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ABSTRACT: As part of intracellular copper traﬃcking pathways, the human
copper chaperone Hah1 delivers Cu+ to the Wilson’s Disease Protein (WDP)
via weak and dynamic protein−protein interactions. WDP contains six
homologous metal binding domains (MBDs) connected by ﬂexible linkers,
and these MBDs all can receive Cu+ from Hah1. The functional roles of the
MBD multiplicity in Cu+ traﬃcking are not well understood. Building on our
previous study of the dynamic interactions between Hah1 and the isolated
fourth MBD of WDP, here we study how Hah1 interacts with MBD34, a
double-domain WDP construct, using single-molecule ﬂuorescence resonance energy transfer (smFRET) combined with vesicle trapping. By
alternating the positions of the smFRET donor and acceptor, we systematically probed Hah1−MBD3, Hah1−MBD4, and
MBD3−MBD4 interaction dynamics within the multidomain system. We found that the two interconverting interaction
geometries were conserved in both intermolecular Hah1−MBD and intramolecular MBD−MBD interactions. The Hah1−MBD
interactions within MBD34 are stabilized by an order of magnitude relative to the isolated single-MBDs, and thermodynamic and
kinetic evidence suggest that Hah1 can interact with both MBDs simultaneously. The enhanced interaction stability of Hah1 with
the multi-MBD system, the dynamic intramolecular MBD−MBD interactions, and the ability of Hah1 to interact with multiple
MBDs simultaneously suggest an eﬃcient and versatile mechanism for the Hah1-to-WDP pathway to transport Cu+.
similar high aﬃnity (∼1018 M−1), which was also observed for
homologous proteins.9 Under a shallow thermodynamic
gradient, Hah1 can transfer Cu+ to each MBD with similar
eﬃciency.9a,10 The Cu+ transfer is mediated by weak and
dynamic protein interactions, KD ∼ μM, and involves metalbridging of the CXXC motifs of the two proteins.2a,c,d,11
Despite the many similarities among the MBDs, various
diﬀerences exist. These diﬀerences include electrostatic
potentials, locations within the N-terminal tail, ability to
reorient with regard to the adjacent linkers, and complex
formation with other MBDs or Hah1.12 A combination of yeast
two-hybrid assays2c,13 and NMR studies10,12b,14 have shown
that, in general, Hah1 preferentially interacts with MBDs 1−4
over MBDs 5−6. Further, yeast complementation15 and cellular
imaging studies16 showed that only MBDs 5−6 were essential
for maintaining WDP function. It is also possible that the
multiple MBDs function to regulate the Cu+-translocation
activity4c,7,17 or relocalization of WDP/MNK for Cu+eﬄux4c,16,18 via large-scale conformational changes in the
cytoplasmic tail.12a,d,14a,19
Both intermolecular Hah1−MBD interactions and intramolecular MBD−MBD interactions are vital to WDP/MNK’s
function. Characterizing and understanding these weak and

1. INTRODUCTION
Copper is an essential cofactor for many enzymes, but it must
be safely transported and regulated in the cell to avoid harmful
eﬀects such as oxidative damage.1 In humans, the copper
chaperone, Hah1, speciﬁcally delivers Cu+ via weak and
dynamic protein interactions to two homologous PIB-type
ATPases: the Wilson’s Disease Protein (WDP) and the
Menkes’ Disease Protein (MNK).2 Under normal conditions
both WDP and MNK reside in the trans-Golgi network and use
ATP hydrolysis to drive Cu+ translocation from the cytosol into
the Golgi for later incorporation into various copper enzymes.3
Under elevated Cu+ stress, they relocalize for the export of Cu+
from the cell.4 Genetic defects in WDP and MNK result in
copper toxicity and deﬁciency disorders respectively.5
Both WDP and MNK have six cytosolic N-terminal metal
binding domains (MBDs, numbered 1−6 starting from the Nterminus) connected by ﬂexible linkers of various lengths.
Interestingly, the number of MBDs varies between one and six
with higher organisms generally having more MBDs.6 The
catalytic core of WDP/MNK contains eight transmembrane
helices that constitute the Cu+ pump, an ATP-binding domain,
and an actuator domain involved in the regulation of Cu+
translocation.4c,7
The individual WDP/MNK MBDs and Hah1 are all
homologous, each having a βαββαβ protein fold and a
CXXC Cu+-binding motif.8 They can all bind Cu+ with a
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Figure 1. (A) Cy5−Hah1 + Cy3−MBD34L4 labeling scheme to probe Hah1−MBD4 interactions, (B) corresponding smFRET trajectory, and (C)
two-dimensional (2-D) histogram of the average lower vs average higher EFRET state for 226 pairs. (D) Cy5−Hah1 + Cy3−MBD34L3 labeling
scheme to probe Hah1−MBD3 interactions, (E) corresponding smFRET trajectory, and (F) 2-D EFRET histogram for 285 pairs. (G) Cy3Cy5−
MBD34L34 labeling scheme to probe MBD3−MBD4 interactions, (H) corresponding smFRET trajectory, and (I) 2-D EFRET histogram for 248
molecules. In all trajectories, the light colors show the original ﬂuorescence intensities and corresponding EFRET while the darker colors represent
data subjected to nonlinear forward−backward ﬁltering (section S9 [SI]). For each 2-D histogram, three populations are observed, corresponding to
ELow−EMid, ELow−EHigh, and EMid−EHigh combinations. The 1-D projections of the histograms and their Gaussian resolution allow for the
determination of the center EFRET values.

This approach also eliminates homodimeric interactions
between two proteins of the same type, which are unavoidable
in ensemble measurements.
We have previously used this approach to study interactions
between Hah1 and the isolated fourth MBD of WDP, denoted
MBD4SD (SD: “single domain”), both in the absence and
presence of Cu+.26 We found that Hah1 interacts with MBD4SD
in two geometries, which can interconvert dynamically. We
hypothesized that these multiple interaction geometries
increase the probability of forming a complex for Cu+ transfer,
and that the two geometries may allow for Hah1 interaction
with multiple MBDs simultaneously. Both interaction geometries are stabilized in the presence of 1 equiv of Cu+, and
destabilized under excess Cu+ loading.
Here we seek to understand Hah1−WDP interactions in the
context of WDP’s multi-MBD structure, using a WDP
construct containing its third and fourth MBDs, MBD34. We
have systematically probed Hah1−MBD3, Hah1−MBD4, and
MBD3−MBD4 interactions using a series of FRET labeling
schemes. Note that we use the terms “MBD3” and “MBD4” to
refer to the respective MBDs within the multidomain MBD34
construct. To probe whether Hah1−MBD interactions are
inﬂuenced by the presence of additional MBDs, we compare

