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Abstract—Immobilized metal affinity chromatography (IMAC) has been used to fractionate organic com-
pounds in alkaline extracts from forest soils of the Komi Republic by their ability to form complexes with
copper ions. An algorithm for chromatographic fractionation of substances into the groups of homoge-
neous molecular compounds is proposed by selecting the separation conditions; this algorithm comprises
sequential change in pH and ionic strength of the eluent. As is shown, the alkaline extract contains three
fractions, the components of which differ in their ability to form complexes with copper. The humic sub-
stances of iron-illuvial podzol (Albic Podzol), podzolic (Glossic Retisol), and peaty-podzolic gleyic (His-
tic Retisol) soils are shown to differ in their relative contents of ligand-forming organic compounds. The
maximum content (according to C,,,) of copper complexones is recorded in the organic matter of forest
litters of the examined soils (14—21 g/kg). The corresponding values of the organic matter content in the
eluvial horizons are 0.5—1.5 g/kg. The highest content of the carbon compounds able to bind copper ions
is characteristic of podzolic soils, while the organic matter components of podzols and peaty-podzolic
gleyic soil display somewhat lower affinity for copper. The proposed algorithm can be used to assess the

soil vulnerability to heavy metal pollution.
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INTRODUCTION

Soils are the strongest geochemical barrier for pol-
lutants. Heavy metals (HMs) are among the major
environmental pollutants. Various types of anthropo-
genic activities bring pollutants to the environment
[13, 19]. The fate of pollutants—accumulation in soil
or migration to subordinate landscapes and water bod-
ies—depends on the properties of soils. Soil organic
matter plays the leading role in HM accumulation [1,
3, 7, 16, 30]. The mechanisms of HM accumulation
and migration in soils and geochemically associated
landscapes have been studied mainly by pH titration
and ion exchange equilibrium [15]. The types of HM
compounds in soils have been shown to influence their
fate considerably [9, 14]. The advent of chromato-
graphic techniques allowing for fractionation of organic
compounds by their complex-forming capacity sig-
nificantly expands our understanding of the mecha-
nisms underlying natural chemical differentiation of
the profile, as well as the accumulation and migration
of pollutants for further regulation and control of their
content.

Development of the toolkit of analytical chemistry
determines a gradual reinterpretation of the role and
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function of individual organic compounds and their
groups with close functional features. One of the
promising methods for assessing the functional prop-
erties of organic matter is metal affinity chromatogra-
phy [11, 25].

The term ligand exchange chromatography was
introduced in 1961 by Helfferich [24]. The concept of
immobilized-metal affinity chromatography (IMAC)
was formulated and published by Porath et al. [31].
This approach utilizes the ability of biological macro-
molecules to bind metal ions (such as Cu?*, Zn?*,
Ni2*, Co?*, and Fe?") immobilized on a chromatogra-
phy matrix. The specific binding is determined by the
presence of free electron-donor groups on the surface of
molecules. Under IMAC conditions (neutral pH and
high salt concentration), the imidazole group of histi-
dine (pK ~ 6.7), thiol group of cysteine (pK ~ 8.5), and
indole group of tryptophan (pK ~ 9.41) are the potential
ligands. C-terminal amino acids (pK ~ 7.7), as well as
aspartic acid and glutamic acid residues (pK ~ 3.9),
can take part in such interaction. The amino acids are
ordered as follows according to the stability of the
formed complexes: His, Cys > Asp, Glu > other
amino acids. The interaction between the sorbent and
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Fig. 1. (a) Structure of fast flow agarose gel and (b) scheme of interaction (charging) of the column with copper ions.

analyte is pH-dependent. Correspondingly, the bound
substances can be eluted by decreasing the ionic
strength of the buffer, changing pH, or using other
chelating agents [20, 21, 31].

Currently, IMAC is used for pretreating samples
assayed for drugs [10], for complexing properties of
organic compounds in seawater [27], and for fraction-
ation and purification of proteins and amino acids in
biochemical studies [2, 8, 18, 32]. Recent decades
brought about the first papers on the use of IMAC for
assessing the complexing properties of organic com-
pounds in water objects, humic substances (HSs), and
soil extracts [23, 25, 28, 29].

The goal of this work was to assess the potential of
IMAC in studies of the complexing properties of
organic matter in the forest soils of European North.

