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ABSTRACT: A search for novel sources of biologically active compounds is at the top of the

agenda for biomedical technologies. Natural humic substances (HSs) contain a large variety of Humic
different chemotypes, such as condensed tannins, hydrolyzable tannins, terpenoids, lignins, etc. ~ substances
The goal of this work was to develop an efficient separation technique based on solid-phase

~10000 molecular components

extraction (SPE) for the isolation of narrow fractions of HS with higher biological activity pHs
compared to the initial material. We used lignite humic acid as the parent humic material,
which showed moderate inhibition activity toward beta-lactamase TEM 1 and antioxidant soreren

activity. We applied two different SPE techniques: the first one was based on a gradient elution
with water/methanol mixtures of the humic material sorbed at pH 2, and the second one
implied separation by a difference in the pK, value by the use of sequential sorption of HS at
pH from 8 to 3. SPE cartridges Bond Elute PPL (Agilent) were used in the fractionation
experiments. The first and second techniques yielded 9 and 7 fractions, respectively. All
fractions were characterized using high-resolution mass spectrometry and biological assays,
including the determination of beta-lactamase (TEM 1) inhibition activity and antioxidant activity. The acidity-based separation
technique demonstrated substantial advantages: it enabled the isolation of components, outcompeting the initial material at the first
step of separation (sorption at pH 8). It showed moderate orthogonality in separation with regard to the polarity-based technique.
Good perspectives are shown for developing a 2D separation scheme using a combination of polarity and acidity-based approaches
to reduce structural heterogeneity of the narrow fractions of HS.

Bl INTRODUCTION ultrahigh resolution of this technique, several thousand
molecular peaks can be determined in a mass spectrum of
HS.”'~** Projection of FTICR MS assignments onto the 2D
space of the Van Krevelen diagram makes it possible to
visualize the chemical space of HS.***° The presence or
absence of certain molecular components on the Van Krevelen
diagram is used to relate the structure to the biological activity
of HS.””’~** This is due to a lack of efficient techniques for the
targeted isolation of individual molecular components from the
molecular ensemble of HS.

Fractionation is one of the most effective approaches, which
allows for the reduction of chemical and isomeric diversity of
HS as well as the extraction of the more biologically active
components.”' ~** Solid-phase extraction (SPE) with the use of
prepacked cartridges (e.g., Bond Elute PPL) is widely used as a
method of preparative extraction of HS from aquatic

Humic substances (HSs) make up a versatile class of natural
compounds with diverse biological activities. HSs are complex
supramolecular systems enriched with oxygen-containing
carboxylic and phenolic groups, which are formed during the
oxidative degradation of biomolecular precursors: lignins,
proteins, lipids, polysaccharides, etc.”? The variety of HS
molecular composition ensures the expression of antibacte-
rial,>* antiviral,”™” antioxidant activities®>™'' etc. Screening
natural product libraries is proposed as a promising approach
for discovery of new scaffolds of chemical compounds capable
of suppressing the resistance of pathogenic bacteria to
antibiotics.'” Bacterial antibiotic resistance has become as a
critical one among the top global health threats.">'* Tt is
widespread worldwide, causing millions of deaths due to the
ineffectiveness of antibiotics.

. 36-38 . . . . .
Recently, the ability of HS to inhibit serine f-lactamases, environments. SPE, in combination with gradient elution
which cause the most common resistance of gram-negative
bacteria to f-lactam antibiotics, has been demonstrated.'”' At Received: October 29, 2023
the same time, HS are scarcely used in practice due to extreme Revised: ~ December 3, 2023

Accepted: December S, 2023

structural heterogeneity and a high level of isomeric complex-
Published: December 15, 2023

ity. This complexity can be clearly seen from the data of
Fourier transform ion cyclotron mass-spectrometry (FTICR
MS) on molecular composition of HS."” ™" Thanks to the
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with solvents differing in polarity, was effective in both the
separation of molecular components and the isolation of
fractions with increased inhibitory activity against f-lactamase
TEM. 16,38

Another version of the SPE technique developed by
Zherebker et al.’””** applied sequential sorption of HS from
solutions with a decreasing pH value, starting with 7. It allows
fractions to be obtained with a narrow range of pK, values. It
was shown that the use of HS solutions at pH 7 enabled the
isolation of a fraction that was rich in hydrophobic
components, such as condensed tannins, lignins, and
terpenoids. These components contribute greatly to the
biological activity of HS.*' However, this method has not
been used so far at pH values higher than, which are
particularly promising for the isolation of more hydrophobic
fractions with potentially higher biological activity.

The objective of this study was to compare the efficacy of
two different versions of SPE for the targeted extraction of the
biologically active components from the humic materials. For
this purpose, we used the SPE technique, which implies a
gradient decrease in pH starting with pH 8 (SPE-acidity), and
the SPE technique based on gradient elution with solvents of
different polarities (SPE-polarity) for preparing narrow
fractions of HS. We tested the obtained fractions for inhibitory
activity against serine f-lactamase (TEM 1) and antioxidant
activity.

B RESULTS AND DISCUSSION

Fractionation of HS by Polarity and Acidity. According
to our previous studies, coal humic acids (CHAs) are the most
promising source of f-lactamase inhibitors, unlike humic or
fulvic acids of soils and peat.'® A sample of CHA isolated from
commercially available sodium humate “Genesis” (CHA-G)
was used in this study. It was characterized by the data on
elemental and structural group compositions which are given
in the Supporting Information (Table S1).

