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Abstract
The effect of monovalent copper ions on enzymatic systems has 

hardly been studied to date; this is due to the low stability of monovalent 
copper ions in aqueous solutions, which led to the assumption that 
their concentration is negligible in biological systems. However, in an 
anaerobic atmosphere, and in the presence of a ligand that stabilizes the 
monovalent copper ions over the divalent copper ions, high and stable 
concentrations of monovalent copper ions can be reached. Moreover, 
the cell cytoplasm has a substantial concentration of potential stabilizers 
that can explain significant concentrations of monovalent copper ions 
in the cytoplasm. This study demonstrates the effect of monovalent and 
divalent copper ions on DNA polymerase, ligaseT4 DNA, the restriction 
enzymes EcoP15I and EcoR I, acid phosphatase, and α and βamylase 
enzymes. These systems were chosen because they can be monitored 
under conditions necessary for maintaining a stable concentration 
of monovalent copper ions, and since they exhibit a wide range of 
dependency on ATP. Previous studies indicated that ATP interacts with 
monovalent and divalent copper ions and stabilizing monovalent copper 
ions over divalent copper ions.  The results showed that monovalent 
copper ions dramatically inhibit DNA polymerase and acid phosphatase, 
inhibit ligaseT4 DNA and the restriction enzyme EcoP15I, moderately 
inhibit α and β amylase, and have no effect on the restriction enzyme 
EcoR I. 

From the results presented in this work, it can be concluded that 
the mechanism is not one of oxidative stress, even though monovalent 
copper ions generate reactive oxygen species (ROS). Molecular oxygen in 
the medium, which is supposed to increase the oxidative stress, impairs 
the inhibitory effect of monovalent and divalent copper ions, and the 
kinetics of the inhibition is not suitable for the ROS mechanism.

ATP forms a complex with copper ions (di and monovalent ions, 
where the latter is more stable) in which the metal ion is bound both to 
the nitrogen base and to the oxygen charged on the phosphate groups, 
forming an unusually distorted complex. The results of this study indicate 
that these complexes have the ability to inhibit enzymatic systems that 
are dependent on ATP.

This finding can provide an explanation for the strong antimicrobial 
activity of monovalent copper ions, suggesting that rapid and lethal 
metabolic damage is the main mechanism of monovalent copper ions’ 
antimicrobial effect.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
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Introduction
Enzymes are responsible for most life-sustaining 

biochemical processes. Impairment of enzymatic activity 
causes great damage to living systems. Bacteria, being small 
single cells are even more susceptible to a decrease in the 
activity of enzymes. Metal ions in general, and transition 
metals ions in particular, may have a significant effect on the 
activity of the various enzymes, and indeed much knowledge 
has been accumulated about the effect of ions found in 
biological systems on enzymatic activity. However, the effect 
of monovalent copper ions on enzymatic systems has hardly 
been studied to date, due to the low stability of monovalent 
copper ions in aqueous solutions, leading to an estimation 
that their concentration is negligible in biological systems. 
Despite the above, recent studies show that monovalent 
copper ions (Cu+) have a pronounced effect on prokaryotic 
cells [1,2].

Copper (Cu) is an essential trace element for all living 
organisms; in high concentrations, however, it can exert a 
biocidal effect. Recently, monovalent copper ions (Cu+) have 
been suggested to be the active factor in the antimicrobial 
activity of copper [1]. Although the mechanism of Cu+ ions’ 
antimicrobial effect is not yet fully understood, recently 
published results show that conditions of acidic pH, an 
unfavorable carbon source, and elevated temperatures boost 
the antibacterial action of Cu+ ions. In less than 1 min, 0.4mM 
of Cu+ ions eliminated a 106/cm3 E.coli bacterial population; 
microscopic images of E.coli morphology showed mortality 
of bacteria with almost no lysis [2].

Silver is also known as a biocidal agent, especially in 
the form of monovalent silver ions (Ag+) [3]. As copper 
and silver are similar elements (coins elements), and their 
monovalent ions have similar electronic configurations 
(d10), it is reasonable to assume that both ions have similar 
biocidal mechanisms.

Copper ions (Cu2+ and Cu+) are known to form reactive 
oxygen species (ROS) that can damage biomolecules, 
including DNA and chromatin [4]. This has been well-
demonstrated in vitro with isolated DNA or chromatin, or by 
exposure of cultured mammalian cells to copper complexes 
with various agents [5,6]. In vivo, however, according to 
the literature, copper ions do not catalyze the formation of 
oxidative DNA damage [7-9].

Even so, in living cells there are mechanisms that control 
the intracellular concentrations of copper ions [10]. ATP7b 
and CopA pump excess copper out of the cytosol and into 
the periplasm [11]. Once in the periplasm, copper ions are 
subject to two other systems, CueO and CusCFBA that assist 
CopA in controlling intracellular copper levels. CueO is a 
multi-copper oxidase that converts Cu+ ions to Cu2+ ions, a 
less-toxic form [11]. It seems that copper ions, especially in 
the form of Cu+, are a major threat to bacterial cells.