dynamic protein interactions remains an important, yet
challenging, task. Surface plasmon resonance studies have
been used to study the kinetics of these interactions,20 but
nonspeciﬁc protein−surface interactions may perturb the
kinetics. NMR,10,12b,14,21 X-ray crystallography,11a,22 protein
docking,11b and molecular dynamic (MD) simulations11d,12c,d,23
have provided detailed structural information on the interaction
interfaces, but can only provide estimates on the interaction
thermodynamics and kinetics.
To compliment these studies while overcoming some of their
limitations, we use single-molecule ﬂuorescence resonance
energy transfer (smFRET)24 in combination with vesicle
trapping25 to quantify weak and dynamic Hah1−MBD and
MBD−MBD interactions. By labeling Hah1 and the MBDs
with a smFRET donor−acceptor pair, we can monitor the
interaction dynamics of a single pair in real time. This
eliminates the need for synchronization and allows us to
observe interaction intermediates that are otherwise masked in
ensemble-averaged measurements. The proteins are trapped
within a surface-immobilized ∼100-nm diameter unilamellar
lipid vesicle, which maintains an eﬀective protein concentration
of ∼μM, needed for studying weak interactions (KD ≈ μM),
while also eliminating nonspeciﬁc protein−surface interactions.
8935
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Hah1−MBD4SD vs Hah1−MBD4 interactions. To probe
whether Hah1 interacts preferentially with certain MBDs, we
compare Hah1−MBD4 vs Hah1−MBD3. To understand
intramolecular-interdomain interactions between MBDs and
how they are coupled to intermolecular interactions with Hah1,
we have studied the MBD3−MBD4 interactions both in the
absence and presence of Hah1. To probe what role multiple
MBDs play during the traﬃcking of Cu+, we have studied the
Cu+-dependence of Hah1−MBD4 interactions. Finally, we
propose a mechanism for the Hah1−multi-MBD interactions
and describe its functional signiﬁcance for Cu+ traﬃcking.

Because many smFRET trajectories showed only two EFRET
states before the Cy3 or Cy5 was photobleached, we pooled
data from a few hundred interacting pairs for each labeling
scheme and examined the 2-dimensional (2-D) histogram of
the average lower (either ELow or EMid) vs higher (either EMid or
EHigh) EFRET values (Figure 1C, F, I). Three distinct populations
are clear in each 2-D histogram, whose Gaussian-resolved peak
L4
L4
values are EL4
Low = 0.26 ± 0.01, EMid = 0.50 ± 0.01, and EHigh =
L4
L3
0.77 ± 0.01 for Cy5−Hah1 + Cy3−MBD34 ; ELow = 0.21 ±
L3
0.01, EL3
Mid = 0.49 ± 0.02, and EHigh = 0.76 ± 0.01 for Cy5−
L3
L34
Hah1 + Cy3−MBD34 ; and ELow = 0.22 ± 0.01, EL34
Mid = 0.50 ±
L34
0.02, and EL34
High = 0.75 ± 0.01 for Cy3Cy5−MBD34 .
The large values of EMid and EHigh indicate the formation of
intermolecular Hah1−MBD or intramolecular MBD3−MBD4
interaction complexes, as the Cy3 and Cy5 labels should be
within a few nm from each other. The signiﬁcant diﬀerence
between EMid and EHigh indicates that these two EFRET states
correspond to two protein interaction geometries, similar to
that observed in our previous study of Hah1 interacting with
the single-domain construct, MBD4SD.26a The similarity in the
EMid and EHigh values across the three labeling schemes indicates
that the two interaction geometries are conserved between
Hah1−MBD4, Hah1−MBD3, and MBD3−MBD4 interactions,
consistent with Hah1 and all WDP MBDs being homologous.
For the two labeling schemes that probe intermolecular
L3
Hah1−MBD interactions, the EL4
Low and ELow states represent
the case where the proteins are far apart, yet their EFRET values
are higher than that of a completely dissociated state, EDissoc =
0.15 ± 0.01, which was independently determined in control
experiments with vesicles containing free Cy3 and Cy5 and in
our previous study of Hah1−MBD4SD interactions.25d,26a
Therefore, besides the dissociated species, the EL4
Low state must
contain Cy5−Hah1 interactions with the unlabeled MBD3 in
Cy3−MBD34L4, and the EL3
Low state must contain Cy5−Hah1
interactions with the unlabeled MBD4 in Cy3−MBD34L3.
For Cy3Cy5−MBD34L34, EL34
Low corresponds to the state
where MBD3 and MBD4 are separate with their linker in a
highly ﬂexible, extended conformation (denoted as MBD34ext,);
this conformation was observed in MBD34’s NMR structures
(Figure S1,SI). 21d The E FRET value of this extended
conﬁrmation should be smaller than those of intramolecularinterdomain complexes, but higher than that of the dissociated
state EDissoc of intermolecular interactions, as observed. It is
worth noting that EL34
Low also approximates the EFRET value when
Cy5−Hah1 interacts with the respective unlabeled domain of
L3
L4
Cy3−MBD34L4 or Cy3−MBD34L3 (i.e., EL34
Low ≈ ELow ≈ ELow).
Combining all above results, we have studied how Hah1
interacts with each MBD within the double-domain WDP
construct, MBD34, and how the two domains in MBD34
interact with each other in the absence of Cu+. Hah1 can
interact with each MBD forming two diﬀerent complexes.
Correlating with our previous work on Hah1 interaction with
MBD4SD,26 the results show that Hah1 can interact with MBD4
in two geometries in both the single-domain MBD4SD and the
double-domain MBD34 constructs. For MBD3, our results
represent the ﬁrst direct observation of any complex formation
with Hah1. Moreover, we observed two MBD3−MBD4
interactions with geometries similar to Hah1−MBD interactions; this is the ﬁrst direct observation of intramolecularinterdomain complexes between MBD3 and MBD4. It appears
that the two interaction geometries are conserved for any pair
between Hah1, MBD3, and MBD4, which are all homologous
to each other. This conservation in interaction geometries

2. EXPERIMENTAL SECTION
The Supporting Information (SI) presents the experimental methods
(sections S1−9 [SI]), including the design of Hah1 and MBD34
constructs; protein expression, puriﬁcation, and characterization;
protein labeling with FRET probes, and subsequent puriﬁcation and
characterization; Cu+ removal; vesicle trapping, smFRET measurements, data analysis, and control experiments.