The SPE separation of CHA-G into narrow fractions by
polarity was carried out, as shown in Figure la. The humic
material was sorbed at pH 2 on the SPE cartridge and then
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® [cHac—, 100% oHiOH | REPEAT
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pH 4 OMe
on-conjugated carboxylic acids
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Figure 1. Schemes of isolation of CHA-G narrow fractions (a) by
polarity; (b) by acidity.
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eluted with equal volumes of H,O/CH;OH mixtures with an
increasing content of methanol in the ratios (vol %): 80:20,
70:30, 50:50, 40:60, 30:70, 20:80, 10:90, 0:100.

For the fractionation of CHA-G by acidity, the SPE method
was applied with sequential pH lowering from 8 to 3 (see the
Experimental Section and Figure 1b). The molecular
components were extracted in the order of affinity for proton
binding: at higher pH, the least acidic phenolic components
were sorbed, as shown in Figure 1b. The use of this method for
HS fractionation required more time and effort in this study
compared to the polarity SPE because it implied multiple steps
of both sorption and desorption of HS versus the single
sorption step of the polarity SPE. The masses of the obtained
CHA-G fractions by polarity and acidity are given in Table 1.

Table 1. Mass Yields of CHA-G Fractions Obtained by the
Two Techniques Used in this Study

by polarity mass, mg by acidity mass, mg
material used for 35S material used for 500
fractionation fractionation
CHAG-20 10 CHAG-pHS8 18
CHAG-30 2 CHAG-pH7 14
CHAG-50 20 CHAG-pH6 23
CHAG-60 15 CHAG-pHS 21
CHAG-70 17 CHAG-pH4 47
CHAG-80 10 CHAG-pH3 35
CHAG-90 12
CHAG-100 8
fractions 94 (26%) fractions 158
(32%)
irreversibly sorbed 219 irreversibly sorbed 51 (10%)
material” (62%) material”
non sorbed material” 42 (12%) non sorbed material” 291
(58%)

“Calculated by subtracting the masses of fractions and unsorbed
material from the initial mass. “Determined by measurement of UV
absorbance of the solution after passing through the cartridge.

It can be seen that a large portion (60%) of the CHA-G
sorbed at pH 2 remained on the cartridge even after its elution
with 100% methanol (the cartridge maintained a black color).
A solvent of higher polarity (e.g,, 0.1 M NaOH) was needed to
extract the remaining fraction. The opposite situation was
observed with the separation by acidity: more than 60% of the
initial humic material was not sorbed onto the cartridge at pH
3. It was precipitated by lowering the pH of the final solution
until 2. The formed precipitate was composed of very
hydrophobic, apolar, resin-like components.

Molecular Compositions of the Narrow HS Fractions
Obtained in this Study. Molecular compositions of the
obtained CHA-G narrow fractions were characterized by
FTICR MS. The characteristics of mass spectra are given in
Table 2. They include the amount of assigned formulas, the
number of CHO and CHON formulas, the calculated
intensity-weighted average values of molecular weights, DBE
(double bond equivalent), H/C, and O/C ratios.

A consistent decrease in the value of the atomic O/C ratio
was observed both with a decrease in polarity and acidity. With
a decrease in acidity, a consistent increase in the value of the
H/C ratio was also observed, while for the fractions separated
by polarity, the value of H/C ratio slightly lowered down to
0.80 up to the fraction CHAG-50, and then increased up to
1.08 observed for CHAG-100. In both sets, the highest values

https://doi.org/10.1021/acsomega.3c08555
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Table 2. Characterization of FTICR MS Spectra of CHA-G and CHA-G Narrow Fractions

number of unique number of CHO number of CHON % CHO % CHON
sample name formulas® formulas formulas formulas formulas DBE” H/C” o/c’
CHA-G 5652 3976 1676 70.3 29.7 13.9 0.90 0.51
fractions by polarity
CHAG 20 3835 2443 1392 63.7 36.3 12.8 0.88 0.48
CHAG 30 4640 2842 1798 61.3 38.7 14.9 0.83 0.46
CHAG S0 5387 3357 2030 62.3 37.7 17.8 0.80 0.47
CHAG 60 5017 2937 2080 58.5 41.5 15.8 0.86 0.42
CHAG 70 4930 3296 1634 66.9 33.1 15.8 0.90 0.40
CHAG 80 4731 3207 1524 67.8 322 15.3 091 0.38
CHAG 90 4621 3506 1115 75.9 24.1 14.4 0.99 0.34
CHAG 100 5145 4140 1005 80.5 19.5 13.2 1.08 0.31
fractions by acidity
CHAG pHS 8035 4962 3073 61.8 38.2 12.9 1.07 0.36
CHAG pH7 5298 3536 1762 66.7 33.3 13.0 1.01 0.38
CHAG pH6 5580 3557 2023 63.7 36.3 12.5 1.01 0.41
CHAG pHS 7372 4408 2964 59.8 40.2 15.3 0.97 0.45
CHAG pH4 5956 3573 2383 60.0 40.0 14.2 0.93 0.48
CHAG pH3 4854 3087 1767 63.6 36.4 14.5 0.89 0.49

“Taking into account '*C-isotopologues, compliance with the nitrogen rule, and condition (DBE-O) < 10. bAverage numerical characteristics.

