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ABSTRACT: Infections caused by Candida species are becoming
seriously dangerous and difficult to cure due to their sophisticated
mechanisms of resistance. The host organism defends itself from
the invader, e.g., by increasing the concentration of metal ions.
Therefore, there is a need to understand the overall mechanisms of
metal homeostasis in Candida species. One of them is associated
with AMT1, an important virulence factor derived from Candida
glabrata, and another with MAC1, present in Candida albicans.
Both of the proteins possess a homologous Cys/His-rich domain.
In our studies, we have chosen two model peptides, L680
(Ac-10ACMECVRGHRSSSCKHHE27-NH2, MAC1, Candida albicans) and L681 (Ac-10ACDSCIKSHKAAQCEHNDR28-NH2,
AMT1, Candida glabrata), to analyze and compare the properties of their complexes with Zn(II) and Cd(II). We studied the
stoichiometry, thermodynamic stability, and spectroscopic parameters of the complexes in a wide pH range. When competing for the
metal ion in the equimolar mixture of two ligands and Cd(II)/Zn(II), L680 forms more stable complexes with Cd(II) while L681
forms more stable complexes with Zn(II) in a wide pH range. Interestingly, a Glu residue was responsible for the additional stability
of Cd(II)-L680. Despite a number of scientific reports suggesting Cd(II) as an efficient surrogate of Zn(II), we showed significant
differences between the Zn(II) and Cd(II) complexes of the studied peptides.

■ INTRODUCTION
An alarmingly growing number of multidrug resistant (MDR)
Candida species, e.g., Candida albicans and Candida glabrata,
attack immunocompromised and immunocompetent pa-
tients.1−4 The mechanism of antifungal resistance, especially
azole resistance, is based on overexpression of multidrug efflux
pumps, modifications of target proteins, and adjustments in the
composition of the membrane sterol.5 The problem of MDR
Candida species has prompted the scientific community to
look for alternative methods of treatment, based on, e.g., metal
ions. The very first step is to understand, on a molecular level,
the mechanisms of metal homeostasis in Candida species. They
are commensal in nature and live in mucous membranes and
the skin of healthy host organisms.6 Disturbances to this
delicate balance, e.g., alterations in the local environment
(including pH variations or nutritional changes), use of
antifungal antibiotics, or variations in the immune system
(infections/immunosuppressant therapy), lead to the rapid
proliferation and invasion of C. albicans.7−10 These include
mucosal and skin infections, such as vaginal yeast infections,
thrush, diaper rash, and more serious hematogenously
disseminated infections with high mortality rates (approaching
even 47%).7 C. albicans, one of the Candida species, is the most
common reason for hospital-acquired infections. It is
responsible for 40% of bloodstream infections in clinical
settings and 15% of all sepsis cases.11−15 Furthermore, almost
50% of candidemia cases in the United States are associated

with C. albicans while C. glabrata is responsible for 25% of
infections.16,17 Similarly to C. albicans, C. glabrata is strongly
resistant to fluconazole, itraconazole, voriconazole, and
posaconazole.18,19

The host organism defends itself from the invader, e.g., by
increasing the concentration of metal ions such as zinc and
copper.20 Candida species developed complicated pathways of
maintaining metal homeostasis during the virulence process.
One of them is controlled by AMT1 (metal-activated
transcriptional activator protein 1, C. glabrata). This particular
protein is activated in the presence of copper or silver ions and
controls the expression of genes responsible for the production
of metallothioneins.21 AMT1 possesses an N-terminal Cys/
His-rich domain, responsible for binding zinc ions and
consisting of a series of amino acid residues responsible for
that coordination (Cys-X2-Cys-X8-Cys-X-His, where X means
the next amino acid residue and the number after it means the
number of following amino acid residues).22 We identified the
homologous domain in the C. albicans MAC1 protein (metal-
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binding activator 1).22 What we found interesting is that “the
nature chose” the homologue sequences for two fungal metal-
interacting proteins in two different Candida species, despite
the fact that the role of the proteins is not exactly the same.
MAC1 activates under low-copper conditions and induces
transcription of the CTR1 copper transporter.23−25 The
mutant lacking MAC1 displays slow growth on low-copper
medium and low-iron medium and is hypersensitive to
exposure to heat and/or cadmium.23−25 Interestingly, we
determined that particular Cys3His-type motifs are likely to be
found especially in fungal proteins.26−30 The sequences of
model peptides of the AMT1 and MAC1 Cys/His-rich domain
are partially different from each other (Table 1).

Studies of the coordination chemistry of individual metal-
binding domains can provide information regarding the
importance of single amino acid residues in the stability of
complexes with the zinc ions. Zinc is a crucial trace element for
fungal organisms, as it occupies the structural and catalytic
center of a wide variety of proteins. It is essential for the
survival and virulence of yeast such as Candida in humans.21

Most of the zinc-binding proteins participate in biological
processes related to transcriptional regulation of the cellular
metabolic network. In addition, there are numerous zinc-
binding enzymes involved in fungal virulence, including
superoxide dismutases, alcohol dehydrogenase, and metal-
loproteases.31 On the contrary, cadmium is a relatively rare
metal, which is known to be a potent toxicant to micro-
organisms such as fungi or bacteria.32 Its toxicity is a result of
several similarities between cadmium and zinc ions.33 Both of
them belong to the same group of the periodic table and have
the same oxidation state (+2). That can lead to substitution of
Zn(II) with Cd(II) in biological systems, especially proteins
with a sulfur-dominated coordination sphere.34 Cd(II) is used
as a substituent for the Zn(II) ion in zinc sites of
metalloproteins.35 The isoelectronic nature of Cd(II) and
Zn(II) (d10 outer electronic configurations) and the efficient
nuclear magnetic resonance (NMR) properties of the 113Cd
isotope have resulted in its use as a NMR spectroscopic probe,
e.g., for zinc proteins and other model compounds.36