Copper ions use as a weapon in the antimicrobial arsenal 

of grazing protozoa and of phagocytic cells of the immune 
and affects central carbon metabolism in Staphylococcus 
aureus, which implies intracellular activity [12].   

In aqueous solutions, copper in the monovalent state 
(Cu+

(aq), cuprous) is unstable compared to the common 
oxidation state of the copper ion, the divalent state (Cu2+ 

(aq), or cupric). Monovalent copper ions in aqueous solutions 
undergo disproportion reaction to Cu2+ 

(aq) and Cu0 
(s), and 

in aerobic environments react rapidly with molecular 
oxygen. As a result, in aqueous solutions monovalent 
copper ions’ concentrations are usually very low. To achieve 
significant concentrations of monovalent copper ions in 
aqueous solutions, a ligand, such as acetonitrile, benzoic 
acid or ATP, has to be added to the solutions [13-16]. These 
ligands tilt the existing equilibrium between oxidation 
states toward the formation of two Cu+ ions from one Cu2+ 
ion and metallic copper. In addition, the molecular oxygen 
concentration in the solution must be low. 

In this work, we used acetonitrile, which at a concentration 
of 0.1 M in aqueous solutions causes a full reaction to form 
mainly [Cu (CH3CN)2]+

(aq) complexes [13].

In biological systems, the possibility of linking monovalent 
copper to amino groups (proteins, nucleic acids), organic 
sulfur (methionine, cysteine, cystine), and unsaturated or 
aromatic systems should not be overlooked [17-20].

ATP forms a complex with copper ions (Cu2+ and Cu+ ions; 
the latter is more stable) in which the metal ion is bound 
both to the nitrogen base and to the negatively charged 
oxygen in the phosphate groups, forming an unusually 
distorted complex (Figure 10) [16,21,22]. It appears that 
these complexes can inhibit enzymatic systems that are 
dependent on ATP.

The goal of this paper is to measure the effect of Cu+ on 
multiple enzymatic systems, and advance our understanding 
of the mechanism of its biocidal activity. The systems include 
polymerase (studied using the PCR system); the restriction 
enzyme EcoP15I, a type 3; a T4 ligase that requires ATP; 
EcoRI, a type 2; alpha and beta amylase, which don’t require 
ATP; and phosphates that operate on the phosphodiester 
bond, studied via standard lab procedure. 

The synthesis of DNA molecules from deoxyribose 
nucleotides is catalyzed by DNA polymerase [22]. DNA 
polymerase enzymes are essential for DNA replication, during 
which the DNA polymerase copies the existing DNA strands 
to create two new strands that match the existing ones. 
These enzymes catalyze the following reaction:

Equation 1

The polymerase chain reaction (PCR) is a commercial 
method, widely used nowadays in molecular and 
medical biology to make several (thousands to billions) 
copies of a specific DNA segment. The method uses a heat-

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chromatin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mammalian-cell
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Deoxyribonucleotide
https://en.wikipedia.org/wiki/Deoxyribonucleotide
https://en.wikipedia.org/wiki/DNA_replication
https://en.wikipedia.org/wiki/Molecular_biology
https://en.wikipedia.org/wiki/Molecular_biology
https://en.wikipedia.org/wiki/DNA
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stable DNA polymerase, such as Taq polymerase, an enzyme 
originally isolated from thermophilic bacteria [23].

This study utilizes the commercial Polymerase Chain 
Reaction (PCR) system in anaerobic conditions.

The ligase T4 DNA enzyme facilitates the binding 
of DNA strands by catalyzing the formation of 
a phosphodiester bond (Equation 2).

Equation 2

The T4 ligase is one of the most commonly used enzymes 
in laboratory research. For our purposes, it should be noted 
that it requires ATP as a cofactor [24].

Restriction enzymes are enzymes that cleave DNA into 
fragments at or near specific recognition sites. There are 
three types of restriction enzymes: type 1 requires both ATP 
and S-adenosyl-L-methionine to function; type 2 does not 
require ATP; type 3 requires ATP, but does not hydrolyze it; 
and type 4 enzymes target modified DNA [25].

In this study, we used the restriction enzyme EcoP15I, a 
type 3 that requires ATP, and EcoRI, a type 2 that does not 
require ATP, operating on a pZIP plasmid.  

Acid phosphatase (EC 3.1.3.2) is an enzyme used to free 
attached phosphoryl groups from other molecules. This 
enzyme occurs in many species of animals and plants and 
is essential for maintaining normal metabolic activity. This 
study used the para nitrophenyl phosphate as a substrate, 
obtaining para nitrophenol as a product [26] (Equation 3).

NO2HO+  H2ONO2OP
OH

OH
O H3PO4+

Phosphatese

p-nitrophenyl phosphate p-nitrophenol

Equation 3

The system is easy to follow with UV-VIS spectroscopy 
via the 410nm absorption band of the product.

