BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Models for the Metal Transfer Complex of the N-Terminal Region of
CusB and CusF

Melek N. Ucisik,"* Dhruva K. Chakravorty,§ and Kenneth M. Merz, Jr.*’”

"Department of Chemistry and Quantum Theory Project, University of Florida, 2328 New Physics Building, P.O. Box 118435,
Gainesville, Florida 32611-8435, United States

T'Department of Chemistry, University of Illinois at Urbana-Champaign, 600 South Mathews Avenue, Urbana, Illinois 61801-3364,
United States

§Department of Chemistry, University of New Orleans, 2000 Lake Shore Drive, New Orleans, Louisiana 70148, United States

Institute for Cyber Enabled Research, Department of Chemistry, and Department of Biochemistry and Molecular Biology, Michigan
State University, 578 South Shaw Lane, East Lansing, Michigan 48824-1322, United States

© Supporting Information

ABSTRACT: The tripartite CusCFBA pump in Escherichia coli

is a very effective heavy metal extrusion system specific for Cu(I)

and Ag(I). The N-terminal region of the membrane fusion 7~
protein CusB (CusB-NT) is highly disordered, and hence,
experimentally characterizing its structure is challenging. In a %
previous study, this disorder was confirmed with molecular \}%r
dynamics simulations, although some key structural elements & ﬁ{
were determined. It was experimentally shown that CusB-NT is

fully functional in transferring the metal from the metal- g -
lochaperone CusF. In this study, we docked these two entities \'/// 7;
together and formed two representative metal coordination ‘ AL
modes, which consist of residues from both proteins. In this way,

we created two potential CusB-NT/CusF complexes that share

coordination of Cu(I) and thereby represent structural models for the metal transfer process. Each model complex was simulated
for 4 us. The previously observed structural disorder in CusB-NT disappeared upon complexation with CusF. The only
differences between the two models occurred in the M21—M36 loop region of CusB-NT and the open flap of CusF: we observed
the model with two CusB-NT methionine residues and a CusF methionine as the metal coordination site (termed “MMM”) to
be more stable than the model with a CusB-NT methionine, a CusF methionine, and a CusF histidine ligating the metal (termed
“MMH?”). The observed stability of the MMM model was probed for an additional 2 s, yielding a total simulation time of 6 s.
We hypothesize that both MMM and MMH configurations might take part in the metal exchange process in which the MMH
configuration would appear first and would be followed by the MMM configuration. Given the experimental finding of
comparable binding affinities of CusB-NT and CusF, the increased stability of the MMM configuration might be a determinant
for the transfer from CusF to CusB-NT. The metal would be transferred from the more CusF-dominated metal binding
environment (MMH model) to a more CusB-dominated one (MMM model) in which the coordination environment is more
stable. From the MMM model, the metal ion would ultimately be coordinated by the CusB methionines only, which would
complete the Cu(I) transfer process.

he CusCFBA efflux system in Escherichia coli expels Cu(I) membrane proximal, § barrel, lipoyl, and @ helical domains.

and Ag(I) when the concentrations of these heavy metals However, its N-terminus, which contains three conserved metal
reach lethal levels within the cell. It comprises CusA, the inner binding Met residues, could not be resolved with crystallo-
membrane proton/substrate antiporter of the heavy metal
efflux-RND family, CusB, the periplasmic protein, and CusC,
the outer membrane protein.' > The Cus system is completed
by an additional fourth component, CusF, which serves as a
periplasmic Cu(I)/Ag(I) metallochaperone and is crucial for
maximal metal resistance.”* The periplasmic protein CusB
belongs to the membrane fusion protein (MFP) family.’ It is

graphic techniques because it is disordered.*” Recent experi-
ments showed that the N-terminal region of CusB (CusB-NT)
is capable of exhibiting metal transfer from CusF by itself,
although not as effectively as the full-length CusB, which
weakens the hypothesis that CusB behaves simply as a metal