3. RESULTS AND ANALYSIS
3.1. FRET Labeling Schemes for Dissecting Protein
Interactions. We used three donor−acceptor (Cy3−Cy5)
FRET labeling schemes to dissect the inter- and intramolecular
interactions among Hah1 and the two MBDs of MBD34. To
directly observe Hah1−MBD4 interactions, we labeled Hah1 at
its C-terminus (i.e., C69) with Cy5, and MBD4 at its Cterminus (i.e., C206) with Cy3 (Figure 1A); we refer to this
MBD34 construct as “Cy3−MBD34L4,” where L4 denotes that
the label is on MBD4. To directly observe Hah1−MBD3
interactions, we labeled MBD3 at its C-terminus (i.e., C95)
with Cy3 (Figure 1D); we refer to this MBD34 construct as
“Cy3−MBD34L3.” To observe intramolecular-interdomain
MBD3−MBD4 interactions within MBD34, we labeled these
two domains at their respective C-terminals (i.e., C95 and
C206) with the Cy3−Cy5 pair (Figure 1G); the Cy3 or Cy5
can be attached to either of the two cysteines; we refer to this
double-labeled MBD34 construct as “Cy3Cy5−MBD34L34.”
This double labeling also generated MBD34 molecules that
contain two Cy3 or two Cy5; these could be easily
diﬀerentiated in our smFRET experiments and were excluded
in our data analysis (section S9 [SI]). In all MBD34 constructs,
the cysteines in the CXXC motif of MBD3 were mutated to
alanines to remove MBD3′s Cu+-binding capability, so Cu+transfer could only occur between Hah1 and MBD4.
3.2. Observation of Dynamic Protein−Protein Interactions in the Absence of Cu+. By trapping two protein
molecules labeled with the Cy3−Cy5 pair or a single protein
labeled with this pair within an immobilized vesicle and
measuring their smFRET, we ﬁrst studied the dynamic
interactions between Hah1 and MBD34 and between the two
domains of MBD34 in the absence of Cu+.
For all labeling schemes we observed anticorrelated Cy3−
Cy5 donor−acceptor ﬂuorescence intensity ﬂuctuations,
reporting the dynamic intermolecular Hah1−MBD (Figure
1B, E) and intramolecular MBD3−MBD4 interactions (Figure
1H). In each case, three interconverting EFRET states are
apparent, at EFRET ∼0.2, ∼0.5, and ∼0.8. We refer to these
L4
L4
respective states as EL4
Low, EMid, and EHigh for the Cy5−Hah1 +
L4
L3
L3
Cy3−MBD34 labeling scheme; ELow, EL3
Mid, and EHigh for the
L3
L34
Cy5−Hah1 + Cy3−MBD34 labeling scheme; and EL34
Low, EMid,
L34
L34
and EHigh for the Cy3Cy5−MBD34 labeling scheme.
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≈ 0.27) as discussed in section 3.2, and its center was ﬂoated in
Gaussian-resolving the EFRET distribution. Note, EDissoc and
L4
E′L4
Low are unresolved within the ELow state in Figure 1C.
Similarly, for Cy5−Hah1 + Cy3−MBD34L3, we used four
Gaussian peaks to resolve the EFRET distribution, centered at
L3
L3
EDissoc ≈ 0.15, E′L3
Low ∼ 0.27, EMid ≈ 0.50, and EHigh ≈ 0.75,
corresponding to the dissociated state, the state where Hah1
interacts with the unlabeled MBD4, and the two states where
Hah1 complexes with MBD3, respectively (Figure 2C). The
center positions and widths of these peaks were shared with
those in the EFRET distribution of Cy5−Hah1 + Cy3−MBD34L4
in Figure 2B; this is a valid approximation as the center
positions determined through the 2-D EFRET analyses are the
same within experimental error for Cy5−Hah1 + Cy3−
MBD34L4 and Cy5−Hah1 + Cy3−MBD34L3 (C and F of
Figure 1). Furthermore, because EDissoc represents the same
dissociated state for both Cy5−Hah1 + Cy3−MBD34L4 and
Cy5−Hah1 + Cy3−MBD34L3 labeling schemes, the relative
peak area of the EDissoc state is shared between B and C of
Figure 2.
The deconvolution of ELow′ from EDissoc in these EFRET
distributions allows us to account for Cy5−Hah1’s interactions
with the unlabeled domain within Cy3−MBD34L4 or Cy3−
MBD34L3, so that we can quantify the stability of the Hah1−
MBD interactions relative to the dissociated state EDissoc, given
by the peak area ratios in the EFRET distributions. In both Cy5−
Hah1 + Cy3−MBD34L4 and Cy5−Hah1 + Cy3−MBD34L3
labeling schemes, the EMid/EDissoc and EHigh/EDissoc area ratios
are comparable (Figure 2F), indicating that Hah1−MBD3 and
Hah1−MBD4 interactions have similar stabilities. However,
compared with Hah1−MBD4SD interactions, Hah1 interactions
with MBD4 and MBD3 within MBD34 are both more stable by
an order of magnitude, reﬂected by the increase in EMid/EDissoc
and EHigh/EDissoc area ratios (Figure 2F). This increased stability
indicates that there are concerted actions between the two
MBDs (and perhaps the linker region) in MBD34 for
interacting with Hah1.
The similar stability of Hah1−MBD3 and Hah1−MBD4
interactions suggests that Hah1 does not have signiﬁcant
preference for interacting with one MBD over the other within
the double-domain construct MBD34. This is contrary to
previous NMR experiments, which only detected Hah1
complex formation with MBD4 and not MBD3 (in the
presence of Cu+),10,21d but is in agreement with the yeast twohybrid assay, which also detected Hah1−MBD3 interactions.2c
The comparable complex formation of Hah1 with these MBDs
observed here may explain why Cu+-loaded Hah1 can metalate
both MBD3 and MBD4 fully.9a,10,21d
The area percentages (χ) of the EFRET states in the EFRET
distributions can be used to analyze the population percentages
of all complexes. From the Cy5−Hah1 + Cy3−MBD34L4 EFRET
distribution (Figure 2B), the total population percentage of
L4
Hah1 in complexes with MBD4 is χL4
Mid + χHigh = 62 ± 4%. From
L3
the Cy5−Hah1 + Cy3−MBD34 EFRET distribution (Figure
2C), the total population percentage of Hah1 in complexes
L3
with MBD3 is χL3
Mid + χHigh = 52 ± 9%. Interestingly, the total
population percentage of Hah1 in complexes with either MBD3
or MBD4 would then sum to greater than unity (114 ± 10%).
This suggests there must be overlap (>14 ± 10%) between the
population of Hah1 in complexes with MBD3 and that of Hah1
in complexes with MBD4. In other words, there must be a
population in which Hah1 is in close proximity with MBD4 and
MBD3 simultaneously, e.g., forming 3-body interactions.

