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To maintain normal metal metabolism, organisms utilize dynamic cooperation of many
biomacromolecules for regulating metal ion concentrations and bioavailability. How these
biomacromolecules work together to achieve their functions is largely unclear. For example, how do
metalloregulators and DNA interact dynamically to control gene expression to maintain healthy
cellular metal level? And how do metal transporters collaborate dynamically to deliver metal ions? Here
we review recent advances in studying the dynamic interactions of macromolecular machineries for
metal regulation and transport at the single-molecule level: (1) The development of engineered DNA
Holliday junctions as single-molecule reporters for metalloregulator—-DNA interactions, focusing on
MerR-family regulators. And (2) The development of nanovesicle trapping coupled with single-
molecule fluorescence resonance energy transfer (smFRET) for studying weak, transient interactions
between the copper chaperone Hahl and the Wilson disease protein. We describe the methodologies,
the information content of the single-molecule results, and the insights into the biological functions of
the involved biomacromolecules for metal regulation and transport. We also discuss remaining

challenges from our perspective.
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1 Introduction

Metals are essential for life processes, including oxygen trans-
port, electron transport, and neurological signaling.! However,
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they can also be toxic, especially at high concentrations. To have
normal metabolism, organisms tightly regulate the intracellular
concentrations and bioavailability of metal ions.>*

A variety of protein machineries contribute to intracellular
metal homeostasis. Membrane metal transporters control metal
ion uptake into and efflux out of the cell (Fig. 1A, B).%>¢ Inside
cells, metalloregulators sense metal ion concentrations and
regulate the transcription of genes that maintain metal homeo-
stasis (Fig. 1C),>”® and metallochaperones deliver metals to
proteins that need metal ions for function (Fig. 1D).**2

Both metal-sensing transcriptional regulation and metal traf-
ficking involve dynamic cooperation of biomacromolecules.
Diverse biochemical and biophysical characterizations have
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Fig. 1 Cellular processes for metal homeostasis. (A) Metal uptake. (B)
Metal efflux. (C) Metal-sensing transcriptional regulation. (D) Metal
trafficking.
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resulted in much knowledge about the individual players. These
studies have revealed their functions, determined their structures,
and identified their interaction partners. Still, much remains to be
elucidated on how these biomacromolecules work together to

achieve their functions. For example, how do metalloregulators
and DNA interact to control transcription? And, how do met-
allochaperones and their target proteins collaborate to deliver

metal ions?
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To address the above questions requires characterizing their
underlying protein-DNA and protein—protein interactions. For
studying these biological interactions, the single-molecule
approach provides unique advantages: First, it removes
ensemble averaging, so subpopulations, such as interaction
intermediates, can be monitored and analyzed. Second, it
removes the need for synchronization of molecular actions in
studying time-dependent processes, as it monitors one molecule
at a time. Third, it allows visualizing the actions of individual
molecules in real time, and at any time point, only one molecular
state is observed for one molecule even if the molecule can adopt
multiple different states. This feature is particularly useful in
capturing transient intermediates and elucidating the mechanism
of molecular functions.

Single-molecule fluorescence techniques, such as single-mole-
cule fluorescence resonance energy transfer (smFRET), are
perhaps among the most popular because of their straightfor-
ward instrumentation and easy operation.”**¢ Using confocal or
total internal reflection (TIR) fluorescence microscopy to confine
laser excitation to a small volume, and using low concentration
(<10~ M) to spatially separate fluorescent molecules, one can
achieve fluorescence detection at the single-molecule level
readily. Surface immobilization of molecules further allows
following molecular actions over time. To apply smFRET, one
attaches a FRET donor—acceptor pair to the target biomolecules
and excites the fluorescence of the donor while monitoring the
fluorescence intensities of both the donor (/p) and the acceptor
(1) simultaneously. The donor-to-acceptor FRET efficiency can
be determined (Errer = Ia/(Ia + Ip)), which is directly corre-
lated with the donor—acceptor interdistance, r, as Egger = 1/[1 +
(rfro)®] (r¢ is the Forster radius of the specific FRET donor—
acceptor pair). In this way, biological processes that involve
distance changes, including protein-DNA and protein—protein
interactions, can be studied by smFRET measurements.'+¢

Our group has been developing smFRET-based methods to
tackle questions related to metal-sensing transcriptional regula-
tion and metal trafficking, as part of our efforts in integrating
single-molecule research to the field of bioinorganic chemistry.!”
We have focused on two specific systems: (1) the bacterial MerR-
family metalloregulators involved in metal-sensing transcrip-
tional regulation,'® and (2) the human copper chaperones and
their target transport proteins involved in intracellular copper
trafficking.?*2> Here we review our recent progress in these two
areas. For each area, we introduce the biological problem,
identify the technical challenge, outline our methodology, and
present case studies for gaining functional insights. At the end,
we discuss remaining challenges.