The enzyme α-amylase (EC 3.2.1.1) breaks down long-
chain saccharides (starch), yielding maltose, glucose, and 
“limit dextrin” from amylopectin (Equation 4) [27].

Equation 4

The enzyme β-amylase (EC 3.2.1.2 ) [21] (alternative 
names: 1,4-α-D-glucanmaltohydrolase; glycogenase; 
saccharogen amylase) is also synthesized by bacteria, fungi, 
and plants. Working from the non-reducing end, β-amylase 
catalyzes the hydrolysis of the second α-1,4glycosidic bond, 
cleaving off two glucose units (maltose) at a time (Equation 
5).
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Equation 5

Enzyme reaction rates can be decreased by various types 
of enzyme inhibitors, namely competitive, non-competitive, 
uncompetitive, and irreversible. A kinetic study must be 
performed to determine the nature of the inhibition; such 
research has been performed on the phosphatase system 
since it is simpler for kinetic monitoring.

Materials and Methods
Anaerobic conditions (described in our previous 
studies [1,2]

Anaerobic medium: The anaerobic medium obtained 
by bubbling argon gas through the reaction medium. The 
reaction medium in most experiments kept in an airtight 
container, such as a bottle of penicillin or a syringe. In 
experiments where it was difficult to work in sealed 
containers (PCR, restriction enzymes EcoP15I and EcoRI, 
and T4 DNA Ligase enzyme), the reaction solution was kept 
under a stream of argon gas during the anaerobic stage.

Production of Cu+ ions in the experimental solution 
[15]: Prior to enzymatic experiments, Cu+ ions were 
produced from deaerated aqueous solutions containing a 
mixture of CuCl2 as the source for Cu2+ ions, metallic copper, 
and 0.1 M acetonitrile as a stabilizing ligand, according to 
equation 6:

( )2

3

2 0
3 3

2
1%

2

1*10

H O

CH CN

Cu Cu nCH CN Cu CH CN n

K

++ + + + →  
=

Equation 6

Injection of copper ion solutions via syringes: 
Solutions containing Cu+ ions were gently injected through a 
three-way syringe valve into the anaerobic medium. 

Gel electrophoresis: Gel electrophoresis was used 
to separate the DNA fragments based on their size and 
charge, in order to identify and quantify PCR, Ligase, and 
restriction enzymes’ activity under various experimental 
conditions. Quantification was performed by measuring 
the brightness level of the resulting stripe, and comparing 
it to the brightness level of a known fragment of a DNA 
marker (positive/negative control) in the same run. In 
order to obtain a normalized number indicating the activity 
of the enzyme, we used the “digital ImageJ” program 
(LOCI, The University of Wisconsin-Madison, research 
lab of Dr. Kevin Eliceiri, LABORATORY FOR OPTICAL AND 
COMPUTATIONAL INSTRUMENTATION). It should be noted 
that the quantification is for the activity of the enzyme, and 
not for the DNA fragments.

PCR (Polymerase chain reaction) [22]: The key 
ingredients of a PCR reaction are Taq polymerase, primers, 
template DNA, and nucleotides (DNA building blocks). The 
ingredients are assembled in a tube along with the cofactors 
required by the enzyme, and are subjected to repeated cycles 
of heating and cooling that allow the DNA to be synthesized. 

In this study, all PCR experiments underwent the 
following stages: (1) 98˚C for 10 min; (2) 95˚C for 20 s; (3) 
60˚C for 20 s; (4) 72˚C for 50 min; (5) Repetition of stages 

https://en.wikipedia.org/wiki/Taq_polymerase
https://en.wikipedia.org/wiki/Thermophile
https://www.snapgene.com/resources/plasmid-files/
https://en.wikipedia.org/wiki/%CE%92-amylase
https://en.wikipedia.org/wiki/Enzyme_Commission_number
https://enzyme.expasy.org/EC/3.2.1.2
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Fungi
https://en.wikipedia.org/wiki/Plant
https://en.wikipedia.org/wiki/Maltose
https://eliceirilab.org/
https://eliceirilab.org/
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Processing Kinetic Results; from the dependence of 
the product on time, the maximum velocity of the reaction 
can be determined (Vmax), and from the dependence of the 
velocity of the reaction (V) on the substrate concentration 
([S]), using Lineweaver-Burk equation [31] (Equation 7). 
It is possible to determine the Michaelis-Menten constant 
(Km), and whether the enzyme inhibition is competitive, non-
competitive, or uncompetitive.

0 max max

1 1
[ ]
mK

V V S V
= +

Equation 7

Results
The effect of Cu+ ions on Taq polymerase (using the 
PCR system)

Comparison of the effect of copper ions’ concentrations 
on Taq polymerase under anaerobic conditions presented in 
figure 1 (electrophoresis results of PCR experiments).

