
Insight Into the Cation-π Interaction at the Metal Binding Site of
the Copper Metallochaperone CusF

Dhruva K. Chakravorty, Bing Wang, Melek N. Ucisik, and Kenneth M. Merz Jr.*
Department of Chemistry and Quantum Theory Project, 2238 New Physics Building, P.O. Box
118435, University of Florida, Gainesville, FL 32611-8435

Abstract
The periplasmic Cu+/Ag+ chaperone CusF features a novel cation-π interaction between a Cu+/
Ag+ ion and Trp44 at the metal binding site. The nature and strength of the Cu+/Ag+-Trp44
interactions are investigated using computational methodologies. Quantum mechanical (QM)
calculations show that Cu+ and Ag+ interactions with Trp44 are both of similar strength (~14 kcal/
mol) and bond order. Quantum-mechanical/molecular mechanical (QM/MM) calculations show
that Cu+ binds in a distorted tetrahedral coordination environment in the cation-π interaction-
lacking Trp44Met mutant. Molecular dynamics (MD) simulations of CusF in the apo and Cu+

bound states emphasize the importance of the Cu+-Trp44 interactions in protecting Cu+ from
water oxidation. The protein structure does not change over the time-scale of hundreds of
nanoseconds in the metal bound state. The metal recognition site exhibits small motions in the apo
state, but remains largely preorganized towards metal binding. Trp44 remains oriented to form the
cation-π interaction in the apo state, and faces an energetic penalty to move away from the metal
ion. Cu+ binding quenches the protein’s internal motions in regions linked to binding CusB,
suggesting protein motions play an essential role in Cu+ transfer to CusB.

Heavy metal homeostasis regulates the concentration of metal ions in cells and is essential
for the survival of organisms.1 A strong coupling between heavy metal tolerance and
antibiotic resistance in Gram-negative bacteria makes it imperative to understand the nature
of Cu+/Ag+ efflux in these organisms. In Escherichia coli, the cus determinant consisting of
the cusCFBA operon provides for Cu+ and Ag+ resistance.2,3 Recent crystal structures
suggest that the CusCBA proteins combine to form a tripartite cation efflux pump that
expels metal ions from within the cell to the outer membrane.4 CusF is a small β-barrel
protein (Fig. 1 and Fig. S.I. 1) that functions as a periplasmic Cu+/Ag+ metallochaperone.5 It
binds to CusB and provides Cu+/Ag+ efflux directly from the periplasm by transferring
metal ions to the tripartite cation efflux pump.3 CusF is not essential for Cu+/Ag+ ion
tolerance and its exact role in heavy metal homeostasis remains a subject for further
investigation.6

Crystallographic structures of the apo and holo forms of CusF are similar, indicating that
metal ion binding does not cause a large change in the protein structure.5,7,8 The metal
recognition site in CusF is located in a hydrophobic environment and contains a novel
cation-π interaction between Cu+/Ag+ and the Cε3 and Cζ3 carbon atoms on the aromatic
ring of the neighboring Trp44 residue (Fig. 1 and Figs. SI. 1–3). In addition to this
interaction, His36, Met47, and Met49 residues bind to the Cu+/Ag+ ion in a distorted
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trigonal planar arrangement with the metal ion slightly elevated from the plane (Fig. 1). An
exact characterization of the unique Cu+/Ag+-W44 interaction has been hampered by a lack
of direct spectroscopic evidence. A crystallographic database search of similar compounds
by Xue et al. found this interaction to lie at the periphery of non-bonded interactions, while
UV resonance Raman spectroscopy identified this interaction as a novel cation-π interaction
rarely observed in a Cu+/Ag+ metal binding site.7 Experiments by Loftin et al. have
suggested that Trp44 protects Cu+/Ag+ from oxidative stress in the periplasm.9 The role of
the cation-π interaction in the function of CusF remains unclear as a W44M mutation exists
in 25% of CusF proteins. The W44M mutant CusF is known to have a higher binding
affinity for Cu+.7,9 While the nature of metal coordination in the cation-π interaction-lacking
metal binding site of the W44M mutant has been probed with extended X-ray absorption
fine structure (EXAFS), the exact geometry of the metal binding site remains to be
determined.9

