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ABSTRACT: Interactions between proteins and metal cations are central to
biochemical processes and shape protein structures. SilE, an intrinsically disordered
protein involved in bacterial silver resistance, folds into α-helices upon binding Ag+
ions. Focusing on the B1 peptide fragment from SilE, we investigate the mechanism
of Ag+-induced folding with atomistic simulations and experiments. Guided by Mass
Spectrometry and NMR, we prepare a structural model of Ag+-bound B1, which we
parametrize using DFT. Then, with replica-exchange simulations and deep learning,
we map B1’s folding landscape and how it is shaped by Ag+. Specifically, Ag+ binding
promotes folding by lowering the entropy of the disordered state and stabilizing the
folded state. We also describe how Ag+ alters the folding pathways. Overall, we
improve our understanding of metal-induced protein folding and lay the groundwork
for further computational investigations of the bacterial silver-resistance machinery.

Interaction with metal cations can shape the conformationallandscapes of proteins in several ways. Metals can promote
protein unfolding,1 misfolding or aggregation, which may lead
to neurodegenerative disorders.2,3 Conversely, metals at an
optimum concentration are essential for proteins, and ≈33% of
protein structures in the PDB have at least one metal ion
(https://www.rcsb.org/). Metals can be involved in folding4,5

and help maintain the 3D structure of proteins.6 For example,
recent research by our group7−9 and others10 has showed that
the bacterial intrinsically disordered protein SilE locally folds
into α-helices upon binding silver cations Ag+. The present
paper is concerned with understanding the mechanism and
energetics of this Ag+-induced folding through Molecular
Dynamics (MD) simulations and experiments.
SilE (Figure 1A) is an essential member of the sil silver-efflux

machinery, which confers Gram-negative Bacteria resistance
against silver toxicity.11−13 The antimicrobial properties of
silver have been used since Antiquity.14 Novel silver-based
antibacterials could help counter rising antibioresistance,15,16

but for this it is critical to address bacterial resistance to
silver.17 Understanding the molecular underpinnings of the
silver-resistance machinery would facilitate this endeavor by
guiding drug discovery efforts.
SilE is natively disordered but folds locally into α-helical

segments upon binding Ag+ cations.9 This feature is retained
by peptide fragments encompassing the silver binding sites
composed of HXXM or MXXH motifs.7,8,18,19 The ability of
SilE to bind free Ag+ is crucial for the sil machinery, which
makes SilE an attractive�albeit challenging�pharmacological
target. However, the functional importance of its folding upon
binding of Ag+ is not well understood. For instance, it is
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Figure 1. Description of the B1 peptide and the bonded model for
His−Ag+−Met. A. Representative structure of Ag+-bound full-length
SilE from SAXS measurements9 showing the folded α-helical silver-
binding regions. B. NMR structure of the Ag+-bound B1 peptide.8 For
clarity, only polar hydrogens are shown. C. Bonded model with C-
RESP2 partial charges for His-Nδ, Ag and Met-S derived from DFT
calculations. The full list of partial charges is given in Table S2.
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unclear whether the helical motifs modulate the affinity of SilE
for Ag+ or enable functional interactions with other sil
proteins.20,21 More generally, how silver cations could stabilize
helical structures in peptides and proteins has been poorly
described.
Addressing this question with atomically detailed simu-

lations of Ag+-induced folding is challenging for two reasons.
First, MD simulations of peptide folding require extensive
sampling and a force field that can describe the unfolded state
accurately.22,23 Second, classical force fields struggle to
describe d-group metallic cations and their interactions with
proteins.24 Polarizable force fields and Quantum Mechanics/
Molecular Mechanics (QM/MM) can accurately describe
metal centers in proteins while enabling some conformational
sampling,25−27 but their computational cost makes their use for
folding simulations challenging.28 Despite their limitations,
fixed-charge force fields have shown successes in metal
modeling,24 for example, when ad hoc modifications are
incorporated to approximate the effects of polarization.29−31

