Volume 54
Number 17

7 May 2025
Pages 6703-7132

Dalton
Transaction

An international journal of inorganic chemistry

rsc.li/dalton

— . - 5 = >

)

ISSN 1477-9226

™ L OVAL SOCIETY PAPER

Aleksandra Hecel, Magdalena Rowiriska-Zyrek et al.
“ OF CH EMISTRY AdCcA lipoprotein involved in Zn(i) transport in

Streptococcus mutans - is it as metal-specific as expected?



Published on 04 March 2025. Downloaded on 4/6/2026 3:11:52 AM.

7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

AdcA lipoprotein involved in Zn(n) transport in
o Streptococcus mutans — is it as metal-specific as

Cite this: Dalton Trans., 2025, 54,

6795 expected?T

{ '.) Check for updates ‘

Kinga Garstka,® Aleksandra Hecel,*® Henryk Koztowski,?®
Alicia Dominguez-Martin, (2 € Krzysztof Szewczyk® and
Magdalena Rowiriska-Zyrek (2 *2

Streptococcus mutans, a Gram-positive pathogen, is a primary causative agent of dental caries. It
modifies the oral biofilm architecture on tooth enamel and, like other bacteria, requires transition metal
ions such as Zn(n), Cu(n), and Ni(i) for survival and virulence. Physiological salivary Zn(i) levels are insuffi-
cient for optimal bacterial growth, prompting S. mutans to develop a specialized ABC transport system
comprising AdcA, AdcB, and AdcC. Among these, the lipoprotein AdcA plays a pivotal role in Zn(i) acqui-
sition. In this study, we examined two probable Zn(i)-binding sites in AdcA—EGHGHKGHHHA and
HGIKSQKAEHFH—and their Zn(i), Cu(i), and Ni(1) complexes, keeping in mind that Cu(i) and Ni(i) are
essential nutrients for bacterial enzymes and can compete with Zn(i) for its binding sites. At physiological
pH, in the Zn(1)-Ac-EGHGHKGHHHA-NH, species, Zn(i) binds to histidine residues, forming complexes
with up to four coordinated imidazole nitrogens, while in the Zn(i)-Ac-HGIKSQKAEHFH-NH, complex,
we found three coordinated histidine side chains. The same regions of the AdcA lipoprotein are able to
bind Cu(n) with even higher affinity. The stability of Zn(i) and Ni(1) complexes, on the other hand, is more
comparable, with a slight advantage for Ni(i). In this case, at pH 7.4, the coordination spheres of both Zn
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() and Ni(i1) consist of the same set of donor atoms. The metal binding preferences align with the Irving—
Williams series; however, given the significantly higher Zn(i) concentrations in saliva and dental plaques,
Zn(1) occupies the AdcA binding sites in vivo, highlighting its critical role in S. mutans virulence and metal

rsc.li/dalton ion homeostasis.

selves. S. mutans causes infective endocarditis, responsible
for life-threatening infection of heart valves® and is strongly

Introduction

Streptococcus mutans is a Gram-positive, key pathogen of
dental caries,” capable of modifying the architecture of the
oral biofilm formed on hard surfaces of the tooth and
environment.>* S. mutans does not act alone to cause dental
caries but interacts with other organisms to assemble a cario-
genic biofilm in the presence of a sugar-rich diet,> which
changes the microenvironment for other acidogenic and acidu-
ric bacteria, making it easier for them to establish them-
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associated with sclerosis multiplex (MS), especially in early
childhood caries.® During its colonization, S. mutans has to
respond and adapt to changes in the environment, like for
example, oxidative and acid stress tolerance, carbohydrate util-
ization or the maintenance of intracellular metal ion homeo-
stasis.” Its neutral habitat is human saliva - a unique body
fluid, critical for oral health, due to its organic and inorganic
components,®® such as, among others, the divalent zinc ion.*°

Under physiological conditions, Zn(n) is an essential
element for both eukaryotic and prokaryotic cells, functioning
as a structural or catalytic component of numerous proteins."*
It is estimated that Zn(u) is present in up to 10% of all proteins
in humans,'? while in bacteria, it is found in about 5-6% of
them™ (mostly due to the smaller number of zinc finger tran-
scription factors). Like in the case of other transition metal
ions, the excess of Zn(n) might cause growth arrest and defects
in the virulence of microorganisms.” For this reason, the inter-
cellular concentration of bacterial Zn(u) should be strictly regu-
lated for their survival and virulence in the human oral
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cavity."*™"” Zn(u) is critical to the infection process, while the
physiological salivary level of Zn(u) fluctuates. Below pH 6.0,
most free zinc present in saliva is in the Zn(u) form, but the
increase of pH drastically reduces its availability.'® The salivary
Zn(u) level also fluctuates throughout the day - between meals,
the zinc concentration is limited, whereas during mealtime,
its concentration increases.” Zn(u) is also present in the tooth
enamel surface and in the dental plaque, where its concen-
tration is much higher, reaching millimolar levels."® There are
many different types of metal transport systems, and several of
them are involved in Zn(u) homeostasis in streptococci®® (dis-
cussed in Fig. 1).

