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Abstract

In recent years, single-molecule methods have enabled many innovative studies in the life sciences, which generated unprecedented
insights into the workings of many macromolecular machineries. Single-molecule studies of bioinorganic systems have been limited, how-
ever, even though bioinorganic chemistry represents one of the frontiers in the life sciences. With the hope to stimulate more interest in
applying existing and developing new single-molecule methods to address compelling bioinorganic problems, this review discusses a few
single-molecule fluorescence approaches that have been or can be employed to study the functions and dynamics of metalloproteins. We
focus on their principles, features and generality, possible further bioinorganic applications, and experimental challenges. The fluores-
cence quenching via energy transfer approach has been used to study the O,-binding of hemocyanin, the redox states of azurin, and
the folding dynamics of cytochrome c¢ at the single-molecule level. Possible future applications of this approach to single-molecule studies
of metalloenzyme catalysis and metalloprotein folding are discussed. The fluorescence quenching via electron transfer approach can
probe the subtle conformational dynamics of proteins, and its possible application to probe metalloprotein structural dynamics is dis-
cussed. More examples are presented in using single-molecule fluorescence resonance energy transfer to probe metallochaperone protein
interactions and metalloregulator-DNA interactions on a single-molecule basis.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, single-molecule methods have enabled
many innovative studies in the life sciences and proven
powerful in unraveling the detailed workings of macromo-
lecular machineries. These single-molecule measurements
have resulted in unprecedented insights in many biological
areas, such as molecular motors [1-4], nucleic acid enzymes
[5-7], RNA activities [8-10], protein folding [11-13],
enzymology [14-19], and gene expression [20,21]. New
discoveries continue to emerge through single-molecule
experiments.

Many features make the single-molecule approach
appealing. It removes ensemble averaging so that heteroge-
neous behaviors of biomolecules can be revealed and sub-
populations analyzed. More important, it allows us to
visualize the actions of individual biomolecules in real time,
which is particularly useful in capturing reactive intermedi-
ates and elucidating biochemical mechanisms. Experimen-
tal methods to investigate single biomolecules fall into
three categories: optical (e.g., fluorescence and nonlinear
optical microcopy), mechanical (e.g., optical tweezers,
magnetic tweezers, scanning probe microscopy, and micro-
fluidics), and electrical measurements (e.g., patch clamp
and nanopores). All these methods allow real-time obser-
vation of dynamic processes of individual biomolecules.
Many excellent reviews on the principles and applications
of these single-molecule methods are available [3,4,22-35].

Single-molecule fluorescence techniques are perhaps the
most popular because of their straightforward instrumen-
tation and easy operation [3,22,24,25]. One can monitor
the fluorescence intensity, spectrum, polarization, or life-
time of a biomolecule to investigate its molecular proper-
ties. Among these, following fluorescence intensities is the