Parametrization of transition metal cations for fixed-charge or
polarizable force fields remains an active topic of research.
Lennard-Jones parameters for nonbonded cations including
Ag+ have been developed by Merz et al.32,33 Their most recent
parameter set describes His-Ag+ interactions well34−36 but
requires a nonstandard “12-6-4” interaction potential37,38 that
precludes widespread adoption. Very recently, Manciocchi et
al. reported on a standard (“12-6”) Ag+ model39 calibrated to
reproduce binding affinities to SilE tetrapeptide fragments.7

This model is promising, but it remains unclear whether it can
capture how interactions with Ag+ affect protein conforma-
tions, as discussed below. Alternatively, bonded models that
treat the interaction with Ag+ as effectively covalent have been
proposed. Chen et al. developed a bonded model for the
interaction with cytosine,40 and Lithgo et al. for the interaction
with the SilF protein.27 In both studies, parameters were
developed for the AMBER force fields; we are not aware of
similar efforts for the CHARMM force fields. In addition, to
our knowledge, no previous work has specifically investigated
the structural consequences of binding of Ag+ to proteins with
an atomistic level of details.
Here, we lay the groundwork toward atomistic simulations

of full-length SilE Ag+-induced folding by focusing on an 11-
residue peptide fragment from SilE,8 called B1 (HQKMVE-
SHQRM), which contains two HXXM silver-binding motifs.
First, we collect experimental evidence from mass spectrometry
(MS) and nuclear magnetic resonance (NMR) in favor of a
“binding then folding” mechanism. This motivates simulating
the folding of B1 with a bonded Ag+ model. We then develop a
CHARMM-compatible bonded model for the His−Ag+−Met
coordination complex using electronic structure calculations.
In so doing, we address the gap of the Ag+-protein bonded
model for the CHARMM force-field family. Next, we explore
the conformational space of B1 in the presence and absence of
Ag+ using temperature-replica-exchange molecule dynamics
(T-REMD) simulations in explicit solvent (200 μs of aggregate
MD sampling). Analysis of the simulations by rigorous free-
energy reweighting and deep learning maps the conformational
landscape of B1 and shows that our model correctly captures
the Ag+-induced α-helix stabilization. We evaluate the effect of
alternative parametrizations of our bonded model on the
folding equilibrium. We introduce a postprocessing procedure
based on the string method41 to reveal the mechanistic
pathways of B1 folding and how they change when Ag+ is

bound. Overall, our study provides a comprehensive picture of
B1’s Ag+-induced folding.
Previous NMR experiments have shown that B1’s folding

and binding to Ag+ are coupled8 but did not address whether
this coupling proceeds through a conformational selection
mechanism (Ag+ binds preferentially to minority folded
conformers, shifting the equilibrium toward the folded state)
or whether Ag+ binds to disordered conformers and directly
induces folding. We first set out to answer this question
experimentally. MS shows unambiguously that the major form
of B1 under saturating Ag+ conditions is bound to two Ag+ ions
(Figure 2A). Since MS samples were prepared in strongly

denaturating conditions (≈12M methanol, Supplementary
Text 6), this demonstrates that Ag+ binding by B1 does not
require prefolding into an α-helix. NMR characterization of a
B1 E6Q mutant provides additional information (Supplemen-
tary Text 5). Similar to wild-type B1,8 the 1D 1H NMR
spectrum of B1 E6Q indicates that this mutant is disordered in
the free form (Figure 2B). In the presence of Ag+, the 1H