The expected DNA product appears on 369bp (rows 2 
and 4 in figure 1, positive and acetonitrile controls). 

Cu2+ ions at a concentration of 1*10-4 M or higher inhibit 
DNA production.  Cu+ ions, however, have a prominent effect: 
at concentrations of 1*10-7 M Cu+ ions (the lower limit of our 
capability), DNA production is inhibited (Figure 1, row 13).

Figure 2 presents digital ImageJ processing normalized 
to the electrophoresis results of the PCR experiments under 
anaerobic conditions, for a range of Cu+, Ag+, Cu2+, and aerobic 
Cu2+ ions’ concentrations.

It is reasonable to assume that most of the Cu2+ ions’ 
effect is a consequence of partial reduction to Cu+ ions. In the 
aerobic environment, Cu+ ions oxidized very quickly to Cu2+ 
ions, reducing the Cu+ ions’ concentration; the results shown 
in figure 2 support this assumption. Moreover, the molecular 
oxygen reacting with Cu+ must produce reactive oxygen 
species (ROS), but it seems that the effect of the oxidative 
stress is negligible compared to the Cu+ effect.

Table 1 summarizes the relevant results of the PCR 
experiments using the Electrophoresis results analyzed with 
the ImageJ processing software. All experiments repeated at 
least twice.

Figure 2 and table 1 clearly indicate that Cu+ and Ag+ ions 
are different from Ni+2 and Zn+2: the latter has hardly any or 
no effect at all on Taq polymerase. It is shown that Cu+ ions 
block PCR in concentrations 100 times lower than Ag+.

DNA durability to oxidation. To rule out DNA oxidation 
as the mechanism, DNA segments from plasmids cut by 
restriction enzymes (4,3 and 1.2KB) were incubated with 
8µM Cu+2, Ni+2, Zn+2, and Cu+ ions under aerobic conditions. 
Figure 3 presents the electrophoresis results. 

The results presented in figure 3 indicate that we can 
rule out DNA oxidation as the mechanism for the timescales 
and concentrations of the PCR experiments performed here. 

The effect of  Ni2+, Zn2+, Cu2+, and Cu+ ions on 
phosphatase enzymes (from Aspergillus oryzae), 

2 to 4, for 35 times; (6) 72˚C for 5 min; (7) Cooling to 16˚C, 
until the samples were analyzed.

The PCR experiments used Normal Solution Composition 
(NSC), which contains the following: Taq polymerase, 
primers, PDNA, PCR water, and 0.2M dNTP (part of the ready 
mix solution). Most of the PCR experiments, in addition to the 
NSC solution, contained 0.3% CH3CN metal ions (as chloride 
salts), at final concentrations ranging from 80 to 0.08µM.

In the current study, we used as a template a 369bp DNA 
from an EGFP genome, produced from a pEPI-EGFP vector.

DNA durability to oxidation was measured on DNA 
segments (from plasmids cut by restriction enzymes) that 
were incubated with 8µM Cu2+, Ni2+, Zn2+, and Cu+ ions in 
an anaerobic atmosphere, at the PCR conditions described 
above. The segments were tested for changes using the Gel 
electrophoresis technique. 

The T4 DNA Ligase enzyme (Sigma Aldrich Product 
No. D2886) was tested on three DNA segments produced 
from the plasmid pZIP-mCMV-RFP-Puro-(V033), isolated 
from E.coli bacteria, and cut by three restriction enzymes: 
EcoRI-HF, BamHI-HF, and Nhel-HF. The DNA segments were 
incubated with a ligase T4 enzyme for 24h at 16˚C with ATP 
and a buffer, Tris-HCl (procedure described in [27]) in the 
presence of Cu2+ and Cu+ ions (1% CH3CN), under anaerobic 
conditions. The resulting DNA, separated by electrophoresis, 
and compared to the reaction mixture without the enzyme.

Restriction enzymes EcoP15Iand EcoRI were tested 
on the plasmid pZIP-mCMV-RFP-Puro-(V033), isolated from 
E.coli using the recommended procedure, in the presence of 
Cu2+ and Cu+ ions (1% CH3CN), under anaerobic conditions. 
The resultant mixture was tested with the gel electrophoresis 
technique [28].  

Acid Phosphatase (EC 3.1.3.2) was tested in the 
presence of Cu2+ and Cu+ ions (1% CH3CN), under anaerobic 
conditions on para nitrophenyl phosphate (PNPP) as a 
substrate, using a buffer (citric acid and ethylene di-amine) 
at pH 5.2, yielding para nitrophenol (PNP) as a product [25]. 
The product examined via UV-VIS spectroscopy at a 410nm 
absorption band at pH 9.5 against a calibration curve; a 
carbonate/bicarbonate buffer at pH 9.5 used to quench the 
enzymatic reaction. 