indicates that Hah1, MBD3, and MBD4 use similar protein
surface patches for their interactions.
3.3. Stabilities of Hah1−MBD34 Intermolecular Interactions in the Absence of Cu+. B and C of Figure 2 show

Figure 2. Compiled EFRET distributions (bin size = 0.03) and
corresponding Gaussian ﬁts for (A) Cy5−Hah1 + Cy3−MBD4SD, (B)
Cy5−Hah1 + Cy3−MBD34L4, (C) Cy5−Hah1 + Cy3−MBD34L3,
(D) Cy3Cy5−MBD34L34, and (E) Cy3Cy5−MBD34L34 with excess
Hah1. The EFRET distributions were ﬁtted globally by sharing the
center values and widths of each EFRET state. (F) The area ratios of
EMid and EHigh states with respect to EDissoc for Cy5−Hah1 + Cy3−
MBD4SD, Cy5−Hah1 + Cy3−MBD34L4, and Cy5−Hah1 + Cy3−
MBD34L3 determined from A−C. (G) The area ratios of EMid and
EHigh with respect to ELow′ for Cy3Cy5−MBD34L34 and Cy3Cy5−
MBD34L34 with excess Hah1 determined from D−E.

the EFRET distributions from hundreds of smFRET trajectories
of Cy5−Hah1 interacting with Cy3−MBD34L4 or Cy3−
MBD34L3, along with that of Cy5−Hah1 interacting with
Cy3−MBD4SD that we reported previously (Figure 2A).25d,26a
These EFRET distributions can be Gaussian-resolved to
individual EFRET states; the relative areas of the resolved
peaks reﬂect the relative stabilities of chemical species
associated with the EFRET states.
For Cy5−Hah1 + Cy3−MBD4SD, as determined previous25d,26a
ly,
the EFRET distribution contains three peaks (Figure
2A): EDissoc ≈ 0.15, EMid ≈ 0.50, and EHigh ≈ 0.81,
corresponding to the dissociated state and the two Hah1−
MBD4SD interaction complexes, respectively.
For Cy5−Hah1 + Cy3−MBD34L4, we used four Gaussian
peaks to resolve the EFRET distribution (Figure 2B). Two of
L4
them are centered at EL4
Mid ≈ 0.50 and EHigh ≈ 0.75, as resolved
in Figure 1C, which correspond to the complexes between
Hah1 and MBD4. For the other two, one accounts for the
dissociated state (EDissoc), which is centered at ∼0.15 as
resolved from the Cy5−Hah1 + Cy3−MBD4 SD E FRET
distribution (Figure 2A) and appears as a shoulder in Figure
2B; the other accounts for the state where Cy5−Hah1 forms
complexes with the unlabeled MBD3 in Cy3−MBD34L4 (E′L4
Low
8937
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Table 1. Average Dwell Time (seconds) of each EFRET State

In the Cy5−Hah1 + Cy3−MBD34L4 EFRET distribution
(Figure 2B), the E′L4
Low state represents Hah1 interactions with
the unlabeled MBD3 in the MBD34ext conformation (as any
L4
interactions involving MBD4 are contained in EL4
Mid or EHigh). Its
population percentage, χ′L4
=
35
±
4%,
is
signiﬁcantly
less
than
Low
the population percentage of all Hah1 complexes with MBD3
determined from the Cy5−Hah1 + Cy3−MBD34L3 EFRET
L3
distribution (χL3
Mid + χHigh = 52 ± 9%, Figure 2C); the diﬀerence
between the above percentages again indicates that there is
overlap (17 ± 10%) between the apparent Hah1−MBD3 and
Hah1−MBD4 complexes.
Similarly, in the Cy5−Hah1 + Cy3−MBD34 L3 E FRET
distribution (Figure 2C), the E′L3
Low state represents Hah1
interactions with the unlabeled MBD4 in the MBD34ext
conformation. Its population percentage, χ′L3
Low = 46 ± 9%, is
less than the population percentage of all Hah1 complexes with
MBD4 determined from the Cy5−Hah1 + Cy3−MBD34L4
L4
EFRET distribution (χL4
Mid + χHigh = 62 ± 4%, Figure 2B). In
agreement with the analysis above, the diﬀerence (16 ± 8%)
again reﬂects a population overlap in the apparent Hah1−
MBD3 and Hah1−MBD4 complexes.
To summarize, the population analysis of Cy5−Hah1
interacting with Cy3−MBD4SD, Cy3−MBD34L4, and Cy3−
MBD34L3 demonstrates that Hah1 interactions with MBDs
within the double-domain construct MBD34 are signiﬁcantly
more stable than with the isolated MBD4SD. Moreover, Hah1−
MBD3 and Hah1−MBD4 interactions have similar stability;
and Hah1 can be in close proximity to MBD3 and MBD4
simultaneously, with an occurrence of ∼16%.
3.4. Time Scales of Intermolecular Hah1−MBD34
Interactions in the Absence of Cu+. From the smFRET
trajectories (B, E, and H of Figure 1), we can quantify the
stochastic dwell times (τLow, τMid, and τHigh) of the three EFRET
states (ELow, EMid, and EHigh). The distributions of these dwell
times all follow single-exponential decay approximately: f(τ) =
N exp(−τ/τ),
̅ where τ ̅ is a time constant and N is a scaling
factor (Figure 3 and S3). τ ̅ is also equivalent to the average of

experiment
apo Cy5−Hah1 + Cy3−
MBD4SD
apo Cy5−Hah1 + Cy3−
MBD34L4
+ 1 equiv of Cu+
+ 2 equiv of Cu+
+ 4 equiv of Cu+
apo Cy5−Hah1 + Cy3−
MBD34L3
Cy3Cy5−MBD34L34
+ excess Hah1