hypothesized to stabilize the tripartite intermembrane complex Received: February 24, 2015
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chelator. A structural change should be induced on the entire
CusB chain, which results in higher Cu(I)/Ag(I) resistance by
possibly increasing the metal ion transfer rate.® Yet the
retention of the metal transfer ability by truncated CusB led
us to conduct molecular dynamics studies concerning the
disordered N-terminal region of CusB that was extracted from
the rest of the CusB protein.” We found that some structural
elements appear repeatedly over the microsecond time frame in
both apo and Cu(I)-bound versions of this protein chain, which
points to the formation of transient order over this time scale.’
Additionally, CusB and CusF interact in the presence of metal
ion. They display similar metal binding affinities, which was
determined from the equal distribution of the metal ion
between them when they were mixed in equimolar
concentrations in vitro.'>'! Direct metal transfer between
these proteins has also been shown experimentally.'> Chemical
cross-linking/mass spectrometry experiments captured the
CusB—CusF interaction that highlighted the significance of
the N-terminal region in terms of protein—protein interactions
and metal transfer.">"*

We hypothesize that the metal transfer between CusB and
CusF might induce motional restraints on the very mobile N-
terminal region of CusB. To explore the structural impacts of
this protein—protein interaction, we performed molecular
dynamics studies on two models of the CusB-NT/CusF
complex bound to Cu(I) ion: the MMM model and the MMH
model. In the MMM model, three Met residues ligate the
metal, whereas in the MMH model, one of the ligating Met
residues is replaced by a His residue. This computational
experiment, which involves protein—protein docking followed
by extensive MD simulations, also brings us one step closer to
our ultimate aim of simulating the metal extrusion process
through the CusCFBA pump.

B METHODS

The transfer of the Cu(I) ion from the metallochaperone CusF
to CusB involves metal ligation sites with contributions from
both the CusB and CusF proteins. In CusB, the metal is
coordinated by three methionines, M21, M36, and M38,°
whereas in CusF, the metal site consists of two methionines,
M47 and M49, a histidine, H36, and a nonbonded tryptophan,
W44, which forms a cation—7 contact with the metal ion.'®
During the metal transfer from CusF to CusB, the nonbonded
cation—7 contact W44 is hypothesized to be the first to break.
Hence, we are left with a pool of six residues, three from CusB
(M21, M36, and M38) and three from CusF (H36, M47,
M49). The transition metal binding sites should involve three-
membered combinations of these. This results in 18 potential
transfer metal coordination sites, nine of which are dominated
by CusF. The remaining nine are dominated by CusB residues.
These possibilities are shown in Figure 1. Our docking effort of
the open configuration of CusF'® to CusB-NT yielded two of
these potential transfer metal coordination sites as plausible
models that could facilitate the transfer of the Cu(I) ion from
CusF to CusB. The first model, which we call “MMM”, involves
a Cu(I) binding site consisting of the Met residues M36 and
M38 of CusB-NT and M49 of CusF; thus, it is an example of
the CusB-dominated metal binding site models. The second
model, “MMH?”, has the M36 of CusB-NT, the H36 of CusF,
and the M49 of CusF bound to Cu(I), representing an example
of the CusF-dominated metal binding site models. These
potential metal binding sites were based on predictions made
by the protein—protein docking server HADDOCK (High
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Figure 1. On the left, the N-terminus of CusB and the metal-
lochaperone CusF are shown with their metal binding sites. The metal-
ligating residues are listed underneath the structures for each protein.
Out of the pool of these six residues, M21, M36, M38, H36, M47, and
M49, the possible combinations are listed in the center. Domination
by a protein is determined by their contribution to the metal site.
Keeping these possible combinations in mind, we docked the two
proteins and formed the MMM- and the MMH-bonded metal binding
site models based on the positioning of the residues in the top docking
hit. This positioning can be seen in Figure 2.

Ambiguity Driven protein—protein DOCKing).U’18 It presents
an information-driven flexible docking approach for the
modeling of biomolecular complexes in which it generates
models, clusters the generated models, and returns the most
populated clusters as docking results. The most populated
cluster from HADDOCK docking of Cu(I)-bound CusB-NT’
with the open conformation of CusF'® resulted in valid metal
transfer environments as shown in Figures 2 and 3.