most straightforward. Introducing exogenous fluorescent
labels is a general strategy when the target biomolecules
are not naturally fluorescent. Experimentally, there are
three common practices for singe-molecule fluorescence
detection. First, experiments are done at low concentra-
tions (107°-107'> M) to spatially separate the individual
molecules so that each of them can be studied without
interference from surrounding molecules. Second, fluores-
cence signal detection is confined to a small volume
(<107"° L) to minimize the background noises for single-
molecule sensitivity. Third, biomolecules are often immobi-
lized so that a single molecule can be studied over time.
Two experimental setups are widely used for single-mol-
ecule fluorescence detection: total internal reflection (TIR)
fluorescence microscopy and confocal fluorescence micros-
copy. The evanescent field from TIR confines the laser exci-
tation to a thin layer (~50-300 nm), while the confocal
scheme focuses the laser beam to a diffraction limited vol-
ume and uses a pinhole to confine the signal detection
around the focus (~300 x 300 x 600 nm?). The TIR fluores-
cence microscopy typically uses electron multiplying cam-
eras as detectors and can image hundreds of molecules
simultaneously; the time resolution is about milliseconds
limited by the camera speed, although sub-millisecond
imaging is possible with state-of-the-art hardware and
exceptionally bright probes [36]. The confocal microscopy
uses point detectors, such as single-photon avalanche pho-
todiodes, and examines one molecule at a time; the time res-
olution can be up to microseconds for following the
dynamic processes of biomolecules. For both TIR and con-
focal microscopy, multiple detection channels, such as dif-
ferent colors and polarizations, can be readily implemented.
So far, most biological applications of the single-mole-
cule approach have been in biophysics, unraveling the
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functions and mechanisms of many biomacromolecules in
which the metal cofactors are either not needed or nones-
sential for the function. Very limited single-molecule stud-
ies have been reported that probe metal cofactors directly
or investigate metal-cofactor related biological processes.
Metal-containing biomolecules are the subjects of bioinor-
ganic chemistry, one of the frontiers in the life sciences.
With the hope to stimulate more interest in applying the
existing and developing new single-molecule methods to
address compelling bioinorganic problems, we discuss here
the single-molecule fluorescence approaches that have been
or can be employed to study metalloprotein function and
dynamics. We focus on their principles, features and gener-
ality, possible further bioinorganic applications, and exper-
imental challenges. The examples are grouped based on
their experimental principles. The intrinsic fluorescence of
Mg*"-containing chlorophyll has been utilized widely to
study light-harvesting complexes at the single-molecule
level [37—44]. This subject is by itself worth an in-depth
review, and thus is not included here. Besides single-mole-
cule fluorescence methods, scanning probe microscopy has
also been used to study metalloproteins at the single-mole-
cule level. These studies have been reviewed [45-47] and are
not discussed here because of the limited scope of this
review.

This review is organized as follows: we first discuss a
fluorescence resonance energy transfer (FRET) based
approach (i.e., fluorescence quenching via energy transfer),
which has been applied to study O,-binding/unbinding
events, redox changes, and folding dynamics of metallo-
proteins. Next we describe the fluorescence quenching via
electron transfer approach, which has not been applied
but has the potential to investigate bioinorganic problems.
We will then finish with brief discussions of the current sin-
gle-molecule bioinorganic research projects in our research

group.
2. Fluorescence quenching via energy transfer

FRET is widely applied in single-molecule fluorescence
studies [24,48]. Governed by the Forster mechanism [49],
the spectral overlap between the fluorescence spectrum of
a donor molecule and the absorption spectrum of an accep-
tor can result in an efficient energy transfer from the donor
to the acceptor. The energy transfer efficiency is dependent
on the donor to acceptor distance, r, within the nanometer
range (energy transfer efficiency = 1/[1 + (r/ro)®], where r,
is the Forster radius of the donor—acceptor pair, a constant
typically of a few nanometers [49,50]). The most general
experimental design of applying FRET is to label biomol-
ecules with a fluorescent donor—acceptor pair, and then
monitor the fluorescence intensities of both the donor
and the acceptor at the single-molecule level.

A variant of FRET, fluorescence quenching via energy
transfer, uses only one fluorescent probe as a donor. The
acceptor is nonfluorescent and acts as a quencher — it has
strong absorption bands that overlap spectrally with the

fluorescence of the donor. This energy-transfer-caused
quenching changes the donor fluorescence, from which
the chemical state of the acceptor (i.e., quencher) and the
distance between the donor and the quencher can be
deduced. Erker, Basché and co-workers used this fluores-
cence quenching approach to probe O,-binding by the cou-
pled binuclear copper protein hemocyanin [51-53]; Davis,
Schmauder, Kuznetsova et al. used this approach to report
the redox state of the blue copper protein azurin [54-57];
and Takahashi and co-workers used it to study the folding
dynamics of cytochrome ¢ [58], all at the single-molecule
level. More details of these experiments are discussed
below.

2.1. Case 1. Oxygen binding of hemocyanin

Hemocyanin is a respiratory protein and uses two cop-
per atoms at its active site to bind oxygen reversibly
[59,60]. The reduced, deoxygenated form of hemocyanin
(deoxy-Hc) has the two copper atoms at the +1 oxidation
state (Fig. 1a). Oxygen binding to deoxy-Hc leads to the
formation of oxygenated hemocyanin (oxy-Hc), in which
O, binds as peroxide to the two oxidized Cu®" centers in
a side-on bridging geometry. The Cu’'—peroxide bonds
in oxy-Hc are highly covalent, shown by the large mixing
between the Cu d orbitals and the peroxide n* orbitals in
its lowest wunoccupied molecular orbital (LUMO)
(Fig. 1b, inset) [59]. This highly covalent interaction leads
to two intense peroxide-to-Cu®" charge transfer transitions
in the absorption spectrum of oxy-Hc, one centered at
~600 nm and the other at ~350 nm, from peroxide out-
of-plane =} and in-plane 7}, to Cu’" charge transfer transi-
tions, respectively (Fig. 1b). In contrast, deoxy-Hc has no
strong absorption features in the visible region because of
the d'° electronic configuration of the two reduced Cu'"
centers.