The enzymes α-amylase (EC 3.2.1.1 ) (from Aspergillus 
oryzae) and  β-amylase (EC 3.2.1.2 ) were tested on 
potato starch (sigma-aldrich), using a buffer of acetate, pH 
4.8 [19]. The product (glucose in the case of α-amylase, 
and maltose in the case of β–amylase) quantities were 
determined with Nelson reagents, using CuSO4, which 
stoichiometrically oxidizes glucose and maltose at high pH 
values (carbonate/bicarbonate buffer pH 9.5) [29,30]. The 
reduced copper Cu2O with arsenomolybdate is determined 
via UV-VIS spectroscopy at a 650nm absorption band 
against a calibration curve. It is important to note that in 
an acidic environment, the divalent copper ion does not 
oxidize glucose or maltose, and the concentrations of copper 
ions in the enzymatic reaction are negligible relative to the 
concentrations used for the analytical determination of the 
sugar.

https://en.wikipedia.org/wiki/Enzyme_inhibitor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://en.wikipedia.org/wiki/%CE%92-amylase
https://en.wikipedia.org/wiki/Enzyme_Commission_number
https://enzyme.expasy.org/EC/3.2.1.2
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Figure 1: Example of gel-electrophoresis results of PCR experiments under anaerobic conditions. Normal Solution Composition (NSC) with 0.3% CH3CN was 
used, with additions of Cu+2 and Cu+ ions at final concentrations between 100 and 0.1µM.
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Figure 2: Gel-Electrophoresis results of PCR experiments (relative strength of the signal obtained by normalization with respect to the signal of the positive 
control). In anaerobic conditions, NSC with 0.3% CH3CN was used, with additions of Cu+, Ag+, Cu2+, and aerobic Cu2+ ions’ concentrations between 0.1 and 
0.0001mM.

Figure 3: Gel-electrophoresis results of DNA segments (from plasmids cut by restriction enzymes) that were incubated with 8µM Cu2+, Ni2+, Zn2+, and Cu+ ions 
under aerobic conditions.
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operating on p-nitrophenyl phosphatase (PNPP) to produce 
p-nitrophenol (PNP) (Equation-3), is presented in figure 4.

The results in figure 4 show the dramatic impact of Cu+ 
ions on the phosphatase enzyme.

It can be observed that the effect of bivalent copper, 
zinc, and nickel ions is negligible. However, under anaerobic 
conditions, bivalent copper ions have an effect that may 
contribute to the formation of monovalent copper ions.

Figure 5 presents the kinetic results of the reaction in 
the presence of 8mM Cu2+ and Cu+ ions (1% CH3CN), under 
anaerobic conditions.

The results in figure 5 demonstrate the dramatic impact 
of Cu+ ions on the phosphatase enzyme.

To determine the nature of the inhibition, kinetic 
experiments were performed at several substrate 
concentrations (0.1-20mM) in the presence of Zn2+, Ni2+, 
Cu2+, and Cu+ ions (1% CH3CN), under anaerobic conditions

A Lineweaver-Burk plot was used for determination of 
Vmax and Km; the plot is shown in figure 6 and the values (Vmax 
and Km) are presented in table 2.

From the Lineweaver-Burk plot and from Vmax and Km 
values it is clear that Cu+ ions are non-competitive inhibitors 

Experiment Digital
Normalized signal

Signal
at 369bp SD

Ladder 10~ 0
NSC (Positive control) 100 0
NSC without Taq polymerase (Negative control) 0 0
NSC +0.3% CH3CN(Acetonitrile control) 97 7
NSC +0.3% CH3CN + 0.8µM Cu2+ 26 14
NSC +0.3% CH3CN + 0.08µM Cu2+ 108 25

NSC +0.3% CH3CN + 0.8µM Cu+ 6 13

NSC +0.3% CH3CN + 0.08µM Cu+ 0 0
NSC +1% CH3CN + 8µMAg+ 0 0

NSC +1% CH3CN + 0. 8µMAg+ 68 6

NSC +0.3% CH3CN +0. 8µM Ni+2 83 9

NSC +0.3% CH3CN + 0. 8µMZn+2 100 1

*NSC -Normal solution composition: Ready mix, Taq polymerase, primers, PDNA, PCR, and water.

Table 1: Relevant results of PCR experiments.

Km [mM]
Vmax min

Mµ

0.27 0.44 No metal, Positive control
0.21 0.31 Cu+2

0.13 0.43 Zn+2

0.23 0.39 Ni+2

0.28 0.17 Cu+

Table 2: Kinetic results of the effect of the phosphatase enzyme on the hydrolysis of the phosphate group from p-nitrophenyl phosphatase (PNPP) to p-nitrophenol 
(PNP).
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Figure 4: Results (normalized percentage of PNP) of the operation of the phosphatase enzyme on the hydrolysis of the phosphate group from p-nitrophenyl 
phosphatase (PNPP) to p-nitrophenol (PNP) in the presence of 10mM Cu2+ (aerobic and anaerobic), Ni2+, Zn2+, and Cu+ ions (1% CH3CN) under anaerobic 
conditions, pH 5, 37 oC, for 90min.
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to the phosphatase enzyme in the (PNPP) /(PNP) system.