Differently from other pathogenic bacteria that encode mul-
tiple Zn(u1) import systems, S. mutans encodes a single, highly
conserved and high affinity zinc ABC-type importer known as
AdcABC.>"** ABC transporters (ATP-binding cassette transpor-
ters) consist of the following: AdcA, a zinc-binding lipoprotein
that in Gram-positive bacteria is localized at the cell surface,*?
AdcB - a membrane permease and AdcC - a cytoplasmic
ATPase**?*72® (adenosine 5'-triphosphatase), and their genes
are regulated in response to environmental zinc availability by
an adhesin competence repressor, AdcR.>” Moreover,
S. mutans encodes a ZccE protein, which is a P-type ATPase,
responsible for Zn(u) export.”*"?® Also, in contrast to most
streptococcal genomes, which encode two copies of adcA
(called adcA and adcAll), the genome of S. mutans encodes a
single adcA gene,*® whose size is more similar to adcBC than
to adcAIL>" The streptococcal adcAll is genetically coupled to
the pht genes (metal-binding poly-histidine triad genes) and is
present in proteins that scavenge zinc, where it binds zinc
outside the cell and then most probably shuttles it to
AdcA.***! Thus, the polyhistidine triad proteins (Pht) contain
multiple copies of the histidine triad motif (HxxHxH, where x
may stand for any amino acid).’> Despite the fact that the
AdcABC transporter is critical to the cariogenic potential of
S. mutans and zinc is a growth-limiting factor for producing

Pht

CzcD
Solute binding
proteins (SBP)

4

ZccE

\

ABC transporter

Fig. 1 A summary diagram of all known types of transporters for Zn(i)
in streptococci, with arrows indicating metal import or export: histidine
triad proteins (Pht), ABC transporter, CDF pump (cation diffusion facilita-
tor): CzcD. The ZccE (P-type ATPase) is only found in S. mutans.
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the oral biofilm, the genome of S. mutans lacks pht
homologs®*'** and S. mutans is the only Streptococcus species
that does not express Pht proteins.”® Thus, inactivating adcA
or adcCB would inhibit the growth of S. mutans.>**°

For Zn(u) uptake, the Streptococcus species synthesizes the
double-domain AdcA protein with two zinc-binding sites: the
N-terminal and C-terminal domains (Fig. 2). The N-terminal
domain, in the presence of Zn(u), quickly and strongly binds
the metal and then changes its conformation, which stabilizes
the second, C-terminal domain (H36, H122, H186, and
E261).%° A tight zinc-binding pocket facilitates zinc binding,
and the relatively less stable binding and conformation of the
C-terminal domain (H436, H445, and H447) ensure a rapid
transfer of Zn(u) from AdcA to the transmembrane AdcB
protein.’® As in other streptococci, AdcA from S. mutans has
two zinc-binding domains: the N-terminal domain, which con-
sists of five histidine residues (H132, H134, H137, H138, and
H139 - Fig. S1, ESI}), and the C-terminal domain, which con-
tains three histidine residues in close proximity (H457, H466,
H468 - Fig. S1, ESIT).*!

Another well-conserved and potentially metal-binding site
contains three conserved histidine residues (H70, H144, and
H208) and one glutamic acid residue (E294).>' This AdcA-
based high-affinity Zn(u) transport system is homologous to
the one from Escherichia coli ZnuA,*>” ZnuA and AztC solute
binding proteins from Paracoccus denitrificans®® or to the
fungal zincophore-based transport systems, comprising pro-
teins with high Zn(u) affinity that are synthesized in the cyto-
plasm and then exported to bind Zn(u).>***

During infection, the host limits the availability of micronu-
trients for pathogens at the colonization surface in a process
referred to as nutritional immunity**™® and plays a role in

N-terminal
434
o !

) close-up of the N- and
C-terminal domains

release Zn(ll) easily

C-terminal

Zn(1l) deficient
environment

Cytoplasm of
© Streptococcus

Fig. 2 The model of Zn(i) uptake in Streptococcus via AdcA in a Zn(i)-
deficient environment. The N- and C-terminal domains of AdcA are
marked green and yellow, respectively. The two binding sites are rep-
resented as an open state without metal ions (left part) and a half-
closed or closed state in Zn(i)-bound AdcA (right part). The AdcA struc-
tures are based on the files from the Protein Data Bank (accession
codes: 7339, 7338, 7JJA and 7J3JB).
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host defence against pathogenic microorganisms, constituting
an ideal therapeutic target in times of increasing antibiotic re-
sistance. Antimicrobial peptides are a promising direction to
find new, effective, and specific drugs, and their use in STAMP
technology (specifically targeted antimicrobial peptides)
increases the chances of winning the fight against microorgan-
isms. STAMP is based on two domains: an antimicrobial
domain (an antimicrobial peptide — AMP, small host defence
peptides that form part of the innate immune response*®) and
a targeting domain (a fragment of the protein from the patho-
gen), linked via a short flexible linker.*” A precise understand-
ing of the Zn(u) transport mechanism present in pathogens is
an important research direction towards the design of a target-
ing domain for new, highly specific therapeutics against anti-
biotic-resistant bacterial species.

