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Abstract

The use of a flow-injection surface plasmon resonance (FI-SPR) spectrometer equipped with a bicell
detector or a position-sensitive device for determining coordination of heavy metal ions (Cd?* and
Hg?*) by surface-confined apo-metallothionein (apo-MT) molecules is described. To facilitate the
formation of a compact MT adsorbate layer with a uniform surface orientation, MT molecules were
attached onto a preformed alkanethiol self-assembled monolayer. The method resorts to the
generation of apo-MT at the surface by treating the MT-covered sensor chip with glycine-HCI and
the measurement of the apo-MT conformation changes upon metal ion incorporation. Domain-
specific metal ion binding processes by the apo-MT molecules were observed. Competitive
replacement of one metal ion by another can be monitored in real time by FI-SPR. The tandem use
of an immobilization scheme for forming a sub-monolayer of MT molecules at the sensor surface
and the highly sensitive FI-SPR instrument affords a low concentration detection level. The detection
level for Cd?* (0.1 uM or 15 ppb) compares favorably with similar studies and the methodology
complements to other well-established sensitive analytical techniques. The extent of metal
incorporation by apo-MT molecules was also determined.
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1. Introduction

Development of highly sensitive and selective techniques for detecting heavy metal ions is at
the forefront of environmental monitoring and protection. Many techniques have been
developed for trace metal analysis, which include, but are not limited to, atomic spectroscopy
(e.g., atomic absorption, emission, and fluorescence spectrometry [1]), mass spectrometry
(e.g., inductively coupled plasma-mass spectrometry, ICP-MS [2]), and electrochemical
techniques (e.g., ion-selective potentiometry and anodic stripping voltammetry [3,4]).
Although these techniques possess many attractive analytical “figures of merit”, each of them
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has one or several undesirable limitations [1]. For example, ICP-MS, arguably the most
sensitive and multi-elemental detection technique, is bulky (i.e., not suitable for in-situ field
monitoring [2]), expensive, and not selective to different charge states and chemical forms of
an element. While voltammetric methods are simple, inexpensive, and portable, they are only
amenable to select metal species (e.g., in anodic stripping voltammetry only amalgam-forming
metal species can be measured) and could be subjected to interferences inherent in complex
sample matrices. Thus, it is important to develop alternative techniques that are complementary
to the existing techniques and can be tailored for specific applications.

Surface plasmon resonance (SPR) [5-8] has emerged as a powerful optical technique for
measuring the thickness and structures of ultrathin adsorbate layers and for evaluating affinity
of biomolecules at metal films [9-24]. At a specific resonance angle, the absorption of incident
light by a thin metal film causes collective oscillation of electrons (surface plasmons) in the
film, which launches an evanescent wave into the dielectric layer adjacent to the metal film.
The propagation of the evanescent wave decays exponentially away from the metal film and
is thus significantly perturbed by the adsorption of a species at the metal film or changes in the
adlayer structure. An attractive aspect of SPR in affinity binding assays and kinetic studies is
that analytes of interest do not require labeling [5]. A major inherent limitation is that the
selectivity of SPR is relatively low (i.e., any molecules that cause a change in the refractive
index in the vicinity of the metal film or nonspecifically adsorb onto the surface can generate
a SPR signal). For example, Tao and coworkers [25] and Zare and coworkers [26] used SPR
for measuring heavy metals ions and achieved rather low detection levels. However, selective
determination of a given metal ion cannot be achieved because the detection methods relied
on the nonspecific, electrostatic interaction between metal cations and the carboxylic acid
groups at the termini of preformed alkanethiol self-assembled monolayers (SAMS).

