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Summary 
 
 

This doctoral thesis reports research work, by liquid-state Nuclear Magnetic Resonance 

(NMR) technique, on the interactions between humic substances and glyphosate, a widely 

employed soil herbicide, and two enzymes, -D-Glucosidase and Alkaline Phosphatase, which are 

supposed to act in soil as extracellular enzymes. These molecules were examined in their NMR 

behavior as a function of increasing addition of humic substances. In particular, the following 

treatments were applied: glyphosate with both a humic and a fulvic acid at pH 5.2 and 7, alkaline 

phosphatase with two different humic acids (pH 10.4), -D-Glucosidase with a fulvic acid at pH 5 

and 7.2. The three studied molecules interacted with humic substances by forming complexes 

stabilized by weak forces. These results were first supported by observing signals broadening and/or 

chemical shift drift in 1H- and 31P-NMR spectra for the molecules in interactions with increasing 

humic concentrations. The formation of host-guest weakly bound complexes was confirmed by the 

values of molecular spin relaxation times, their corresponding correlation times, and self-diffusion 

values. In the case of glyphosate, whose fraction bound to humic matter was also calculated by 

means of NMR diffusion experiments, the conclusion of the weakly stabilized complex was 

supported by the application of the saturation transfer difference (STD) NMR experiment. The 

effect of the interaction between humic matter and enzymes on the catalytic activity of the enzymes 

was also studied. A progressive inhibition of enzymatic activity was calculated by following the 

changes of specific substrate in 1H-NMR spectra, with increasing concentration of humic 

substances in enzyme solutions. A final aim of this thesis was to verify whether the inhibition of 

enzymatic activity by humic matter observed in the liquid phase occurred also in an heterogeneous 

phase similar to soil conditions, such as a laboratory synthesized humic-aluminum-montmorillonite 

aggregate. The preliminary experiments shown here indicate that -D-Glucosidase simply adsorbed 

on solid clay-humic particles revealed a significantly lower catalytic activity than that evaluated by 

NMR in a liquid-state complex with soluble humic matter.     
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1. 

Introduction 

 
 

1.1 Concept of soils  

Soil may be described as an integral part of the earth’s ecosystem, situated at the interface 

between the earth’s surface and bedrock (Bridges and Mukhopadhray, 2003). Unlike plants and 

animals, soil does not have a genetic basis controlling its development, but it is formed through an 

interaction of factors, such as climate, organisms, relief, parent material and time, thus representing 

one of the most complex natural systems.  

 

1.2 Soil properties 

The physical and chemical state of a soil governs its principal properties. Its composition 

consists in a solid phase, with both mineral and organic compounds, a liquid phase, that is the  

circulating soil solution, and a gas phase, constituted mainly by the same atmospheric components 

but at different concentration. The inorganic fraction of soils is derived from the weathering 

products of rock parent material, varying in size and composition. Their size distribution forms the 

texture of soil and it is defined according to the size into three major groups: sand (2 - 0.05 mm), 

silt (0.05 – 0.002 mm) and clay (< 0.002 mm) (Tan, 1998). The aggregation of mineral particles, 

promoted by the soil organic matter (SOM), forms particles in which sand, silt an clay fractions are 

bound together (Tisdall, 2003).  
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1.3 SOM and humic substances 

The soil organic components defined as Soil Organic Matter, is due to the evolution into a 

higher entropic state of organic compounds resulting from the microbial decomposition of animal 

and vegetable tissues  (Hayes & Swift, 1978).  

Humic matter is the most abundant and stable component of SOM and it is believed to be the 

key factor in several natural processes, like the stabilization, accumulation, and dynamics of organic 

carbon in soil (Andreux, 1996; Tan et al., 2011; Fomba et al., 2011). From 70 to 90% of SOM is 

represented by this stable humus, while the remaining part is constituted by ready decomposable 

biomolecules and soil microbial biomass (Oades, 1984). Humic substances exhibit a wide chemical 

heterogeneity that is dependent on climatic, morphological and microbiological features under 

which the soil develops (Stevenson, 2004; Piccolo et al., 2003, Zhang et al., 2011). Humic 

substances intimately interacts with mineral soil components and exert an effect on the general 

physical, chemical and biological properties of soils, through which they also controlling the fate of 

of natural and anthropogenic compounds reaching the soil (Piccolo et al., 2003). 

Humic substances cannot be defined univocally on the basis of their heterogeneous and 

variable chemical composition or functional groups content. They have been traditionally classified 

on the operational bases of aqueous solubility at different pH into three major fractions : 1) fulvic 

acids, soluble under all pH conditions, 2) humic acids, soluble only under alkaline conditions, and 

3) humin, insoluble in any pH condition. 

