e Molecular Microbiology (2016) 00(00), 00-00 M

doi: 10.1111/mmi.13399
First published online 2016

SilE is an intrinsically disordered periplasmic “molecular
sponge” involved in bacterial silver resistance

Karishma R. Asiani,’ Huw Williams,? Louise Bird,?
Matthew Jenner,* Mark S. Searle,?

Jon L. Hobman.,'* David J. Scott"** and

Panos Soultanas®

"School of Biosciences, University of Nottingham,
Sutton Bonington LE12 5RD, United Kingdom.
2Centre for Biomolecular Sciences, School of
Chemistry, University Park, University of Nottingham,
Nottingham NG7 2RD, United Kingdom.

3Oxford Protein Production Factory, Research
Complex at Harwell, Rutherford Appleton Laboratory,
Oxfordshire OX11 OFA, United Kingdom.
“Department of Chemistry, University of Warwick,
Gibbet Hill, Coventry CV4 7AL, United Kingdom.
5ISIS Neutron and Muon Source and Research
Complex at Harwell, Rutherford Appleton Laboratory,
Oxfordshire OX11 OFA, United Kingdom.

Summary

Ag™ resistance was initially found on the Saimonella
enetrica serovar Typhimurium multi-resistance plas-
mid pMG101 from burns patients in 1975. The puta-
tive model of Ag™ resistance, encoded by the sil
operon from pMG101, involves export of Ag™ via an
ATPase (SilP), an effluxer complex (SilCFBA) and a
periplasmic chaperon of Ag™ (SIIE). SIIE is predicted
to be intrinsically disordered. We tested this hypothe-
sis using structural and biophysical studies and
show that SilE is an intrinsically disordered protein
in its free apo-form but folds to a compact structure
upon optimal binding to six Ag” ions in its holo-
form. Sequence analyses and site-directed mutagen-
esis established the importance of histidine and
methionine containing motifs for Ag*-binding, and
identified a nucleation core that initiates Ag™-medi-
ated folding of SilE. We conclude that SilE is a molec-
ular sponge for absorbing metal ions.
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Introduction

Silver is a soft, shiny, lustrous and precious metal (Lans-
down, 2010) with high value as a human commodity in
jewellery and as an investment, and with wide applica-
tions in the electronics industry; approximately 24,000
tons of silver was mined and produced in 2012 (Mijnen-
donckx et al., 2013). Silver has also been highly valued
for its broad-spectrum antimicrobial properties and has
been one of the most important antimicrobial agents
prior to the discovery and introduction of antibiotics. The
rapid emergence of antibiotic resistance among many
bacteria has rejuvenated the interest in silver as a viable
alternative antimicrobial agent (Holt and Bard, 2005;
Atiyeh et al., 2007; Mijnendonckx et al., 2013).

The widespread use of silver in medical and non-
medical settings has resulted in the emergence of silver
resistant bacteria. Initial reports of silver resistance date
back to 1966 (Gupta et al., 1999; Mallard et al., 2012)
and the first silver-resistant plasmid pMG101, a large
180 kb plasmid assigned to the IncHI incompatibility
group and reportedly carrying the sil operon (conferring
silver resistance), was isolated from Salmonella enterica
serovar Typhimurium following the death from septicae-
mia of several patients treated with silver nitrate, leading
to the closure of the burn ward of the Massachusetts
General Hospital (McHugh et al., 1975). The pMG101
sil resistance allowed growth of an Escherichia coli K-12
(E. coli) strain carrying pMG101, in standard Luria-
Bertani (LB) broth containing 600 uM of Ag™, a concen-
tration over six times of that known to be tolerated by E.
coli strains K-12 strains lacking the plasmid (Gupta
et al., 1999).

However, the sil operon comprises nine genes sil-
PGABFCRSE (Silver, 2003; Mijnendonckx et al., 2013;
Hobman and Crossman, 2015; Randall et al., 2015),
organised into three transcriptional units, silCFBAGP,
silRS and silE, each controlled by a different promoter
(Silver, 2003). The corresponding proteins have been
assigned putative roles based upon homology modelling
compared with other known heavy metal resistant deter-
minants of the Pco or Cus systems (Hobman and
Crossman, 2015 and Fig. 1). silE is under the control of
its own promoter and its expression is strongly induced
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Fig. 1. Silver resistance operon and functions of its corresponding
proteins.

Silver resistance proteins and their suggested active roles, deduced
from homology, thought to partake in bacterial silver resistance.
SilE—periplasmic metal-binding protein, SilR and SilS—responder
and membrane sensor performing two-component transcription
regulation, SilC—outer membrane protein, SilB—membrane fusion
protein, SilA—chemi-osmotic antiporter, SilP—P-type cation
ATPase and SilG (protein not depicted) and SilF—metal-binding
chaperone protein. Dashed arrows highlight the hypothetical role of
SilE. The bottom line shows the mRNAs, indicating the genes and
open reading frames (including number of amino acids) with the
orientation of their transcription (Silver, 2003).

in the presence of Ag™. It codes for the 143-amino acid
long periplasmic protein SilE whose precise role in silver
resistance has not been experimentally confirmed. SilE
is an indispensable key component for the exogenous
silver resistance phenotype (Randall et al, 2015), has
been reported to bind between 5 and 38 Ag™, depend-
ing on experimental conditions (Silver et al., 1999; Mij-
nendonckx et al., 2013), and is often used as a marker
when confirming the presence of silver resistance genes
in microbes (Mirolo et al, 2012). It exhibits 48%
sequence identity to the periplasmic copper-binding pro-
tein PcoE which binds up to nine Cu* or up to seven
Ag" ions (Zimmerman et al., 2012). The pcoE gene is
within a cluster of seven genes (pcoABCDRSE) adja-
cent to the sil operon on the large E.coli copper resist-
ance plasmid pRJ1004. Expression of pcoE is controlled
by the chromosomally located copper resistance cusRS
system (Munson et al., 2000). The pco and sil operons
have been found together in a single locus of identical
arrangement in plasmids and on the chromosomes of
many Gram-negative bacteria (Hobman and Crossman,
2015, Hao et al., 2015, Randall et al., 2015). PcoE, is
believed to be unstructured in its apo-form but folds and
dimerizes upon Cu™ binding, with some «-helical con-
tent in its secondary structure (Zimmerman et al.,
2012). Because of its similarity to PcoE, SilE is pre-
sumed to have similar attributes as well as possess the

ability to bind copper ions (Gupta et al, 1999; Silver
et al.,, 1999; Silver, 2003; Zimmerman et al., 2012)
although there is no experimental data available to verify
its precise function. Both PcoE and SilE have ten histi-
dine residues that are spatially conserved (Mirolo et al.,
2012) and have been proposed to be primary candi-
dates for metal binding (Silver, 2003; Mirolo et al.,
2012). Following a change in environmental pH, these
residues could also partake in the release of Ag™ into
the periplasmic space with the SilCBA efflux pump
ejecting the toxic monovalent metal ion, out of the cell
(Mirolo et al,, 2012). This, however, contradicts other
data showing increased binding of Ag™ ions to SIlE
under acidic conditions (Silver et al., 1999).

