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The resistance of gram-negative bacteria to silver ions is
mediated by a silver efflux pump, which mainly relies on a
tripartite efflux complex SilCBA, a metallochaperone SilF and
an intrinsically disordered protein SilE. However, the precise
mechanism by which silver ions are extruded from the cell and
the different roles of SilB, SilF, and SilE remain poorly un-
derstood. To address these questions, we employed nuclear
magnetic resonance and mass spectrometry to investigate the
interplay between these proteins. We first solved the solution
structures of SilF in its free and Ag+-bound forms, and we
demonstrated that SilB exhibits two silver binding sites in its N
and C termini. Conversely to the homologous Cus system, we
determined that SilF and SilB interact without the presence of
silver ions and that the rate of silver dissociation is eight times
faster when SilF is bound to SilB, indicating the formation of a
SilF–Ag–SilB intermediate complex. Finally, we have shown
that SilE does not bind to either SilF or SilB, regardless of the
presence or absence of silver ions, further corroborating that it
merely acts as a regulator that prevents the cell from being
overloaded with silver. Collectively, we have provided further
insights into protein interactions within the sil system that
contribute to bacterial resistance to silver ions.

In the mid-20th century, the mass production of antibiotics
emerged as a promising weapon to fight bacterial infections
and has been massively used, unfortunately leading to the
development of further antimicrobial resistance. As a result,
there has been renewed interest in the use of silver for its
antimicrobial properties (1). Silver is currently found in many
everyday devices, such as silver-based wound patches, cos-
metics, sanitary towels, or shower gels. More recently, it has
been shown that silver enhances the antibacterial efficacy of
clinically approved drugs as well as antibiotics (2, 3). However,
similarly to antibiotic resistance, gram-negative bacteria have
developed different resistance mechanisms to counteract the
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toxic effect of silver. This effect was first characterized in a
strain of Salmonella typhimurium that caused the death of
several patients in a burn unit in 1975 (4), and the genes
responsible for silver resistance were ascribed to the plasmid
pMG101 and designated the sil operon. Although the molec-
ular mechanisms behind silver resistance still constitute an
unsolved conundrum, the molecular basis has been reported in
the seminal paper of Gupta et al. in 1999 (5). This mechanism
is based on the expression of an efficient efflux transporter that
expels metal ions out of the cell where the main key players are
a tripartite efflux complex SilCBA, a small periplasmic met-
allochaperone SilF and a disordered SilE protein. SilCBA
comprises an inner membrane transporter (SilA), an outer
membrane protein (SilC), and a periplasmic protein (SilB). The
deletion of silc, sila, silb, or sile results in a complete loss of
resistance, while the deletion of the silf gene led to cell death
when cus genes were also deleted (6).

It is thus an ongoing challenge to disentangle the functional
mechanism of action that governs silver resistance and the
corresponding interplay between SilCBA, SilF, and SilE of
S. typhimurium. At present, only a few proteins of the sil sys-
tem have been characterized, including SilE of S. typhimurium
(7) and SilB from Cupriavidus metallidurans CH34, for which
the structure and dynamics of its N- and C-terminus region,
with and without silver, have been investigated (8, 9). While the
C terminus folds into a SilF-like domain and binds silver ions
(8), its N-terminus region is structured in solution and binds a
silver ion that is caught between three conserved methionines
(9). However, the sequence related to SilB of S. typhimurium
displays only a low 28% identity with SilB of C. metallidurans
CH34. Moreover, the latter one possesses a C terminus that is
absent in the sequence of SilB from S. typhimurium. On the
other hand, the CusFCBA system, which is orthologous to
SilFCBA, has been more extensively studied, and CusF binds
either Cu(I) or Ag(I) without significant structural changes. In
the CusF apo form, Cu(I) or Ag(I) ions are coordinated by two
methionines and one histidine and are further stabilized by a
cation-π interaction due to a tryptophan (10, 11). Heavy-metal
efflux by CusABC is driven by proton import, and this process
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SilE, SilF, and SilB interplay in silver bacterial resistance
is catalyzed through the inner-membrane transporter CusA.
The CusA structures suggest that the metal binding sites,
formed by a three-methionine cluster, are located within the
cleft region of the periplasmic domain (12). The metal binding
triggers significant conformational changes and suggests a
metal export through a channel of methionines, and very
recently, four different conformations of CusA were identified
and confirmed that CusA assembles as symmetric trimers
where each of them can bind metal ions (13). CusB, which is
the periplasmic protein of the tripartite heavy-metal efflux
pump CusCBA, comprises four different domains where the
first three domains are mostly β-strands. CusB can also interact
with Cu(I) or Ag(I) ions through its N terminus which is
essential for metal binding and transfer to CusF. Metal ions
have been shown to interact with CusB and are maintained in
place through a triad of methionines (14) which mutations
result in a loss of metal binding (15). In an effort to understand
the mechanism by which the efflux pump expels metal out of
the cell, previous studies have demonstrated that CusF can
transfer metal ions to the N terminus of CusB when one is at
least in the apo form (16) prior to further relocation in CusA
through a channel of methionines (12). Binding events occur
through a multistep process that involves the initial formation
of one or more CusF–CusB intramolecular complexes and lead
to an intermediate that involves the metal coordinated by li-
gands belonging to both proteins (17).

In the present paper, we have solved the solution structures
of SilF in its free and Ag-bound forms. In the Ag-bound form,
we found that SilF binds silver through a set of residues that
includes two methionines and one histidine, similarly to CusF.
We have also characterized the Ag-bound form of SilB and
identified two binding sites located at the N and C termini.
While the interacting C terminus exhibits fast exchange rates,
the Ag-bound N terminus displays NMR signals in slow to
intermediate exchange and attests to the presence of confor-
mational exchange. Conversely to what has been observed for
the cus system, SilF and SilB interact even in the absence of
silver ions. Importantly, the dissociation rate of silver ions
from SilF is eight times faster when SilB is present, indicating a
quick relocation of silver ions to form a shared binding in-
termediate SilF–Ag–SilB. Moreover, we have shown that SilE
does not interact neither with SilF nor SilB, even in the pres-
ence of silver ions, ruling out a mechanism where SilE would
act as a relay protein to further transfer silver to SilF prior to
usher silver through SilB and SilA.
Results

Solution structure of SilF

The SilF construct used in this study comprises of 96 resi-
dues, with the first four residues not belonging to the SilF
sequence (see Fig. S1 for the sequence numbering used in this
study). The 1H-15N heteronuclear single quantum coherence
(HSQC) spectrum exhibits 96 well-resolved backbone amide
signals (Fig. S2A). NMR signals of most of the spin system
were assigned, except for the first two residues in the N-ter-
minal extension. The structure was solved based on the
2 J. Biol. Chem. (2023) 299(8) 105004
collection of an ensemble of 1787 nuclear overhauser effects
(NOEs). The solution structure of SilF was determined using
distance, torsional, and orientational constraints, as detailed in
Experimental Procedures (Table S1).