The study included (i) estimation of the IMAC
potential for identification of complex-forming com-
pounds in labile soil organic matter; (ii) characteriza-
tion of the specific features of homogeneous molecu-
lar fractions in organic matter using individual organic
compounds carrying different ionogenic groups; and
(iii) IMAC assessment of the specific features in HS
complexing properties in the prevalent soil types of the
taiga zone.

OBJECTS AND METHODS

The upper genetic horizons of the soil types typical
in the Komi Republic were the objects of this study,
namely, (I) iron-illuvial podzol (Albic Podzol) devel-
oped from sandy material under lichen pine stands in
the middle taiga [22]; (IT) podzol developed from cov-
ering loam under dwarf shrub spruce stands in the
middle taiga (Glossic Retisol) of the southern Timan
Range [5]; and (1I1) peaty-podzolic gleyic soil (Histic
Retisol) developed from moraine loams under myrtil-
lus—sphagnum spruce stand in the northern taiga of
the Subpolar Urals [4].
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Humic substances were extracted from soil speci-
mens with 0.1 mol/dm? NaOH at a soil-to-solution
ratio of 1 : 10 for 20—24 h. The HS extract was purified
from mineral impurities by centrifugation (10000 rpm,
20 min). The supernatant (0.5 cm?) was supplemented
with 1.0 cm? of the starting solution (0.02 mol/dm? phos-
phate buffer containing 0.5 mol/dm?3 NaCl, pH 7.0).

Isolated humic substances were fractionated by
chromatography in agarose gel (Fig. 1) with covalently
linked chelate groups (IMAC Sepharose 6 FF-GE
Healthcare) in a 1 X 10 cm Bio-Rad column; gel
dynamic binding capacity, 25 mg (Cu?")/cm? [26].
The scheme of complex formation is shown in Fig. 1b.

Copper ions were immobilized on the chromatog-
raphy matrix using a 1 X 10 cm Bio-Rad column filled
with IMAC Sepharose 6 FF gel by pumping 10 cm of
0.5 mol/dm? CuSO, solution using an Econopump.
Uniform blue staining of the gel made it possible to
visually control the qualitative state of the column
(Fig. 2).

To remove the copper ions that did not react with
the gel, the column was washed with 40 cm? of distilled
water and 20 cm?® of starting buffer (0.02 mol/dm?
phosphate buffer with 0.5 mol/dm? NaCl, pH 7.0). An
increase in the ionic strength of the buffer by adding
NaCl minimizes the nonspecific interaction of HSs
with affinity matrix. A BioLogic LP (United States)
chromatography system was used for separation. Opti-
cal density was recorded at 280 nm; the feed rate of
eluents was 2 cm?/min.

The solution of HSs (440 uL) was loaded on the
column equilibrated with starting solution. The com-
ponents of the sample that did not react with copper
ions were eluted in the first chromatography fraction.
The affinity interaction of organic compounds with
chromatography matrix was weakened via decreasing
pH of the eluent. Fraction 2 of weakly bound organic
compounds was eluted with 0.05 mol/dm? acetate buf-
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fer supplemented with 0.5 mol/dm?® NaCl (pH 4).
Fraction 3 (stably bound organic compounds) was
eluted with 0.2 mol/dm?® NaOH supplemented with
0.5 mol/dm?> NaCl (pH 12). After fractionation, copper
ions were removed from the column with 0.2 mol/dm3
EDTA solution.

For regeneration, the gel was placed into a Buchner
funnel and successively washed with distilled water,
25% propanol, 50% propanol, 100% propanol,
100% buthanol, 50% propanol, 25% propanol, and
distilled water, 15—20 mL each. The regenerated gel
was loaded into the chromatography column and sat-
urated with copper ions. All used solutions were fil-
tered through 0.22-um membrane Millipore filters,
degassed, and controlled for pH. Several compounds
were used as standards: glycine (0.5 mol/dm?), oxalic
acid (0.5 mol/dm?®), histidine hydrochloride
(0.1 mol/dm?), aspartic acid (0.1 mol/dm?), phenyl-
alanine (0.1 mol/dm?), etc. MultiChrom 2.0 software
was used for integration and computation of chroma-
tography fraction areas.