In this paper, we provide experimental evidence that
apo-SilE is an intrinsically disordered protein (IDP) that
folds to a highly a-helical holo-SilE structure upon bind-
ing to Ag" ions. SIlE can bind up to eight Ag"* ions or
fewer of the harder divalent metal ions Cu?* (up to six),
Zn®" (up to five) and Ni#* (up to two), indicating a
higher capacity for complexing Ag* compared to other
metals. We show that metal-induced folding leads to a
higher helical content with Ag™* followed by Cu®*, Zn?*
and Ni?*, consistent with its higher selectivity for Ag™,
and confirm from mutagenesis studies that conserved
histidine and methionine residues within specific
sequence motifs are involved in Ag™ binding. We pro-
pose an Ag"-mediated nucleation folding mechanism for
SilE and suggest that SilE acts as a “molecular sponge”
and as a first line of defence against relatively low levels
of Ag* ions that enter the periplasm. Potential conse-
quences of Ag*-mediated SilE folding relative to the
combined bacterial silver resistance mechanism are
also discussed.

Results

Significant primary sequence and structural features of
SilE

Sequence alignment of native SIlE and its Cu-binding
homologue PcoE was carried out using a general multi-
purpose primary sequence alignment program for pro-
teins Omega (McWilliam et al, 2013), and amino acid
sequences were coloured according to the “Percentage
Identity” between the two proteins in Jalview (Water-
house et al.,, 2009), (Fig. 2A). The calculated sequence
identity between the two homologue proteins was 48%
(Zimmerman et al., 2012). SIlE and PcoE are rich in
potential metal ligand-binding histidines (ten each) and
methionines (ten and fifteen, respectively). The primary
sequence identity shows that the position of the ten his-
tidine residues of the two proteins is completely con-
served (Fig. 2A), suggesting a key role in metal binding.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00
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Fig. 2. Protein sequence analysis and evaluations.
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A. Sequence alignment of E. coli PcoE with SilE from Salmonella (lacking the leader sequence, residues 1-20). The sequences, aligned using
Clustal Omega (39) have been coloured using the “Percentage Identity” colour-scheme in Jalview (40). The sequences displaying 48%
identity, the “Percentage Identity” colour-scheme has a threshold of 80% or more being conserved residues (purple) and anything below 40%
as non-conserved (white), with the colour gradient between clarifying other less conserved residues. Conserved, aligned histidine and
methionine residues have been highlighted above with either an inverted triangle or a star, respectively.

B. Repeat sequence identification and secondary structure fold, predicted on Jpred can be seen above the identification of repeat sequence
patterns with a-helical predominance (six a-helices) in the folded conformation of SilE.

C. Two repeat sequence motifs (motif 1 and 2) are evident, which include the conserved histidine and methionine residues.

SilE has been predicted to be an IDP. The SilE
sequence was analysed through DisEMBLs and the out-
put indicated 56% loop/coil (Supporting Information Fig.
S1), suggesting that SIlE has a high proportion of intrin-
sic disorder. In parallel, screening for possible regions of
secondary structure (a-helical, B-strand or random coil)
within the SIlE (using Jpred, Cole et al., 2008) predicted
six a-helices across 54% of the protein sequence (Fig.
2B). Interestingly, the secondary structure predictions
through Jpred are consistent with the far-UV CD data
obtained for the holo-form of SilE (Supporting Informa-
tion Table S1). Furthermore, two characteristic motifs,
MxxHxxxxxHxxMxx  (motif 1) and HxxMxxxHxxMxx
(motif 2), each repeated twice within the sequence have
conserved histidines and methionines that constitute
potential metal-binding motifs (Fig. 2C).

Structural analysis of SIlE with and without Ag* by CD
and NMR

The secondary structure of SIlE was determined by far-
UV circular dichroism (CD) spectroscopy (Fig. 3A). With
strong negative signals around 200 nm, the spectrum
obtained for apo-SilE in 10 mM HEPES, 20mM NaF,
pH7.5, is typical of an unstructured, random coil poly-
peptide. Slight negative shoulders on the CD spectrum,

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00

at 207 and 221 nm, are consistent with a minor fraction
(<20%) of a-helical secondary structure for apo-SilE
(Sreerama et al., 1999; Greenfield, 2007; Dodero et al.,
2011). However, these bands become considerably
more prominent (~54%) when bound to Ag™ in the
holo-SilE, with a strong negative band at 207 nm, a
weaker negative ellipticity at 221 nm and a strong posi-
tive band at 190 nm (Fig. 3A), consistent with the stabili-
zation of helical structure.

NMR spectroscopy was used to examine the tertiary
structure with and without Ag™ (in 10 mM HEPES,
20 mM NaF, pH 7.5). The two-dimensional 'H-'°N
HSQC of apo-SilE (Fig. 3B) exhibited poorly dispersed
peaks, characteristic of an unfolded and unstructured
protein (Dyson et al., 2005), and provided further experi-
mental evidence for the largely disordered and flexible
nature of SIlE under native conditions. Likewise, one-
dimensional proton NMR experiments (in 10 mM sodium
phosphate buffer) at several pH intervals between pH 9
and pH 5, showed no change in the local environment
of apo-SilE (data not shown). However, the dispersion
within the NMR backbone amide 'H chemical shifts in
the 'H-">N HSQC spectrum of holo-SilE (Fig. 3B)
increased substantially in the presence of bound Agfr
showing a clear signature for the induction of hydrogern
bonded secondary structure.



I 4 KR Asianietal W

A
15 7
12 A

CD Signal / mdeg
w

== gpo-SilE

L N NN R EEE R R

Sl = /0/0-SilE
A5 Ay
170 190 210 230 250 270 290
Wavelength / nm
B
L e - E 2
’, - " . r e
] )*m. o
o ® & A
2 o ¢ (=i
- By . i i —E
R i e - o
-Qg- @ . - oL
oq o L 3 N S
L S -
- m e Tdamoe = =
2, By ks i
5 i b N
T # 3e == gpo-SilE (300uM) -
~ . == holo-SilE (Ag*) (350uM)
8.5 8.0 7.5 7.0
'H (ppm)
C
100 A
90 -
80
T 70 -
© 60 7
&£ 50 T
S 40 -
¥ 30 T
20
10 == holo-SilE
0 T T T T T T T T T T

-10 18 23 28 33 38 43 48 53 58 63 68 73 78
Temperature (°C)

Fig. 3. Intrinsically disordered SilE folds upon binding monovalent
metal ion Ag™*.

Folding and structure content of apo-SilE and holo-SilE (2 mM
Ag™), in 10 mM HEPES, 20 mM NaF, pH 7.5.

A. Far-UV CD spectrum obtained at a concentration of 57uM for
apo-SIlE (red curve) represents very little secondary structure
(negative signal around 200 nm). Upon addition of Ag™ (blue
curve) largely negative signals are present at 207 and 221 nm
typically found in proteins with significant helical structure.

B. Chemical shifts seen in peaks when comparing the 'H/'°N
HSQC spectra of apo-SilE (300 uM) (red peaks) and Ag*-bound
SilE (350 pM) (blue peaks), in the presence of 2 mM AgNOs,
confirm Ag*-induced folding.

C. The sigmoidal temperature denaturation of holo-SilE (57 pM)
suggests folding in a cooperative manner.

We investigated the thermal stability of the Ag-bound
SIlE complex using CD by generating a melting curve
and monitoring the change in ellipticity at 207 nm. (Fig.
3C). The unfolding showed a sigmoidal transition with a
mid-point of 42°C. Moreover, the relatively sharp transi-
tion from the folded to unfolded form, (Honig et al.,
2003), as the temperature increased suggested that only
two conformational states are significantly populated.