Erker et al. utilized the spectral contrast between oxy-Hc
and deoxy-Hc to differentiate the oxygenation state of
hemocyanin at the single-molecule level [53]. To a lysine
residue on the protein surface, they attached a fluorescent
probe TAMRA, whose fluorescence spectrum has a large
spectral overlap with the 600-nm absorption band of oxy-
Hc (Fig. 1c). Because of this spectral overlap and the prox-
imity of the probe to the binuclear copper active site of Hc,
the fluorescence of TAMRA in the oxy-Hc form is largely
quenched via energy transfer to the side-on Cu,O, core
[51,52]. In contrast, the TAMRA fluorescence is not
quenched in the deoxy-Hc form because deoxy-Hc does
not have strong absorption. Therefore, the TAMRA-
labeled oxy-Hc molecules have lower fluorescence intensi-
ties than the TAMRA-labeled deoxy-Hc molecules. Erker
et al. immobilized TAMR A-labeled hemocyanin molecules
by adsorption on glass surface and measured the fluores-
cence intensity of each molecule of deoxygenated and
oxygenated hemocyanin samples. Analyses of the single-
molecule intensity distributions led to the differentiation
of deoxy-Hc and oxy-Hc at the single-molecule level
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Fig. 1. (a) Fluorescence quenching via energy transfer to detect hemocyanin oxygenation state. (b) Absorption spectrum of oxy-Hec. Spectrum data taken
with permission from Ref. [60]. Copyright 1996 American Chemical Society. Inset: contour plot of the lowest unoccupied molecule orbital (LUMO) of the
side-on Cu,0; core. (c) Spectral overlap between the absorption spectrum of oxy-Hc and the fluorescence spectrum of TAMRA. (d) Intensity histograms
of single TAMRA-labeled hemocyanin molecules. Deoxy-Hc and oxy-Hc molecules have different fluorescence intensity distributions. Reproduced with

permission from Ref. [53]. Copyright 2005 American Chemical Society.

(Fig. 1d). While still at the feasibility level and not targeted
at the mechanism of protein functions, this study opened
the possibility to study, in real time, the kinetics of oxygen
binding/unbinding to a single hemocyanin molecule by fol-
lowing the fluorescence intensity of a TAMRA-labeled
protein over time. Examining the possible time-dependent
fluctuations of kinetic rates may offer information on the
switching between the relaxed and tense states of hemocy-
anin, which are related to its cooperativity in O,-binding
[60].

In principle, one could choose a probe whose fluores-
cence spectrum overlaps with the 350-nm absorption band
of oxy-Hc. The fluorescence quenching via energy transfer
would then be more effective, because the 350-nm band is
much higher in intensity than the 600-nm band. In practice,
detection of the single-molecule fluorescence in the UV
region is technically challenging, however, and thus is not
employed.

2.2. Case 2. Redox of azurin

Azurin is an electron transfer protein and contains a
blue copper center that changes oxidation state between
+1 and +2 (Fig. 2a) [60]. The reduced Cu'"-azurin has
no strong absorption bands in the visible region, while
the oxidized Cu®"—azurin has an intense cysteine — Cu
charge transfer band at ~630 nm in its absorption spec-
trum (Fig. 2b) [61], resulting from the highly covalent inter-
action between the Cu®* and the sulfur atom of its cysteine
ligand (Fig. 2b, inset) [62].

