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ABSTRACT: Antimicrobial resistance is a global threat. The use of
biologically active natural products alone or in combination with the
clinically proven antimicrobial agents might be a useful strategy to fight the
resistance. The scientific hypotheses of this study were twofold: (1) the
natural humic substances rich in dicarboxyl, phenolic, heteroaryl, and other
fragments might possess inhibitory activity against β-lactamases, and (2) this
inhibitory activity might be linked to the molecular composition of the
humic ensemble. To test these hypotheses, we used humic substances (HS)
from different sources (coal, peat, and soil) and of different fractional
compositions (humic acids, hymatomelanic acids, and narrow fractions from
solid-phase extraction) for inhibiting serine β-lactamase TEM-1. Fourier
transform ion cyclotron resonance mass spectrometry (FTICR MS) was
used to characterize the molecular composition of all humic materials used
in this study. The kinetic assay with chromogenic substrate CENTA was used for assessment of inhibitory activity. The inhibition
data have shown that among all humic materials tested, a distinct activity was observed within apolar fractions of hymatomelanic acid
isolated from lignite. The decrease in the hydrolysis rate in the presence of most active fractions was 42% (with sulbactam87%).
Of particular importance is that these very fractions caused a synergistic effect (2-fold) for the combinations with sulbactam. Linking
the observed inhibition effects to molecular composition revealed the preferential contribution of low-oxidized aromatic and acyclic
components such as flavonoid-, lignin, and terpenoid-like molecules. The binding of single low-molecular-weight components to the
cryptic allosteric site along with supramolecular interactions of humic aggregates with the protein surface could be considered as a
major contributor to the observed inhibition. We believe that fine fractionation of hydrophobic humic materials along with
molecular modeling studies on the interaction between humic molecules and β-lactamases might contribute to the development of
novel β-lactamase inhibitors of humic nature.

■ INTRODUCTION

Antimicrobial resistance is a serious threat to global health.1,2 β-
Lactam antibiotics (penicillins, cephalosporins, carbapenems,
and monobactams) are the ones most widely used in clinical
practice.3,4 Themajor mechanism of bacterial resistance to these
antibiotics is production of hydrolytic enzymes-β-lactamases
(EC 3.5.2.6).5 These bacterial enzymes are represented by a
superfamily of about 2800 variants with class A serine β-
lactamases belonging to the most common clinical pathogens.
The competitive β-lactam inhibitors (sulbactam, tazobactam,
and clavulanic acid) are widely used to suppress the activity of β-
lactamases. They produce a stable covalent bond with the serine
residue in the active site of the enzyme. This mechanism of β-
lactamase inhibition is well understood, and currently, co-
administration of susceptible β-lactams with the covalent
inhibitors (e.g., clavulanate and sulbactam) is a proven
therapeutic strategy.6 However, bacteria evolved through
mutations of the key amino acid residues, which brought

about a change in the structure of β-lactamases providing for
resistance to both antibiotics and β-lactam inhibitors.6,7 This
mutational variability is primarily characteristic of class A of the
serine β-lactamases, in particular, of the TEM-type enzymes.8,9

As a result, substantial efforts were directed over the last years on
understanding the conformational behavior of β-lactamase,
which can be relevant to allosteric inhibitiona viable
alternative for drug design.10−13 An allosteric binding site for
TEM-1 was first reported by Horn and Shoichert,14 who
suggested that the movement of H10 helix away from the
protein core enables binding of allosteric inhibitors to a

Received: May 31, 2021
Accepted: August 25, 2021
Published: September 7, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

23873
https://doi.org/10.1021/acsomega.1c02841

ACS Omega 2021, 6, 23873−23883

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatyana+A.+Mikhnevich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+V.+Vyatkina+(Turkova)"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitaly+G.+Grigorenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maya+Yu.+Rubtsova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gleb+D.+Rukhovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gleb+D.+Rukhovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+A.+Letarova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darya+S.+Kravtsova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+A.+Vladimirov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+A.+Orlov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+N.+Nikolaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+N.+Nikolaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Zherebker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irina+V.+Perminova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02841&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/37?ref=pdf
https://pubs.acs.org/toc/acsodf/6/37?ref=pdf
https://pubs.acs.org/toc/acsodf/6/37?ref=pdf
https://pubs.acs.org/toc/acsodf/6/37?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


hydrophobic pocket formed by the two helices H10 and H11 on
one side and the β-sheet composed of β3, β4, and β5 on the
other side. However, the allosteric inhibition strategies are much
less well explored, while structural communication that leads to
inhibition of enzyme activity is not well understood.15 The same
is true for the inhibitory activity of small-molecule aggregates
(“colloidal inhibitors”), which block β-lactamase activity by
orchestrated conformation changes in the active center.16