RESULTS AND DISCUSSION

Comprehensive descriptions of morphological and
physicochemical properties of soils have been pub-
lished earlier [4, 5, 22]. Table 1 consolidates the most
general physicochemical properties of the examined
soils. The studied soils have close physicochemical
properties. The soils are acidic: the pH of water
extracts varies from 3.3 in the organic horizon of
peaty-podzolic gleyic soil to 4.3 in the litter horizon of
podzol. A low degree of base saturation is characteris-
tic of the soils. The organic horizons accumulate raw
humus. Note that the organic matter in podzolic and
peaty-podzolic gleyic soils is richer in nitrogen as
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Fig. 2. Column with IMAC Sepharose 6 FF (a) before and
(b) after “charging” with copper cations.

compared with that in iron-illuvial podzols. The con-
tent of carbon compounds extractable by decinormal
alkali varies from 67—102 g/kg soil in organic horizons
to 1.3—4.5 g/kg soil in mineral horizons. The fraction
of alkali-soluble compounds amounts to 17—25% of
Ciota in litters and 18.4—32.5% in the upper mineral
horizons. The maximum C,j ;. (relative to C,,) is

Table 1. Physicochemical and chemical properties of examined soils

Exchangeable
% cations sk
Horizon Depth, pH HA v Coa | Niota C Carkatines | Caix %
cm C3.2+ Mg2+ N % Corg ’
H,0 KClI cmol(+)/kg %
Podzol (1)
O(H) 1-3 4.3 3.3 45.9 8.8 1.4 18 43.7 0.69 54 7.48 17.1
E 3—13 4.2 3.3 3.6 0.3 0.1 10 0.87 0.02 37 0.16 18.4
Podzolic (II)
O(H) 6—8 4.0 2.9 73.7 11.4 3.0 16 35.8 1.58 26 6.67 18.6
EL 8§—11 3.9 2.9 14.9 0.6 0.3 6 2.2 0.15 17 0.45 20.4
Peaty-podzolic gleyic (11I)
O(H) 7—13 3.3 4.2 82.5 2.1 1.2 4 40.2 1.56 29 10.2 25.4
ELhi, g 13—30 3.8 5.0 7.8 0.3 0.1 5 0.4 0.03 15 0.13 32.5
* Hydrolytic (total) acidity.
** Base saturation, %.
EURASIAN SOIL SCIENCE  Vol. 53 No. 2 2020
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observed in the horizons with morphological features
organic matter migration in peaty-podzolic gleyic soil.
According to the earlier data [6], the carbon content in
the examined soils to a depth of 1 m is 2.9 kg/m? in
podzols, 9.2 kg/m? in podzolic soils, and 12.1 kg/m? in
peaty-podzolic gleyic soils. Although these soil types
belong to boreal forests, they have several differences
in the conditions of their formation, as well as accu-
mulation and decomposition of organic matter. Two
horizons—Ilower part of the litter and upper mineral
horizon—were selected for the analysis, as these layers
in most cases are most affected by chemical pollution.

The choice of fractionation algorithm involved
testing of different combinations of conditions for HS
alkaline extract fractionation into homogeneous
molecular fractions utilizing the following practices of
ligand exchange chromosome of proteins:

(i) The ligand exchange using histidine, imidazole,
ammonium chloride, or other substances that form
more stable complexes with metal ions (i.e., with the
affinity for chelate metal ions);

(ii) Destruction of chelate compounds with a
strong chelating agent (EDTA), thereby releasing
compounds and desorbing metal; and

(iii) Linear or stepwise pH gradient or eluent pro-
viding protonation of HS donor groups.

The two first fractionation variants gave a low
reproducibility and ambiguous data interpretation for
the complex mixtures of HS alkaline extracts. Presum-
ably, the approaches involving ligand exchange and
destruction of chelate compounds with EDTA are bet-
ter applicable to the mixtures that are more uniform in
their molecular composition and require prepurifica-
tion and removal of low molecular weight organic
compounds.

The variant of HS separation with pH gradient dis-
played a high reproducibility; it included 10 min using
buffer 1 (0.02 mol/dm? phosphate buffer in 0.5 mol/dm?
NaCl, pH 7); 15 min, buffer 2 (0.05 mol/dm? acetate
buffer in 0.5 mol/dm? NaCl, pH 4); and 20 min, buffer 3
(0.2 mol/dm? NaOH in 0.5 mol/dm?* NaCl, pH 12).
Examples of chromatograms are shown in Figs. 3 and 4.