It appears that SIilE folding upon binding to Ag"
occurs cooperatively, as indicated by the sigmoidal ther-
mal stability curve deduced via far-UV CD (Fig. 3C).
The monophasic, cooperative unfolding of the protein
confirmed that with Ag™ present, the protein exists as a
compact well-folded, stable structure up to a tempera-
ture of 42°C. Moreover, the relatively sharp transition
from the folded to unfolded form, characteristic of two-
state proteins (Horng et al,, 2003), as the temperature
increased suggested that only these two conformational
states were present to any significant extent.

SilE binds up to eight silver ions

Interactions of certain metal ions with SilE have been
reported using nano-ESI-MS  (nano-Electrospray
lonization-Mass Spectrometry) under non-denaturing
conditions in volatile 25 mM ammonium acetate buffer at
pH 7.0. Solutions of 2 mM of each metal ion: Ag*, Cu®",
Zn®>" and Ni?* were added to 25 uM of apo-SilE (molar
ratio of 80:1). SilE-metal complexes were observed, in
each case with the relative bound proportions dependent
on the protein’s affinity and/or stoichiometry for the metal
ion (Fig. 4A). SilE shows a distribution of Ag-bound com-
plexes with species containing 5, 6 and 7 bound Ag*
ions particularly abundant, with a maximum number of 8
detected. Binding of other harder divalent metal ions
Cu?" and Zn?" was also evident, but with different bind-
ing stoichiometries (SIlE:Cu®* of 1:6; SIE:Zn®* of 1:5,
and a lower stoichiometry with Ni*of SIlE:Ni** of 1:2).

Complementary titrations using far-UV CD (Fig. 4C)
show no further change in secondary structure content
after the addition of 6 molar equivalents of Ag™. Hence six
Ag" appears to be the optimum for full folding of the pro-
tein, however, the MS data suggest a further two Ag™ ions
are capable of being bound by the folded protein. The Ag™*
CD titration shows a very clear isodichroic point around
206 nm, which is consistent with predominantly two spe-
cies in solution, namely the apo-SilE and a predominant
single ‘fully loaded’ Ag™-bound form, rather than a hetero-
geneous mixture of different species with different binding
stoichiometries. Furthermore, plots of the CD signals at
190 and 221 nm as a function of the Ag*/SIlE molar ratio
show some evidence for sigmoidal curves consistent with
co-operative uptake of Ag™ by SIlE (Fig. 4D).

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00
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After incubation with 2 mM: Ni®*,
Zn?*, Cu®* and Ag™.

A. native nano-ESI MS for SIlE (25
uM in 25 mM ammonium acetate, pH
7.0) showing the 7+ charge state.
The digits together with the metal
elemental symbol provide the number
of atoms of metal ions bound to SilE
(as deduced by the incremental mass
increases) in the labeled peak.
Apo-SilE has molecular mass of
13,271 Da.

B. Far-UV circular dichroism data (57
uM in 10 mM HEPES, 20 mM NaF,
pH 7.5) exhibiting more alpha-helical
protein content when SilE is in the
presence of Ag™ over the other
divalent metal ions, especially Ni®*.
C. SIlE titration in 75 pM in 10 mM
HEPES, 20 mM NaF, pH 7.5, from 0
to 16 equivalents Ag™ using far-Uv
CD. No change in signal following
Ag" addition beyond 6 Ag*
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Histidine and methionine residues are involved in
Ag " -binding

In order to investigate the roles of conserved histidine
and methionine residues in Ag*-binding and protein
folding, we mutated nine histidines to alanines (H38A,
H62A, H69A, H80A, H87A, H111A, H118A, H129A and
H136A) and four methionines to leucines (M72L, M83L,
M9OL and M108L). The secondary structure contents of
all the mutant SIlE proteins were measured in the pres-
ence of six Ag" molar equivalents (Fig. 5A-C). H38A,
H62A, H69A, H118A, H129A and H136A gave only a

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00

slight decrease in a-helical structure (Fig. 5A and Sup-
porting Information Table S1). In contrast, H80A, H87A
and H111A exhibited large reductions in a-helical con-
tent in comparison to wild-type holo-SilE (Fig. 5A and
Supporting Information Table S1), implying that these
residues are important for Ag*-induced folding. The
largest change in the CD spectra was seen with H111A
which exhibits only around 60% of the wild type holo
SIlE secondary structure content (Supporting Informa-
tion Table S1).

Based on this data, we then made three double
mutant proteins, H80A/H87A, H80A/H111A and H87A/
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Fig. 5. SilE histidine and methionine mutations affect protein Ag* binding and folding.

A-C. Far-UV CD spectra of wild-type holo-SIilE, histidine single (A) and double (B) mutants, and methionine (C) mutants with the 6 Ag™
equivalents at 75 uM in 10 mM HEPES, 20 mM NaF, pH 7.5. D-F. ICP-MS analyses of wild-type holo-SilE, histidine single (D) and double (E)
mutants, and methionine (F) mutants at 50 nM in 10 mM HEPES, 20 mM NaF, pH 7.5.

H111A. Far-UV CD spectra of these proteins (Fig. 5B)
showed a decrease in secondary structure content greater
than that found with the single histidine mutant proteins with
a-helical content declining to half that of the wild type. Simi-
lar measurements for the methionine mutants found that the
M108L mutant had a comparable decrease in secondary
structure content to the H111A protein (Fig. 5C). The other
three methionine mutants (M90L, M83L and M72L) showed
effects similar to those observed for the histidine mutants
(compare Fig. 5A and C).

We then measured the number of Ag™ bound to each
of the SIlE proteins using inductively coupled plasma
mass spectrometry (ICP-MS). The single histidine
mutants H62A, H69A, H80A, H87A, H111A, H118A and
H129A all bound on average one Ag* less than the
native holo-SilE (Fig. 5D). Two of the single mutants,
H38A and H136A did not exhibit a clear reduction in the
number of bound Ag™ (Fig. 5D). All three double histi-
dine mutants showed a reduction of two bound Ag™
(Fig. 5E) whereas all the methionine mutants showed a
reduction of one bound Ag™ (Fig. 5F).

Collectively our data show that a number of con-
served histidines and methionines are involved in Ag™
binding in SIlE, and the ability to bind Ag™ has a direct
effect on the holo-SilE structure. The inability to bind
Ag™ to key residues results in a decrease in the amount
of folded protein, as judged by the reduction in CD ellip-
ticity in the 207-221 nm region.

Two ‘core-motifs’ central to the primary sequence of
SIlE likely form the nucleation site for Ag™ -induced
folding

From our studies of mutant SilE proteins it appears
that the H80A, H87A, H111A and M108L exhibited
the largest folding defects upon Ag™ binding. These
residues are located centrally within the sequence in
an apparent core comprising a motif 1 (residues A77-
M91) and a motif 2 (residues E110-F120) (Fig. 2B).
Given that the secondary structure content has a high
sensitivity to their mutation, we proposed that they
provide initial nucleation sites for Ag*-induced folding.
To test this hypothesis we engineered two truncated
SilE polypeptides, one SilE*®'2® that preserves the
core region (P46 to P128) but lacks the peripheral
sequences at the N- and C-terminal regions, and a
second SilE?"® that lacks the C-terminal region and
motif 2 from the putative nucleation core (Fig. 6A).
We then studied Ag*-mediated folding of these poly-
peptides using far-UV CD (Fig. 6B). The SilE*¢128
polypeptide exhibited Ag*-mediated folding similar to
the wt SilE whereas the SilE2""®® polypeptide did not
exhibit any signs of folding upon Ag™ binding. These
data are consistent with a model where a nucleation
core is formed by central core motifs 1 and 2 which
then facilitates further folding as more Ag™ are bound
to the rest of the polypeptide.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00
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Fig. 6. Putative core important for nucleation and Ag™"-induced
folding of SilE.