                                                      

1.4 Conformation of Humic Substances 

Humic substances have been described traditionally as macromolecular polymers, coiled-

down in globular conformations at high concentrations, low pH and high ionic strength, and 

stretched linear conformations at neutral pH, low ionic strength and low concentration (Ghosh and 

Schnitzer, 1980; Piccolo, 2002). 
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However, the macromolecular theory has never been unequivocally demonstrated (Piccolo, 

2001; 2002). In fact, the macropolymeric understanding has been gradually abandoned to the 

sounder and scientifically proved supramolecular structure (Piccolo et al., 1996; Piccolo, 2001; 

Cozzolino et al., 2001; Piccolo, 2002; Piccolo et al., 2003). According to this, humic molecules, 

instead of being covalently interlinked into large polymers, are formed to relatively small (< 1000 

Da) heterogeneous molecules randomly associated by weak dispersive forces, such as van der 

Waals, π-π and CH-π interactions, or by intermolecular complexes with polyvalent metals (Wrobel 

et al., 2003), in only apparently large molecular dimensions (Piccolo, 2001), which can be easily 

disrupted by interaction with natural organic acids (Piccolo, 2001; Piccolo, 2002). The change in 

the paradigm introduced by this innovative explanation of the chemical nature of humic substances 

has been supported by an ever increasing number of experimental evidence (Piccolo et al., 1996; 

Conte and Piccolo, 1999; Piccolo et al., 1999; Piccolo, 2001; Piccolo et al., 2001; Cozzolino et al., 

2001; Stenson et al., 2002; Piccolo & Spiteller, 2003; Stenson et al., 2003; Simpson, 2002; 

Smejkalova & Piccolo, 2008; Piccolo et al., 2010; Nebbioso and Piccolo, 2011).  

 

1.5 Host-guest interactions in humic material 

Soil humic substances are capable to form complexes or adducts with either natural or 

anthropogenic molecules distributed in the environment. The supramolecular structure of humic 

substances is sufficiently flexible and heterogeneous to establish stable associations with other 

molecules by forming host-guest complexes (Houk et al., 2003; Ganin and Vang, 2003; Smeulders  

et al, 2001; Smejkalova and Piccolo 2008 b; Smejkalova et al., 2009;). In fact, due to the wide 

chemical heterogeneity of humic suprastructures, a number of different type of interacting domains 

are exposed to weak dispersive interactions with guests (Piccolo, 2001; Nebbioso and Piccolo, 

2011). In particular, guest ligands may interact with humic matter through their hydrophilic 

domains forming ionic or hydrogen bonds, and their hydrophobic domains, establishing weak 

dispersive forces such as van der Waals, π-π, and CH-π interactions. Moreover, humic matter may 
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be arranged to exhibit hydrophobic cavities to guests where they can be entrapped in stable 

complexes (Zhang et al, 2011).  

Nuclear Magnetic Resonance (NMR) spectroscopy represents the most suitable technique to 

identify the occurrence of these type of interactions. The complexation of humic matter to guest 

molecules can be revealed by monodimensional 1H experiments. The reduction of Brownian 

motions of the guest compound, following the increase in molecular size of the humic adduct, 

implies signal broadening effects because of a less efficient minimization of molecular dipolar 

couplings. In addition, the change of overall magnetic field experienced by the observed nuclei is 

univocally shown by a drift of chemical shifts. For instance, hydrophobic interactions may exert an 

up-shift effect due to the increase of electron density surrounding the observed nucleus, while 

electron-attractive nuclei involved in hydrogen bonds, can exert a de-shielding effect and a 

consequent downshift drift.  

Moreover, a Saturation Transfer Difference (STD) experiment may be employed to identify 

the occurrence of weak interactions. Originally introduced by Mayer and Meyer (Mayer and Meyer, 

1999) to evaluate the extent of non-covalent protein-ligand interactions by “through-space” 

polarization transfer, this technique had been previously employed to prove the interactions 

occurring between humic substances and xenobiotics (Shirzadi et al., 2008; Longstaffe and 

Simpson, 2011). 

Non-covalent association between a small sorbate molecule and the humic sorbent leads to a 

reduction of the sorbate’s translational and rotational motion that is shown by changes in spin-

lattice (T1) and spin-spin (T2) relaxation times as well as in correlation times (Bortiatynski et al., 

1997; Nanny, 1999; Nanny et al., 1997; Dixon et al., 1999). 

Finally, experiments by DOSY (Diffusion Ordered SpectroscopY) NMR spectroscopy are 

used to detect molecular aggregation and provide information on changes of diffusivity when small 

molecules become involved in non-covalent complexes with humic matter (Smejkalova and Piccolo 

2008 b; Smejkalova et al., 2009). Since, according to the Einstein-Stokes description, the diffusivity 
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of a molecule decreases when the hydrodynamic radius increases (Chapman and Cowling, 1990), 

by measuring the diffusion coefficient of a molecular system it is possible to obtain quantitative 

thermodynamic information on intermolecular interactions (Wimmer et al., 2002). In this way, 

binding constants as well as thermodynamic parameters for host-guest complexes between natural 

organic matter and different compounds are measurable. 