Despite the much less understanding of the mechanism of
allosteric inhibition as well as “colloidal inhibition” by molecular
aggregates, they still offer new opportunities for a search of
molecules capable of bringing about a reduction in the catalytic
activity of β-lactamases. Moreover, these alternative inhibitors
could work synergistically with traditional inhibitors, which
makes this strategy even more attractive. The search for
allosteric inhibitors of β-lactamases was conducted using both
X-ray crystallographic studies with experimental ligands14,17,18

and theoretical studies on molecular modeling and screening of
chemical libraries.15 The reports on small-molecule aggregates
also considered synthetic compounds. While reviewing these
efforts, we could not find a single report on both experimental
and theoretical screening of natural compounds. At the same
time, the use of natural compounds alone or in combination with
the clinically proven agents might be a useful strategy to fight
resistance. In this regard, of particular interest are natural humic
substances (HS). They represent complex molecular systems
comprising both low- and high-molecular-weight biomolecular
precursors. The structural fragments present in HS molecules
include dicarboxylic aromatic acids, phenols, N-heteroaryls,
peptides, sugars, etc.19 This might indicate good prospects of HS
for noncovalent binding to β-lactamases. On the other side, they
are capable of producing aggregates in solution, which could
lead to aggregate−enzyme interactions.20 In the literature,
numerous reports exist on HS capability for binding to various
proteins, including enzymes.20−24 Of particular importance is
the recent patent on the inhibitory activity of the low-molecular-
weight synthetic HS with respect to β-lactamase.25 At the same
time, we have not found similar reports for natural HS in both
open and patent literature.
The objective of this study was to test the capabilities of

natural HS from different sources and of different fractional
compositions for inhibition of β-lactamases. We used three
major commercially relevant sources of HS (coal, peat, and soil),

and ran experiments both on broad traditional fractions such as
alkali-soluble humic acids (HA) and ethanol-soluble hymato-
melanic acids (HMA), and on narrow fractions obtained from
use of solid-phase extraction (SPE) and the gradient elution
technique. Serine β-lactamase of class ATEM-1was used as
a model enzyme. Both inhibitory activity and the synergistic
effects of HS were studied using combinations with sulbactam
and tazobactam.

■ RESULTS AND DISCUSSION
Assessment of the Inhibitory Activity of Humic

Materials with Respect to β-Lactamase TEM-1. The
inhibitory activity of humic materials from different sources
(coal, peat, and soil) and of different fractional compositions
(humic acids, hymatomelanic acids, and narrow SPE fractions)
towards the β-lactamase TEM-1 was investigated using kinetic
assays. Well-known β-lactam inhibitors of class A β-lacta-
masessulbactam and tazobactamwere used as positive
controls. The experiments on the inhibitory activity of HS from
different sources were conducted at two different concentrations
of enzyme (17 and 10 nM, respectively). The obtained results
are given in Figure 1a,b, respectively.
Among the common humic alkali isolates from different

sources (CHI, CHP, SHA, and PHA), a slight inhibitory activity
was observed only for coal humic acids isolated from lignite
(CHI). At the same time, a very distinct activity was observed for
the ethanol-soluble fraction of coal humic acid (CHM), which
caused a reduction of 42% in the catalytic activity of TEM-1. The
corresponding RI values for sulbactam and tazobactam were 88
and 93%, respectively.
This motivated us to undertake further separation of the

CHM sample into narrow fractions differing in polarity. This
was done by gradient elution with water:methanol solutions
with increasing content of methanol (the isolation details are
given in the Experimental Section). The obtained nine fractions
were designated by the indices corresponding to the
concentration of methanol in the solution. They were isolated
as solid materials and used for the bioassays under the same
conditions with a TEM-1 concentration of 17 nM. The data are
shown in Figure 2 (some data are omitted to avoid overlap of the
curves. All data are shown in Figure S3 in the SI.)
It can be seen that all narrow fractions of CHM showed

inhibitory activity. Of particular importance is that the inhibitory

Figure 1. Inhibition curves of β-lactamase TEM-1 by humic materials from different sources (highlighted in colors): (a) coal humic acids (CHP
blue, CHIpurple) and coal hymatomelanic acids (CHMgreen), control (black), sulbactam (red), tazobactam (orange); (b) peat HA (PHA
light blue), soil HA (SHAgold), and coal hymatomelanic acid (CHMgreen). Concentrations of humic materials50 mg·L−1, sulbactam and
tazobactam5 and 0.5 μM, respectively. SubstrateCENTA (100 μM); concentration of TEM-1: 17 nM (a) and 10 nM (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02841
ACS Omega 2021, 6, 23873−23883

23874

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02841/suppl_file/ao1c02841_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02841?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


activity increased along with an increase in methanol content of
the eluate, which is indicative of the less polar and more
hydrophobic character of the corresponding humic material. For
quantitative assessment of the inhibitory activity of the fractions,
the values of the relative decrease in initial hydrolysis rate RI
were calculated according to eq 1 and are summarized in Table
1.

The highest inhibitory activity was reached in the most
hydrophobic fraction CHM-100-2, which was obtained by the
second pure methanol elution of the PPL SPE cartridge. The
CHM-100-1, CHM-80, and CHM-60 samples slightly exceeded
the parent CHM in inhibitory activity. At the same time, the
more hydrophilic fractions, which were eluted with more polar
eluents, nominally CHM-50, CHM-40, CHM-30, CHM-20, and
CHM-10, inhibited β-lactamase to a lesser extent as compared
to the parent humic materialCHM. The obtained data
corroborate well our previous finding on the antiviral properties
of HS that the more hydrophobic humic materials exhibited a
higher biological activity.