A. Schematic diagram of wild-type (WT) SilE, after removal 20-
amino acid periplasmic signal sequence, featuring proposed
putative core motifs SIIE”®'2* (coloured black and labeled)
alongside truncated polypeptides SilE*¢'2® and SilE?'8,

B. Far-UV CD spectra of wild-type holo-SIlE alongside truncated
mutants SIlE*¢'?® and SIlE?'® with the 6 Ag™ equivalents at 45
uM in 10 mM HEPES, 20 mM NaF, pH 7.5. C. Schematic
representation of the speculative nucleation model for Ag*-
mediated folding of SIlE. As SIlE binds Ag* and following initial
nucleation within the putative core motifs (highlighted) the rest of
the polypeptide folds gradually to its complete holo-structure upon
further Ag™-binding.

Discussion

Many proteins are intrinsically unstructured under physio-
logical conditions, yet can fold when required to perform
their biological functions (Dyson et al., 2005; Radivojac
et al., 2007; Sibile and Bernado, 2012; Jensen et al.,
2013; Kosol et al., 2013). Previous NMR studies of the
SilE homologue protein PcoE have shown that it folds to
a predominantly a-helical structure upon binding ligand-
metals Cu™ and Ag® (Zimmerman et al., 2012). Like-
wise, SIlE is thought to be a putative IDP that binds to
Ag™ but no experimental evidence was previously avail-
able to verify its structure and metal binding properties.
The data presented in this paper show that that apo-
SilEs is an IDP lacking significant secondary structure
over a range of pH conditions (Fig. 3). However, we
were then able to demonstrate strong coupling between
folding and metal-uptake by showing that SilE binds Ag™
(Figs. 3 and 4) and folds into a moderately stable struc-
ture of high a-helical content. Despite the involvement of
multiple histidine residues in Ag™ binding, no pH induced
folding of SilE was observed, verifying that SIlE folding is
specifically mediated by Ag™ binding.

Each SilE molecule can bind up to a maximum of
eight monovalent soft metal ions of Ag™ in solution (Fig.
4A) but is fully folded after binding six Ag™: the last two
Ag" ions must therefore bind only to the fully folded pro-
tein. Cu?™, Zn®" and Ni?®" ions, exhibit lower stoichio-
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metries, and subsequently a lower degree of folding was
seen (Fig. 4B), indicating that folding and binding are
coupled and form part of the ion discrimination
mechanism.

This use of folding and binding to enable uptake of a
specific ion gives SIlE the functional role of a ‘molecular
sponge’ in the mechanism of E. coli silver resistance.
As such its relationship to the other components in the
silver resistance mechanism must be one where the
unfolded protein has a high affinity for silver, but a low
affinity for other cellular components. In contrast the
folded protein will have a high affinity for other cellular
components and as such allow SIlE to off-load its Ag™
to other components in the resistance mechanism.
Accordingly, SIIE may act either as a metal-ion chaper-
one to the RND effluxer SilCBA or, as many IDPs do
(Kosol et al., 2013) binds to or signals to the histidine
kinase sensor SilS and thereby activates the remainder
of the silver resistance machinery. Therefore, the the
notion that SIlE binds Ag* and then initiates the entire
mechanism of silver resistance (Sil proteins P, G, A, B,
F, C, R and S, as well as positively autoregulating its
own expression), by signalling or direct binding to SilS,
in bacteria is a highly plausible hypothesis.

Primary sequence alignment between SilE and its
homologue PcoE revealed conserved histidine and
methionine residues (Fig. 2) (Mirolo et al., 2012) which
in a-helical structures are known to be a common fea-
ture of many metal-binding proteins (Todd et al., 1991;
Tanaka et al., 2004). We have further confirmed this to
be the case in SIlE by site-specific mutagenesis. Impor-
tantly, our mutagenesis studies showed that some resi-
dues—H80, H87, H111 and M108—play a much more
significant role than others in the correct Ag™-mediated
folding of SilE (Fig. 5). Secondary structure predictions
were consistent with our experimental data, suggesting
the presence of six «-helices, however, significant
helical structure was only realised in the Ag-bound
state (Fig. 2). In addition, two types of Ag*-binding
motifs, motif 1 MxxHxxxxxxHxxMxx and motif 2
HxxMxxxHxxMxx, where identified from the sequence in
which j to i+3 or i+4 spacing between residues ensures
that they appear on the same face of a folded helix.
This suggests that each single helical motif in itself is
unable to bind Ag™, but several of these together are
able to (co-operatively) co-ordinate multiple Ag* ions
leading to a compact protein fold. Two of these motifs
are located at the centre of the primary SIlE sequence
between residues S76-G124 (Fig. 2) and we define
them as the “core-motifs” (Fig. 6). Both H80 and H87
are located in the core-motif 2 whereas M108 and H111
are located in the core-motif 1. We suggest the possibil-
ity of an Ag*-mediated folding mechanism whereby ini-
tial Ag™ binding to these “core-motifs” induces a
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nucleation site around which the rest of the SilE struc-
ture assembles facilitating further Ag™ binding (Fig. 6).
This is consistent with the sigmoidal plots of CD signals
at 190 and 221 nm as a function of the Ag*/SIilE molar
ratio (Fig. 4D) which are consistent co-operative Ag™
binding and a folding nucleus rather than a simple
sequential Ag"™ binding and folding model. We tested
this model by engineering truncated SilE polypeptides.
The SIIE*®'27 polypeptide contained both “core motifs”
and exhibited Ag*-mediated folding in a similar manner
to the native SIlE whereas the SIIE2'7 polypeptide lack-
ing the core-motif 1 exhibited no detectable Ag*-medi-
ated folding; a result consistent with our nucleation
model. Our double histidine mutations H80AH87,
H80H111A and H87AH111A revealed loss of two Ag™
ions and it is therefore likely that these pairs of histi-
dines coordinate different Ag™ ions.

Complexes of Ag™ with histidine and imidazole can
form with Ag™:L and Ag™:L, stoichiometries (where L is
the ligand; histidine or imidazole) with the latter being
more stable, as indicated by higher stability constants
and enthalpies of formation (Czoik et al., 2008). Ag™:L,
complexes adopt a linear geometry (Muller et al., 2005;
Petrovac et al.,, 2012; Kumbhar et al., 2013) and have
been proposed to coordinate Ag* ions in SilE (Silver,
2003). Methionine residues are reported to co-ordinate
Ag" ions in non-linear geometries with Ag*:M, and
Ag":M; stoichiometries in the multicopper oxidase
CueO via methionine-rich helices (Singh et al., 2011)
while CusF co-ordinates Ag™ ions in a manner that
employs histidine, methionine and tryptophan residues
(Loftin et al, 2007). The human copper transporter 1
(hCtr1) protein in turn co-ordinates Cu™ and Ag" ions
via histidine, methionine and cysteine residues (Du
et al., 2013; Zhu et al., 2014; Rubino et al., 2015). It is
clear that coordination of Ag™ ions by metal binding pro-
teins can employ a diverse collection of amino acids and
variable co-ordination geometry. Our data collectively
show that the previous theoretical model of SilE binding
to five Ag™ via ten His residues (Silver, 2003) is not cor-
rect but only a high resolution structure of the holo-SilE
will reveal the molecular details of Ag™ coordination in
this protein.