Because biofilm formation is a survival strategy by which
S. mutans, an important factor for the initiation of dental
caries, adapts to its environment, we focused on Zn(u), Cu(u)
and Ni(un) complexes of two regions of the AdcA lipoprotein
involved in Zn(u) transport in Streptococcus mutans: Ac-
EGHGHKGHHHA-NH, and Ac-HGIKSQKAEHFH-NH, (high-
lighted in red in Fig. S1, ESI{). We checked their structural
and thermodynamic properties using a number of comp-
lementary methods: potentiometry, EPR, UV-Vis and CD spec-
troscopy. The results allowed us to provide information on the
protonation and stability constants, identify the number and
types of donor atoms involved in Zn(u), Cu(u), and Ni(u)
binding and determine the influence of metal ions on the sec-
ondary structure of the analyzed ligands.

Experimental
Synthesis

Peptides (Ac-EGHGHKGHHHA-NH, and Ac-HGIKSQKAE-
HFH-NH,) were purchased from KareBay Biochem (certified
purity: 98%) and were used as received. The carbonate-free
stock solution of 0.1 M NaOH was purchased from Sigma-
Aldrich and then potentiometrically standardized with potass-
ium hydrogen phthalate. Zinc perchlorate, copper perchlorate
and nickel chloride were extra-pure products (Sigma-Aldrich).
The concentrations of salt solutions were determined by
inductively coupled plasma (ICP) mass spectrometry.

Potentiometric measurements

The stability constants for AccEGHGHKGHHHA-NH, and Ac-
HGIKSQKAEHFH-NH, ligands and their Zn(u), Cu(u) and Ni(u)
complexes were calculated from titration curves carried out in
the pH range of 2-11 at 298 K in 0.1 M NaClO,. The total
volume of the solution used was 3.0 cm®. The potentiometric
titrations were performed using a Dosimat 800 Metrohm titra-
tor connected to a Metrohm 905 pH meter and a Mettler
Toledo pH inLab Science electrode. The glass cell was
equipped with a magnetic stirring system, a microbiuret deliv-
ery tube and an inlet-outlet tube for argon. Solutions were
titrated with 0.1 M carbonate-free NaOH. The electrodes were

This journal is © The Royal Society of Chemistry 2025
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calibrated daily for hydrogen ion concentration by titrating
HCIO, with NaOH using a total volume of 3.0 cm®. The
purities and the exact concentrations of the ligand solutions
were determined using the Gran method. The ligand concen-
tration was 0.5 mM. The Zn(u), Cu(u) and Ni(u) to ligand ratio
was 0.8:1. The HYPERQUAD 2006 program was used for the
stability constant calculations.*® The standard deviations were
computed using HYPERQUAD 2006 and referenced to random
errors only. The constants for hydrolytic Zn(n) and Ni(u)
species were used in these calculations.*>®® The speciation
and competition diagrams were computed using the HYSS
program.>!

Spectroscopic studies

The absorption spectra were recorded on a Jasco-730 spectro-
photometer in the range 200-800 nm, using a quartz cuvette
with an optical path of 1 cm. Circular dichroism spectra were
recorded on a Jasco J-1500 CD spectrometer in the
250-800 nm and 180-250 nm ranges, using a quartz cuvette
with an optical path of 1 cm and 0.01 c¢m in the visible and
near-UV range. The concentration of sample solutions used for
spectroscopic studies was similar to that employed in the
potentiometric experiment. The metal: ligand ratio was 0.8: 1.
All spectroscopic measurements were recorded in the pH range
2.5-10.5. The pH of the samples was adjusted with appropriate
amounts of concentrated HClO, and NaOH solutions. OrginPro
2016 was used to process and visualize the obtained spectra.*?
Electron paramagnetic resonance (EPR) spectra were recorded in
liquid nitrogen on a Bruker ELEXSYS E500 CW-EPR spectrometer
at an X-band frequency (9.5 GHz) and equipped with an ER
036TM NMR teslameter and an E41 FC frequency counter. The
ligands were prepared in an aqueous solution of HCIO, at I = 0.1
M (NaClO,). The concentration of Cu(x) was 1 mM, and the
metal : ligand ratio was 0.8 : 1. Ethylene glycol (25%) was used as
a cryoprotectant for EPR measurements. The EPR parameters
were analyzed by computer simulation of the experimental
spectra using WIN-EPR SIMFONIA software, version 1.2 (Bruker).
The pH was adjusted with appropriate amounts of HClO, and
NaOH solutions.

Results

Ligand protonation

Both  peptides (Ac-EGHGHKGHHHA-NH, and Ac-
HGIKSQKAEHFH-NH,) are protected on the N-terminus by
acetylation but also on the C-terminus by amidation. The Ac-
EGHGHKGHHHA-NH, peptide behaves as an LH; acid with
the protonating groups corresponding to the deprotonation of
the carboxylic side chain of glutamic acid (pkK, = 3.87), five his-
tidine imidazole side chain groups (pK, values of 5.48, 5.73,
6.47, 6.51 and 7.46, respectively) and to the deprotonation of
the lysine side chain group with a pK, value of 10.07 (Table 1).
The Ac-HGIKSQKAEHFH-NH, peptide has six protonation
constants. The first one (pK, = 3.90) can be assigned to the
deprotonation of the carboxylic side chain of glutamic acid.