τL̅ ow
0.97 ± 0.07

τM
̅ id
0.88 ± 0.05

τH̅ igh
0.67 ± 0.04

0.77 ± 0.06

0.95 ± 0.05

1.09 ± 0.06

0.83
0.62
0.67
0.89

±
±
±
±

0.07
0.04
0.04
0.06

0.59 ± 0.03
0.48 ± 0.02

0.85
0.44
0.43
0.80

±
±
±
±

0.05
0.02
0.02
0.04

0.64 ± 0.03
0.38 ± 0.01

0.95
0.53
0.48
0.69

±
±
±
±

0.05
0.03
0.02
0.03

0.61 ± 0.03
0.34 ± 0.01

as the ELow state in the smFRET trajectories contains
contributions from both the dissociated state (EDissoc) and the
complexes in which Cy5−Hah1 interacts with the unlabeled
domain in Cy3−MBD34L4 or Cy3−MBD34L3 (i.e., ELow′), as
discussed in sections 3.2 and 3.3. In both labeling schemes, the
population of ELow′ state is much higher than that of EDissoc,
shown by the resolved EFRET distributions (Figure 2B, C).
Therefore, τL̅ ow predominantly represents the apparent lifetime
of ELow′ for these two labeling schemes.
Comparing the apparent lifetimes of Hah1−MBD4 and
Hah1−MBD4SD complexes (from Cy5−Hah1 interacting with
Cy3−MBD34L4 or Cy3−MBD4SD), τM
̅ id is similar in both cases
(∼0.9 s), whereas τH̅ igh is slightly longer for Hah1−MBD4
(∼1.1 s) vs Hah1−MBD4SD (∼0.7 s) (Table 1). These
comparable or slightly longer lifetimes of the Hah1−MBD4
interaction complexes cannot account fully for the order-ofmagnitude increase in complex stability observed in the EFRET
distributions (Figure 2B vs Figure 2A, and Figure 2F).
Therefore, there must be a signiﬁcant decrease in the lifetime
of the dissociated state for Hah1 interacting with the doubledomain construct MBD34. This decrease in the lifetime of the
dissociated state has also been proposed by van Dongen et al.
to rationalize the increased aﬃnity of Hah1 interacting with a
four-domain WDP construct (MBDs 1−4) as compared with
single-isolated MBDs, arising from the presence of multiple
binding sites for Hah1.13 Unfortunately, we could not
determine the lifetime of the dissociated state due to its
minor contribution to the experimental τL̅ ow.
Comparing the apparent lifetimes of Hah1−MBD4 and
Hah1−MBD3 complexes (from Cy5−Hah1 interacting with
Cy3−MBD34L4 or Cy3−MBD4L3), τM
̅ id and τH̅ igh are slightly
longer for Hah1−MBD4 complexes, but are still in similar
magnitude (∼1 s, Table 1). This is consistent with the similar
stabilities of Hah1−MBD4 and Hah1−MBD3 interactions,
given by the area ratios of their respective EFRET states (Figure
2F). Their τL̅ ow’s are also similar, and mainly reﬂect the lifetimes
for Cy5−Hah1 interactions with the respective unlabeled
domain within Cy3−MBD34L4 or Cy3−MBD34L3.
In short, here we have examined the apparent lifetimes of the
EFRET states for Cy5−Hah1 interacting with Cy3−MBD4SD,
Cy3−MBD34L4, or Cy3−MBD34L3 to assess the kinetic aspect
of the trends in complex stability for Hah1−MBD4SD, Hah1−
MBD4, and Hah1−MBD3 interactions. Comparing Hah1−
MBD4 vs Hah1−MBD3 interactions, the apparent lifetimes of
the protein complexes are similar, consistent with their similar
apparent stabilities. However, the apparent lifetimes of their
complexes are also similar to those of Hah1−MBD4SD
interactions; therefore, the increased complex stabilities in
Hah1’s interactions with MBD34 likely come from an increase

Figure 3. Distributions of the dwell time τLow, τMid, and τHigh from
EFRET trajectories of Cy5−Hah1 + Cy3−MBD34L4. Bin size = 0.3 s.
Solid lines are ﬁts with a single-exponential decay function, f(τ) = N
exp(−τ/τ).
̅ Here τ̅ is the decay time constant, which also represents
the average dwell time. N is a scaling factor. This analysis was
performed for the dwell times from EFRET trajectories for all labeling
schemes (section S11 [SI]). τL̅ ow, τM
̅ id, and τH̅ igh represent the apparent
lifetime of respective states (Table 1).

the respective dwell time and represents the apparent lifetime
of that EFRET state. Table 1 summarizes the apparent lifetimes
(τL̅ ow, τM
̅ id, and τH̅ igh) of each EFRET state for each labeling
scheme.
For the Cy5−Hah1 + Cy3−MBD34L4 and Cy5−Hah1 +
Cy3−MBD34L3 labeling schemes, τM
̅ id and τH̅ igh represent the
apparent lifetimes of the interaction complexes between Hah1
and MBD4 or between Hah1 and MBD3, respectively.
Unfortunately, τL̅ ow is not the lifetime of the dissociated state,
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the 2-D EFRET analysis (Figure S4B [SI]) and the EFRET
distribution (Figure 2E). Therefore, the two intramolecular−
interdomain complexes of MBD34 still occur in the presence of
Hah1. However, the apparent stabilities of these three states
have changed, reﬂected by the changes in the peak area ratios in
the EFRET distribution (Figure 2G), and thus have the average
dwell times of these three states (Table 1). These changes
indicate that Hah1 interacts with MBD34 regardless of its two
domains being in the extended conformation or forming
intramolecular−interdomain complexes. Particularly, the ability
of Hah1 to interact with the intramolecular−interdomain
complexes of MBD34 indicates that Hah1, MBD3, and MBD4
can come together to form 3-body interactions, consistent with
the population overlap between the complexes observed in the
Cy5−Hah1 + Cy3−MBD34L4 and Cy5−Hah1 + Cy3−
MBD34L3 experiments (section 3.3).
3.6. Cu+-Dependence of Hah1−MBD34 Interactions.
We further investigated the Cu+-dependence of Hah1−MBD34
interactions using the Cy5−Hah1 + Cy3−MBD34L4 labeling
scheme, which directly probes Hah1−MBD4 interactions. Cu+transfer can only occur between Hah1 and MBD4 here because
the CXXC Cu+-binding motif of MBD3 was mutated to AXXA.
The Cu+-dependence of the isolated Hah1−MBD3 interactions
should be minimal, as Hah1 has merely small conformational
changes upon Cu+-binding.27
L4
L4
Three apparent EFRET states (EL4
Low, EMid, and EHigh) are still
observed in the presence of 1, 2, and 4 equiv of Cu+ (Figure
S4A [SI]). Again, the apparent EL4
Low state contains contributions from the dissociated state, EDissoc, and Hah1 interactions
with the unlabeled MBD3, E′L4
Low. All three EFRET values are
similar to those in the absence of Cu+ (Figure 1C), indicating
that within our experimental limit the Hah1−MBD4 interaction
geometries remain largely unchanged by Cu+.
Yet, the stabilities and dynamics of the Hah1−MBD4
interactions are dependent on the presence of Cu+, as shown
by the Gaussian-resolved EFRET distributions and average
lifetimes (Figure 4). In the presence of 1 equiv of Cu+, the
L4
L4
/E Dissoc and E High
/E Dissoc area ratios in the E FRET
E Mid
L4
distribution and the lifetimes of EL4
Mid and EHigh do not change
much compared with those of the apo protein interactions
(Figure 4D, E). Therefore, Hah1 interactions with MBD4 are
apparently unperturbed by 1 equiv of Cu+. This is in contrast to
the Cu+-dependence of Hah1−MBD4SD interactions, which
showed a factor of ∼1.3 stabilization at 1 equiv of Cu+; this
stabilization was attributable to Cu+-bridging at the protein
interaction interface.2a,c,d,11,26c This contrast indicates that the
Cu+-bridging-induced stabilization is insigniﬁcant for Hah1
interacting with the multidomain MBD34 construct, possibly
because the apo Hah1−MBD4 interactions are already ∼16
times more stable than the apo Hah1−MBD4SD (Figure 2F).
An NMR characterization of Hah1’s interactions with a WDP
multidomain construct containing MBDs 4−6 also showed that
Cu+ does not greatly perturb Hah1−MBD interactions.14b
L4
In the presence of 2 equiv of Cu+, the EL4
Mid/EDissoc and EHigh/
EDissoc area ratios both decrease by a factor of ∼2 compared
with the apo and 1 equiv Cu+ conditions (Figure 4D). This
decrease in stability can be attributed to a decrease in the
L4
average lifetimes of the EL4
Mid and EHigh states, τM
̅ id and τH̅ igh,
which also decrease by a factor of ∼2 (Figure 4E). No further
change was observed in the EFRET distribution (Figure 4C, D)
or average lifetimes (Figure 4E) with 4 equiv Cu+, indicating
that both proteins are fully metalated at 2 equiv of Cu+.