CHAG

a) 2.2 —— b) 2.2 R C) 22— s .
. CHac 100 e CaG phs
18 18 CHAG 20 18 > CHAG pH3
1.4 1.4 1.4 . . '
g
1.0 1.0 1.0
0.6 0.6 0.6
o CHO ‘ o o0
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
o/C o/C 0/C
d) P apolarity fr(i(gé%?ls) apolarity fractions acidity fractions
p 32\\ e (10374) (11357)
'\//102 ' N
é) A A
|
CHAG 4367 | % ‘
(5652) ‘532 4073 | = 4469 | 5905 @3 4899 6458
‘ CHAG y CHAG
Zciis (5652) (5652)

acidity fractions (11357)

Figure 2. (a—c) Van Krevelen diagrams for: (a) CHAG; (b) CHAG fractions by polarity [CHAG 100 (black), CHAG 70 (blue), and CHAG 20
(red)]; (c) CHAG fractions by acidity [CHAG pHS8 (black), pHS (blue), and pH3 (red)]. Dot sizes in a—c correspond to the relative intensity in
mass spectra. (d) Venn diagrams of intersections in molecular composition for CHAG and its fractions. The number of formulas in CHAG and
cumulative number of unique formulas in sets of fractions are indicated in brackets.

of DBE were observed for the medium fractions: CHAG-pHS
(15.3) and CHAG-50 (17.8). This is indicative of the higher
contribution of aromatic structures. The least polar and least
acidic fractions had relatively low average DBE: 12.9 and 13.2
for CHAG-pH8 and CHAG-100, respectively. This is
indicative of their predominantly aliphatic nature.

The identified stoichiometries of molecular components of
CHAG and its fractions were plotted onto Van Krevelen
diagrams (Figures 2a—c and SI in the Supporting Informa-
tion). The diagrams show a characteristic shift in molecular
compositions of the fractions obtained in this study from
highly oxidized aromatic molecules located in the region of
hydrolyzable tannins (Figures 2b,c and S1b,0) to less oxidized,
hydrophobic structures located both in the region of

condensed tannins and lignins, terpenoids and lipids (Figures
2b,c and S1i,j). This trend was observed for both sets of the
CHAG fractions.

The undertaken fractionation has brought a 2-fold increase
in the number of observed molecular components in the
composition of CHA-G (Figure 2d). This could be a result of a
less pronounced effect of ionic suppression due to the lesser
structural heterogeneity of the fractions compared to the initial
humic material.**** Moreover, there were large proportions of
molecular components wee observed that were revealed only
by fractionation by polarity (1832 formulas) or only by
fractionation by acidity (2385 formulas). For both sets of
fractions, the common molecular compositions are concen-
trated in almost the same area of the Van Krevelen diagram

1860 https://doi.org/10.1021/acsomega.3c08555
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Figure 3. (a) Van Krevelen diagram binned into 20 cells, which are assigned to seven major classes of the biomolecular precursors of HS—
condensed tannins, lignins (phenylisopropanoids), terpenoids, other lipids, peptides, carbohydrates, and hydrolyzable tannins (modified from
Perminova®®), (b,c) distribution of the components related to the shown seven chemotypes in the molecular composition of CHA-G and its narrow
fractions (b) by polarity; (c) by acidity. The axis x corresponds to the contribution of a specific chemotype to the overall intensity of mass spectrum
signals. Quantitative data on the contribution of each chemotype (%) are provided in Tables S2 and S3 in the Supporting Information.

(Figure S2): 03 < O/C < 0.6, 03 < H/C < 1.0,
corresponding to condensed tannins. Thus, for CHA-G, this
region turned out to be maximally isomerically saturated and
structurally rich because the acidity and polarity of these
molecular compositions can vary widely.

Quantitative processing of Van Krevelen diagrams was
carried out by chemotyping into 7 regions followed by the
calculation of the total signal intensity for each chemotype.*’
The results are shown as horizontal histograms in Figure 3.

There is a decrease in the contribution of hydrolyzed tannins
and an increase in the contribution of terpenoid and lignin-like
molecular components, with a decrease in both polarity and
acidity. However, if the contribution of condensed tannins
increases continuously with a decrease in acidity, then with a
decrease in polarity it first increases, reaching its maximum at a
methanol content of 70 vol %, and then falls, giving way to
terpenoids. Figure 3b demonstrates a more significant
difference in the molecular composition of fractions during
fractionation by acidity.

In general, it can be seen that the major “players” in the
molecular ensemble of the narrow fractions of the coal humic

1861

acid CHA-G are hydrolyzable and condensed tannins. The
different elution or sorption behaviors of the fractions were
driven by their ratio.

Biological Activity of the Narrow Fractions of Coal
Humic Acid Used in this Study. Biological activity of the
narrow fractions of the coal HA used in this study was assessed
using two different bioassays: the first one was related to the
inhibition of the hydrolytic activity of f-lactamase TEM-1. The
second test assessed the antioxidant activity of the fraction.
While the first bioassay was indicative of highly specific
activity, which is in high demand for developing new p-
lactamase inhibitors of nonbeta-lactam nature, the second test
characterizes much less specific activity related to the
suppression of oxidative stress in living organisms. It was of
interest to compare trends in the biological activity of the
fractions with regard to these two independent types of
activity.