Dalton Trans., 2025, 54, 6795-6804 | 6797
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Table 1 Potentiometric data for the proton, Zn(i), Cu(i) and Ni(1) complexes of Ac-EGHGHKGHHHA-NH, and Ac-HGIKSQKAEHFH-NH, in a
water solution of 4 mM HCIO4 with | = 0.1 M NaClOy,, T = 298 K. Standard deviations are presented in parentheses

Ac-EGHGHKGHHHA-NH,,

Ac-HGIKSQKAEHFH-NH,,

Species Log Log K Residue Log Log K Residue
HL 10.07(1) 10.07 (X) 10.56(1) 10.56 (K)
H,L 17.54(3) 7.46 (H) 20.43(1) 9.88 (K)
H;L 24.05(3) 6.51 (H) 27.51(1) 7.08 (H)
H,L 30.52(3) 6.47 (H) 33.86(1) 6.35 (H)
HsL 36.25(3) 5.73 (H) 39.71(2) 5.84 (H)
HeL 41.72(3) 5.48 (H) 43.60(2) 3.90 (E)
H,L 45.59(3) 3.87 (E)

Zn(u) complexes

ZnH;L 29.00(1) 30.88(1)

ZnH,L 22.85(1) 6.14 (H) 25.13(1) 5.75 (H)
ZnHL 15.92(2) 6.93 (H) 17.37(2) 7.76 (H,0)
ZnL 7.46(2) 8.46 (H,0) 9.24(2) 8.13 (H,0)
ZnH_,L -2.11(3) 9.58 (K) —0.60(3) 9.84 (K)
ZnH_,L -11.19(4) 10.51 (X)
Cu(u) complexes

CuH,L 36.62(1)

CuH;L 32.28(1) 4.34 (H) 33.73(3)

CuH,L 26.91(2) 5.37 (H) 28.18(5) 5.55 H
CuHL 20.35(2) 6.56 (am) 22.49(4) 5.69 (am)
CulL 12.69(3) 7.66 (am) 15.68(5) 6.81 (am)
CuH_,L 5.23(3) 7.46 (am) 8.24(4) 7.44 (am)
CuH_,L —4.40(5) 9.63 (K) -1.00(7) 9.24 (K)
CuH_;L -10.60(5) 9.60 (K)
Ni(u) complexes

NiH,L 36.56(8)

NiH;L 29.02(1) 31.45(1) 5.11 (H)
NiH,L 22.87(1) 6.15 (H) 25.48(1) 5.98 (H)
NiHL 16.00(1) 6.87 H

NiL 7.61(2) 8.39 (am) 8.61(1)

NiH_,L -1.90(2) 9.51 (am) —0.78(1) 9.38 (am)
NiH_,L —11.04(1) 10.27 (K)
NiH_;L —23.65(4) (X) -21.59(1) 10.55 (X)

The next three constants (pK, = 5.84, 6.35 and 7.08) are related
to the deprotonation of three histidine imidazole groups and
the last two (pK, = 9.88 and 10.56) correspond to the deproto-
nation of two lysine side chain groups (Table 1).

Metal complexes of AccEGHGHKGHHHA-NH,

Zn(u) complexes. The first Zn(u)-Ac-EGHGHKGHHHA-NH,
complex form, ZnH;L, has its maximum at pH 5.8 (Fig. S24,
ESIt). It involves one glutamic acid residue and two histidine
residues in binding. The loss of one proton leads to the ZnH,L
form, which dominates in the solution of around pH 6.5 and
is most probably related to the deprotonation of the non-coor-
dinating histidine residue (due to no significant changes in
the pK, values of 6.51 and 6.14 for the free and complexed
one, respectively) (Table 1). The next form, ZnHL, has a
maximum at pH 7.7 and is most likely related to the deproto-
nation and coordination of the next imidazole nitrogen of the
histidine residue. Loss of the next proton leads to the for-
mation of the ZnL form, related to the proton loss of a water
molecule bound to the Zn(u) atom. The last form, ZnH_,L, is
connected with the deprotonation of a non-coordinating lysine
residue.

6798 | Dalton Trans., 2025, 54, 6795-6804

Cu(u) complexes. The stability constants for Cu(u) complexes
with AccEGHGHKGHHHA-NH, were calculated on the basis of
the titration curves recorded in the pH range of 2.0-11.0.
Potentiometric measurements revealed the presence of seven
equimolar complex species (Fig. S3A, ESIT). In the first species
detected at low pH, CuH,L, with a maximum concentration at
pH 4.4 (Fig. S3A, ESIT), characteristic bands in the UV-Vis and
CD spectra (Amax = 640 nm with ¢ = 54.81 (Fig. S4A, ESIT) and
Amax = 256 nm with Ae = 0.64 (Fig. S5A, ESIT)) can be assigned
to the coordination of Cu(u) by one or a maximum of two histi-
dyl residues (Table S1, ESIT). The next CuH;L species results
from the coordination of two histidyl residues. The coordi-
nation of Cu(u) to two imidazole nitrogens is supported by the
d-d band at 627 nm and EPR parameters Ay; = 171; gi; = 2.28 at
pH 5.0 (Fig. S6A, ESIt). The shift of the d-d band from 627 to
606 nm suggests the coordination of a third imidazole nitro-
gen for the CuH,L with the maximum concentration at 6.0
(EPR parameters A;; = 188; gy = 2.25). Moreover, the significant
lowering of pK, values in Cu(u) complexes compared to free
ligands is observed (pK, 5.37 and 6.51, respectively). The pres-
ence of one negative band at around 550 nm for CuH,L,
CuH;L and CuH,L species may suggest additional coordi-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/D5DT00131E

Published on 04 March 2025. Downloaded on 4/6/2026 3:11:52 AM.