The study was focused on understanding bioinorganic and
coordination chemistry of Cys/His-rich MAC1/AMT1
domains as ligands for Zn(II) and Cd(II). The main purpose
was to describe the coordination of Zn(II) for the studied
peptides that are naturally dedicated to this metal ion, but the
second, no less important goal was to check whether cadmium
is an efficient substitute in these particular systems for zinc. For
this purpose, the stoichiometry, stability, and metal-binding
sites of formed complexes of model peptides were investigated
(Table 1). We wanted to investigate the similarities and
differences of two of such independent (different origin, fungal
species) domains that could help to explain (A) the
coordination properties of the MAC1 Cys/His-rich domain
and (B) the impact of adjacent to Cys3His2 motif amino acid
residues on their Zn(II)/Cd(II) complex properties. We
investigated the behavior of model peptides and established
complex species present in solution in a wide pH range of 2−

11. Our study provides interesting information concerning
bioinorganic and coordination chemistry of AMT1 and MAC1.
The set of data obtained in this study may be an input to
understand the metal homeostasis in Candida species.

■ EXPERIMENTAL SECTION
Peptide Synthesis and Purification. All peptides were

purchased from KareBay Biochem, Inc., with a certified purity:
L680, 98.27%; L681, 98.08%. The identity of ligands was confirmed
by mass spectrometry. The purity was examined by potentiometric
titrations with the use of the Gran method.37 The solutions of metal
ions were prepared using ZnClO4 and CdClO4 (POCh, high-
performance liquid chromatography grade). The metal salts were
dissolved in doubly distilled and filtered water. The concentration of a
stock solution was periodically checked via ICP-MS. The solution of 4
× 10−3 M HClO4 (Merck) was used to prepare all samples of the
peptides. The ionic strength was adjusted to 0.1 mol dm−3 by adding
KClO4 (Merck).

Mass Spectrometry Measurements. All of the mass spectra
were recorded for the mixtures of peptides and metal ions dissolved in
a MeOH/H2O solution (1:1); the M(II):L molar ratio equaled 1:1.
The ligand concentration was 1 × 10−4 M. Two types of instruments
were used in this experiment, both operated in positive ion mode.
Mass spectra of Zn(II)-L systems were recorded using a Fourier

transform ion cyclotron resonance (FT-ICR) Apex-Qe Ultra 7T
appliance (Bruker Daltonics, Bremen, Germany) equipped with an
Apollo II ESI (electrospray ionization) source with an ion funnel. The
following parameters were used: drying gas, N2; flow rate, 4 L/min;
m/z range, 1000−2200; internal capillary temperature, 200 °C;
voltage, 4500 V. The Tunemix mixture (Bruker Daltonics) was used
for an instrument calibration using a quadratic method. The mass
spectra were analyzed using Compass DataAnalysis 4.0 (Bruker
Daltonics).
Mass spectra of Cd(II)-L systems were recorded with using a LC-

MS qTOF 9030 Shimadzu (Kyoto, Japan) mass spectrometer
equipped with a standard electrospray ionization source and LC
system. The appliance was calibrated with the sodium iodate (Merck,
Darmstadt, Germany) with a quadratic method. The following
measurement parameters were used: volume of injection, 1 μL; m/z
scan range, 100−1000; nebulizing gas flow, 3 L min−1; drying gas,
nitrogen; flow rate, 4.0 L min−1; interface temperature, 200 °C; heat
block temperature, 300 °C; DL temperature, 250 °C; potential
between the spray needle and the orifice, 4.0 kV. Lab solution
software was used for the processing and analysis of MS spectra. The
data were assessed with ACD/Spectrus Processor 2021 2.0 software.

Potentiometric Measurements. Stability constants for the
proton as well as metal complexes were calculated from the pH-
metric titration curves. All experiments were carried out under an
argon atmosphere to protect the sample from the appearance of
carbonates. The other parameters were as follows: temperature, 298
K; pH range, 2.5−11; solvent, 4 mM HClO4 water solution with an
ionic strength of 0.1 M NaClO4. The potentiometric measurements
were carried out using a pH electrode InLab Semi-Micro instrument
(Mettler Toledo), and a Dosimat 665 Methrom titrator connected to
a Methrom 691 pH-meter. The calibration of the electrode in terms of
hydrogen concentration was achieved by titrating HClO4 with
carbonate-free NaOH under the same experimental conditions
described above. The purities and exact concentrations of the ligand
solutions were established by the Gran method. The peptide
concentration was 0.5 mM. The metal:ligand molar ratio equaled 1:1.
The potentiometric data were processed with HYPERQUAD

2006.38 Reported log β values refer to the overall equilibria:

+ + =p q rM H L M H Lp q r (1)

=
[ ]

[ ] [ ] [ ]
M H L

M H L
p q r

p q r (2)

where charges are omitted for the clarity and log Kstep values refer to
the protonation process:

Table 1. Sequences of AMT1 (C. glabrata) and MAC1 (C.
albicans) Domains with High Affinity for Zinc Ions

MAC1 C. albicans L680, Ac-10ACMECVRGHRSSSCKHHE27-NH2

AMT1 C. glabrata L681, Ac-10ACDSCIKSHKAAQCEHNDR28-NH2
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(charges omitted; p might also be 0). Standard deviations were
calculated with HYPERQUAD 2006 and refer to random errors only.
The speciation and competition diagrams were computed with the
HYSS program.39

NMR Measurements. Nuclear magnetic resonance (NMR)
experiments were carried out at 14.1 T on a Bruker Avance III 600
MHz instrument equipped with a Silicon Graphics workstation at
controlled temperatures (±0.1 K). The residual water signal was
suppressed by excitation sculpting, using a selective square pulse on
water 2 ms long. The solutions of analyzed peptides were prepared in
a 90% H2O/10% D2O (99.95% from Merck) mixture. The assignment
was accomplished with two-dimensional (2D) 1H−1H total
correlation spectroscopy (TOCSY) and nuclear Overhauser effect
spectroscopy (NOESY) experiments, performed with standard pulse
sequences. Spectral processing and analysis were carried out using
Bruker TOPSPIN 2.1, Cara, and MestreNova software. Samples of
analyzed complexes were prepared by adding a metal ion to an acidic
solution of 0.8 mM ligand (pH 7.4), with a total sample volume of
600 μL.

Ultraviolet−Visible (UV−vis) Spectroscopy Measurements.
The absorption spectra in the UV−vis region of the cadmium
complexes were recorded using a Cary 300 Bio spectrophotometer, in
the 800−250 nm range at 298 K using a total volume of 2.8 mL. The
instrument parameters were as follows: number of accumulations, 3;

scanning speed, 500 nm/min; data pitch, 0.5 nm. The concentration
of the ligands was 4 × 10−4 M for the metal complexes. Ligand:metal
molar ratios were 1:1. Data processing was achieved using Origin
version 9.0.

■ RESULTS AND DISCUSSION
MAC1 and AMT1 are significant virulence factors. Their main
function is to regulate metal ion concentration in Candia
species. To describe the coordination chemistry of such
metal−protein complexes, our study focused on the properties
of domains with a high affinity for Zn(II) [or Cd(II)]. We
wanted to determine how many Zn(II)/Cd(II) ions can
interact with one molecule of model peptides, which residues
are binding sites for Zn(II)/Cd(II) ions, and how the stability
of complexes changes with an increase in pH. The results of
this study bring us closer to a full understanding of the MAC1/
AMT1 coordination chemistry and the mechanism of metal
homeostasis controlled by them in Candida species.

Protonation Equilibria of the Ac-10ACMECVRGHRSS-
SCKHHE27-NH2 (L680) and Ac-10ACDSCIKSHKAAQCE-
HNDR28-NH2 Peptides. The protonation constants of
examined peptides and proposed assignments to the particular
chemical groups are listed in Table 2. Charges of the species
have been omitted to improve the clarity of the table.

Table 2. Potentiometric Data for Peptides Ac-10ACMECVRGHRSSSCKHHE27-NH2 (L680) and
Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 (L681) and Their Zn(II) and Cd(II) Complexesa

Ac-10ACMECVRGHRSSSCKHHE27-NH2 (L680) Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 (L681)

species log βjk
b pKa

c species log βjk
b pKa

c

HL 10.90 (1) 10.90 (Lys) HL 10.83 (2) 10.83 (Lys)
H2L 20.59 (1) 9.69 (Cys) H2L 21.16 (1) 10.33 (Lys)
H3L 29.27 (1) 8.68 (Cys) H3L 30.58 (2) 9.42 (Cys)
H4L 37.27 (1) 8.00 (Cys) H4L 39.26 (2) 8.68 (Cys)
H5L 44.03 (1) 6.76 (His) H5L 47.27 (2) 8.01 (Cys)
H6L 50.33 (1) 6.30 (His) H6L 54.01 (2) 6.74 (His)
H7L 55.75 (1) 5.41 (His) H7L 59.98 (2) 5.96 (His)
H8L 59.74 (2) 4.00 (Glu) H8L 64.16 (3) 4.19 (Glu)
H9L 62.89 (2) 3.15 (Glu) H9L 67.76 (3) 3.61 (Asp)

H10L 70.44 (3) 2.68 (Asp)
Zn(II) Complexes

species log βijk
d pKa

e species log βijk
d pKa

e

ZnH5L 49.60 (7) ZnH5L 54.12 (2)
ZnH4L 45.17 (4) 4.43 ZnH4L −
ZnH3L 40.36 (2) 4.81 ZnH3L 44.46 (1)
ZnH2L 34.58 (2) 5.78 ZnH2L 38.21 (4) 6.25
ZnHL 27.83 (2) 6.75 ZnHL 27.87 (7) 10.34
ZnL 17.53 (4) 10.31 ZnL 17.35 (7) 10.52
ZnH−1L 6.99 (3) 10.54 (H2O) ZnH−1L 6.46 (7) 10.90 (H2O)