Figure 2. Experimental data on B1. A. MS spectrum of B1+Ag+, with
the main peak corresponding to B1 + 2Ag+. B. 1D 1H NMR spectra of
B1 E6Q with and without Ag+ recorded at a 1H frequency of 700
MHz and 293 K. The rectangle indicates the amide and aromatic
protons region. C. 2D 1H−1H NOESY spectrum of B1 E6Q in the
presence of Ag+.
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chemical shifts are perturbed (Figure 2B), indicating that B1
E6Q retains the capacity to bind Ag+. Yet, unlike wild-type B1,
the 2D NOESY spectrum of B1 E6Q in the presence of Ag+
shows only sequential i, i + 1 correlations, indicating a
disordered state (Figure 2C). Thus, B1 E6Q is able to bind
Ag+ but is unable to fold. Therefore, folding is not required for
Ag+ binding; instead, Ag+ binding precedes and promotes
folding in wild-type B1. This justifies developing and using a
bonded model to investigate this process with MD simulations.
We thus developed a bonded model of His−Ag+−Met in a

linear geometry (Figure 1C), calibrated on Density Functional
Theory (DFT) calculations and compatible with the
CHARMM force fields (Supplementary Text 1). We used
the Seminario method to determine force constants from the
Hessian matrix computed at the DFT-optimized geometry;42,43

see Table S1. Deriving CHARMM-compatible partial charges
for systems containing transition metals, such as silver, is
nontrivial because the standard parametrization approach relies
on HF/6-31G* calculations, which are likely to describe such
systems less accurately than correlated methods such as DFT.
To address this challenge, we used an appropriate level of
theory (PBE0/def2-TZVP),44−47 and we introduced two key
modifications to the RESP procedure.48 First, we constrained
partial charges of most atoms to their CHARMM standard
values during the RESP calculation49 (Table S2, Figure S1), a
procedure we term C-RESP (for CHARMM-RESP). Second,
we approximately accounted for solvent polarization using the
RESP2 procedure by Gilson et al.50 Motivations for these
parametrization decisions are provided in Supplementary Text
1. Together, they yielded the C-RESP2 procedure for partial
charge derivation.
We prepared 8 simulation systems that differed in three

aspects: (i) presence or absence of Ag+, (ii) whether the B1
peptide was wild-type or the B1E6Q mutant, and (iii) the
parametrization scheme used for the His−Ag+−Met motif; see
Table S3. The observation that B1 folds into an α-helix when
bound to Ag+8 points to a binding pattern in which the first
Ag+ cross-links the side chains of His1 and Met4, and the
second Ag+ cross-links His8 and Met11 (Figure 1B). All

B1+Ag+ simulations were prepared with this binding pattern.
The alternative binding mode in which Ag+ ions cross-link
His1 to Met11, and His8 to Met4, would not be compatible
with an α-helix. Instead, it may stabilize a β-hairpin
configuration, which is not observed by NMR. We energy-
minimized and equilibrated each model in a cubic box filled
with CHARMM TIP3P water molecules51 and 150 mM of Na+
+ Cl−. From each equilibrated system, we ran T-REMD
simulations,52,53 with 64 replicas and temperatures ranging
from 293 to 470 K chosen to balance extensive conformational
sampling with efficient exchange;54 see Supplementary Text 2
for the simulation parameters. Our replica-exchange simu-
lations aggregate 200 μs of sampling (Table S3). For Ag+-free
B1 and B1+Ag+ with the C-RESP2 parametrization, we ran two
independent T-REMD simulations to assess the robustness of
our findings. In all T-REMD simulations, the ≈20% observed
exchange acceptance rate, reversible diffusion of replicas over
temperature space (Figure S2), and overlapping potential
energy distributions (Figure S3) suggest that the simulations
have correctly explored the conformational space.
To get a global view of how Ag+ binding affects the

energetics of B1 folding, we evaluated the two-dimensional free
energy landscapes at 293 K (i.e., the temperature of the NMR
measurements8) along the radius of gyration Rg and the α-helix
content55 α of B1; see Figure 3 and Figure S4. α = 1.0 for a
perfect α-helix and 0 for a fully disordered configuration. We
used Multistate State Bennett Acceptance Ratio (MBAR)
reweighting to combine the data collected at all temperatures,
making optimal use of our simulations.56 We then evaluated
free energy landscapes by weighted Gaussian kernel density
estimation (KDE), using the MBAR weights as implemented
in pymbar57 (see Table S4 for KDE bandwidths). The free
energy landscapes show how Ag+-binding shapes the folding
landscape of the B1 peptide.
Both in the presence and in the absence of Ag+, the free

energy landscape exhibits two main local minima: the folded
state encompasses compact (Rg ≈ 6.5 Å), α-helical
configurations (α ≈ 0.9) ,and the unfolded state comprises a
range of conformers with low α-helical content (α < 0.4).

