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The binding of metal ions in proteins is often crucial for their function
and hence for life. Silver is known to possess antimicrobial properties,
yet little is known about the exact molecular mechanism of action.
Based on the silver binding tetrapeptide moieties HX;X;M, and
MX;X,H found in the silver efflux pump protein SilE, we studied the
influence of the individual amino acids X; and X, and found trends that
may be important in general metal ion binding in proteins.

Silver has been used for many years in e.g. jewellery, silverware
and cell staining, as well as in medicine. Silver nanoparticles and
ions are known to possess antimicrobial properties.*™ In bacteria,
silver ions interfere with biomolecules causing their alteration,
such as DNA condensation, production of reactive oxygen species,
or protein damage.>® Due to its manyfold targets in the cell, its
exact mechanism of action remains unknown. Gram-negative
bacteria Salmonella Typhimurium are able to tolerate larger
amounts of silver than other bacteria by expressing a silver efflux
system Sil, encoded on a transferable plasmid pMG101.”*° This
silver efflux system is similar in protein number and function to
the copper efflux system Cus, except for one specific protein, SilE,
which had initially been proposed to bind up to five Ag*.” In a
more recent study, it has been suggested to bind eight Ag*."*

SilE is a small periplasmic protein composed of 143 amino
acids (aa), the first twenty of which are cleaved after periplas-
mic targeting (Fig. 1)."> In contrast to metal ion binding
metallothioneins, SilE does not contain cysteine, but a striking
number of histidine (His, H) and methionine (Met, M) residues,
organized mainly in tetrapeptide (and one tripeptide) entities,
which could be expected to bind Ag" ions (Fig. 1).">™**
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In previous model studies in our group, Chabert et al
highlighted that each HX,M (n = 1, 2) peptide was able to
coordinate to one Ag*.'* The affinity constants, log(K,ss), varied
between 5.3 and 6.6 (Fig. 1), indicating a moderate effect of the
non-binding aa X found in between His and Met."

Based on these observations and to gain a more basic
understanding of how the directly silver binding moieties His
and Met, as well as the different aa in between, are affecting the
binding of metal ions (e.g., Ag") in proteins, and thus able to
predict the behaviour of the binding sites in proteins, simple
tetrapeptide models HX;X,H, MX;X,M, HX;X,M, and MX;X,H
inspired by SilE were synthesized and studied (Table 1).

All synthesized tetrapeptides were protected at the N-
terminal by acetylation, and at the C-terminal by amidation
(see ESIT)." The aa (X,,) in between the binding His and Met
were selected according to their side chain properties at pH 7.4.
We chose the positively charged arginine (Arg, R) and lysine
(Lys, K), the polar uncharged glutamine (Gln, Q), the hydro-
phobic alanine (Ala, A), and the turn inducer proline (Pro, P). These
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Model log(Kass) Model log(K,ss)
HQM 56+0.1 MNEH 54+0.1
MDQH 5.8+0.1 HEFM 6.6+0.1
HETM 6.4+0.1 HQAM 5910.1
HQKM 5.7+01 HRRM 53+0.1
HQRM 55101

Fig. 1 The SIlE protein sequence is composed of 143 a.a. The twenty-first a.a.
(green) correspond to the signal peptide. The nine His and Met containing motifs
(underlined in black) were studied by Chabert et al. and inspired the library of
simple tetrapeptide models used in this work, which featured motifs such as
HXXoH, MXXoM, HXXoM, and MXyXoH. In addition, the affinity constants below
the SIlE protein sequence were highlighted by Chabert et al*>**
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Table 1 Binding constants (log(K,ss)) found by fluorimetry competition titration of a solution of tetrapeptide with the HEWM probe (1 equivalent) in
MOPS buffer (20 equivalent, pH 7.4-7.5) by addition of AgNO5 solution (0 to 2.6 equivalent), at 25 °C. (a) HXXM and MXXH tetrapeptide motifs. (b) HXXH

and MXXM tetrapeptide motifs

a Model log(Kass) Model 10g(Kass) b Model 10g(Kass) Model 10g(Kass)