The effect of Cu+ ions on Ligase T4 DNA: Figure 7 
presents electrophoresis results of the ligase T4 DNA 
enzyme operating on 3 DNA segments (4,3, and 1.2 KB- 
negative control) producing longer DNA segments (1.5,4.1,6, 
and larger than 10 KB- positive control). These experiments 
were performed under anaerobic conditions in the presence 
of Cu+2 and Cu+ ions.

The results in figure 7 show that while Cu+ and Cu2+ 
ions both inhibit the enzyme, the effect of Cu+ ions is more 
substantial (the signal of the 1.2KB DNA segment is still 
apparent with 0.8 mM Cu+ ions).

The effect of Cu+ ions on the restriction enzyme 
EcoP15I: Fig. 8 presents the electrophoresis results of 
EcoP15I enzymes operating on pZIP plasmids (negative 
control), producing DNA segments (positive control).

Figure 8 shows that Cu+ and Cu2+ ions both inhibit the 
restriction enzyme EcoP15I. The DNA segment remains at the 

same position as the negative control (10KB), and no other 
DNA segments appear as a result of the enzyme’s action, 
as shown by the positive control (>10KB).  In addition, the 
effect of Cu+ is more substantial (inhibition above 0.1mM). 

The effect of Cu+ ions on the restriction enzyme 
EcoRI: Figure 9 presents the electrophoresis results of 
the EcoRI enzyme operating on pZIP plasmids (negative 
control; the pZIP plasmids are still closed circles, a signal 
appears at ~5KB), producing DNA segments (positive 
control; the enzyme is cut in one place, opening the plasmid, 
and resulting in a signal at distances as low as 10KB). The 
experiments were performed under anaerobic conditions 
in the presence of 0.8mM Zn2+, Ni2+, Cu2+, Cu+, and Mg2+ ions 
(Mg2+ above the controls).

The results in Fig. 9 show no effect of Cu+ and Cu2+ ions on 
the EcoRI enzyme. 

Effect of Cu(I) ions on α-Amylase and β-Amylase: The 
effect of 10mM Ni2+, Zn2+, Cu2+, and Cu+ ions on α amylase and 
β-amylase enzymes, operating on starch to produce glucose 

Figure 5: Kinetic results of the operation of the phosphatase enzyme on the hydrolysis of the phosphate group from p-nitrophenyl phosphatase (PNPP) to 
p-nitrophenol (PNP) in the presence of 8mM Cu2+ and Cu+ ions (1% CH3CN), under anaerobic conditions. A: An overview of the kinetics. B: A zoom-in on the 
kinetics of Cu+ ions, compared with the spontaneous reaction.
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Figure 7: Electrophoresis results of DNA segments (from plasmids cut by restriction enzymes) that were incubated with Ligase T4 enzymes for 24h at 16 oC, 
in the presence of Cu+2 and Cu+ ions (1% CH3CN), under semi-aerobic conditions.

 
Figure 8: Electrophoresis results of EcoP15I enzymes operating on pZIP plasmids in the presence of Cu2+ and Cu+ ions (1% 
CH3CN).

 
Figure 9: Electrophoresis results of the EcoRI enzyme operating on pZIP plasmids in the presence of 0.8mM Zn2+, Ni2+, Cu2+, 
Cu+, and Mg2+ ions (1% CH3CN), under anaerobic conditions.

https://www.snapgene.com/resources/plasmid-files/
https://www.snapgene.com/resources/plasmid-files/
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Figure 10: alpha-amylase enzyme (blue): Results (normalized percentage of glucose) for 3% starch in the presence of 10mM Cu2+, Ni2+, Zn2+, and Cu+ ions (1% 
CH3CN) under anaerobic conditions, pH 5, 40oC, for 60min. beta-amylase enzyme (red): Results for 3% starch in the presence of 10mM Zn2+, Ni2+, Cu2+, and 
Cu+ ions (1% CH3CN) under anaerobic conditions, pH 4.8, 50oC, for 24h.

and maltose, respectively, is presented in figure 10.

From the results presented in figure 10, we can conclude 
that there is an inhibition effect caused by Cu+ ions compared 
to zinc and nickel ions, and the effect is more pronounced in 
the case of beta amylase.

Discussion
In this study, we attempted to demonstrate the significant 

effect that monovalent copper ions have on easy-to-monitor 
enzymatic systems. 

The first groups of enzymes are DNA Taq polymerase 
enzymes, DNA-restriction and ligation enzymes, all 
monitored by electrophoreses.

