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Physicochemical Mechanisms of
Trace Metal Bioaccumulation by
Microorganisms

Kevin J. Wilkinsona*, Vera |. Slaveykova?, Christel S. Hassler?, and Claude Rossier?

Abstract: Our research group is working towards understanding the fundamental physicochemical mecha-
nisms of trace metal biouptake by aquatic microorganisms in natural systems. Research is currently focused
on identifying under what conditions uptake fluxes are limited by physical (e.g. diffusion) as opposed to bio-
logical (transfer across biological membrane) processes. In addition, the complexation of the trace metals is
being examined from both a thermodynamic (stability) and kinetic (lability) perspective in order to elucidate
its effect on the overall uptake flux. Up-to-date information on the group, including a current publication list
can be found at http://www.unige.ch/cabe/wilkinson.
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1. Introduction

The work presented here is part of an
ongoing initiative to understand some of
the important processes controlling the cir-
culation of vital and toxic trace elements in
natural aquatic systems. Because trace
compounds are often associated with natu-
ral colloidal material, a closely related as-
pect of the work involves the characteriza-
tion of inorganic particles and biopolymers
[1-4], including investigations of their
mechanisms of interaction (bridging floc-
culation, heterocoagulation, etc.) [5][6].
These aspects of our work have been re-
cently reviewed in this journal [7] and
therefore they will not be discussed here.
Instead, this contribution will focus on re-
cent studies of the physicochemical
processes controlling the uptake of trace
metals by unicellular organisms under en-
vironmental conditions.
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The interaction of trace elements with
unicellular aquatic organisms generally in-
volves several processes including [8—11]:
(1) mass transfer to the biological surface,
(2) diffusion through the protective layers
around the organism (e.g. mucus, cell wall),
(3) adsorption at the membrane surface
(both to transport sites and biologically in-
ert sites) and (4) transport across the bio-
logical membrane (Fig. 1). Any of these
steps has the potential to be rate limiting
(1: [12][13]); 2: [14][15]; 3: [10][11];
4: [16][17]) depending on the nature of the

organism, the nature and speciation of the
accumulated element and the physicochem-
istry of the external medium.

Our current understanding of the inter-
actions of trace metals with (micro)organ-
isms is based on the underlying assumption
that equilibrium is attained among the met-
al species in solution and those bound to
target sites on the membrane surface (e.g.
transporters, carriers) [16][18]. In this case,
biological uptake fluxes, J, ., can be related
by a first order (linear) relationship to the
concentration of any of the metal species in
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Fig. 1. Schematic representation of the metal uptake process.
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equilibrium (e.g. the transporter bound
metal concentration, {M-L,_}, Eqn. 2 or the
free metal ion concentration in solution,
[M*], Eqn. 3):
K Kint
M#*+L, ¢ M-L; — (1)

Jint=Kine ML} )

T Kin KALHMST (3
where k;  represents the internalization rate
constant, K the stability constant for the for-
mation of the metal-transporter complex
and {L, }, the concentration of free cellular
metal transporters.

Over the last decade, numerous excep-
tions to the simple first order uptake pre-
dicted above have been observed (for a re-
view, see [17]) but most often without a
quantitative understanding of whether the
problem was related to the chemical
processes in the external media or to the bi-
ological transfer of the element across a
membrane. Furthermore, recent theoretical
advances e.g. [19][20] have identified sev-
eral (environmentally relevant) conditions
for which equilibrium (or steady-state) con-
ditions may not hold. It is thus becoming
clear that the simple thermodynamic mod-
els of trace element bioaccumulation are
not sufficiently rigorous to provide a gener-
al explanation of observed biological up-
take fluxes under environmentally relevant
conditions. For example, the relationship
between trace metal speciation and
bioavailability has only recently been ana-
lyzed on the basis of the dynamics of mass
transport and the association/dissociation
reactions in complexing external media
[10][19]. That analysis has revealed that
under certain conditions, the diffusive
transport flux could be rate limiting in
which case labile complexes could con-
tribute to the biouptake flux. A major goal
of our work is thus to quantitatively study
the major processes that regulate trace ele-
ment transport and bioaccumulation by a
cell. Because the bioavailability of a trace
element will depend upon the nature of the
rate limiting flux, another important aspect
is to quantify, as precisely as possible, each
of the important physicochemical process-
es (internalization fluxes, diffusion, associ-
ation/dissociation kinetics, efc.; Fig. 1)
involved in trace element uptake.

2. Biological Limitation of the
Uptake Process

In short-term bioaccumulation experi-
ments, the attainment of a steady-state be-

tween the organism and the external medi-
um implies that the metal uptake flux is
constant and that both dissolved and ad-
sorbed metal concentrations remain un-
changed and at equilibrium. In this case, ze-
ro order internalization kinetics are predict-
ed for [M#"] above saturation of the metal
transporter [9] while a first order metal up-
take flux should be observed at lower [M%*]
[17].