Dalton Transactions

nation of the carboxyl group of the glutamic acid. The coordi-
nation of an amide nitrogen atom occurs at pH above 6.5, as
evidenced by the appearance of intense d-d bands in CD
spectra (Amax = 545 nm with & = —0.22 and Ay = 643 nm with
e = 0.11) for CuHL species (Fig. S5A, ESIf). The {2N,,, 1N~}
complex for CuHL is confirmed by the d—-d band at 604 nm and
EPR parameters Ay = 195 and gy = 2.23. The increase of signal
intensity observed in the CD and UV-Vis spectra supports coordi-
nation with further amide nitrogen atoms above pH 7.5, while
not changing the number of nitrogen atoms in the 3N coordi-
nation sphere. The coordination mode for CuHL is {INj,, 2N"}.
At pH above 8.5, the intensity of the d-d bands increases, and
the differences in the d-d transition energy (ie., a shift of the
band to shorter wavelengths A,,,x = 571 nm) indicate the coordi-
nation of the third amide nitrogen, forming a square-planar
{Nim, 3N"} complex for CuH_,L species. The last form, CuH_,L,
results from the deprotonation of a non-coordinating lysine
residue (pK, = 9.63). The 4N coordination for the last two species
is supported by the EPR parameters Ay = 205 and gy = 2.21.

Ni(u) complexes. For Ac-EGHGHKGHHHA-NH,, we observe
six complex forms with Ni(u) ions (Fig. S7A, ESIf). The first
one is NiHz;L with a maximum at pH 5.7. Most probably, it
engages three histidine residues in binding. The increase of
pH leads to the NiH,L form, which corresponds to the depro-
tonation of the subsequent histidine residue, which does not
participate in binding (the low pkK, difference for this group
between the free ligand (6.57) and the complexed one (6.15)
confirms this theory). In this pH, the coordination mode does
not change. The next form, NiHL, dominates in the solution
above pH 6.9. The lowered pK, value (7.46 and 6.87 for the free
ligand and the complexed one, respectively) indicates the
deprotonation and engagement of the last available histidine
residue in Ni(u) binding. The following NiL and NiH_,L forms,
with maxima at around pH 8.9 and 10.2, respectively, are con-
nected with the deprotonation and binding of two amide nitro-
gen atoms. Therefore, the Ni(u) coordination sphere includes
two histidine imidazole groups and two amide nitrogen atoms.
Around pH 8, a CD band (Fig. S8A, ESIt), which appears near
415.9 nm (a positive Cotton effect) and 497.2 nm (a negative
Cotton effect) can be assigned to the N~ — Ni(u) transition®
and confirms this finding (in the pH range from 8.0 to 11.0,
the intensity of the bands increases). The involvement of two
amide nitrogen atoms in binding is also confirmed by UV-Vis
spectroscopy (Fig. S9A, ESIT), where from pH 9.0, a band with
a maximum at around 438.4 nm is observed. At a very basic
pH value, the NiH_;L complex is detected, and it can be
assigned to the deprotonation of the lysine residue, which
most probably does not participate in binding.

Metal complexes of Ac-HGIKSQKAEHFH-NH,,

Zn(u) complexes. The  first  acidic  Zn(u)-Ac-
HGIKSQKAEHFH-NH, complex is ZnH;L, with a maximum at
pH 6.0 (Fig. S2B, ESI{) and most probably involves two imid-
azole groups in coordination. The next form, ZnH,L, with a
maximum at pH 7.0 is related to the proton loss and coordi-
nation of the next histidine residue. A significant decrease of
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the pk, values calculated for the complexes (pK, = 5.75) and
free imidazole (pK, = 7.08) suggests that the histidine residue
is involved in Zn(u) binding (Table 1). The next two observed
forms, ZnHL and ZnL, correspond to the deprotonation of two
water molecules and the remaining two deprotonations are
most likely related to the proton loss of two non-coordinating
lysine residues.