We introduced the Cu(I) ion into the center of mass of the
sulfur atoms of the three Met residues constituting the MMM
model (M36 and M38 of CusB-NT and M49 of CusF) and of
the two sulfur atoms of the metal binding Met residues in the
MMH model along with the e-nitrogen of the His residue
(M36 of CusB-NT, H36 of CusF, and M49 of CusF). The

M21

Figure 2. Top hit from the HADDOCK docking of CusB-NT (gray)
to the open conformation of CusF (red). The inset shows the
positioning of the metal binding residues on CusB (black labels) and
CusF (burgundy labels) as they were positioned in the docking pose
with the highest score. From this pose, we created the two model
mixed binding environments, MMM and MMH.
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Figure 3. Two model metal binding sites were based on the
positioning of the labeled residues. The black triangle shows the initial
positions of M36 and M38 of CusB-NT, and M49 of CusF, in the
middle of which we introduced Cu(I) to yield the first model binding
site, MMM. The metal binding site of the second model, MMH, is
comprised of the residues at the corners of the dark red triangle: M36
of CusB-NT and M49 and H36 of CusF. The imidazole ring of H36
was manually rotated so that its NE2 atom faced the sulfur atoms of
M36 and M49 before we implemented the Cu(I) ion in their centroid.

needed metal parameters were previously obtained in studies of
CusB-NT® and CusF" using the MTK++/MCPB function-
ality' of AmberTools version 1.5.%°

In both models, all the protein and solvent atoms were
treated explicitly. Each model system was solvated with the
TIP3P triangulated water model*" in a periodically replicated
rectangular water box whose sides were at least 10 A from the
solute atoms. The charges of the model systems were
neutralized by addition of Na* ions, and charged amino acids
were modeled in the protonated states obtained with the H++
protonation state server at pH 7. A minimization and
equilibration protocol similar to that used in our CusB-NT
simulations” was employed: an energy minimization series of
seven stages involving the minimization of only the solvent
atoms and the counterions (stage 1), minimization of the
hydrogen atoms (stage 2), minimization of the side chains by
gradually decreasing the harmonic positional restraints acting
on them (stages 3—6), and finally the energy minimization of
the whole system with no positional restraints (stage 7). A total
of 53000 energy minimization steps were performed in total,
24000 of which used the steepest descent protocol.”> The
remaining 29000 steps utilized the conjugate gradient method
for minimization.>* A two-stage equilibration protocol followed
the minimization. First, the systems were heated slowly from 0
to 300 K over 200 ps of MD within the canonical ensemble
(NVT) by maintaining a weak harmonic restraint on the
protein, and then they were simulated for 10 ns at 300 K to
check for the stability of the peptide chains after removal of the
harmonic restraints at a constant pressure of 1.0 bar for an
isobaric, isothermal ensemble (NPT) usin§ Langevin dynamics
with a collision frequency of 1.0 ps~'.>* Periodic boundary
conditions were imposed on the systems during the calculation
of nonbonded interactions at all minimization and equilibration
stages. The lengths of the covalent bonds involving hydrogen
were constrained, and their interactions were omitted with the
SHAKE algorithm while the systems were heated.”® All the
restraints on the systems were released before we started with
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the MD production runs. We then ran 4 us of classical MD
using the ff99SBildn force field®® using the CUDA
implementation of the pmemd program in the AMBERI12
suite.”” Throughout the production simulations, the SHAKE
algorithm was used to constrain covalent bonds involving
hydrogen. The particle mesh Ewald (PME) method was
utilized for long-range electrostatic interactions. An 8 A
nonbonded cutoff was applied to limit the direct space sum
in PME.*® The temperature of the systems was kept at 300 K
with Langevin dynamics (collision frequency of 1.0 ps™).
Frames were collected every 2 ps. A subset of these snapshots
were employed in calculations of the distance, angle, dihedral,
root-mean-square deviation (RMSD), and root-mean-square
fluctuation (RMSF) with the aid of the ptraj utility in
AmberTools version 1.5, and secondary structure assignments
were obtained using STRIDE.*® On the basis of our subsequent
observations, we decided to continue the MD simulations on
the MMM model for an additional 2 us with the exact same
simulation settings, yielding a total of 6 s, and we repeated all
the described analyses for the entire 6 us.