In this study, we investigate the nature of the Cu+/Ag+-W44 interaction and evaluate its
impact on the chaperone function of CusF using computational methodologies. We estimate
the strength of this interaction and provide a QM basis for its characterization using accurate
ab initio calculations. We use QM/MM calculations to evaluate the role of W44 in
protecting Cu+ and propose a metal binding geometry for Cu+ in the W44M mutant. In
addition, we perform MD simulations to investigate changes in the structure and internal
motions of the protein related to Cu+ binding. These simulations provide us with a deeper
insight into the role of the cation-π interaction and relate them to the protein’s function. In
this study, all ab initio calculations were performed using the Gaussian09 suite of
programs,10 QM/MM calculations were performed using the Qsite program in the
Schrödinger suite of programs,11 and MD simulations were performed using the Amber11
suite of programs.12 MD trajectories were analyzed using the VMD suite of programs13 and
the ptraj utility in AmberTools 1.5. The first nine residues of CusF are not included in the
analysis of MD trajectories. Complete details for all calculations are included in the
“Methods” section that is presented as part of SI.

We performed QM calculations at the second order Møller–Plesset perturbation (MP2) level
of theory to determine the strength of the Cu+/Ag+-W44 cation-π interaction at the Cu+ and
Ag+ bound crystal structure geometries of the protein (Fig. 2). A double ζ-quality
LANL2DZ pseudopotential-based basis set14 was used for Ag+ while the augmented
Dunning correlation-consistent polarized aug-cc-pVDZ basis set15 was employed for all
other atoms in these calculations. We determined the interaction energy between Trp44 and
the metal ion bound to H36, M47 and M49 to be on the order of ~14 kcal/mol (Table SI.1).
We then estimated the contribution of the W44–(H36•M47•M49) interaction energy to the
above energy by calculating the interaction energy between Trp44 and the other metal
binding residues in the absence of the metal ion at the same geometry. While this method
contains a certain amount of approximation, it yields an estimate for the “apo interaction
energy” that is close to the interaction energy calculated from the 1ZEQ crystal structure
geometry (−5.43 kcal/mol). From these calculations, we found that the Cu+/Ag+-W44
interactions afforded a stabilization of over 10 kcal/mol to the metal ion complex. A
comparison of various functionals within the framework of density functional theory paired
with the aug-cc-pVDZ basis set found the M06-L,16 M06-2X17 and wB97XD18 functionals
to be most suitable for studying such an interaction (Table SI.2). In addition to calculating
these interaction energies, we performed a natural bond orbital analysis19 to characterize the
Cu+/Ag+ interaction with the Cε3 and Cζ3 carbon atoms of Trp44 at the MP2 level of theory
using the LANL2DZ pseudopotential-based basis set for Ag+ and the aug-cc-pVDZ basis set
for all other atoms in these calculations. We found that Cu+ and Ag+ ions interact
specifically with both Trp44 atoms (Table SI.3). As expected, these bond orders are lower
than those of the Cu+/Ag+–S-Met47 bonds, indicating a relatively longer and weaker
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interaction. These low bond orders explain the marginal improvements seen by Xue et al.7
and Loftin et al.8 upon including a C/N/O scatterer in their models to fit EXAFS
measurements.

To study the metal ion interactions in the W44M mutant, we investigated its Cu+ binding
environment by performing a series of increasingly complex DFT-QM/MM20 calculations
employing the M06-L functional. The final geometry optimization was performed using the
LACV3P+* basis set. Such methodologies provide powerful tools to elucidate protein
function.21–23 In these calculations, the W44M mutation was performed on WT CusF, and
Cu+ was allowed to decide its coordination in the solvated protein via energy minimization.
Similar to results from NMR experiments performed by Loftin et al., we find that the W44M
mutation does not change the protein structure (Figs. SI. 4,5).9 Our calculations found that
Cu+ was bound to His36, Met44, Met47 and Met49 residues in a distorted tetrahedral
arrangement as shown in Fig. 3. In agreement with EXAFS data, we found the bonds to Cu+

to be longer than the corresponding bonds in WT CusF.9 Interestingly, the Cu+-S(M44)
bond was shorter than the other Cu+-S bonds to M47 and M49. The calculated bond lengths
and bond angles are listed in Tables SI.4 and SI.5. The interaction energy between the
bonded Cu+ ion and Met44 in this binding motif was found to be −20.5 kcal/mol with the
Cu+-Met44 interaction accounting for a stabilization energy of −20.7 kcal/mol (Table SI.1).
The higher interaction energy and almost two-fold stabilization energy observed in the
W44M mutant are consistent with the higher binding affinity for Cu+ in this mutant form.7,9

While these calculations provide new insights about the binding environment of Cu+ in
W44M CusF, they are hindered by an inherent lack of conformational sampling that may
have introduced errors.