Cd(II) Complexes

species log βijk
d pKa

e species log βijk
d pKa

e

CdH5L 50.62 (6) CdH5L 55.35 (6)
CdH4L 46.51 (4) 4.12 CdH4L 50.66 (7) 4.69
CdH3L 41.53 (5) 4.98 CdH3L 45.48 (7) 5.19
CdH2L 36.34 (3) 5.19 CdH2L 39.06 (8) 6.42
CdHL 29.90 (3) 6.44 CdHL −
CdL 19.75 (5) 10.04 CdL 18.81 (9)

aThe proposed assignments are given in parentheses. bProtonation constants are presented as cumulative log βjk values. Standard deviations of the
last digits are given in parentheses, at the values obtained directly from the experiment. L stands for a peptide with acid−base active groups.
β(HjLk) = [HjLk]/([H]j[L]k), in which [L] is the concentration of the fully deprotonated peptide.

cpKa = log β(HjLk) − log β(Hj−1Lk).
dZn(II)

and Cd(II) stability constants are presented as cumulative log βijk values. L stands for a fully deprotonated peptide ligand that binds Cd(II).
Standard deviations of the last digits are given in parentheses, at the values obtained directly from the experiment. β(MiHjLk) = [MiHjLk]/
([M]i[H]j[L]k), where [L] is the concentration of the fully deprotonated peptide. epKa = log β(MiHjLk) − log β(MiHj−1Lk).
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Ac-10ACMECVRGHRSSSCKHHE27-NH2 (L680) behaves like
H9L acid, while Ac-10ACDSCIKSHKAAQCEHNDR28-NH2
(L681) like H10L acid in pH range of 2−11. The model
peptides were protected at the N- and C-terminus. pKa values
calculated for the studied peptides are in line with the literature
data of the deprotonation constants for peptides.40

Metal Complexes. The presence of metal [Zn(II)/
Cd(II)] complexes with studied peptides was confirmed by a
variety of analytical methods. Signals in the mass spectra have
been assigned to ions of ligands or their metal complexes. The
assignment of ESI-MS peaks was based on the comparison
between the calculated and experimental m/z values and their
isotopic patterns. MS was also used to characterize the
stoichiometry of the formed metal complexes. The results of
potentiometric titrations were used to establish the stability of
complexes. UV−vis and NMR spectroscopy indicated the
metal-binding sites and helped to explain potentiometric
results. Stability constants for examined complexes are listed in
Table 2; the distribution diagrams and MS/NMR/UV−vis

spectra are presented in Figures 1−6 and the Supporting
Information.

Zn(II) Complexes. The mass spectrum of the Zn(II)−
L680 (charge 2+) system is shown in Figure 1. The spectrum
shows peaks corresponding to free ligand ion [L]2+ (m/z
1049.43; z = 2+) and an equimolar complex with Zn(II) ions
[ZnL]2+ (m/z 1080.39; z = 2+). In addition, we have observed
potassium ({[L]++K+}2+, m/z 1068.91; z = 2+), two potassium
({[L]+2K+}2+, m/z 1087.38; z = 2+), and potassium to the
Zn(II) complex ion ({[ZnL]++K+}2+, m/z 1099.36; z = 2+)
adducts. In the top right corner of Figure 1, an isotopic
distribution of the mononuclear complex ion [ZnL]2+ (m/z
1080.39; z = 2+) is shown. The 1:1 metal−ligand interaction is
confirmed by potentiometric calculations. The mass spectra of
the Zn(II)−ligand systems with ligand L681 are shown in
Figure S1. In the spectrum, we can observe the [L]2+ signal
corresponding to the doubly charged ligand ion as well as
[ZnL]2+ signal corresponding to the doubly charged ion of the
mononuclear Zn(II)−ligand complex. In the spectrum, we can

Figure 1. ESI-MS spectrum of a system composed of the Ac-10ACMECVRGHRSSSCKHHE27 ligand (L680) and Zn(II) ions in the range of m/z
1044−1150 at pH 7.4 (1:1 M:L). In the top right corner, the simulated and experimental isotopic distribution spectra with a peak at m/z 1080.39
are presented.

Figure 2. Distribution diagram of complex forms in the studied Zn(II)-L systems: (A) Ac-10ACMECVRGHRSSSCKHHE27 and (B)
Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 at a M:L ratio of 1:1 in the pH range of 2−11.
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identify signals corresponding to the potassium adduct ions of
the examined ligand and its Zn(II) complex, such as
{[L]++K+}2+ and {[ZnL]++K+}2+. Under the conditions
prevailing inside the ion source, ligand L681 tends to form
an adduct with a water molecule forming {[ZnL]2++H2O}2+
ion.

Coordination Mode and Thermodynamics. The
potentiometric titrations of the Zn(II)−L680 (Ac-10ACMEC-
VRGHRSSSCKHHE27-NH2) system showed the existence of
seven Zn(II) complex forms in the pH range of 2−11: ZnH5L,
ZnH4L, ZnH3L, ZnH2L, ZnHL, ZnL, and ZnH−1L (Table 2
and Figure 2A). The first three detected complex species were
ZnH5L and ZnH4L starting to form at pH 3.5−4.0. Most
probably, they come from the deprotonation of two and three
Cys residues, respectively. In these two forms also, Glu
residues are deprotonated. A pKa value of 4.43 is significantly
reduced compared to pKa values of 9.69, 8.68, and 8.00 for Cys
residues in the free ligand, suggesting the presence of three Cys
side chains in the coordination sphere of Zn(II). Usually, Cys
residues bind Zn(II) at pH ∼4.0−5.0.41,42 The next three
detected species are ZnH3L, ZnH2L, and ZnHL, formed at pH
∼4.0, ∼4.5, and ∼5.5, respectively. The most significant form,
ZnHL, reaches its maximum concentration at pH ∼8.5. Most
probably, the three species come from the deprotonation of
histidine’s side chains. The pKa values of these steps equal 4.81,
5.78, and 6.75, respectively, which are not significantly reduced
compared to pKa values of 5.41, 6.30, and 6.76, respectively, of
the His residues in free ligand. On the basis of only
potentiometry results, it was not clear whether these histidine
residues bind Zn(II); however, one of them could due to a
larger difference in the pKa in the free ligand (5.41) and