Experimental procedures
Materials

Chemicals and reagents (analytical grade) were obtained
from Sigma Chemical, unless otherwise stated. All buffer
exchanges were completed either by centrifugal ultrafiltra-
tion through a high flux polyethersulphone membrane with
molecular weight cut-off at 5,000 Da on a Vivaspin 20 or 2
devices or, by three cycles of four-eight hours of dialysis

against the new buffer at 4°C, using dialysis membranes
with molecular weight cut-off at 3,500 Da (Spectrum Labo-
ratories Inc.). The sources of the metal ions were always
soluble and excess ions were removed via extensive dialy-
sis or using a Vivaspin device. The metal ion salts used are
as follows:- Ag* from silver nitrate (AgNOg), Cu®* from
cupric sulfate (CuSQ,), (Zn?*) from zinc chloride (ZnCl,)
and Ni?* from nickel chloride (NiCly).

Construction of expression plasmid

The DNA sequence of the gene encoding SilE, minus the
20-amino acid peptide leader sequence, was amplified by
PCR from the E. coli plasmid pMG101 (Gupta et al., 1999).
The two primer sequences are: for the forward primer 5'-
ACTGAAACCGTGAATATCCATG-3 and for the reverse
primer 5-GCCTGCACTGAGCATGCG-3'. To facilitate DNA
cloning and protein expression, an Opti3Cinffwd site was
incorporated in the forward primer and in the reverse
primer, an Infusion 3’ site including a stop codon were inte-
grated. The PCR product was then built-into the expression
vector pOPINF (OPPF), comprising the coding sequence of
a His-tag, by In-Fusion Reactions (Bird, 2011). The expres-
sion construct was validated to contain the correct gene
sequence insert by PCR screening, using the same cloning
primers.

PCR-based site-directed mutagenesis

The SilE-pOPINF construct served as a template for PCR-
based site-directed mutagenesis. Histidine to alanine (single
and double) mutations as well as the methionine to leucine
mutations were generated in 5’ and 3" DNA fragments using
the following primer combinations, where mutant introducing
nucleotides are shown in bold, lowercase. The forward
(Fwd) primer in each case was used to generate the
mutated 5'—cDNA fragment and the reverse (Rev) primer
to generate the mutated 3'-cDNA fragment, in pairs with the
flanking primers SIIEPpuMIF and SilEHindllIR.

SIIEH38AFwd; 5—GGCACCTGCTgccCAGATGCAGT—3
SilEH38ARev; 5—ACTGCATCTGggcAGCAGGTGCC—3

SilEH62AFwd; 5 —TATGGACCAGgccGAACAGGCCAT-
TATTGCTCAT—3

SilEH62ARev; 5 —CATGAGCAATAATGGCCTGTTCggc
CTGGTCCAT—3

SIIEH69AFwd; 5 —CATTATTGCTgccGAAACCATGAC-
GAACGG—3

SilEH69ARev; 5—CCGTTCGTCATGGTTTCggcAGCAA-
TAATG—3

SIIEH80AFwd; 5 —GGCGGATGCGgccCAGAAAATGG—3

SIlEH80ARev; 5—CCATTTTCTGggcCGCATCCGCC—3

SIEH87AFwd;  5—GGTGGAAAGTgccCAGAGGATGAT
G—%

SIlEH87ARev; 5 —CATCATCCTCTGggcACTTTCCAC
c—3

SIlEH111AFwd; 5 —AATGAATGAGgccGAAAGAGCTGC
AGTTG—3

SilEH111ARev; 5—CAACTGCAGCTCTTTCggcCTCATT
CATT—%
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SIIEH118AFwd; 5—TGCAGTTGCCgccGAATTTATGAA-
TAACG—3

SilEH118ARev; 5 —CGTTATTCATAAATTCggcGGCAAC

TGCA—3

SIIEH129AFwd; 5 —GTCTGGCCCAgccCAGGCCATG
G—3

SIIEH129AReyv; 5 —CCATGGCCTGggcTGGGCCAGA
c—3

SIIEH136AFwd; 5 —GGCCGAAGCGgccCGTCGCATG
c—g

SIIEH136ARev—5'—GCATGCGACGggcCGCTTCGGC
c—3

SIEM72LFwd; 5—TCATGAAACCCctgACGAACGGGTC—3'

SIEM72LRev; 5 - GACCCGTTCGTcagGGTTTCATGA—3'

SIEM83LFwd; 5—GCACCAGAAActgGTGGAAAGTCAT-
CAG -3

SIEM83LRev; 5—CTGATGACTTTCCACcagTTTCTGGT
GC-3

SIEM9OLFwd;
GAC -3

SIEM90LRev; 5 — GTCTGACTTCCCATcagCCTCTGAT
GA-3

SIEM108LFwd; 5'—ATTAGCGGCACtgAATGAGCATGAA
AG -3

SIEM108LRev; 5 — CTTTCATGCTCATTcagTGCCGCT
AAT - 3

SIEPpuMIF; 5'—ATTCCCCGGAGTTAATCCgggacctTTAA
TTC -3

SIEHindIlIR; 5'—ATCACAAACTGGTCTAGAaagctTAGC
CTGC -3

5 —TCATCAGAGGCctgATGGGAAGTCA-

The 5 and 3 SilE mutated fragments were used as
mega primers in a PCR including the flanking primers to
generate the cDNA containing the entire translated region
of the mutated His-tagged SIlE. The final cDNA constructs
were cloned into the PpuMI/Hindlll site, of the prokaryotic
expression vector pOPINF. The introduction of the muta-
tions as well as the absence of undesired spontaneous
mutations was confirmed by sequencing.

Engineering of SilE truncated polypeptides

The SilE-pOPINF construct served as a template for PCR-
based production of the truncated polypeptides SilE#¢-128
and SilE?'°8, using the following primers —

SilE*6128 F; 5 _ATTCCCCGGAGTTAATCCGGGACCTT
TAATTC - 3

SIE*®128 R; 5 — GCTAATGAAAGCTTCGGTTATTAAGG
GGAAACGG - 3

SilE2"®® F; 5 _CGATCGGGGCCCGCCTGTCGGGATC-
CAGGGG -3

SiE?"% R; 5 — GCGCTTCAAGCTTGGCTTATTATGGG
CCAG - 3

The final cDNA constructs were cloned into the
PpuMi/Hindill site for SilE2'®® and into the Apal/Hindlll
site for SIE*®'2® of the prokaryotic expression vector
pOPINF, ensuring the presence of the N-terminal His-tag
remained. Confirmation of complete cloning of truncated
polypeptides as well as the absence of undesired spon-
taneous mutations was confirmed by sequencing.
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Protein overexpression and purification

All SIIE over-expression plasmids (wild-type and mutants)
were maintained in E. coli DH5« cells and transformed into
E. coli BL21 Star (DE3) cells (Invitrogen) for SilE wild-type
and mutant over-expressions. Unlabelled samples of SilE
were produced from cells grown on LB medium. 'SN
labelled SIlE was prepared in standard minimal media sup-
plemented with '®NH,CIl. Each litre of medium, supple-
mented with 50 mg carbenicillin or 100 mg ampicillin, was
inoculated with an overnight culture (5-10 mL) of the trans-
formed E. coli cells. The cells were grown aerobically with
vigorous shaking at 200 rpm, 37°C, to ODgpo ~0.6-0.8 and
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added at
a final concentration of 1mM to induce protein expression.
After overnight induction at 37°C (200 rpm) the cells were
harvested by centrifugation prior to lysis by sonication
(Soniprep 150) at an output frequency of 23 kHz 12 cycles
of 20 seconds at an amplitude of 10 microns, followed by
30 seconds of recovery were carried out in buffer contain-
ing 50 mM Tris- (tris(hydroxymethyl)aminoethane) HCI,
500 mM NaCl, pH 7.5, supplemented with 100 pg/mL lyso-
zyme and 1 mL per 20 g cells of protease inhibitor cocktail
(Sigma; for use in purification of His-tagged proteins,
DMSO solution). The cell lysate was clarified by centrifuga-
tion and the supernatant contained the soluble SIlE protein.