GIn/Q & Arg/R HQQM 5.6 4+ 0.1 MQQH 5.5 4 0.1 GIn/Q & Arg/R HQQH 6.0 + 0.1 MQQM —
HRQM 5.4 4 0.1 MRQH 5.2 4 0.1 HRQH 5.8 + 0.1 MRQM 5.1 4 0.1
HQRM 5.5+ 0.2 MQRH 5.1+ 0.2 HQRH 5.8+ 0.1 MQRM 5.1+ 0.1
HRRM 5.3+ 0.1 MRRH 5.2+ 0.1 HRRH 5.5+ 0.1 MRRM 5.0 £0.2

Pro/P & GIn/Q HPPM 5.0 £ 0.2 MPPH 5.1+ 0.1 Pro/P & GIn/Q HPPH 5.7 £ 0.1 MPPM 49 £ 0.1
HQPM 5.5+ 0.1 MQPH 5.5+ 0.2 HQPH 6.0 & 0.1 MQPM 4.9 £ 0.1
HPQM 5.5+ 0.1 MPQH 5.6 £ 0.1 HPQH 5.7 + 0.1 MPQM 5.0 + 0.1
HQQM 5.6 + 0.1 MQQH 5.5 + 0.1 HQQH 6.0 £ 0.1 MQQM —

Lys/K & Arg/R HKKM 5.2+ 0.1 MKKH 5.0 + 0.2 Lys/K & Arg/R HKKH 5.6 + 0.1 MKKM 4.8 +0.2
HRKM 5.2 +0.1 MRKH 5.1+ 0.1 HRKH 5.4 +0.1 MRKM 49 £ 0.2
HKRM 5.3 +0.1 MKRH 5.2+ 0.1 HKRH 5.6 £ 0.1 MKRM 49 £ 0.1
HRRM 5.3 +0.1 MRRH 5.2+ 0.1 HRRH 5.5+ 0.1 MRRM 5.0 £ 0.2

Ala/A & Arg/R HAAM 5.7 £0.1 MAAH 54 +0.1 Ala/A & Arg/R HAAH 6.0 £ 0.1 MAAM 5.2+0.1
HRAM 5.5+ 0.1 MRAH 5.3+ 0.1 HRAH 5.8+ 0.1 MRAM 49 £ 0.1
HARM 5.6 £ 0.1 MARH 5.3+ 0.1 HARH 5.8+ 0.1 MARM 51+£0.2
HRRM 5.3 +0.1 MRRH 5.2+ 0.1 HRRH 5.5+ 0.1 MRRM 5.0 £ 0.2

five aa were selected because they all occur naturally in the SilE,
and because of their side-chain diversity at physiological pH.
Electrospray ionization mass spectrometry (ESI-MS) confirmed
in all cases that the tetrapeptide was synthesized (Fig. S58-S112,
ESIt) and formed a 1:1 complex in the presence of Ag' that is
stable over time (Fig. S113, ESIf). This confirms the trend
observed by Chabert et al. who used "H NMR titrations for other
previously studied peptides and their coordination to Ag*.'*"°
From circular dichroism (CD), it can be concluded that all
tetrapeptides possess a flexible random coil structure (Fig. 2a).
Upon Ag" addition, the CD spectra of most tetrapeptides do not
indicate strong changes or a trend to fold into an o-helix
(Fig. S114 and S115, ESIt), confirming that our tetrapeptides
are likely too short and flexible to form a stable H-bond on
0O; = Nji4, which is characteristic of the a-helix.’” Only MPQH
and HQPH showed a clearer trend towards a helix formation.
To determine the log(K,) of each tetrapeptide towards Ag*, we
chose fluorometric competition titration experiments (Fig. S116-
225, ESIt), using the previously developed tetrapeptide HEWM as
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Fig. 2 (a) CD titration of HQQH (1 x 10~> M) by addition of AGNOj3 (0 to 8
equivalent) at 25 °C. (b) Operating principle of the fluorescent HEWM probe.
(c) HQQH (5 x 107% M) fluorimetry competition titration with the HEWM
probe (5 x 107® M) in MOPS buffer (20 equivalents, pH 7.4-7.5) by addition
of AgNOs (0 to 2.6 equivalents) at 25 °C. (d) Plot of the maxima of (c). The
solid line corresponds to the fit obtained using DynaFit software '81°
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a competitor probe (Fig. 2b).>° The best buffer system to use for
titration experiments of biomolecules with Ag” was found to be
3-(N-morpholino)propanesulfonic acid (MOPS)."**" The trypto-
phan in HEWM absorbs at 280 nm and emits at ca. 360 nm.
The log(K,ss) of the probe had been determined to be 6.4 & 0.2."°
Fluorometric competition titrations showed fluorescence quench-
ing upon Ag" binding (Fig. 2c). All fluorescence intensity maxima
were reported and plotted against the ratio [Ag']/([tetrapeptide] +
[HEWM)]), and DynaFit software generated a fitting curve yielding
the log(Kass) (Fig. 2d).*®*°