The first 21 residues are highly flexible and did not show any
inter-residue NOE correlations. This is in good agreement
with the spin relaxation measurements (Fig. S3) that exhibit a
strong decrease of the transverse relaxation rate in this region.
From 22nd to 96th residues, the protein adopts a small β-
barrel shape composed by five β-strands and capped by either
a small α-helix of 1.5 step in one side and a 10-residues loop
(loop 2) in the other side (Fig. 1A). The latter has a well-
defined conformation based on its high number of long-
range NOEs and their relaxation rates (Fig. S3). The
sequence alignment with its two homologues gives a percent
identity of 55% for Escherichia coli copper-binding protein
CusF (Uniprot P77214) and only 36% for the metal-
lochaperone domain of the C. metallidurans SilB (Uniprot
Q581F3) (Fig. S4A). Nevertheless, the 3D structure of SilF is
similar to the structures of those two homologues, the met-
allochaperone domain of SilB (Protein Data Bank [PDB] id.
2L55) and the copper-binding protein CusF (PDB id. 1ZEQ)
(Fig. S4B). The root mean square deviations (RMSDs)
(Cα atoms of the folded part of each protein) are 0.653 and
0.725 Å for the SilB domain and CusF respectively (Fig. S4B).
The electronic doublet of the M53 sulfur is exposed to the
solvent (M33 and M47 for CusF and SilB domain), making it
accessible to bind to any silver ion in their vicinity. This
conformation is confirmed by the presence of NOEs between
the ε-methyl of M53 and both W50-Hα/Hβ and P51-Hδ.
Interestingly, the H42 displays a H-bond between the imid-
azole hydrogen Hδ1 and the carbonyl of E43. This H-bond
stabilizes the tautomer of H42, making the doublet of its Nε2
fully accessible but also holding the imidazole ring in a proper
conformation to coordinate the Ag+ ion (Fig. 1B). The most
divergent part of the proteins is the bottom of the β-barrel
since we observed a small α-helix for SilF where only a loop
was reported for CusF and the metallochaperone domain of
SilB (Fig. S4B).
Solution structure of Ag-bound SilF (1:1)

The assignments of the Ag-bound SilF amide protons are
displayed in Fig. S2B. The structure was solved based on the
collection of an ensemble of 3402 NOEs. The solution struc-
ture of Ag-bound SilF was determined based on the distance,
torsional, and orientational constraints, as detailed in Experi-
mental Procedures (Table S2).

The structure of the bound state of SilF is very similar to the
free state and the RMSD (Cα atoms of the folded part of each
protein) is 0.50 Å (Fig. 1C). Here, the interaction of silver ions
with the imidazole electronic doublet of the H42 induces a
slight structural change in loop 2. Additionally, the 10 residues
of the loop shift by 1 to 2 Å and the M53 rotates along its Cγ-
Sδ bond (Fig. 1C). According to the crystal structure of
Ag+-CusF (PDB id. 2VB3), we defined the coordination of Ag+

to be planar and to involve the three electronic doublets of



Figure 1. Solution structure of SilF and Ag-bound SilF (1:1). A, NMR-derived solution structure of SilF (structure one among 20 NMR-derived structures)
along with the loops and β-strands numbering. B, magnified view showing the key residues of SilF loop 2. The NOEs between the ε-methyl of M53 and both
W50-Hα/Hβ and P51-Hδ are displayed in red dashed lines, and the H-bond between Hδ1 of H42 and the carbonyl of E43 is displayed in black. C, comparison
of the NMR-derived structure of SilF (blue) and Ag+-SilF (magenta). D, zoom around residues M53 and H42. Note the rotation along the Cγ-Sδ bond of M53
for the Ag+-SilF structure with respect to the SilF structure. NOE, nuclear overhauser effect.

SilE, SilF, and SilB interplay in silver bacterial resistance
M53-Sδ, M55-Sδ and H42-Nε2. This coordination pattern is
further confirmed by the large chemical shift perturbations
(CSPs) experienced by the M53 and M55 ε-methyl
(16.8–18.8 ppm and 16.4–21.9 ppm respectively) and the Cδ2
of H42 in presence of silver ion (from 120 to 129.5 ppm). The
RMSD between Ag+-bound SilF and CusF is 0.57 Å (Fig. S5).
The same rotation of M47 (analog of M53 in SilF) along its Cγ
-Sδ bond is observed between the free and the silver-bound
forms (Fig. 1D). As can be seen, the general fold is
conserved and is comparable to the resulting tertiary structure
of Cu-bound CusF (11) and Ag-bound CusF (10) (Fig. S5).

Silver binding to SilF

To investigate the interaction of SilF with silver ions, we
monitored the CSPs in HSQC spectrum of a 15N-labeled SilF
sample upon addition of a solution of silver salt (AgNO3).
Upon titration, several SilF residues were affected and showed
significant CSPs (Figs. 2 and S6). These residues are located on
β-strands 1 and 2 and the connecting loop 2 and comprise
hydrophobic (A44, I45, W50, M53) or charged residues (H42,
E43, R56). Overall, the region affected by silver binding is
consistent with the one found in its CusF counterpart in the
Cus system where the conserved residues H36, M47, M49, and
W44 (corresponding to H42, M53, M55, and W50 in SilF) are
involved in copper or silver binding (11, 18).

Since no significant structural changes have been noticed
upon silver binding, it is likely that the perturbations seen on
the 1H,15N HSQC spectra solely result from the interaction
with silver ions. A closer inspection of the 1H,15N HSQC
spectra reveals that the residues involved in the interaction
clearly exhibit a slow exchange regime with two separated
resonances for the free and bound states (Fig. S6, B and C).
J. Biol. Chem. (2023) 299(8) 105004 3



Figure 2. NMR characterization of the Ag+/SilF interaction. A, CSPs (Δδ) for 15N-SilF in the presence of one equivalent of silver ions as a function of
residue number. The color palette highlights the largest CSPs (from blue to red). B, the observed CSPs in (A) are mapped onto the solution structure of SilF,
including one silver (gray sphere). The same color palette is used as defined in (A). CSP, chemical shift perturbation.

SilE, SilF, and SilB interplay in silver bacterial resistance
NMR line shapes were analyzed by means of TITAN (19) to
derive a dissociation constant (Kd) of 9.5 ± 3.5 μM and a
dissociation rate (koff) of 25.4 ± 4.5 s−1. The errors were ob-
tained by a Jackknife method implemented in TITAN
software.

