodococcus ruber has gene clusters for
apparent siderophore biosynthesis and siderophore uptake.®
Siderophores may help facilitate Ti uptake,® and may be related
to the interference of Ti with Fe metal ion quotas. Fleminger and
coworkers noted cellular extensions between the adherent R.
ruber GIN-1 and the TiO, surface and identified a cell surface
dihydrolipoamide dehydrogenase as a titanium oxide binding
protein,20.21 but it is not clear whether these extensions or this
protein are involved in Ti uptake.

These data suggest that the uptake of Ti from TiO,, whether
adventitious or not, can interfere with the levels of some (Fe,
Zn, and to a lesser degree Mn) but not all (Cu or Al) metals in R.
ruber GIN-1 cells. Because Ti(lV) is similar in size and hard
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character to (but even more Lewis acidic than) Fe(lll), it can bind
tightly to at least some Fe proteins and might directly interfere
with Fe uptake and function.2224 Other properties, like
reduction potential in the same biological coordination
environment, diverge between Fe(lll) and Ti(IV).2> Titanium
binding to native Zn or Mn proteins has not been demonstrated,
and a direct replacement is less chemically likely.

These data were collected at a single time point, after 1 h
exposure to TiO, For the Fe concentration to have decreased by
nearly a factor of two, on average, in about one tenth of the
bacterial doubling time suggests not only that iron uptake was
inhibited but that metal efflux might be activated.2627 We note
that titanium uptake and disruption of biometal quotas might
further vary as a function of time. Even if these changes are the
result of a generalized stress response, the changes would imply
that TiO; is not, at least for this one bacterial species, an inert,
non-bioactive material. Instead, exposure to TiO; causes
measurable changes in the levels of some other essential metal
ions.

Conclusions

Contrary to its reputation as an inert material, titanium oxide
can be bound by Rhodococcus ruber GIN-1 cells. After
cell/mineral binding, titanium is liberated and incorporated into
cellular biomass. Titanium levels, already appreciable in
unexposed cells, increase by nearly an order of magnitude after
this exposure. There was no significant difference in uptake
between anatase and rutile crystal forms of TiO,. Furthermore,
the metal ion quotas for some (Fe, Zn, Mn) but not all (Cu, Al)
(bio)metals decrease concomitantly with this Ti incorporation.
This work suggests interference between the biogeochemical
cycles of Ti with those of other metals, and adds new support
for that metal’s biological relevance.
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