All SIIE proteins were expressed with an N-terminal His-
tag to allow purification by affinity chromatography on
nickel-chelating Sepharose (GE Healthcare) (in column
binding buffer 50 mM Tris-HCI, 500 mM NacCl, pH 7.5 with
elution in 500 mM imidazole), after which they were further
purified by size-exclusion chromatography (SEC) on a pre-
equilibrated (20 mM Tris-HCI, 200 mM NaCl, pH 7.5)
Superdex 75 column (10 mm x 300 mm) (GE Healthcare).
The His-tag was then cleaved off by incubation at 4°C over-
night, with 2.5 pg HRV 3C protease per 10 mL of protein
sample and all forms of SilE finally were further purified by
a second round of affinity chromatography on nickel-
chelating Sepharose (GE Healthcare), whereby the protein
was eluted in 50 mM Tris-HCI, 500 mM NaCl, 30 mM-50
mM imidazole (with the histidine mutants and truncated
polypeptides requiring a lower concentration imidazole), pH
7.5. The purity and identity of the SilE proteins was con-
firmed by; SDS-PAGE and nano-ESI MS, which yielded a
molecular mass of 13,268 (+/-1.6) Da for wild-type (Suppl.
Fig. S2), corresponding to the values calculated from the
sequences of SIlE. All the purified SIlE proteins contained
no detectable metals.

Protein Concentrations

SIlE lacks light absorbing tryptophan tyrosine residues and
its concentration was estimated via two alternative meth-
ods. Firstly, acquiring the Brix coefficient using an Atago
DD-7 Digital Differential Refractometer allowed us to calcu-
late the protein concentration using the following formula as
explained elsewhere (Theisen et al., 2000):

(dndc sucrose/dndc protein sample) x 7.8883 x Brix coef-
ficient = (0.15/0.18) x 7.8883 x Brix coefficient

Secondly, by measuring the absorbance of the peptide
bond at the ultraviolet wavelength of 205 nm on a Thermo
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Scientific NanoDrop 2000c spectrophotometer (Scopes,
1974). Both calculations gave similar concentration values
in the mg/mL range.

Circular dichroism spectroscopy

Far-UV CD was used to determine the secondary structure
of apo- and holo-SilE in solution. CD experiments were
conducted at CD1 beam line at the ASTRID2 storage ring
facility at Aarhus University, Aarhus, Denmark (Hertela and
Hoffman, 2011). Data was acquired at 25°C from 50 pl apo-
and metal ligand ion (Ag*, Cu®", Zn?", Ni#") bound-SilE
protein samples at 57 or 75 uM, in a quartz suprasil cylin-
drical cell (Hellma type 121.000) in a 10 mM HEPES (4-(2-
hydroxyethyl)—1-piperazineethanesulfonic acid), 20 mM
NaF buffer at pH 7.5, with either 2 mM or titrated quantities
(1-16 equiv. Ag™) of metal ions added to the holo samples.
Spectra were recorded from 170 to 280 nm, with the protein
sample being in a 0.05 cm path length cell; scan speed of
20 nm min-1 and a response time of 1 s, with each spec-
trum representing an average of three accumulations, with
an average of 15 scans per point. A scan of buffer alone
was subtracted from the protein curve. Data were con-
verted to molar CD per residue and spectra analysis was
carried out by comparing the profile of the obtained curve
to those illustrated and quantified in literature (Sreerama
et al., 1999; Greenfield et al,, 2007; Dodero et al., 2011).
Secondary structure percentages were calculated using the
DichroWeb (Lobley et al., 2002) interfaces analysis pro-
gramme CONTINLL, which implements the locally linear-
ised algorithm in selecting protein sets from the reference
database (Provencher and Glockner, 1981; Van Stokkum
et al.,, 1990; Sreerama and Woody, 2000).

The stability of apo and holo-SIlE (2 mM Ag™) to temper-
ature denaturation was tested and determined by following
changes in the CD spectra. The changes in the intensity of
the maximal negative signal at 200 nm for apo and positive
signal at 190 nm for holo- (2 mM Ag™) were recorded as a
function of increasing temperature from 18 to 80°C. The
temperature was gradually increased at increments of 1°C
per minute and protein samples were allowed to equilibrate
at each temperature, prior to recordings at intervals of 5°C.
In each case, spectra were acquired from 100 pl protein
samples at 57 pyM. The CD data was converted to a per-
centage change of the maximum CD (mdeg).

Nano-electrospray ionisation mass spectrometry

Experiments were carried out and spectra were recorded
on a SYNAPT High Definition Mass Spectrometry (HDMS)
(Waters) a hybrid quadrupole ion mobility time-of-flight MS
instrument, with travelling-wave ion mobility (TWIM) capabil-
ity, equipped with the standard z-spray source. The instru-
ment conditions were optimized to provide the highest
relative signals for apo- and 2 mM metal ligand ion (Ag™,
Cu?*, Zn?*, Ni?*) bound-SIilE complexes at a protein con-
centration of 25 pM, sprayed from 25 mM ammonium ace-
tate (CoH3z02NH,), pH 7.0. The nano-ESI capillary voltage
was 1.5 kV; cone voltage, 20 V; extraction voltage, 5 V;
transfer voltage, 5 V. Other settings were as follow: trap

and transfer collision voltage, 6 and 5 V, respectively; back-
ing pressure, 1.6-1.8 mbar; trap pressure, 2.1 X 1072
mbar; TOF region pressure, 1.5 X 10~® mbar. Instrument
control as well as data processing was carried out with the
Waters MassLynx 4.1 data system. All spectra were
acquired in ion positive mode and the TOF analyser oper-
ated on V-mode. Minimum smoothing and background sub-
traction was applied to the obtained spectra prior to
analysis.

ICP-MS

Ag" elemental analysis of 50 nM protein diluted, with and
without Ag* in 5 mL solutions of 10 mM HEPES, 20 mM
NaF, pH 7.5, in 1% HNOgs, was undertaken by ICP-MS
(Thermo-Fisher Scientific iICAP-Q; Thermo Fisher Scientific,
Bremen, Germany). The instrument was run employing
three operational modes, including (i) a collision-cell (Q
cell) using He with kinetic energy discrimination (He-cell) to
remove polyatomic interferences, (ii) standard mode (STD)
in which the collision cell is evacuated and (iii) hydrogen
mode (Hx-cell) in which H, gas is used as the cell gas.
Samples were introduced from an autosampler (Cetac
ASX-520) incorporating an ASXpress™ rapid uptake mod-
ule through a PEEK nebulizer (Burgener Mira Mist). An
internal standard Rh (10 pg L™ ") in 2% trace analysis grade
(Fisher Scientific, UK) HNOz was introduced to the sample
stream on a separate line via the ASXpress unit. External
multi-element calibration standards (Claritas-PPT grade
CLMS-2 from SPEX Certiprep Inc., Metuchen, NJ) included
Ag, Al, As, Ba, Be, Cd, Ca, Co, Cr, Cs, Cu, Fe, K, Li, Mg,
Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Sr, Tl, U, V and Zn, in the
range 0 — 100 ug L™" (0, 20, 40, 100 pg L™"). A bespoke
external multi-element calibration solution (PlasmaCAL,
SCP Science, France) was used to create Ca, Mg, Na and
K standards in the range 0-30 mg L~". Phosphorus, boron
and sulphur calibration utilized in-house standard solutions
(KH2PO4, KoSO, and H3BOj3). In-sample switching was
used to measure B and P in STD mode, Se in Hy-cell
mode and all other elements in He-cell mode. Peak dwell
times were 10 ms for the element with 150 scans per sam-
ple. Sample processing was undertaken using Qtegra™
software (Thermo-Fisher Scientific) utilizing external cross-
calibration between pulse-counting and analogue detector
modes when required with data being acquired in pg L™
Protein concentrations were measured before and after the
experiment. All glassware and plasticware used for these
experiments were washed with 10% nitric acid to remove
contaminating metal.