Inhibitory activity against recombinant fS-lactamase TEM-1
was measured at fixed concentrations of the enzyme (8 nM)
with the use of the chromogenic substrate CENTA* (100
uM) and the HS fractions (50 mg/L) as described in the

https://doi.org/10.1021/acsomega.3c08555
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Figure 4. Kinetic curves of CENTA hydrolysis in the presence of CHA-G narrow fractions by (a) polarity and by (b) acidity. Reaction conditions:
c(TEM-1) = 8 nM; ¢(CENTA) = 100 uM; c(HS) = 50 mg/L; 0.05 M PBS, pH 7.0.

Experimental Section. The kinetic curves of the CENTA
hydrolysis in the presence of the HS fractions are shown in
Figure 4. The relative inhibitory activity (RIA) of each HS
fraction was calculated as a relative decrease in the initial rate
of the enzymatic reaction in the presence of the HS fraction
compared with the control according to eq 2 (Table 3).

Table 3. RIA of CHA-G Narrow Fractions Against -
Lactamase TEM-1“

by polarity by acidity

fraction RIA, % fraction RIA, %
CHAG 20 18 + 4° CHAG pH3 2 +2
CHAG 50 1S+1 CHAG pH4 21 +1
CHAG 60 27+ 1 CHAG pHS 32+1
CHAG 70 29+ 1 CHAG pH6 40 + 1
CHAG 80 26 + 1 CHAG pH7 4842
CHAG 90 32 +2 CHAG pHS8 5742
CHAG 100 35+2

“The inhibitory activity of CHA-G was 17 + 1%. “+ corresponds to
the standard deviation for n = 3.

For both sets of fractions, an increase in the RIA value was
observed along with an increase in hydrophobicity and a
decrease in acidity of the fraction, respectively. At the same
time, a lower acidity value had a more pronounced effect on
the ability of HS to inhibit beta-lactamases than an increase in
hydrophobicity. This may mean an increase in the relative
concentration of inhibitors in the fractions along with a drop in
acidity and an increase in hydrophobitiy. It can be assumed
that HS contains a number of compounds that differ in
chemical compositions and structures and are capable of
inhibiting beta-lactamases by different mechanisms. During
fractionation, they are segregated into different fractions; their
relative concentrations differ; therefore, their RIAs also differ.
The CHA-G-pHS fraction was characterized with the highest
RIA value of 57% among both fraction sets. This value of RIA
is a factor of 1.6 larger as compared to the most active
“polarity” fraction CHA-G 100 (35%) and a factor of 3 larger
as compared to the initial CHA-G material (17%). In addition,
note that the CHA-G-pHS fraction is obtained at the first step
of the sequential sorption—desorption fractionation. This fact
is very advantageous from the point of view of labor and
facilities costs while it enables harvesting the most active
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ingredients at the beginning of the procedure. For the polarity
approach, on the contrary, the most active fraction is obtained
at the last step of fractionation, which makes it much less
attractive.

Antioxidant capacity (AOC) for both sets of the CHAG
narrow fractions was measured in relation to the ABTS radical.
It was expressed in mmol of antioxidant centers per mg of HS.
The obtained value was further recalculated into Trolox
equivalent antioxidant capacity (TEAC)—pumol of Trolox
equivalent per mg of HS. The kinetic curves of ABTS radical
quenching in the presence of CHA-G fractions and the Trolox
calibration curves for each experiment are given in the
Supporting Information (Figure S3). The obtained results
are given in Table 4.

Table 4. TEAC Values for the Narrow Fractions of CHA-G
Obtained in this Study

by polarity by acidity
fraction TEAC, umol/mg fraction TEAC, umol/mg

CHAG 20 6.0 = 0.1“ CHAG pH3 72 £ 0.1
CHAG S0 53+ 0.1 CHAG pH4 7.2 £ 0.1
CHAG 60 6.7 £02 CHAG pHS 6.2 + 0.1
CHAG 70 53 +£02 CHAG pH6 74 £ 03
CHAG 80 5.5+ 0.1 CHAG pH7 9.1+0.4
CHAG 90 6.3 + 0.5 CHAG pHS8 9.1+0.1
CHAG 100 59 +03

“+ is given for the standard deviation (n = 4). The AOC of CHA-G
was 7.2 + 0.2 pmol/mg.

As can be seen from Figure S3 and Table 4, only two HS
fractions out of both sets of fractions (CHAG pH7 and CHAG
pH8) had AOC values of 9.1 pmol/mg, which were
substantially higher than the TEAC of initial CHA-G material
of 7.2 ymol/mg. In general, a set of acidity fractions had much
higher AOC values compared to polarity fractions. This could
be connected to the predominantly oxidized, phenolic nature
of fractions isolated with the “acidity” approach. Of importance
is that the fractions with the highest AOC (CHAG pH7 and
pH8) were also characterized with the highest values of
inhibitory activity against f-lactamase TEM-1.