B RESULTS AND DISCUSSION

In the course of the simulations of the MMM model, the sulfur
atoms of M36 and M38 of CusB-NT, M49 of CusF, and the
Cu(I) ion presented a distorted tetrahedral geometry with
bonds slightly longer than those in the optimized and
experimental geometries (by 0.1-0.2 A on average for both
CusB-NT and CusF geometries).u’30 The sulfur and nitrogen
bonding distances in the metal site of the MMH model
remained near the optimized distances for the most part, which
we obtained through optimization calculations involving
methionine and histidine side chains and a Cu(I) ion at the
density functional theory (DFT) QM level. These calculations
were performed with Gaussian’09°" using the B3LYP** and
MO6L* DFT functionals in conjunction with the double-{-
quality LANL2DZ pseudopotential basis set for Cu(1)** and
Pople-type basis set 6-31G* for all the other atoms.”> The
Cu(I) ion and the ligating atoms placed themselves again in a
distorted tetrahedron, akin to the MMM case.

Disappearance of Disorder in CusB-NT. The first
observation we made on the MMM and MMH models was
that this complexation provided the CusB-NT chain with a
considerably increased structural stability. Upon visual
inspection of the simulations, we observed the  motif in the
center of the CusB-NT, which was already present in the
starting geometries, was present throughout the trajectory. The
tail regions were the most mobile parts akin to the apo and holo
noncomplexed CusB-NT MD runs. We assigned secondary
structures to snapshots saved from both trajectories using
STRIDE. The 400 consecutive frames we employed were
separated by 10 ns, yielding a total simulation time of 4 ys. As
inferred from visual inspection, the f motif in CusB-NT was
always retained and the tails remained mostly disordered,
although there was clear formation of an «a helix at the N-
terminus of the starting CusB-NT structure. The M21-M36
loop was also a random coil. On the CusF side, the largest
random coil region proved to be the flap region, namely CusF
residues 36—48 (Figure 4), which corresponds to residues 75—
87 in cumulative numbering, which was used on the y-axis of
the STRIDE matrices. Figure 5 displays the disappearance of
disorder of the CusB-NT region in both CusB/CusF complex
models. The persistence of the f motif is clearly seen in the
middle and rightmost panels.
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Figure 4. Secondary structure assignments of the CusB-NT/CusF
complex for the (A) MMM and (B) MMH models. Residues 1—51
make up CusB-NT, whereas the rest is CusF. Color coding: green, o
helix; red, f strand; white, randomly coiled or disordered. The red
bands have no interruptions pointing to very consistent /# sheets in the
entire complex.

MMM versus MMH Models. Over the course of 4 us of
MD simulations, an interesting difference arose between the
two models, MMM and MMH. In the MMM model, the very
mobile, flap-like M21-M36 loop of CusB-NT interacts with
the open flap of CusF, and these two are geometrically “locked”
over ~50% of the simulation time. The interaction appears to
be reversible, because we observed the M21—M36 loop and the

CusF flap coming together and separating during the course of
the simulation. For the metal to be expelled, it must be first
tetched by CusF in the periplasm and passed to CusB. This
suggests a metal binding site, which first largely involves CusF
components, and then a mixture of CusF and CusB
components that becomes gradually more dominated by
CusB-NT components, and finally only CusB residues.
Hence, observing first the MMH model with two constituents
from CusF and one constituent from CusB and then switching
to the MMM model with one CusF component and two CusB
components is a reasonable pathway. In the hypothesized
earlier MMH model, the total chain motion slightly exceeds
what it is found in the proposed subsequent MMM model.
These differ considerably in the extent of motion observed in
the M21—-M36 loop of CusB-NT, where in the MMH model,
this loop and the open flap of CusF move freely and do not
strongly interact over 4 us of simulation time. On the other
hand, in the MMM model, an interplay between these two
regions noticeably restrains the motions of the CusB-NT
M21-M36 loop. This interplay seems to weaken in the
additional MD simulations of 2 us on the MMM model
(Supporting Information) with the M21—M36 loop of CusB-
NT and the open flap of CusF becoming further separated.
The first analysis we conducted was the comparison of the
root-mean-square deviations (RMSD’s) of the protein chain
backbone atoms in the MMM and MMH models. The first
frame of each production run was used as the reference. The
average rmsd for the MMM model amounted to 7.40 A, while
for the MMH model, it was 7.83 A. Hence, the overall
structural changes are slightly more pronounced in the MMH
model (Figure 6). To check whether these changes were
localized or spread along the entire protein complex, we
performed a root-mean-square fluctuation (RMSF) analysis,
which indicated that the difference in the RMSD’s was really a
consequence of local mobility in the MMH model. As seen in
Figure 7, the mobilities of the two models track each other very
well, except for the M21—M36 loop of CusB-NT, which we
already observed to interact with the open loop of CusF more
strongly in the MMM model. This stronger interaction, which
exists in prolonged time frames, stabilizes the loop and renders
it less mobile than in the MMH model, which in turn gives rise
to higher rmsd values for the MMH model. Taking the rmsd
and rmsf analyses from the additional 2 us of simulation time
for the MMM model into account, we see that the overall
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Figure 5. Stride assignments for CusB-NT alone (left) and CusB-NT complexed with CusF, the MMM model (center), and the MMH model
(right). The central 8 strand motif persists in the complexed models at all times as a sign of how the disorder of CusB-NT disappeared upon