The spectral contrast between the reduced and the oxi-
dized states of azurin makes it a good candidate for apply-
ing the fluorescence quenching via energy transfer
approach for single-molecule detection. Schmauder et al.
labeled azurin as an engineered cysteine residue with a fluo-
rescent Cy5 probe [56], whose fluorescence spectrum has a
large overlap with the absorption spectrum of the oxidized
azurin (Fig. 2b) [50], and recorded the fluorescence inten-
sity of Cy5-labeled azurin to report the copper oxidation
state. They also immobilized the Cy5-labeled azurin mole-
cules by adsorption on glass surface and measured the
intensity distributions of single protein molecules at differ-
ent redox conditions. They showed that the reduced Cy5-
labeled azurin molecules have higher intensities than the
oxidized ones, and the intensity distribution of single azu-
rin molecules can be shifted between high and low values
by reducing and oxidizing the samples (Fig. 2c). They fur-
ther did a control experiment by substituting the copper
atom at the active site with a redox-inactive Zn*" ion.
Zn*"—azurin has no strong absorption features in the visi-
ble region due to its d'° electron configuration. Therefore,
the intensity distribution of single Cy5-labeled Zn**—azurin
molecules centers around a higher value consistently,
regardless of the redox conditions of the solution
(Fig. 2d). This study showed the possibility of detecting
redox changes at a single metal center, which offers a way
to study the kinetics of biological electron transfer at the
single-molecule level. Coupling azurin to an analytical elec-
trode and detecting its redox changes by fluorescence at the
single-molecule level may provide increased sensitivity for
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Fig. 2. (a) Fluorescence quenching via energy transfer to detect azurin redox states. (b) Absorption spectrum of oxidized Cu*"—azurin (adapted with
permission from Ref. [61]. Copyright 1980 American Chemical Society) and the fluorescence spectrum of Cy5. Inset: the contour plot of the ground state
wavefunction of the prototype blue copper center plastocyanin, showing the large mixing between the sulfur p orbital of the cysteine ligand and the copper
d orbital. Adapted with permission from Ref. [62]. Copyright 2004 American Chemical Society. (c) Single-molecule intensity distributions for Cy5-labeled
reduced azurin (black line), subsequently oxidized (gray line), and re-reduced (black dashed line). (d) Single-molecule intensity distributions for CyS5-
labeled Zn*"—azurin at reducing conditions (black line), oxidizing conditions (gray line), and re-reducing conditions (black dashed line). Panels (c) and (d)
adapted from Ref. [56] with permission. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

sensing analytes that can undergo redox reactions with the
protein [54].

2.3. Case 3. Cytochrome c folding

Cytochrome ¢, an electron transfer protein, has been
used extensively as a model metalloprotein due to its avail-
ability, stability, and rich spectroscopic features [63]. Its
heme center is a strong chromophore with broad UV-Vis
absorption features and can act as an efficient quencher
via energy transfer for an introduced fluorescent probe.
Because the fluorescence quenching efficiency is distance
dependent, the intensity of the probe reflects the distance
between the probe and the heme center and thus will report
the protein conformation when the protein folds or unfolds
(Fig. 3a).

Takahashi and co-workers attached the fluorescent
probe Alexa-532 to a C-terminal cysteine of yeast cyto-
chrome ¢, and monitored the fluorescence intensity of
Alexa-532 to investigate the folding dynamics of cyto-
chrome c¢ at the single-molecule level [58]. They developed
a capillary-tube-based sample cell and a laser excitation
scheme, so that single protein molecules can be monitored
for ~100 ms without immobilization. They determined the
intensity distributions of individual Alexa-532 labeled
cytochrome ¢ molecules at different concentrations of the

denaturant guanidium chloride (Gdm) (Fig. 3b). At
1.0 M Gdm, they observed two populations of cytochrome
¢ molecules: one with lower fluorescence intensities and a
narrow distribution width, and the other with higher
intensities and a broad distribution width (Fig. 3b, bot-
tom). These two populations were attributed to the inter-
mediate and unfolded conformations of cytochrome c,
respectively. At higher Gdm concentrations, the higher
intensity population (i.e., the unfolded conformations)
increases in probability (Fig. 3b). The broad width of
the intensity distribution of the unfolded cytochrome ¢
suggested its relatively slow conformational dynamics,
which was supported by the correlation time (~15 ms)
of the intensity autocorrelation functions of individual
unfolded cytochrome ¢ molecules (Fig. 3c). This study of
cytochrome ¢ folding exemplifies the prospects of single-
molecule studies of metalloprotein folding dynamics, tak-
ing advantage of the spectroscopic properties of the metal
cofactors.

