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Abstract

β-Lactamases grant resistance to bacteria against β-lactam antibiotics. The

active center of TEM-1 β-lactamase accommodates a Ser-Xaa-Xaa-Lys motif.

TEM-1 β-lactamase is not a metalloenzyme but it possesses several putative

metal ion binding sites. The sites composed of His residue pairs chelate border-

line transition metal ions such as Ni(II). In addition, there are many sulfur-

containing donor groups that can coordinate soft metal ions such as Hg(II).

Cd(II) may bind to both types of the above listed donor groups. No significant

change was observed in the circular dichroism spectra of TEM-1 β-lactamase

on increasing the metal ion content of the samples, with the exception of

Hg(II) inducing a small change in the secondary structure of the protein. A

weak nonspecific binding of Hg(II) was proven by mass spectrometry and
119mHg perturbed angular correlation spectroscopy. The hydrolytic process of

ampicillin catalyzed by TEM-1 β-lactamase was described by the kinetic analy-

sis of the set of full catalytic progress curves, where the slow, yet observable

conversion of the primary reaction product into a second one, identified as

ampilloic acid by mass spectrometry, needed also to be considered in the

applied model. Ni(II) and Cd(II) slightly promoted the catalytic activity of the

enzyme while Hg(II) exerted a noticeable inhibitory effect. Hg(II) and Ni(II),
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Review Editor: Aitziber L. Cortajarena
applied at 10 μM concentration, inhibited the growth of E. coli BL21(DE3) in

M9 minimal medium in the absence of ampicillin, but addition of the antibi-

otic could neutralize this toxic effect by complexing the metal ions.

KEYWORD S
199mHg perturbed angular correlation spectroscopy of γ-rays, circular dichroism, mass
spectrometry, reaction kinetics, TEM-1 β-lactamase, toxic metal binding

1 | INTRODUCTION

β-Lactamases hydrolyze the β-lactam ring of antibiotics
before they can interact with bacterial carboxy-
transpeptidases, providing thereby resistance toward
β-lactam antibiotics (Oka et al., 1980). Based on their cat-
alytic mechanism, the four classes of β-lactamases are
termed A, B, C, and D. The active sites of classes A, C,
and D, called also serine β-lactamases, contain a Ser-Xaa-
Xaa-Lys (SXXK) motif. Class B is a heterogeneous group
of Zn(II) metalloenzymes called metallo-β-lactamases.
The SXXK motif employs Ser as a nucleophile hydrolyz-
ing β-lactams by forming covalent acylenzyme intermedi-
ate, while metallo-β-lactamases utilize a Zn(II)-activated
water molecule as a nucleophile (Bush et al., 1995; Bush
and Jacoby, 2010; Nagshetty et al., 2021; Massova and
Mobashery, 1998; Matagne et al., 1998; Naas et al., 2017).
All serine β-lactamases employ an acylation–deacylation
mechanism. The nucleophilic Ser is activated by a gen-
eral base, then it attacks the carbonyl carbon atom of the
β-lactam amide bond and generates the acylenzyme
intermediate (tetrahedral oxyanion transition state).
Finally, a water molecule is activated by a general base to
hydrolyze the acylenzyme adduct. Still there is a debate
about the identity of the general base activating the ser-
ine residue. Both Lys (part of the SXXK motif) and the
deprotonated sidechain of a Glu close to the active center
have been proposed to fulfill this function, and both
mechanisms were supported by crystallographic studies
of enzyme complexes, computational simulations, and
biochemical investigations of enzyme mutants (Matagne
and Frère, 1995; Strynadka et al., 1992; Damblon
et al., 1996; Tooke et al., 2019; Egorov et al., 2019; Wang
et al., 2003; Minasov et al., 2002).

TEM-1 β-lactamase is a well-known representative of
the extended spectrum serine β-lactamases. Its gene is
incorporated into various DNA vectors as a selectable
marker in biochemistry research. As a source of develop-
ment of bacterial antibiotic resistance, TEM-1
β-lactamase and its mutants are frequent targets of the
scientific research (Cumming et al., 2022; Birgy
et al., 2022; Palzkill, 2018; Madzgalla et al., 2021; Bratulic
et al., 2015; Wuerz et al., 2020; Zimmerman et al., 2017;

Dellus-Gur et al., 2015). TEM-1 β-lactamases, isolated
from various bacteria, display few differences in their
amino acid sequences. Over 170 natural and even more
‘in vitro’ catalytically active mutants were reported
(Salverda et al., 2010; Jacquier et al., 2013; Kather
et al., 2008). The kinetic parameters for the TEM-1
β-lactamase catalyzed hydrolysis of ampicillin as a sub-
strate were determined earlier to evaluate their catalytic
performance of this enzyme (Table 1). kcat values were in
the range of 800–2000 s�1 while the Michaelis–Menten
constants (KM) varied between 20 and 77 μM.

TEM-1 β-lactamase is not a metalloenzyme, but its
available structures suggest possible metal binding spots
in the sidechains of six histidine, two cysteine, and nine
methionine residues (Scheme 1). The crystal structure of
a TEM-1 β-lactamase (Stec et al., 2005) with a sequence
differing only in a single amino acid (V82I mutation
according to the standard numbering of class A
β-lactamases (Ambler et al., 1991) from the presently
studied enzyme indicated three putative metal ion bind-
ing sites for borderline transition metal ions on the pro-
tein surface, each composed of two His residues. These
sites have previously been shown to be useful for purifi-
cation by Ni(II)- or Zn(II)-affinity chromatography with-
out introducing any artificial purification tag (Nafaee
et al., 2023; Lawung et al., 2001; Yang et al., 2020).
Although Hg(II) can bind to favorable His sites, but in
general, its affinity toward the imidazole nitrogen is low
(Stratton et al., 2017). The 2.0 Å distance between the sul-
fur atoms of the two Cys residues suggested that these
sidechains are involved in a structural disulfide bridge
(Sun et al., 2017) that is rarely bound to metal ions. Nev-
ertheless, metal ions of soft Lewis acid character, such as
Hg(II) were shown to interact with a disulfide bridge
(Brown and Edwards, 1969). Similarly, the sulfur donor
atoms of the thioether groups were shown to be able to
bind Hg(II) and more weakly Cd(II) and Ni(II) in various
amino acids, peptides and proteins (Birgersson
et al., 1973; Lenz and Martell, 1964; S�ov�ag�o and
Pet}ocz, 1987; Latha et al., 2007). In the crystal structure
of the Hg(II) bismethioninato complex the interaction
occurs through two thioether–mercury bonds with the
Hg–S distances of 2.5 Å (Carty and Taylor, 1976).
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However, the apparent binding affinity for a monoden-
tate thioether coordination to Hg(II), determined only in
ternary complexes, is in the order of �105 M�1 (Pyreu
et al., 2011). Comparable Kd values were obtained for the
methionine sidechain coordination to Cu(I)—a soft metal
ion similar to Hg(II)—in various peptide models of the
Ctr1 copper transport protein, ranging between 2 and
10 μM (Rubino et al., 2010). Methionine based turn-on
sensors have been successfully applied for the selective
detection of Hg(II) (Scully et al., 2008; Yang et al., 2011).
Furthermore, Delangle and coworkers showed for
Cu(I) that with a preorganized binding site consisting of
methionines, the metal binding affinity can be increased
by several orders of magnitude (Jullien et al., 2015).

In addition to the above listed primary N and S donor
atoms, the presence of nearby carboxylic groups of aspar-
tic and glutamic acid units, carboxamide groups of
asparagine and glutamine residues, as well as hydroxy
groups of serine and threonine residues may increase the
binding affinity of metal ions by offering further O donor
atoms for coordination (Fragoso et al., 2013; Miller
et al., 2018; Potocki et al., 2019; Remelli et al., 2018).