 

 

1.6 The herbicide Glyphosate 

N-phosphonomethylglycine is the active ingredient of the widely used broad-spectrum and 

relatively non-selective herbicide, commonly referred to as glyphosate. It is used in the form of an 

aqueous solution of isopropyl-amine salt under trade names such as Roundup®, Rodeo®, Glyfonox® 

and Glycel® (Carigny et al., 2004).  Introduced by the US Chemical Company Monsanto in the 

early 1970s, glyphosate represents today up to 60% of the global ‘broad-spectrum’ herbicide sales, 

covering a global use of over 70,000 t.year-1 of technical acid (Hu et al., 2011). Furthermore, the 

introduction in 1997 of Roundup Ready® crops, such as cotton, maize, and soybeans, which are 

made resistant by incorporation of a naturally occurring glyphosate-resistant protein, added 

popularity to the synthetic herbicide (Borggaard and Gimsing, 2008). Glyphosate high efficiency is 

due to its potent and specific inhibition of the enzyme 5-enolpyruvylshikimate 3-phosphate (EPSP) 

synthase (Schonbrunn et al., 2001). In fact, as represented in the following scheme, Glyphosate is 

capable to compete with phosphoenolpyruvate (PEP), during the shikimate pathway, since it 

exhibits a large similarity with PEP oxonium ion, thus inhibiting the synthesis of EPSP. This 

enzyme is a crucial intermediate of the shikimate pathway, that governs the synthesis of aromatic 

amino acids, as well as almost all other aromatic compounds in higher plants, algae, bacteria and 

fungi (Bentley and Haslam, 1990; Hayes et al., 1991). Its continuous and worldwide use in 

agriculture is attributed to its non-toxicity for mammals, since the shikimate pathway is absent in 
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mammals, which are thus unaffected by glyphosate (Steinrücken and Amrhein, 1980; Busse et al., 

2001).  

                        

 
 

                                                                              
 

Figure 1.1 Shikimate pathway: EPSP synthase. In the dotted box are compared the glyphosate and 
the PEP oxonium ion.  

 

Although this herbicide is claimed to decrease the contamination by agro-chemicals in the 

environment because it implies a reduction in the amount of  herbicides applied on non-tolerant 

crops, and its less persistency and toxicity than other herbicides (Mamy et al. 2005), its presence 

and adsorption in soil may still represents a major threat for a wider environmental pollution 

(Borggaard and Gimsing, 2008; Vereecken, 2005). Glyphosate microbial persistence is due to the 

carbon-to-phosphorous bond that is highly resistant to biodegradation (Lipok et al. 2011), while its 

transport in the environment is attributed to its strong interactions with fine organo-mineral soil 

particles (Piccolo et al., 1994; Albers et al., 2009) and soluble humic fractions (Piccolo et al., 1994; 

Albers et al., 2009; Piccolo and Celano, 1994, 1996).  
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1.7 Soil enzymes 

 

Enzymes are high molecular weight (from 10 to 2000 kDa) proteins consisting in chains of 

amino acids linked together by peptidic bonds. Enzymes catalyze specific chemical reactions in a 

biological systems, whose rates are greatly enhanced by enzymatic catalysis to sustain life. Since 

enzymes are selective for their substrates and speed up only a few reactions from among many 

possibilities, the set of enzymes made in a cell determines which metabolic pathways occur in that 

system (cell, tissue) (Ritter, 1998). The high specificity that enzymes exhibit for the reactions they 

catalyze is the main property that makes them so important in metabolic processes. In general, there 

are four distinct types of specificity: absolute specificity, when the enzyme will catalyze only one 

reaction; group specificity, when the enzyme will act only on molecules that have specific 

functional groups, such as amino, phosphate and methyl groups; (3) linkage specificity when the 

enzyme will act on a particular type of chemical bond regardless of the rest of the molecular 

structure; (4) stereochemical specificity when the enzyme will act on a particular steric or optical 

isomer (Nelson and Cox, 2004). 

A further crucial aspect is the enzymatic inhibition (reversible or irreversible) that interests the 

decrease of the enzyme reaction rate. It is exerted in different ways: the competitive inhibition 

occurs if an inhibitor competes with the specific substrate; the uncompetitive inhibition occurs when 

the inhibitor interacts with the enzyme-substrate intermediate; the non-competitive inhibition is 

displayed if the inhibitor occurs binds to a non active site in the enzyme. The latter is a special 

mixed inhibition where the inhibitor has an equal affinity for both the free enzyme and the enzyme-

substrate complex (Ritter, 1998). 

Plant exudates and bacteria and fungi microorganisms are responsible for the introduction and 

diffusion of enzymes in soil. Part of enzymes are released as extracellular exo-enzymes, while most 

of them are released through cytoplasmic exudates or cell debris from either dead or living cells 

(Burns, 1982). Soil enzymes are believed to be directly involved in the processes of soil organic 
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matter transformation and mineralization of plant nutrients (Dick et al., 2000). Extracellular 

enzymes couple the activity of soil microbes in the degradation of complex substrates into low 

molecular weight compounds which can be even assimilated by plants (Schimel and Bennett,  

2004).  