Figure 3. Free energy profiles along (Rg, α) reveal how Ag+-binding shapes the folding landscape of B1. A. Simulation Free B1 (1). B. Simulation
B1+Ag+ C-RESP2 (1). Representative frames are shown; for clarity, only polar hydrogens are shown.
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Thus, our T-REMD simulations successfully capture the
folding of B1. In addition, we observed a marked effect of
Ag+ on the folding landscape. Whereas the simulations predict
a preference for the unfolded state in the absence of Ag+, Ag+-
binding stabilizes the folded state by ≈1.5 kcal mol−1 relative
to the unfolded state. These trends are observed in two
independent T-REMD simulations, both in the absence
(simulations Free B1 (1) and (2)) and in the presence
(simulations B1+Ag+ C-RESP2 (1) and (2)) of Ag+. This
suggests that our bonded model of the His−Ag+−Met motif
reproduces the experimentally observed preference of B1 for
an α-helical conformation when bound to Ag+.8 We assessed
the parametrization sensitivity of the folding equilibrium by
performing T-REMD simulations of models with partial
charges derived through alternative procedures (Supplemen-
tary Text 1). With default C36m partial charges (with +1
charge on Ag), the predicted ground state is disordered rather
than folded (Figure S6A). This suggests that accounting for the
rearranged electronic density upon Ag+ binding is important to
capture the stabilization of the helical state. A model with C-
RESP partial charges stabilizes the folded state slightly less
than C-RESP2 charges, suggesting that accounting for
polarization in water may add a small but important
contribution (Figure S6B). Surprisingly, C-RESP or C-
RESP2 charges averaged over conformational fluctuations
(Supplementary Text 1) predict a disordered ground state
(Figure S6C,D). Although the physical basis for this effect is
currently unclear, these findings empirically support our C-
RESP2 parametrization methodology as the one that best
reproduces the experimentally observed conformational
equilibrium.
Bound Ag+ ions stabilize the folded state in two ways. First,

the positively charged His−Ag+−Met motifs are positioned
opposite K3 and R10; this charge pattern may make the helix
rigid through electrostatic repulsion. Second, bound Ag+ ions
promote the formation of helical turns H1:V5 and S7:M11 by
restricting the conformational freedom of the peptide back-
bone. This is apparent from the reduced range of Rg values

sampled in the unfolded state when Ag+ is present (Figure 3),
indicating that Ag+ destabilizes both very compact and very
extended conformers. This reduces the conformational entropy
of the unfolded state, shifting the equilibrium toward the
helical configuration in the presence of Ag+.
In the folded state, residues K3 and R10 can both form salt

bridges with residue E6; these salt bridges are collinear to the
helical axis, which could stabilize the α-helix (Figure 3A,B)
independently of whether Ag+ is present. This observation
explains why the B1 E6Q mutant does not fold into an α-helix
when bound to Ag+. T-REMD simulations of B1 E6Q show
that, without Ag+, the disordered state is favored even more
than in the wild-type, in agreement with NMR (Figure S5).
With bound Ag+, the predicted ground state is helical, which
may be inconsistent with NMR; however, the conformational
preference for the helix is decreased relative to wild-type
B1+Ag+, suggesting that our model captures the trend. These
findings support that E6 stabilizes the helical conformation
through salt bridges with K3 and R10. Thus, in addition to
H:M cross-linking by Ag+, a centrally positioned, negative side
chain also promotes helical folding.
To get a finer view of the conformational landscape of B1

than that afforded by Rg and α, we turned to machine learning.
We trained an autoencoder (AE) neural network to reduce the
dimensionality of the conformational space to 6. The AE takes
as input a vector of atomic coordinates, projects it onto a 6-
dimensional latent space, and then attempts to reconstruct the
input from the projection. In so doing, the AE discovers 6
latent variables that describe the conformational landscape.
Inspired by previous work,58−60 we used a loss function
combining the reconstruction error, a term enforcing
decorrelation of the latent variables, and a “sketch-map” term
that helps latent variables distinguish between conformational
basins on medium distance scale, i.e., the most likely relevant
substates.61 We trained the AE on ≈20 million T-REMD
simulation frames. Details on the AE architecture, training, and
loss function are provided in Supplementary Text 3 and Figure
S7. To visualize the 6-dimensional latent space, we reduced it