Cu(u) complexes. Cu(u)-Ac-HGIKSQKAEHFH-NH, shows
seven complex forms (Fig. S3B, ESIt). The first acidic form
(CuH;L) achieves its maximum at a pH of around 4.9. The
absorption spectrum (4. = 672 nm) and EPR parameters (A
=152, gy = 2.31) at pH 5.0 suggest the coordination of one or
two nitrogen atoms (Fig. S6B, ESI, Table S2, ESIf). The next
complex, CuH,L, is likely characterized by a {3Nj,} coordi-
nation. An increasing UV-Vis band at 619 nm and EPR para-
meters Ay = 170 and gy = 2.26 confirm the 3N coordination at
pH 5.6. A comparison between the pK, values of the free
ligand and the complexed one (7.08 and 5.55, respectively)
strongly suggests that a third histidine imidazole is also
involved in Cu(u) binding. The Cu(u) interaction with the back-
bone amides likely begins at around pH 6. This is highlighted
by the circular dichroism spectra (Fig. S5B, ESIt), where the
increase in the CD positive and negative signal intensity (Amax
= 544 nm with ¢ = —0.51 and Ay, = 635 nm with & = 0.33) can
be ascribed to the formation of a square-planar {3Njy,, 1N}
complex for CuHL species (max concentration at pH 6.3).
Moreover, EPR parameters, Ay = 193 and gy = 2.20, prove 4N
complex formation (Fig. S6B, ESIf). Moving to alkaline con-
ditions, we observed the formation of {2Nj,,, 2N} and {1Njp,
3N} complexes for CuL and CuH_,L species, respectively. The
lack of significant differences in the absorption spectra for the
last two forms, CuH_,L and CuH_;L, still provides 4N com-
plexes with the deprotonation of two lysine residues (pK, 9.24
and 9.60), which do not participate in coordination.

Ni(u) complexes. In the case of Ac-HGIKSQKAEHFH-NH,,
Ni(u) coordination starts at pH 4.0 and the first observed form
is NiH,L with a maximum at pH 5.5 (Fig. S7B, ESI}). Most
probably, it involves one histidine residue in binding. The next
two forms, NiH;L and NiH,L, with maxima at pH 6.0 and 7.4,
respectively, are both related to the proton loss and coordi-
nation of histidine residues. A significant decrease of the pkK,
values calculated for the complexed and free imidazole (pK, =
5.11 and 6.35; pK, = 5.98 and 7.08, respectively) suggests that
both residues are involved in Ni(u) binding. Above pH 8.5, the
NiL form dominates in solution. Around this pH, a CD band at
260.0 nm, which can be related to the N~ — Ni(u) charge trans-
fer transitions®® is observed (Fig. S7B, ESIf). The increase of
pH leads to the NiH_,L form, in which most probably the Ni
() coordination sphere includes two histidine imidazole
groups and two amide nitrogen atoms - the CD band with the
negative Cotton effect at 425.0 nm and the positive Cotton
effect at 525.0 nm and the UV-Vis band at 420.0 nm confirm
this finding and can be assigned to the square planar nickel
complex (Fig. S8B, ESIf). The last two forms, NiH_,L and
NiH_;L, correspond to the deprotonation of two lysine resi-
dues, which do not participate in coordination.
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Secondary structure

The coordination of Zn(u) and Cu(u) influences pronounced
secondary structural changes of both Ac-EGHGHKGHHHA-
NH, and Ac-HGIKSQKAEHFH-NH, AdcA regions (Fig. 3). At
pH 7.4, both peptides are random coils, with a positive absorp-
tion band around 215 nm and a negative one below 200 nm.>*
Metal coordination changes the CD spectra and therefore also
the secondary structure of the complexed ligands - for both
Zn(u) and Cu(u) complexes, the intensity of the spectral
minima becomes smaller and the minima and maxima shift
to ca. 195 nm and 210 nm, respectively. Although these para-
meters are not typical for any particular structure (they are
sometimes inadequately assigned to PPII like helices in the lit-
erature), it is clear that metal coordination significantly
induces structural changes.

Ni(n) coordination is an interesting case - its binding
appears to have almost no structural impact on the overall
structure of Ac-HGIKSQKAEHFH-NH,, while in the case of
Ac-EGHGHKGHHHA-NH,, it induces a significant structural
rearrangement, enhancing and shifting the CD maximum at
215 nm and making the spectral minimum at 195 nm much
more shallow.
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Fig. 3 Far UV CD spectra of the (A) Ac-EGHGHKGHHHA—-NH, and (B)
Ac—HGIKSQKAEHFH-NH, fragments with Zn(i), Cu(i) and Ni(i) in the
range of 180-250 nm, pH 7.4, T = 298 K; optical path = 0.01 cm; [L] =
0.0005 M; M(n)/L=0.8:1.
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Discussion

Is it theoretically possible for other biologically relevant metal
ions, Cu(u) and Ni(u), necessary for proper growth and replica-
tion of microorganisms, to compete with Zn(u) for the binding
sites in the AdcA protein?

In order to identify the AdcA fragment that binds Zn(u),
Cu(u) and Ni(u) with the highest affinity, we used the thermo-
dynamic data for the metal complexes to simulate a theoretical
situation in which equimolar amounts of Zn(u) and both
studied unstructured AdcA fragments were mixed. This allows
a direct comparison of the calculated constants at different pH
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Fig.4 A competition plot between AdcA fragments: Ac-—
EGHGHKGHHHA-NH, and Ac-HGIKSQKAEHFH—-NH, and (A) Zn(u), (B)
Cu(n) and (C) Ni(i), describing complex formation at different pH values
in a hypothetical situation in which equimolar amounts of all reagents
are mixed. Calculations are based on binding constants from Table 1.
Conditions: T = 298 K, | = 0.1 M NaClOy,, [Ac-EGHGHKGHHHA-NH,]=
[Ac—HGIKSQKAEHFH-NH,]=[Zn(i)]=[Cu()]=I[Ni(1)] = 0.001 M.
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values (Fig. 4A) and shows that in almost the entire pH range,
the AccEGHGHKGHHHA-NH, ligand is preferred over the Ac-
HGIKSQKAEHFH-NH, one, which is not surprising, since the
Ac-EGHGHKGHHHA-NH, region contains more histidine resi-
dues (five vs. three in the Ac-HGIKSQKAEHFH-NH, ligand).
At pH 7.4, more than 70% of available Zn(u) would be bound
to AccEGHGHKGHHHA-NH,.