The log(K,ss) for the HX;X,M and MX;X,H tetrapeptide
library (Table 1a) show certain clear trends:

(1) The order of silver binding moieties, HX;X,M and MX;X,H,
does not hugely influence the coordination as the log(K,ss) are very
similar in the large majority of cases (e.g., resp. equal at 5.2 + 0.1
and 5.1 & 0.1 for HRKM and MRKH). An exception to this rule is the
pair HAAM and MAAH with a difference of 0.3 in log;¢(Kass)- The
reason for this observation might be related to the His tautomerism.
Binding affinity calculations based on all-atom simulations with
newly developed parameters for silver(r) indicate the same value of
logyo(Kassuse) for the two peptides HAAM and MAAH.>* The HSE
subscript indicates a microscopic affinity for the Ne-H tautomer of
the neutral His side chain; Ne-H is the strongly preferred Ag'-
binding tautomer according to experiments on peptides.'**
According to constant pH-simulation of the apo form, however,
the MAAH peptide displays a significantly decreased population of
the preferred Ne-H tautomer (36%) with respect to HAAM (60%)
(Table S1, ESIt). Thus, there is a larger tautomeric penalty to
overcome for MAAH than for HAAM. As a result, the calculated
log(K,ss) with tautomeric correction 1og(Kasscorr) is 0.22 lower
for MAAH (5.47) than for HAAM (5.69), which is in agreement with
the experiment (resp. 5.4 + 0.1 and 5.7 + 0.1 for MAAH and HAAM).

(2) The order of X; and X, also does not seem to play a crucial
role in the final log(K,ss). This indicates that for the selected aa
X; and X,, there is no significant interaction of any of the side
chains with His or Met (5.3 & 0.1 for MRAH and MARH).

This journal is © The Royal Society of Chemistry 2025
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(3) However, if X; = X,, different values of the log(Kass)
depending on the nature of the a.a. X are observed. Three cases
can be differentiated here: (3a) the log(K,ss) are the least
affected by the uncharged side chains (Gln and Ala) (e.g., resp.
equal at 5.6 £ 0.1 and 5.7 = 0.1 for HQQM and HAAM). The
length and size of the uncharged side chains do not modify
the log(K,ss) significantly. (3b) In cases where two identical
positively charged aa are placed between H and M, the log(Kass)
are decreasing significantly, i.e. by up to 0.5 in log-values (e.g:,
resp. equal at 5.7 + 0.1 and 5.2 &+ 0.1 for HAAM and HKKM).
This can be understood as, at physiological pH, the positively
charged side chains contribute to a repulsion for the positively
charged Ag' as the latter is coordinated by H and M. This
charge effect also indicates that there is no stabilizing inter-
action between Ag" and the Lys side chains. This contrasts with the
results of some previous studies which show that the Lys alone has
a good stabilizing effect with Ag".>#*> The length and composition
of the positively charged side groups of X, , do not hugely influence
the log(K,ss) (e.g, resp. 5.2 £+ 0.1 and 5.3 + 0.1 for HKKM and
HRRM). (3c) Surprisingly low log(K,ss) values are observed if two
Pro moieties are placed between the coordinating aa. Being a
neutral aa, Pro is known to induce specific turns in peptides and
proteins.>®*” This relative rigidity of the peptide backbone could,
in the case of two Pro moieties, lead to an overall less favourable
conformation or tautomer to coordinate to the Ag* appropriately,
thus explaining the small log(K,) values for HPPM and MPPH
motifs (resp. 5.0 £ 0.2 and 5.1 £ 0.1). CD spectra prove that no
conformational changes occur upon Ag" addition.