One of the strategies to afford selectivity to SPR sensing is to rely on biomolecular recognition.
Along this line, biomolecules such as bacteria, enzymes, proteins, and DNA have been
implemented for selective determinations of a variety of analytes [27,28]. Among these
biomolecules, metallothionein (MT), an intracellular metalloprotein that plays an important
role in regulation of essential metals and detoxification of toxic metal ions, has been used as
a probe for heavy metal ion detection. MT has the shape of a dumbbell and envelops metals in
two separate domains. In the N-terminal p-domain (residues 1-30) of MT there are three-metal
clusters and in the C-terminal a-domain (residues 31-61) there are four-metal clusters. One
MT molecule can bindto 7 Cd ions or 7, 11 or 18 Hg ions [29-31]. The two domains can ligate
metal ions strongly, with formation constants exceeding 1013 M~ [32]. Moreover, the two
domains have been reported to interact with metal ions differently [33] and there exists a
binding hierarchy of MT towards different metal ions (e.g., Hg(I1) >Ag(l) > Cu(l) > Cd(lI)
>Zn(I1) [34]). As a consequence, metal ions in MT molecules can be competitively displaced
by other metal ions that have stronger affinities to MT. Therefore, these unique properties of
MT provide one level of selectivity. Reconstitutions of unstructured metal-free MT or apo-MT
molecules with metal ions result in protein folding or substantial conformation changes.

Detection of metal ion binding by MT or related molecules immobilized onto a sensor chip
has been reported recently [35]. Saber and Piskin attached a hexapeptide (FT) onto a Au-coated
quartz crystal and monitored metal ion binding using a quartz crystal microbalance [36].
Because the measurement was not conducted in real time, the assessment of the MT binding
affinities toward different metal ions was not straightforward. Phytochelatin, the MT analog
in plants, was used by Bontidean et al. for metal sensing [37]. Wu and Lin were the first to
construct a MT-based SPR sensor to realize heavy metal ion determination [35]. In their work,
MT molecules were covalently linked onto carboxymethylated dextran thin films and a
commercial instrument (Biacore X) was successfully used to measure the signals associated
with metal ion incorporation. Kinetic parameters of the metal ion binding by apo-MT were
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also determined. Although the dextran film is known to be effective in eliminating nonspecific
protein adsorption, there are no inherent advantages of using such a film for trace metal analysis
since metal ions in general do not adsorb non-discriminately onto sensor surface. Compared
to preformed SAMs, the dextran film is relatively thick and non-uniform. Consequently could
cause the metal ion incorporation into MT molecules to be measured at distances further away
from the metal film where the evanescent field is weaker. This could partially explain why the
limit of detection (LOD) reported (~2 pM) [35] was not particularly low. Furthermore, the
work described in reference [35] displayed three separate calibration curves in different metal
ion concentration ranges and did not reveal the domain-specific binding of MT molecules
towards metal ions. We also noticed that the MT immobilization step was conducted at pH =
4.0. Although the surface density of immobilized MT is higher at a lower pH, an acidic
environment is known to cause partial loss of the pristine metals in MT molecules [35,38]. The
loss of metal ions changes the MT structure and exposes different amino acid residues (e.g.,
the several lysine residues) that could interact with the sensor surface. It is possible that the
relatively random MT surface orientations could be produced and would consequently
complicate the SPR differentiation of metal binding between the two domains.

Recently, we have described the use of a flow injection highly sensitive SPR instrument [8,
25] (FI-SPR) for bioaffinity studies [23,39] and its combination with electrochemistry for the
investigation of redox-induced changes of molecular conformations [24,40]. The high
sensitivity of such a SPR instrument (down to femtomolar for DNA assays [39]) is resulted
from the use of a bicell detector, which sensitively measures the movement of the SPR
resonance angle at the sensor chip. In our more recent work based on coupling scanning
electrochemical microscopy to SPR [40], we showed that a conformation change of
immobilized cytochrome c as tiny as 0.27 +0.03 A can be measured. Such a resolution is almost
two orders of magnitude lower than the size of rabbit MT (3 nm in length and 1.5 nm in width
[46]). We thus envision that such a highly sensitive SPR, used in tandem with a sensor surface
at which the MT molecules adopt a uniform orientation, may allow us to determine metal ions
by measuring the conformation changes of MT molecules during metal ion binding and to
follow the domain-specific metal incorporation by immobilized MT molecules. In this work,
we used a FI-SPR instrument equipped with a bicell detector and a commercial instrument
based on a position-sensitive detector to achieve a metal ion detection level lower than obtained
by similar studies [35,36]. We demonstrate that the methodology can provide a complementary
approach to well-established cost-effective techniques for trace metal analysis (e.g., anodic
stripping voltammetry). We also monitored competitive metal binding/replacement in real-
time to assess the MT binding affinity towards a specific metal ion.