A very interesting case is observed for Cu(u) complexes with
the studied ligands; at acidic pH, Cu(u) prefers to bind to the
more His-rich AccEGHGHKGHHHA-NH, region, while at basic
pH, in which amide nitrogens dominate in the Cu(u) coordi-
nation sphere, the Ac-HGIKSQKAEHFH-NH, fragment is pre-
ferred. Interestingly, at pH 7.4, the two complexes are almost
equally stable (Fig. 4B). Ni(u) also chooses Ac-
EGHGHKGHHHA-NH, over Ac-HGIKSQKAEHFH-NH, almost
in the entire pH range, in which His imidazoles are the metal
binding sites; at pH 7.4, in our hypothetical situation, more
than 85% of the metal would be bound to the His-rich Ac-
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Fig. 5 A competition plot between (A) the AdcA fragment: Ac-
EGHGHKGHHHA—-NH,, Zn(i), Cu(n) and Ni(i) and (B) the AdcA fragment:
Ac-EGHGHKGHHHA-NH,, Zn(1), and Ni(i), describing complex for-
mation at different pH values in a hypothetical situation in which equi-
molar amounts of all reagents are mixed. Calculations are based on
binding constants from Table 1. Conditions: T = 298 K, / = 0.1 M NaClOyg,,
(A) [Ac-EGHGHKGHHHA-NH,]=[Zn(n]=[Cu(n]=[Ni()] = 0.001 M; (B)
[Ac—EGHGHKGHHHA-NH_]=[Zn(]=[Ni(1)] = 0.001 M.
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EGHGHKGHHHA-NH, region. As in the case of Cu(u), the situ-
ation changes dramatically in an alkaline environment when
amide nitrogens are involved in coordination - the Ni(i)-Ac-
HGIKSQKAEHFH-NH, complex becomes more stable
(Fig. 4C). To summarize, poly-His complexes are more tempt-
ing metal binding sites at lower pH values, while at higher pH,
when amide nitrogens are involved in Cu(u) and Ni(u) coordi-
nation, the affinity of poly-His sites turns out to be lower than
that of the sequence with a lower number of His residues,
which is more likely to involve an amide in binding.

The AccEGHGHKGHHHA-NH, region itself strongly prefers
Cu(u) over Zn(u) and Ni(u), which is consistent with the Irving—
Williams series.”>® Even in a theoretical situation in which
equimolar amounts of Zn(u), Cu(u) and Ni(u) would be avail-
able, in the whole pH range, the sequence strongly prefers to
bind Cu(u) (Fig. 5A). As far as Zn(u) and Ni(u) binding prefer-
ences are concerned, up to pH 7.4, no significant differences
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Fig. 6 A competition plot between (A) the AdcA fragment: Ac-
HGIKSQKAEHFH—-NH,, Zn(n), Cu(i) and Ni(1) and (B) the AdcA fragment:
Ac—-HGIKSQKAEHFH-NH,, Zn(i), and Ni(i), describing complex for-
mation at different pH values in a hypothetical situation in which equi-
molar amounts of all reagents are mixed. Calculations are based on
binding constants from Table 1. Conditions: T = 298 K, / = 0.1 M NaClOy,,
(A) [Ac—HGIKSQKAEHFH-NH,]=I[Zn(i)]=I[Cu(n]=I[Ni(1)] = 0.001 M; (B)
[Ac—HGIKSQKAEHFH-NH,]=[Zn(i)]=I[Ni(1)] = 0.001 M.
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in the stability of both complexes are observed - the two
metals bind with almost identical affinity, which is quite sur-
prising. The situation changes in an alkaline environment
when amide nitrogens are involved in the coordination of
Ni(u), and the Ni(u)-~Ac-EGHGHKGHHHA-NH, complex
becomes significantly more stable than the Zn(u) one (Fig. 5B).
A very analogous situation is observed for Ac-
HGIKSQKAEHFH-NH,: consistent with the Irving-Williams
series,>>° the Cu(u)-Ac-HGIKSQKAEHFH-NH, complex is the
most stable one (Fig. 6A). As for the Zn(u) and Ni(u) specificity
of this region, it seems to have no strong metal preference up
to pH 9. At basic pH, the coordination of amide nitrogens in
Ni() complexes gives them greater stability than Zn(i) com-
plexes (Fig. 6B), as in the case of the previous ligand (Fig. 5B).
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Fig. 7 A competition plot between (A) AccEGHGHKGHHHA-NH,, Zn
(1), Cu(n) and Ni() and (B) Ac-HGIKSQKAEHFH—-NH,, Zn(i), Cu(n) and Ni
(1), describing complex formation at different pH values in a hypothetical
situation in which appropriate amounts of all reagents are mixed.
Calculations are based on binding constants from Table 1; hypothetical
metal concentrations are taken from the literature.'®7>® Conditions: T
=298 K, | = 0.1 M NaClOy, (A) [Ac-EGHGHKGHHHA-NH,]=[Zn()] =
0.001 M; (B) [Ac—HGIKSQKAEHFH—-NH,]=I[Zn(1)] = 0.001 M.
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Metal ions like Zn(u), Cu(u) and Ni(u) are found naturally in
saliva, teeth and dental plaques and to compare the stability of
Zn(u), Cu(u), and Ni(u) complexes with those naturally found
in the human body, we simulated a hypothetical situation in
which the studied sequences AccEGHGHKGHHHA-NH,, Ac-
HGIKSQKAEHFH-NH, and metals were mixed in appropriate
concentrations in which the metal ions could be found in the
oral cavity (Fig. 7). Their concentrations are quite variable and
depend on the diet, occupational exposure, salivary flow rate,
exposure to toxic metals, disease states or quantity of metal-
binding proteins. However, the Zn(u) concentration in saliva is
within the range of 0.01-0.25 pg ml~*.'° In dental plaques, the
Zn(u) concentration is higher and fluctuates from 6 to 20 pg
ml ™", while the Cu(u) concentration on the enamel surface is
much lower, 0.037 pg ml~".>” The concentration of Ni(m) in
saliva has also been tested and varies between numbers as low
as 0.001 and 0.0019 pg ml™", but may even reach 0.19 pg ml™*
in the case of orthodontic treatment.”®