Figure 4. Free energy landscapes of B1 in the absence (A) and the presence (B) of Ag+ along Isomap-transformed latent variables from the deep
autoencoder reveal conformational substates. A. Simulation Free B1 (1). B. Simulation B1+Ag+ C-RESP2 (1). Note that the free energy levels go
up to 6 kcal mol−1. For each metastable state, a representative simulation frame is shown; for clarity, only polar hydrogens are shown.
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to 2 dimensions with Isomap,62,63 yielding variables l1 and l2.
Next, we evaluated the free energy landscapes along l1 and l2 in
the presence and absence of Ag+ (Figure 4). This analysis
reveals several metastable conformational states that are
defined by their degree of folding. For example, the completely
disordered state is found at (l1 ≈ −1, l2 ≈ −1), and the
completely folded state encompasses two basins (l1 ≈ 2, l2 ≈
−2) and (l1 ≈ 3, l2 ≈ 0). Partially folded conformers are also
identified, e.g., at (l1 ≈ −0.5, l2 ≈ 2.5) where the N-terminal
half is folded, whereas the C-terminal half is disordered. Most
of these states are present in both the apo and Ag+-bound B1
peptide, and Ag+-binding shifts the population toward partially
or fully folded conformations.
The AE thus yields a detailed picture of the folding

landscape of B1 and its modulation by Ag+. However, it is not
designed to identify folding pathways. We therefore developed
a post hoc variant of the string method in collective variables
(CVSM)41,64−66 to extract Minimum Free Energy Paths

(MFEPs) from our T-REMD simulations (described in
Supplementary Text 4). We used it to compute folding
MFEPs in a subspace defined by 6 collective variables
describing the folding process (Table S6). These Human-
designed CVs reflect the secondary structure content of B1, its
global shape, and the formation of K3-E6 and E6-R10 salt
bridges. Interestingly, we find that they are well correlated with
the AE-learnt descriptors l1 and l2 (Figures S8 and S9). From
the string method analysis, we infer detailed sequences of
events for α-helical folding of B1, compare competing
pathways, and assess how the mechanism changes when Ag+
is present.
Because the string method is sensitive to the guess path,67

we considered two hypotheses for the folding pathway: N-ter-
initiated folding (in which helical turns first form in N-terminal
and propagate toward C-terminal), or conversely C-ter-
initiated folding. In both the presence and the absence of
Ag+, we prepared a guess path in CV-space corresponding to

Figure 5. Folding pathways of B1 with and without Ag+ from post hoc string method analysis of the replica-exchange simulations. A. Folding
pathways in the absence of Ag+, Simulation Free B1 (1). B. Folding pathways in the presence of Ag+, Simulation B1+Ag+ C-RESP2 (1). Orange: N-
ter-initiated folding mechanism. Green: C-ter-initiated folding mechanism. TS: Transition State. The red shaded ellipse materializes the K3-E6 and
E6-R10 salt bridges. Free energy levels are evaluated with respect to the folded state, and correspond to the free energy profiles of Figures S11A and
S15A. For clarity, only polar hydrogens are shown.
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each hypothesis, independently relaxed these paths with our
string method, and compared their highest free energy barriers
to evaluate their contribution to the total folding flux. The
results suggest that Ag+-binding may amplify a pre-existing
preference for N-ter-initiated folding (Figure 5, Figures S11,
S13, S15, and S17).
In the absence of Ag+ (Simulation Free B1 (1)), N-ter-