 

1.7.1 Alkaline phosphatase 

Alkaline Phosphatase (EC 3.1.3.1), or Orthophosphoric-monoester phosphohydrolase (AP), is 

a common and widespread enzyme in calcareous soils. This enzyme is known to catalyze the 

hydrolysis of esters and anhydrides of phosphoric acid (Kim and Harold, 1991; Holtz and 

Kantrowitz, 1999) at the hydrolysis rate of  1.0 µmole of p-nitrophenyl phosphate per minute at pH 

10.4 and 37°C for one unit of AP.  

 

    

Figure 1.2. Hydrolysis of p-Nitrophenylphosphate catalyzed by AP. 

 

Soil extracellular alkaline phosphatases plays an important role in the mineralisation of 

organo-phosphorus compounds and, thus, in the supply of soluble phosphate for plant growth 

(Perez-Mateos et al., 1991). AP is mainly introduced in soils by bacteria, fungi and fauna, and, 

contrary to acid phosphatase, it is not produced by plant roots (Olander and Vitousek, 2000; George 

et al., 2006). Nevertheless, in most of plants, roots are not able to directly uptake phosphorous 

bound to organic molecules, although this should be the most available P form in soils. Therefore, 
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phosphatase enzyme contributes to plant P uptake by converting the organic P forms into inorganic 

forms which are finally available to plants (Tarafdar and Claassen, 1988; Richardson et al., 2005).   

 

 

Figure 1.3. Overview of the AP dimer from human placenta (Llinas et al., 2005). 

 

1.7.2 -Glucosidase

-Glucosidase (EC 3.2.1.21) is abundant in soil and it is important since it takes part in the 

carbon cycle and is closely related to transformation, composition, and cycling of soil organic 

matter (Xiao-Chang & Qin, 2006; Busto and Perez-Mateos, 2000). This class of enzymes belongs to 

the glycoside hydrolase family and operates on substrates hydrolysis by cleaving 1-4 glycosidic 

linkages (Bock, 1988). In particular, two -Glucosidase carboxylic acids are involved in the 

catalytic active site.  

One carboxylate residue functions as a catalytic nucleophile by attacking the anomeric centre 

of substrate and forming a covalent -D-glucosyl enzyme intermediate, while the other carboxyl 
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group acts as an acid/base catalyst by first protonating the glycosidic oxygen and then deprotonating 

the nucleophilic water molecule (Lawson et al. 1998; Rye & Withers, 2000). 

 

 

Figure 1.4. Double displacement mechanism for a glucosidase, where R can be either a glucose 
residue or an alkyl or aryl group (Lawson et al. 1998). 

 

Therefore, -Glucosidase contributes to hydrolyse the -4 glycosylated molecules which 

are commonly deposited in soils, such as the flavonoid glucosides (Schmidt et al., 2011) or the 

cellulosic materials (Saratchandra & Perrott, 1984). In particular, cellulose degradation in soil is a 

synergistic process involving other soil enzymes. It is launched by endo--1,4-glucanase (EC 

3.1.2.4), that breaks cellulose chains into smaller units, and cellobiohydrolase (EC 3.1.2.91), which 

cleaves the cellobiose dimer (two -1,4 linked glucose units) starting from the reducing ‘ends’ of 
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molecules. Finally, -Glucosidase completes the hydrolysis process by catalysing the cleavage of 

cellobiose and releasing two moles of glucose per mole of cellobiose (Turner et al., 2002). In plants, 

Glucosidases are involved in crucial processes of growth, such as the degradation of endosperm 

cell walls during germination or the formation of intermediates in cell wall lignification, as well as 

in activation of defence compounds, and formation of phytohormones (Schmidt et al., 2011).  

 

1.8 Soil enzymes and humic substances  

Enzymes in soil interact with other organic and inorganic components and may give rise to 

stable active associations (Burns, 1986). In the last decades, many works showed that a variety of 

soil abiotic factors, such as mineral and organic compounds (mainly humus), can regulate both the 

enzyme stability and the interaction between enzyme and substrates (Sinsabaugh and Moorhead, 

1994). In particular, it was verified that a partial inhibition of soil enzymes may arise from the 

occlusion of active sites and sorption of substrate molecules (Sarkar et al., 1989; Quiquampoix et 

al., 2002; Tietjen and Wetzel 2003).  

The occurrence of interactions between soil enzymes and other chemical soil components  

such as clay minerals and humic substances, was repeatedly shown (Burns, 1982; Stevenson, 1982; 

Busto & Perez-Mateos, 2000; Nannipieri et al., 2002). In addition, it has been proved that 

extracellular enzymes bound to clay or humic matter, are resistant to proteolytic degradation and/or 

to physical-chemical stresses (Nannipieri et al., 1996). Recently, NMR spectroscopy was used to 

show that enzymes, among other proteins, are encapsulated by humic aggregates, thus suggesting a 

change in their catalytic activity in soil (Tomaszewski et. al., 2011). 