Based on the above findings our hypothesis is that
metal ions may influence the structure and catalytic
activity of TEM-1 β-lactamase. Therefore, the aim of this
research was to assess the catalytic activity of the enzyme
in the absence and presence of metal ions against ampi-
cillin substrate by spectrophotometry. The effect of metal
ions on the growth of bacterial cultures in M9 minimal
medium (Miller, 1972) was also monitored. In line with

the catalytic properties, we verified the interaction of
Hg(II) with TEM-1 β-lactamase by circular dichroism
(CD) and 199mHg perturbed angular correlation of γ-rays
(PAC) spectroscopy as well as mass spectrometry (MS).

2 | RESULTS AND DISCUSSION

2.1 | Hydrolysis of ampicillin and the
catalytic activity of TEM-1 β-lactamase

The sequence of the mature TEM-1 β-lactamase applied
in our experiments is depicted in Scheme 1. This enzyme
is encoded by the pET-21a DNA vector and serves to pro-
vide antibiotic resistance to transformed bacteria against
ampicillin. This enzyme is not a metalloenzyme but
offers a large number of donor groups which can interact
with various kinds of metal ions. Prior to reveal the effect
of metal ions on the enzyme activity, we quantitatively
investigated the catalytic activity of the purified TEM-1
β-lactamase using ampicillin as a substrate.

The efficiency of TEM-1 β-lactamase is often charac-
terized by the specific activity. The units for specific activ-
ity are defined as millimoles ampicillin hydrolyzed per
minute per mg total protein or mg of protein, but the unit
of enzyme activity may be defined in a different
way/more precisely as the amount of enzyme that hydro-
lyzes 1 μmol of substrate in 1 min at 30�C in 0.05 M
phosphate buffer (pH 7.0) (Huang et al., 1996; Huang
and Palzkill, 1997; Minami et al., 1980). Because of the

TABLE 1 kcat and KM values of TEM-1 β-lactamase using ampicillin as a substrate.

kcat (s
�1) KM (μM) kcat/KM (μM�1 s�1) Medium Temp. (�C) Reference

1428 ± 24 50 ± 2 28.6 ± 5.5 50 mM phosphate buffer (pH 7.0) 30 Cantu et al. (1997)

1460 60 24 50 mM phosphate buffer (pH 7.0) 37 Lawung et al. (2001)

1085 ± 137 38 ± 18 29 50 mM phosphate buffer (pH 7.0) 30 Brown et al. (2009)

1653 ± 370 63 ± 14 26 50 mM phosphate buffer (pH 7.2) 30 Stojanoski et al. (2015)

830 ± 30 58 ± 1 14 50 mM phosphate buffer (pH 7.0) 30 Sideraki et al. (2001)

1428 50 28.58 50 mM phosphate buffer (pH 7.0) 30 Stiffler et al. (2015)

960 65.2 14.8 50 mM phosphate buffer (pH 7.0);
1 mg/mL BSA

30 Marciano et al. (2009)

SCHEME 1 The amino acid sequence of the studied mature TEM-1 β-lactamase. The amino acids containing potential donor groups for

metal ion coordination are highlighted by background colors: His—blue, Cys—gray, Met—yellow and the negatively charged Asp and Glu

by red.
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use of varying definitions and conditions (buffer, pH,
temperature) as well as various substrates and TEM-1
β-lactamase sequence deviations from different bacteria,
it is difficult to appropriately compare the available data.
For ampicillin, the absorbance values collected at 235 nm
are generally accepted in the literature by considering
this wavelength optimal to follow the hydrolytic process.
The difference in the molar absorbances of the substrate
and the product was previously determined to be
between 670 and 900 M�1 cm�1, with the molar absor-
bance of the substrate falling in between 1710 and
2160 M�1 cm�1 (Table 2) (Waley, 1974; Samuni, 1975;
Minami et al., 1980; Huang and Palzkill, 1997). Molar
absorbance values of ampicillin (1921 M�1 cm�1) and the
hydrolysis product (1041 M�1 cm�1) determined previ-
ously in our laboratory were within the reported ranges,
and the average specific activity was 596 ± 25 μmol of
ampicillin hydrolyzed by 1 mg of TEM-1 β-lactamase
within 1 min at 25�C in 20 mM Tris–HCl (pH 7.5)
(Nafaee et al., 2023).

There are significantly more publications in the litera-
ture evaluating the catalytic experiments through the
Vmax and/or kcat and KM parameters (often kcat/KM values
are used to characterize the enzyme efficiency) instead of
the specific activity. These parameters are determined by
the initial rate kinetic analysis using the Michaelis–
Menten formalism. The data collected in Table 1 cannot
be considered fully independent, since most of them were
determined by the same research group (Cantu
et al., 1997; Brown et al., 2009; Stojanoski et al., 2015;
Sideraki et al., 2001; Marciano et al., 2009). In spite of
this, relatively large deviations were observed for differ-
ent batches of the enzyme. It is also noticeable that
different DNA plasmids (i.e., potentially slightly different
TEM-1 β-lactamase sequences), and partially
different conditions were applied in these studies (see
Table 1). Nevertheless, using the Michaelis–Menten for-
malism to treat the data, providing the kcat and KM or the
kcat/KM values as kinetic parameters characterizing the

enzymatic reaction is still a common procedure (Song
and Tezcan, 2014; Bahr et al., 2021; Judge et al., 2023)
most probably due to their comparability.

In the first series of our measurements in 20 mM
Tris–HCl (pH 7.5) buffer at 25�C, the nominal substrate
concentration was either 230 or 930 μM while the
enzyme concentration ranged between 0.2 and 1.2 nM
(Series 1). The hydrolytic process of the substrate was fol-
lowed spectrophotometrically in the 210–235 nm wave-
length range instead of using a single wavelength,
allowing to collect an informative set of absorbance data.
The linear relationship between the concentrations and
the measured absorbances was strictly valid in the 0–2.5
absorbance range. Therefore, the measured data above
the value of A = 2.5 were ignored during the evaluation.
Fast conversion of the substrate was observed (see
Figure 2 below) however, a slow but continuous decrease
of the measured values was experienced upon recording
the absorbances for an extended period. This suggested a
further transformation of the primary reaction product,
which may affect the mathematical treatment of the data,
that is, the kinetic model. Previous studies on the degra-
dation processes of ampicillin and similar antibiotics
revealed that the primary hydrolysis product may be con-
verted into different molecules depending on the pH and
temperature (Mitchell et al., 2014; Sy et al., 2017; Raza
Siddiqui et al., 2014; Robinson-Fuentes et al., 1997;
Nägele and Moritz, 2005). This phenomenon may also
account for the ambiguity in the determination of the
molar absorbance of the hydrolysis product (Table 2).
These findings inspired us to apply the matrix rank anal-
ysis on the recorded absorbance data set (Peintler
et al., 1997) to conclude the number of independent
absorbing species (NIAS) needed for description of the
catalytic system. The main advantage of this method is
that the determined NIAS is independent of both the spe-
cific chemical model and the concentration uncertainties.
The inspection of the so called “residual absorbance
curves”, that is, the unexplained absorbances upon

TABLE 2 The molar absorbance values at 235 nm (ε235nm) for ampicillin and the hydrolysis product, as well as their differences

collected from the literature.

ε235nm (Amp) (M�1 cm�1) Δε (A–P)235nm (M�1 cm�1) ε235nm (product) (M�1 cm�1) Reference

1710 670 1040 (calc) Waley (1974)

- 820 - Samuni (1975) and Citri et al. (1976)

- 900 - Minami et al. (1980)

2160 900 1260 (calc) Huang and Palzkill (1997)

- 820 - Lund et al. (2016)

1921 880 1041 Nafaee et al. (2023)

Note: The ε235nm (product) values were calculated from the published data, whenever these were provided.
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increasing the supposed number of colored species
clearly revealed that after including two species (e.g., the
substrate and the hydrolysis product), there is still a sys-
tematic and significant deviation from the noise (a few
milliabsorbances) of the spectrophotometric experiment
(Figure 1). Considering a third colored species, these sys-
tematic deviations disappeared. These results necessitated
the inclusion of a second product in the mathematical
treatment of the data. To our knowledge, the formation
of the second product was not considered in TEM-1 β-lac-
tamase-catalyzed ampicillin hydrolysis studies so far.