2. Experimental

2.1 Materials and reagents

Metallothionein-2 (MT) isolated from rabbit liver, ethanolamine hydrochloride (AE), the
pentapeptide (Ala-Ala-Ala-Ala-Ala, Alas), and glycine were purchased from Sigma (St. Louis,
MO). 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 11-
mercaptoundecanoic acid (MUA) were obtained from Aldrich Chemicals (Milwaukee, WI).
N-hydroxysulfosuccinimide (NHS) was acquired from Pierce (Rockford, IL) and high-purity
HCI (99.999%) was obtained from Alfa Aesar (Ward Hill, MA). Dimethylsulfoxide (DMSO),
KoHPO4:3H,0, KH,PO4, NaCl, CdCl, and HgCl, were all of AR grade and were purchased
from either Aldrich Chemicals or Beijing Chemical Reagent Co. (Beijing, China). Water with
resistivity of more than 18.2 MQ-cm was collected from a Millipore Simplicity 185 system
(Millipore Co.). MT (10.0 uM), EDC (0.4 M) and NHS (0.1 M) were freshly prepared in pH
7.4 PBS buffer (10.0 mM of KoHPO4-3H,0 and KH,PO,4 each in 1 mM NacCl), and MUA (4
mM) was prepared in DMSO. The stock solutions of HCI (0.1 M) and AE (1 M) were prepared
in deionized H,0. Stock solutions of 5.0 mM CdCl, or 5.0 mM HgCl, were prepared in water
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and adjusted to pH 6.0 using 0.1 M HCl and then diluted to the desired concentrations. Glycine—
HCI buffer (50 mM, pH 2.0) were used to release metal ions from MT. All experiments were
performed at room temperature.

2.2 Procedure

BK7 glass cover slides (Fisher Scientific, Tustin, CA) were cleaned by exposing to ammonia
solution (H,0, (30%): NH,OH-HCI (saturated): H,O = 1:1:5 (V: V: V)) at 80 °C for 30 min.
This step was followed by rinsing the surface with deionized water. After drying with N, each
glass slide was coated with a 2-nm thick chromium adhesive layer and then covered with a 50-
nm thick gold film using a sputtering coater (Model 108 SE/auto, Kurt J. Lester Co., Clairton,
PA).

Prior to use, the gold film was briefly annealed under a hydrogen flame to reduce surface
contamination and to generate a smooth Au surface. The annealed gold film was immediately
immerged in a 4 mM MUA solution overnight, followed by rinsing with DMSO and H,0 and
drying with N,. The gold film was then covered with a mixture of 0.4 M EDC, 0.1 M NHS,
and 10 uM MT (30 pL each, pH = 7.0) and kept in a humidified chamber for 3 h. Upon the
MT attachment step, the surface was rinsed with PBS buffer and H,O and dried with N,. To
block the unreacted sites, 40 uL of 0.1 M AE were spread onto the surface. The resultant film
was either used immediately or stored 4°C for future use.

2.3 Flow injection-SPR apparatus

SPR measurements were conducted either with a home-built flow injection-SPR equipped with
a bicell detector [8,23] or a BI-1000 SPR system (Biosensing Instrument, Tempe, AZ) that
uses a position-sensitive device for high-resolution SPR measurements. The sensitivity of the
BI-1000 SPR system is about 3—4 times less sensitive than the bicell counterpart but was found
to be sufficient for the measurements in this work. The inlet of the flow cell is connected to a
six-port Cheminert valve (VICI, Houston, TX). For each measurement, the sample solution
was preloaded into a 50-uL loop with a microsyringe (Fisher) and delivered to the flow cell
by a Genie Plus syringe pump (Kent Scientific, Torrington, CT). Degassed water was used as
the carrier solution. Once a stable baseline signal had been obtained, the glycine—HCI buffer
(50 mM, pH 2.0) was injected to remove metal ions coordinated by MT. In our work, all the
SPR dip shifts have been converted to degrees using the ethanol calibration method [8,41].