in the rate of protein association, rather than decrease in
protein dissociation.
3.5. Stabilities and Kinetics of Intramolecular−
Interdomain Interactions within MBD34. Using
Cy3Cy5−MBD34L34, we observed intramolecular interactions
between MBD3 and MBD4 (section 3.2). Besides the extended
L34
conformation, MBD34ext (i.e, ELow
), two intramolecular−
L34
interdomain complexes are clear (i.e., EL34
Mid and EHigh), which
interconvert dynamically (Figure 1H and I). Scheme 1 presents
the simplest kinetic scheme describing these intramolecular−
interdomain interactions within MBD34.
Scheme 1. Kinetic Mechanism of the Intramolecular−
Interdomain Interactions between MBD3 and MBD4. Rate
Constants: k1 = 0.9 ± 0.1 s−1, k−1 = 0.88 ± 0.09 s−1, k2 = 0.79
± 0.05 s−1, k−2 = 0.76 ± 0.08 s−1, k3 = 0.69 ± 0.03 s−1, and
k−3 = 0.87 ± 0.04 s−1; Equilibrium Constants: K34
1 = 1.0 ±
34
0.2, K34
2 = 1.0 ± 0.1, and Kint = 0.79 ± 0.05

Accordingly, we used three Gaussian peaks to resolve the
EFRET distribution of Cy3Cy5−MBD34L34 (Figure 2D). They
L34
L34
are centered at E′L34
Low ≈ 0.27, EMid ≈ 0.50, and EHigh ≈ 0.75,
corresponding to the extended conformation, MBD34ext, and
the two intramolecular-interdomain complexes, denoted as
1
MBD34 and 2MBD34, respectively. The center value and
L3
L4
width of the E′L34
Low peak were shared with E′Low and E′Low in B
and C of Figure 2 because the observed EFRET for MBD34ext in
the Cy3Cy5−MBD34L34 labeling scheme should be similar to
Cy5−Hah1 interacting with the unlabeled domain in Cy3−
MBD34L4 or Cy3−MBD34L3. The center values and widths of
L34
EL34
Mid and EHigh were shared with the other distributions as well
because the two interaction geometries between any pair of
Hah1, MBD3, and MBD4 appear conserved as noted
previously (section 3.2). Relative to the extended conformation,
MBD34ext, the equilibrium stability constants of 1MBD34 (K34
1
= 0.6 ± 0.2) and 2MBD34 (K34
2 = 0.6 ± 0.2) can be obtained
from the peak area ratios in the Cy3Cy5−MBD34L34 EFRET
distribution (Figure 2D and Scheme 1). These two intramolecular complexes are approximately equal in stability.
The kinetics of the intramolecular−interdomain interactions
can be quantiﬁed from the EFRET state lifetimes (τL̅ ow, τM
̅ id, and
τH̅ igh) for Cy3Cy5−MBD34L34 using the kinetic mechanism in
Scheme 1 (section S12 [SI]).25d,26b The intramolecular−
interdomain association rate constants (k1 and k2), the
dissociation rate constants (k−1 and k−2), and the interconversion rate constants (k3 and k−3) all occur in similar time scales,
∼1 s−1. The rate constants also give the equilibrium constants,
34
34
K34
1 = 1.0 ± 0.2, K2 = 1.0 ± 0.1, and Kint = 1.3 ± 0.3, consistent
with those obtained from analyzing the Gaussian-resolved
EFRET distribution (Figure 2D).
In the presence of excess unlabeled Hah1, the three EFRET
states were still observed for Cy3Cy5−MBD34L34, shown by
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although the stabilities and lifetimes of the interaction
complexes decreased under excess Cu+ (section 3.6). This
decrease in stability may be due to a disruption of concerted
interactions within the double-domain MBD34, as this trend
was not observed for Hah1−MBD4SD interactions.
On the basis of the above results, we propose structural
models for Hah1−MBD34 interactions. These models are then
used to formulate a qualitative Hah1−MBD34 interaction
mechanism that includes both 2-body and 3-body interactions
between Hah1, MBD3, and MBD4.
4.1. Possible Structural Models of 2-Body and 3-Body
Protein Interaction Complexes. Two major interaction
geometries, EMid and EHigh, were observed for Hah1−MBD4,
Hah1−MBD3, and MBD3−MBD4 interactions. To better
understand how Hah1 and MBD34 interact, here we propose
possible structural models of interaction complexes based on our
smFRET results and past structural studies of these or
homologous proteins.
Hah1 and all WDP/MNK MBDs share the same βαββαβ
protein fold, and all contain the CXXC motif. The two αhelices are on one side of the protein (i.e., the “face” side), and
the four β-strands form a β-sheet on the other side (i.e., the
“back” side); we denote the “face” side of the protein with a
green helix and the “back” side with a purple arrow in our
cartoon representations in Figure 5.

