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Metals are essential nutrients that can also be toxic. Safe
trafficking of metal ions is necessary inside cells, and specific metal
transport pathways exist to deliver them to their destinatiéna.
human cells, the copper chaperone Hahl and the Wilson disease
protein (WDP) constitute a copper transport pathwhahl is a
single-domain cytoplasmic protein; WDP is a multidomain pro-
tein anchored on organelle membranes and has a cytosolic N-
terminal region consisting of six homologous metal-binding
domains (MBDs). All WDP MBDs and Hah1 contain a conserved
CXXC motif that binds C&", and Cd" is transferred from Hahl  figyre 1. Nanovesicle trapping and SmFRET for studying transient
to a WDP MBD via direct and specificHahl-MBD inter- protein—protein interactions.
actions!-34

Although the MBDs of WDP have different functional rotes,
all of them, as well as Hah1, have similar Cibinding affinities?

This similarity indicates that the Hahl to WDP Curansfer is
under kinetic control mediated by HahWDP interactions, and
that the functional differences among WDP MBDs are not defined
by their Cd+ binding abilities but may be related boweach MBD
interacts with Hahl. Very limited quantitative information is
available, however, on the HakWDP interaction dynamics. This

is partly because the HahINDP interactions are transient, and
transient interactions are difficult to quantify in ensemble-averaged
experiments.

Here we report using nanovesicle trapping and single-molecule
fluorescence resonance energy transfer (SmFRET) measurementg
to probe the transient interactions between Hahl and the fourth
MBD (MBD4) of WDP in real time. We chose MBD4 as a
representative WDP MBD because it is known to interact with Hah1
directly for Cut transfer*® Quantification of Hah:+MBDA4
interaction dynamics will help understand how Hah1 and the full
length WDP interact for Cd transfer.

A primary obstacle in single-molecule experiments to probe
transient protein interactions is the low concentrations {2010-°
M) commonly used to spatially separate molecules for detection,
which limits the experiments to strong protein interactions. Weak

protein i_nteractiqns, including Ha_IﬂNDP interac_ti_ons, need to transient Hah+MBD4 interactions. ThredrreT States are clear
be studied at higher concentrations. Nonspecific pretglass in the Errer trajectories aErrer ~0.2, 0.5, and 0.9, denoted B,
surface interactions during molecule immobilization present another E,, andEs, respectivelyE, is clearly different from that€0.1) of

challenge and must be minimized. . ._the acceptor photobleached or blinked state. Considering the small
To overcome these challenges, we adapted a nanovesicle trappingi ansions of Hahl and MBD4 B nm)*89the small value of

stra_tegy (Figure 1), W_h'_Ch was'used to Stl_de protein and RNA E, indicates Hah1 and MBD4 are distant from each other; we thus
folding and DNA—protgln |nter.act|0ns atthe s!ngle-molecule .IeK/eI. associatedE, with their dissociated state (see Sl). The valueg,of
I\i/\[g(ied t\r/zzfc?g. g]:chzemc:ﬂsgtgﬁ &Zﬁ%ﬂﬁ;&i 11%9123 dtlr??eter and E; indicate the two proteins are within a.few nanomgters in
. o e h these two states; we thus associdiednd E, with two transient
effective concentration is~3 uM for each protein inside. Low Hah1-MBD4 interaction complexes (see SI and Figure S7). The
- — significant difference betweeB; and E; indicates the Cy3Cy5
i&,‘ggt‘zlr'nul\’}l'i“’:ﬂ@% University. distances differ by nanometers between the two complexes, which
§ Northwestern University. can arise from their differences in overall interaction geometries

concentrations of vesicles are then immobilized on a lipid bilayer
or polymer-coated glass surface so protajfass interactions are
eliminated.