The selected algorithm was used to fractionate the
alkali-soluble organic matter of the examined soils
(Fig. 5) and to assess the relative share of individual
fractions (Table 2). The proposed algorithm allowed
for separation of the HSs into three homogeneous
molecular fractions according to their ability to inter-
act with copper ions. The relative share demonstrates
that the peaty-podzolic gleyic soil displays the mini-
mal ability to bind copper ions and podzolic soil, the
maximum ability. As for the mineral horizons, the HSs
in the peaty-podzolic gleyic soil contain the largest
share of organic compounds that interact with copper
ions; the smallest share of these compounds is in the
podzolic soil.
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Fig. 3. IMAC fractionation of 0.1 mol/dm NaOH extract:
1, optical den51ty,2 pH; (a) 0.02 mol/dm phosphatebuﬂ“er
in0.5 mol/dm NaCl (pH 7); (b) 0.05 mol/dm acetate buf—
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0.6 - - 100
PR

< 04 | S
= 160 4
2 0.3 -———— g
§02 140§
& ol 120 £

) O

0
30 40 50

t, min

Fig. 4. Changes in the (/) optical density and (2) conduc-
tance of the eluate with time.

The estimates of the content of individual fractions
with due account for the carbon content in alkaline
extract and the relative content of chromatography
fractions are listed in Table 3. Among the organic
horizons, the minimum content of fractions 2 and 3
(14.4 g/kg soil) is observed in podzol; the litter of
peaty-podzolic gleyic soil has similar values. The con-
tent of carbon of the bound and stably bound com-
pounds in podzolic soil amounts to 21 g/kg soil with a
minimum carbon content extractable by alkali. At a
first glance, the complexing ability of the HS compo-
nents in the mineral horizons is significantly lower.
The maximum content of fractions 2 and 3 is observed
in podzolic soil versus podzol and peaty-podzolic
gleyic soil, where these values are two—three times
lower. In part, this is associated with a smaller amount
of organic carbon in the horizon. On the one hand, it
is necessary to take into account that up to 50% HSs in
the alkaline extracts from the eluvial horizons of
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Fig. 5. Chromatograms of 0.1 mol/dm3 NaOH extract of HSs from (1) litter and (1I) eluvial horizons.

podzol are represented by stable complex compounds
with iron and aluminum [6, 12], which are unable to
interact with immobilized gel matrix.

Table 4 lists the stability constants (pK,) for copper
ions in individual compounds with different func-

Table 2. Relative content of fractions in 0. mol/dm?
NaOH extract from organic and mineral horizons (mean of
three measurements), %

Chromatography fraction*
Soil type Sum 2—-3

1 2 3

Litter
I 81+ 6 32104 16t5 19.2
II 68.7+09 | 5.6+0.6 | 258t 1.4 31.4
I 86+ 3 44+09 | 10024 14.4
Eluvial horizon

I 60.8+3.0 | 3.0+0.9 | 36.3+£2.0 39.3
II 659+35|55+05 2713 32.5
111 60+ 7 10+ 4 30+3 40

Here and in Table 3: /, weakly bound organic compounds;
2, bound organic compounds; and 3, organic compounds stably
bound to copper ions; I, iron-illuvial podzol; 11, podzolic soil;
and III, peaty-podzolic gleyic soil.

tional groups for approximation of the results to the
soil properties. The obtained chromatograms and pK,
logarithms suggest that the first chromatographic peak
contains the substances that either do not interact with
the copper ions immobilized on gel surface or poorly
interact with the ligand immobilized on the matrix.
Correspondingly, they are eluted by starting buffer
passing through the system. The range of pK, values
for individual compounds eluted with the retention
time falling in the range of the first fraction is 4.4—8.6
(Table 3). Note that the individual compounds of the
first fraction somewhat differ in their retention times
(Fig. 6). Presumably, the first peak contains the sub-
stances with the properties similar to oxalic acid, aspar-
tic acid, and glycine. This fraction mainly contains low
molecular weight compounds with amino (—NH,) and
carboxyl (—COOH) functional groups. The elution
time of the fractions of organic compounds that did
not interact with copper ions corresponds to the elu-
tion time of model substances.

The second chromatography fraction contains the
organic compounds bound to copper; they are eluted
from the column in the presence of acetate buffer with a
low pH. The range of the pK, of such individual com-
pounds is assessed at 8.6—10.2 (Fig. 7). The elution time
of the second HS fraction of the soil alkaline extract
also matches the elution time of model substances,
namely, histidine hydrochloride and 8-hydroxyquino-
EURASIAN SOIL SCIENCE  Vol. 53
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Table 3. Carbon content in 0.1 mol/dm? NaOH extract and
chromatography fractions, g/kg

Chromatography fraction

Soil type |Co 1 NaOH Sum 2—3
1 2 3
Litter

I 75 60.8 2.4 12.0 14.4
11 67 46.0 3.8 17.3 21.0
11 102 87.7 4.5 10.2 14.7

Eluvial horizon
I 1.6 1.0 0.0 0.6 0.6
11 4.5 3.0 0.2 1.2 1.5
111 1.3 0.8 0.1 0.4 0.5

Assumptions in calculations: all organic compounds of alkaline
extract are eluted from the column, absorb light at A = 280 nm,
and do not differ in extinction coefficient.

line. Presumably, this fraction contains the compounds
with N-heterocyclic aromatic structures.