The interactions with soil components of the alkaline phosphatase enzyme and the effect on 

the catalytic activity were previously studied. Perez-Mateos (1991) verified that, by immobilizing 

AP on a sterile soil, humic components tended to occupy part of the enzyme active sites, thus 

preventing the access of the substrate and increasing the activity Km value. Later, Pilar et al. (2003) 
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showed that AP absorption on soil humates ranged from 58 to 92%, without significantly 

influencing the catalytic activity of the humate-phosphatase complex. 

Recent works were also focused on the formation of complexes between Glucosidase and 

humic matter. The formation of humic-Glucosidase complexes during composting was shown and it 

was found that the association took place almost totally during the first stage of composting 

(Mondini et al., 2004). Later, the isoelectric focusing technique was applied to confirm the 

occurrence of the humic-Glucosidase adduct and to differentiate soil quality according to different 

management systems as a function of the humic-glucosidase complexes (Ceccanti et al, 2008).  

Moreover, a large attention has been paid to assess the activity of both alkaline phosphatase 

and -Glucosidase in soils since these enzymes are typically used as indicators of soil quality (Dick, 

1997; Turner et al., 2002).   

 

1.9 Work Objectives  

A thorough understanding of the chemical processes involved in sorption and binding of agro-

molecules to soil humic substances, is necessary for a reliable prediction of molecular behaviour in 

soil and a better comprehension of chemical dynamics related to soil components. Thus, this thesis 

reports the investigations, conducted by means of Nuclear Magnetic Resonance (NMR) 

spectroscopy, on the interactions which occur between the humic substances and molecules to be 

commonly found in soils such as the herbicide Glyphosate and the alkaline phosphatase and    -

glucosidase enzymes. NMR spectroscopy was applied to evaluate both the qualitative and 

quantitative relations occurring between the selected agro-molecules and humic matter.  

In the case of Glyphosate, the objectives were to prove the occurrence of interactions between 

glyphosate and water-soluble humic substances and to quantify the corresponding thermodynamic 

parameters. In the cases of the two enzymes studied here, the objectives were also to apply NMR 

spectroscopic techniques to prove the formation of humic-enzyme complexes, and its effect on the 

enzymes catalytic activity on selected substrates.   



2. 

Experimental Section 

 
 
 
 
 
 

2.1 Humic substances.  

Humic substances were isolated as it follows: 1. a humic acid from a Typic Fulvuland soil 

(Lake Vico, Lazio, Italy), 2. a fulvic acid from an  Eutric Regosol (Caserta, Campania, Italy), and, 

3. a humic acid from a North Dakota (USA) lignite provided by Mammoth Int. Chemical Company. 

The adopted extraction was modified from that reported by Stevenson (1994) and consisted by 

shaking the raw material overnight in a 0.5 M NaOH and 0.1 M Na4P2O7 solution under N2 

atmosphere. The suspension was centrifuged at 10000 rpm and the supernatant filtered through 

glass wool and treated with 6N HCl to pH 1 to allow precipitation of humic acids during one night 

at 4°C. The precipitated humic acids were separated by centrifugation and purified from coextracted 

inorganic particles first by three cycles of dissolution in 0.5 M NaOH followed by flocculation in 6 

M HCl, and then shaking humic acids twice in a 0.25 M HF/HCl solution for 24 h. The purified 

humic acids was then dialyzed against distilled water until chloride-free and freeze-dried. The, 30 

mg of humic acids were suspended in H2O, titrated to pH 7 with NaOH 0.1 M by an automatic 

titrator and freeze dried again. The fulvic acids, which remained in solution after precipitation of 

humic acids, were purified by adsorbing on a Amberlite XAD8 resin (Thurman and Malcolm, 1981) 

to eliminate reputed interfering materials such as soluble hydrophilic carbohydrates and proteins, 

eluting the adsorbate by a 1M NaOH solution. After adjusting the pH of the eluates to 5, the fulvic 

acids were dialyzed in Spectrapore 3 tubes against distilled water until chloride-free, and freeze-

dried. Both humic and fulvic acids were then redissolved in 0.5 M NaOH and passed through a 
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strong cation-exchange resin (Dowex 50) to further eliminate divalent and trivalent metals, and 

freeze-dried again. When necessary, the humic substances were characterized for their elemental 

content by using a Fisons EA 1108 Elemental Analyzer.  

                                                             

2.2 Complexes of Al-humate-montmorillonite (HM) 
 
The thin fraction of montmorillonite (<2 mm, Crook County, WY, USA) was separated by 

sedimentation after dispersion in water and sodium exchanged by washing three times with 1 M 

NaCl solution. Excess NaCl was removed by washing in distilled water followed by dialysis until 

Chloride-free. Then, 0.5 M NaOH was added to mixture of Na-montmorillonite + AlCl3 (6 mmol Al 

per g of clay) up to reach a suspension pH of 5. After one hour, the organo-mineral complex (HM) 

was obtained by adding the titrated HA (20 mg per g-1 clay) and bringing the pH of suspension to 7 

with 0.5 M NaOH. Finally, a vigorous stirring, during complex formation, facilitated penetration of 

the OH-Al-humate polymers into the interlayers of montmorillonite (Violante et al., 1999). The 

solid residue was centrifuged (10.000 rpm), washed three times with distilled water and freeze-

dried.   