complex (4.81). The formation of complex species and the
involvement of His in Zn(II) binding were confirmed by NMR
analysis. After the addition of 0.9 equiv of Zn(II) ions to L680
at pH 7.4 (physiologically relevant pH at which the ZnHL
form dominates), selective chemical shift variations were
detected by comparing H1−H1 TOCSY spectra recorded for
apo and Zn(II)-bound forms (Figure 3A). The presence of
Zn(II) ions caused the shift of overlaid Hα−Hβ His-18, -25,
and -26 and larger shifts of Hα−Hβ Cys-11, -14, and -23
correlations in 1H−1H TOCSY spectra, which indicates that all
cysteines are strongly involved in metal binding. It also shows
that one histidine residue may indeed strongly interact with the
Zn(II) ion or at least stabilize the structure of complex. It is in
agreement with potentiometric results. The shift of Hα−Hγ
Met-12 (non-metal-binding amino acid residue) is related to
the close neighborhood of the metal ion. The next detected
complex form is ZnL, formed at pH ∼8.0, and its maximum
concentration occurs at pH 10.5. This formation is related to
the deprotonated lysine residue (pKa = 10.31), which is not
involved in metal binding. ZnH−1L is the last calculated
complex. It appears in the solution at pH 9.0. This formation is
most probably related to the deprotonation of the water
molecule coordinated to the Zn(II) ion.
The Zn(II)−Ac-10ACDSCIKSHKAAQCEHNDR28-NH2

system showed the existence of six complex forms at pH 2−
11: ZnH5L, ZnH3L, ZnH2L, ZnHL, ZnL, and ZnH−1L (Table
2 and Figure 2B). The first detected complex species, ZnH5L,
reaches its maximum concentration at pH ∼4.5 [∼60% of
Zn(II) ions]. The coordinating environment of the metal ion
at this pH is most probably two sulfur atoms derived from the
cysteine thiol groups.41,42 In this complex species, Asp and Glu

Figure 3. Fragment of 1H−1H TOCSY NMR spectra of the peptide (black) and the Zn(II) complex (green) with (A) Ac-10ACMECVRGHRS-
SSCKHHE27-NH2 and (B) Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 at pH 7.4, a M:L ratio of 1:1, and 298 K.
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residues are also deprotonated. The coordination sphere of
Zn(II) is most probably complemented by water molecules.
The next detected complex form is ZnH3L [maximum
concentration at pH 5.8; ∼80% of Zn(II) ions]. Most
probably, it comes from the deprotonation of one cysteine
and one histidine residue that could both be involved in Zn(II)
binding. The next species, ZnH2L, reaches its maximum
concentration at pH ∼8.0. It comes from the deprotonation of
the second histidine residue. The pKa value of this step equals
6.25 and is not significantly reduced compared to the pKa of
6.74 for this residue in the free ligand, suggesting the
nonbinding character of this residue. The Cys and His binding
character was observed in the 1H−1H TOCSY spectrum of the
Zn(II)−L680 system recorded at pH 7.4 (maximum of
ZnH2L) (Figure 3B). The overlaid Hα−Hβ correlations of
His and overlaid Hα−Hβ correlations of Cys are significantly
affected by the presence of Zn(II) ions compared to the
spectrum of the free ligand. These observations confirm that
cysteine residues are mostly involved in Zn(II) binding,
whereas at least one histidine residue strongly interacts with
Zn(II). The shift of Hα−Hβ Ans-26 (nonbinding amino acid
residue) is related to the close presence of metal ion. Another
two detected complex species are ZnHL and ZnL, reaching
their maximum concentrations at pH ∼8.0 and ∼10.0,
respectively. The pKa values of these steps equal 10.34 and
10.52, respectively; they arise from the deprotonation of two

lysine residues that do not bind the central metal ion. ZnH−1L
is the last detected complex. It appears in the solution at pH
10.0. This formation is most probably related to the
deprotonation of the water molecule coordinated to the
Zn(II) ion.

Cd(II) Complexes. The results of mass spectrometry
analysis confirmed the stoichiometry of the formed metal
complexes. The mass spectra of the Cd(II)−L680 (charge of
3+) and Cd(II)−L681 (charge of 3+) systems are shown in
Figures S2 and S3, respectively.
Both of the spectra show peaks corresponding to the free

ligand ions ([L]3+, m/z 699.93 for L680 and m/z 719.92 for
L681; z = 3+) and an equimolar complex with Cd(II) ions
[[CdL]3+, m/z 737.27 for Cd(II)−L680 and m/z 756.92 for
Cd(II)−L681; z = 3+]. In the middle of Figures S2 and S3, we
can see the isotopic distribution of the mononuclear ligand−
Cd(II) complex ion [CdL]3+. The 1:1 metal−ligand
interaction is confirmed by potentiometric calculations.
Potentiometric titrations revealed that Cd(II)-

Ac-10ACMECVRGHRSSSCKHHE27-NH2 system showed the
existence of six complex forms at pH 2−11: CdH5L, CdH4L,
CdH3L, CdH2L, CdHL, and CdL (Table 2 and Figure 4A).
The first two detected complex species were CdH5L and
CdH4L (maximum concentrations observed at pH ∼4.0 and
∼4.5, respectively). Most probably, they come from the
deprotonation of three Cys residues41 and Glu residues are

Figure 4. Distribution diagram of complex forms in the studied Cd(II)−L systems: (A) Ac-10ACMECVRGHRSSSCKHHE27 and (B)
Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 at a M:L ratio of 1:1 in the pH range of 2−11.