All the data collected in the Series 1 experiments were
treated together in the full kinetic description of the sys-
tem by assuming the presence of a second product. The
stoichiometric and rate equations of the model applied in
the calculations consisted of the following steps:

SþE ⇌
k1

k2
ESð Þ ,r1 ¼ k1 � S½ � � E½ � and r2 ¼ k2 � ESð Þ½ �

ESð Þ !k3 P1þE ,r3 ¼ k3 � ESð Þ½ �
P1 !k4 P2 ,r4 ¼ k4 � P1½ �

ð1Þ

where S denotes the substrate, E stands for the enzyme,
(ES) is the enzyme–substrate complex as a macroscopic
species including all possible microscopic species, P1 and
P2 are the initial and the secondary products, respectively
and ri is the reaction rate of the ith step. As it is shown in
Figure 2 and S1, the curves could be fitted well with this
model, unlike with the simpler model excluding the sec-
ond product (P2). As expected, the latter model cannot
appropriately describe well especially those parts of the
experimental curves, where the conversion of P1 into P2
dominates.

The kinetic experiments executed with different start-
ing concentrations of the substrate and the enzyme, clearly
revealed that the partial adjustment of the initial enzyme
concentrations is necessary for the proper fit of the curves.
This indicated that the enzyme is very sensitive to any
change of the conditions during its treatment, for example,
the freeze/thaw procedure, composition of the storage
buffer, extreme dilution and temperature change. The
experimental errors arising from the pipetting of volumes
in the few μL range, the material of the pipette tips and
sample containers causing eventual adsorption of the
enzyme also influenced the obtained experimental data.
However, the simultaneous evaluation of all the catalytic
experiments performed in the same buffer and temperature

FIGURE 1 The residual absorbance curves calculated using

matrix rank analysis to determine the minimal number of

spectrally independent absorbing species (NIAS). The data used for

this calculation were all recorded absorbances at the lower initial

substrate concentration (�230 μM) in the 235–214 nm range of

Series 1 kinetic experiments. The systematic deviation of the

residual absorbances from the noise level upon sequential inclusion

of new colored species indicated the presence of at least three

absorbing species.

FIGURE 2 TEM-1 β-lactamase activity monitored by

spectrophotometry via the hydrolysis of ampicillin as a substrate in

the Series 1 experiments. Only absorbances obtained at 235 and

229 nm are shown in the figure, while the results of the

calculations at all applied wavelength values are included in

Figure S1.
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conditions yielded a single parameter set with a good
agreement between the fitted and experimental data. Thus,
the enzyme performance in the catalytic process could be
unambiguously characterized.

The kinetic data, as well as the spectral parameters of
the species obtained from this evaluation are included in
Table 3. The determined fairly low k3 value can be attrib-
uted to the applied measurement conditions. Therefore, we
have repeated the kinetic experiments also under the most
frequently applied conditions reported in the literature:
50 mM phosphate (pH 7.0) buffer at 30�C. The evaluation
of these experiments (Series 2) yielded parameters compa-
rable to those previously published (Tables 1 and 3) but
complementing the results with information about the sec-
ond hydrolytic product. It is notable that the increase of the
temperature in the second series by just 5�C significantly
increased the yield of P2 as compared to Series 1 executed
at 25�C. This is also an indication that the transformation
of the primary product P1 clearly needs to be taken into
account in the characterization of the ampicillin hydrolysis.

The k4 value, characteristic for the conversion of P1
into P2, is very small however, the concentration of P1 is
higher than the enzyme concentration by several orders
of magnitude. Therefore, P2 is formed in significant
amounts as shown in the species distribution in the time
course of the hydrolysis (Figure 3). The chemical

reactions are going on practically three different time
scales. The formation of the enzyme-substrate complex is
completed within a few milliseconds. However, not all
enzyme is transformed to complex since the rate of the
first step (belonging to k1) is continuously decreasing
while the rate of P1 formation (related to k3) is increasing
during this first stage of the reaction. At about three mil-
liseconds, the rates of these two steps become comparable
and the decomposition of the complex continuously
retrieving the free enzyme. We shall mention, that this
part of the curves in Figure 3 is extrapolated, since our
experiments do not contain data within this short time
interval. Recent time-resolved X-ray diffraction data dem-
onstrated changes in the millisecond interval of the
hydrolytic reaction catalyzed by a metallo-β-lactamase,
proving that the ES complex itself is a macroscopic spe-
cies being transformed in several steps before the product
formation (Wilamowski et al., 2022). Similar studies with
serine-β-lactamases may provide deep insight into the
mechanism of action and are very welcome in the future.
Fast kinetic methods such as the flow and relaxation
methods may also contribute to determine further rate
constants even in complicated branched catalytic path-
ways of -β-lactam hydrolysis (Punekar, 2018; Galleni and
Frère, 2007). Such studies under single turnover kinetic
conditions allowed for determination of the rate of the
covalent enzyme–substrate complex formation, and/or of
its decomposition rate constant (Furey et al., 2021; Mehta
et al., 2021). The latter rate constants are not independent
as they can be derived from each other by using the
appropriate formula and knowing the kcat value.

In the second timescale (up to �4 h), almost the full
amount of the substrate disappears, and the main reac-
tion of the last stage is the formation of P2 from P1. The
figure also explains the relatively large difference in
ε235nm(P2) values from the two series (Table 3). In Series
1, one set of the kinetic data was recorded for almost
2 days, resulting much higher concentration of P2, and
thus, a reliable molar absorbance value. Mass spectromet-
ric measurements of ampicillin samples hydrolyzed to a
different extent revealed the identity of P1 and P2 prod-
ucts (Figure S3). P1 is, as expected, the ampicilloic acid
with an m/z value of the monoprotonated species of
368.1 being 18 units higher than that of the m/z value
of ampicillin. This reveals a water uptake during the
hydrolysis. The m/z value of the peak with increased rela-
tive intensity obtained for the sample expected to contain
increased amount of P2 was obtained to be 324.1. Accord-
ingly, it is formed by the decarboxylation of P1 at the car-
boxylic group established in the hydrolytic process. Such
product was also identified previously in the studies of
non-enzymatic ampicillin degradation and denoted as
ampilloic acid (Mitchell et al., 2014; Sy et al., 2017; Raza
Siddiqui et al., 2014; Robinson-Fuentes et al., 1997).

TABLE 3 Kinetic parameters and their standard deviations

determined by the kinetic calculations for the hydrolysis of

ampicillin including the processes catalyzed by TEM-1 β-lactamase

and the further conversion of the first product (P1) into the second

product (P2).

Parameter Series 1 Series 2

k1 (M
�1 s�1) (4.34 ± 0.12) � 106 (4.81 ± 0.30) � 106

k2 (s
�1) <1.4 � 10�2 <1.7 � 10�2

k3 (s
�1) (2.24 ± 0.03) � 102 (3.44 ± 0.01) � 102

k4 (s
�1) (7.50

± 0.18) � 10�6
(1.76
± 0.04) � 10�5

ε235 nm of Amp
(M�1 cm�1)

1931 ± 2 1920 ± 1

ε235 nm of P1
(M�1 cm�1)

1064 ± 1.4 1081 ± 1

ε235 nm of P2
(M�1 cm�1)

709 ± 13 791 ± 5

KM (μM)a 51.6 ± 1.4 71.6 ± 4.4

kcat/KM

(μM�1 s�1)a
4.34 ± 0.12 4.81 ± 0.30

Note: The calculated ε235nm values of the involved species are also provided.
Series 1 are measurements conducted in 20 mM Tris–HCl (pH 7.5) buffer at
25�C, while the data in Series 2 were collected in 50 mM phosphate (pH 7.0)

buffer at 30�C.
aThese data were derived from the parameters obtained from the fitting
procedure only for comparative purpose.
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The relative amount of P2 and therefore, its effect is cer-
tainly negligible at the very beginning of the reaction.
Thus, it will not significantly influence the results obtained
by the determination of initial rates, as long as the molar
absorbance of the “product” can be determined properly.
To show the advantage of the data evaluation, applied in
this work, we have tried to determine the KM values, using
the usual Lineweaver–Burk plot, which would require a
constant final absorbance (A∞) value. This however, can-
not be achieved in the TEM-1 β-lactamase/ampicillin sys-
tem, due to slow but continuous absorbance decrease after
the substrate has completely reacted. The formal applica-
tion of this de facto standard procedure by choosing
slightly variable A∞ values revealed that the calculated KM

values are extremely sensitive to the choice of A∞. The
result is determined rather by the chosen value of A∞ than
by the experimental data as it is illustrated in Figure S4. In
our example, 15% decrease in the A∞ values resulted a
180% increase in the calculated KM values. Additionally,
the Lineweaver–Burk plot handles only one kinetic experi-
ment at a single wavelength, while the kinetic evaluation
procedure applied in this work handled all curves at all
chosen wavelengths in a single run. Furthermore, this kind
of kinetic description of the progress curves of the enzy-
matic reactions provides the precise molar absorbances at
multiple wavelengths (Figure S2), as well as useful infor-
mation about the alternative/consecutive transformation
process influencing the values of the obtained parameters.