Inhibitory Activity of the Combinations of the Humic
Fractions with β-Lactam Inhibitors. As the next step of this
study, the possible synergy between the humic and β-lactam
inhibitors (sulbactam and tazobactam) was assessed. For this
purpose, we performed the kinetic experiments on CENTA
hydrolysis by β-lactamase TEM-1 in the presence of both
sulbactam and tazobactam and four types of humic inhibitors.
The latter included the CHM sample and its three hydrophobic
fractions with the highest inhibitory activity: CHM-50, CHM-
100-1, and CHM-100-2. The corresponding kinetic curves are
shown in Figure 3.

In the case of sulbactam, its combination with all humic
fractions (except for CHM-50) caused enhanced inhibition of β-
lactamase as compared to the individual effect of sulbactam
(Figure 3a). The largest effect was observed for the combination
of sulbactam with the most hydrophobic fraction CHM-100-2,
which was closely followed by combinations with the parent
humic materialCHM. At the same time, for tazobactam, a
much less profound enhancement of the inhibitory effect was
observed only in the case of CHM-100-2. CHM did not cause
any change in tazobactam activity, whereas CHM-50 and CHM-
100 caused a slight decrease in the inhibitory effect of
tazobactam (Figure 3b).

Figure 2. Inhibition of β-lactamase TEM-1 by the narrow fractions of
humic materials (highlighted in colors): CHM-20 (yellow), CHM-50
(lime), CHM-60 (cyan), CHM-80 (light blue), CHM-100-1 (purple),
and CHM-100-2 (pink); control (black), sulbactam (red), tazobactam
(orange). Concentrations of humic materials50 mg·L−1, sulbactam
and tazobactam5 and 0.5 μM, respectively. SubstrateCENTA
(100 μM); concentration of TEM-1: 17 nM.

Table 1. Initial Rates (v2) and Relative Decrease in the Initial
Rate (RI, %) of CENTAHydrolysis by β-Lactamase TEM-1 in
the Presence of CHM Fractionsa

CHM fraction v2 (μM·s−1) RI (%)

CHM-10 0.43 ± 0.02 31.5 ± 1.5
CHM-20 0.45 ± 0.03 26.8 ± 1.8
CHM-30 0.43 ± 0.02 30.1 ± 1.4
CHM-40 0.41 ± 0.02 33.3 ± 1.6
CHM-50 0.42 ± 0.02 31.9 ± 1.5
CHM-60 0.38 ± 0.02 39.4 ± 2.1
CHM-80 0.36 ± 0.02 41.3 ± 2.5
CHM-100-1 0.32 ± 0.02 47.7 ± 3.0
CHM-100-2 0.18 ± 0.01 70.8 ± 3.9
CHM-parent 0.36 ± 0.02 41.9 ± 2.3

aRI was determined as described in the Experimental Section.

Figure 3. Inhibition of β-lactamase TEM-1 in the presence of
combinations of β-lactam and humic inhibitors: (a) 5 μM sulbactam
and (b) 0.5 μM tazobactam, humic inhibitors (50 mg·L−1).
Combinations of β-lactam and humic inhibitors are highlighted in
green (CHM), lime (CHM-50), purple (CHM-100-1), pink (CHM-
100-2), red (β-lactam inhibitor alone), and black (control without
inhibitors).
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To explore if the observed inhibitory effect of the
combinations of sulbactam with the humic materials used in
this study is additive or synergistic, we used the additive model
(eq 2) developed by Chou and Talalay for the combined action
of several competitive inhibitors.26 The initial velocity of the
uninhibited reaction (v0) was 0.62± 0.04 μM·s−1, and the initial
velocity in the presence of the β-lactam inhibitor (v1) was 0.070
± 0.005 μM·s−1 for sulbactam, and 0.040 ± 0.003 μM·s−1 for
tazobactam. The calculated results for the experimental and
simulated initial velocities are given in Table 2, where v2 is the

initial velocity of the reaction in the presence of inhibitor 2 (HS)
only, v1,2 is the initial velocity of the reaction in the presence of
both humic and β-lactam inhibitors. The data obtained show
that in case of the combinations of sulbactam with CHM and

CHM-100-2, the experimental initial velocities were lesser as
compared to the calculated additive ones. This is indicative of
the synergistic effect exerted by the humic inhibitors on
sulbactam. In case of the combinations of sulbactam with
CHM-50 and CHM-100, the inhibition rates were equal to the
sum of individual reaction rates for sulbactam and for the CHM
fractions. This is indicative of additive effects. In the case of
tazobactam, CHM-100-2 showed an additive effect, whereas
CHM, CHM-50, and CHM-100-1 showed antagonistic effects.
We assumed that the inconsistency of the effects observed

might stem from the interaction of some individual HS
components with the enzyme, which affected the binding of
inhibitors in the active center. It should be noted that sulbactam
has a substantially smaller longitudinal size as compared to
tazobactam. Along with that, the reported data on molecular
dynamics modeling demonstrated that a molecule of sulbactam
was more mobile in the cavity of the active center and capable of
performing rotational movements while remaining bound to the
enzyme.27 Thus, binding of humic molecular components with
the allosteric centers of the protein could affect the
conformation of the active site of β-lactamase and contribute
to formation of its more stable complex with sulbactam.