To elucidate if the double Pro induces some particular
geometries that disfavour Ag" binding or reduce the fraction
of the Ag'-favoured HSE tautomer, we performed all-atom
simulations. Indeed, the fraction of the HSE tautomer, yygg, of
HAAM is increased with respect to HPPM (60% and 32%, resp.,
Fig. 3b and d) which leads to a larger tautomeric penalty for the
latter peptide (Alog(ymsg) = —0.3) (see ESIt). However, the
tautomeric penalty cannot fully explain the experimental low
log(Ka,ss) of HPPM because the calculated microscopic binding
constant of the HSE tautomer increases (Alog(Kuss use) = +0.3)
due to favorable interaction with backbone oxygen atoms (Fig. 3a
and c). Thus, HPPM features actually the same calculated
macroscopic binding constant as HAAM (see ESIT). Prolines
are notoriously difficult systems to treat by simulations due to
sampling problems (e.g. cis/trans-isomerization). We tested even-
tual sampling problems of the backbone by means of parallel-
tempering replica exchange simulations without any effect on
Kass,use (data not shown). In addition, we tested the impact of cis-
Pro isomerization on the affinity: K, yisg is even larger for all-cis
or single-cis HPPM than for all-trans HPPM. Thus, the disagree-
ment between simulations and experiments remains an open
question. The answer to this might be an integrative approach
for the binding affinity calculations that combines constant-pH
simulations with enhanced sampling techniques to target
simultaneously His tautomerism, cis-trans isomerism, and rig-
orous conformational sampling; this is reserved for future work.

Furthermore, we simulated MPQH (apo/holo) (Fig. 3e) via
MD to explore the impact of Ag" on 3D structure (see ESI}).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Most populated holo-HAAM cluster: His (blue), Met (yellow), Ala
(brown), and Ag* (gray). (b) Apo-HAAM tautomer percentages: Ne—H tauto-
mer (orange), N6—H tautomer (green) and Ne—H and N3—H (dark blue). (c)
Most populated holo-HPPM cluster: His (blue), Met (yellow), Pro (cyan), and
Ag* (gray). (d) Apo-HPPM tautomer percentages: Ne—H tautomer (orange),
N&—H tautomer (green) and Ne—H and Né—H (dark blue). (e) The graph shows
the simulated a-helix similarity of peptide MPQH without (red) and with
(black) Ag™. The probability density function of the root-mean-square devia-
tion (RMSD) of the peptide backbone for a perfect a-helix. The smaller the
RMSD, the closer the backbone conformation resembles an a-helix. Repre-
sentative holo (left) and apo (right) structures are included.

The presence of Ag” shifts backbone conformations toward
a-helices, in agreement with the CD spectrum (Fig. S1150, ESIT).
(4) For X; # X,, a combination of a neutral aa with a
positively charged one decreases the log(K,ss), but to a lesser
extent than if two positively charged aa are used (e.g., resp.
5.6 £ 0.1 and 5.3 £+ 0.1 for HARM and HKRM). Conversely,
pairing a neutral aa with a negatively charged one leads to
higher log(K,ss) (e.g:, resp. 5.5 = 0.1 and 5.8 &+ 0.1 for MQQH
and MDQH (Fig. 1)). As before, this can be explained by the fact
that the side chains attract or repel more the positively charged
Ag'. Interestingly, the log(Kass) is not reduced with only one Pro
found in either position X; or X,, compared to motifs without
any Pro (e.g., 5.5 = 0.1-0.2 for MQQH and MQPH). Hence, it can
be concluded that a single Pro moiety does not reduce the
backbone flexibility enough to lead to lower log(Kass)-

To confirm that the side chain length does not affect the
log(Kass), two artificial aa (Aaa) were introduced in the H-Aaa-
QM motif. The first one, 2-aminohexanoic acid, Hex, has a four
carbon side chain, while the second one, 2,3-diamino propa-
noic acid, Dap, has an ammonium function at the end of a one-
carbon side chain. Comparing HAQM and H-Hex-QM, it is
evident that increasing the length of the side chain does not
affect the constant (both equal 5.6 + 0.1). Similarly, for HKQM
and H-Dap-QM, decreasing the length of the side chain does
not play a crucial role in log(K,ss) (resp. 5.3 = 0.1 and 5.5 & 0.1).