2.2 | The effect of metal ions on the
catalytic activity of TEM-1 β-lactamase

Complexation of metal ions by TEM-1 β-lactamase may
lead to change in the catalytic efficiency of the enzyme in

promoting the hydrolysis of β-lactams. The ambiguity
in the actual active enzyme concentration did not allow
us to quantitatively evaluate the effect of the metal ions
in successively performed catalytic experiments. Never-
theless, the experiments carried out concurrently with
exactly the same diluted enzyme batches and substrate
solutions under the same conditions, clearly demon-
strated the effect of metal ions on the hydrolytic process.
The results of the experiments carried out in the presence
of increasing Hg(II) concentrations, as well as those con-
taining different metal ions (Ni(II), Cd(II), and Hg(II)) at
tenfold excess compared to the enzyme itself are shown
in Figure 4.

The catalytic activity of TEM-1 β-lactamase was
slightly reduced by the gradual increase of concentration
of Hg(II) as shown in Figure 4a. This effect was observed
in most of the experiments (>90%) carried out in the
presence of Hg(II). These curves could be fitted allowing
the change of the active enzyme concentration, yielding
the same kcat and KM values as in the absence of Hg(II),
but decreased Vmax values in a correlation with the
increased molar ratio of the metal ion and the enzyme.
This suggests that the presence of Hg(II) does not affect
the substrate binding, but influences the concentration of
the catalytically effective enzyme possibly by blocking a
fraction of the enzyme molecules. Based on these find-
ings we hypothesize that Hg(II) may interact with the
available sulfur donor atoms of Met residues thereby
interfering with the catalytic process. A recent review
draws the attention to the importance of methionine resi-
dues at various levels in proteins (Aledo, 2019). The net-
work of methionines in TEM-1 β-lactamase including the
distances between the sulfur donor atoms, as well as fur-
ther amino acids with putative coordinating donor atoms
found within a �5 Å distance in the surroundings of each

FIGURE 3 Distribution of species in the time course of the ampicillin hydrolysis, catalyzed by TEM-1 β-lactamase with [S]0 = 243 μM
and [E]0 = 0.37 nM in 20 mM Tris–HCl (pH 7.5) buffer at 25�C followed for almost 2 days.
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methionine sulfur atom are collected in Figure 5.
Amongst these residues, the two neighboring methio-
nines (M68 and M69), located within a 6 Å sphere
around the active center according to the published crys-
tal structure (PDB id: 1zg4), may very likely offer the
most stable binding site (Stec et al., 2005). Another favor-
able metal-binding site could be the donor atom-rich
129–132 (MSDN) segment including M129, which is
within 8 Å surroundings of the active center. The impor-
tance of these sites in TEM-1 β-lactamase is supported by
the sensitivity of the enzyme toward M68 and M69 muta-
tions, while the 129-MSDN-132 sequence is in the
mutation hotspot of the enzyme as previously demon-
strated (Stiffler et al., 2015; Firnberg et al., 2014; Delaire
et al., 1992).

In contrast to Hg(II), Ni(II) and Cd(II) seem to
slightly promote the enzyme activity. This observation
might not be surprising since ampicillin can also be
hydrolyzed by metallo-β-lactamases (Bahr et al., 2021;
Perez-Garcia et al., 2021) and metal ions are known to
play significant role in enzyme catalyzed hydrolytic reac-
tions (Huang et al., 2023). A metallo-β-lactamase with
Cd(II) bound in its active center has also been found just
a bit less active than the native Zn(II) enzyme itself sup-
porting the ability of Cd(II) to promote the hydrolysis,
while Hg(II) inhibited the function of this enzyme
(Concha et al., 1997). Metal ions can even catalyze the
hydrolysis of ampicillin, but mainly in strongly acidic or
alkaline media. Such a reaction with Ni(II) in alkaline
medium was applied for analytical purposes (Raši�c-Miši�c
et al., 2013; Lin and Cen, 2022). On the other hand, we
could not observe a significant change in the absorbance

of ampicillin in the presence of Hg(II), Ni(II) or
Cd(II) but absence of TEM-1 β-lactamase. Less than 0.01
absorbance unit decrease was detected within 3 h of incu-
bation at identical concentrations and conditions to those
applied in our kinetic assays (Figure S5). Nevertheless,
the Lewis acid property of metal ions may help to hydro-
lyze the β-lactam ring by a different mechanistic path-
way. The most probable scenario is the binding of the
metal ion to the antibiotics with a concomitant activation
of the substrate for the nucleophilic attack, which would
also explain our observations (Gensmantel et al., 1980;
Deshpande et al., 2004). Ni(II) and Cd(II), as borderline
metal ions are supposed to bind ampicillin close to the
β-lactam ring that would account for the behavior of
these metal ions (Deshpande et al., 2004; El-Gamel, 2010).
In contrast, Hg(II) may interact with the sulfur donor
atoms (Deshpande et al., 2004), most probably resulting a
much stronger interaction with the enzyme than with
ampicillin.

2.3 | The influence of metal ions on
bacterial growth

The presence of metal ions affects the bacterial resistance
toward antibiotics in multiple ways. One of these might
be the interaction with the antibiotic degrading enzymes,
such as the TEM-1 β-lactamase. However, the behavior of
bacteria in metal ion containing cultures is very complex.
Synergism between heavy metal ions and β-lactam antibi-
otics in their action against bacteria were reported in the
literature (Möhler et al., 2017; Garza-Cervantes

FIGURE 4 The effect of metal ions on the hydrolytic process of ampicillin catalyzed by TEM-1 β-lactamase in 50 mM phosphate buffer

(pH 7.0) at 30�C. (a) The time dependence of the absorbances in parallel experiments hydrolyzing 900 μM ampicillin by �0.8 nM enzyme in

the presence of 1, 3 and 10 equivalents of Hg(II) referred to the enzyme concentration. (b) The kinetic curves recorded concurrently in the

systems of 900 μM ampicillin and �1.6 nM enzyme in the absence of metal ions, as well as with tenfold excess of Ni(II), Cd(II) and

Hg(II) referred to the enzyme concentration.
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et al., 2020), but there are also published experimental
data demonstrating a parallel development of resistance
against heavy metal ions and antibiotics (Chudobova
et al., 2014; Wales and Davies, 2015; Wu et al., 2018; Vats
et al., 2022). The degradation of β-lactam antibiotics in
the presence of metal ions may also contribute to the
decrease of their antimicrobial effect (Gensmantel
et al., 1980; Deshpande et al., 2004). As an example,
Cd(II) was reported to catalyze the degradation of ampi-
cillin in methanol (García et al., 1998) or in Luria-Bertani
bacterial growth medium (Beard et al., 1992). Neverthe-
less, the results are diverse and depend on many factors,
such as the type of bacteria studied, the applied media
and concentrations, etc. (Pavli�c et al., 2022).