Figure 5. UV−vis spectrum of Cd(II) complexes with (A) Ac-10ACMECVRGHRSSSCKHHE27-NH2 and (B) Ac-10ACDSCIKSHKAAQ-
CEHNDR28-NH2 peptide over the pH range of 2−9 at 298 K, a metal:ligand ratio of 1:1; and 2.5 × 10−4 M Cd(II).
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also deprotonated in these forms. A pKa value of 4.12 is
significantly reduced compared to pKa values of 9.69, 8.68, and
8.00 for Cys residues in the free ligand, suggesting the presence
of three Cys side chains in the coordination sphere of Cd(II).
In the absorption spectrum of the Cd(II)−L680 system at pH
4.0−9.0 (Figure 5A), a characteristic band at ∼245 nm,
commonly found in Cd(II)−peptide complexes, is discerned.42
It corresponds to the S− to Cd(II) ligand to metal charge
transfer transition and confirms the Cd(II) binding by Cys
residues. At pH 4.0 (maximum concentration of CdH5L
species), the intensity of a band increases significantly, which
confirms that two Cys residues are involved in Cd(II) binding
(Figure 5A). The increase in absorption intensity at pH 4.5
indicates the participation of the third Cys residue in the
coordination sphere, which is in good agreement with the
potentiometric results. No further significant increase in a band
is observed at higher pH values, suggesting that all three Cys
residues have already deprotonated and bind Cd(II). The next
three detected complex forms are CdH3L, CdH2L, and CdHL
(maximum concentrations observed at pH ∼5.0, ∼6.0, and
∼8.0, respectively). They arise from the deprotonation of three
His residues that are not likely to bind Cd(II). NMR analysis
of the Cd(II)−L680 system recorded at pH 7.4 revealed that
all overlaid Cys Hα−Hβ correlations are significantly shifted
due to strong interactions with Cd(II), whereas overlaid Hα−
Hβ His-18, -25, and -26 correlations are only slightly
broadened. This indicates that the coordination sphere of
the metal ion consists of three Cys residues (Figure 6A).
Moreover, the Glu Hα−Hβ correlations are significantly
shifted, suggesting the proximity of the Cd(II) ion and the
stabilizing role of these residues in the complex. The CdL is
the last detected complex. It appears in the solution at pH 8.0.

This formation is most probably related to the deprotonation
lysine residue (the pKa of this step equals 10.04), which is not
involved in metal binding.
Peptide Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 forms

five complex species with Cd(II) ions at pH 2−11: CdH5L,
CdH4L, CdH3L, CdH2L, and CdL (Table 2 and Figure 4B).
The first two forms, CdH5L and CdH4L (their maximum
concentrations are observed at pH ∼4 and ∼5, respectively),
most probably come from the deprotonation of three Cys
residues. Glu and Asp residues are also deprotonated in these
species, but they are not likely to bind Cd(II). A pKa value of
4.69 (linked with CdH4L formation) is significantly reduced
compared to pKa values of 9.42, 8.68, and 8.01 for Cys residues
in the free ligand, suggesting the presence of three Cys side
chains in the coordination sphere of Cd(II). The formation of
appropriate complex forms was confirmed by UV−vis analysis.
In the absorption spectrum of the Cd(II)−L681 system at pH
4.0−9.0 (Figure 5B), a band at ∼245 nm, characteristic of
Cd(II)−peptide complexes, is observed.42 This corresponds to
the S− to Cd(II) charge transfer and confirms the Cd(II)
binding by Cys residues. The maximum intensity of the
absorption band was reached at pH 5.10 (maximum
concentration of CdH4L species) (Figures 4B and 5B),
which means that at this pH all three Cys residues coordinate
to the Cd(II) ion.
The next two species, CdH3L and CdH2L, reach their

maximum concentrations at pH ∼5.8 and ∼8.5, respectively.
The pKa values of these steps equal 5.19 and 6.42 and come
from the deprotonation of the two histidine residues. Only a
pKa value of 5.19 is slightly reduced compared to those of His
residues in the free ligand (5.96 and 6.74); however, histidine
residues are not likely to bind Cd(II) ion. NMR analysis of the