2.4. Features and generality

The fluorescence quenching via energy transfer
approach could be widely applicable for studying the
metalloproteins. In principle, any metalloprotein that
shows intense absorption properties can be targeted using
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Fig. 3. (a) Fluorescence quenching via energy transfer to probe cytochrome ¢ folding. The fluorescent probe Alexa-532 is attached to the protein C-
terminal and its intensity is dependent on its distance to the heme center. (b) Fluorescence intensity histograms of single Alexa-532 labeled cytochrome ¢
molecules at different guanidium chloride (Gdm) concentrations. At 1.0 M Gdm, the distribution shows a low and a high intensity population, attributable
to the intermediate and unfolded conformations of cytochrome c. At higher Gdm concentrations, the population of unfolded conformations dominates.
(c) Intensity autocorrelation functions of single Alexa-532 labeled cytochrome ¢ molecules in the presence of 1 M Gdm. The red circles are from data
assigned to unfolded conformations of cytochrome ¢ molecules and green circles from those of intermediate conformations. Solid line is an exponential fit
with a time constant of ~15 ms. Panels (b) and (c) adapted with permission from Ref. [58]. Copyright 2007 National Academy of Sciences, USA.

this approach. Moreover, transition-metal-based chemistry
often involves species that have intense ligand-to-metal
charge transfer absorptions. These strong chromophoric
species can be exploited as quenching centers for single-
molecule fluorescence detection. As the fluorescence
quenching targets directly the metal active site, the
approach opens up new opportunities to study metal-based
biochemical processes on a single-molecule basis.

The use of external fluorescent probes is also general.
Site-specific labeling of proteins is readily achievable with
many accessible labeling schemes including site-directed
mutagenesis, GFP fusion, and unnatural amino acids
[50,64]. Many fluorescent probes suitable for singe-mole-
cule detections are also available covering a wide spectral
range [50].

2.5. Potential applications

One possible bioinorganic area to apply the fluorescence
quenching via energy transfer approach is single-molecule
metalloenzyme catalysis, examples of which are catalyses
by binuclear copper enzymes, blue copper containing
enzymes, and possibly mononuclear and binuclear non-
heme iron enzymes [60]. Monitoring enzymatic reactions
in real time at the single-molecule level provides a direct
means to examine the contributions of conformational
dynamics to enzyme activity that are challenging to study
in ensemble measurements [14,15,17,65].

Tyrosinase and catechol oxidase are two binuclear cop-
per enzymes that have active sites very similar to that of
hemocyanin (Fig. 1a) [59,66]. Both enzymes interconvert
between an oxy-form and a deoxy-form during catalysis
that use oxygen to oxidize organic substrates. If attached
at a distance close to the enzyme active site, a fluorescence
probe (e.g., TAMRA) will undergo intensity fluctuations

between high and low levels, associated with the catalytic
interconversions between deoxy- and oxy-forms. Following
the fluorescence intensity of the probe at the single-mole-
cule level could thus monitor the enzymatic turnovers of
the enzyme in real time.

Many copper enzymes contain blue copper sites as elec-
tron transfer centers [60]. Applying the fluorescence
quenching via energy transfer approach, as for azurin,
could also enable study of their catalyses on a single-mole-
cule basis. Possible target enzymes include nitrite reduc-
tase, ascorbate oxidase, laccase, and related multicopper
oxidases [66,67]. All these enzymes contain blue copper
centers that interconvert between an oxidized form, which
has strong absorption bands, and a reduced form, which
has no strong UV-Vis absorption. Looking at the catalyses
of these metalloenzymes on a single-molecule basis may
reveal new information on the coupling of electron transfer
via the blue copper centers to the enzyme catalysis.