Silver binding to SilB
The SilB construct used here is composed of 406 residues, of

which the first four residues do not belong to the SilB
sequence (sequence numbering in Fig. S7A). The sequence
alignment of SilB with its two homologues gives a percent
4 J. Biol. Chem. (2023) 299(8) 105004
identity of 67% for the E. coli copper-binding protein CusB
(Uniprot P77239) and only 36% for the C. metallidurans SilB
(Uniprot Q58AF3) (Fig. S7B). To investigate the interaction of
silver ions with the 45 kDa 2H,15N-SilB sample, we used a
1H-15N transverse relaxation-optimized spectroscopy
(TROSY)-HSQC experiment. Upon addition of 1 to 4 equiv-
alents of silver ions to SilB, we observed significant CSPs,
strong signal attenuation, or the presence of two resonances in
conformational exchange of a limited number of signals. To
avoid the long process of signal assignment and identify the
affected residues, we first engineered a SilB1 construct
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(21 kDa) comprising the membrane proximal domain and the
N- and C-terminal flexible edges of SilB, as defined by the
following sequence: 28QL112-G-329SH430. As seen on Fig. S8,
the 1H-15N TROSY-HSQC spectra of 2H,15N-SilB and 2H,15N-
SilB1 nicely overlap, demonstrating that they both share the
same secondary and tertiary structure. To further validate our
approach, we carried out NMR titration experiments on a
1H,15N-SilB1 sample and gradually added silver ions to reach a
final ratio [Ag+]/[SilB1] of 4 (Fig. S9A). The SilB1-affected
residues were identical to those affected on SilB, attesting for
the feasibility of our method. Most of the SilB1 NMR signals
were assigned (Fig. S9B) by means of classical 3D NMR ex-
periments and further transferred on the SilB spectra to
identify the residues that were affected by silver binding. After
the addition of one equivalent of Ag+, F69, M70, and D71
showed strong signal attenuation, whereas V48, L49, F50, M55,
D58, T59, K60, D62, K63, G65, S67, M72, D73, and L74 dis-
played two different resonances (Figs. 3A and S9C), indicating
the existence of two conformations in a slow exchange regime
in presence of silver ions. This observation was confirmed by a
A

B

Figure 3. NMR characterization of the Ag+/SilB interaction. A, CSPs (Δδ) fo
residue number. The blue bars indicate residues that exhibit two resonances
disappear after the addition of 1eq. of Ag+. B, Alphafold model prediction show
the colors (red and blue) defined in (A), while the C-terminus binding site is colo
its perturbed residues. Proline residues are displayed in sticks colored in yello
1H-15N HSQC EXSY experiment recorded for a mixing time of
200 ms (Fig. S9D) that presents the typical hallmark of
exchanging conformations. To localize the SilB affected resi-
dues, we have built a model of SilB based on ColabFold (20),
running the AlphaFold prediction protocol (21). The Alpha-
fold model structure of SilB displays two short beta-sheets and
one turn for residues L49 to Y78 (Fig. 3B). This area shows a
predicted local distance difference test (plDDT) of approxi-
mately 80 for the rank1 model (Fig. S10) and thus corresponds
to a generally correct backbone prediction (22). The presence
of four proline residues (P54, P57, P64, and P68) may induce
local conformational exchange and would explain the obser-
vation of two NMR resonances per residue when silver is
present. Additionally, the three sulfur atoms of M55, M70, and
M72 point in the direction of the interior of the cavity and may
bind one silver ion (inset of Fig. 3B). After the addition of two
equivalents of Ag+, we observe CSPs for some other residues
belonging to the C-terminus region: L403, E410, E413, N414,
S415, M416, A418, S420, Q422, N425, M426, G429, and H430
(Fig. 3A). This last result is in perfect agreement with those
r 15N-SilB in the presence of four equivalents of silver ions as a function of
per residue in presence of silver, while the red bars refer to signals that
ing the 3D structure of SilB. The N-terminus binding site is represented with
red inmagenta. The insert represents the N-terminus binding site along with
w. CSP, chemical shift perturbation.

J. Biol. Chem. (2023) 299(8) 105004 5
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previously published by Babel et al. (23). Therefore, SilB har-
bors two different binding sites, the first one in the region
encompassing residues M55 to F73, and the second one in the
highly flexible C-terminus region.
SilF interacts with SilB without the presence of silver

Previous studies have reported that CusF and CusB ho-
mologous system only interact in the presence of silver (24).
Therefore, we sought to understand whether SilF and SilB
adopt a similar behavior. On a 15N-SilF sample, we added an
unlabeled sample of SilB at a [SilF]/[SilB] ratio of 1. As can be
seen on Fig. S11A, the resulting 15N-SilF HSQC spectrum
shows significant signal shifts in fast exchange upon addition
of SilB, indicating a direct and specific interaction of those
proteins. Several observations can be drawn: first and fore-
most, the affected residues pattern differs from the one seen
for the SilF/Ag+ interaction. Indeed, extra residues located
along β4 and β5 sheets exhibit CSPs (Fig. 4, A and B) and
extend the SilF binding interface. It involves Q81, Q82, N84,
I85, and S86. Second, the perturbed signals show weaker CSPs
and different directions of the shifts compared to the SilF/Ag+

interaction. The direction of the shifts of the 1H-15N signals
reflects the ratio of 1H and 15N CSPs, which is unique for each
residue (N-H bond) and for the changes in its electronic
environment induced by binding. Thus, a change in the di-
rections of the NMR signal shifts indicates a difference in the
local intermolecular contacts, further supporting a model
where SilF interacts with SilB with a different binding mode
compared to the SilF/Ag+ interaction. To confirm the SilF/SilB
binding, we recorded two 1H-15N TROSY-HSQC spectra of a
2H,15N-SilB sample with or without unlabeled SilF at a [SilF]/
[SilB] ratio of 1. As seen in Fig. 4, C and D, residues that
encompass a region between M55 and L74 are significantly
affected and correspond to the first site of silver binding that
was previously described. The observation of a clear interac-
tion between SilF and SilB without silver is in stark contrast
compared to the cus system (16). Indeed, the alignment
sequence shown in Fig. S7B highlights the fact that the per-
turbed residues K56 and K60 in SilB are replaced by Y50 and
R54, respectively, in E. Coli CusB (Uniprot 77,234, Fig. S7B). In
particular, the presence of Y50 in place of K56 may disrupt the
interaction due to its hydrophobic nature in close proximity of
W50 of SilF in the complex (Fig. 5C). Additionally, our NMR
data are supported by the MALDI mass spectra (Fig. 5A)
recorded for an equimolar mixture of SilF and SilB, that clearly
display series of peaks at m/z 55,650 and m/z 27,825, consis-
tent with 1:1 SilF/SilB complex singly charged and doubly
charged, respectively. To gain insight into the structural or-
ganization of the SilF/SilB complex, we used the ColabFold
multimer prediction tool (20). Surprisingly, without any prior
knowledge, the predicted structure displays a contact surface
that involves the most perturbed residues of both SilB and SilF
when mixed at a 1:1 ratio. A closer look at the binding inter-
face reveals that the residues M55, M70, D71, and M72 of SilB
are in proximity with the residues W50, M53, M55, R56, and
N84 of SilF (Fig. 5, B and C). Moreover, the interacting
6 J. Biol. Chem. (2023) 299(8) 105004
structures have a plDDT above 80, indicating that the pre-
dicted backbone structure is confident (Fig. S12).