Correlation and Regression Analysis of the Molecular
Composition and Inhibitory Activity of the Narrow CHM
Fractions. For linking the observed inhibitory activity to the
molecular components present in the narrow CHM fractions, all
fractions were characterized using high-resolution Fourier

Table 2. Experimental and Calculated Initial Velocities of the
Hydrolysis Reaction (μM·s−1)

sulbactam tazobactam

HS sample v1,2 exp.×10−2
a v1,2 calc.×10−2

b v1,2 exp.×10−2 v1,2 calc.×10−2

none 7.0 ± 0.5 4.0 ± 0.3
CHM 4.0 ± 0.3 6.7 4.9 ± 0.4 4.0
CHM-50 7.4 ± 0.5 6.9 13.0 ± 0.9 4.0
CHM-100-1 6.8 ± 0.4 6.6 10.7 ± 0.8 3.9
CHM-100-2 3.2 ± 0.2 5.7 3.9 ± 0.3 3.6

aExp, experimental. bCalc, calculated using eq 2.

Figure 4. van Krevelen diagrams of the narrow CHM fractions differing in polarity obtained by elution from the SPE PPL cartridges using
CH3OH:H2O mixtures. The methanol proportion is designated in the legend. CHO formulae are highlighted in blue, CHON in yellow, CHOS in
green, and CHONS in red. The dot size corresponds to the peak intensity in the mass list.
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transform ion cyclotron resonance mass spectrometry (FTICR
MS). The corresponding data are shown in Figure 4 as van
Krevelen diagrams plotted from molecular formulae assigned to
the obtained FTICR MS data.
It can be seen that the most striking differences between the

most nonpolar (hydrophobic) fractions and the hydrophilic
fractions are observed in the content of low-oxidized condensed
aromatic compounds and lignin-like species occupying the range
with the sameO/C values (O/C< 0.5) and different H/C values
(H/C < 1 and 1.0 < H/C < 1.4), respectively. The fractions
eluted with the mixtures containing more than 80% methanol
were characterized with a higher contribution of low-oxidized
compounds. This is consistent with their hydrophobic character.
The number of unique formulae present in each fraction is given
in Table 3 (the term “unique” refers to components that could
be found only in this fraction and could not be observed in the
others).

Molecular compositions of the fractions varied substantially in
chemical diversity. The first five fractions (the most polar ones)
had the least number of constituents (Table 4). This might be
attributed to the lower ionization efficiency of the polar
components as compared to the hydrophobic ones.28 The
four more hydrophobic fractions were characterized with a
higher number of constituents. This could be a result of
resolving the charge-combating issue in the ion cyclotron
resonance (ICR) detector.29,30 As a total, fractionation revealed

4276 newmolecular compositions that could not be observed in
the parent CHM material. This could be caused by the charge
competition and slight selectivity of electrospray ionization
(ESI) taking place during the FTICR MS analysis.29,30 At the
same time, the molecular constituents found in the CHM
fractions covered all formulae determined in the parent CHM
material.
For establishing the relationship between the molecular

composition and inhibitory activity of the CHM fractions, we
generated quantitative descriptors as described by Perminova.31

In brief, we binned the whole field of each van Krevelen diagram
shown in Figure 4 in the range of H/C values from 0.2 to 2.2 and
of O/C values from 0 to 1 into 20 cells as shown in Figure 5, and
calculated the occupation density of each cell.31 The obtained
values were designated with a capital D followed by the
sequential number of the cell (Table 4).
The maximum differences in the molecular compositions of

the hydrophobic (eluted with methanol content >50%) and
hydrophilic (eluted with methanol content <50%) fractions
were observed for the descriptors related to the contributions of
the condensed, lignin-like, and terpenoid compounds (D3, D6,
and D7) and those related to oxidized aromatic tannins (D11,
D12). The highest values of the former and the lowest values of
the latter were observed in the most hydrophobic (and the most
active) fractions. The obtained structural descriptors were used
in combination with the inhibitory activity data set (Table 1) for
correlation−regression analysis. The results are presented in
Figure 5.
Red color highlights direct correlations between the

molecular components of the CHM fractions occupying these
cells and their inhibitory activity, whereas blue color indicates
inverse correlations. The correlation coefficient (R value) is
given as a color-coded bar in Figure 5a. The black dots in the van
Krevelen diagram represent all formulae that been seen in the
nine CHM fractions. The dot size is proportional to the number
of compounds with the same formulae in the different fractions.
The constructed integral van Krevelen diagram gives a much

Table 3. Number of Total and Unique Formulae Determined
in the Narrow CHM Fractions

fraction total unique fraction total unique

CHM-parent 4306 0 CHM-50 1259 288
CHM-10 428 49 CHM-60 1915 261
CHM-20 1036 231 CHM-80 3013 489
CHM-30 1406 330 CHM-100-1 2365 442
CHM-40 1009 261 CHM-100-2 5365 1925

Table 4. Descriptors of Molecular Compositions of the CHM Fractions Calculated from the Occupation Density of the
Corresponding van Krevelen Diagrams