Correlation-Regression Analysis of the Data on
Molecular Composition and Biological Activity of the
Narrow Fractions of HS Obtained in this Study. The
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Figure 5. Correlation-regression analysis of the set on structural descriptors of the narrow fractions of CHA-G and their inhibitory activity against
P-lactamase TEM-1: (a)b) correlation coefficients between the intensity of the seven chemotypes present in the molecular composition of HS
fractions and their inhibitory activity for the set by polarity (SPE-polarity) and acidity (SPE-acidity), respectively (red and blue colors designate
positive and negative values of the correlation coefficient, respectively); (c) regression model for predicting inhibitory activity of HS, where narrow
fractions of CHA-G are represented by blue dots (training set), and CHA-G is represented by the yellow dot (test set). The best regression model
(c) is RIA (%) = 125-D4 + 392-D8 — 12, where D4 and D8 are the normalized intensities of cells 4 and 8 in the Van Krevelen diagram occupied by

terpenoids and lignins, respectively.

integral intensities of the main seven chemotypes, normalized
to the total spectral intensity, were used as structural
descriptors of the HS fractions obtained in this study, whereas
inhibitory and antioxidant activities were used as “activity”
descriptors for establishing a “structure—activity” relationship
for the narrow fractions of CHA-G. The results of the
correlation analysis for both sets of fractions are shown in
Figures S and S4, respectively, with the values of the
correlation coefficient (r) shown in the cells with the
corresponding chemotype in the Van Krevelen diagrams.

The critical values of the Pearson correlation coefficient r at
p = 005 and n = 6 and 8 equal to 0.8114 and 0.7067,
respectively. As it follows from Figure Sa, for the larger set “by
polarity” the significant correlations (r > 0.7067) were
observed between inhibitory activity and lignins (0.90),
terpenoids (0.76), and hydrolyzable tannins (—0.94). For the
smaller set of fractions “by acidity” (Figure Sb), the significant
correlations (r > 0.8114) were observed for condensed tannins
(0.97) and hydrolyzable tannins (—0.95). It can be noticed
that the most substantial contribution into inhibitory activity of
the fractions was provided by the hydrophobic moieties
(terpenoids, lignins) and, in particular, hydrophobic phenolic
moieties in the case of the polarity set (condensed tannins),
whereas an increase in the content of hydrophilic hydrolyzable
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tannins lead to a decrease in inhibitory activity of the narrow
fractions of HS.

The united set of the obtained 14 narrow fractions of CHA-
G was used for constructing the regression model, which is
shown in Figure Sc. It represents one of the best regression
models for the prediction of inhibitory activity of HS from the
data of FT ICR MS

RIA (%)=125 x D4 + 392 x D8 — 12 (R*=0.829)
(1)

where D4 and D8 are normalized intensities of cells 4 and 8 in
the Van Krevelen diagram occupied by terpenoids and lignins,
respectively, as shown in Figure 3a. The experimental and
calculated values for the fractions are shown with blue dots;
they represent a training set for the predictive model. The
value of inhibitory activity of the parent humic material—
CHAG was calculated from the FTICR MS data on its
molecular composition using the obtained model. It served as a
test point—shown with a yellow dot in Figure Sc. The
predicted value agrees well with the experimental value of RIA
determined for the parent humic material with the use of
bioassay, which is indicative of the reliability of the calculated
predictive model (eq 1).

https://doi.org/10.1021/acsomega.3c08555
ACS Omega 2024, 9, 1858—1869


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08555/suppl_file/ao3c08555_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08555?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08555?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08555?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08555?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a) CHA-G by polarity Jaccard Lo b) CHA-G by acidity Jaccard 1o
CHAG - 053 047 045 039 0.37 cHAG 1 1
CHAG 20 0.58 0.46 0.45 0.39 0.39
-0.8 CHAG pH8 -0.8
CHAG 30 0.59 0.5 0.47
CHAG 50 063 0.51 0.47 0g CHAGPHY 0.6
CHAG 60 0.67 0.63 CHAG pH6
0.4 0.4
CHAG 70 0.7 CHAG pH5
CHAG 80 0.7
CHAG pH4
CHAG 90 0.53 0.61 0.2 P 0.2
CHAG 100 0.44 0.49 CHAG pH3
] 0.0 ' 0.0
€} O 20 ¢ ¢ 10 o0 oo N () ® 4 © ) > >
» v > ) © 1 k) ) Q > 8 X N8 8 \S 8
o (€] (€} (€} (€} G (€} (€] GX o Q Q Q Q Q Q
C?\P“ C(\P“ C\’\P‘ C(\P‘ C?\P“ C(\P‘ (,\'\P~ C\)\P* C\,\P‘c> C\)‘P‘G C\)\Pg’ (,\'\P‘O C\,\Pg’ O,\PO
C) CHA-G by acidity and polarity Jaccard 1o
CHAG- 1 '
CHAG 20 0.8
CHAG 30
CHAG 50 0.6
CHAG 60
CHAG 70 0.4
CHAG 80
CHAG 90 0.2
CHAG 100
0.0
() \} A o o) 0y >
la N N X > X NS
o [ o° Q [ o° o°
AN NG S NC TS LS L

Figure 6. Similarity heatmaps for the two sets of CHA-G fractions based on Jaccard indices: (a) polarity vs polarity, (b) acidity vs acidity, (c)
polarity vs acidity. The cell color indicates a portion of common formulas shared by two fractions.