Figure 4. Compiled EFRET distributions (bin size = 0.03) and Gaussian
ﬁts for Cy5−Hah1 + Cy3−MBD34L4 in the presence of (A) 1 equiv,
(B) 2 equiv, and (C) 4 equiv of Cu+ per protein pair. The EFRET
distributions were ﬁtted globally with those in Figure 2 by sharing the
center values and widths of each EFRET state. The area ratio between
L4
E′L4
Low and EDissoc was kept constant using the approximation that the
isolated Hah1−MBD3 interactions (represented by E′L4
Low) should be
L4
largely independent of Cu+. (D) Area ratios of EL4
Mid and EHigh with
L4
L4
respect to EDissoc for Cy5−Hah1 + Cy3−MBD34 with varying
L4
equivalents of Cu+. (E) Average dwell times of EL4
Mid and EHigh, τM
̅ id and
L4
τH̅ igh respectively, for Cy5−Hah1 + Cy3−MBD34 with varying
equivalents of Cu+.

The observed destabilization of the Hah1−MBD4 interactions at excess Cu+ relative to the apo condition was not
observed in the Hah1−MBD4SD interactions.26c Therefore, the
destabilization must be associated with the multidomain nature
of MBD34 compared with the isolated MBD4SD. It is possible
that the full metalation disrupts the concerted actions between
the two domains of MBD34, that were facilitating interactions
with Hah1.

4. DISCUSSION
We have used smFRET measurements combined with vesicle
trapping to probe the weak and dynamic interactions between
Hah1 and the double-domain MBD34 construct of WDP. By
placing the FRET donor or acceptor on Hah1, MBD3, or
MBD4 (section 3.1), we have examined how Hah1 interacts
with MBD3 and MBD4 and how MBD3 and MBD4 interact
with each other at the single-molecule level. For all cases, we
observed two major interaction complexes that interconvert
dynamically (section 3.2). The similarity in EFRET values across
all labeling schemes indicates that Hah1−MBD4, Hah1−
MBD3, and MBD3−MBD4 interaction geometries are
conserved, attributable to the sequence and structural
homology among Hah1, MBD3, and MBD4.
The Hah1 interactions with MBD3 and MBD4 of MBD34
have similar stabilities (section 3.3). The Hah1−MBD4
interactions are signiﬁcantly more stable than the Hah1−
MBD4SD interactions; this enhanced stability is associated with
an increase in the protein association rate, not a decrease in the
dissociation rates (section 3.4). An overlap population exists
between Hah1−MBD3 and Hah1−MBD4 complexes, attributable to Hah1 interacting with MBD3 and MBD4 simultaneously,
forming 3-body interactions. These 3-body interactions were
further supported by intramolecular−interdomain MBD3−
MBD4 complexes interacting with Hah1 (section 3.5).
In the presence of Cu+ and regardless of Cu+ stoichiometry,
the Hah1−MBD4 interaction geometries appear unchanged,

Figure 5. Structural models (top) of face-to-face (A) and face-to-back
(B) Hah1−MBD4 interaction complexes with corresponding cartoon
representations (bottom). Structural model of a 3-body interaction
where Hah1 is sandwiched between MBD3 and MBD4 (C) and where
Hah1 is interacting with an MBD34 intramolecular−interdomain
adduct (D). In the cartoons, the “face” side of a protein is represented
by a helix, and the “back” side is represented by an arrow. All models
were generated by overlaying MBD3 (PDB code 2ROP, yellow) and/
or MBD4 (PDB code 2ROP, blue) onto the Hah1−MNK1 structure
(PDB code 2K1R, gray) for face-to-face interactions or onto the Hma7
dimer structure (PDB code 3DXS, gray) for the face-to-back
interactions.

In our previous study of Hah1−MBD4SD interactions,26c we
have proposed a structural model giving rise to the EMid state
based on an interaction geometry between Hah1 and the ﬁrst
N-terminal MBD of MNK, MNK1, observed by NMR (Figure
5A).21e In this geometry, Hah1 and the MBD interact in a faceto-face manner: their CXXC motifs face each other, where a
metal ion can coordinate to cysteines from both proteins, thus
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Scheme 2. Illustrations of Major Features of Hah1−MBD34 Interaction Dynamics; (A, B) Intermolecular and Intramolecular
Hah1−MBD4, Hah1−MBD3, and MBD3−MBD4 Interactions Can Occur in Two Major Geometries, Providing Versatile
Docking with Interconversion for Cu+ Transfer; (C) Hah1 Can Interact with Intramolecular−Interdomain MBD34 Complexes
Linking MBD−MBD and Hah1−MBD Interactions; (D) 3-Body Interaction Where Hah1 Is Sandwiched Provides a Mechanism
to Reroute Hah1 between MBDs

measurements. The dynamic linker between MBD4 and
MBD3 may also play a role in the complex formation.12d
4.2. Hah1−MBD34 Interaction Mechanism and Its
Functional Implications. Using the proposed interaction
models, Scheme 2 illustrates the major features of dynamic
Hah1−MBD34 interactions, which were observed experimentally: (1) intermolecular interactions of Hah1 with MBD4 or
MBD3, each forming two interaction geometries that
interconvert dynamically (Scheme 2A), (2) intramolecular
interactions between MBD4 and MBD3, forming two
interconverting interaction geometries (Scheme 2B), and (3)
formation of 3-body interactions between Hah1, MBD4, and
MBD3 (Scheme 2C, D). A more detailed mechanistic model
and accompanying analysis are presented in sections S19−S21
(SI) for further discussion.
Inside cells Hah1 delivers Cu+ to WDP (or MNK), which
translocates Cu+ across membranes for either incorporation to
downstream copper proteins or eﬄux. WDP must operate with
both eﬃciency and versatility to receive, reroute, and export the
Cu+ delivery from many Hah1 molecules. Considering that
WDP has six MBDs, the major features of the Hah1−MBD34
interactions are advantageous for fulﬁlling these functions.
The operation versatility of WDP can be accomplished by
providing multiple MBDs for Hah1 to dock and deliver its
cargo. Hah1 can dock at each MBD with two diﬀerent
geometries (Scheme 2A) and can further interconvert between
its docking geometries dynamically, thus allowing either of the
two interfaces to be exposed for interaction with an additional
MBD. The 3-body interactions where Hah1 is sandwiched
between MBDs allow for the rerouting of Cu+ delivery, i.e., a
Hah1 molecule can be handed over directly from one MBD to
another (Scheme 2C). This rerouting of Hah1 would especially
be useful when the initially targeted MBD is already loaded
with Cu+. Consistent with this scenario, a decrease in complex
stability and lifetime was observed when Hah1 and MBD34 are
fully metalated (section 3.6), facilitating the departure of Hah1.
WDP’s intramolecular MBD−MBD interactions provide a
way for internal redistribution of Cu+ (Scheme 2B), either to
vacate space for next Hah1 delivery or to traﬃc Cu +
downstream. This redistribution also occurs in a versatile
manner, as multiple binding geometries were observed between
MBD3 and MBD4. This internal Cu+ redistribution among