CHM-10 CHM-20 CHM-30 CHM-40 CHM-50 CHM-60 CHM-80 CHM-100 CHM-100_2

D1 0.006 0 0 0.003 0.001 0.001 0.001 0.003 0.011
D2 0 0 0 0.001 0 0 0 0.002 0.083
D3 0 0 0 0 0 0 0 0.023 0.107
D4 0 0 0 0 0 0 0 0.009 0.044
D5 0.002 0 0 0 0 0 0 0 0.007
D6 0.065 0.024 0.013 0.022 0.02 0.046 0.068 0.076 0.099
D7 0.146 0.04 0.022 0.052 0.084 0.215 0.35 0.304 0.293
D8 0.006 0.001 0.002 0.008 0.019 0.061 0.214 0.383 0.211
D9 0 0 0 0 0 0.002 0.017 0.078 0.044
D10 0 0 0 0 0 0 0 0.001 0.003
D11 0.289 0.357 0.348 0.286 0.249 0.209 0.107 0.041 0.028
D12 0.46 0.46 0.534 0.559 0.563 0.398 0.204 0.065 0.041
D13 0.019 0.04 0.049 0.065 0.059 0.064 0.037 0.011 0.008
D14 0 0 0 0 0.001 0.002 0.002 0 0
D15 0 0 0 0 0 0 0 0 0
D16 0.001 0.024 0.01 0 0.001 0 0 0 0
D17 0.003 0.048 0.019 0.002 0.003 0.001 0 0 0.001
D18 0.001 0.008 0.003 0.001 0 0 0 0 0
D19 0 0 0 0 0 0 0 0 0.002
D20 0 0 0 0 0 0 0 0.001 0.012
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better idea of the occupation density distributions of all
molecular components, which were measured using FTICR
MS in the nine narrow CHM fractions. It can be deduced from
Figure 5a that an increase in the inhibitory activity of the CHM
fractions (a decrease in the rate of CENTA hydrolysis) is
associated with an increase in the contribution of the relatively
more hydrophobic componentscondensed tannins (D3, D6),
unsaturated low-oxidized compounds (D2, D4), lignin-like and
terpenoid species (D3, D7), whereas a decrease in activity is
associated with an increase in the proportion of the relatively less
hydrophobic, more polar oxidized tannins (D11, D12).
The same data set was used for multiple regression analysis in

order to develop a regression model for inhibitory activity
against β-lactamase TEM-1. Due to the small size of the sample
set (n = 9), the analysis was limited to a linear combination of no
more than three descriptors for increasing the robustness of the
obtained relationships. The best fit is shown in Figure 5b (R2 =
0.978). The full outcomes of the regression analysis are
summarized in Tables S4−S6 in the SI. The regression equation
in Figure 5b is consistent with the highest direct contribution of
the relatively hydrophobic phenylisopropanoid structures (D3
descriptor) and inverse contribution of the highly oxidized
hydrolyzable tannins (D11) to the inhibitory activity of HS
towards the TEM-1 β-lactamase used in this study. For
validating the obtained regression relationship, we applied it
for calculation of the inhibitory activity of the parent sample
CHM, which was not used for the regression analysis. For this
purpose, we calculated the occupational density distribution for
the CHM sample and ran the corresponding calculations. The
predicted and experimental RI values are shown in Figure 5b
with a dot highlighted in orange color. It can be seen that the
predicted value is in good agreement with the experimentally
determined inhibitory activity of CHM: it lies in the closest
proximity of the regression curve calculated for the CHM
fractions. This might demonstrate the applicability of the
obtained relationship for the class of HS under study.
Nominally, it might indicate that the most active molecules in
the humic ensemble with regard to inhibition of the TEM-1 β-
lactamase belong to the relatively hydrophobic components,
supposedly, of phenylisopropanoic, flavonoid, polyphenolic, or
other less-oxidized aromatic compounds.

For digging deeper into the nature of the active molecular
components of HS, we used the approach reported in our
previous work.32 It is based on mining the FTICR MS-derived
formulae for the molecular components of HS in the ChEMBL
database,33 which is one of the largest databases on the
biological activity of chemical compounds. By doing so, we do
not assume that the individual components of HS can be found
in ChEMBL, though we do not ascertain otherwise. Our goal
was to find out what kind of chemotypes among the known
natural products that possess inhibitory activity against β-
lactamases might be structurally similar to those present in HS.
To retrieve such compounds, we mined all inhibitors of β-
lactamases reported in the ChEMBL database and selected only
those that could be defined as natural-like products with at least
one acidic proton in their structure, so they would be ionized
using negative ESI. It is worth noting that there were only few
structures retrieved with the reported activity against TEM β-
lactamases, which is why we analyzed the data for β-lactamases
of all molecular classes (in the SI).
In total, 306 structures corresponding to 255 unique

molecular formulae were retrieved from the ChEMBL database
(given in the SI). Among those, 159, 78, 1, and 17 compositions
had CHO, CHON, CHOS, and CHONS elemental composi-
tions, respectively. Figure 6 shows a van Krevelen diagram
plotted for these compounds and projected onto the occupa-
tional density distributions of the molecular components, which
correlated positively (highlighted in red color) and negatively
(highlighted in blue color) with the activity of HS against TEM-
1 β-lactamase.
It can be seen that majority of the formulae retrieved from

ChEMBL populated the area with high inhibitory activity of the
CHM fractions. The van Krevelen diagram resembled the
population density of CHM-100-2 (the most active fraction).
The compounds in this area of the van Krevelen diagram are
usually attributed to flavonoid-, lignin-like structures, condensed
polyphenols, and terpenoids.31