The Taq polymerase enzyme measured using a 
commercial PCR system at elevated temperatures, thus 
preventing atmospheric oxygen dissolution, and enabling 
the maintenance of a highly effective anaerobic solution. The 
results show dramatic inhibition, exerted by monovalent 
copper ions, where using less than 1*10-7 M of Cu+ ions the 
system is completely shut down, while Ag+ ions required 
1*10-5 M, and 1*10-5 M of Cu2+ ions exhibited only a minor 
effect. 

figure 2 clearly shows that maintaining anaerobic 
conditions allows Cu+ to inhibit the Taq polymerase in 
all ranges of concentration investigated here. Allowing 
molecular oxygen to interfere decreases the effect of copper 
ions. The effect of divalent copper can be partially attributed 
to the presence of monovalent copper, whose ratio increases 
under anaerobic conditions [32,33].

T4 DNA ligase enzyme and type 3 restriction enzyme 
EcoP15I are significantly inhibited by copper ions. While Cu+ 
and Cu2+ ions both inhibit the enzymes, the effect of Cu+ ions 
is more substantial. 

Unlike the abovementioned enzymes, which require ATP 
as a cofactor, the type II restriction enzyme EcoRI, which 
does not require ATP as a cofactor was not affected at all by 
copper ions in general, nor by monovalent copper ions in 

particular.

Out of the first group of enzymes tested (enzymes of 
restriction, ligation, and polymerization of DNA), those that 
require ATP were significantly inhibited by monovalent and 
divalent copper ions, while the one enzyme that does not 
require ATP was not affected at all by the copper ions.

The second group of enzymes, which includes 
phosphatase and alpha and beta amylase, were examined by 
spectrophotometry methods. These enzymes do not require 
ATP to function, although the phosphatase enzyme does act 
on ATP, or derivatives similar to ATP.

The phosphatase enzyme was studied via hydrolysis of 
the phosphate group from p-nitro-phenyl- phosphatase 
(PNPP) to p-nitro-phenol (PNP), which is easy to monitor 
directly using 410 nm absorption band of the product. The 
system can be maintained at anaerobic conditions, which 
allow working with known concentrations of monovalent 
copper. 

Phosphatase was found to be dramatically and non-
competitively inhibited by monovalent copper (Fig. 5). Its 
substrate’s aromatic ring partially resembles the adenosine 
in ATP. As with adenosine, monovalent copper interacts 
with the aromatic ring, and probably also with the negatively 
charged oxygen on the phosphate [15,34]. That interaction 
may be related to the inhibitory mechanism. Divalent copper 
does not interact with the aromatic ring, and does not inhibit 
the enzyme.  

Monovalent copper ions were also found to inhibit both 
alpha and beta amylase enzymes. The effect is not as strong 
as on phosphatase, but is definitely significant.

The alpha and beta amylase enzymes do not need ATP 
to function. The fact that monovalent copper inhibits them 
clearly does not support the assumption that the complex 
of monovalent copper with ATP plays an important role in 
the enzyme-inhibiting mechanism. The effect of monovalent 
copper ions on these particular enzymes seems to result 
from some other mechanism; because amylase enzymes 
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contain SS bonds, there is a basis for the assumption that 
monovalent copper break down the SS bond in proteins [35].

In this study, we showed that monovalent copper and 
monovalent silver ions (tested only in the PCR system) 
inhibit essential enzymes.

The mechanism is not one of oxidative stress, even 
though monovalent copper ions (much more than bivalent 
iron ions) react with molecular oxygen (that does not 
require hydrogen peroxide, as divalent copper and iron 
ions) to generate reactive oxygen species (ROS), so that 
a Fenton-like reaction can commence without hydrogen 
peroxide [4]. If the mechanism was one of oxidative stress, 
we would expect that an aerobic atmosphere would enhance 
the effect. However, the results show the opposite: an 
anaerobic atmosphere increases the effect. Copper ions, both 
monovalent and bivalent, do indeed generate reactive oxygen 
species (ROS), but the impact of the latter on the systems is 
negligible compared to the main effect. Monovalent silver 
ions do not generate reactive oxygen species (ROS), and yet 
Ag+ inhibits the polymerase enzyme (and has a bactericidal 
effect), apparently with a mechanism similar to that of the 
Cu+.

Previous studies that have examined the role of oxidative 
stress generated by copper ions found no damage to DNA 
in vivo [7,8,9]. At non-cytotoxic concentrations, copper 
ions inhibit the repair of oxidative DNA damage induced by 
visible light, the inhibition probably resulting from damage 
to enzyme function caused by Cu+ ions, rather than from 
oxidative stress [8]. Figure 6 shows that DNA plasmids 
maintain their weight, and are not harmed by monovalent 
copper ions and molecular oxygen.

In fact, Cu+ ions can serve as an antioxidant agent. Recent 
results show that a Cu+ ion complex with ATP reacts very 
rapidly with methyl radicals (CH3

.) to produce Cu2+ ions and 
methane, terminating the radical chain (Equation 8) [16].

Equation 8

Indeed, a previous report showed that copper ions reduce 
the oxidative DNA damage caused by Fe2+ ions and H2O2 [8].  