Another possible bioinorganic area to apply fluores-
cence quenching via energy transfer is single-molecule
metalloprotein folding, exemplified by the cytochrome ¢
folding discussed above. To understand how an unfolded
protein evolves into its native structure is one of the major
challenges in the post-genomic era. And the protein-folding
problem is well suited for single-molecule studies because
the folding process is intrinsically heterogeneous with dif-
ferent subpopulations and multiple pathways at many
stages of folding. By removing ensemble averaging, sin-
gle-molecule measurements could resolve subpopulations
and heterogeneous folding pathways. The metal-containing
cofactors of metalloenzymes introduce additional features
into the folding energy landscapes. For example, they can
act as nucleating points facilitating folding or as folding
traps retarding folding [68,69]. Different redox states [70]
and ligand binding properties [71] of metal centers in
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metalloproteins also offer unique experimental opportuni-
ties for exploring various stages of folding. Taking cyto-
chrome ¢ folding as an example again, one can employ
metal substitution and external ligand competition at the
heme center, which are uniquely possible for metallopro-
teins, to perturb the folding dynamics and interrogate the
folding process.

2.6. Challenges

Common to most fluorescence-based single-molecule
methods, photobleaching limits the observation time win-
dow using the fluorescence quenching via energy transfer
strategy. With a good oxygen scavenging system, a single
fluorescent probe molecule can last for up to a few minutes
before being photobleached [72]. In addition, this approach
only obtains the fluorescence intensity from one probe;
fluorescence intensity fluctuations due to probe photophys-
ics, such as fluorescence blinking from inter-system cross-
ing, can complicate the results and data analyses. Triplet
quenchers, such as Trolox® [73], can reduce fluorescence
blinking. Careful control experiments are always necessary.

In studying protein folding, the metal cofactor that acts
as the fluorescence quencher is preferably bound to the
protein covalently, as for cytochrome ¢. A noncovalently
linked metal cofactor can dissociate from the peptide chain
in the unfolded state, and the folding kinetics could be
limited by the bimolecular association, which is slow at
the 107°-10"'> M concentrations used in typical single-
molecule experiments. Confining the protein molecule spa-
tially, for example using nanovesicle trapping [74,75], can
achieve high effective local concentrations and circumvent
this problem.
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A molecule at excited states often has redox potentials
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816 P. Chen, N.M. Andoy | Inorganica Chimica Acta 361 (2008) 809-819

leads to quenching of the FAD fluorescence. The electron
transfer rate, kgr, is exponentially dependent on and thus
highly sensitive to the distance, r, between the electron
donor and the acceptor (kgt = koexp(—pfr), ko is a con-
stant, f~ 1.4 A~' for electron transfer in proteins [79]).
Fluctuations of r due to conformational dynamics of the
protein will thus cause fluctuations of kgt and of yil. Con-
sequently, monitoring the time-dependent changes of 7~
of the FAD cofactor can probe the FAD-Tyr® distance
fluctuations and the conformation dynamics of Fre on a
single-molecule basis.

Xie and co-workers measured the real-time fluctuations
of y~! of single Fre-FAD complex using a time-stamped
photon-by-photon detection technique, which registers
the arrival time of each emitted photon and the delay time
between each detected fluorescence photon and the corre-
sponding excitation laser pulse [76]. They found that 3!
of FAD in a Fre-FAD complex fluctuates over time
(Fig. 4c). Autocorrelation analysis indicates that the fluctu-
ation of the fluorescence lifetime of a single Fre-FAD com-
plex occurs at a broad range of timescales, from hundreds
of microseconds to tens of seconds (Fig. 4d). The broad
time range of fluctuation suggests the existence of multiple
interconverting conformers of a Fre-FAD complex on a
rugged energy landscape, and the interconversions can be
described by an anomalous diffusion model (Fig. 4d). The
existence of these interconverting conformers also relates
to the fluctuating catalytic reactivity of the flavin enzyme
cholesterol oxidase, reported in a previous study by Xie
and co-workers [14].

3.2. Features and generality

Because the electron transfer rate decays rapidly over a
few angstroms, the fluorescence quenching via electron
transfer approach is sensitive to subtle distance changes
on the angstrom scale. This distance range is complemen-
tary to that of the widely used FRET-based techniques,
such as fluorescence quenching via energy transfer dis-
cussed in Section 2, which are effective in studying nanome-
ter-scale distance changes. Many structural changes in
biology, for example redox-induced geometry reorganiza-
tions of the metal active sites in electron transfer proteins,
are in the angstrom range [60]. The fluorescence quenching
via electron transfer approach offers an opportunity to
study these types of structural dynamics at the single-mol-
ecule level.