Figure 6. Fragment of 1H−1H TOCSY NMR spectra of the peptide (black) and the Cd(II) complex (red) with the peptide: (A)
Ac-10ACMECVRGHRSSSCKHHE27-NH2 and (B) Ac-10ACDSCIKSHKAAQCEHNDR28-NH2 at pH 7.4, a M:L ratio of 1:1, and 298 K.
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Cd(II)−L681 system recorded at pH 7.4 revealed that all Cys
Hα−Hβ correlations are significantly shifted due to strong
interactions with Cd(II), and we can also observe a slight shift
of His and Asn-26 (neighbor of His-25) Hα−Hβ correlations
(Figure 6B). As opposed to the Cd(II)−L680 system spectra,
we did not detect a shift in Asp/Glu correlation signals. The
next detected complex species was CdL, starting to form at pH
9.0. It arises from the deprotonation of two lysine residues that
are not involved in metal binding.
The difference in the thermodynamic stability of the studied

complexes can be shown in a competition plot, a chart based
on the calculated stability constants. Competition plots show a
hypothetical situation in which equimolar concentrations of all
reagents are present. They are theoretical, based on
potentiometric data. The plot reveals a higher stability of
L681−Zn(II) than of L680−Zn(II) complexes above pH 5.8
(Figure 7). At pH >5.8 in both complexes, three Cys and His

residues bind metal ion, but the interaction of Zn(II) with
L680 amino acid residues is weaker than in the case of L681.
This could be also observed in the NMR spectra (Figure 3)
through a much smaller effect on Hα−Hβ His and Cys
correlations of L680 in comparison to L681 after the addition
of Zn(II) ions. This indicates that the interaction between
L681 and Zn(II) is stronger and explains the difference in the
stability of Zn(II)−L680 and Zn(II)−L681 systems over a
wide pH range in the competition plot (Figure 7).
The difference in the thermodynamic stability of the

discussed Cd(II) complexes is shown in a competition plot
(Figure 8). This reveals (i) a very similar stability of Cd(II)−
L681 and Cd(II)−L680 complexes at pH 3.5−5.0 and (ii) a
higher stability of Cd(II)−L680 than of Cd(II)−L681
complexes at pH >5.0. Interestingly, almost the reverse
relationship is observed in the case of Zn(II) complexes.
This suggests that L680 is for some reason a better ligand for
soft Lewis acids, such as Cd(II), than L681, and L681 is a good
donor for harder acids such as Zn(II), a borderline Lewis acid
(intermediate). At pH >5.0, the Cd(II)−L680 system is more
stable than the Cd(II)−L681 system due to a strong
interaction of Cd(II) ions with glutamic acid residues.
Glutamic acid residues are not likely to bind the Cd(II) ion
but can stabilize the structure of a complex.43 However, this

phenomenon of a stabilizing effect was not observed for His
residues. This result is in agreement with NMR analysis. We
observed the shift of the Hα−Hβ Glu correlations in the
spectra of the Cd(II)−L680 system, confirming the impact of
Glu residues on the stability of the Cd(II)−L680 system.
To establish the affinity of examined peptides for Cd(II) and

Zn(II) ions, we calculated competition plots showing the
stability of L681 and L680 complex systems with examined
metals (Figure 9A,B). It is clear that both ligands create
significantly more stable complex systems with Cd(II) ions
than with Zn(II). This is due to the character of electron
donors (Lewis bases) and acceptors (Lewis acids) in
coordination mode. In Pearson theory, soft acids interact
strongly with soft bases. Cysteine residues, the most important
donors of electron density in examined complexes, act as soft
bases due to the relatively large size of their thiol groups. The
ion radius of Cd(II) ions is larger than that of Zn(II) due to
the larger number of electron shells, and it acts more like a
strong Lewis acid. Therefore, the Cd(II)−Cys3-type complex
is more stable than the Zn(II)−Cys3 complex.
According to the potentiometric and MS results, both model

peptides form equimolar complexes with Zn(II) and Cd(II).
Another similarity is that in L680 and L681 Cys and His
residues are involved in direct Zn(II) binding, which was
confirmed by NMR analysis. All three Cys residues bind the
metal ion in L680 and L681 complexes. The correlation signals
of His residues overlapped, which hampered the determination
of binding sites. According to the UniProt database, His-25 of
L681/L680 should be involved in Zn(II) binding by analogy to
the Cys3His-type zinc finger structure of other known yeast
metal-regulated transcription factors.26−30 Moreover, this site
in studied structures is the same, while His-26 is present in
only the L680 ligand. It is more likely that the nature would
create a binding motif that can be repeated in many proteins.
His-18 is common for both of the proteins; however, it could
not be used as a Zn(II)-binding site probably because its
position makes it impossible for the metal ion to form a
complex with a favorable geometry. These results show that in
the isolated fragments the Zn(II)-binding motif remains the
same and that studied peptides are reliable models of MAC1/
AMT1 behavior in the presence of metal ions. More
interestingly, we have shown that even nonbinding histidine

Figure 7. Competition plot between L680 and L681 ligand complexes
with Zn(II) ion, showing complex formation in a hypothetical
solution where metal ion and two peptides are present. The
calculations based on the potentiometric data for studied systems
are listed in Table 2.