Pb(11) is an example of a metal with rel-
atively fast association—dissociation kinet-
ics [20][21] for which a steady state be-
tween the metal species in the solution and
metal bound to the transport sites might be
expected [9]. Indeed, short term uptake ex-
periments have typically shown a rapid,
steady-state adsorption to the cell wall and
a slow, linear internalization (non-EDTA
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extractable Pb) (e.g. Fig. 2; [22]). The ob-
servation of a plateau value of adsorbed Pb
supports the assumption that equilibrium is
attained between the external solution and
cell surface. Internalization fluxes, J; ,, de-
termined from the slope of cellular Pb ver-
sus time (e.g. Fig. 3) have been determined
for 51079 to 5x10~> M Pb?* in the absence
and presence of NTA, IDA, citric and mal-
onic acids. The addition of ligands to the
experimental solutions lead to a significant
decrease of the Pb uptake flux that was cor-
related to free [Pb?*] (Fig. 3) but not to the
total lead concentration. Maximum inter-
nalization fluxes obtained for [Pb2*] larger
than about 1x10-5 M were equal in the ab-
sence or presence of ligand. Furthermore,
transporter bound Pb concentrations,
{Pb-L,.}, were directly related to internal-
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Fig. 2. Adsorbed Pb (i.e. removed by 102 M EDTA wash, l) and cellular Pb (i.e. not removed
by 102 M EDTA wash, @) as function of accumulation time for the algae, Chiorella kesslerii.
[Pb],o; =10 M; [Pb?*] = 2.5x10~7 M, pH = 6. Taken from [22] with permission.
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Fig. 3. Logarithmic representation of internalization fluxes as a function of [Pb2*] in the absence
(@) or presence of ligand: (l) NTA, (V¥) citric acid, (O) IDA and (V) malonic acid for the algae,
Chilorella kesslerii. Dashed line represents a Michaelis Menten plot for Ky, = 3x10® M and J,,,
= 6x10713 mol cm2 min~!. Standard deviations are given when larger than the symbol size.

Taken from [22] with permission.
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ization fluxes as would be predicted by the
equilibrium models (Fig. 4). The existence
of a single saturation plateau (Fig. 3) and
the direct relationship between uptake flux-
es and carrier-bound Pb (Fig. 4) supports
the hypothesis that internalization is pre-
dominantly via a single carrier.

Complexes are defined as labile when
they can form and dissociate many times
during their transport through the diffusion
layer, with the resulting metal supply to the
biological surface potentially determined
by both free metal and labile species
[19][23]. For a given complex, the lability
criterion, L, (Eqn. 4) represents the ratio of
flux that would result from a kinetically
limited dissociation of the complex to the
rate of metal supply by a purely diffusion
controlled flux [19-21].
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where D,y represents the diffusion coeffi-
cient of the complex species, MY, cy is the
concentration of ligand, Y, u is the dissoci-
ation reaction layer thickness, r is the meas-
ured average radius of Chlorella kesslerii
(ca. 1.9 um) and k, and k; are association
and dissociation rate constants for ML.
Note that Eqn. 4 is valid only in the case of
0 >r >, where d is the diffusion layer
thickness (ca. 20 to 30 um, [24]). The
validity of this equation, the basic assump-
tions for its derivation, as well as its appli-
cability to microorganisms have been dis-
cussed previously [19][20]. Furthermore,
the maximum diffusive flux of Pb%*
(Eqn. 5; [22]) can be calculated for the free
ion concentrations employed here:

2] ®

Theoretical estimations of L have re-
vealed that labile behavior, (L>>1) could be
expected in the presence of citric and mal-
onic acids while NTA complexes were pre-
dicted to be non-labile (L<<1), and Pb-IDA
complexes could be considered to be a bor-
derline case (L = 1). Nonetheless, for the
example examined here, the maximal inter-
nalization flux was already much smaller
than the limiting supply of free ions, J s,
suggesting that the turnover rate of trans-
port proteins was so slow that the available
[Pb%*] was sufficient to satisfy algal de-
mand (in a chemical sense). This observa-
tion is not completely unexpected given the
lack of known biological demand for Pb.
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Fig. 4. Logarithmic representation of internalization fluxes as a function of carrier-bound Pb for
the algae, Chlorella kesslerii. Standard deviations are given in each direction.