3. Results and discussion

3.1 MT immobilization

MT molecules can bind to the Au surface through either weak, nonspecific adsorption via their
N-termini [42] or covalent attachment of the thiol groups on any free cysteine residues.
However, these processes do not allow MT to attach to the Au surface in a predictable and
well-organized fashion [7]. Figure 1 depicts the MT conformation change induced by metal
ion binding. Briefly, MT molecules are immobilized onto preformed MUA SAMs. The
immobilization is realized through the widely used EDC/NHS cross-linking reaction [43],
which connects the N-terminus of the MT molecule to the carboxyl end group at the SAM. We
should pointout that it isalso possible that the MT attachment might occur at the lysine residues.
Among the lysine residues, Lys 30 and Lys 31 have been shown to be more effective for surface
attachment [44]. However, given the steric hindrance (Lys 30 and Lys 31 are close to the cleft
of the MT molecule), it is more likely that the MT molecule is anchored at its N-terminus.
Advantages of this immobilization scheme include simplicity of the procedure, compactness
of the preformed MUA layer, and attachment of MT molecules without a serious loss of their
inherent metals. These advantages lead to the formation of MT films with a more uniform
orientation. The variation of hydration in the compact MUA film, which affects the refractive
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index of the film, should also be less than the dextran film. We should mention that the scheme
given in Figure 1 leads to sub-monolayer coverage, whereas at the dextran film multilayers of
MT might be deposited. As mentioned in the Introduction, the dextran film is more extended,
providing a greater accessibility to the MT attachment and possessing a larger number of
reactive sites. While multilayered apo-MT films are expected to incorporate more metal ions,
we will show that the combination of our SPR and the uniformity of the MT film actually
resulted in a lower detection level (vide infra). Perhaps the most interesting result obtained at
auniform and sub-monolayered MT film is that metal ion incorporation by the two MT domains
can be differentiated.

To evaluate the MT surface coverage, we injected a mixture solution of MT, NHS, and EDC
into the flow cell housing a MUA-covered Au sensor chip. The SPR dip shift was determined
to be about 0.05 degree. It was reported that the SPR dip shift by 1 degree corresponds to 10
ng/mm? of protein and is independent of the protein size [10]. We thus deduced the MT surface
density (Pyeq)) to be about 0.5 ng/mm? or 7.7 pmol/cm?2. The maximal surface density (Pmax.
in ng/mm?2) for a close-packed monolayer can be calculated by the following equation [45]:

Piax = 102'My /(N, A)

where Myy is the molecular weight, N is the Avogadro’s number, and A is the surface area
occupied by a protein molecule. The surface coverage can be obtained by the following
relationship [46]:

Surface coverage (%) = Prear/Pmax X 100

The MT surface area is about 4.5 nm?2 [47]. Thus, the surface density and surface coverage of
MT are 3.0 ng/mm? and 16%, respectively. The actual films should have a higher coverage
since the Au film was exposed to the MT solution for a time (3 h) that is much longer than that
for a typical injection (3 min). Nevertheless, the coverage is most likely less than a monolayer,
given the steric hindrance and electrostatic repulsion imposed by the adjacent protein molecules
[34,48].

3.2 Real-time SPR monitoring of Cd2* and Hg2* incorporation by apo-MT

As mentioned in the Introduction, many metal ions can interact with MT molecules to form
metal-thiolate bonds. Metals inherent in MT molecules can also be released under certain
conditions. For example, metal ions can be replaced by protons at a low pH value [42] and be
transferred to an apo-metalloenzyme under an oxidized condition [49]. The binding between
MT and metal ions was demonstrated to be reversible [38,50].

It is reported that glycine can chelate metal ions and replace the metal-coordination sites in
proteins with protons [51]. Because trace metals in a solution can readily bind to apo-MT and
the solution pH affects the apo-MT binding to metal ions, deionized and boiled H,0O was used
as the carrier solution. Similarly, the metal standards were prepared with boiled, deionized
H>0. We chose neutral pH because metal-MT complexes might be dissociated below pH 6.0
and above pH 7.7 [35,38]. Curve a in Figure 2 shows a typical SPR sensorgram. In acquiring
this sensorgram, glycine—HCI buffer was first injected to release the pristine metal ions in the
immobilized MT molecules. The difference in the baseline SPR angles before and after the
injection of the Cd2* solution (termed as the SPR dip shift,A) is about 0.00028°. To confirm
that the net change is indeed due to the folding of the apo-MT back to the MT structure, we
conducted a control experiment in which a pentapeptide, Alas, was immobilized onto a sensor
chip. As can be seen in curve b, essentially little SPR dip shift was observed after injecting a
Cd2*-containing solution into the flow cell, suggesting that there was no significant surface
reorientation of the Alas film. Furthermore, since alkanethiol SAM bearing carboxylic acid
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end groups have been used for SPR measurements of heavy metal ions such as PbZ* and
Hg?* [36,39], the recovery of the original baseline upon the elution of Cd%* in curve b also
suggests that the negatively charged carboxyl groups on the MUA SAM had likely been
converted to neutral amide groups during the peptide or protein immobilization. Such a
conversion annihilates the negative charges (i.e., deprotonated carboxylic acid groups) at the
surface and reduces electrostatic attraction to metal ions in solution.