2 Metal-sensing transcriptional regulation

2.1 MerR-family metalloregulators: protein—-DNA interactions
of subtle structural changes as a challenge

Metal-sensing transcriptional regulation is a key component of
metal homeostasis.>*»72*2° Bacteria, being susceptible to either
limiting or toxic levels of metal ions in their living environment,
have evolved highly sensitive and selective metal-sensing metal-
loregulators 362333

A large class of bacterial metalloregulators belong to the
MerR-family; they respond to metal ions such as Hg?*, Pb** and
Cu'* with high selectivity and sensitivity.®232433-3¢ A]l MerR-
family regulators are homodimers with two DNA-binding
domains. They regulate gene transcription via a DNA distortion
mechanism,?*34+3537:3 in which both the apo- and the holo-
regulator bind tightly to a dyad-symmetric DNA sequence in the
promoter region, with one DNA-binding domain binding to each
half of the dyad sequence. In the apo-regulator bound form,
DNA is slightly bent (~50°) and the transcription is suppressed.
Upon metal binding, the holo-regulator further unwinds DNA
slightly (~30°), and transcription is activated. As the regulator—
DNA interactions dictate the transcription process, defining the
associated protein-DNA interactions quantitatively is crucial for
understanding their structure-dynamics—function relationships.

SmFRET measurements are powerful in studying protein—
DNA interactions and associated structural changes of proteins
and DNA."*¢ Experimentally, smFRET techniques rely largely
on detecting nanometer-scale structural changes. This is inher-
ently related to both the FRET mechanism and the fluorescent
probes suitable for single-molecule detection.'*** Many DNA-
binding proteins, including MerR-family metal-
loregulators,?*3435:37:38 merely cause DNA structural changes of
Angstrom scale, however. A method that enables sSmnFRET study
of protein-DNA interactions while alleviating this hindrance is
therefore desirable. To this end, we have developed engineered
DNA Holliday junctions (HJs) as single-molecule reporters in
smFRET measurements for studying protein-DNA interac-
tion.'®1?

2.2 Methodology: engineered DNA Holliday junctions as
smFRET reporters for protein—-DNA interactions

Our method builds on the intrinsic structural dynamics of DNA
HJs and the ease of following their dynamics by smFRET. HJs
are four-way DNA junctions that form during homologous
DNA recombination.**=*? In the presence of Na* and Mg**, each
HJ molecule folds into two X-shaped stacked conformers by
pairwise stacking of its four helical arms (conf-I and conf-II,
Fig. 2A). In one conformer, two of the DNA strands run through
a pair of stacked helical arms similarly as in a B-form DNA,
while the other two strands exchange between stacked helical
pairs (Fig. 2B).**** The four strands switch positions in the other
conformer. These two stacked conformers exist in a dynamic
equilibrium at room temperature (Fig. 1A). With a FRET
donor—acceptor pair labeled at the ends of two HJ arms, the two
conformers have distinct FRET signals, one having higher
FRET efficiency (Errer) and the other lower Egrgr. The
interconversion dynamics between the two conformers are
reflected by the two-state fluctuation behavior in the Epgrgr
trajectories of single molecules.'®1941:45

To use a HJ as a smFRET reporter for protein—-DNA inter-
actions, we encode in its arms the dyad-symmetric sequence
recognized by a metalloregulator (Fig. 2A). Because the part of
DNA that contains the encoded sequence has distinct spatial
orientations in the two conformers, the metalloregulator binds to
the two conformers differentially and causes changes in their
structures and their interconversion dynamics. These changes are
readily measurable by smFRET and thus report the associated

This journal is © The Royal Society of Chemistry 2010
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Fig. 2 Engineered DNA Holliday junctions (HJs) as smFRET reporters
for protein-DNA interactions. (A) Structural dynamics of an engineered
HJ between its two conformers, conf-I and conf-II. Cy3 and Cy5 are
labeled at the ends of arms M and Q to differentiate conf-I (high Errg)
and conf-II (low Eggrgt). The stripes on arms M and N indicate the
encoded dyad-symmetric sequence recognized by a metalloregulator.
Protein binding will perturb both the structures and the dynamic equi-
librium of the HJ, which are readily followed by the FRET signal. (B)
Structural model of a stacked HJ conformer in two different orientations.
The dyad-symmetric sequence is highlighted in red as in conf-1. Figures
adapted from ref. 18 and 19.

protein—-DNA interactions. This is a generalizable approach,
since we can encode into HJs various sequences recognizable by
many DNA-binding proteins. As the effects of protein actions on
DNA are converted to and amplified by the changes in the
structures and dynamics of the engineered HJ, it is possible to
study protein—-DNA interactions that involve merely small
structural changes.'®'®

2.3 Application to interactions of PbrR691 and CueR with
DNA

We have applied the above methodology to study the interac-
tions with DNA of two MerR-family metalloregulators:
PbrR691, a Pb**-responsive regulator from Ralstonia metal-
lidurans,'® and CueR, a Cu'*-responsive regulator from Escher-
ichia coli.*® For each of them, we designed an engineered HJ, in
which the protein-recognition dyad-symmetric sequence spans
the arms M and N as depicted in Fig. 2A. These sequences ensure
specific recognitions by the proteins of interest. The FRET pair
Cy3 and CyS5 are attached at the ends of arms M and Q for
smFRET measurements. A biotin label at the end of arm P is
used for surface-immobilization via a Dbiotin—streptavidin
linkage, so the fluorescence signals of individual HJ molecules
can be followed over time.