Estimation of the bound fraction of the SilF/SilB complex

As reported earlier for the CusF–Ag–CusB complex, the
measurement of spin relaxation was used to quantify the
bound fraction of the complex (24). This hypothesis is valid,
assuming that the order parameter (S2), the global molecular
tumbling and the anisotropy is kept similar in the free and in
the bound form. In the present case, this hypothesis has to be
ruled out due to several inconsistency listed hereafter: (i) the
molecular shape of the SilF/SilB complex is far from being
spherical but rather prolate and therefore induces a clear
anisotropy of the diffusion tensor. The resulting relaxation
parameters may significantly deviate from their isotropic
behavior (see Fig. S13B in case of significant anisotropy) and
(ii) the N-terminus domain of SilB that interacts with SilF is a
small domain that is separated from the rest of the protein by a
highly flexible linker. As we have previously demonstrated,
such a flexibility induces a strong modification of the relaxa-
tion parameters (25). Each of the domains have their own,
different correlation times so that the SilB protein could not be
considered as a unique spherical protein. Consequently, when
SilF binds SilB, the 15N-SilF relaxation parameters will reflect
the rotational tumbling associated with SilF and the N ter-
minus of SilB and not the whole SilB. Experimentally, the
average R1 and R2 values calculated over the range of well-
structured residues of SilF for the SilF/SilB complex give
1.47 ± 0.12 and 19.8 ± 2.0 s−1, respectively (Table 1 and
Fig. S13A). These values significantly deviate from their ex-
pected values if the shape of the complex would be spherical
but rather reflect the molecular weight of the SilF and the N
terminus of SilB, as expected (Fig. S13B). This statement is
corroborated by our theoretical prediction of the relaxation
parameters for the SilF/SilB complex. Indeed, as can be seen
on Fig. S14, the predicted R1 and R2 parameters exhibit a
different level according to their location in the protein
sequence. It is noteworthy that the values associated with SilF
are similar to the ones associated with the N terminus of SilB
and significantly different from the rest of SilB. Thus, the fact
that the relaxation parameters associated with SilF when
bound to SilB does not reflect the total molecular weight of the
complex is not the result of a particular bound fraction but is
likely to reflect the behavior of a multidomain protein. Addi-
tionally, our observed experimental data are in very good
agreement with the predicted ones. Therefore, we can
conclude that the SilF/SilB complex is fully or close to be fully
bounded.

SilF interacts with SilB in the presence of silver

We have demonstrated that SilF and SilB interact with each
other without the presence of silver ions. Additionally, we have
shown that they both bind silver ions. Therefore, we were
wondering if SilF could bind SilB in the presence of silver ions.
To test this hypothesis, we prepared a preformed 15N-SilF/Ag+

sample with a [SilF]/[Ag+] ratio of 1, and we added SilB at a



Figure 4. NMR characterization of the SilF/SilB interaction without the presence of silver ions. A, CSPs (Δδ) for 15N-SilF in the presence of 1 equivalent
of SilB as a function of the residue number. B, the observed CSPs in (A) are mapped onto the solution structure of SilF. C, CSPs (Δδ) for 15N-SilB resonances in
the presence of 1 equivalent of SilF as a function of the residue number. For a sake of clarity, the x axis is broken between residue number 100 and 340.
D, the observed CSPs in (C) are mapped onto the modeled structure of the full SilB on the left and mapped on the magnified interacting region on the right.
For all panels, the same color palette highlights the most significant CSPs (from blue to red). CSP, chemical shift perturbation.

SilE, SilF, and SilB interplay in silver bacterial resistance
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Figure 5. SilF/SilB complex. A, MALDI-MS spectra recorded for SilF (top) SilB (middle) and an equimolar mixture of both proteins (bottom). The high m/z
parts of the spectra for SilF and for the mixture have been magnified. B, structure of the SilF/SilB complex predicted by Alphafold. C, the magnified view of
the binding site indicates the main residues involved in the SilF/SilB complex formation.
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[SilF]/[SilB] ratio of 1. We observed significant differences
between the 1H,15N-HSQC spectrum of 15N-SilF in the pres-
ence of SilB and silver and those obtained for the 15N-SilF and
15N-SilF-Ag+ samples where the signals either shift or exhibit
strong attenuation (Fig. S15A). A detailed analysis enables to
distinguish between signals that come back to the position
they occupied in the free SilF HSQC spectrum and signals that
experience a change in their shift direction (Fig. 6, A and B).
Residues close to the silver interaction region such as S41,
A47, V48, G49, and W50 display signals that shift back to the
position they occupied in the 1H,15N-HSQC spectrum of the
free SilF (Fig. 6C). This suggests a loss of interaction between
8 J. Biol. Chem. (2023) 299(8) 105004
these residues and Ag+. Other residues such as K36, K37, I80,
Q81, Q82, G83, and L88 exhibit a change of their shift di-
rection compared to silver binding and indicates a different
binding mode to SilF in presence of SilB (Fig. 6, A–C).
Furthermore, various residues involved in silver interaction,
such as I38, I40, H42, E43, A44, I45, M53, T54, M55, R56, F57,
and T58 that stretch along the β2 and β3 strands, show strong
signal broadening (Fig. 6A) due to an intermediate-exchange
regime. In the same order of idea, we have compared the
1H,15N-HSQC spectra of (i) 15N-SilB1, (ii) 15N-SilB1 + 1 eq. of
SilF, (iii) 15N-SilB1 + 1 eq. of Ag+, (iv) and 15N-SilB1 + 1eq.
SilF + 1eq. Ag+. In the presence of 1 eq. of Ag+ to a preformed



Table 1
Relaxation parameters mean values R1 and R2 measured for the
different complexes SilF/Ag+/SilB

Samples R1, s
−1 R2, s

−1

15N-SilF 1.72 ± 0.10 7.8 ± 0.5
15N-SilF + 1 Ag+ 1.81 ± 0.10 7.4 ± 0.7
15N-SilF + 2 Ag+ 1.85 ± 0.10 7.6 ± 0.9
15N-SilF + SilB 1.47 ± 0.12 19.8 ± 2.0
15N-SilF + 1 Ag+ + SilB 1.34 ± 0.12 19.2 ± 2.7
15N-SilF + 1 Ag+ + SilB + 1 Ag+ 1.61 ± 0.10 13.0 ± 0.9
15N-SilF + 1 Ag+ + SilB + 2 Ag+ 1.63 ± 0.11 13.4 ± 0.9

The mean values were obtained from averaging relaxation parameters by considering
residues involved in only structured part of SilF. The error values were deduced using
the standard deviation.
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SilB1/SilF complex (Fig. 6D), the signals of residues close to
the silver interaction region such as K60 or G65 are displaced
to an intermediate position (#4 in Fig. 6D) between the posi-
tion they occupied in the 1H,15N-HSQC spectrum of the free
SilB1 (#1 in Fig. 6D) and SilB1 + 1 eq. Ag+ (#3,30 in Fig. 6D).
This observation supports the formation of an intermediate
shared complex.