Consistent with other reports [28,51], we found that glycine—HCI can effectively remove metals
from surface-confined MT molecules. The exposure of a MT-covered sensor to glycine-HCI
caused a net change by 0.0014° (inset of Figure 2). Such a change can be ascribed to the metal
loss and the conformation change in the MT molecules. The second injection of glycine —HCI
did not result in any observable SPR dip shift, suggesting that one injection was sufficient to
remove all the metals in the MT molecules. Therefore, to avoid excessive disruption of the MT
adsorbate layer, the glycine—HCI buffer was injected only once for all the experiments
described in this work.

The SPR dip shift is directly correlated with the Cd2* concentration ([Cd2*]). The calibration
plot in Figure 3a contains two regions, viz., from 0.13 to 10 uM (Region 1) and from 10 to 200
UM (Region 2). Linear regression analysis of both regions yielded the following equations with
both correlation coefficients R? greater than 0.97.

AG =324x 107 +8.64 x 107°[Cd**] (Region 1)

A =1.16x 107 +3.08 x 107°[Cd**] (Region 2)

The slope of the plot in the first region is much higher than that in the second region. This
reveals that, as the metal ion concentration increases, the extent of conformation change
becomes less. A plausible explanation is that the greater binding affinity of the MT o domain
is responsible for the ligation of metal ions present at low concentrations (cf. Figure 1). When
the metal ion concentration is sufficiently high, the excess metal ions begin to interact with the
B domain, producing a smaller slope. Our contention is supported by the observation of Stillman
et al. who showed that metals such as Cd2* bind preferentially to the MT o domain [52].
Moreover, the o domain can coordinate four Cd2* ions, whereas the p domain holds only three
divalent metal ions. Thus, the conformation change brought by metal coordination in the a
domain should be greater. Such a preferential binding and the higher number of metal ions
coordinated jointly produced the steeper slop in the first region of the calibration curve. We
should note that, in the work by Wu and Lin [35], there are three plots constructed for different
concentration regions. Although the slopes of these three plots are all different, the
discrepancies do not appear to be significant and these researchers concluded that the SPR
signal was proportional to the metal ion concentration for all the concentrations studied. We
think that the variations in the slopes of the three plots are probably originated from the metal
ion incorporation into the two domains of MTs, as well as into apo-MT molecules with different
surface orientations. These complications make the differential binding of metal ions to the
two MT domains less pronounced. As a consequence, the binding characteristics of the two
domains were observed as averaged results.

Another noteworthy point is that, in spite of the smaller number of immobilized MT molecules,
our SPR experiments actually measured lower metal concentrations (for Cd2*, approximately
20 times less than that reported in Ref [35]). The detection level (0.1 uM or 15 ppb) is

sufficiently low for most applications and compares well with many conventional trace metal
analysis (e.g., atomic absorption [1] and anodic stripping voltammetry [3]). Although the SPR
instruments used in this work are 1-2 orders of magnitude more sensitive than that used in Ref
[35], we think that the predominant reason for the lower detection level is the immobilization
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procedure. The thinner SAM for anchoring MT molecules keeps the most pronounced portion
of the evanescent wave closer to the metal film, allowing the MT conformation to be measured
sensitively.

Similar trends were also found for the incorporation of Hg2* by apo-MT molecules. The two
regions in the calibration curve range from 5 to 100 uM and 100 to 500 uM, respectively. The
following two equations, with correlation coefficients R2 > 0.98, again suggest good linearity
for the relationship between the SPR dip shift and the Hg2* concentration.