The intrinsic structural dynamics of the engineered HJs is clear
in the Eprgr versus time trajectory of a single HJ molecule — its
Errger shows reversible transitions between a high and a low
Errgr state, corresponding to the structural interconversions
between conf-I and conf-II (Fig. 3A). In this Errgr trajectory,
the two so-called “waiting times”, 7y and tq;, are important
observables. 1y is the waiting time for conf-I to conf-1I transition,
while 7yy is the waiting time for conf-II to conf-I transition. Their
individual values are stochastic; some of them longer, some
shorter; but their statistical properties, such as their distributions
and averages, are defined by the underlying kinetics of the HJ
structural dynamics. For a two-state interconversion scheme as
in Fig. 2A, the inverse of average waiting times follow:

() '= 1/Tfﬁ(r) dt =k, and (1) '= 1/Trfn(f) dr =k,

0

Here (...) denotes averaging; fi(t) and fj;(t) are the probability
density functions of 7y and 1yy; &y and k_ are the interconversion
rate constants. Sometimes 7y and 7y are also termed “dwell
times”. Their averages, (t1) and (ty1), represent the lifetimes of
conf-I and conf-II, and are equal to 1/k; and 1/k_,, respectively.

Upon introducing a metalloregulator, protein binding causes
significant changes in the structural dynamics of the engineered
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Fig. 3 CueR-imposed HJ structural equilibrium shift. (A, B) Exemplary
single-molecule Ergrgt trajectories of a CueR-specific HJ in the absence
(A) and presence (B) of 1.0 uM apo-CueR. Egrgr is approximated as
Icys/(Icys + Icys) (I fluorescence intensity). 7y and 7y are the waiting times
on the Errgr states of conf-I and conf-11, respectively. (C, D) Histograms
of Errgt trajectories in the absence (C) and presence (D) of 1.0 uM apo-
CueR. Figures adapted from ref. 19.
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HJ. Below we summarize what the actions of the metal-
loregulator PbrR691 and CueR are on the engineered HJ (i.e.,
DNA) and how to determine them by analyzing the time-
dependent Ergrgr of single molecules, ie., the single-molecule
EggrgT trajectories.

Preferential protein binding to and stabilization of conf-I. Due
to the different spatial arrangements of arms M and N, which
contain the dyad-symmetric sequence, both PbrR691 and CueR
preferentially bind and stabilize conf-1 relative to conf-1I,
regardless of the proteins’ metallation state. This preferential
stabilization of conf-I is manifested by an equilibrium shift of the
HJ structural dynamics toward conf-I: the Ergrgt trajectory of
a single HJ molecule shows that the molecule spends more time
on the high Egggt state, ie., conf-I (Fig. 3B). This equilibrium
shift is clearer in the histograms of the Ergrg trajectories, which
have two peaks, one at a higher Erggr and the other at a lower
Egrgr, corresponding to conf-I and conf-II, respectively
(Fig. 3C). In the presence of the apo- or the holo-metal-
loregulators, the intensity of the peak corresponding to conf-I
increases relative to that of conf-1T (Fig. 3D). This preferential
stabilization of conf-I reflects the metalloregulators’ normal
function as double-strand DNA-binding proteins, because conf-I
has arms M and N coaxially stacked as in a B-form DNA (Fig. 2).

Kinetic scheme of protein interactions with the engineered HJ.
In the single-molecule Exggt trajectories, the two waiting times,
71 and tyy, contain the kinetic information about the structural
interconversions between the two HJ conformers. Upon inter-
action with a metalloregulator, the changes of the interconver-
sion kinetics report the kinetic scheme of the protein—HJ
interactions. In our study of CueR-HJ interactions, we found
that the apo-CueR interactions with the two HJ conformers
follow different kinetic mechanisms. It binds to conf-I to form
a complex (P-I) that does not lead to structural transition to
conf-II (Fig. 4A, red box). On the other hand, it interacts with
conf-1I in a two-step manner — it initially binds to conf-II to form
a complex (P-II) that can lead to structural transition to conf-I;
this P-II complex can then bind a second protein molecule to
form a tertiary complex (P,-1I) that does not lead to structural
transition to conf-I (Fig. 4A, green box).

Experimentally, the interaction kinetic scheme of apo-CueR
with conf-I is manifested by the protein concentration ([P])
dependence of (1), the time-averaged single-molecule rate of
conf-I — conf-II transition. With increasing [P], (t;) ' decreases
asymptotically to zero (Fig. 4B, solid circles), because the formed
P-I complex cannot lead to structural transition. This [P]
dependence is described quantitatively by the following equation:

ky

<Tl>71:m 1

where Kp_; (= k_»/k,) is the dissociation constant for the apo-
CueR—conf-I complex, and k, and k_, are the protein binding
and unbinding rate constants to conf-1, respectively.

The two-step kinetic scheme of the apo-CueR interaction with
conf-1I is manifested by the biphasic [P] dependence of (t;) ', the
time-averaged single-molecule rate of conf-Il — conf-I transi-
tion. With increasing [P], (zy;) ' initially increases, reflecting the
formation of complex P-II that helps structural transition to
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Fig. 4 CueR-HJ interaction kinetics. (A) Interaction kinetic scheme
between the engineered HJ and CueR. I, conf-I; II, conf-1I; P, apo-CueR
or holo-CueR; and rate constants, k. The k3 and k7 processes are only for
holo-CueR. (B, C) Apo-CueR (@) and holo-CueR (O) concentration
dependence of (t;)~' (B) and (ty;) ' (C). The solid lines are the fits with
equations describing the [P] dependence of (7;)~' and (r1)~'. Figures
adapted from ref. 19.

conf-I (Fig. 4C, solid circles); and it decays at higher [P] after
reaching a maximum, reflecting the subsequent formation of the
tertiary complex P,-II that cannot lead to structural transition.
This [P] dependence is quantitatively described by the following
equation:

ks|P
| . +K6’[ ]
o) P-I1 b
(en) L PP @
Ké’-ll K;’-IIKPz'H

where K'p_yp = (k_4 + ke)lks, Kp11 = k_slks, and k values are the
rate constants defined in Fig. 4A.