Because of the complexity of these systems we applied
a well-controlled M9 minimal medium to monitor the
effect of Hg(II), Ni(II), and Cd(II) on the viability of
E. coli BL21 (DE3) bacterial cells. The cells were trans-
formed with a modified pET-21a DNA vector providing
ampicillin resistance. Therefore, ampicillin was non-toxic
for bacteria at 270 μM concentration usually applied in
our laboratory. It is worth to note that the sensitivity of
the bacterial cultures toward the applied chemical agents
was dependent on the initial number of the cells. The
first series of experiments was carried out in bacterial cul-
tures with low starting McFarland (1.0 McFarland unit
stands for 3 � 108 viable cells/mL in the bacterial cul-
ture) values of �1.0 (Figure S6). Various concentrations
of Hg(II), Ni(II), or Cd(II), and/or ampicillin and isopro-
pyl β-D-1-thiogalactopyranoside (IPTG) were added to
these bacterial cultures and the changes of the McFar-
land values were recorded as the function of the incuba-
tion time. Cd(II) at 1.0 mM concentration proved to be
slightly toxic for bacteria, while Ni(II) and Hg(II) did not
allow the bacteria to proliferate at all at 1.0 and 0.5 mM
concentrations, respectively (Figure S6a). The toxic effect
of metal ions at these high concentrations was indepen-
dent of the presence or absence of ampicillin. On decreas-
ing the metal ion concentration to 10 μM, Cd(II) did not
affect the bacterial growth. At the same time, neither
Ni(II) nor Hg(II) allowed the bacteria to proliferate in these
cultures. Surprisingly, a significant decrease of metal ion
toxicity was observed when ampicillin was also present in
the solutions (Figure S6b). Complex formation between
metal ions and the antibiotics yielding adducts with a
lower toxicity than that of the metal ions themselves could
be an explanation of this observation. Although, there is an
ambiguity in the literature about the stabilities of the com-
plexes of these metal ions with ampicillin, generally a weak
binding is suggested (logK1 � 2) (Fazakerley et al., 1976;
Orabi, 2005; Zaworotko et al., 2006; Gupta, 2013). Never-
theless, metal complex formation may occur under the
applied conditions, since ampicillin was applied at a high
(27-fold) excess referred to metal ions in our systems. It has
to be noted that the neutralization effect of ampicillin was
more pronounced for Hg(II) than for Ni(II), which might
be attributed to different coordination modes of the two
metal ions in their ampicillin complexes as highlighted
above. None of the applied metal ions were toxic for the
bacteria at 1.0 μM concentrations with the exception of
Hg(II), and this effect was also ceased by ampicillin
(Figure S6b). On the other hand, parallel experiments (vide
infra) using bacteria transformed with a DNA vector pro-
viding kanamycin resistance, demonstrated that the pres-
ence of this antibiotic could not protect the cells from the
toxicity of the heavy metal ions.

The modified pET-21a DNA vector allowed for over-
expression of TEM-1 β-lactamase upon inducing by IPTG.

Methionine
networkAmino acids

within 8 Å 
from the
Ser(70) 
sidechain

(a)

(b)

FIGURE 5 Structure of the TEM-1 β-lactamase (PDB id: 1zg4)

highlighting the putative metal ion binding sites. (a) Coordinating

amino acids with potential donor groups for metal ion coordination

within 8 Å surroundings of the S70 sidechain and the network of

methionines with distances between the sulfur donor atoms.

(b) Amino acids containing further putative coordinating donor

atoms in the 5 Å surroundings of each methionine sulfur.
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The addition of IPTG to the above cultures, however, did
not significantly influence the above observations on bac-
terial growth. The lysate of the collected bacterial pellets
was analyzed by SDS PAGE (Figure S7). The overexpres-
sion of TEM-1 β-lactamase was attenuated in the pres-
ence of 10.0 μM Hg(II), and 10.0 μM Ni(II) in the
presence of ampicillin, while it was completely inhibited
at the same Hg(II) or Ni(II) concentrations in the absence
ampicillin. Nevertheless, this might be attributed to the
decreased viability of the bacteria, since the total protein
content also decreased drastically. There was no change
in the TEM-1 β-lactamase overexpression in samples con-
taining Cd(II) at 1.0–10.0 μM concentrations.

In the second series of experiments the starting bacte-
rial cultures exhibited �2.3 McFarland values. Experi-
ments without ampicillin were conducted to monitor the
effect of metal ions. Under such conditions no effect of
Ni(II), Cd(II) and Hg(II) ions at 1.0 μM concentration
was observed on the bacterial growth (Figure 6). At
increased concentrations (10.0 μM) only Hg(II) inhibited
the bacterial growth significantly, but this effect could
also be compensated by the addition of the antibiotics.

To further explore the interaction of the metal ions
with antibiotics we have carried out the viability experi-
ments with E. coli BL21 (DE3) bacteria transformed by
the pET-M11-SUMO3-GFP DNA vector providing kana-
mycin resistance instead of ampicillin (Besir, 2017).
Under such conditions Hg(II) was toxic, while Ni(II) was
slightly toxic at 10.0 μM concentration and this effect was
independent of the presence of kanamycin (Figure S8a).

Adding ampicillin to these bacterial cultures revealed
that the antibiotics is not toxic at 10.0 μM, but already
has a slight toxic effect at 100 μM concentration. These
concentrations however, seem to be too small to affect
the metal ion toxicity (Figure S8b). High excess of the
antibiotics was needed to decrease the toxicity of
the metal ions. This suggested that the stability of the
complex formed between the metal ion and ampicillin is
low in agreement with the literature data (Zaworotko
et al., 2006).

2.4 | Interaction of metal ions with
TEM-1 β-lactamase

The most significant effect on the catalytic activity of
TEM-1 β-lactamase was observed with Hg(II). Therefore,
we focused on this metal ion in the following experi-
ments. 199mHg-PAC spectroscopy of γ-rays is a sensitive
method for investigating the interaction of Hg(II) with
the enzyme. PAC experiments were carried out in the
presence of 0.9 eq. Hg(II) and 1.9 eq. Hg(II) with respect
to TEM-1 β-lactamase, aiming to explore whether there is
a well-defined high affinity binding site within the pro-
tein, and if so, to elucidate the coordination geometry
Hg(II) occupies at such a site, as reflected in the nuclear
quadrupole interaction (NQI). The NQI is mainly deter-
mined by two parameters, the quadrupole frequency, νQ,
and the asymmetry parameter, η. In addition the parame-
ter δ reflects the so-called static line broadening due to
static (on the PAC time scale) variations in structure from
one molecule to the next, λ reflects the effect of dynamics
(local and global rotational diffusion), and the signal
amplitude is denoted A (Hemmingsen et al., 2004). The
data recorded for two reference samples (Hg(Cys)2(s)) are
also included in Table 4, because the two β-lactamase
experiments were carried out on two different PAC
instruments. The reference sample ensures that the fre-
quency scales are properly aligned, and therefore that we
can compare the measurements on TEM-1 β-lactamase
samples. The reference gave the expected NQI for the
experiments carried out on the digital PAC instrument
(Jancs�o et al., 2021), and the time-per-channel of the ana-
logue PAC instrument was calibrated to give the same
frequency.