 

2.3 The herbicide Glyphosate  

2.3.1 Glyphosate solutions and dissociation forms 

Glyphosate (N-phosphonomethylglycine) was provided, in free acid form (99 % pure), by Dr. 

Ehrenstorfer GmbH (Germany). Glyphosate (GLY) is a weak acid and presents three dissociation 

constants in aqueous solution due to progressive proton release from carboxyl, phosphonate and 

ammonium groups at increasing pH (Piccolo and Celano, 1993).  
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Solutions were prepared by dissolving Glyphosate (1 mg) in 1 mL of either a 0.2 M acetate or 

a 0.2 M phosphate buffer solutions in deuterated water (99.8% D2O/H2O, ARMAR CHEMICALS) 

at  pH of 5.2 and 7, respectively. In the pH range between 5.2 and 7, the equilibrium with the pK2 

acidity constant of 5.58 dictates the concentrations of the dianion (II) and trianion (III) species of 

GLY. Dianion (II) is slightly more abundant than the trianion (III) at pH 5.2, whereas the latter is 

largely predominant at pH 7. 

 

2.3.2 Glyphosate-humic solutions 

Increasing amounts (0, 5, 10, 15, 20 and 25 mg) of either FA and HA were dissolved into the 

GLY solutions obtained in the two pH-buffered solutions to carefully avoid any humic 

precipitation. Control humic solutions were similarly prepared without GLY. All solutions were 

stirred for 10 minutes to guarantee complete dissolutions of analytes. For the enhanced sensitivity 

required by STD-NMR experiments, samples were prepared, by dissolving 8.45 mg (5x10-2 mmol) 

of GLY in deuterated buffer solutions at pH 5.2 and 7, also containing 5 mg of either HA and FA.  
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2.4 Alkaline phosphatase 

 

2.4.1 Enzyme  

The alkaline phosphatase enzyme was purchased from Sigma-Aldrich, Italy, as an isolate  

from Human Placenta (EC 3.1.3.1) Type XXIV (17 units mg-1). The substrate for enzyme activity 

was 4-nitrophenyl phosphate disodium salt hexahydrate (p-NPP) and was also purchased (99.0% 

pure) from Sigma-Aldrich, Italy. One unit of AP is reported to hydrolyze 1.0 mole of                    

p-nitrophenyl phosphate per minute at pH 10.4 and 37°C. The enzyme exhibits a ribbon-shaped 

homo-dimeric structure and each monomer consists in 478 residues, 1 catalytic active site and 3 

metal ions (2 Zinc and 1 Magnesium atoms) (Le Du et al., 2001). 

                                  
     

2.4.2 Solutions of alkaline phosphatase and humic matter 

Different amounts of both HA-V and HA-L (0, 0.5, 1, 2, 6 mg mL-1) were dissolved in a 0.2 

M carbonate buffer solution prepared with deuterated water (99.8% D2O/H2O, ARMAR 

CHEMICALS) and kept at pH 10.4. The humic solution was sonicated for 10 minutes to completely 

dissolve humic associations, but maintaining solution temperature below 30 °C.  Then, 3.5 mg of 

the alkaline phosphatase enzyme were added to 700 L of each humic solution for a final enzyme 

concentration of 5 mg ml-1, stirred for 10 minutes and left to stabilize for 30 minutes. Each solution 

was degassed for 2 minutes by a gentle N2 flux prior to NMR analysis. 

 

2.5 -D-Glucosidase 

2.5.1 Enzyme  

A -D-Glucosidase (GLU) (Grover et al., 1977; Grover and Cushley, 1977) was purchased 

from Sigma-Aldrich, Italy, as an extract from sweet almonds (2.31 units mg-1). The substrates for 

enzyme activity were p-Nitrophenyl--D-glucopyranoside (p-NPG, > 98.0% purity) and                   
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2-(Hydroxymethyl)phenyl-β-D-glucopyranoside (Salicin, > 99.0 % purity) and were also purchased 

from Sigma-Aldrich, Italy.   

 
2.5.2  Solutions of -D-Glucosidase and humic matter 

Different amounts of FA (0, 0.1, 0.2, 0.35, 0.5, 0.6, 0.8, 1, 1.5 mg mL-1) were dissolved into 

0.2 M phosphate buffer solutions in deuterated water (99.8% D2O/H2O, ARMAR CHEMICALS), 

at pH of either 5 or 7.2. The FA solution was sonicated for 10 min to complete dissolution, but 

maintaining solution temperature below 30 °C.  Then, 5 mg of GLU were dissolved into 1 mL of 

each humic solution, stirred for 10 min, and left to stabilize for 30 min before NMR measurements. 

No precipitations were observed neither during the preparation of samples or when NMR analyses 

were completed.    