To confirm the presence of the SilF–Ag+–SilB complex, we
carried out relaxation experiments to quantify longitudinal and
transverse 15N relaxation rates. The corresponding R1 and R2

values for the SilF–Ag+–SilB complex give 1.34 ± 0.12 and
19.2 ± 2.7 s−1, respectively, and are similar to the measured
relaxation rates of the SilF + SilB sample and thus presents a
fully or close to fully bounded complex.

To further investigate the silver binding onto SilF in the
presence of SilB, we prepared a preformed 15N-SilF/SilB
sample with a [SilF]/[SilB] ratio of 1 and gradually added a
silver ion solution ranging from 0.1 to 2 equivalents. As
observed for the 15N-SilF + 1eq. Ag+ + 1eq. SilB sample, some
residues displayed strong signal attenuation until 1.3 eq. of
silver (Fig. S15B). To derive the dissociation constant (Kd) and
the dissociation rate (koff) of the 1:1 SilF-SilB:Ag+ equilibrium,
we used NMR lineshape analysis using TITAN(19). Here, we
report an average Kd of 33 ± 7 μM and average koff = 198 ±
27 s−1. While we obtained a similar Kd value for the SilF/Ag+

equilibrium, the dissociation rate has increased by a factor of
eight and support the fact that the silver ion environment is
quickly remodeled toward the formation of a SilF-Ag+-SilB
binding intermediate, where the silver ion is shared between
SilF and SilB. The association rate (kon) is 6.10

6 M−1 s−1, in the
same order of magnitude compared to the formation of the
intermediate complex CusF–Ag+–CusB (17), and suggests a
first step with a quick association of SilF, Ag+, and SilB. To
understand the effect of an increase of the silver concentration
in the cell, we added another eq. of silver ions to the current
15NSilF–Ag–SilB complex (i.e., [Ag+]/[SilF] = 2 and [Ag+]/
[SilB] = 2). At this point, we observed that (i) the signal in-
tensities in the spectrum are comparable to their intensities in
the 15N-SilF + 1Ag+ spectrum (Fig. S15B); (ii) the signals shift
back to the position they occupied in the 15N-SilF + 1Ag+

spectrum (Fig. S15C); and (iii) the values of the longitudinal
(R1) and transverse (R2) relaxation parameters shift back to the
values for the 15N-SilF + 1Ag+ complex (Table 1). Adding a
third equivalent of Ag+ does not change the intensities of the
signals nor the chemical shifts and relaxation parameters
values (Table 1). These results clearly indicate that (i) the
presence of 2 or 3 eq. of silver ions induces a mixture of a
predominant 15N-SilF+Ag+ complex with a small amount of
15N-SilF–Ag+–SilB complex and that (ii) an increase of the
level of silver ions in the cell would destabilize the formation of
the SilF–Ag+–SilB complex. Thus, one may wonder how
gram-negative bacteria may keep the optimum-bound fraction
of the SilF–Ag+–SilB complex despite a high level of silver
concentration in the periplasm?
Interplay between SilF, SilB, and SilE

To answer this question, we were seeking to understand
whether SilE functions as a relay protein responsible for
delivering silver ions directly to SilF or SilB. Until now, SilE has
been identified as a regulator protein that prevents silver ions
to overload the cell. To test whether SilE interacts with SilF, we
recorded 1H-15N HSQC experiments on a 15N-SilE sample
either in its free form or in the presence of SilF at a [SilF]/[SilE]
ratio of 2. As evidenced by Fig. S16A, the two spectra perfectly
overlap, demonstrating that SilF and SilE do not interact. To
the latter sample, we then added Ag+ at a [Ag+]/[SilE] ratio of 2
(Fig. S16B), and the two spectra perfectly overlap. To com-
plement these series of experiments, we have started from a
preformed 15N-SilE + 4 Ag+ sample and have added 2 eq. of
SilF. As can be seen on Fig. S16C the final HSQC spectrum
nicely overlaps with the HSQC spectrum of a 15N-SilE + 2Ag+

spectrum. Moreover, we achieved the reverse experiment and
added SilE to a solution of 15N-SilF preloaded with 1 eq. of
silver ions. The recorded 1H-15N HSQC spectra before and
after the addition of SilE are strictly similar (Fig. S16D). These
results demonstrate that (i) SilE and SilF do not interact with
each other regardless of the presence of silver ions, and (ii) SilE
does not compete with SilF for silver binding likely because
SilF has a much higher affinity for silver ions compared to SilE.
Therefore, SilE is not a relay protein for SilF and is not
involved in a mechanism of silver transfer to SilB.

Thus, we have tested whether SilE directly interacts with
SilB and bypasses SilF by adding SilB on a 15N-SilE sample at a
[SilB]/[SilF] = 1.3. We have recorded a 1H-15N HSQC spec-
trum before and after the addition of SilB. In the same order of
idea, we have also recorded a spectrum where we have added
silver at a [Ag+]/[SilB] = 1 on the previous SilE + SilB sample.
For both experiments (Fig. S16, E and F), we did not observe
any change in the spectra. In the same order of idea, we started
from a preformed 15N-SilE + 6Ag+ sample and progressively
added 0.65 eq. then 1.3 eq. of SilB1. Fig. S16G shows that the
signals of the residues of SilE involved in the interaction such
as A57 and G58 shift back to the position they occupied for the
free SilE. These insightful results evidence that SilE does not
interact with SilB regardless of the presence of silver ions.
These observations support the fact that SilF or SilB have a
better affinity for silver ions compared to SilE. All together,
these results demonstrate that SilE more likely plays the role of
a silver regulator by sequestrating the extra silver ions, keeping
the SilF–Ag+–SilB complex to its optimum-bound fraction.
J. Biol. Chem. (2023) 299(8) 105004 9
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Figure 6. Interaction SilF/Ag+/SilB. A, CSPs of 15N-SilF resonances in the presence of 1 equivalent of silver ion and 1 equivalent of SilB. Red bars highlight
the residues that disappeared, blue bars correspond to residues that shifted back to the position they occupied in the HSQC spectrum of 15N-SilF, and green
bars indicate the residues that modified their shift directions compared to Ag+ binding. B, mapping of the CSPs obtained in (A) on the 3D structure of SilF in
the presence of 1 eq. of both Ag+ and SilB. The same color palette is used as defined in (A). C, overlay of 1H-15N HSQC spectra of 15N-SilF (red, 1), 15N-SilF + 1
Ag+ (blue, 2), and 15N-SilF + 1 Ag++ SilB (green, 3) for top panel residues with a related HSQC peak that come back to the position they occupied in SilF HSQC
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Discussion
To date, the sil efflux system and its silver resistance