initiated folding starts with the formation of the K3-E6 salt
bridge, which remains stably formed throughout the transition.
This promotes the formation of N-terminal helical turns
H1:V5 and Q2:E6. Then, the remainder of the peptide
progressively folds from N-ter to C-ter (Figure 5 A).
Conversely, late formation of the E6-R10 salt bridge does
not seem required for folding from N-ter, although
configurations in which it is formed are seen. The transition
state (+1.5 kcal mol−1 higher in free energy than the
disordered configuration) exhibits formed K3-E6 salt bridges
and a H1:V5 helix turn, and a partially formed Q2:E6 helix
turn, suggesting that the formation of this turn is rate-limiting
for N-ter initiated folding in the absence of Ag+ ions. C-ter-
initiated folding starts with the formation of the E6-R10 salt
bridge, favoring the formation of a bent intermediate from
which the backbone H-bond E6:R10 forms, followed by the
backbone H-bonds V5:Q9, M4:H8, and S7:M11. The
transition state (+1.6 kcal mol−1 higher in free energy than
the disordered configuration) immediately precedes the
formation of the first helical turn. The E6-R10 salt bridge,
although important for the early stages of C-ter-initiated
folding, does not persist throughout the transition and is
generally less stable than the K3-E6 one. Thus, although they
exhibit similar energetics (and therefore rates), N-ter- and C-
ter-initiated folding proceed through qualitatively different
pathways. The independent Free B1 (2) simulation yields
essentially the same picture except that the K3-E6 salt bridge
forms halfway through N-ter-initiated folding. This suggests
that the formation of this salt bridge is not strictly required to
initiate folding from the N-ter. Additionally, the barrier for C-
ter-initiated folding is higher (2.2 kcal mol−1) whereas the
barrier for N-ter-initiated folding is virtually unchanged (1.6
kcal mol−1). This may reflect a slight intrinsic preference for N-
ter-initiated folding.
In the presence of Ag+ (Simulation B1+Ag+ C-RESP2 (1)),

the preference for N-ter-initiated folding is more marked. The
highest transition state for N-ter-initiated folding lies +2.5 kcal
mol−1 higher in free energy than the folded state, versus +3.5
kcal mol−1 for C-ter-initiated folding. This 1 kcal mol−1
difference translates into N-ter-initiated folding accounting
for a predicted ≈85% of the folding flux at 293 K. The
independent B1+Ag+ C-RESP2 (2) simulation predicts a
smaller, 0.7 kcal mol−1 difference between the free energy
barriers, but still favoring N-ter folding over C-ter, suggesting
Ag+ amplifies the pre-existing bias. Overall, our results suggest
that Ag+-induced folding of B1 is determined by partial
prestructuration of the N-terminal and proceeds directionally
from N-ter to C-ter. Interestingly, the first step of the
mechanism entails the formation of an intermediate in which
E6 interacts electrostatically with K3 and Ag+ bound to
H8:M11, revealing that Ag+ changes the sequence of structural
states along the folding pathway.
Using enhanced sampling simulations in explicit solvent with

a bespoke bonded model, we describe in atomistic detail how
binding of Ag+ to His-Met motifs promotes α-helical folding of
a bacterial peptide fragment. We evaluate the relative

thermodynamic stability of the folded state with respect to
the disordered state in the absence and presence of Ag+. We
deploy a self-supervised neural network to map the conforma-
tional landscape and assess how it is modulated by Ag+. We
find that Ag+ binding shifts the balance in favor of the helical
state by several effects. First, it creates a favorable charge
repartition that provides electrostatic stabilization. Second, it
preorganizes a helix nucleation site in N-ter by keeping the
peptide groups of H1 and V5 in close proximity. Last, the His−
Ag+−Met cross-link restricts the accessible conformational
space in the unfolded state, creating an entropic penalty in
comparison to the free peptide. These effects are reminiscent
of how human-designed stapled peptides promote α-helical
folding.68 SilE peptides like B1 represent a unique case of
naturally occurring metal-controlled stapling, and could inspire
novel switchable metal-cross-linked peptides,69,70 a purpose for
which Ag+ has seldom been used.71 In fact, our study illustrates
how simulations can rationalize and even predict how metals
induce α-helices to help design peptide-based supramolecular
architectures.72