 

2.6 Catalysis experiments  

The samples employed to follow the change in activity of alkaline phosphatase catalysis by 

NMR spectroscopy were prepared by dissolving 1.68 mg of AP in 700 L (2.4 mg mL-1) of 

buffered deuterated carbonate solution (pH 10.4) containing different amounts of humic acids (0, 6, 

8 and 12 mg mL-1). The enzymatic catalysis was started by adding 3.5 mg of 4-NitroPhenyl 

Phosphate disodium salt hexahydrate (p-NPP) to each sample. This was weakly stirred for 30 

seconds, and transferred into a 5mm NMR tube. For the NMR studies of activity of                         

-D-Glucosidase catalysis, samples were prepared by dissolving 0.6 mg of glucosidase enzyme in 1 

mL of buffered phosphate deuterated solution at pH 5 and containing different amounts of FA       

(0, 0.03, 0.1 and 0.2 mg mL-1). The catalysis was started by adding 10 mg of substrate (either          

p-NPG or Salicin) to the samples containing the FA and glucosidase solution. Thee mixture was 

weakly stirred for 30 seconds and transferred into 5 mm NMR tubes.  
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2.7 NMR Experiments 

2.7.1 Monodimensional (1D) spectra   

A 400 MHz Bruker Avance spectrometer, equipped with a 5 mm Bruker BBI (Broad Band 

Inverse) probe, working at the 31P and 1H frequencies of 161.81 and 400.13 MHz, respectively, was 

employed to conduct all liquid-state NMR measurements for Glyphosate (GLY) and -Glucosidase  

(GLU) at a temperature of 298±1°K. In the case of the experiments with alkaline phosphatase, a 600 

MHz Bruker DRX spectrometer, equipped with a 5 mm Bruker Inverse Quadruple resonance (QXI) 

probe, working at 1H frequency of 600.19 MHz was employed to conduct all liquid-state NMR 

measurements at a temperature of 298±1°K.   

1H-NMR spectra (32768 time domain points) were acquired with 2 s of thermal equilibrium 

delay and a 90° pulse length ranging between 7.3 and 14 s. In the case of GLY, 31P-NMR spectra 

(32768 time domain points) were acquired by setting 7 s of initial delay and a 90° pulse length 

ranging between 11.1 and 11.5 s. An 80 s length Waltz16 decoupling scheme with around       

15.6 dB as power level, under an inverse gated pulse sequence, was employed to decouple 

phosphorous from proton nuclei. In the case of GLU and AP, 1H experiments accumulated 256 

transients, while, for GLY, both 1H and 31P spectra were acquired with 100 scans. 

 

2.7.2 T1 and T2 relaxation measurements   

An inversion recovery pulse sequence with 20 increments and variable delays included within 

the range 0.01 to 10 s was adopted to measure both 1H and 31P longitudinal (spin-lattice) relaxation 

time constants (T1), while the transverse (spin-spin) relaxation time constants (T2) were measured 

using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence, using 20 increments and 2 to 2000 

spin-echo repetitions, with a constant spin-echo delay of 1.4 and 1.5 ms, in the case of both 

enzymes and GLY, respectively. A time domain of 32768 points (16384 in the case of GLY) was 

set for all the relaxometric experiments.  
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Figure 2.1. 3D visualization of 1D NMR spectra achieved by Inversion recovery (left) and CPMG 
(right) pulse sequences. 

 
 
 

2.7.3 DOSY (Diffusion Ordered SpectroscopY) experiments 

1H and 31P DOSY (Diffusion Ordered SpectroscopY) NMR spectra were obtained by 

choosing a stimulated echo pulse sequence with bipolar gradients, and combined with two spoil 

gradients and an eddy current delay. This sequence was selected to reduce signals losses due to 

short spin-spin relaxation times. In the case of GLY, the acquisition was executed by setting, for 1H 

and 31P  nuclei, respectively, 1600 and 2300 s long sine-shaped gradients (), linearly ranging 

from 0.674 to 32.030 G cm-1 in 32 increments, and selecting a delay of 0.09 and 0.25 s () between 

the encoding and the decoding gradients. In the case of AP only proton diffusion was measured and  

optimal and were 1600 s and 0.27 s, respectively.  

 

2.7.4 STD (Saturation Transfer Difference) experiments 

STD experiments (2048 scans) were conducted only in the case of GLY. They were executed 

according to previous indications (Meyers and Peters, 2003). Selective saturation of humic 

substances was achieved by a train of 50 ms Gauss shaped pulses, truncated at 1%, and separated by 

a 50 s delay. A total length of saturation train of 5.005 s was achieved with 100 selective pulses. 
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The best on-resonance irradiation for humic substances was found at 0.8 ppm, whereas off-

resonance irradiation was set at 30 ppm, where no proton signals were visible. Spectra were 

internally subtracted by phase cycling after each scan. Reference spectra were recorded using the 

same sequence without irradiation. During STD experiments, the frequency of large molecules 

(short tumbling rate) was saturated by an on-resonance selective shape pulse irradiation. The ligand 

interacting with the irradiated molecular aggregate received a partial saturation transfer through the 

NOE effect and it was NMR detected. A second similar pulse sequence was then applied by an off-

resonance irradiation to avoid any saturation of humic matter. Finally, by subtracting the second 

spectrum from the first one, the difference spectrum showed only signals for protons involved in 

non-covalent interactions. These protons were affected by the applied saturation irradiation, that 

determined the polarization transfer among the involved molecules, thus inducing a through-space 

increase of NOE intensity.  