The results clearly indicate that in a physiological environ-
ment, both ligands (Ac-EGHGHKGHHHA-NH, (Fig. 7A) and
Ac-HGIKSQKAEHFH-NH, (Fig. 7B)) will be found bound to
Zn(u) rather than to Cu(u) or Ni(u). The saliva and dental
plaque Zn(u) concentrations are much higher than those of
Cu(u) and Ni(u); thus, the trend is constant over the entire pH
range. This guarantees an efficient Zn(u) transport in S. mutans
using the AdcA protein, despite the affinities towards Ni(u)
being quite high for both studied regions.

Conclusions

In response to nutritional resistance, bacteria have evolved
mechanisms to acquire essential metal ions. One key strategy
to mitigate Zn(u) deficiency is the use of ABC transporters. In
this study, we identified two likely binding sites in the AdcA
lipoprotein of Streptococcus mutans, a bacterial pathogen
associated with dental caries. A detailed understanding of this
Zn(u) transport mechanism in S. mutans represents a signifi-
cant step toward elucidating metal transport systems in other
pathogens and designing targeted therapeutics against anti-
biotic-resistant bacterial species.

At physiological pH, the AccEGHGHKGHHHA-NH, region
binds Zn(u) with higher affinity than the Ac-HGIKSQKAEHFH-
NH, one. The binding preferences of Cu(u) and Ni(u), metal
ions that could potentially compete with Zn(u) binding to
AdcA, involve not only histidine imidazoles but also amide
nitrogen atoms. Despite differences in coordination modes, it
seems interesting that almost all metal ions have an influence
on the secondary structures of both studied ligands, leading to
pronounced changes in their random coil structures. In
accordance with the Irving-Williams series, the Cu(u)-AdcA
complexes are most stable (compared to Zn(u) and Ni(u) ones;
at pH 7.4, at equimolar concentrations, more than 98% of ana-
lyzed sequences would bind Cu(u)), while the stability of Zn(u)
and Ni(u) complexes is comparable. Given the high Zn(i) con-
centrations in human saliva and dental plaques, Zn(u)-AdcA
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complexes are expected to dominate in the oral cavity, render-
ing Cu(u) and Ni(u) binding affinities less relevant under phys-
iological conditions.

These findings provide valuable insights into the chemistry
of Zn(u), Cu(u), and Ni(u), as well as metal transport mecha-
nisms in pathogens. Importantly, they underscore the neces-
sity of considering physiological metal ion concentrations
when evaluating competition for biologically relevant ligands.
In essence, “high affinity is not enough; high concentration is
far more significant”.

Understanding the metal binding specificity of AdcA paves
the way for designing specific AdcA inhibitors that selectively
reduce S. mutans growth. Several key factors must be con-
sidered in this process - the inhibitor must specifically target
the AdcA protein in S. mutans, while avoiding disruption of
proteins beneficial for the host. Such an inhibitor should
block the interaction between AdcA and metals, which would
prevent zinc uptake, disrupting the bacterium’s zinc homeo-
stasis and leading to its death. Inhibitors could also interfere
with the interaction between AdcA and other components of
the AdcABC system, such as AdcB and AdcC, potentially inhi-
biting the entire zinc transport process. Another approach may
be effective in the fight against antibiotic resistance: using
AdcA as a targeting molecule in the STAMP (specifically tar-
geted antimicrobial peptide) method®® that could involve
attaching an antibiotic or antimicrobial peptide to an AdcA
peptide fragment that is selectively recognized by its partner
on the bacterial cell (specifically by AdeB or AdcC), thereby
transporting the antimicrobial agent into the bacteria using
the Trojan Horse strategy.
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