mechanism has been largely overlooked, likely because of the
progress made on its homologous Cus system. Although the
SilFBCA proteins share almost 80% sequence identity with the
Cus operon homolog proteins, the two systems also display
discrepancies that we have emphasized in the present study.
For the sake of comparison, we solved the structure of the free
form of SilF and the Ag+-bound SilF. The silver ion did not
perturb the structural organization of SilF which keeps a
similar fold in both cases. Silver ions interact with SilF through
a network of two methionines and one histidine similarly to its
counterpart CusF (10) and display a dissociation constant of
9.5 ± 3.5 μM with a dissociation rate of 25.4 ± 4.5 s−1. From its
side, the periplasmic component of the efflux pump SilB binds
silver ions in a region that spans M55 to F73 and a second one
located in the highly flexible C terminus. For the first binding
site, NMR signals show either a strong signal attenuation or
two distinct chemical shifts due to the possible presence of two
conformations. Whether we refer to CusB or SilB of
C. metallidurans CH34, the residues that belong to the
interacting region are mainly conserved (Fig. S7B). Thus, it is
likely that the structure adopted by the N terminus of SilB is
comparable to the one adopted by CH34 or CusB. In light of
the present results, one may wonder whether the cus and the
sil systems may behave differently to remove metal ions from
the cell. Conversely to what has been shown for the cus sys-
tem, our results clearly demonstrate that SilF and SilB interact
without the presence of silver ions and involve (i) a different
more extended binding interface or (ii) a different dynamical
regime compared to what they experience when they indi-
vidually bind Ag(I). It is also noteworthy that CSPs induced on
both side of the complex are in the fast exchange regime,
reflecting a weaker binding compared to their individual silver
binding. Furthermore, SilF mainly binds SilB through an
ensemble of hydrophobic residues (I38, M53, F57, and I85)
associated with positively charged residues (K37 and R56)
(Fig. S4A). From its side, SilB interacts with SilF through a
surface that overlaps the one seen when SilB interacts with
silver. This interface mainly involves a network of hydrophobic
residues (M55, F61, M70, and M72) associated with negatively
charged residues (D62, D71, and D73) (Fig. S7B). CSPs map-
ping is in fact in good agreement with the SilF/SilB model and
the exposed electrostatic surfaces (see Fig. S17), while the
residues of SilF and SilB involved in the interaction are highly
conserved in CusF and CusB (see Figs. S4A and S7B). Addi-
tionally, we have shown that the SilF binding to SilB signifi-
cantly increases the silver dissociation rate by a factor of eight
compared to that of SilF alone. According to these results, it is
possible to compare the half-life of the Ag+/SilF complex that
is 28 ms, when SilB is not present and decreases to 3.5 ms
when SilB binds SilF (26, 27) and suggest the quick formation
of an intermediate complex that occurs in a two-step process
spectrum and (B) for residues with related HSQC peak that change their shift
(red, 1), 15N-SilB1 + SilF (green, 2), 15N-SilB1 + 1 Ag+ (purple, 3, 30), and 15N-SilB1
single quantum coherence.
with SilF and SilB that are initially prepositioned to host a
silver ion. Further addition of silver ions would dissociate
partially the formed complex.

To the best of our knowledge, this two-step process only
occurs in the sil system while the counterparts CusF and CusB
only bind in the presence of Cu(I) or Ag(I). Therefore, it has
encouraged us to reassess the mechanism by which silver is
further evicted from the cell by referring to our current
knowledge on CusF, CusB, and CusA. Recently, it has been
concluded that the main signal that triggers silver eviction is
based on a switch model rather than a funnel model (28, 29).
This model has also been motivated by the fact that neither
CusF nor CusB are capable of transferring silver ions to CusA
when they are working alone (28). In this representation, CusA
is a homotrimer that directs metal ions to CusC by means of
charged residues complemented by a network and cluster of
methionines (12, 30). While metal ions are prone to enter
CusA via the periplasmic cleft or the cytoplasm, CusB prob-
ably harnesses its plasticity to induce different steps of CusA
conformational changes that drive the passage of metal ions
(13). Since SilA and CusA exhibit an 87% sequence identity
(Fig. S18), it is likely that the different opening states seen in
the case of CusA may also take place for SilA. Thus, one may
wonder “why SilF binds SilB without the presence of silver ions
and what is the advantage of such a two-step process?”. To
address this question, we have to recall that the deletion of
silabc causes a loss of resistance while the deletion of silf does
not completely abolish resistance except in a cus-negative
background (6). This result, combined with our findings led us
to hypothesize that SilF kinetically favors the formation of a
SilF–Ag+–SilB intermediate complex that activates the on-
switch for SilA, a process designed for a quick answer to sil-
ver overload of the cell. With such a structural organization,
the SilAB complex may bind up to six SilF (Fig. 7). SilF would
function like a lever to first release the C terminus of SilB from
SilA and further loosen SilA for a possible conformational
change and silver extrusion. This is a plausible hypothesis if
one refers to CusB, which undergoes a more compact struc-
ture upon silver binding and further induces the CusA channel
opening (31). Furthermore, one may still wonder whether SilE
only induces silver sequestration or may directly bind to SilB
via SilF. This question arises from the fact that SilE can bind
six silver ions (7) similarly to the SilB hexamer structure that
may bind up to six SilF. The results of our experiments
demonstrate that SilE does not bind to neither SilF nor SilB
and that its binding affinity for silver is weaker compared to
the affinity of silver for SilF and SilB. As a consequence and to
the light of our results, we can conclude that SilE functions as a
silver regulator protein that prevents an overload of the cell
and ensures an optimal functioning of the SilF–Ag+–SilB
complex. Moreover, when the silver ions concentration turns
back to a lower concentration, SilF and SilB still bind Ag+

despite the presence of SilE and ensure that the efflux pump
direction in presence of SilB. D, overlay of 1H-15N HSQC spectra of 15N-SilB1
+ SilF + 1 Ag+ (pink, 4). CSP, chemical shift perturbation; HSQC, heteronuclear
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Figure 7. Putative structural arrangement of the SilA/SilB/SilF complex. Hypothetical structural arrangement of the SilA, SilB, and SilF complex. SilB is a
hexamer (displayed in blue and green). SilA is a trimer (displayed in orange). Six molecules of SilF (displayed in yellow) can interact with the 6-mer of SilB
(displayed in yellow). A rotation of 90� allows to observe the funnel for silver extrusion through the methionine relay network of SilA.
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does not stop working. These last observations complements
the study published by Randall et al. (6) who wondered
whether SilE might act as a chaperone for SilB.