Although the exact mechanism of the observed inhibitory
activity of the narrow apolar fractions of hymatomelanic acid
isolated from coal and of their combinations with β-lactam
inhibitors remains unclear, several hypotheses about their
mechanism of action can be suggested. The moderate inhibitory
activity of apolar fractions of HS and their synergy with

Figure 5.Correlation analysis data (a) and regression analysis data (b) obtained for the sets of descriptors of the occupational density of van Krevelen
diagrams (Table 4) and the inhibitory activity of the CHM fractions (Table 1). The colors indicate the values of the correlation coefficient. The
regression line corresponds to the equation RI (%) = 256 × D3 − 43 × D11 + 43.
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sulbactam can be attributed to the preferential binding of the
apolar (hydrophobic and amphiphatic) components of HS to
the hydrophobic pocket of cryptic allosteric sites on the surface
of the protein, which was first described by Horn amd
Shoichert.14 The potential presence of allosteric sites on the
surface of TEM-1 β-lactamases and their influence on the active
site were further investigated using laboratory experiments
followed by X-ray crystallography14 and molecular dynamics
simulations.10−13 X-ray crystallography of TEM-1 β-lactamase
with different ligands showed that ligands can interact with the
hidden allosteric site and disrupt the protein tertiary structure,
leading to conformational changes in the active site.14 In line
with this, molecular dynamics simulations showed that
molecules binding to allosteric sites might affect the overall
enzymemovement, causing changes in the active site, whichmay
be related to the enzyme’s ability to resist the action of particular
antibiotics.13 In the case of HS, the interactions with allosteric
sites of β-lactamase could proceed via binding of a single
ligandthe specific low-molecular-weight component of HS
with the allosteric site. On the other side, the colloid-like
interaction of enzyme and the supramolecular aggregate of HS
cannot be excluded. It was reported for quercetin (flavonoid)
and gossypol (polyphenol) (retrieved among others from the
ChEMBL database), which form supramolecular aggregates
capable of interactions with the serine β-lactamase AmpC.34,35

This tendency was also observed for a large spectrum of other
flavonoid-like compounds,36−40 Given the same inhibition
kinetics, which was observed in the control experiments on
the possibility of adduct formation between the HS and
CENTA, as well as between TEM-1 β-lactamase and hydrolyzed
CENTA (Tables S7−S9), the colloidal mechanism looks less
probable, but it cannot be neglected in further studies on the
molecular mechanisms of inhibition of β-lactamase by HS.

■ CONCLUSIONS

The presented study for the first time demonstrated that the
natural HS possessed inhibitory activity with regard to the TEM-
1 β-lactamase. Moreover, it has shown a way for enhancing this
activity by directed isolation of the apolar (hydrophobic and
amphiphatic) components of the humic ensemble using SPE
extraction and gradient elution. A novel approach to the
generation of quantitative descriptors for the molecular
composition of HS was tested by deriving them from the
population density distribution of the molecular components of
HS in the van Krevelen diagram. It has demonstrated good
prospects for building molecular composition−activity relation-
ships and can be easily extended to other HS and natural
complex matrices in general. The undertaken chemoinformatic
study allowed us to suggest that the inhibitory activity of HSwith
respect to β-lactamase might be connected both to the
interaction of the single low-molecular-weight components of
HS with the cryptic allosteric site of β-lactamase and to the
nonspecific interaction of the supramolecular aggregate of HS
components with the surface of the protein, which bring about a
change in the conformation of the active site. Further studies on
HS from different natural sources and their fractions obtained
with using much finer separation technologies (e.g., two-
dimensional (2D) chromatography) might bring substantial
advancement in the field of directed design of humic-based
materials for fighting antibacterial resistance.

■ EXPERIMENTAL SECTION

Reagents and the Parent HumicMaterials Used in This
Study. Substrate and Inhibitors. Chromogenic β-lactamase
substrate CENTA (CAS 9073-60-3, 98%),41 sulbactam (99%),
and tazobactam (99%) were purchased from Sigma-Aldrich
(Germany).

Enzyme. Recombinant β-lactamase TEM-1 was expressed in
Escherichia coli and purified as described by Grigorenko et al.17

In brief, the recombinant enzyme was isolated from bacterial
periplasm using the osmotic shock procedure and purified
further by anion-exchange and size exclusion chromatography.
Two batches of TEM-1 corresponding to different isolations
(isolation procedure was the same) were used in concentrations
of 17 and 10 nM in the experiments on the inhibitory activity of
HS from different sources (Figure 1).

Humic Materials. The set of humic materials included the
potassium humate (CHP) provided by Humintech Ltd.
(Grevenbroich, Germany) under the trade name Powhumus, a
commercial sample of potassium/sodium humate “Humate-
Extra” (CHI), soil humic acids (SHA), peat humic acids
collected from The Great Vasyugan Mire (PHA), and
hymatomelanic acids (CHM), previously isolated from CHI
using ethanol extraction as described by Stevenson.42 The data
on the elemental and structural-group compositions of the
humic materials are summarized in Table S1 of the Supporting
Information. The 13C NMR spectra for both humic materials are
shown in Figure S1 of the Supporting Information.