Our results suggest that Ag+ binding amplifies a pre-existing
preference for N→C helical propagation in the peptide’s
folding mechanism. This is consistent with earlier computa-
tional and experimental evidence for N→C helical propagation
in the folding of α-helical peptides.73,74 In fact, the laser-
induced temperature-jump infrared spectroscopy technique
used by Acharrya et al.74 could be directly applied to validate
our proposed folding mechanism for the B1 peptide. In
addition, we note that our string method analysis, although
effective to infer dominant folding pathways, cannot account
for off-pathway states �kinetic traps� that would slow down
folding.75 Determining how these may influence folding
kinetics would require complementary analyses with, e.g.,
Markov State Models.74

We used a bonded model in which Ag+ binding to His and
Met is effectively covalent and irreversible, which assumes that
Ag+ binding precedes helix folding and cannot capture
alternative scenarios in which helix prefolding is required for
binding.4 This choice is supported by our simulations of the
free B1 peptide, which show only marginal helix formation in
the absence of Ag+, by our MS and NMR measurements
indicating Ag+ binding without helix formation, and by the
ability of HXXM tetrapeptides�too short to form helices�to
bind Ag+.7,19

By construction, the bonded model enables enhanced
sampling of the bound state without “contamination” from
unbound configurations, which helps isolate the reduction of
conformational entropy brought about by Ag+ binding.
Although this may bias the folding mechanism, our
experimental evidence for folding after binding suggests that
the resulting pathways remain physically representative. In this
sense, simulations with a bonded model provide a clearer
separation between binding and folding than that accessible to
MS and NMR, highlighting the complementarity of these
approaches.
Because of the lack of an adequate method for transition

metal parametrization in CHARMM force fields, we adopted a
nonstandard scheme for partial charge derivation. This scheme,
termed C-RESP2, seeks to recover missing polarization effects
through linear combination of vacuum and aqueous RESP
charges, following the approach of Gilson et al.50 Empirical
comparison with alternative parametrizations indicates that C-
RESP2 best reproduces the experimental folding equilibrium,
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making it suitable for the present mechanistic analysis.
Whether this approach can be readily generalized to other
transition-metal−containing systems remains an open ques-
tion.
More broadly, our results support the use of bonded models

to investigate protein-metal interactions. Lithgo and co-
workers recently reported on a joint experimental and
computational study of SilF,27 another Sil protein.21 These
authors parametrized Ag+ binding to SilF as a bonded model
for the AMBER force fields, which they find agrees with QM/
MM simulations. Our parametrization follows similar lines but
is tailored for CHARMM force fields instead. Thus, both our
work and that of Lithgo et al.27 suggest that bonded models for
Ag+ binding to proteins can enable functional insight.
Moreover, we note that SilF is a structured protein for which
no major rearrangement occurs upon Ag+ binding, unlike that
of the B1 peptide studied here. At the same time, Manciocchi
et al. developed a nonbonded model of the Ag+ cation
optimized to reproduce the thermodynamics of interaction
with proteins.39 These investigators performed μs-scale
conventional MD simulations of a 14-residue peptide fragment
encompassing the B1 peptide in the presence of their model of
Ag+. Interestingly, they observe a marginal increase in peptide
helicity, suggesting that a nonbonded approach might be suited
to simulate silver-induced folding. However, they do not
comment on the structural mechanism involved, nor do they
evaluate the helix propensity by quantitative simulation
methods. Therefore, their study indicates that nonbonded
models might constitute a valuable direction for the computa-
tional investigation of the structural consequences of silver
binding to proteins, to be pursued alongside the bonded
approach. Overall, together with complementary recent
reports,27,39 our study contributes to understanding silver−
protein interactions and sets the stage for computational
investigations of the bacterial silver-resistance machinery.
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