Holo-CueR interactions with the HJ show many similarities to
those of apo-CueR, but significant differences also exist. Unlike
apo-CueR, the P-I complex and the tertiary P,-II complex
involving holo-CueR can still allow structural transitions from
one HJ conformer to the other (k; and k7 in Fig. 4A). These
additional kinetic processes in holo-CueR—HJ interactions are
manifested by the holo-CueR concentration dependence of (t7) ™!
and (ty;)~! — at high [P], neither (z;)~! nor (t;;)~' decays to zero,
and instead they approach a constant value. Incorporating these
two additional kinetic processes, equations similar to eqn (1) and
(2) can be derived to describe the [P] dependence of (t1)~' and
(tr1) ' quantitatively (Fig. 4B, C).

This journal is © The Royal Society of Chemistry 2010
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The differences between apo- and holo-CueR interactions with
the HJ have functional implications. Conf-I and conf-II are
significantly different in their spatial arrangements of the dyad-
symmetric sequence (Fig. 2B). Being more accommodating in
allowing HJ structural interconversion suggests that holo-CueR
has more flexible conformation than apo-CueR. This additional
conformational flexibility of holo-CueR could play important
roles in its interaction with the RNA polymerase (RNAp) for
transcription, as past studies on MerR, the prototype MerR-
family metalloregulator, showed that the holo-MerR-DNA-
RNAp tertiary complex undergoes structural rearrangements in
transcriptional initiation.2*343546

There is also an difference between CueR and PbrR691.
Although both apo-and holo-CueR can form the tertiary complex
P,-11 with conf-1I, this tertiary complex is not observed in
PbrR691-HJ interactions, suggesting that differences exist among
MerR-family metalloregulators in their interactions with DNA.

Protein-induced DNA structural changes. The metalloregulator
binding also causes structural changes of the HJ, i.e., the DNA.
The structural change of conf-I in the P-I complex is particularly
of interest, because conf-I mimics the metalloregulators’ natural
substrate, with its arms M and N stacked into a helix (Fig. 2A
and B). For both CueR and PbrR691, regardless of their met-
allation state, we found that the protein-caused structural
changes of conf-1 are consistent with the bending of its M-N
helix (Fig. 5A). This M-N helix bending lends to a shortened
distance between the ends of the arms M and Q where the two
FRET probes are located (Fig. 5A). This shortened distance
between the FRET probes results in an increase in the Eprgr
value of conf-I (E,q,r1) upon metalloregulator binding, detect-
able by our smFRET measurements (Fig. 5B, C, and D).

Fig. 5E gives a structural model of how a MerR-family met-
alloregulator may bind to conf-I. Since no structural information
is yet available for PbrR691 and CueR in complex with DNA, we
used the structural data of the MtaN-DNA complex®® to
construct the model by adjusting and aligning the stacked M—N
helix with the DNA structure in the MtaN-DNA complex.
(MtaN is also MerR-family regulator; it responds to organic
molecules instead of metal ions.) The structural model shows
that the protein binds to the major grooves at the dyad-
symmetric sequence and the M—N helix bending leads to a closer
distance between the ends of arms M and Q.

It is worth noting that it is nontrivial to detect the helix
bending by MerR-family metalloregulators. Assuming a ~130°
bending angle from the crystal structure of the MtaN-DNA
complex,®® the estimated end-to-end distance change is only
~0.8 nm for a 24 base-pair DNA helix having a contour length of
~8.2 nm. The small distance change is challenging to detect with
smFRET measurements, and indeed we did not observe
discernable change in Ergrpr Wwhen we put the two FRET probes
at the ends of arms M and N.'® Making a longer DNA helix will
generate a large end-to-end distance change upon bending, but
the distance to be measured will be out of the nanometer distance
range that smFRET is sensitive to. So instead of trying to detect
directly the end-to-end distance changes of the conf-I M-N helix,
our approach using engineered HJs circumvents this problem by
measuring the distance changes between the ends of arms M and
Q. (Fig. 5A). The relative position of arms M and Q are coupled
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Fig. 5 Metalloregulator-imposed HJ structural change. (A) Scheme of
metalloregulator interaction with HJ conf-I, showing protein-imposed
M-N helix bending that leads to a shortened distance between the FRET
donor and the acceptor. (B, C, D) Histograms of E onr; of the CueR-
specific HJ in the absence and presence of apo-CueR and holo-CueR. The
histograms show that E..,r. increases upon metalloregulator binding. (E)
Structural model of MtaN (PDB code 1R8D)*® bound to HJ conf-I,
showing the bending distortion of the M-N helix. Figures adapted from
refs. 18 and 19.

to M—-N helix bending because of the junction connection, thus
enabling studies of small bending motions of the DNA helix
imposed by MerR-family metalloregulators.