SPE-Fractionation of the CHM Sample Using Gradient
Elution. The narrow fractions of CHM were obtained using
sorption on a Bond Elut PPL SPE cartridge (100 mg, 3 mL)
(Agilent Technologies) followed by gradient elution with
water:methanol mixtures. The PPL SPE cartridge was activated
by passing 3 mL of methanol immediately prior to fractionation
as described by Dittmar et al. and Zherebker et al.43,44 CHM
solution (300 mL of 207 mg·L−1) was pre-acidified with 1 M

Figure 6. Van Krevelen diagram plotted for 255 unique molecular
formulae of the compounds possessing inhibitory activity with regard to
β-lactamases, which were retrieved from ChEMBL as matches of the
molecular formulae measured by FTICR MS in CHM fractions. The
background is represented by the occupation density distribution of all
molecular components comprising the narrow CHM fractions, whose
content correlated positively (highlighted in red) and negatively
(highlighted in blue) with the inhibitory activity of these CHM
fractions.
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HCl to pH 2.0 and discharged through the cartridge. Then, the
cartridge was washed with 3 mL of 0.01 M HCl for complete
elimination of salts and dried for 30 min in the air flow. The
CHM fractions were then eluted by passing equal portions (10
mL) of water/methanol solutions at 2 mL·min−1 flow rate. The
following MeOH/H2O ratios (v/v) were used: 10:90, 20:80,
30:70, 40:60, 50:50, 60:40, 80:20, 100:0 (the first portion), and
100:0 (the second portion). Two portions of pure methanol
were used to ensure full recovery of the sorbed humic material.
The collected eluates were evaporated to dryness in vacuo and
re-dissolved in 50 mM sodium phosphate buffer, pH 7.0 at 25
°C.Masses of the recovered fractions are given in Table S2 of the
Supporting Information.
Determination of Catalytic Parameters of β-Lacta-

mase TEM-1. The catalytic activity of β-lactamase TEM-1 was
determined in the hydrolysis reaction of chromogenic substrate
CENTAstructural analogue of antibiotic cephalothin de-
scribed by Bebrone et al.41 The stock solution of CENTA (1
mM) was prepared in 50 mM sodium phosphate buffer, pH 7.0.
Assay conditions: 50 mM sodium phosphate buffer pH 7.0, 25
°C, enzyme concentration of 17 nM. The reaction was initiated
by adding the substrate solution to the enzyme-containing
solution. The hydrolysis of CENTA was monitored by
continuous recording of the absorbance at 405 nm (ε405 =
6400 M−1·cm−1) for 3 min.
Catalytic parameters of the β-lactamase hydrolysis were

determined using different concentrations of CENTA (10, 20,
30, and 50 μM). The measurements were made in triplicates.
Initial hydrolysis rates were determined from the slopes of the
initial intersects of the kinetic curves for a period of 10 s. The
values of Michaelis constant (KM) and Vmax were determined
using the weighted Lineweaver−Burk and Eadie−Hofstee
linearization (Figure S2a,b). The KM values determined in the
Lineweaver−Burk and Eadie−Hofstee coordinates accounted
for 25.2 and 22.0 μM; the values of the maximum reaction rate
(Vmax) were 0.43 and 0.39 μM·s−1, respectively, which agreed
well with the reported earlier data for the narrow-spectrum
TEM-type β-lactamase measured under the same experimental
conditions.17

Control experiments on the possibility of adduct formation
between the HS and CENTA, as well as between TEM-1 β-
lactamase and hydrolyzed CENTA, were performed using UV−
vis spectroscopy. The details are given in the Supporting
Information (Tables S7 and S8 and Figure S4).
Study of Individual and Combined Action of HS and β-

Lactam Inhibitors on β-Lactamase TEM-1. β-Lactam
inhibitors (sulbactam and tazobactam) and HS were added to
the enzyme/substrate mixture in 50 mM sodium phosphate
buffer, pH 7.0, separately and in combination. The concen-
trations of stock solutions of CENTA, β-lactamase TEM-1,
sulbactam, tazobactam, and HS (CHP, CHI, SHA, PHA, CHM,
and the fractions of CHM) are given in Table 5. The total assay
volume was 3 mL. The reaction was initiated by adding the
required aliquot of enzyme stock solution to the mixture of the
reagents. The kinetic curves of the accumulation of the CENTA
hydrolysis product were recorded by absorbance at 405 nm
during 30 min. The intrinsic optical absorption of HS was
automatically subtracted, since it does not introduce significant
errors in the kinetics determinations (the details are provided in
the Supporting Information, Table S9).
The following humic materials were used in the inhibition

assays: CHP, CHM, and all narrow CHM fractions. Combined

inhibition with sulbactam and tazobactam was studied with the
use of CHP, CHM, CHM-50, CHM-100-1, and CHM-100-2.
The relative decrease in the initial rate of CENTA hydrolysis

by β-lactamase TEM-1 in the presence of CHM fractions was
calculated according to eq 1
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where vI is the initial rate of the hydrolysis reaction in the
presence of inhibitor (HS, β-lactam inhibitor, or both of them),
and v0 is the initial rate of the uninhibited hydrolysis reaction.