Experimental procedures

Protein expression and purification

The different protein constructs (SilF, SilB, and SilB1) in
pEtM-60 (Novagen) were expressed with their N terminus
fused to NusA and a hexa histidine tag (His6 tag). The
Escherichia Coli BL21 Gold (DE3) were transformed with
those plasmids for overexpression. Cells were grown either in
LB medium with 50 mg/L kanamycin or for uniform isotopic
labeling, in M9 medium supplemented with 1 mM MgSO4,
0.1 mM CaCl2, 4 g/L D-glucose, 6 mg/L thiamine, 50 mg/L
kanamycin, 1 % (vol/vol) trace element solution [5 g/L EDTA,
0.5 g/L FeCl3, 6H2O, 5 mg/L ZnO, 1 mg/L CuCl2, 2H2O, 1 mg/
L Co (NO3)2, 6H2O and 1 mg/L (NH4)6Mo7O24, 4H2O], and
1 g/L 15NH4Cl as main nitrogen source. For 13C-labeled pro-
tein 12C6-D-glucose was replaced by 2.5 g/L 13C6-D-glucose.
For 2H-labeled protein, a first preculture of 25 ml in LB in
distilled water in presence of kanamycin and a second pre-
culture of 25 ml in LB in D2O supplemented by kanamycin are
fulfilled. Finally, the last preculture is prepared in M9 medium
in D2O and kanamycin. The same procedure is used for the
culture except for the use of D2O instead of distilled water.

The cells were grown at 37 �C until A600 reached 0.6 to 0.8,
and the expression was induced by adding 1 mM IPTG. In-
duction was performed for 3 to 4 h at 37 �C. The cells were
lysed in 50 mM Tris-base, 300 mM NaCl, and 5 mM imidazole
at pH 7.8 to 8. The clarified cell lysate was loaded on Ni-NTA
Superflow column (Qiagen), equilibrated with 50 mM Tris-
base, 300 mM NaCl, 5 mM imidazole, and 1 % (vol/vol)
glycerol at pH 7.8 to 8. The bound protein was eluted by
applying an imidazole gradient. NusA and His6 tags were
removed by cleavage with the tobacco etch virus protease at
5 �C overnight while dialyzed against lysis buffer containing
50 mM Tris-base, 300 mM NaCl, 5 mM β-Me, and 5 mM
imidazole at pH 7.8 to 8. Proteins are separated from NusA-
His6 by second Ni2+ affinity chromatography using as a first
step elution with 10% of solution (50 mM Tris-base, 300 mM
NaCl, 500 mM imidazole, 1 % (vol/vol) glycerol and pH 7.8–8)
and then a gradient elution. To obtain an improved purity, we
performed size-exclusion chromatography using a Superdex
75 16/600 column (GE Healthcare) in 20 mM MES and
20 mM NaF at pH 6.8.

NMR experiments

All the NMR samples were prepared in 20 mM MES buffer
and 20 mM NaF (pH 6.8) complemented by 10 % D2O.

The 1H, 13C, 15N NMR signal assignment of SilF has been
achieved using the conventional 2D and 3D experiments
recording at 293 K and at a proton Larmor frequency of
600 MHz (14.1 T) with a Bruker Avance III spectrometer
equipped with warm TCI probe on a double labeled sample
(U-[13C,15N]). The following set of NMR experiments were
used: 2D [15N,1H]-HSQC, 2D aliphatic [13C,1H]-HSQC, 2D
aromatic [13C,1H]-Sofast-HMQC (32) as reference spectra; the
bidirectional and sequential experiments 3D HNCACB, 3D
CBCA(CO)NH, 3D HNCA, 3D HN(CO)CA, 3D HNCO, and
3D HBHA(CO)NH for the backbone assignment; 3D [1H]-
TOCSY-[1H,15N]-HSQC, 3D [1H,13 C,1H]-TOCSY, and 3D
[13C,13 C,1H]-TOCSY for side chain assignment. Aromatic 13 C
and 1H assignment has been achieved thanks by the 2D
[1H,1H]-TOCSY recording on SilF, labeled at the natural
abundance. Methionine CH3ε were assigned using observed
NOEs with surrounding hydrogens in the 3D [1H]-nuclear
overhauser effect spectroscopy-[1H,13 C]-HSQC. The
[13C,15N]-labeled SilF[1−96] samples were concentrated at
500 μM. The SilF[1−96] samples at natural abundance, either
bound to or free of silver ion, were concentrated at 300 μM.
For the NMR analysis of the Ag+-bound SilF, 1:1 equivalent of
the silver ions was added to the solution.

Concerning SilB and SilB1, NMR experiments were carried
out at 293K with a spectrometer Bruker NEO operated at a 1H
frequency of 900 MHz (21.1 T) and equipped with a triple
HCN cryoprobe. The backbone resonance assignments of
SilB1 have been performed using a combination of the classical
3D experiments: 3D HNCACB, 3D CBCA(CO)NH, 3D
HNCA, 3D HN(CO)CA, and 3D HNCO.

The interaction studies have been carried out using CSP
measurement, where a series of 1H-15N HSQC were recorded
for a protein while adding gradually a small volume of the
concentrated silver solution (AgNO3) until reaching satura-
tion. The combined CSP is calculated using the following
equation:

Δδ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔδHÞ2þ

�
ΔδN

=

5

�2
r

Where ΔδH are the CSPs in the proton dimension and ΔδN
are the CSPs in the nitrogen dimension. The calculation of
kinetic and thermodynamic parameters koff and Kd has been
conducted by following the protocol provided by Waudby
et al. (19). This article clearly describes the different steps to
prepare the sample, record the experiments, and to analyze
the NMR titration data using their dedicated software
named TITAN. The current software is running under
Matlab (The MathWorks, Inc), and different binding models
are implemented while the fitted parameters are deduced
from 2D lineshape analysis. Here, we used a two-states
model to describe the binding between the different partners.