To report Hah1-MBD4 interactions by smFRET, we introduced
a C-terminal cysteine in both Hahl and MBD4 and labeled this
cysteine of Hahl with Cy5 and that of MBD4 with Cy3. Cy3
Cy5 form a FRET pair with a Fster radius of~6 nm. The
cysteines in the CXXC motifs were protected specifically from
labeling. We purified the labeled proteins and confirmed their"Cu
binding and transfer functions (Supporting Information (Sl)).

We used total internal reflection fluorescence microscopy with
532 nm laser excitation to measure SmFRET of single interacting
airs of Cy5-Hah1l and Cy3-MBD4 trapped in nanovesicles. We
nly analyzed data from vesicles containing one €fahl and
one Cy3-MBD4 (see Sl). This way we also eliminated the
complication of dimeric or multimeric interactions between mol-
ecules of the same type, which are unavoidable in ensemble
experiments and complicate protein interaction studies. This is
particularly relevant in studying HarWDP interactions, as Hah1l
could form homodimer§.

The fluorescence and the corresponding FRET efficieBeyey)
trajectories of two interacting pairs of Hah1l and MBD4 molecules
are shown in Figure 2A and 2B. The Cy3 and Cy5 fluorescence of
each pair show anticorrelated intensity fluctuations, reporting
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Figure 2. (A and B) Fluorescence artekret (Icys/(Icys + lcys)) trajectories
of two interacting Cy5-Hahl and Cy3-MBD4 pairs. (C) Hah+MBD4
interaction scheme. (D) Waiting time)(distributions for the six kinetic
steps in (C). Data compiled from 163 HahlBD4 interacting pairs and
total 1101 transitions. Solid lines are exponential fits.

or in the conformation of one or both proteins. The latter is less
likely as NMR studies showed Hahl only has angstrom-scale
conformational flexibilities'® which should not result in significant
difference inErger that is sensitive only at the nanometer scale.
The structure of WDP MBD4 has not been solved, but the NMR
structure of the fourth MBD of the Menkes protein, which is
homologous to WDP MBD4, has only angstrom-scale conforma-
tional flexibility, as well? The direct resolution of two distinct
interaction complexes here is the first evidence that multiple
interaction intermediates exist for metallochapereta@get protein
interactions and that Hah1 can form complexes with WDP without
Cutt. We have further confirmed that nonspecific interactions
between the proteins and the lipids are minimal and the protein
interactions are not induced by the labeling (see SI).

In the Errer trajectories, the transitions betweEBpandE; and
betweenEy and E, reflect the Hah+MBD4 association and
dissociation events, while those betwe&n and E, are the

interconversions between the two interaction complexes. Figure 2C

shows the HahtMBD4 interaction scheme deduced from the

smFRET data. The six rate constants in the scheme are obtainable

from the statistical distributions of the six types of waiting times
before eactErrer transition (Figure 2D; see Sl). All waiting time

distributions can be fitted with single-exponential decays. For
Hah1l-MBD4 complex dissociations and interconversions, which

are unimolecular reactions, the decay constants are the rate

constants. For protein association, the effective concentrati@n (
uM) of a molecule in a nanovesicle needs to be factored out from

the decay constants to obtain the rate constants. The determined ©)

rate constants are1(® s ! for complex dissociations and inter-
conversions, and10° M~ s1 for protein associations (Figure 2D).

Particularly, we have directly resolved the interconversion dynamics

between the two interaction complexes and quantified the rate
constants of both the forward and the reverse reactiensemble
studies of intermediate interconversion dynamics typically only
obtain the sum of the forward and reverse rate constants. The rate
constants also enabled determination of separate dissociation
constants for the two interaction complexes with= 3.9+ 0.6

uM andK; = 6 + 1 uM (see also Figure S6).

The ability of Hahl and MBD4 to form multiple interaction
complexes with different interaction geometries has functional
significance. First, it increases the probability of complex formation
when Hahl1 and WDP encounter through diffusion inside cells. The
formed complex may proceed to accomplish'Ctransfer or, if
unproductive, convert to another complex for'Ctransfer. Second,
it raises the possibility of Hah1 interacting with two WDP MBDs
simultaneously and hence cooperative effects among WDP MBDs
for Cut* transfer. The interactions of Hah1 with different combina-
tions of MBDs may also play a role in the functional differences
of these MBDs.