complexation.
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Figure 7. RMSF profiles of the MMM (black) and MMH (red)
models over 4 us of simulation time.

structural stability of this model is enhanced as indicated by the
narrower spread of the rmsd fluctuations (Figure S1 of the
Supporting Information) and the lower values of the rmsf
(Figure S2 of the Supporting Information).

A closer look at the interaction of the M21—M36 loop of
CusB and the open flap of CusF was subsequently conducted.
We developed various structural coordinates to quantify the
properties of this interaction. Visual inspection of the
simulation along with the rmsf analysis showed that these
two regions of CusB and CusF affect each other significantly
because of their proximity. Thus, the first coordinate we used
was the distance between the centers of mass of the M21-M36
loop of CusB and the CusF flap. At this point, we should clarify
that we consider the residues 36—48 of CusF as the open flap
(75—87 in the cumulative numbering). We found 10 A to be
the most prevalent value for this distance in the MMM model,
whereas in the MMH model, it averaged around 20 A. As a
further coordinate, we examined the distance between the a
carbon atoms of K32 of CusB and P45 of CusF (position 84 in
cumulative numbering). These two residues appear to be
especially proximal to each other compared to the centers of
mass of the loops, which hints that there might be a stronger
interaction between them. In the MMM model, their & carbons
are separated by ~6.0 A, while in most of the snapshots saved
from the MMH run, this separation measures ~14.0 A. Figure 8
displays these distances in the course of the simulation, and
Figure 9 presents the data in the form of histograms. Both
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Figure 8. Distances of the M21—M36 loop of CusB-NT and the open
flap of CusF expressed in terms of the separation between their centers
of mass (red) and the separation between CusB-NT residue K32 and
CusF residue P4S (black). Solid lines show the results from the MMM
model, and dashed lines represent those from the MMH model. The
separation expressed by both of these properties is smaller in the
MMM model than in the MMH model.
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Figure 9. Histograms for the distances of the M21—M36 loop of
CusB-NT and the open flap of CusF expressed in terms of the
separation between their centers of mass (red) and the separation
between CusB-NT residue K32 and CusF residue P45 (black). Solid
lines show the results from the MMM model, and dashed lines
represent those from the MMH model.

distances converge to similar values in the additional 2 s of
simulation time, and they become larger than what they are in
the first 3.5 us of the simulation, leading to further separation of
the M21-M36 loop of CusB-NT and open flap of CusF
(Figures S3 and S4 of the Supporting Information).

Closer chains would also correspond to smaller angles of the
center of mass of CusB-NT’s M21—M36 loop, the Cu(I) ion,
and the center of mass of CusF’s open flap. Indeed, we probed
this angle and saw it was much wider for the MMH model than
in the MMM model, in which CusB-NT’s loop is found to
interact with CusF’s flap. In the MMH model, the average value
for this property was 93.8° in contrast to 50.9° for the MMM
model. Its fluctuations and population densities are shown in
Figures 10 and 11. In line with the observations pertaining to
the distance between the M21—M36 loop of CusB and the
open flap of CusF, these angles increase at ~3.5 us into the
simulation, which indicates that these two entities are further
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Figure 10. Angle involving the center of mass of CusB-NT’s M21—
M36 loop, Cu(I), and the center of mass of CusF’s open flap over the
entire 4 ys production run. Black represents the values from the
MMM model and red those from the MMH model.