3. Physicochemical Limitation of
the Uptake Process

Similar to the results observed for Pb,
adsorbed Zn rapidly attained a constant val-
ue implying that equilibrium had been at-
tained between the cell surface and solution
[25]. Furthermore, a small linear increase
of cellular zinc versus time, suggested that
Zn transport across the membrane was rate-
limiting with respect to the overall bioaccu-
mulation process. On the other hand, Zn in-
ternalization fluxes increased only three to
four fold for a solution [Zn?*] ranging from
2x1071 to 1x103 M (j.e. >107 fold in-

crease) (Fig. 5), demonstrating that Zn up-
take was not first order with respect to
[Zn?*] in solution. In contrast to Pb, Zn is a
micronutrient that is required by the organ-
ism. To compensate for low environmental
concentrations of Zn, the microorganism
can increase its internalization flux [25] to
the point where diffusion becomes limiting
(it > Jgi)- This would appear to be the
case for [Zn?*]< 2x10~11 M (Fig. 5), con-
centrations at which Zn uptake fluxes
decreased in direct proportion to [Zn?*] in
solution (r2 =0.91). Under these conditions,
the flux of free ions alone is insufficient to
satisfy the biological uptake requirements
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Fig. 5. Relationship between internalization fluxes and [Zn2*] with (A) or without (@) NTA to
buffer the [Zn2+] in solution. Algae (Chlorella kesslerii) were preincubated with 10~11 M Zn2+, The
line represents a calculated diffusion limited flux for Zn?* (see text for further details). Error bars
represent standard deviations (n = 4 to 6). Modified from [25] with permission.
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of the organism and thus it is relevant to
take complex lability arguments into con-
sideration, since labile complexes can pro-
vide a potential source of free ion to the
transport sites.

4. Influences of the Microorganism

The cell wall or biological membrane of
the microorganism is not a model surface
that is otherwise inert to its surroundings.
The microorganism modifies the physico-
chemistry of the medium and/or the physico-
chemical processes in several ways.

(i) Pre-exposure conditions

Algae preincubated in slightly limiting
conditions of Zn%* (1011 M) are able to
generate sufficient numbers of high affinity
transporters so as to increase uptake fluxes
by up to 100x with respect to algae that are
preincubated in 10 M Zn?* [25]. Due to
the relatively larger internalization flux,
cells preexposed to 10°!! M [Zn?*] were
diffusion limited while cells preexposed to
10°M [Zn2*] were under steady-state
(thermodynamic limitation) conditions.

(ii) Biological internalization is not
necessarily passive

Carrier-facilitated (passive) transport
across membranes is most often a first or-
der process [26] that is driven by electro-
chemical gradients at the biological ‘inter-
phase’. This contrasts with the active trans-
port of macronutrients or trace metals [27]
thatis an energy-dependent process that can
be driven against the electrochemical gradi-
ent. Zn internalization fluxes by both the
green alga, C. kesslerii [25] and the gram
positive bacterium, Rhodococcus opacus
[28] were indeed independent of the elec-
trochemical gradient and thus first order up-
take was not observed. In this case, it is not
possible to relate rigorously chemical spe-
ciation in solution to cellular uptake fluxes.

(i) Metal efflux is rarely passive

Most microorganisms are able to modi-
fy their efflux rate as a function of metal
concentrations inside the cell [29] often as
a constitutive phenomenon [25][28]. Al-
though this process will have little effect on
the short-term uptake fluxes examined here
(especially for algae), net uptake will be re-
duced over longer term exposures.

(iv) Production of metal complexing
exudates

In addition to a cellular metal removal
via efflux, microorganisms may produce
metal-complexing ligands that can reduce
free metal ion concentrations by several or-

ders of magnitude. This process appears to
be especially important (and rapid!) for
aquatic bacteria [28-30].

(v) Competition for trace metal
transporters is not necessarily
antagonistic

Chemical thermodynamics would pre-
dict that the addition of a second trace met-
al could either decrease the internalization
flux of the first or have no effect. Contrary
to expectations, the addition of copper in-
creased Cd bioaccumulation by Rhodospir-
illum rubrum despite the fact that the sys-
tem was under steady-state conditions [29].
Such an observation cannot be explained by
solely chemical reasoning.

5. Summary and Future Research
Perspectives

Although it has long been recognized
that it is necessary to take chemical specia-
tion into account rather than employing to-
tal metal concentrations when predicting
ecotoxicological effects, there is currently
no scientific consensus as to which chemi-
cal species are important under any given
conditions. Several early observations, e.g.
[31], made in the presence of simple ligands
such as EDTA and NTA under laboratory
conditions have led to the (over)use of ther-
modynamic (biological limitation) models
to predict the effects of trace metals in
complex field conditions. The chemical
partitioning (chemical speciation) of trace
metals in heterogeneous environmental
systems is dominated by complexes of vari-
able sizes and chemical lability. The impor-
tance of these complexes, and their size
[32] and lability distributions will be an im-
portant field of future research.
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