Nuclear magnetic resonance spectroscopy

One-dimensional 'H nuclear magnetic resonance (NMR)
spectra were taken at 25°C on an 800 MHz Bruker Avance
NMR machine, using 500 puM protein in 10 mM sodium
phosphate (Na,HPO,/NaH,PO,) buffer, at various pHs
ranging from 5-9. The solvent water peak was attenuated
using pulsed field gradients or by pre-saturation.
Two-dimensional NMR based '®N/'H Heteronuclear Sin-
gle Quantum Coherence (HSQC) spectra were acquired at
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25°C, on an 800 MHz Bruker Avance spectrometer. Data
were collected from 0.6 mL samples of 300-350 uM '°N
labelled sample of apo- and holo-Ag™-bound SIIE in
10 mM HEPES buffer, 20 mM NaF, 10% D,O buffer at pH
7.5. Due to the higher protein concentration required for
NMR experiments, Ag* was dialysed into the holo sample
a concentration a final concentration of 500 mM and
excess ions were removed through further dialysis using.
NMR data was processed and analyzed using Topspin
package (Bruker).

Bioinformatics

Both native protein sequences (excluding their periplasm
exporting leader sequence, residues 1-20) of PcoE and
SilE were aligned, using a general multipurpose alignment
program for protein primary sequences — Clustal Omega,
which finds the best alignment over the entire length of
each sequence submitted (McWilliam et al., 2013). Their
percentage identity was then calculated in Jalview (Water-
house et al., 2009). The sequences were coloured using
the “Percentage Identity” colour-scheme in Jalview too, to
clarify the sequence similarities at a more obvious
intensity.

Based on the SIlE sequence, Jpred (a secondary struc-
ture prediction server that incorporates the Jnet algorithm
to make more accurate predictions) was used to predict a-
helices, B-strands and random coil (Cole et al., 2008). Addi-
tionally, the intrinsic protein disorder predictor DisEMBL,
which utilises the PDB (Protein Data Bank), was used to
predict disordered loops in SilE (Linding et al., 2003).

Acknowledgements

The authors thank Nykola Jones and Sgren Vrgnning Hoff-
mann at the CD Beamline, ADTRID 2, ISA Storage Ring
Facilities, Department of Physics at Aarhus University, Scott
Young, ICP-MS Analytical Services, School of Biosciences,
Sutton Bonington Campus, University of Nottingham. KA was
supported by the Biotechnological and Biological Science
Research Council (UK) through a studentship award to DJS,
JH and PS, and by a BBSRC grant to PS (BB/K021540/1).
The OPPF-UK is funded by the Medical Research Council
(Grant MR/K018779/1). D.J.S is a Senior Molecular Biology
and Neutron Fellow supported by the Science and Technology
Facilities Council (UK).

NOTE ADDED IN PROOF:
Since submission of this manuscript a paper on evolution of
pcof/sil has been published (Staehlin et al., 2016)

References

Atiyeh, B.S., Costagliola, M., Hayek, S.N., and Dibo, S.A.
(2007) Effect of silver on burn wound infection control
and healing: Review of the literature. Burns 33: 139—-148.

Bird, L.E. (2011) High throughput construction and small-
scale expression screening of multi-tag vectors in Esche-
richia coli. Methods 55: 29-37.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00

Intrinsically Disordered Periplasmic “"Molecular Sponge”™ 11

Cole, C., Barber, J.D., and Barton G. J., (2008) The Jpred
3 secondary structure prediction server. Nucleic Acid Res
36 (Suppl 2): W197-W201.

Czoik, R., Heintz, E. J., and Marczak, W. (2008) complexes
of silver with histidine and imidazole and potentiometric
methods. Acta Phys Polonica A 114: A51—-A56.

Dodero, V.I., Quirolo, Z.B., and Sequeira, M.A., (2011) Bio-
molecular studies by circular dichroism. Front Biosci 16:
61-73.

Du, X. B., Li, H. Y., Wang, X. H., Liu, Q., Ni, J. Z., and
Sun, H. Z. (2013) Kinetics and thermodynamics of metal
binding to the N-terminus of a human copper transporter,
hCTR1. Chem Commun 49: 9134-9136.

Dyson, H.J. and Wright P.E. (2005) Intrinsically unstruc-
tured proteins and their functions. Nature Rev Mol Cell
Biol 6: 197-208.

Greenfield N.J. (2007) Using circular dichroism spectra to
estimate protein secondary structure. Nat Protoc 1:
2876-2890.

Gupta, A., Matsui, K., Lo, J.F., and Silver, S. (1999) Molec-
ular basis for resistance to silver cations in Salmonella.
Nat Med 5: 183—188.

Hao, X., Luthje, F. L., Qin, Y., McDevitt, S. F.,, Lutay, N.,
Hobman, J. L., Asiani, K., Soncini, F. C., German, N.,
Zhang, S., Zhu, Y. G., and Rensing, C. (2015) Survival in
amoeba—a major selection pressure on the presence of
bacterial copper and zinc resistance determinants? Iden-
tification of a “copper pathogenicity island”. Appl Microbiol
Biotechnol. 99:5817-5824.

Hertela, N. and Hoffman S.V. (2011) ASTRID2: A new Dan-
ish low-emittance SR source. Synchrotron Radiat News
24:19-23.

Hobman, J.L. and Crossman, L.C. (2015) Bacterial antimi-
crobial metal ion resistance. J Med Microbiol 64: 471—
497.

Holt, K.B. and Bard, A.J. (2005) Interaction of Silver(l) lons
with the respiratory chain of Escherichia coli. An electro-
chemical and scanning electrochemical microscopy study
of the antimicrobial mechanism of micromolar Ag™. Bio-
chemistry 44: 13214-13223.

Horng, J.C., Moroz, V., and Raleigh, D.P. (2003) Rapid
cooperative two-state folding of a miniature alpha-beta
protein and design of a thermostable variant. J Mol Biol
326: 1261-1270.

Jensen, M.R., Ruigrok, R.W.H., and Blackledge, M. (2013)
Describing intrinsically disordered proteins at atomic reso-
lution by NMR. Current Opin Struct Biol 23: 426-435.

Kosol, S., Contreras-Martos, S., Cedeno, C., and Tompa, P.
(2013) Structural characterization of intrinsically disor-
dered proteins by NMR spectroscopy. Molecules 18:
10802-10828.

Kumbhar, S., Johannsen, S., Sigel, R. K. O., Waller, M. P,
and Muller, J. (2013) A QM/MM refinement of an experi-
mental DNA structure with metal-mediated base pairs.
J Inorg Biochem 127: 203—-210.