In the second part of the study, we wanted to explore the trends
occurring in HX;X,H and MX;X,M tetrapeptides (Table 1b). In
analogy to the previous tetrapeptides, HX;X,H and MX;X,M were
synthesized and analyzed. Despite many attempts to modify the
synthesis and purification protocols, the MQQM  tetrapeptide
remained trapped in the filter due to its hydrophobic nature and
could not be properly studied.

Chem. Commun., 2025, 61, 5309-5312 | 5311
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Comparing the log(K,ss) of this new HX;X,H and MX;X,M
tetrapeptide library (Table 1b) shows that, like for HX;X,M and
MX;X,H, the positions of X; and X, do not seem to affect the
affinity constants (e.g., 5.8 = 0.1 for HRQH and HQRH). Like
before, uncharged side groups do not seem to influence the
log(Kass) (e.g., 6.0 £ 0.1 for HQQH and HAAH), independently of
their size, while charged aa in position X; and/or X, reduce the
log(K,ss). The effect, and hence the lowering of the log(Kass)
value, is approximately the same for HX;X,H and MX;X,M.

From a general perspective, trends show that HQQH, HAAH, and
HQPH tetrapeptides have the larger log(K,;) value in this series with
6.0 = 0.1. On the other hand, MKKM has the smallest value with
4.8 & 0.2, meaning that Ag" prefers to bind with HQQH, HAAH, or
HQPH over MKKM by a factor of 15.8. This confirms our previous
observation that HX;X,H tetrapeptides have higher values, and
MX;X,M have lower ones, and also that positively charged side
chains lead to lower log(K,ss) values than uncharged side chains.
Furthermore, a very clear trend is that the log(K,ss) of HX;X,H is
always higher than that of HX;X,M or MX;X,H, and also much
higher than that of MX;X,M tetrapeptide (e.g., log(Kss) of HKRH >
HKRM ~ HKRM > MKRM). According to the hard-soft acid-base
(HSAB) theory, Ag', considered as a soft Lewis acid, would bind
more easily to the sulfur atom in Met than to the nitrogen atom in
His.*® However, both literature and experiments show the
opposite."*'** Indeed, the relative silver(r) ion binding energies
for His (18.0 + 0.1 keal mol "), and Met (13.1 + 0.1 kecal mol )
indicate that Ag* prefers to be coordinated by His rather than Met.*

Additionally, it should be noted that introducing a second Pro
moiety between two His and two Met residues results in a less
significant reduction of the log(K,ss) compared to the HX;X,M and
MX;X,H tetrapeptides. The differences between HPQH/HPPH or
MPQM/MPPM are roughly 0.1, while the differences between
HPQM/HPPM or MPQH/MPPH are more significant, Z.e. 0.5.

Finally, the log(K,ss) of HX;X,M and MX;X,H can be roughly
predicted by the following mathematical equation: log(Kixenv) =~
log(Kyvixxu) = (log(Kxxes) + 102(Kavixxan))/2- For example, the theoretical
log(K,ss) of HQPM is 5.6, which is quite close to the experimental
value of 5.5 + 0.1. For HARM, both values are identical, i.e. 5.6.

In conclusion, this work highlights a library of log(K,s) for Ag'-
tetrapeptide complexes by using short model peptides inspired by
SilE protein. The log(K,ss) were determined through fluorometric
competition titrations with the HEWM probe in MOPS buffer by the
addition of AgNO; solution. This provides a more fundamental
understanding of which aa are particularly prone to influencing the
binding of Ag" in proteins in general. Their affinity range (10*%-10%)
reveals that the nature of the non-binding aa (X; and X,) seems to
moderately affect the log(K,ss) between Ag" and tetrapeptide. Addi-
tionally, this work marks an initial and crucial step toward predicting
the behaviour of metal ion binding sites within proteins. This might
be important for metal ion chaperones that transfer metal ions from
one protein to another, just as much as in proteins of multiple
binding sites to predict sequential binding and conformational
changes. We will therefore continue our studies of SilE and its
models to elucidate more details of its coordination to Ag".
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