The obtained outcomes of correlation and regression
analysis demonstrate a substantial role of hydrophobic low
oxidized components such as phenylisopropanoids, condensed
tannins, and terpenoids in the inhibitory activity of narrow HS
fractions. The values of antioxidant activity (Figure S4) show
significant direct correlations only at p = 0.1 for the set of
acidity fractions with the content of condensed tannins and
reverse correlations with the hydrolyzable tannins. This trend
is consistent with the reported data on the low oxidized
phenols as a source of biological activity of HS.** They are also
consistent with the relationships discussed above between
structure and inhibitory activity of HS. This shows that the
narrow HS fractions enriched with condensed tannins, lignins,
and terpenoids could be considered as promising sources of
biologically active compounds.

Comparison of the Two Fractionation Techniques
Used in this Study. We compared the efficacy of the two
fractionation techniques used in this study with regard their
capability to isolate different chemotypes of the compounds
present in the initial humic molecular ensemble. It is important
for the targeted isolation of the biologically active compounds.
For this purpose, we determined the amount of common
molecular formulas in the two sets of fractions and compared
them using the Jaccard index.*® The results are presented as
heat maps in Figure 6a—c.

The data show that each pair of the two “neighbor” fractions
was characterized by the largest amount of common formulas.
The maximum similarity of 76% was observed for a pair of
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CHA-G pH7 and pH6. The more “distant” fractions were
characterized with lesser similarity: a minimum of 27% of
common formulas was observed for CHAG 20 and 100.
However, in general, it could be concluded that fractionation
by polarity yielded less similar fractions compared to the
fractionation by acidity. At the same time, fractionation by
acidity showed a greater ability to reduce isomeric complexity:
the number of common formulas present in all fractions of the
SPE-polarity set was a factor of 2 less as compared to the SPE-
acidity set (1427 vs 2721). Of additional interest are heat maps
of Jaccard similarity coeflicients constructed between the two
sets of fractions differing in polarity and acidity (Figure 6¢). In
this case, the two sets shared 47% of common formulas on
average. Of particular importance is that the most biologically
active fractions from both sets (CHA-G pH7 with CHAG 70
and 80) were the most similar to each other, while the least
active fractions were more dissimilar. This could be indicative
of the similar chemotypes of the humic structures present in
the least polar and the least acidic CHAG fractions, which were
responsible for both types of biological activity tested in this
study.

It was also of interest to compare van Krevelen diagrams for
the two fraction sets under study, which were plotted for the
integral values of H/C and O/C calculated for each fraction as
intensity averaged values. The corresponding plots are given in
Figure 7. The trends in molecular compositions of the two
fraction sets of the humic material used in this study—CHA—
differed substantially. The linear approximations of the
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circles). Dashed lines represent linear approximations for the two sets
of fractions.

obtained trends are shown with dashed lines. The cosine
similarity [cos(@)] between the linear approximations as
vectors in two-dimensional space can serve as an orthogonality
measure of the two separation techniques used in this study."’
If a value of lcos(6)l would equal one (0 or 180° angle), this
would represent the highest similarity and complete absence of
orthogonality between the two methods as they both impart
molecular composition changes in the identical direction. On
the contrary, if a value of cos(8) is 0 (90 or —90°), this would
signify ideal orthogonality, when the selective isolation of
specified molecular compositions could be achieved by
employing a combination of these two techniques.

In the case of the techniques used in this study, the cosine
similarity value (cos(6)) accounted for 0.77 for the two H/C
vs O/C relationships calculated for the SPE-polarity and the
SPE-acidity (angle of —39.5°). This value suggests that a
combination of the two techniques used in our study shows a
good promise for a moderate increase in fractionation
efficiency as compared to either of the two methods applied
alone. Still, the obtained value is far from zero, which is
indicative of a burning need for exploration and development
of novel fractionation techniques that exhibit much larger
orthogonality.

According to the data in Figure 7, it can be concluded that
the ratio of O/C of the humic compound has a greater effect
on its ability to inhibit beta-lactamase and on its antioxidant
activity as compared to the H/C ratio. This follows from the
observation that all fractions obtained by fractionation by
acidity differed strongly in the O/C value and only slightly—in
the H/C value, and these fractions had the most pronounced
effect on inhibition. It is important to note that the fractions
with maximum RIA differ from the initial humic material
CHAG mostly by this parameter. However, it should be noted
that the H/C value also had a certain impact on inhibitory
activity. Of the fractions separated by polarity, only the most
hydrophobic fraction exhibited a greater degree of variation in
H/C from the initial material and the highest RIA, which is
lower than the highest RIA obtained by decreasing acidity. The
strong correlation between the lower O/C ratios and high
TEAC values observed in the SPE-acidity set is attributed to
the structural characteristics of HS and the chemical selectivity
of this fractionation method toward phenols: in HS, the high
O/C ratio is attributed to carboxylic groups, and the lower O/
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C ratio implies fewer carboxylic groups that deactivate the
aromatic ring of phenols.