AG = -7.55x 107 +3.96 x 10~*[Hg>"] (Region 1)
A0 =0.0361 +4.13 x 10~°[Hg>"] (Region 2)

Both slopes are higher than their Cd2* counterparts. This is understandable given that HgZ*
binds to MT most strongly (vide supra). The higher slopes also indicate that the sensitivity of
the SPR measurements for Hg2* should be greater than that for Cd2*. However, injecting
solutions containing [Hg?*] lower than that shown in Figure 3b did not produce a linear relation.
It is not clear what factors contributed to this deviation.

The difference between Cd2* and Hg2* in their interactions with apo-MT molecules is more
obvious in a competitive binding assay. In such an assay, Cd?* and Hg?* solutions were
alternatively injected (Figure 4). When a solution containing Hg?* was first injected, the
follow-up injection of a Cd?*-containing solution did not cause any appreciable SPR dip shift.
This suggests that Hg2* ions incorporated by the apo-MT molecules are strongly retained and
cannot be replaced by Cd2*. On the other hand, when a Cd2* solution was first injected,
Hg?2* ions introduced to the SPR flow cell in the subsequent injection appeared to be able to
replace Cd?* and produced a rather pronounced SPR dip shift (inset). It is known that an apo-
MT molecule is capable of binding 7 Cd* or 7, 11 or 18 Hg?* [29-31]. All binding sites in
the two domains may be occupied, and each domain in a single MT molecule may be filled by
different metal ions (e.g., Zn,Cds-MT). Despite the large thermodynamic stability of metal-
MT complexes, metal ions present in MT molecules are Kinetically labile. The intramolecular
and intermolecular metal exchange could be fast [53,54] and intrasite and intersite metal
exchanges of Zn and Cd in MT have been reported [55-57]. Note that the SPR dip shift
corresponding to the exposure of the Cd-reconstituted MT to 100 uM Hg2* (Figure 4) was
smaller than that corresponding to the interaction of Hg?* with apo-MT (approximately 27%
less. Data not shown). This suggests that Hg2* only partially replaced the Cd2* ions and is
consistent with results reported by Jaw and Jeffrey [58]. Our data are consistent with the
findings that MT molecules can selectively coordinate Cd2* in the presence of Ni2* and
Zn2* [35]. We therefore did not further measure binding of Hg?* by apo-MT in the presence
of Cd2*. Our experimental results demonstrate that FI-SPR can be used to gauge binding
affinities of MT towards different metal ions in real time.

In an effort to evaluate the extent of metal incorporation by surface-confined MT molecules,
we conducted continuous injections of a given metal ion solution into a flow cell housing an
apo-MT-covered sensor chip. Figure 5 displays the time-resolved SPR responses upon
consecutive injections of Hg2* solutions of two different concentrations. As can be seen, the
response is dependent on the Hg2* concentration, with a higher Hg2* concentration saturating
the binding sites more rapidly than the lower one. When the concentration is relatively high
(e.g., 200 uM), two consecutive injections appear to be sufficient to coordinate metal ions with
all the free sulphydryl groups in the MT molecules. Wu and Lin reported similar findings,
though the concentration for saturating the binding sites was higher (~10 mM for Cd2* [35]).
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3.3 Determination of apparent affinity constants for Cd?* and Hg2* binding

The plot of the SPR dip shift vs. Cd?* or Hg2* concentration is analogous to a Langmuir
adsorption isotherm. Therefore, the binding process can be considered as an adsorption
equilibrium at the MT-coated sensor chip. Affinity constants (K) for Cd2* and Hg?* binding
to MT can be estimated with the following equation [25]:

1/A8 = 1/ A0y + 1/(Afu KIM*])

where Afgy is the SPR dip shift corresponding to the maximal conformation change (or surface
coverage), and [M2*] is the metal ion concentration. The binding equilibrium is given by:

M**(aq) + MT & M — MT

It must be noted that, instead of at equilibrium, the process monitored by SPR could be still
under kinetic control. So the affinity constant (K) is the “apparent stability constant” [25]. The
value of K for Cd2* binding by MT was estimated to be 4.2x10% M1, which is in excellent
agreement with that reported in reference [35] (4.7x10° M~1) but significantly lower than the
apparent stability constant for rabbit Cd-MT2 in solution (6-12.5x1014 M~1 [59,60]). Wu and
Lin suggested that this deviation may be due to the difference in conformations between
immobilized MT molecules and MT molecules in solution [35].