The elution time of 8-hydroxyquinoline peak sug-
gests that the pK, range for the organic compounds
stably bound with copper ions is over 12.2. Taking into
account that copper cations are completely eluted
from the column with 0.2 mol/dm?® EDTA solution,
the upper limit of their pK, is most likely 18. The chro-
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matographic behavior of individual organic com-
pounds suggests that they are analogous to soil HSs in
their complexing characteristics (similarity of iono-
genic groups). The third peak in chromatograms of
model compounds is associated with the second sta-
bility constants, which have been described for most of
the studied individual substances. Presumably, the
compounds contained in the third fraction play the
most significant role in long-term stabilization of cop-
per cations. Most likely, these are the most complex
molecular structures containing both aromatic struc-
tures and carboxyl groups. Conceivably, the compo-
nents of this fraction are represented by the soil-spe-
cific biopolymers with the highest molecular weight.

The chromatographic peaks of soil samples were
wider than those of the model organic substances,
which points to a mixed composition of closely related
ligands with very similar affinity for copper.

Note that ranking of the compounds contained in
individual fractions according to pK, is rather condi-
tional, since pK, values can somewhat change depend-
ing on pH and conductance. As has been demon-
strated earlier [28], the pK, of metal compounds with
individual substances insignificantly influence the
retention ability.

Table 4. Organic substances used in the work and their stability constants at pH 7 and 25°C (according to [17])

K, of 1 d ion ti
Substance Structural formula PRa© c'omp X Co,m pounds Elutlo}? ume,
with copper ions min
HOOCCH, CH,COONa 18.8
AN 7
EDTA _N—CH,—CH;N_ 15.5 -
NaOOCCHj CH,COOH 16.5
X
L 12.2 19.0
8-Hydroxyquinoline N/ 23.4 325
OH
T—$_§H_COOH'HCI'H20
o . HC_ _CH NH, 10.2 18.2
Histidine hydrochloride | s 18.3 32.6
H

A - acid HOOC—CHz—(IZH—COOH 8.6 5.3
spartic acl NH, 15.4 32.4
Phenylalanine Q CH2_C|:H —COOH 12; 32(5)
NH, ' ’
. H,N—CH,—COOH 8.1 4.5
Glycine 15.2 32.3
Oxalic acid HOOC—COOH 4.4 4.4
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Fig. 6. IMAC patterns of individual chemical compounds according to specified separation algorithm.
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Fig. 7. IMAC pattern of 0.1 mol/dm3 NaOH extract (podzolic soil, litter): 7, weakly bound organic compounds; 2, bound organic
compounds; and 3, organic compounds stably bound to copper ions.

CONCLUSIONS

Different practices of HS separation into homoge-
neous molecular fractions according to the affinity for
copper ions have been tested. Successive change in the
pH of eluent leading to protonation of donor groups
appeared to be the most effective IMAC approach.
The proposed algorithm for fractionation of HS alka-
line extract allows for isolation of three HS fractions,

the components of which differ in their ability to bind
copper ions (weakly bound organic compounds,
bound organic compounds, and organic compounds
stably bound to copper ions). The use of individual
model substances with known functional groups and
pK, values for copper ions has shown that the first HS
fraction contains low molecular weight compounds
failing to bind copper ions and displaying low pK, val-
Vol. 53 2020
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ues (up to 8.6), mainly, the low molecular weight com-
pounds with amino and carboxyl functional groups.
The second HS fraction contains the compounds with
N-heterocyclic aromatic structures, and the third
fraction—the organic compounds stably binding cop-
per ions—comprises the most high molecular weight
substances with pK, > 12.2.

This fractionation algorithm has been used to
assay the HSs of the litters and eluvial horizons of
iron-illuvial podzol, podzolic soil, and peaty-
podzolic gleyic soil. A quantitative estimate of the
carbon contribution of individual fractions has
shown that the HSs of podzolic soil display the high-
est ability to bind copper ions. The tested fraction-
ation technique can be used for assessing the soil vul-
nerability to heavy metal pollution.
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