Implications for transcriptional suppression after activation.
From the single-molecule kinetics of protein—HJ interactions, the
binding affinities of the proteins to the two HJ conformers can
also be obtained. For both CueR and PbrR691, their holo forms
bind stronger to the HJ than the apo forms do, irrespective of the
HJ conformation. For CueR, for example, this stronger DNA
binding affinity is reflected by the slightly faster decay of (z;)~*
and by the clear earlier maximum of (ty;)~" with increasing [holo-
CueR] (Fig. 4B, C). For both CueR and PbrR691, the holo
form’s stronger DNA binding affinities are further confirmed in
their interactions with simple double-strand DNA.*®

The stronger DNA binding affinity of the holo form is
surprising, however, as past studies on MerR have shown that
holo-MerR binds more weakly to DNA than apo-MerR does.?*
As the direct dissociation of the metal ion from the metal-
loregulators is believed to be difficult due to strong metal coor-
dination, it was thought that the weaker binding of holo-protein
would facilitate its replacement from the DNA by the apo-
protein, thus switching off the transcription after transcriptional
activation and once the cell is relieved of the metal stress.*
Therefore, the opposite relative DNA binding affinities of apo
versus holo protein for CueR/PbrR691 suggests possible differ-
ences in the mechanism by which MerR-family metalloregulators
switch off transcription.

762 | Nat. Prod. Rep., 2010, 27, 757-767

This journal is © The Royal Society of Chemistry 2010



Moreover, unlike MerR, which might involve another protein
MerD to help the dissociation of the holo-MerR-DNA
complex,** no evidence has yet been found for a co-regulator role
of a MerD homologue in the regulatory mechanism of CueR or
PbrR691.2* For CueR/PbrR691 to switch off transcription after
activation, one simple scenario is a direct dissociation of the
holo-protein from DNA followed by binding of the apo-protein,
which would be the dominant form of the metalloregulator inside
the cell after activation of metal-resistance genes. For this
scenario to be viable, the dissociation kinetics of the holo-protein
from DNA has to be in a relevant timescale to gene regulation.
From our single-molecule kinetic analyses of metalloregulator—
HJ interactions, the rate constants for protein unbinding and
binding to the HJ conf-I cannot be obtained. Nevertheless, as the
protein binding and unbinding are contained in the observed
structural dynamics of the HJ, which we measure experimentally,
protein binding and unbinding should occur at a comparable
timescale to HJ’s structural dynamics, ie., hundreds of milli-
seconds to seconds, a relevant timescale for gene expression
regulation.

3 Intracellular copper transport

3.1 Copper chaperones: weak, dynamic protein interactions as
a challenge

Metal trafficking is another important process that is regulated
for metal homeostasis.>**'? Through specific metal transporters,
such as metallochaperones, metal ions are delivered to their
target locations while avoiding fortuitous binding by many other
cellular molecules. Inside cells, copper chaperones mediate the
trafficking of copper ions.®'***® In human cells, the copper
chaperone Hahl (also named Atox1) delivers Cu'* ions to two
homologous copper-transporting ATPases: Wilson disease
protein (WDP) and Menkes disease protein (MNK).*-2

We are particularly interested in the Hahl-WDP copper
transport pathway. Hah1 is a single-domain, cytoplasmic protein
belonging to the Atx1-family.'® WDP is a multi-domain protein
anchored on organelle membranes and has a cytosolic N-
terminal region consisting of six metal-binding domains
(MBDs).**3* The six WDP MBDs and Hahl are homologous
with the same BafBap protein fold, and all of them contain
a conserved, surface-exposed CXXC motif that binds Cu'* with
the two cysteines. The similar protein fold of Hahl and WDP
MBDs and their complementary surface residues render their
specific interactions; Cu'" can be transferred from the copper
binding site of Hahl to that of a WDP MBD through direct
Hah1-MBD interaction and a ligand exchange mecha-
nism.9’47’51’55_57

Past studies have shown that the six MBDs of WDP have
different functional roles.’-*®%* MBDs 1 to 4 are important for
interaction with Hahl to acquire Cu'*, and MBDs 5 and 6 are
critical for copper translocation through organelle membranes.
Yet, all six WDP MBDs, as well as Hahl, have similar Cu'*
binding affinities.®**S This similarity in Cu'* binding affinity
indicates that Cu'* transfer from Hahl to WDP is under kinetic
control mediated by Hahl-WDP interactions and that the
functional differences among WDP MBDs are not defined by
their Cu'* binding affinity but may be related to sow each MBD

interacts with Hah1. Quantifying how Hah1 and WDP interact is
thus crucial for understanding this protein-interaction-mediated
copper transfer process.

Yet, few quantitative studies are available on protein interac-
tion dynamics of copper chaperones. Surface plasmon resonance
(SPR) has been used to study the association and dissociation
kinetics of Hah1-MNK and related bacterial chaperones.®®*’
These SPR studies employ proteins that are immobilized on
surfaces nonspecifically and in random orientations. NMR has
also been used to study the copper chaperone-target protein
interactions,3-*%5%6870 byt only estimates have been obtained on
the timescales of their interaction dynamics.

The scarcity of quantitative information on the involved
protein interaction dynamics is not surprising, for these inter-
actions are weak, which makes them difficult to quantify in
conventional measurements where the behavior of an ensemble
of molecules are examined. Many aspects contribute to this
difficulty: (1) Weak protein interactions are dynamic and
stochastic, making synchronization of molecular actions often
necessary. (2) The steady-state concentrations of interaction
intermediates are often low, making detection difficult. (3)
Multiple interaction intermediates, if present, convolute the
ensemble-averaged measurements.