In summary, this study represents the first application of
nanovesicle trapping to study weak proteprotein interactions
on a single-molecule basis. We observed transient copper chaperone
target protein interactions one event at a time, captured distinct
protein interaction intermediates, and resolved intermediate inter-
conversion dynamics. The quantitative dynamic information will
help one to understand how metallochaperones and their target
proteins collaborate for metal transfer. By studying thel'Cu
dependence of the interaction kinetics, this single-molecule approach
also offers a means to probe thelCtransfer process and identify
the productive interaction complex. Moreover, we expect that the
nanovesicle trapping strategy coupled with sSmFRET is applicable
for studying many other weak protein interactions at the single-
molecule level.
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ADDITIONS & CORRECTIONS

Probing Transient Copper Chaperone—Wilson Disease
Protein Interactions at the Single-Molecule Level with
Nanovesicle Trapping [J. Am. Chem. Soc. 2008, 130,
2446-2447]. Jaime J. Benitez, Aaron M. Keller,
Patrick Ochieng, Liliya A. Yatsunyk, David L. Huffman,*
Amy C. Rosenzweig, and Peng Chen*

The distributions of the individual waiting times in Figure
2D were analyzed incorrectly. In the protein interaction scheme
(Figure 2C), each of the Egggr states (Ey, Ej, and E,) branches
directly to two other states. The decay constant from each of
the six waiting time distributions (i.e., To—1, To—2, Ti1—0> T1—2,
To—0, and 7,—-;) does not directly correspond to a particular
kinetic constant in the interaction scheme, but instead is the
sum of the rate constants of the two kinetic processes that branch
from the same state (i.e., Ey, Ej, or E). The individual rate
constants can subsequently be determined using the ratios of
the number of transition events for each kinetic process. The
relations between the decay constants of the waiting time
distributions and the rate constants are given in the revised
Figure 2D below; their derivations are in the additional
Supporting Information. The decay constants of the 7p.; and

30 a
(ky+k,)[P]
20 =0.8+0.1s"

To_1

# of events

b
30] (ky+k,)[P] 20
=1.0+0.1s"

K+,
=1.4+0.1s" 20

To—o distributions should be the same, as should those of the
T1—g and T,—, distributions and those of the 7,y and 7,
distributions. By omitting the first bin in each waiting time
distribution, which is often inaccurate due to limited time
resolution, all six waiting time distributions can be fitted
consistently with single-exponential decay functions (Figure
2D). The results give k; = (1.6 £ 0.2) x 100 M~ ! s, k) =
088 4+0.04s Lky=(144£02) x 1M 's L k=13
0.1s ', k3=042+0.04s !, and k.3 = 0.7 = 0.1 s”'. From
these rate constants, we can also obtain the dissociation constants
for the two interaction complexes with K; = 5.6 £+ 0.6 uM and
K> =9 £ 1 uM (see also revised Figure S6 in the Supporting
Information). Except for the quantitative values of the kinetic
parameters listed here, this correction does not affect any other
conclusions in our study. We thank Taekjip Ha for alerting us
to the error.

Supporting Information Available: Derivation of waiting
time distribution for branching processes and revised Figure S6.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 2. (D) Distributions of the waiting times before each Ey—E transition (7o—i, a), Eg—E> transition (to—2, b), E;—Ey transition (71—, ¢), E;—E»
transition (71—, d), Ex—E) transition (72—, €), and E,—E) transition (72—, f). Solid lines are exponential fits; insets give the decay constants of the exponential
fits and the relations to the protein interaction rate constants in Figure 2C (see the original paper). [P] is the effective concentration (~3 uM) of a single

protein molecule in the nanovesicle.
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