Data Treatment of the Inhibition Experiments with a
Combination of Low-Molecular-Weight β-Lactam Inhib-
itors and Humic Inhibitors. The initial rates of CENTA
hydrolysis were determined as slopes of kinetic curves over the
first 3 min of reaction. The combined action of two types of
inhibitors was compared with their separate action using the
additivemodel of the action of two inhibitors according to eq 226

v v v v1/ 1/ 1/ 1/1,2 1 2 0= + − (2)

where v1, v2 are the initial rates of CENTA hydrolysis in the
presence of inhibitor 1 (β-lactam inhibitor sulbactam or
tazobactam) and inhibitor 2 (HS), v0 is the initial velocity of
the uninhibited reaction of CENTA hydrolysis, and v1,2 is the
initial velocity in the presence of the mixture of inhibitors 1 and
2.
If the calculated value v1,2 was higher than the experimentally

determined ones, then the conclusion was made on the
synergistic effect of the HS and β-lactam inhibitors on
CENTA hydrolysis. If the calculated value v1,2 was lower than
the experimental ones, the conclusion was made on the
antagonistic effect of two inhibitors. If the calculated and
experimental initial rates v1,2 were equal, then a decrease in the
initial reaction rate could be related exclusively to an increase in
the concentration of inhibitors, which is indicative of the
additive effect of the inhibitors.

FTICR MS Analysis of the Humic Materials. FTICR MS
analysis of the HS samples was performed using an FT MS
spectrometer Bruker Apex Ultra (Bruker Daltonics) equipped
with a dynamically harmonized cell, a 7 T superconducting
magnet, and an electrospray ionization (ESI) source. Each of the
mass spectra were acquired in negative ionization mode by
direct infusion at a flow rate of 120 mL·h−1 by summarizing 400
scans. The internal calibration of the obtained mass spectra was
systematically conducted using the known peak series of HS,
reaching accuracy values of <0.5 ppm. Mass lists were created
using Data Analysis 3.4 software (Bruker Daltonics). Molecular
assignments were made using lab-made Transhumus software.
Ion charge was directly determined for abundant peaks using the
m/z difference between 13C and 12C isotopologues, and was

Table 5. Reagent Concentrations in the Experiments on
Inhibition of β-Lactamase TEM-1 by HS and β-Lactam
Inhibitors

stock solution
concentration

aliquot
(μL)

concentration in the
reaction mixture

CENTA 1 mM 300 100 μM
β-lactamase
TEM-1

34/0.85 μM 1.5/35 17/10 nM

sulbactam 2 mM 7.5 5 μM
tazobactam 0.2 mM 7.5 0.5 μM
HS sample 200 mg·L−1 750 50 mg·L−1
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extended for minor peaks using the total mass differences
algorithm.45 Formulae were filtered using the following typical
atomic constraints: O/C≤ 1, H/C≤ 2.2, C≤ 120, H≤ 200, 0 <
O ≤ 60, and N ≤ 2, S ≤ 1.
Establishing Molecular Composition−Activity Rela-

tionships for the Inhibitory Activity of the HS Fractions.
For the narrow fractions of CHM, the relationships were
established between molecular composition and inhibitory
activity with respect to β-lactamase. The descriptors of
molecular composition of HS were determined as described
by Perminova.31 They were generated by binning the van
Krevelen diagram into 20 cells and calculating the intensity-
weighted population density of each cell using the following
equation
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whereDk is the intensity-weighted population density of the cell
k; N is the total number of points in the diagram; Nk is the
number of points belonging to the cell k; Ij is the intensity of
point j; and Ii is the point i belonging to the cell k peak intensity.
The obtained matrix was used for correlation analysis with the

corresponding data on the inhibitory activity of each fraction.
Multiple regression was used to construct the composition−
activity relationships for the obtained data sets.
ChEMBLDataMining.The following procedures were used

to retrieve the data from ChEMBL. The MySQL version of
ChEMBL (v. 26) database was downloaded from ChEMBL ftp
web service and set up on a local MySQL server.46 The data on
the activities, assays, and compound structures tested against β-
lactamases were retrieved and processed using a set of MySQL
queries and text mining procedures implemented as a Python
script. At first, all entries from the target_dictionary table
containing the “pref_name” field matching the regular
expression “β(.*)lactamase” were retrieved. Data on the
activities, descriptions of assays, and structures of compounds
were then retrieved from the activities, assays, compound_struc-
tures table using “tid” values from the target_dictionary table as
keys. Additional assays related to TEM-1 β-lactamase were also
searched in the “description” field of the assays table using the
regular expression “TEM(.{0,1})1(\D)”. The retrieved entries
were manually curated to keep only the relevant ones and added
to the data set. The entries were also filtered by activity values: all
entries for which the “pchembl_value” field was empty or the
“activity_comment” field contained values “Not Active” or
“inactive” were filtered out. The structures of the compounds
(canonical_smiles field from the compound_structures table)
were standardized using the following procedures: (1) smiles
strings were split by the (“.”) symbol and the largest substring
consisting of alphabetic symbols was kept; (2) compounds were
uncharged, and stereochemistry was removed using the RDKit
library. Formulae corresponding to standardized structures were
matched to formulae from HS samples. pKa values were
calculated using OPERA software.47 The natural product
likeness (NPLike) score was calculated according to P. Ertl’s
approach using RDKit library.48,49 Only the compounds with
NPLike score values larger than 0 and the ones containing at
least one acidic proton (COOH, AlkOH, or ArOH groups) were
kept in the data set.
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