Single-molecule measurements offer several advantages for
studying weak protein interaction. (1) No synchronization of
molecular actions is necessary. (2) Molecular actions are fol-
lowed in real time, including the formation, interconversion, and
dissolution of interaction intermediates. (3) Only one molecular
state, be it an intermediate, is observed at any time point,
enabling the resolution of complex interaction kinetics. Among
the many single-molecule measurements, smFRET, with its
inherent distance dependence, is particularly suited for studying
dynamic protein interactions, which is accompanied by changes
in inter-protein distances.

Still, there are technical challenges to overcome before
smFRET measurements can be applied to follow weak protein
interactions in real time. The primary challenge is the typical
pM-nM fluorophore concentration employed in single-molecule
fluorescence measurements to separate fluorophores spatially.
This low concentration limits single-molecule protein interaction
studies to strong interacting pairs. Weak protein interactions,
such as Hah1-WDP interactions, need to be studied at much
higher concentrations (>10-° M) to favor complex formation.
Nonspecific protein—glass surface interactions during surface
immobilization present another challenge; they must be
minimized. To overcome these challenges, we have adapted
a nanovesicle trapping strategy to enable smFRET study of
Hah1-WDP interactions.?*?* This nanovesicle trapping strategy
has also been used in single-molecule studies of enzyme
reactions,”® protein folding,”*”® nucleic acid conformational
dynamics,”®”” and protein—nucleic acid interactions.””®

3.2 Methodology: nanovesicle trapping combined with
smFRET

Fig. 6 depicts our nanovesicle trapping strategy. We trap two
interacting molecules inside a 100 nm lipid vesicle. Because of the
confined volume (~10~" L), the effective concentration is a few
micromolar for each molecule inside. We then keep the overall
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Fig. 6 Schematic of nanovesicle trapping of two proteins labeled with
a FRET donor-acceptor pair for snFRET studies. The glass surface is
coated with PEG, lipid bilayer or biotinylated BSA to prevent vesicle
rupture.

number of nanovesicles low to separate individual nanovesicles
spatially to achieve single-vesicle (i.e., single-pair) detection
condition. The nanovesicles are then immobilized on the surface,
where the nonspecific protein interactions with the glass surface
are eliminated. Although we cannot ensure that every nano-
vesicle will contain two different molecules, the statistical
distribution of molecules in nanovesicles can be controlled, and
for each nanovesicle, the number and type of molecules in it are
easily identified by monitoring the discrete photobleaching
events of the donor and acceptor probes under single-molecule
imaging conditions.?? Nanovesicle trapping also eliminates the
complication of dimeric or multimeric interactions among
molecules of the same type. If self-dimerization or oligomeriza-
tion exists, it is unavoidable in ensemble experiments and can
significantly complicate protein interaction studies. This
complication is particularly relevant in studies of Hah1-WDP
interactions, as Hah1 (and likely WDP MBDs) can form dimers
in solution.'**¢

With the two interacting molecules labeled with a FRET
donor-acceptor pair (e.g., Cy3 and Cy5), we can visualize their
interactions in real time using SMFRET measurements at high
effective concentrations. This nanovesicle trapping approach is
general and can be applied to study many other weak protein
interactions.

3.3 Application to interactions between the copper chaperone
Hahl1 and the Wilson disease protein

We have applied the above methodology to study the interac-
tions between Hahl and the fourth MBD (MBD4) of WDP in
the absence of Cu'*.2*?> We chose MBD4 as a representative
WDP MBD because it is known to interact with Hah1 directly
for Cu'* transfer.5:%*¢* Quantification of Hah1-MBD4 interac-
tion dynamics will provide foundation for understanding how
Hahl and the full length WDP interact for Cu'* transfer. We
labeled Hah1 with the FRET acceptor Cy5 and MBD4 with the
donor Cy3 at a C-terminal cysteine site-specifically. Below we
summarize the results from our smFRET measurements of the
Hah1-MBD4 interaction dynamics and their functional impli-
cations.

Visualization of dynamic interactions and identification of
multiple  interaction  complexes. Real-time  smFRET

A 1(Hah1-MBD4)
k1/ E,
.,

Hah1+ MBD4 g ||k

3
E, \kz‘
k_

2

2(Hah1-MBD4)

Time (s)

Fig.7 Hahl-MBD4 interactions. (A) Interaction scheme between Hahl
and MBD4. (B) Exemplary Errgr trajectory of a Cy5-Hahl and a Cy3-
MBD#4 trapped in a 100-nm nanovesicle. Figures adapted from refs. 20
and 21.

measurements enables direct visualization of the dynamic inter-
actions between Hahl and MBD4, in which the interaction
complexes form and dissolute continually (Fig. 7A). These
dynamic interactions are reported by the temporal fluctuations
of the Errgr trajectories of each interacting pair between three
distinct Epgrgt states (Fig. 7B). A lower Egrrgr reflects a longer
distance between the molecules and a higher Errgr reflects
a shorter distance.