The experimental data and Fourier transformed spec-
tra are shown in Figure 7, and the fitted PAC parameters
are presented in Table 4. Fitting with only one NQI, there
are minor systematic deviations from the data, most nota-
bly in the range from 7 to 10 ns (fit not shown), where
the fit undershoots the measured data. Therefore, two
NQIs were included in the fitting procedure. One fraction
of the signal, NQI1, is an exponentially decaying

FIGURE 6 Viability of ampicillin resistant E. coli BL21 cells

transformed with a modified pET-21a DNA vector in bacterial

cultures grown in M9 minimal medium. The McFarland values of

the culture grown in the presence of 270 μM ampicillin are

compared with those obtained for the cultures containing metal

ions at various concentrations. At each measurement point the

viability was normalized to that of the cell culture containing only

ampicillin as an added reagent.
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component with no oscillatory time dependence, while
the other, NQI2, displays the damped oscillations that
can be seen in Figure 7 (left part). It is reassuring that the
total fitted amplitude, which must be constant for a given
sample-detector geometry (and a given PAC probe), is
approximately the same for the data recorded on each
instrument for the reference samples and the TEM-1
β-lactamase. The exponentially decaying signal, NQI1,
must either reflect multiple binding sites and/or rapid
dynamics, that is, it may reflect either free Hg(II) or
Hg(II) non-specifically bound to TEM-1 β-lactamase. The
parameter reflecting the rapid decay of the perturbation
function, λ, is on the order of 1 μs�1. Although this
parameter appears to differ between the two experiments
(1.5(6) and 0.4(2) μs�1), it is possible to achieve a fit with
the reversed values with only minor increase of the

reduced chi-square. Accompanying this change,
the amplitudes of the two signals change significantly.
For example, fixing λ, to 0.4 μs�1 in the spectrum where
it attains a value of 1.5 μs�1 when free in the fit, leads to
a decrease in amplitude of NQI1 to 0.04 and an increase
in amplitude of NQI2 to 0.12. In conclusion, the relative
amplitudes of the two NQIs cannot be determined reli-
ably. NQI2 reflects a well-defined binding site (or several
similar binding sites). The fact that oscillations are
observed for this signal, demonstrates that dynamics at
this binding site is in the so-called slow dynamics time
regime (νQ � λ), in agreement with the fitted value of
λ = 0 μs�1, with a statistical error bar of 12 and 16 μs�1

(see Table 4) in the two experiments. Using the extreme
value of 16 μs�1, and assuming that the dynamics is due
only to rotational diffusion (and no local Hg(II) binding

TABLE 4 Parameters fitted to 199mHg PAC data.

Sample cHg(II) (μM) νQ (GHz) η δ �100 λ (μs�1) A �100 χ r
2

Hg(Cys)2(s) - 1.460 (5) 0.10 (8) 0.0 (7) 7 (8) 18.4 (9) 0.70

Hg(Cys)2(s) - 1.460a 0.10 (2) 0.0 (5) 3 (1) 14.4 (7) 0.70

TEM-1 β-lactamase 2.7 - - - 1.5 (6)c 8.9 (4)b 0.68

1.35 (2) 0.21 (5) 9 (3) 0 (12) 7.4 (2)b

TEM-1 β-lactamase 5.7 - - - 0.4 (2)c 4.0 (4)b 0.70

1.39 (2) 0.18 (5) 12 (3) 0 (16) 10 (1)b

Note: The experimental conditions were 3.0 μM TEM-1 β-lactamase, 10 mM HEPES (pH 7.4), 50% (w/w) sucrose, 1�C. Hg(Cys)2(s) is a reference sample (Jancs�o
et al., 2021), and the data sets were recorded on a digital (first and third rows) and an analogue PAC instrument (second and fourth rows). The indicated errors
(in parenthesis) are obtained from the statistical analysis of the data, and not from repetition of the experiments.
aCalibrated for the analogue instrument to be the same as for the digital instrument.
bThe amplitudes are sensitive to the value of λ for the “fast” component (1.5(6) μs�1 and 0.4(2) μs�1). The best fit is presented here but the amplitudes were not

used for any quantitative conclusions.
cThese rate parameters, λ, for the “fast” component, have a different physical meaning than the other values indicated in the same column, see Hemmingsen
et al. (2004) for details.

FIGURE 7 199mHg PAC data. (Left) Experimental data and fit. Data points with error bars as 5-point average of raw data and fit as full

line. (Right) Fourier transformed data (colored thin lines) and fit (black lines). From top to bottom: Hg(Cys)2(s) reference recorded on the

digital PAC instrument; Hg(Cys)2(s) reference recorded on the analogue PAC instrument; 3 μM TEM-1 β-lactamase and 2.7 μM Hg(II); and

3 μM TEM-1 β-lactamase and 5.7 μM Hg(II); conditions for the latter two samples: 10 mM HEPES (pH 7.4), 50% (w/w) sucrose at 1�C.
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site dynamics), we can derive a minimal molecular mass
of the Hg(II) complex (see Fromsejer et al., 2023 and ref-
erences therein). For this purpose we apply the Stokes–
Einstein–Debye relation and a viscosity of 42 mPa s (50%
(w/w) sucrose solution at 1�C), leading to a molecular
mass >17 kDa, implying that Hg(II) is bound to a large
molecule such as the protein or that it is precipitated. In
terms of metal site structure, NQI2 exhibits a relatively
high frequency in the range in-between 2- and
3-coordinated Hg(II) complexes with thiolates as ligands
(Iranzo et al., 2007). However, given that there are no
free thiols, the ligands and coordination number are diffi-
cult to deduce unambiguously from the data. The rela-
tively low asymmetry parameter, η, indicates that there is
near axial symmetry, and one may speculate that the
Hg(II) binding site could be a distorted linear two-
coordinate or distorted trigonal planar structure with
coordinating methionine(s) and/or histidine(s). Finally,
given that both free (or non-specifically bound)
Hg(II) and Hg(II) bound to a (or several similar) well
defined binding site of the protein, are observed at the
same time, the binding appears to occur to a binding site
that does not have high affinity for Hg(II), but rather an
apparent Kd on the order of μM.

Mass spectrometric experiments supported the above
findings. Previously, we have found that TEM-1
β-lactamase could preferentially bind one Ni(II) and
weakly a second Ni(II) most probably through the histi-
dine sidechains exposed at the protein surface (Nafaee
et al., 2023). In contrast to that, Hg(II) seems to interact
weakly with TEM-1 β-lactamase. No specific Hg(II) adduct
was detected by ESI MS. New peaks appeared at higher
mass over charge (m/z) values in the systems containing
TEM-1 β-lactamase and Hg(II) at increasing molar ratios.
This suggested that the distribution of the complexes con-
taining various number of Hg(II) at the multiple methio-
nine binding sites is gradually shifted toward the
oligometallated species upon increasing metal to protein
ratio. Nevertheless, the free protein could be still detected
even at fivefold metal ion excess. As it was described above
(see Figure 5) there are methionines as sulfur-containing
amino acids in the enzyme, few of them being close to the
enzyme active center. The methionine thioether groups
offer several binding sites for the soft metal ion like Hg(II).
However, these sites are not fully occupied by Hg(II) as it
was also indicated by the PAC results.

The secondary structure of TEM-1 β-lactamase and its
changes upon metalation were studied by circular dichro-
ism spectroscopy. The histidine-type metal binding sites
of TEM-1 β-lactamase exposed at the protein surface did
not significantly affect the secondary structure of the
enzyme upon Ni(II) binding (Nafaee et al., 2023).
The same result was also found for Cd(II), having most

probably identical coordination mode to that of Ni(II).
The methionine-type metal binding sites are inside the
protein and are good candidates for binding of the soft
metal ions, like Hg(II). The change of the structure of
TEM-1 β-lactamase upon interaction with Hg(II) was
monitored by CD spectroscopy. Hg(II) binding to TEM-1
β-lactamase resulted in slight gradual change in the CD
spectra on increasing the excess of the metal ion
(Figure 8).

The calculation of the secondary structure composition
of the putative Hg(II)–TEM-1 β-lactamase adducts form
the CD spectra demonstrated a gradual decrease of the
α-helix content upon increase of the Hg(II) concentration.
Nevertheless, these results do not reflect a remarkable sec-
ondary structure change even in the presence of an
increased amount of Hg(II). Thus, the inhibitory effect of

FIGURE 8 (a) Circular dichroism spectra of TEM-1

β-lactamase in 20 mM Tris–HCl (pH 7.5), in the presence of

Hg(II) at different concentrations. (Hg(II):TEM-1 β-lactamase

molar ratios were adjusted to 1:2, 1:5, and 1:10.) Symbols show the

experimental points, while the lines represent their fit during the

secondary structure calculations. (b) The fractions of the secondary

structure elements of TEM-1 β-lactamase calculated from the

circular dichroism spectra with the BeStSel program (Micsonai

et al., 2015, 2018).
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Hg(II) observed in the ampicillin hydrolysis experiments is
rather attributed to its interaction with methionine amino
acid residues close to the active center preventing them to
actively participate in the catalytic process.