We analyzed changes in the protein’s mobility and structure over 360ns of all atom MD
simulations of the apo and Cu+ bound forms of WT CusF in explicit solvent. We developed
specific force field parameters to treat Cu+ as a bound ion in simulations of holo CusF. In
addition, we modified the Lenard-Jones parameters on W44 to accurately portray the
stronger Cu+-W44 interaction obtained from our ab initio calculations. All parameters used
in the study are included in SI. A stable protein backbone RMSD was observed over the
course of our simulations of apo and Cu+ ion bound CusF. The protein maintained its
secondary structure and no large-scale motions were detected in these simulations. The
calculated average radius of gyration and maximum radius of gyration for the protein over
the course of these simulations of apo CusF and Cu+•CusF were similar (Fig. 4), suggesting
that Cu+ binding does not alter the volume and size of the protein. Fig. SI. 6 depicts the
calculated Cα backbone carbon atom root mean square fluctuations for the apo and Cu+

bound states of the protein. The first 8 residues in apo CusF remained very mobile. We
observed a reduced mobility in most protein residues on Cu+ binding in close agreement
with NMR experiments.9 The Cu+ binding residues are less mobile than their neighboring
residues in apo CusF and become more rigid on metal ion binding. Trp44 does not actively
search for the metal ion in the apo state, and is preorganized to form a cation-π interaction
with the metal ion (Figs. SI. 6–8). We found that the loop region defined by residues 72 to
80 moved significantly in our simulation of the apo allosteric form and did not become more
rigid as a result of metal ion binding.

We further examined the impact of metal ion binding on protein residue motions by
calculating the cross-correlation matrices for all backbone Cα carbon atoms for the apo state
and Cu+-bound state of the protein. These matrices map the correlation between the
movements of various residues from +1 for perfect correlation, i.e. they move in the same
direction, and −1 for anti-correlation, i.e. they move in opposite directions. The apo state of
the protein is characterized by a number of residues involved in correlated and anti-
correlated motions (Fig. 5). The metal binding residues move in a correlated manner to each
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other in this allosteric form. We found that Cu+ binding largely quenches the motions in the
protein and causes some previously correlated residues to become anti-correlated and vice
versa. The mobile loop region described by residues 40 to 43 and lying adjacent to the metal
binding site, now moves in an anti-correlated manner with the mobile loop between residues
72 to 80, and in a correlated manner with the loop between residues 26 to 30.

We investigated the function of Trp44 in the chaperone activity of CusF using QM/MM
(M06-2X/LACVP*) calculations11 and MD simulations. We calculated the potential of
mean force to “swing” Trp44 away from Cu+ along the Cu+-Cβ-Cγ-Cδ1 dihedral coordinate
using QM/MM calculations (Fig. SI.7). A scan along the dihedral coordinate at the crystal
structure geometry of Cu+ bound CusF revealed a significant energetic penalty associated
with swinging Trp44, preventing it from moving away from the metal ion. In addition, we
found Trp44 to be locked in its position in our simulations for the apo and holo states of the
protein. The C-Cα-Cβ-Cγ dihedral of Trp44 remains steady over the course of our
simulation of apo CusF (Fig. SI.8), suggesting that the metal binding site is preorganized for
the cation-π interaction between the metal ion and the Trp44 residue. We also examined the
protective role of Trp44 in shielding the monovalent metal ion from oxidation by water
molecules by performing an additional simulation of holo CusF with a weaker Cu+-W44
interaction by using standard ff99SB24 Lenard-Jones parameters on W44. On comparing our
two simulations of holo CusF, we observed no water molecules in the first solvation shell of
the metal ion in our simulation with the correct Cu+-W44 interaction energy, while water
molecules were present near Cu+ in over 60% of snap-shots from our simulation with a
weaker Cu+-W44 interaction energy. These results in conjunction with the low mobility of
Trp44 demonstrate that the strong cation-π interaction and the hydrophobic nature of Trp44
successfully shield the Cu+ ion from water molecules.