The stability constant for the Hg-MT complex was estimated to be 2.7x10% ML, This is
somewhat surprising since it is about two orders of magnitude lower than that of Cd-MT.
Possible reasons are that the Hg-MT complex formation is a much more complicated process
[61] and the binding stoichiometry is dependent on the metal ion concentration and the specific
MT isoform [62]. Atissue is whether the Hg-MT follows a pseudo first-order chemical reaction
as assumed by the commonly used Langmuir isotherm. We should stress that this value is not
entirely unreasonable, since a constant of 4.0x10° M1 had been measured electrochemically
[63].

4. Conclusions

In this work, MT molecules were cross-linked onto preformed self-assembled monolayers and
the sensor chips were treated with glycine—HCI right before heavy metal ion analyses. Our
work demonstrates that the conformation changes of apo-MT brought by the incorporation of
heavy metal ions can be readily detected by highly sensitive FI-SPR equipped with a bicell
detector or a position-sensitive detector. Due in large to the formation of compact MT films
with a uniform MT surface orientation, a low concentration detection level (~ 0.1 uM or 15
ppb for Cd2* and 5 uM or 1 ppm for Hg2*) was obtained and compares well with those offered
by conventional trace metal analysis techniques. The calibration curves exhibited two linear
regions with different slopes, suggesting that FI-SPR could resolve the separate binding
processes involving the two MT domains. Continuous injections of solutions containing the
same metal ion allowed us to gauge the extent of metal ion incorporation by surface-confined
apo-MT molecules, whereas consecutive injections of solutions comprising different metal
ions confirmed the binding hierarchy of MT towards heavy metals. Good linearity and
reproducibility were obtained for the determinations of Cd2* and Hg?*. Owing to the compact
and versatile design of the instrument and the simplicity of the immobilization scheme, our
approach should be complementary to other existing methods for trace metal analysis.
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Fig. 1.

Schematic representation of the conformation changes of apo-MT brought by metal binding.
The filled circles in (b) and (c) represent the metal ions (M2*). Notice that the predominant
configuration is the attachment of MT molecules via their N-termini, although the linkage via
the lysine residues cannot be excluded. Conformation changes associated with metal ion
incorporations by the a (b) and B (c) domains of MT are represented in a stepwise fashion.
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Fig. 2.

A representative SPR sensorgram corresponding to the incorporation of Cd2* (0.13 pM) by
immobilized apo-MT (curve a). Prior to the incorporation of Cd?*, the pristine metals in the
immobilized MT molecules were first released by injecting a glycine—HCI buffer solution
(sensorgram shown in the inset). Curve b was acquired in a similar fashion as curve a except
that an Alas-modified Au sensor chip was used. Degassed, boiled water was used as the carrier
solution. A flow rate of 1 mL/h and a 50-uL sample loop were used. The arrow indicates the
time when the injection was made.
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Fig. 3.

Calibration curves for the measurements of Cd2* (panel a) and Hg2* (panel b) using MT-
covered Au sensor chips. Concentrations of metal ions injected were 0.13, 1.0, 5.0, 10, 50, 89,
100, 200 uM for Cd?* and 5, 10, 20, 50, 100, 200, 500 uM for Hg2*. Each concentration was
repeated at least three times and the standard deviations are between 9.6% and 18.6% for the
Cd?2* calibration curve and range between 1.9% and 11.6% for the Hg2* calibration curve.
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A SPR sensorgram corresponding to two consecutive injections of a 100 uM Hg?* solution
(apo-MT reconstitution) and a 100 uM Cd2* solution (metal ion replacement). Glycine—HClI
buffer was first injected to remove the metal ions in the MT molecules. Inset: upon metal release
by the glycine-HCI treatment, the apo-MT was first reconstituted with Cd2* by injecting 50
uM Cd?2*. This was then followed by injecting 50 uM Hg?* for the replacement study. Arrows
indicate the times when injections were made.
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SPR sensorgrams corresponding to continuous injections of solutions containing (a) 50 pM
Hg?* and (b) 200 uM Hg?*. Arrows indicate the times when injections were made.
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