Figure 8. Competition plot between L680 and L681 ligand complexes
with Cd(II) ion, showing complex formation in a hypothetical
solution in which the metal ion and two peptides are present. The
calculation based on the potentiometric data for the studied systems is
given in Table 2.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c02080
Inorg. Chem. 2022, 61, 14333−14343

14340

https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02080?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


residues play a significant role in providing complex stability:
L681 forms a more stable Zn(II) complex due to a strong
stabilizing effect of His-18, which was confirmed by NMR
analysis.
The studies of Cd(II)−L systems produced even more

interesting results. We have not only confirmed the binding
sites of studied ligands (all three Cys residues present in L680
and L681) but also noticed the role of amino acid residues
adjacent to cysteine and histidine residues on the stability of
complexes. We acknowledged that the data obtained for
Cd(II)−L systems are quite different from those of Zn(II)−L

systems. According to the analysis of the NMR spectra, in
Cd(II)−L systems only cysteine residues bind the metal ion,
while in the Zn(II)−L system, histidine residues are also
involved in metal binding. This is in agreement with the
literature data43 and is the first difference between Zn(II) and
Cd(II) complexes. We have also acknowledged that different
correlation signals of the same ligand [e.g., His/Glu in the case
of the Cd(II)−L680 system] were affected by the presence of
Zn(II) and Cd(II), except cysteine residues. The comparison
of the NMR spectra “reveals the identity” of Cd(II) in the
studied systems. We summed up our results in the form of
graphical models pictured in Figure 10. This led us to two
conclusions. (i) In our studies, Cd(II) is a good Zn(II) probe
for investigating the stoichiometry of complexes but not exactly
the binding sites and stability. (ii) The presence of amino acid
residues such as Glu in a cysteine-rich domain may stabilize the
structure of some Cd(II) complexes (like in the case of L680),
but not all (like in the case of L681). The last discovery is in
agreement with the literature, which shows the examples of
Cd(II)−peptide complexes stabilized by the presence of a
Glu/Asp residue. Indeed, the shifts of Glu correlations in the
Cd(II)−L680 system are significant and were not observed in
the case of the Cd(II)−L681 system, which suggests the
involvement of these amino acid residues in providing the
complex stability. We can observe these phenomena in the
competition plot (Figure 8). These results present interesting
properties of zinc finger domains of fungal MAC1 and AMT1
as ligands for metal ions. They also indicate that (i) the Glu
residue stabilizes the structure of the Cd(II)−L680 complex,
but not the Cd(II)−L681 complex, and (ii) Cd(II) “replaces”
but does not exactly “mimic” Zn(II) in investigated L680 and
L681 systems. The explanation of the first (i) phenomenon
could be as follows. In L680 (Ac-10ACMECVRGHRSS-
SCKHHE27-NH2) actually two Glu residues are present in
the sequence; therefore, the stabilizing effect should be
stronger. A more detailed explanation could concern the
position of appropriate Glu residues in the peptide sequence.
In L680, one of the Glu residues is located between two
binding Cys residues, so the distance between Cd(II) and Glu
is short and allows for strong interaction. In L681
(Ac-10ACDSCIKSHKAAQCEHNDR28-NH2), the only Glu
residue is located near one binding Cys residue that could
increase the distance between Cd(II) and this particular Glu
residue and therefore weaken the possible interaction. This
phenomenon may be also an explanation of why L680 forms

Figure 9. Competition plots between Zn(II) and Cd(II) ions and
ligands (A) L680 and (B) L681 showing complex formation in a
hypothetical solution in which two metal ions and the peptide are
present. The calculation based on the potentiometric data for studied
systems is shown in Table 2.

Figure 10. Models of (A) Cd(II)−MAC1 and (B) Zn(II)−MAC1 complexes. The structure of the MAC1 is based on simulation by Phyre2.
Figures were generated using PyMOL software.
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more stable complexes with Zn(II) and L681 with Cd(II)
when competing with the other ligand (Figures 7 and 8). In
the case of Zn(II) complexes, we did not observe the impact of
Glu residues on stability; meanwhile, in the case of Cd(II)
complexes, the presence of Glu in the appropriate position of
the sequence significantly supports the stability of the
complexes. The explanation of the second (ii) result should
be more nuanced and tricky. Cd(II)−peptide systems are still
not well described in the literature. However, there are some
examples of protein systems in which Cd(II) is successfully
used to study particular properties of Zn(II)-binding proteins.
It is a very sufficient approach to picture a whole system and
focus on more general problems, e.g., the arrangement of
protein domains around the metal ion. In our case, very
particular, detailed, and specific domains were studied, and we
focused on the comparison of two similar domains as ligands
for Zn(II) and Cd(II). We have shown that even very similar
ligands may differ from the coordination chemistry point of
view. We could say that in the case of particular systems
studied in this research, Cd(II) “replaces” but does not exactly
“mimic” Zn(II).

■ CONCLUSIONS
In this work, we present interesting features of MAC1 and
AMT1 zinc finger domains as ligands for Zn(II) and Cd(II)
ions. We confirmed that all studied complexes are charac-
terized by equimolar stoichiometry. The set of donors for
Cd(II) and Zn(II) complexes is different. In Zn(II)−L
systems, both Cys and His residues are involved in metal
binding, and in Cd(II)−L systems, only Cys residues are
involved. When competing for the ligand, Cd(II) obviously
wins with Zn(II) due to the “soft” character of this metal ion
according to Pearson’s theory. We found, however, some
interesting differences in complex stability. (i) L681 forms
more stable complexes with Zn(II) than L680 due to the
supportive role of histidine residues. (ii) L680 forms more
stable complexes with Cd(II) than L681 as a result of strong
interactions with a nonbinding Glu residue. What is more
relevant is that the comparison of Zn(II) and Cd(II) systems
for the same ligand allowed the observation of significant
differences concerning preferable metal-binding sites and the
supporting impact of other amino acid residues on complex
stability. This led us to conclude that in the case of studied
peptides Cd(II) is not exactly able to “mimic zinc”.
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