Our simulations highlight the role of protein motions in the chaperone function of CusF.
CusF and CusB form a transient complex only when one of them is in the metal bound
state.6, 19 A recent chemical cross-linking and mass spectrometry study of CusF binding to
CusB by Mealman et al. suggests that residues 31 to 50 and 51 to 63 of CusF actively
participate in interactions with CusB.25 These interactions are centered at Lys31 and Lys58
residues. We find further support for these findings in our simulations. Lys31 and Lys58
remain relatively rigid in simulations of apo and Cu+ bound CusF. Our simulations also find
that residues in the CusF-CusB interacting regions become less mobile in the metal bound
state. In contrast, other parts of the protein not associated with CusB binding remain mobile
in the Cu+ bound states as well. These changes in protein residue mobility are accompanied
with changes in the correlated motions as well. Our simulations strongly suggest that metal
ion binding alters the internal motions in critical regions of the protein. These changes in the
protein’s conformational motions plays an essential role in allowing CusF to form a transient
complex with CusB, and transfer Cu+/Ag+ to the cation efflux pump.

In this study, we used multiple computational approaches to provide detailed insights into
the function and nature of the cation-π interaction at the metal binding site of the periplasmic
protein CusF. We quantified the Cu+/Ag+-W44 cation-π interaction using high-level ab
initio calculations and found a number of DFT functionals that accurately predict the
energetics of the interaction. The calculated covalencies of the Cu+/Ag+ bonds to the Cε3
and Cζ3 carbon atoms of W44 indicate that they are of a weak and long-range nature. We
proposed a distorted tetrahedral coordination geometry for Cu+ in the W44M mutant, and
found the Cu+-M44 interaction to be stronger than the cation-π interaction in WT CusF. Our
calculations show that Trp44 remains preorganized for metal ion binding and the cation-π
interaction helps protect Cu+/Ag+ from oxidation in the periplasm. Our simulations suggest
that no large conformational changes take place and the protein maintains its structure in
both allosteric forms on the time scale of hundreds of nanoseconds. We found that Cu+
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binding quenched the internal dynamics of the protein. This was especially noticeable in
residues that participate in the metal ion dependent interaction with the transmembrane
periplasmic protein CusB. These results as a whole show that the Cu+/Ag+-W44 cation-π
interaction at the metal recognition site in WT CusF maintains a delicate balance between
protecting Cu+ from oxidation by water molecules and allowing for the metal ion to transfer
to the cation efflux tripartite pump.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

MD molecular dynamics

PMF potential of mean force

QM/MM quantum mechanical molecular mechanical

DFT density functional theory

MP2 second order Møller-Plesset perturbation

WT wild-type

EXAFS extended X-ray absorption fine structure
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Figure 1.
Cartoon representation of Cu(I)•CusF (PDB code: 2VB2). Cu+ is shown as a pink sphere
and the metal binding residues are represented in stick formation.
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Figure 2.
Cu+•CusF metal binding site geometries represented using a model system. Interaction
energies were calculated between the pink and blue fragments. The Trp-Cu(I)•HMM
interaction energy provided the interaction energy between W44 and bound Cu+

(Cu+•H36•M47•M49), and the Trp-HMM interaction energy gave the interaction energy
between W44 and other metal binding residues in the absence of Cu+ (W44–H36•M47•
M49) at the same geometry. The stabilization from the cation-π interaction was estimated as
Trp-Cu(I)•HMM – Trp-HMM.
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Figure 3.
Cartoon representation of Cu(I)•W44MCusF mutant showing Cu+ as a pink sphere and the
metal binding residues represented in stick formation in a distorted tetrahedral coordination
environment from QM/MM calculations.
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Figure 4.
Average and maximum radius of gyration values from simulations of apo CusF and Cu+

bound CusF.
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Figure 5.
Cross correlation plots for apo CusF and Cu+•CusF.
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Figure 6.
Distribution of water molecules in the first solvation shell of Cu+ in simulations with a
refined Cu+-W44 interaction energy and standard (weak) Cu+-W44 interaction energy.
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