3 | CONCLUSIONS

The crystal structure of TEM-1 β-lactamase displays three
putative histidine-pairs as metal binding sites on the pro-
tein surface and nine methionine sulfur donor atoms
inside the protein. The CD spectra of the metallated
TEM-1 β-lactamase did not significantly change upon
interaction with metal ions. This indicates that the coor-
dination of Ni(II), Cd(II) or Hg(II) to TEM-1 β-lactamase
occurs without change of the secondary structure.
Ni(II) has been shown previously by ESI-MS to bind to
the enzyme, while we could not detect specific interac-
tion of Hg(II) with the enzyme by this method. 199mHg
perturbed angular correlation of γ-rays spectroscopy
revealed that the metal ions are bound weakly to the pro-
tein presumably at interchangeable binding sites offered
by methionine sidechains. We could not observe the
influence of Cd(II) on the bacterial growth under
the applied conditions. On the other hand, Ni(II) and
Hg(II) were toxic for the bacteria at 10.0 and 1.0 μM,
respectively in the absence of ampicillin. However, the
addition of ampicillin to the bacterial cultures compen-
sated for the toxic effect of the metal ions, presumably
due to the formation complexes with no or less toxicity.
The attenuation of metal ion toxicity by ampicillin was
more successful for Hg(II) than for Ni(II), which can be
related to different coordination modes of these metal
ions in their ampicillin complexes. The kinetic descrip-
tion of the progress curves of ampicillin hydrolysis in the
presence of TEM-1 β-lactamase revealed the necessity of
a secondary hydrolysis product (P2) identified to be penil-
loic acid. This kind of the data treatment also provided
the opportunity to determine the molar absorbances of
each species present in the system, as well as the precise
concentration of the active enzyme at extremely low con-
centrations for which no other analytical methods are
available. Metal ions exerted only a small effect on the
catalytic activity of the enzyme in the test tube experi-
ments. Hg(II) slightly inhibited, while the other two
metal ions slightly promoted the catalytic reaction. This
suggests that the TEM-1 β-lactamase/ampicillin catalytic
system exhibits double selection of the applied metal ions
through their interaction with both the enzyme and the
substrate. Hg(II) is an antagonist for both the enzyme
and the substrate through its interactions with the sulfur
donor atoms. At the same time, Ni(II) and Cd(II) do not
influence the structure/catalytic activity of the enzyme

when they are bound to the surface histidines, while they
activate ampicillin for hydrolysis by their coordination
close to the beta lactam ring. To better understand the
role of metal ions in this catalytic process, detailed mech-
anistic studies are planned in the future, which may
reveal some of the individual reaction steps. In our hope
these results will lead to the efficient design of future
drugs/inhibitors or artificial enzymes.

4 | MATERIALS AND METHODS

4.1 | Reagents

All the reagents were used as purchased, without fur-
ther purification. Reagents were obtained as follows:
NiCl2, CdCl2 and HgCl2, Na2HPO4, NaH2PO4, NH4Cl,
glucose, LB medium (Reanal, Budapest), NaCl
(Szkarabeusz Laborat�oriumi, Vegyipari és Kereske-
delmi kft), KCl, tris(hydroxymethyl)aminomethane
(Molar Chemicals), imidazole, ammonium bicarbonate
(Sigma-Aldrich), tricine (VWR Life Science), isopropyl
β-D-1-thiogalactopyranoside (IPTG), dioxane free
(Thermo Scientific), pET-21a (Novagen). Seakem LE
agarose was Lonza, Rockland, ME product, acrylam-
ide/bis-acrylamide (29/1) as a 30% (w/v) solution,
ampicillin and kanamycin were SERVA Electrophore-
sis GmbH, Heidelberg products. E. coli DH10B F� end
A1 recA1 galU galK deoR nupG rpsL ΔlacX74
Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ (mrr-
hsdRMS-mcrBC) λ� was used for cloning (Grant
et al., 1990) while E. coli BL21 (DE3) F� ompT gal [dcm]
[lon] hsdSB for protein expression (Studier et al., 1990).

4.2 | Protein purification

TEM-1 β-lactamase was purified in two steps of immobi-
lized metal ion affinity chromatography (IMAC) and in a
subsequent step of anion exchange chromatography
(Figure S9) according to the previously described protocol
(Nafaee et al., 2023). For IMAC, a Ni(II)-loaded Sephar-
ose 6 Fast Flow resin in XK 16/20 column, and for anion
exchange a HiPrep Q Sepharose FF anion-exchanger
were applied with an ÄKTA FPLC explorer system
(GE Healthcare/Bio-Science AB products). The sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) examination of the final product approved
the purity of the target protein (Figure S9). The concen-
tration of TEM-1 β-lactamase (in 20 mM Tris–HCl
(pH 7.5)) was determined spectroscopically based on
ε280nm = 28,085 M�1 cm�1 (obtained via Expasy online
tool [https://web.expasy.org/protparam/]).
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4.3 | Determination of activity, and
kinetic parameters

Kinetic parameters of purified TEM-1 β-lactamase were
determined by the analysis of UV absorption spectromet-
ric data collected during the hydrolysis of the ampicillin
samples. A series of ampicillin substrate solutions with
concentrations of 230 or 930 μM were prepared in 1–
1 mL 20 mM Tris–HCl (pH 7.5) for Series 1 or in 1–1 mL
50 mM phosphate buffer (pH 7.0) for Series 2 experiments
and then mixed with the purified enzyme (yielding 0.24–
2.4 nM enzyme concentrations). The reactions were fol-
lowed using a Cary 3500 UV–Vis double beam multi-cell
spectrophotometer (Agilent Technologies) at 25�C (Series
1) or 30�C (Series 2) controlled temperature in the 210–
235 nm wavelength interval in a narrow quartz cuvette
(Hellma) with 1.0 cm path length.

The kinetic calculations were carried out by the pro-
gram ChemMech (Peintler, 1989–2022), which has been
developing specifically to fit more experimental curves
simultaneously in a single run. This way, exactly the
same value of every parameter was used during the simu-
lation of the calculated curves. It is not true if the curves
would be fitted separately. First, the concentration versus
time curves were calculated with a specific set of rate
constant values and initial concentrations as a particular
solution of the differential equation system. It is the pre-
cise mathematical model of the mechanism given in
Equation (1). There was not any simplification or modifi-
cation of this equation system during the calculations.
Empirical equations without chemical consideration
were not used at all.

d S½ �
dt

¼ �k1 � S½ � � E½ �þk2 � ESð Þ½ �
d E½ �
dt

¼ �k1 � S½ � � E½ �þ k2þk3ð Þ � ESð Þ½ �
d ESð Þ½ �

dt
¼ þk1 � S½ � � E½ �� k2þk3ð Þ � ESð Þ½ �

d P1½ �
dt

¼ þk3 � ESð Þ½ ��k4 � P1½ �
d P2½ �
dt

¼ þk4 � P1½ �

From the calculated c(t) curves. The absorbance
versus time curves (analogous to the kinetic experi-
ments) can be computed by the use of Beer–Lambert
law with an appropriate set of molar absorbance values.
After this the fitting meant to an automatic change in
the rate constants and molar absorbance values and
recalculation of the A(t) curves until reaching the mini-
mal difference between the measured and calculated
curves.

During the calculations, the number of time points
was reduced to 120 for each curve to weight them
equally. They were distributed along the arc of the curves
as proportionally as possible so the information content
of the whole monitored time range was included in the
calculations. The final set of the fitted parameters are
given in Table 3. This fitting procedure was carried out in
several ways (e.g., changing the fitted and fixed parame-
ters), and finally it was proven that adding one more step
(namely the last step in Equation (1)) to the hypothesized
minimal model is sufficient to describe the measured
curves within the experimental uncertainty. Of course,
more steps might exist but there is not enough experi-
mental information in our data set to determine further
processes.