Besides the dissociated state, which has the lowest Erggr of
~0.2 (denoted as E), the Errgr trajectories reveal two different
Hahl1-MBD4 interaction complexes (Fig. 7B). These two
complexes appear as the two higher Egrgr states at Egggr = 0.5
and 0.9 (denoted as E| and E;), and their higher Eggrt values
result from the nanometer proximity of the two FRET labels in
the complexes. The significant difference between E; and E, also
indicates that the Cy3-Cy5 distances differ by nanometers
between the two complexes. This nanometer distance difference
likely arises from the differences in overall interaction geometries
of these two complexes, rather than in the conformation of one
or both proteins, because past NMR studies showed that Hahl
and MBD4 only have Angstrom-scale conformational flexibil-
ities.>**%° The direct resolution of two distinct interaction
complexes is exciting, as it is the first evidence that multiple
interaction intermediates exist for metallochaperone-target
protein interactions, and it definitely shows that Hahl forms
complexes with WDP despite the absence of Cu'*

Determination of interaction complex stability. The direct
resolution of distinct interaction complexes also enables quan-
tification of their stabilities for the first time. The histogram of
the Ergrgt trajectories shows three peaks, centered at Ey, E/, and
E,, corresponding to the dissociated state and the two interaction
complexes, respectively (Fig. 8). The relative intensities of these
three peaks directly reflect their relative stabilities. The
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Fig. 8 Histogram of Egrgr trajectories of Hahl-MBD4 interacting
pairs. The histogram shows three peaks corresponding to E,, E;, and E;
states. Figure adapted from refs. 20 and 21.

determined dissociation constants of the two interaction
complexes are Kp; =5 £ 1 uM and Kp, = 8 + 2 uM.

Although complex 1 is clearly more stable, the dissociation
constants of the two interaction complexes are within the same
magnitude. For ensemble-averaged measurements, their simi-
larity in stability is a challenge, as the two complexes always
coexist. Without differentiated detection, the measured effective
dissociation constant (Kp cf), if obtainable, would be a geometric
average of the Kp values of the two complexes, as 1/Kp ¢ = 1/
KDI + 1/KD2-

Quantification of interaction Kkinetics. The real-time observa-
tion of the dynamic interactions of single Hah1-MBD4 pairs
makes it possible to quantify their interaction kinetics. In the
EgrgT trajectories, the transitions between E, and E; states and
between E, and E, states correspond to the binding and
unbinding processes of complex 1 and 2, and the transitions
between E; and E, are the interconversions between the two
complexes. The statistical properties of the waiting times (t, 71,
and 1,, Fig. 7B) on the three Egrgt states before each transition
are defined by the interaction kinetics.

Using the interaction scheme in Fig. 7A, the probability
density functions f{t) of 7o, 71, and 1, are related to the kinetic
parameters as:

Jo(t) = (ki + kp)cerrexp[—(ky + kz)cept] (3a)
S1(0) = (k_y + k3)exp[—(k_1 + k3)7] (3b)
S2(1) = (k_p + k_3) exp[—(k_» + k_3)1] (o)

where cr is the effective concentration of a single molecule inside
a nanovesicle. Therefore, fitting the distributions of 7o, 71, and 1,
with exponential functions gives k| + kp, k| + ks, and k_, + k_;
directly (Fig. 9). Furthermore, the waiting time 7, can be sepa-
rated into two subtypes: one 79, that precedes an E, — E;
transition and the other 7¢_,, that precedes an Ey, — E; transi-
tion. Similarly, 7; can be separated into 7, ¢ and 7, , subtypes,
and 71, into 7,_,¢ and 7,_,; subtypes. The ratios between the
occurrences (N) of the waiting time subtypes are also determined
by the kinetic rate constants:

N0_>1/N0_>2 = k]/kz (43)
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Fig. 9 Distributions of the waiting times 1, 7, and 7, from Epggt
trajectories of Hah1-MBDA4 interactions. Solid lines are exponential fits;
insets give the decay constants of the exponential fits and the relations to
the protein-interaction rate constants. cer (~3 pM) is the effective
concentration of a single molecule in a 100 nm nanovesicle. The indi-
vidual rate constants are: k; ~ 1.6 Xx 10° M~'s™ " k_; ~ 095", ky ~ 1.4 x
10°M sk 5~ 135" k3~0.4s" and k_3~0.7s7". Figures adapted
from refs. 20 and 21.

Ny o/Nioo =k ks (4b)

NoofNyy = kolk_3 (40)

Combining eqns (3a—c) and (4a—c), we can determine the
individual rate constants for Hah1-MBD4 interactions (Fig. 9,
caption). It is particularly exciting to be able to quantify both k;
and k_s, the rate constants of interconversion between the two
transient interaction complexes. Ensemble measurements of
interconversions dynamics normally can only obtain the sum of
these two rate constants; here, by real-time visualization of the
interconversion kinetics in both directions, we are able to
determine each of the rate constants. From the rate constants,
dissociation constants of both interaction complexes can also be
obtained, with Kp; = 6 & 1 uM and Kp»> = 9 £+ 1 uM, consistent
with those from analyzing the Eggrgt histogram (Fig. 8).

Functional significance of dynamic protein interactions. The
discovery of multiple interaction complexes and the quantifica-
tion of interaction dynamics bring insights into the role of
protein interactions for metal transfer. Inside cells, the copper
chaperones encounter their target proteins through diffusion.
The initial encounter pair often rapidly returns to the dissociated
form.®! The ability to form multiple complexes with different
geometries increases the probability of complex formation. The
formed complex, if productive, may proceed to accomplish Cu'*
transfer, or if unproductive, convert to another complex for Cu'*
transfer. For this scenario to be viable, the complex intercon-
version kinetics should then be comparable to or faster than the
dissociation kinetics. In the case of Hah1-MBD4 interactions,
the rate constants of interconversions (k3 and k_3) are compa-
rable to those of dissociations (k_; and k_,) (Fig. 9, caption).
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Nonetheless, there is a balance for the multiplicity of complex
formation to assist Cu'* transfer function — if too many inter-
action complexes exist, sampling all complexes before reaching
a productive complex could be time-costly.