The fluorescence quenching via electron transfer needs
two redox-active centers: one as a quencher and the other
as a probe that is also fluorescent. For the quencher,
besides the organic redox-active groups (e.g., tyrosine,
tryptophan, and guanine), metal active sites in biology
have rich redox properties and cover a broad range of
redox potentials [60]. For the probe, in addition to the nat-
urally fluorescent cofactors such as FAD and FMN, one
could label proteins externally with fluorescent probes that
can undergo photoinduced electron transfer. With careful

experimental design, the fluorescence quenching via elec-
tron transfer approach could have applications in many
systems.

3.3. Potential applications

One possible bioinorganic area to apply fluorescence
quenching via electron transfer is the conformational
dynamics of electron transfer proteins, in particular the
structural dynamics around the metal active sites.
Although typically small in amplitude, the structural
changes associated with the redox of metal active sites con-
tribute significantly to the reorganization energy term in
determining the electron transfer rate. Therefore, confor-
mational dynamics around the metal site can dramatically
affect the electron transfer rate. It would not be unreason-
able that conformational dynamics could modulate the
electron transfer rate temporally and gate the electron
transfer process. Using the fluorescence quenching via elec-
tron transfer approach, one could probe the timescale and
amplitude of the conformational dynamics around the
metal centers and reveal how these structural dynamics
are coupled to and affect the electron transfer process.

Possible target systems include blue copper proteins
(e.g., plastocyanin), iron—sulfur proteins (e.g., rubredoxin),
and cytochromes (e.g., cytochrome ¢). Each of these pro-
teins has two oxidation states: the reduced form of the pro-
tein can donate an electron for photoinduced reduction of
a fluorescent probe, and the oxidized form of the protein
can accept an electron for photoinduced oxidation. All
these electron transfer proteins have variants covering a
range of redox potentials so that one could select appropri-
ate systems to match with the excited-state redox potential
of a fluorescent probe to achieve photoinduced electron
transfer.

3.4. Challenges

The fluorescence quenching via electron transfer
approach is also limited by photobleaching and compli-
cated by the intrinsic photophysics of the fluorescent
probe, as mentioned previously. Competition with fluores-
cence quenching via energy transfer can also be a problem.
For example, the oxidized blue copper centers, iron—sulfur
centers, and cytochromes all have strong absorption fea-
tures and can act as a quencher via energy transfer. Select-
ing fluorescent probes that have fluorescence emission well
separated spectrally from the absorption spectra of the
metalloproteins can circumvent this problem. Because the
photoinduced electron transfer quenches the probe’s fluo-
rescence, the low detectable photon number and the short-
ened fluorescence lifetime of the probe are also challenges.
High quantum yield (>30%) and fast response (<100 ps)
detectors are needed to detect the weak fluorescence and
resolve the short photon delay time in the photon-by-pho-
ton approach [76]. To use an externally introduced fluores-
cent probe to measure the angstrom scale distance changes,
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the attachment of the probe is critical. The probe needs to
be anchored to the protein rigidly so that its conforma-
tional flexibility around the attachment point will not over-
whelm the measurements of the angstrom scale protein
conformational dynamics. While there are many challenges
in using the fluorescence quenching via electron transfer
approach, we think that the rich redox properties provided
by the metal centers in metalloproteins make it attractive to
explore this approach for more applications and
discoveries.

4. Other single-molecule bioinorganic studies

In the past two years, our lab has been applying and
developing single-molecule fluorescence methods to study
the dynamics and functions of metalloproteins involved
in metal trafficking and metal regulation. Herein, we briefly
describe our research efforts and readers are referred to the
forthcoming references for details [80,81].

4.1. Metallochaperone protein interactions

We have recently used a nanovesicle trapping strategy in
combination with single-molecule FRET methods to probe
real-time transient metallochaperone—target protein inter-
actions on a single-molecule basis [80]. Metallochaperones
are transport proteins that mediate metal trafficking to
their target proteins through specific protein—protein inter-
actions, which are essential for the metal transfer process
[82]. For copper chaperones, in particular the Atx1-family
chaperones, the copper transfer is believed to be kinetically
controlled [83,84]. Very limited information is available,
however, on the kinetics of the copper transfer or the chap-
erone—target protein interactions. This is partly because of
the transient nature of the protein interactions involved,
which are challenging to study with ensemble-averaged
measurements.