0.08 T y T
— MMM

0.06

0.04

0.02

Normalized Population Distribution

0 yi
Angle

1
100

Figure 11. Histograms for the angle involving the center of mass of
CusB-NT’s M21—-M36 loop, Cu(I), and the center of mass of CusF’s
open flap over the entire production run of 4 ys. Black represents the
values from the MMM model and red those from the MMH model.

separating from each other. However, this angle remains still
smaller than its counterpart in the MMH model as shown in
Figures SS and S6 of the Supporting Information.

We further analyzed this loop—flap interplay at the level of
the molecular interactions present. Previously, we identified a
hydrogen bonding network at the “hinge” points of the CusB-
NT M21-M36 loop that facilitated its folding against the core
of the structure.” A detailed visual analysis of likely hydrogen
bonding partners on the loop and flap showed some hydrogen
bonding occurs between these two, although it is of various
types unlike the CusB-NT case. The more consistent hydrogen
bonds are formed between one of the guanidinium nitrogens of
R26 of CusB-NT and the two side chain oxygen atoms of D46
of CusF, and this sometimes leads to a bifurcated geometry
(Figure 122).3® In 13% of the saved snapshots, both
guanidinium hydrogens of R26 interact with both side chain
carboxyl oxygen atoms of D46 to create a salt bridge (Figure
12b). The same salt bridge interactions exist in only 0.02% of
the snapshots saved from the MMH simulation. Additionally,
weaker hydrogen bonds might also contribute significantly to
the loop—flap synergy. The most prominent hydrogen bonds
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Figure 12. (A) Bifurcated and (B) paired hydrogen bonding
interactions between CusB-NT’s R26 and CusF’s D46. CusB-NT is
colored gray and CusF violet.

are observed between the side chain oxygen atom of CusB-
NT’s Y22 and the backbone nitrogen of CusF’s T48. The side
chain oxygen of CusB-NT’s Y22 switches partners to form
another hydrogen bond to the side chain oxygen of CusF’s T48,
which comes up as the second most common hydrogen
bonding interaction. The donor—acceptor distances in these
interactions are longer than those associated with the R26—
D46 hydrogen bonds, suggesting they are weaker but occur
more frequently. They rarely, in only 0.02% of the saved
frames, position themselves in a bidentate geometry. As shown
in Figure 13, all the corresponding interactions in MMH have
distances that are much longer, suggesting very little or no
stabilization. The H-bonding network remains mostly un-
affected in the additional 2 us of simulation on the MMM
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Figure 13. Distances of possible hydrogen bonding partners on the
CusB-NT M21-M36 loop and the CusF open flap. Solid lines show
the probed distances in the MMM model and the dashed lines those in
the MMH model. Involved residues are K32 of CusB-NT (“32”), D46
of CusF (“85”), N43 of CusF (“82”), R26 of CusB-NT (“26”), S33 of
CusB-NT (“33”), W44 of CusF (“83”), Y22 of CusB-NT (“22”), and
T48 of CusF (“87”). “NZ”, “NH1”, “NH2”, and “NE1” represent side
chain nitrogens, while “OE1”, “OE2”, “OG”, and “OH” represent side
chain oxygens. “N” is a backbone nitrogen and “O” a backbone

oxygen.
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model, which might hint at the fact that the tip of the open
CusF flap is more mobile than the rest of it. Most of the
interaction partners on the CusF side are located toward the
end of the flap, so their distances remain mostly constant as
seen in Figure S7 of the Supporting Information.