B CONCLUSIONS

The conducted research allows us to conclude that the best
approach for a one-step separation of biologically active
compounds from the coal humic material is an SPE isolation at
pH 7-8. Unlike the SPE-polarity approach, which implies
sorption of the humic material at pH 2, the portion of
irreversibly sorbed components on the cartridge at pH 7—8 is
very minute, and the cartridge can be reused for the next
extraction. This reduces the labor costs, saves sorbent, and
increases the yield of the biologically active fraction of HS
material. The separation at pH values >8, as well as the smaller
interval in pH values, are promising areas of HS fractionation.
Our data, for the first time, demonstrated high biological
activity of the fractions obtained by the SPE-acidity approach:
the fractions isolated at pH 7 and 8 showed both the highest
antioxidant activity as well as inhibitory activity with regard to
beta-lactamase TEM-1. Of particular importance is that they
were similar in molecular composition to the most hydro-
phobic fractions isolated with the use of a polarity approach:
these fractions also possessed the highest biological activity in
the “polarity” set. The obtained results show good promise for
the targeted isolation of chemotypes of the given biological
activity from the supramolecular ensemble of humic materials.
These fractions may serve as new sources for non-f-lactam
inhibitors, which are highly sought after by modern medicinal
chemistry. The concomitant antioxidant activity is a good
prerequisite for developing therapeutic agents of combined
action. In addition to nonrenewable geochemical sources of
humic materials, suggested approach can be implemented for
humic acids extracted from recycled biomass (compost,
worms-compost, biochar, biorefinery residues, etc.) or artificial
HS that can offer a wider range of promising bioactive
components.””* The potential applications of narrow
fractions of HS refer both to biomedical technologies and to
novel agricultural technologies, in particular, humics-based
bioctimulators and nanofertilizers.””*" Further research in the
field of high-resolution separation of HS materials may bring
substantial advances in separation, not only by the chemotypes
but by similar chemical scaffolds, which may eventually enable
isolation of individual bioactive compounds from the humic
supramolecular systems.

B EXPERIMENTAL SECTION

Materials. Coal humic acids (CHA-G) were isolated from
sodium humate (LLC “Genesis”, Russia) by precipitation after
acidification with 1 M HCI. High-grade purity conc. HCI and
NaOH (Chimmed, Russia) were used for the acidification and
dissolution of HS. High-purity deionized water was prepared
using a Milli-Q Simplicity 185 water purifying system (Merck,
Darmstadt, Germany). pH was measured using a pH meter
713 pH Meter (Metrohm, Switzerland) equipped with a
universal glass electrode. HPLC grade methanol (JT Baker,
Avantor, Radnor, PA, USA) was used for elution from the SPE
cartridges. Hypergrade methanol (for LC—MS LiChrosolv,
Merck, Darmstadt, Germany) was used for sample dilution for
FT ICR MS analysis. The SPE cartridges were Bond Elut PPL
(5.0 g 60 mL, Agilent Technologies, Waldbronn, Germany).
Bond Elut PPL represents a modified copolymer of polystyrene
and divinylbenzene. Recombinant f-lactamase TEM-1 was
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expressed in Escherichia coli and purified as described by
Grigorenko et al.’> Lab-made chromogenic substrate CENTA
was used in the inhibitory activity test against f-lactamase. The
CENTA was synthesized following the protocol described by
Bebrone et al.**

SPE Fractionation by Polarity. Fractionation of CHA-G
by polarity was carried out according to the approach
developed previously in our research group.'® The SPE
cartridge was preactivated by passing 60 mL of methanol
and 60 mL of 0.01 M HCL. Five liters of CHA-G solution at a
concentration of 70 mg/L were acidified to pH 2 and passed
through the cartridge. Acidification was conducted in small
portions (70 mL) to avoid precipitation. UV—vis spectra were
recorded for CHA-G solutions before and after sorption (pH
2) to estimate the amount of the sorbed material. After the
sorption was completed, the cartridge was washed with 120
mL of 0.01 M HCI and dried in an air flow. Then, the sorbed
humic material was eluted using H,O/CH;OH mixtures with
an increasing methanol content. They were passed as fixed
volumes of 300 mL at the following water to methanol ratios:
20:80, 30:70, 50:50, 60:40: 70:30, 80:20: 90:10, 100:0. The
obtained narrow fractions of the coal humic material used in
this study were dried on a rotary evaporator. The obtained
samples were assigned the following ciphers: CHAG 20,
CHAG 30, CHAG 50, CHAG 60, CHAG 70, CHAG 80,
CHAG 90, and CHAG 100 in accordance with the volume
content of methanol used for their elution (see mass yields in
Table 1).

SPE Fractionation by Acidity. The fractionation of CHA-
G by acidity represented a further development of the
technique developed previously in our scientific group.””*’
The SPE cartridge was preactivated by passing 60 mL of
methanol. The following describes the procedure for sequential
sorption of CHA-G on the cartridge by lowering a pH value of
the initial solution to the value x, which corresponded to 8, 7,
6, S, 4, 3: acidify with 1 M HCI to pH = x the CHA-G solution
[S L, initial concentration 100 mg/L, initial pH 11 (adjusted
with NaOH), which was passed through the cartridge at the
previous stage (or the initial solution of CHA-G in the case of
x = 8]; pass 60 mL of water at pH = x (HCl or NaOH
adjusted) through the cartridge (to equilibrate the sorbent);
pass the CHA-G solution at pH x through the SPE cartridge;
pass 120 mL of 0.01 M HCI solution through the SPE cartridge
(to remove salts); dry the cartridge in the air current (>2 h);
wash off the fraction from the cartridge with methanol until the
optical density of the eluate at the exit of the column
approaches zero at A 254 nm; repeat the above steps at the next
iteration (x = x — 1) for the solution of CHA-G collected after
passage through the cartridge. The resulting methanol extracts
were dried with a rotary evaporator. The isolated samples were
assigned the following ciphers: CHAG pHS8, CHAG pH7,
CHAG pH6, CHAG pHS, CHAG pH4, CHAG pH3 (see mass
yields in Table 1).