To provide the basis to understand the protein interac-
tion mediated copper transfer, we set out to characterize
the interaction dynamics between Hahl and a single metal
binding domain (the fourth domain, MBD4) of the Wilson
disease protein (WDP). Hahl is the human homologue of
Atx1 and WDP is a target protein for Hahl mediated cop-
per transfer. We labeled Hahl and MBD4 with fluorescent
probes that form a FRET pair and used single-molecule
FRET methods to monitor the Hah1-MBD4 interactions.
Typical single-molecule experiments are done at 10~ '°—
10~° M concentrations and are limited to studies of strong
interacting pairs. The Hah1-WDP interactions have disso-
ciation constants in the uM regime and are, however, tran-
sient. We hence adopted a nanovesicle trapping strategy
[11,74,75,85] to encapsulate a Hah1l and a MBD4 molecule
in an 100-nm lipid vesicle, in which the effective concentra-
tion of a single molecule is ~3 uM. The total number of
nanovesicles is kept low to maintain single-molecule detec-
tion conditions. The nanovesicles are then immobilized so
that we could follow single pairs of Hah1-MBD4 mole-

cules over time. Because the immobilization is through
the nanovesicles, nonspecific protein—glass surface interac-
tions that are present in direct immobilization are elimi-
nated. We were able to observe the transient Hahl-—
MBD4 interactions on a single-molecule basis, resolve
and capture different protein interaction intermediates in
real time, monitor the interconversion dynamics between
intermediates directly, and quantify their interaction kinet-
ics and thermodynamics.

4.2. Metalloregulator DNA interactions

Recently, we also developed a novel and generalizable
method to probe metalloregulator—-DNA interactions at
the single-molecule level, using engineered DNA Holliday
junctions as single-molecule reporters [81]. Metalloregula-
tors respond to metal ion concentrations and regulate the
transcription of genes for metal homeostasis [86]. The
interactions between a metalloregulator and DNA differ
in the absence and presence of the metal effector, and that
difference determines whether gene transcription is sup-
pressed or activated.

We utilized the structural dynamics of DNA Holliday
junctions to probe the interaction with DNA of PbrR691,
a Pb*"-responsive MerR-family metalloregulator [81,87].
A DNA Holliday junction has two stacked conformations
at a dynamic structural equilibrium, which can be followed
easily with single-molecule FRET techniques [88]. We engi-
neered a Holliday junction to encode the specific PbrR691-
targeting DNA sequence. Upon PbrR691 binding to the
specific sequence, the structural dynamics of the engineered
Holliday junction is significantly perturbed, and thus it acts
as a single-molecule reporter for PbrR691-DNA interac-
tions. We characterized the kinetic, thermodynamic, and
conformational changes of the structural dynamics of the
engineered Holliday junction, and deduced how PbrR691
acts on DNA for its regulatory function in gene
transcription.

5. Summary

The scope of single-molecule research is expanding rap-
idly in recent years, while single-molecule studies in bioin-
organic chemistry has been very limited. Herein, we have
reviewed a few single-molecule fluorescence studies of bio-
inorganic systems and discussed two types of approaches
that have been or can be applied to probe the functions
and dynamics of metalloproteins. We have also attempted
to point out possible bioinorganic applications and associ-
ated challenges for the single-molecule fluorescence
approaches discussed. The views here are certainly limited,
and many more innovative approaches and applications
are expected to emerge in the coming years. For example,
semiconductor quantum dots have emerged as a new gen-
eration of fluorescent probes known for their exceptional
brightness, high photostability, narrow emission bands,
and broad excitation wavelength range [89,90]. Although
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the large physical size (a few nanometers) and the fluores-
cence blinking of quantum dots present challenges for their
applications, many single-molecule studies have appeared
and future studies on bioinorganic systems are expected.
It is the authors’ hope that this limited review will stimulate
more interests so that more researchers will venture into
single-molecule bioinorganic chemistry, break new
grounds, and make new discoveries.
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