Relaxation experiments including 15N longitudinal (R1) and
transversal (R2) relaxation as well as the 1H-15N heteronuclear
cross-relaxation rates were performed on the following sam-
ples: 15N-SilF, 15N-SilF + 1 Ag+, 15N-SilF + 2 Ag+, 15N-SilF +
SilB, and 15N-SilF + SilB + 1 Ag+. For the R1 experiments, we
used relaxation delays ranging from 40 to 2000 ms were used
with a recycling delay of 3.5 s. In the case of the R2 experi-
ments, we used relaxation delays ranging from 8 to 480 ms
were used with a recycling delay of 3.5 s. For 1H-15N hetero-
nuclear NOE experiments, 2D spectra were recorded with and
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without pre-saturation of amide protons. The relaxation delay
was set to 4.5 s to allow the bulk water magnetization to return
as close as possible to the equilibrium state.

De novo structure calculations of the free SilF and the 1:1
SilF:Ag+ complex

The structures of both bound and free states of SilF[1−96]

were determined using a set of distances, dihedral angles, and
H-bonds constraints. The distance constraints were derived
from NOEs recorded with two 3D, either 13C- or 15N-edited,
NOESY-HSQC experiments. To gain into sensitivity, the
NOESY experiments on Ag-bound SilF sample were recorded
with a Varian spectrometer at 1H frequency 600 MHz equipped
with a cryoprobe, whereas NOESY experiments on apo-SilF
were recorded with a Bruker spectrometer at 1H frequency
600 MHz equipped with a warm probe. Hence, we detected
1787 without a cryoprobe and 3402 NOE peaks with a cryo-
probe for the free and bound states, respectively. The backbone
dihedral angles (Φ,Φ) were predicted using the backbone
chemical shifts and the Talos+ algorithm (https://spin.niddk.
nih.gov/bax/nmrserver/talos/) (33) from the backbone chemi-
cal shifts. Some χ1 and χ2 side chain dihedral angles were
defined according to the surrounding NOEs, but only for side
chains located in the protein core. Hydrogen bonds were
defined as a set of distance constraints only when they were
supported by the observation of specific NOE patterns and the
presence of the relevant secondary structures. Ambiguous NOE
assignments and structure calculation were performed using
CYANA (34), and further refinement of the protein structure
geometry was carried out in presence of water molecules using
a CNS water refinement script (35). In the case of Ag+-bound
SilF[1−96] structure resolution, we defined an artificial histidine
residue containing the silver ion was defined. The geometry of
this artificial residue was defined based on the known coordi-
nation of the silver ion with the electronic doublet of the
imidazole Nδ1 (Ag+ within the imidazole plane and the coor-
dination bond between H42 Nε2 and Ag+ set to 2.3 Å). The
structure of the Ag+-bound SilF homolog, CusF (PDB id.
2VB3), was used to define the coordination geometry of the
silver-bound state of SilF.

Mass spectrometry experiments

For mass spectrometry, a buffer exchange was first per-
formed on the purified protein solutions, using 5 ml individual
dialyzer tubes, MWCO 3500 (Roth) in order to obtain
20 μmol L−1 protein solutions in ammonium acetate buffer
(50 mM L−1). As the matrix for MALDI experiments, we used
a 20 mg mL−1 solution of synapinic acid in a mixture of water
and acetonitrile (1:1 vol) with 0.1% trifluoroacetic acid. This
solution was then mixed with protein samples (1:1 vol) before
deposition on a ground steel plate. Three spots of each solu-
tion were deposited on the plate. An equimolar mixture SilB/
SilF was prepared right before deposition from the pure pro-
tein solutions. For calibration, bovine serum albumine (BSA)
was also deposited on the same plate with the same matrix.
Mass spectra were recorded on a MALDI-TOF mass
14 J. Biol. Chem. (2023) 299(8) 105004
spectrometer (Ultraflextreme) in the positive ion mode and
using the linear TOF configuration. Mass calibration was done
using BSA monomer, dimer, and doubly charged monomer
ions. For all experiments, the laser power was set to 95%. All
chemicals for sample preparation were purchased from Sigma
Aldrich. The mass spectra were extracted using the Flex-
Analysis software (Bruker) and plotted using Origin 2016.

Alphafold modeling

To model a putative silver-bound SilB structure, we used
the ColabFold server (20), which is based on the AlphaFold 2
prediction protocol (21). The sequence of SilB is given by the
UniProt accession number Q9ZHD0. The modeled structures
were ranked according to a quality factor issued by Alpha-
Fold, which is a per-residue confidence metric called the
plDDT, ranging from 0 to 100. The plDDT metric estimates
how well the prediction would agree with an experimental
structure based on the local distance difference test Cα (36).
A plDDT <50 should not be interpreted except as a possible
disorder prediction while a cutoff of plDDT >70 corresponds
to a likely correct backbone prediction (22). It is well-
calibrated, and full details on how the plDDT is produced
are given in the supplementary information of the AlphaFold
paper (21).

Theoretical prediction of the relaxation parameters

The predicted relaxation parameters for the SilF/SilB com-
plex were obtained by means of the SpinRelax program (37).
The analysis was performed on a set of 18 trajectories of 100 ns
for a total of 1.8 μs. The different trajectories were extracted
from different molecular dynamics running the ACEMD
software (38). Each of the trajectories were started with the
rank1 structure of the SilF/SilB complex obtained with
AlphaFold. The complex was set in a cubic box by applying a
1.2 nm buffer to the protein coordinates, filled with water
molecules and the specific counterions. Energy minimization
was run for 2000 steps, followed by NVT equilibration for
600 ps with a time step of 2 fs and concluded with NPT
equilibration in two steps: first with constraints during 3 ns
and second without constraints for 3 ns. We used a Langevin’s
thermostat with dumping of 1 ps and Berendsen’s barostat
with pressure relaxation time of 800 ps. The Coulomb’s elec-
trostatic was described by the PME method with cutoff at
0.9 nm and grid spacing of 0.1 nm, whereas the van der Waals
forces were described by a switching function with a cutoff at
0.75 nm. The 100 ns runs were carried out in an NVT
ensemble. For this specific case, we have produced 18 quasi-
independent trajectories, by generating new sets of velocity
at start-up. The spinrelax program can be obtained free of
charge at this address: https://github.com/zharmad/SpinRelax.

Data availability

The 20 lowest energy structures are deposited into the
Protein Data Bank (PDB) identifiers 8BXJ and 8C2Q for the
free and Ag-bound SilF[1−96], respectively. Moreover, 1H, 15N,
and 13C chemical shifts of free and Ag-bound SilF have been

https://spin.niddk.nih.gov/bax/nmrserver/talos/
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https://github.com/zharmad/SpinRelax
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deposited into Biological Magnetic Resonance Bank identifiers
34779 and 51726, respectively.
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information.
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