Furthermore, WDP is not a single-domain protein, but rather
has six MBDs at its N-terminal region, all of which are homol-
ogous. Since Hahl can form two complexes of different geome-
tries with MBD4, it raises the possibility of Hah1 interacting with
two MBDs simultaneously, in which each interaction mode
resembles one geometry. Cooperative effects among WDP
MBDs might then exist in interaction with Hahl, facilitating
Cu'* transfer. Subsequently, the interactions of Hahl with
different combinations of WDP MBDs could play a role in the
functional differences among the WDP MBDs.

4 Remaining challenges

The importance of metal homeostasis for cell function is
becoming increasingly recognized. Intensive research is ongoing
that employs a variety of experimental methods to elucidate the
structures, dynamics, and functions of molecular players. In this
article we summarized our recent contributions in using single-
molecule fluorescence methods to understand the functions of
metalloregulators and metallochaperones. Many insights can be
learned, some of which are often unavailable or difficult to
obtain from ensemble-averaged measurements. Still, many
compelling questions remain. Here we discuss briefly some of the
remaining challenges from our perspective.

4.1 Metalloregulators

For MerR-family metalloregulators, the actions of the protein on
the DNA dictate the transcription suppression or activation. The
small magnitude of the protein-induced DNA structural changes
makes them difficult to study. By using engineered DNA HJs as
reporters in smFRET measurements, we have been able to detect
the protein-induced DNA-bending motion and examine the
dynamics of protein-DNA interactions. Besides DNA-bending,
the slight unwinding (~30°) of DNA by the holo-protein is
essential for transcriptional activation as described in the DNA-
distortion mechanism,*373® and we have not detected DNA
unwinding using the current design of engineered HJs. We are
pursuing different design strategies of engineered HJs to target
this DNA unwinding by MerR-family metalloregulators.

The DNA junction in a HJ also introduces concerns about the
perturbation of the junction structure and the presence of the
other helix on the protein-DNA interactions. Indeed, we have
observed a weaker binding affinity of the metalloregulator to
conf-I of the HJ, as compared with that to a double-strand DNA.
Nevertheless, using HJs as reporters might have physiological
relevance. If DNA recombination, which produces a HJ struc-
ture, occurs at the promoter region of a gene, studies of metal-
loregulator—-HJ interactions can provide fundamental knowledge
about how gene transcription is likely regulated or affected
during this process.

As discussed in Section 2.3, the stronger DNA binding affinity
of holo-metalloregulators than that of apo-metalloregulators
raises implications about how transcription is turned off after
activation. To return to the suppressed state, direct dissociation of

the holo-metalloregulator from DNA followed by binding of apo-
metalloregulator is a possible scenario. Although we can estimate
on the protein binding/unbinding kinetics from our current
studies, quantitative information is not yet available. By labeling
the protein with a FRET acceptor and the DNA with a donor,
their binding/unbinding kinetics can be monitored directly.
Research along this line is currently underway in our group.

4.2 Metallochaperones

Using nanovesicle trapping and smFRET, we have been able to
follow the weak and dynamic Hah1-MBD#4 interactions in real
time, identifying multiple interaction complexes and quantifying
their interaction kinetics. But, between the two complexes, which
complex is productive for Cu'* transfer, or are both productive?
To address this question, observing Cu'* transfer directly during
protein interaction would be the best. But it is challenging to do
because the d'° electron configuration of Cu'* makes it magnet-
ically silent and optically invisible, except for X-ray-based tech-
niques. Our sSmFRET measurements cannot directly observe
Cu'* transfer, either. Nonetheless, as we are able to study the
protein interactions in real time and quantitatively, we can study
the perturbations of Cu'* on the Hahl-MBD4 interaction
dynamics. Significant changes in the Hah1-MBD4 interactions
have been observed in the presence of Cu'* in the solution
(unpublished results). Although indirect, the Cu'*-dependent
Hah1-MBD#4 interaction dynamics should provide information
on how the dynamic protein interactions are coupled to the metal
transfer process. Perturbations of the protein interactions by
other metal ions, such as Hg>* or Ag'*, can also be studied;
possible differences or similarities in comparison with those of
Cu'* can inform on the effect of metal-ligand bond strength on
the protein interaction dynamics and possibly metal transfer.

WDP contains six MBDs in the N-terminal soluble region,
many of which can interact with Hah1 for Cu'* transfer. Whether
and how these MBDs affect one another in their interactions with
Hahl is unclear. Our observation that Hahl can form multiple
complexes with a single WDP MBD raises the possibility that
Hahl can interact with multiple MBDs simultaneously, in which
cooperative effects among MBDs could exist. Using nanovesicle
trapping and smFRET, Hahl interaction with multi-domain
WDP constructs as well as interactions between different WDP
MBDs can be also studied. The FRET probes can also be attached
to various locations on the proteins to map the protein interaction
geometries in detail. Three-color FRET can further be used to
monitor two inter-distances simultaneously,®? so cooperative
motions can be probed directly. With all the possible single-
molecule tools, we expect more insights will emerge.
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