Lansdown, A.B.G. (2010) A Pharmacological and toxicological
profile of silver as an antimicrobial agent in medical devices.
Adv Pharmacol Sci2010 (Article ID 910686): 1-16.

Linding R., Jensen L.J., Diella F., Bork P., Gibson T.J., and
Russell R.B. (2003) Protein disorder prediction: implica-
tions for structural proteomics. Structure 11: 1453—-1459.



12 K R Asianietal. W

Lobley, A., Whitmore, L., and Wallace B.A. (2002).
DICHROWERB: an interactive website for the analysis of
protein secondary structure from circular dichroism spec-
tra. Bioinformatics 18: 211-212.

Loftin, I.R., Franke, S., Blackburn, N.J., and McEnvoy, M.M.
(2007) Unusual Cu(l)/Ag(l) coordination of Secherichia
coli CusF as revealed by atomic resolution crystallogra-
phy and X-ray absorption spectroscopy. Protein Sci 16:
2287-2293.

Mallard, J.Y. and Hartemann, P. (2012) Silver as an antimi-
crobial: Facts and gaps in knowledge. Crit Rev Microbiol
39: 373-383.

McHugh, G.L., Moellering, R.C., Hopkins, C.C., and Swartz,
M.N. (1975) Salmonella typhimurium resistant to silver
nitrate, chloramphenicol, and ampicillin. Lancet 1: 235-240.

McWilliam, H., Li, W., Uludag, M., Squizzato, S., Park,
Y.M., Buso, N., et al. (2013) Analysis Tool Web Services
from the EMBL-EBI. Nucleic Acids Res 41(Web Server
issue): W597-W600.

Mijnendonckx, K,. Leys, N., Mahillon, J., Silver, S., and
Houdt, R.V. (2013) Antimicrobial silver: Uses, toxicity and
potential for resistance. BioMetals 26: 1-13.

Mirolo, L., Schmidt, T., Eckhardt, S., Meuwly, M., and
Fromm, K. M., (2012) pH-Dependent Coordination of Agl
lons by Histidine: Experiment, Theory, and a Model for
SIlE Chemistry—A Eur J, 19: 1754—1761.

Muller, J., Bohme, D., Lax, P, Morell Cerdia, M., and
Roitzsch, M. (2005) Metal ion coordination to azole
nucleosides. Chem Eur J 11: 6246-6253.

Munson, G.P, Lam, D.L., Outten, FW., O’Halloran, T.V.,
(2000) Identification of a copper-responsive two-compo-
nent system on the chromosome of Escherichia coli K-
12. J Bacteriol 182: 5864-5871.

Petrovec, K., Ravoo, B. J., and Muller, J. (2012) Coopera-
tive formation of silver(l)-mediated base pairs. Chem
Commun 48: 11844—11846.

Provencher, S\W., and Glockner J. (1981) Estimation of
globular protein secondary structure from circular dichro-
ism Biochemistry 20: 33-37.

Radivojac, P., lakoucheva L.M., Oldfield C.J., Obradovic, Z.,
Uversky, V.N., and Dunker A. K., (2007) Intrinsic disorder
and functional proteomics. Biophys J, 92: 1439-1456.

Randall, C.P, Gupta, A., Jackson, N., Busse, D., and
O’Neill, AJ. (2015) Silver resistance in Gram-negative
bacteria: a dissection of endogenous and exogenous
mechanisms. J Antimicrob Chemother 70: 1037—-1046.

Rubino, J. T., Riggs-Gelasco, P, and Franz, K. J. (2010)
Methionine motifs of copper transport proteins provide
general and flexible thioether-onl binding sites for Cu(l)
and Ag(l). J Biol Inorg Chem 15: 1033-1049.

Scopes, R.K. (1974). Measurement of protein by spectro-
photometry at 205 nm. Anal Biochem 59: 277-282.

Sibile, N. and Bernadd P. (2012) Structural characterization
of intrinsically disordered proteins by the combined use
of NMR and SAXS. Biochem Soc Trans 40: 955-962.

Silver, S. (2003) Bacterial silver resistance: molecular biol-
ogy and uses and misuses of silver compounds. FEMS
Microbiol Rev 27: 341-353.

Silver, S., Gupta, A., Matsui, K., and Lo, J.F. (1999) Resist-
ance to Ag" cations in bacteria: environments, genes
and proteins. Metal-Based Drugs 6: 315-320.

Singh, S.K., Roberts, S.A., McDevitt, S.F., Weichsel, A.,
Wildner, G.F., Grass, G.B., Rensing, C., and Montfort,
W.R. (2011) Crystal structures of multicopper oxidase
CueO bound to copper(i) and silver(l): functional role a
methionine-rich sequence. J Biol Chem 286: 37849—
37857.

Sreerama, N., Venyaminov, S.Y., and Wood,y R. W. (1999)
Estimation of the number of a-helical and B-strand seg-
ments in proteins using circular dichroism spectroscopy.
Protein Sci 8: 370-380.

Staehlin, B. M., Gibbons, J. G., Rokas, A., O’Halloran, T.V.,
Slot, J. C. (2016) Evolution of a Heavy Metal Homeosta-
sis/Resistance Island Reflects Increasing Copper Stress
in Enterobacteria. Genome Biol Evol 8: 811-826.

Sreerama, N. and Woody R.W. (2000) Estimation of protein
secondary structure from circular dichroism spectra:
Comparison of CONTIN, SELCON, and CDSSTR meth-
ods with an expanded reference set. Anal Biochem 287:
252-560.

Tanaka, T., Mizuno, T., Fukui, S., Hiroaki, H., Oku, J.,
Kanaori, K., et al. (2004). Two-metal ion, Ni(ll) and Cu(ll),
binding alpha-helical coiled coil peptide. J Am Chem Soc
126; 14023-14028.

Theisen, A., Johann, C., deacon, A.P., and Harding, S.E.
(2000) Refractive increment data-book for polymer and
biomolecular scientists. 1st ed. Nottingham University
Press, 5-45.

Todd, R.J., Van Dam, M.E., Casimir, o D., Haymor, e B.L.,
and Arnold, F.H. (1991) Cu(ll)-binding properties of a
cytochrome ¢ with a synthetic metal-binding site: His-X3-
His in an alpha-helix. Proteins, 10; 156—161.

Van Stokkum, I[.H.M., Spoelder, H.J.W., Bloemendal, M.,
Van Grondelle, R., and Groen F.C.A. (1990) Estimation of
protein secondary structure and error analysis from CD
spectra. Anal Biochem 191: 110-118.

Waterhouse, A.M., Procter, J.B., Martin, D.M.A., Clamp, M.,
and Barton G.J. (2009) Jalview Version 2—A multiple
sequence alignment editor and analysis workbench. Bio-
informatics 25: 1189-1191.

Zhu, Y. C., Wang, E. Q., Ma, G. L., Kang, Y. B., Zhao, L.
H., and Liu, Y. Z. (2014) Interaction of C-terminal metal-
binding domain of copper transport protein with Ag* and
Hg?*. Acta Phys Chim Sin 30: 1-7.

Zimmerman, M., Udagedara, S.R., Sze, C.M., Ryan, T.M.,
Howlett, G.J., Xiao, Z., et al. (2012) PcoE-a metal
sponge expressed to the periplasm of copper resistance
Escherichia coli. Implication of its function role in copper
resistance. J Inorg Biochem 115: 186—197.

Supporting information

Additional supporting information may be found in the
online version of this article at the publisher’s web-site.

© 2016 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00—00