oﬀering a facile pathway for metal transfer via ligand
exchange.2a,c,d,11a−c
For the EHigh state, we propose a preliminary structural
model based on the crystal structure of an asymmetric dimer of
the MBD of Hma7, a Cu+-transporting ATPase in Arabidopsis
thaliana; this MBD is homologous to Hah1 and WDP/MNK
MBDs.22b In this Hma7MBD dimer, the face side of one
monomer interacts with the back side of the other monomer
(Figure 5B); we refer to this interaction geometry as face-toback.
To generate the face-to-face and face-to-back structural
models, we overlaid the known structures of Hah1, MBD3, and
MBD4 onto the experimental Hah1−MNK1 and Hma7MBD
dimer structures (section S14 [SI]). A and B of Figure 5
illustrate the Hah1−MBD4 face-to-face and face-to-back
interaction models, respectively. The corresponding FRET
donor−acceptor distances in the face-to-face models are longer
than those in the face-to-back models, consistent with EMid <
EHigh. All these models also have thermodynamic stability
comparable to the experimental Hah1-MNK1 and Hma7 dimer
structures based on detailed interface thermodynamic analyses
(sections S14−S15 [SI]) and molecular dynamics simulations
(sections S16−S17 [SI]).
The face and back interfaces are spatially distinct (i.e.,
nonoverlapping), making it possible for 3-body interactions
between Hah1, MBD3, and MBD4; we thus generated models
for 3-body interactions using combinations of face-to-face and
face-to-back interactions (section S18 [SI]). C and D of Figure
5 illustrate two possible 3-body interactions: in one Hah1 is
sandwiched between MBD3 and MBD4 (Figure 5C), and in
the other Hah1 interacts with an intramolecular MBD3−MBD4
complex (Figure 5D). These 3-body interaction models can
account for our observed population overlap between Hah1−
MBD3 and Hah1−MBD4 complexes (section 3.3) and the
perturbation in intramolecular−interdomain MBD3−MBD4
interactions in the presence of Hah1 (section 3.5).
We emphasize that the interaction geometries here are only
proposed models that are supported by data and deduced from
known structures of protein complexes (sections S14−S18
[SI]). Within either E Mid or E High states, additional
subpopulations could exist that are unresolved in our
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MBDs can be directly coupled to the Cu+ delivery or export
through Hah1 interactions with the intramolecular MBD−
MBD complexes (Scheme 2D).
All of these processes occur on similar time scales (∼1 s),
including the protein associations at the eﬀective μM
concentration inside vesicles. (Note the intracellular concentration of the yeast Hah1 homologue Atx1 is also about μM.28)
Their similarity in time scale suggests that all these processes
should occur comparably inside cells for function.
Our proposed Hah1−MBD34 interaction mechanism may
also help understand the regulatory function of the MBDs,
where Hah1−MBD or MBD−MBD interactions modulate the
ATPase activity associated with Cu+-translocation4c,7,17 or the
kinase-mediated phosphorylation associated with the relocalization of WDP/MNK for Cu+-eﬄux.4c,16,18 It was proposed that
large-scale conformational changes within the N-terminal tail of
WDP/MNK act as the regulatory switch,12a,d,14a,19 which
disrupts MBD interactions with the catalytic core aﬀecting
Cu+-translocation or exposes/hides phosphorylation sites in the
linker regions. The 3-body interactions where Hah1 is
sandwiched between MBDs (Scheme 2D) could induce largescale conformational changes in the cytoplasmic tail of WDP,
and hence, may play a role in this regulatory switching
mechanism.
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Lundqvist, A.; Strömberg, A.; Ryttsén, F.; Davidson, M.; Nordholm, S.;
Orwar, O.; Zare, R. N. Chem. Phys. 1999, 247, 133. (b) Boukobza, E.;
Sonnenfeld, A.; Haran, G. J. Phys. Chem. B. 2001, 105, 12165.
(c) Okumus, B.; Wilson, T. J.; Lilley, D. M. J.; Ha, T. Biophys. J. 2004,
87, 2798. (d) Benitez, J. J.; Keller, A. M.; Chen, P. Methods Enzymol.
2010, 472, 41.
(26) (a) Benitez, J. J.; Keller, A. M.; Ochieng, P.; Yatsunyk, L. A.;
Huﬀman, D. L.; Rosenzweig, A. C.; Chen, P. J. Am. Chem. Soc. 2008,
130, 2446. (b) Benitez, J. J.; Keller, A. M.; Ochieng, P.; Yatsunyk, L.
A.; Huﬀman, D. L.; Rosenzweig, A. C.; Chen, P. J. Am. Chem. Soc.
2009, 131, 871. (c) Benitez, J. J.; Keller, A. M.; Huﬀman, D. L.;
Yatsunyk, L.; Rosenzweig, A. C.; Chen, P. Faraday Discuss. 2011, 148,
71.
(27) Anastassopoulou, I.; Banci, L.; Bertini, I.; Cantini, F.; Katsari, E.;
Rosato, A. Biochemistry 2004, 43, 13046.
(28) Portnoy, M. E.; Rosenzweig, A. C.; Rae, T. D.; Huﬀman, D. L.;
O’Halloran, T. V.; Culotta, V. C. J. Biol. Chem. 1999, 274, 15041.

8943

dx.doi.org/10.1021/ja3018835 | J. Am. Chem. Soc. 2012, 134, 8934−8943