4.4 | Bacterial viability assay

Viability of E. coli BL21(DE3) cells in the presence of metal
ions (Hg(II), Cd(II), or Ni(II)) was assessed in M9 minimal
medium (Miller, 1972). McFarland values. Bacteria were
transformed with a modified pET-21a vector (Nafaee
et al., 2023) providing ampicillin resistance in experiments
1–7 and while with the pET-M11-SUMO3-GFP DNA vec-
tor providing kanamycin resistance (Besir, 2017) in experi-
ments 8–11 and grown in 50 mL ampicillin containing
lysogeny broth (LB) media at 37�C (Table 5). The bacterial
cultures displaying �2.6 McFarland value, were centri-
fuged at 4000 � g for 15 min at 4�C. The pellets were
washed twice with cold M9 minimal medium and then
resuspended in M9 minimal medium. These bacterial cul-
tures were distributed into 5 mL aliquots and incubated
with shaking at 37�C until a McFarland value of �1.0
(experiments 1–5) or �2.3 (experiments 6–11) was
reached. The chemical solutions (ampicillin, kanamycin,
IPTG, and metal ions) were added at various concentra-
tions (Table 5), and then the samples were incubated at
24�C for up to 17 h.

4.5 | Investigation of the TEM-1
β-lactamase overexpression in the presence
of metal ions

Overexpression of TEM-1 β-lactamase in bacteria grown
in metal ion containing M9 media was identified by 12–
15% (w/v) SDS-PAGE. A mixture of seven unstained pro-
teins (116, 66.2, 45, 35, 25, 18.4, and 14.4 kDa) served as a
molecular marker (Thermo Scientific). The electrophore-
sis experiments were carried out at room temperature at
70 V for 30 min, then at 120 V for 150–180 min, using
0.1 M Tris–HCl, 0.1 M tricine, 0.1% (w/v) SDS (pH 8.3) as
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the cathode buffer and 0.2 M Tris–HCl (pH 8.9) as the
anode buffer.

4.6 | Mass spectrometric analysis

Intact protein analysis was achieved by high resolution
mass spectrometry. Intact protein mass measurement
was carried out on a Nanomate TriVersa (Advion)
chip-based nanoelectrospray ion source coupled to a
LTQ-Orbitrap Elite mass spectrometer (ThermoFisher).
The protein concentration was 2.0 μM in each individ-
ual sample containing 0, 2, 5, and 10 equivalents of
HgCl2. The samples were buffered at pH 7.8 with a
solution containing 50 mM ammonium bicarbonate/
NH3(aq).

4.7 | Circular dichroism spectroscopic
measurements

CD spectra were recorded at room temperature by a Jasco
J-1500 CD spectrometer. The parameters were adjusted
as described in the following. Wavelength range: 300–
180 nm; path length: 0.2 mm (Hellma quartz cuvette);
DIT: 2 s; bandwidth: 1.0 nm; scanning speed: 50 nm/min
(continuous scanning mode). The concentration of
TEM-1 β-lactamase was 8.6 μM in 20 mM Tris–HCl
(pH 7.5). TEM-1 β-lactamase was titrated with Cd(II) and
Hg(II) to adjust protein:M(II) molar ratios to 1:2, 1:5
and 1:10.

4.8 | PAC measurements

199mHg PAC measurements were performed at the
ISOLDE laboratories at CERN (Catherall et al., 2017).
Radioactive mercury was produced and collected in
⁓150 μL of frozen milliQ water, as described previously
(Jancs�o et al., 2021).

4.8.1 | Preparation of the samples

The following solutions were used for sample preparation
(Table 6): 0.3 mL of 23.1 μM TEM-1 β-lactamase protein
stock solution in 20 mM Tris–HCl (pH 7.5); 100 μM
HgCl2 stock solution; 500 mM HEPES buffer solution
(pH 7.4) and stock solutions for pH adjustment (1.0 M
NaOH, 1.0 M HClO4, 0.1 M NaOH, 0.1 M HClO4). Sam-
ple 1 contained 3.0 μM TEM-1 β-lactamase and 2.7 μM
Hg(II) in 10 mM HEPES (pH 7.4), 50% (w/w) sucrose.
Sample 2 contained 3.0 μM TEM-1 β-lactamase and
5.7 μM Hg(II) in 10 mM HEPES (pH 7.4), 50% (w/w)
sucrose.

4.8.2 | PAC instruments and data analysis

Two PAC setups were used, the digital DIGIPAC (Jäger
et al., 2011) equipped with six 1.5 in. � 1.5 in.
LaBr3(Ce) detectors and the analogue PERM (Butz
et al., 1989) with six 1 in. � 1 in. CeBr3 detectors. Time

TABLE 5 Conditions of bacterial viability experiments.

Experiments no. 1 2–4 5 6, 7 8, 9 10, 11

Starting McFarland value �1.0 �1.0 �1.0 �2.3 �2.3 �2.3

Ampicillin (μM) 0 or 270 0 or 270 0 or 270 0 or 270 – 10 or 100

Kanamycin (μM) – – – – 0 or 83 0 or 83

IPTG (mM) – – 0 or 1.0 0 or 1.0 – –

Ni(II) (μM) 1000 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 –

Cd(II) (μM) 1000 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 –

Hg(II) (μM) 500 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 1.0 or 10.0 5.0–100.0

TABLE 6 Sample preparation for 199mHg PAC measurements.

Stock solutions Sample 1 Sample 2

Hot Hg(II) 140 μL

Cold Hg(II) (100 μM HgCl2 solution) 13.5 μL 28.5 μL

500 mM HEPES buffer (pH 7.4) 10 μL

�23.1 μM TEM-1 β-lactamase in
20 mM Tris–HCl (pH 7.5)

65 μL

0.1 M HClO4 23 μL

H2O (and acid/base for pH
adjustment)

56 μL 41 μL

Vtotal 307.5 μL

Sucrose 0.3075 g

Vfinal 500 μL

Density of 50% (w/w) sucrose
solution

1.23 g/mL
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resolutions of 0.6 and 0.5 ns, respectively were obtained
by averaging the values obtained during determination of
t0 channels for the 30 individual spectra of detector pairs
in the 6-detector setups. Time-per-channel calibrations of
0.04883 and 0.05068 ns were used for the digital and ana-
logue PAC setups, respectively (calibrated so as to give
the same recorded frequency for the Hg(Cys)2(s) sample
for the two instruments).

Data analysis was carried out with the Winfit pro-
gram (provided by prof. T. Butz) using 600 data points
(excluding the first 10 points due to t0 determination
uncertainties near time zero). A Lorentzian line shape
was used to account for line broadening, given by the
parameter δ, due to a static distribution of EFGs. Fourier
transformation of the data and fits were carried out using
600 points after mirroring 300 data points and a Kaiser–
Bessel function with the window parameter equal to 4.

For nuclear spin I = 5/2 (which is the case for the
intermediate nuclear state for which the NQI is measured
in 199mHg PAC) and randomly oriented, static, identical
Hg(II) sites, the so-called perturbation function
(Frauenfelder and Steffen, 1965; Hemmingsen et al., 2004)
is given by:

Aeff
22G22 tð Þ¼Aeff

22 a0þa1 cos ω1tð Þþa2 cos ω2tð Þþa3 cos ω3tð Þð Þ

where A22
eff is the effective anisotropy, and ai and ωi

depend on the NQI (Butz, 1989, 1992).
The experimental equivalent of A22

effG22(t), R(t), is
constructed as (Hemmingsen et al., 2004):

R tð Þ¼ 2
W 180�, tð Þ�W 90�, tð Þ
W 180�, tð Þþ2W 90�, tð Þ

where W(180�,t) and W(90�,t) are the geometrical mean
of coincidence spectra recorded with 180� and 90�

between detectors, after subtraction of random coinci-
dences and adjustment to the same time = 0 for all
30 coincidence time traces. The data presented in
Figure 7 have been base-line shifted to 0. This has no
effect on the fitted parameters.
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