FT ICR MS Analysis and Data Processing. Ultrahigh-
resolution mass spectra were acquired on a Bruker solariX 15 T
FT ICR mass spectrometer (Bruker Daltonics, Bremen,
Germany) equipped with a 15 T superconducting magnet
and an Apollo II source located at the user facilities of the
Zelinski Institute of Organic Chemistry of RAS. The
acquisition conditions applied in this study followed those
described in refs 37, 53, and 54. The molecular formulas
assignments were made using lab-made Transhumus software
developed by Anton Grigoriev. The mass accuracy window was
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set at a value of <0.5 ppm (Da/MDa), and the chemical
constraints were used as described in refs 37 and 54. The
obtained molecular assignments were used for calculation of
H/C and O/C ratios, which were plotted as Van Krevelen
diagrams represented by a relationship of H/C versus O/C
values as described by Kim et al.”> The quantitative treatment
of the Van Krevelen diagrams was conducted using a cell-
partitioning algorithm as described by Perminova.”’ These
cells were combined into seven main chemotypes of HS
components: condensed tannins, lignins, terpenoids, lipids,
peptides, carbohydrates, and hydrolyzable tannins. The
obtained values of Van Krevelen diagram occupational
densities [for cells (D1—D20) and chemotypes] were further
used as quantitative descriptors of the molecular composition.

Study of HS Inhibition Activity with Respect to fg-
lactamase TEM-1. The study of the inhibition activity of each
HS fraction was carried out on a Cary-50 spectrophotometer
(Varian, USA) in a 1 cm quartz cuvette. An aliquot of 1311 uL
(1386 uL in the case of control reaction without HS) of Na-
phosphate buffer solution (PBS) (50 mM, pH 7.0), 75 uL of
HS solution (1000 mg/L in PBS) and 14 uL of f-lactamase
TEM-1 solution (850 nM in PBS) were mixed in the cuvette.
The enzymatic reaction was activated by adding 100 mL of a
CENTA solution (1.5 mM in PBS). The total volume of the
mixture was 1500 mL. The final concentrations of the reagents
were: CENTA—100 uM, f-lactamase TEM-1—8 nM, HS—
50 mg/L. The formation of the hydrolysis product was
detected at a wavelength of 4 405 nm; each kinetic curve was
recorded for 30 min, in two replicates.

The concentration of the CENTA hydrolysis product was
calculated using an extinction coefficient of CENTA** and an
optical density value at 4 405 nm (A,ys) according to eq 2

¢ (CENTA hydrolysis product,uM) = (A,os/6400) X 10°
(2)
The initial section of the kinetic curve (3 min) was
approximated by a linear function y = ax + b, where coefficient
a corresponds to the initial rate of the enzymatic reaction, M/
min (v). To calculate RIA, a relative drop in the initial reaction
rate was calculated in comparison with the control reaction
(without the presence of HS) according to eq 3

RIA, %= ( 1 - (vinhibitor/vcontrol) ) x100% (3)

where Vo and Vippior are the initial rates of the non-
inhibited and inhibited reaction, respectively.

Studies on the AOC of the HS Fractions Used in this
Study. The AOC of HS in relation to the ABTS radical was
evaluated using a FLUOstar Omega microplate reader (BMG
LABTECH, Germany). All reactions were carried out in a
volume of 250 uL of 0.1 M Na-PBS at pH 7.4. At least a day
before the study, a working solution of ABTS radical was
prepared: a weight of 11 mg of ABTS was dissolved in 900 uL
of water and 100 uL of potassium persulfate solution at a
concentration of 20 mg/mL was added. The resulting ABTS
radical stock solution (21.4 mM) was left overnight in a dark
place. Immediately prior to analysis, the ABTS stock solution
was diluted with PBS in a ratio of 1 to 200. ABTS
concentration in each well at the initial time was 85.6 yM.
This value was used to calculate absorption coefficient of the
ABTS radical at 4 734 nm for each measurement. All kinetic
curves were represented as a function of a drop in the
concentration of the ABTS radical (AABTS**) versus time.
The kinetic curves of ABTS radical quenching in the presence
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of HS or Trolox were recorded at a wavelength of 4 734 nm for
40 min (4 replicates). To account for the ABTS radical self-
quenching, which is expressed in a small drop in optical density
at 4 734 nm without the addition of an antioxidant, a kinetic
control curve was subtracted from each kinetic curve for HS.
The obtained kinetic curves were approximated by the kinetic
model (eq 4)°°

AH,*R —k,[ABTS** [1 K)*
A(ABTS*+) — + 1— il 1 o
R+ K (4)
where AH,, is the initial concentration of the antioxidant, R, is
[ABTS]

the initial ratio B K is the equilibrium constant, k, is the

TS’
pseudo-first-order velocity constant. Ry = 2.5 for the conditions
under which the study was conducted in this work (the ratios
of ABTS and K,S,04). The value of AH, (M) obtained as a
result of approximation was correlated with the Trolox
calibration curve (2, 4, 8, 12, 16, 20 uM) and divided by the
concentration of HS (S mg/L) to obtain the value of TEAC
(umol of Trolox equivalent per mg of HS, ymol/mg).
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