Another factor that might facilitate this geometrical locking
of the CusB-NT loop and the CusF flap is the 7—r stacking
interaction between the side chains of CusB-NT’s F35 and
CusF’s W44 (83 in cumulative numbering), which actively
contributes to metal binding in the closed form of CusF
through a 7—cation interaction with the cation being either
Cu(I) or Ag(I) in this case."> We measured the distance
between the center of mass of the six carbon atoms making up
the phenyl ring of CusB-NT’s F35 and the center of mass of six
carbon atoms constituting the phenyl part of the indole side
chain of CusF’s W44. This interaction is observed in both the
MMM and MMH models, arising more frequently in the
MMM model, which suggests a slightly more favorable
interaction. As seen in Figure 14, the most prevalent distance
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Figure 14. Histograms for the distance between the centroids of the
phenyl ring of CusB-NT’s F3S and of the phenyl part of the indole
ring of CusF’s W44. Results for the MMM model are colored black
and for the MMH red.

appears at 6 A for the MMM and MMH models. According to
McGaughey et al, distances of <7.5 A stabilize these
conformations energetically;>’ $6% of the snapshots saved
from the MMM simulations have values of <6 A, compared to
40% in the MMH simulations. Both parallel and T-shaped
conformations occur, as shown in Figure 15. This interaction
persists in the additional simulation time of 2 ys on the MMM
model. W44 is located between the tip and the hinge of the
open flap of CusF, whereas F35 on the CusB-NT side is at the
very end of the M21—-M36 loop, exactly at the hinge of it
which again results in the observation of the 7—n stacking
interaction involving these two residues remaining unchanged
over the last 2 us of the simulation (Figure S8 of the
Supporting Information).

B CONCLUSIONS

The study focused on the dynamics of the two proposed
complexes formed by two constituents of the CusCFBA pump,
the N-terminal region of the membrane fusion protein CusB,
and the metallochaperone CusF. This aggregate is significantly
important because it performs a crucial step in the extrusion of
metal from the cell in E. coli: CusF transfers the metal it fetches
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Figure 1S. 7—7 stacking interaction between the side chains of CusB-
NT’s F35 and CusF’s W44. The common (A) parallel and (B) T-
shaped configurations are both observed. CusB-NT is colored gray and
CusF violet.

in the periplasm to CusB, which facilitates passing of the metal
to CusC to be expelled from the cell. The N-terminal region of
CusB contains the metal binding site and was found to be so
disordered that its structure could not be resolved spectroscopi-
cally. The general disorder was also confirmed by our earlier
MD studies, although some key secondary structures were
observed.” However, the assembly of the N-terminal region of
the CusB and CusF presents an interesting case in which the
order in the /3 barrel protein CusF seems to be embraced by the
originally disordered CusB-NT. The secondary structures,
which were present in the starting geometries, were retained
throughout the MD simulations, namely in two parallel runs of
4 ps each. This is not new for CusF but definitely a significant
observation for CusB-NT in terms of its overall stability. The
observed relative “order” was preserved in the extended MD
run on one of the proposed CusB-NT/CusF complex models
for an additional 2 us.

The complex structures were obtained by docking the
protein chain of holo CusB to the open conformation of
CusF'® using the protein—protein docking web server
HADDOCK (high-ambiguity-driven protein—protein docking).
The docking pose with the best score positioned the metal
binding residues of both CusB and CusF in an appropriate
manner through which we built two model Cu(I) binding sites.
The first model-built binding site employed M36 and M38
from CusB-NT and M49 from CusF, which more closely
resembles the metal site of CusB. The second model-built
binding site was similar to that of CusF that involves two Met
residues (M36 of CusB and M49 of CusF) and one His residue
(H36 of CusF). Classical 4 us MD simulations on each model
resulted in differences in the mobility of CusB-NT’s M21-M36
loop and CusF’s open flap. In the model in which the Cu(I) ion
is ligated with the three Met residues, the M21—M36 loop of
CusB-NT and the open flap of CusF interact over most of the
simulation time and become geometrically locked with each
other, which in turn decreases the extent of their motion. In
contrast, the model in which two Met residues and one His
residue coordinate the Cu(I) ion shows greater mobility in
CusB-NT’s M21-M36 loop and CusF’s open flap. The M21—
M36 loop of CusB-NT and the open flap of CusF might stay
together as a result of a hydrogen bonding network and 7—x
stacking interactions. The hydrogen bonding network utilizes
various types of hydrogen bonds, including salt bridges
(bifurcated) and paired ones. More abundant are the weaker
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hydrogen bonds that place the donor and acceptor atoms at
distances of >3 A. A 7—x stacking interaction is proposed also
to play a role in stabilizing this interaction. It is the most
abundant interaction between these two regions and is found in
both models, although it is more common in the model
involving three Met residues in its metal site. To further
investigate the locking of the M21—M36 loop of CusB-NT and
the open loop of CusF, the MD simulation on the MMM
model was continued for an additional 2 us. The loop and the
flap further separated from one another as indicated by the loop
distances and angles. The impact of this modest separation is
not really felt by the hydrogen bonding network and the z—x
stacking interactions because the interaction partners are
mostly placed toward the hinge of these entities and not the
tips. The tips appear to be more mobile on both the M21-M36
loop of CusB-NT and the open flap of CusF. Even after the
separation of the loop and the flap, the distances and angles are
still wider in the model with the metal site dominated by the
CusF residues compared to that in which the metal ligation site
is dominated by CusB residues.