In our experiments, thanks to the acetonitrile in the 
medium, Cu+ ions do not undergo the disproportion reaction 
that is expected in aqueous solutions. Recent results show 
that ATP and adenosine form a strong complex with Cu+ ions, 
and shift the disproportion reaction to the left [16].

In vivo, it is reasonable to assume that ATP and other 
nucleic acids serve as stabilized ligands for Cu+ ions inside 
the cell. 

Stronger affinity of Cu2+ ions to the nitrogen lone pair 
electrons of the adenine base interact with the negatively 
charged phosphate groups, resulting in a distortion of the 
ATP complex [21] (Figure 10).

Calculations suggest that the complex Cu+-ATP is similar 

to the Cu2+-ATP complex. The Cu+ ion interacts strongly with 
the base (adenine) and the to the phosphate groups causes 
the ATP to distort and fold, where the distorted complexes 
probably disrupt the function of ATP as a co-factor in the 
enzymatic systems [16].

Ions such Zn+2 and Ni+2 have a negligible effect on the 
system; Cu+2 has some effect (Figure 5). It is known that 
enzymatic systems require Mg+2 ions for proper operation 
of the enzyme, but it was not observed in the range of 
concentrations tested that the partial exchange of Mg+2 ions 
by Zn+2 and Ni+2 or Cu+2 had a significant effect. It is possible 
that most of the effect of Cu+2 is due to a reduction to Cu+ 
in a stabilized Cu+ environment. It was mentioned in the 
literature that Cu+2 ions are rapidly reduced to Cu+ ions by 
sulfhydryl ligands in solution, including glutathione and 
cysteine in the cytoplasm [33]. 

The assumption that the Cu+ ions’ anti-bacterial 
mechanism functions via enzymatic inhibition is also 
supported by recent results, showing that elevated 
temperatures boost the antibacterial action of Cu+ ions [2]. 
In less than 1 min at 40˚C, 0.4mM of Cu+ ions eliminated a 
105 bacterial population; by comparison, an experiment at 
20˚C left 102 bacteria surviving after 1 min, and Cu2+ ions 
at control conditions had no effect at all. Heat stimulates 
the metabolism, and permanent enzymatic inhibition is 
amplified by enzymatic activity. Furthermore, the result 
demonstrates that the antibacterial effect of Cu+ is higher 
when the E.coli utilizes glycerol as the sole carbon source, 
compared to lactose and glucose. Bacteria adapted to 
glycerol as the sole carbon source are more vulnerable to 
the impact of enzymatic inhibition than bacteria that grow 
with glucose. Apparently, the effect is not only via damage 
to cell division, since if that were the case, lengthening the 
generation time would minimize the effect. The results show 
the opposite.

Several previous studies have demonstrated the anti-
cancer effects of copper oxide. In a recent paper, the Fe-
doped CuO NPs were tested in vivo, resulting in complete 
tumor remission in multiple syngeneic subcutaneous mouse 
models. In cancerous cells, the metabolic rate is much larger 
than in normal cells. It is therefore likely to be much more 
susceptible to the inhibitory effect of copper ions, or more 
precisely to Cu+ ions. It seems that the Cu2+ ions from the CuO 
NPs, reduced by glutathione or other reducing agents to Cu+ 
ions in the cancerous cells, are probably inhibiting the DNA 
polymerase. 

We suggest that Cu+ and Ag+ ions act by interfering 
with enzymatic metabolisms, such as DNA polymerase, 
phosphatase, etc., via uncompetitive inhibition of the 
enzymes.

More relevant than ever, this finding may suggest a 
possible role of Cu+ ions producing systems as antiviral 
agents as well. However, that concept is yet to be proven.

Conclusion
Monovalent copper ions inhibit enzymes essential for cell 

function. This can explain the significant antibacterial effect 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://en.wikipedia.org/wiki/Lone_pair
https://en.wikipedia.org/wiki/Adenine
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of monovalent copper, an explanation that has been missing 
in the literature for understanding “Copper tolerance and 
virulence in bacteria” [36,37]. 

Possible explanations for the mechanisms of bacterial 
copper toxicity included an oxidation mechanism, although 
monovalent copper ions react rapidly with molecular 
oxygen to obtain oxidative products (ROS). The oxidation 
mechanism, according to the findings of this paper, is 
negligible.

Another mechanism mentioned in the literature includes 
the breakdown of the SS bond in proteins [35]. However, 
except in the case of α and β amylase, this explanation is 
not valid for the cases examined in this study, as they do not 
contain any SS bonds [38,39].

It is known that in a biological enzymatic system, the 
monovalent copper ion can form a complex with different 
functional groups (the monovalent copper ion must bind to a 
stabilizing ligand in an aqueous environment to prevent the 
disproportionation reaction), there is a basis for considering 
that ATP plays an important role in stabilizing monovalent 
copper ions, and that the Cu+-ATP and Cu2+-ATP complexes 
have a role in the inhibition mechanism for ATP dependent 
enzymes.
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