All these observations led us to hypothesize that both models
might occur in order: first the model with two methionines and
one histidine and then the model with three methionines we
hypothesize represent steps of the metal transfer process. This
suggests a metal coordination site, which is gradually
dominated by CusB residues and is slightly more ordered.
The observed stability in the rest of the CusB-NT chain is
already surprising when in complex with CusF. Some transient
order for the CusB-NT seems likely while CusF delivers the
metal to CusB (or vice versa) so that the two proteins align
themselves around the metal and exchange the metal ion
successfully. The proposed sequence for the transition metal
site geometries likely promotes the transfer of metal from CusF
to CusB by following an increased structural order in the course
of the transfer. Although directionality is not a must for the
CusF—CusB interaction, because it was experimentally shown
to be rapid and reversible,®'* the urgency of the lethal
concentrations of Ag(I) and Cu(I) to be alleviated by the Cus
system might slightly favor the transfer from CusF to CusB,
which was proposed to switch the entire pump to efficient
extrusion mode."* The gained transient order in the model with
three metal-coordinating methionines could be a driving force
for the direction of the metal transfer once the pump is turned
on by metal transfer from CusF to CusB: toward the
extracellular milieu through CusF, CusA, and then CusC.
Considering the experimental finding in which the metal gets
distributed evenly among CusB-NT and CusF when introduced
into a solution containing equal amounts of these proteins,
which implies similar metal binding affinities for CusB and
CusF, gaining a higher extent of order during the metal transfer
process might contribute to determining which direction the
metal ion is moved. In this case, the model providing more
order is dominated by CusB residues and resembles the metal
environment of CusB with its three methionines. To complete
the transfer from CusF to CusB-NT would then proceed from
the MMM case to the full CusB-NT coordinated mode where
CusF’s M49 would be replaced by CusB-NT’s M21. These two
residues are very proximal to each other already in the MMM
model, facilitating this final transfer step. Nevertheless, the
favorability of the MMM model due to its higher transient
order compared to that of the MMH model might be small
enough to be overcome by the equilibrium involving the apo
version of CusF and the holo version of CusB-NT, and thus,
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the proposed sequence above could be reversed to permit back
transfer from CusB to CusF. That is, if the periplasmic
concentration of Ag(I) or Cu(I) decreases to the levels
required for homeostasis, the metal ions bound to CusB-NT
pieces can still be transferred from CusB-NT to CusF via first
the MMM and then the MMH models to switch the Cus pump
off.

The fact that we observed some loss of this strong loop—flap
interaction between CusB-NT and CusF in the first metal
ligation model hints at two possible hypotheses. (1) This 6 us
span of MD simulation insufficiently samples this complex.
Even with the observed separation, the first metal ligation
model preserves a more pronounced interplay between the
loop and the flap along with an overall more stable CusB-NT/
CusF complex. (2) These transient metal binding complexes
during the metal transfer process from CusF to CusB might
have extremely short life spans, and hence, the simulation time
of 3.5—4 pus might actually cover the actual lifetime of these
interactions.

It is important to note that these simulations supported our
initial hypothesis, about the possible disappearance of disorder
in CusB-NT upon its complexation with its functional
companion, CusF. This work has provided deeper insight
into the process of the transfer of metal from CusF to CusB
along with other metal transfer processes involving disordered
protein chains.
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