                                                                   

       

Figure 2.2. During STD experiments, only the interacting ligands can receive by a through-space 
NOE transfer, the molecular polarization, previously inducted by a selective irradiation (Mayers and 
Meyers, 1999). 

 

2.7.5 Water suppression 

Residual water signal was removed from 1H-NMR spectra by a common pre-saturation 

technique. A watergate 3-9-19 pulsed train sequence was preferred for DOSY experiments, whereas 
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an excitation sculpting technique was chosen for STD experiments, using a 2 ms selective 

rectangular pulse, defined by 1000 points, and truncated to 1%. 

 

2.7.6 NMR Processing 

The free induction decays (FID) of both 1H and 31P spectra of GLY were multiplied by 1 and 

4 Hz exponential factors, respectively. In the case of both enzymes,  no apodization was executed in 

spectra. No zero filling was applied in any spectra, while baseline correction was invariably 

executed in all spectra. Spectra were elaborated by both Bruker Topspin (v.1.3) and MestReC        

(v. 4.9.9.9) NMR processing softwares. 

 

2.7.7 NMR experiments for enzymatic catalysis 

2.7.7.1 Alkaline phosphatase  

To monitor substrate hydrolysis during catalysis, a sequence of seventeen proton acquisitions, 

properly inter-delayed, was launched at 25 °C since the beginning of reaction (after 7, 8, 10, 15, 21, 

27, 29, 40, 52, 64, 86, 108, 140, 172, 204, 236, 256 min ) on each sample as a function of humic 

concentrations (0, 6, 8 and 12 mg mL-1). 1H-NMR spectra were acquired with 2 s of thermal 

equilibrium delay, a 12.95 s 90° pulse length, 32768 time domain points and 32 transients (55 s for 

each acquisition). The proton frequency axis was calibrated by associating the doublets resonating 

at to 8.231 and 8.074 ppm, to aromatic meta protons of p-NPP and p-Nitrophenol, respectively. 

Throughout the catalytic reaction, the area contained in the doublets resonating at 8.231 and 7.95, 

and corresponding to meta protons of 4-NitroPhenyl Phosphate (S1) and p-Nitrophenol (P1), 

respectively, was integrated. The relative substrate concentration (%) was calculated by dividing the 

area of S1 by that of P1 and multiplying by 100. 
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2.7.7.2 -Glucosidase   

A sequence of twelve proton spectra, properly inter-delayed, were acquired on each sample 

containing GLU and FA (0, 0.03, 0.1 and 0.2 mg mL-1), after 11, 13, 15, 23, 30, 38, 45, 53, 65, 78, 

90 and 123 min since the start of substrates catalytic reaction. 1H-NMR spectra were acquired with 

2 s of thermal equilibrium delay, an 11 s 90° pulse length, 32768 time domain points and 32 

transients (52 seconds each acquisition). In the case of the Salicin substrate, the proton frequency 

axis was calibrated by attributing the doublets, resonating at 5.051 and 5.146, to the  anomeric 

protons of Salicin (S1) and Glucose (P1), respectively. In the case of p-NPG, the doublets 

resonating at 8.1619 and 8.073 ppm were associated to aromatic meta protons of p-NPG (S2) and   

p-Nitrophenol (P2), respectively. The areas under substrate and products signals were integrated 

throughout the experiments and the relative substrate concentrations (%) were calculated by 

dividing the area S by that of P and multiplying by 100.  

 

2.7.8. Viscosity measurements 

Possible modifications of NMR measured parameters (T1, T2 and DOSY self-diffusion 

coefficients) may be due to change in viscosity among samples (Smejkalova and Piccolo, 2008a).  

Thus, dynamic viscosity was measured with a Bohlin Advanced Rheometer (Bohlin Instruments 

Ltd., Gloucestershire, UK), using a coaxial cylinder geometry with a gap size of 150 µm. All 

viscosity measurements were performed in triplicate, at 25ºC, and under a constant shear stress of 

0.1 Pa.  
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2.8 Activity of GLU immobilized on Al-humate-montmorillonite (HM) complex  

2.8.1 Immobilization  

-D-Glucosidase (100 mg) was dissolved in 0.2 M phosphate buffer solution at pH 5 to obtain 

a final concentration of 5 mg mL-1. The HM complex (1 g) was placed in a 50 mL centrifuge tube 

together with 20 mL of the buffer solution containing the GLU enzyme. A control suspension 

without the enzyme was prepared similarly as control. Control and enzyme suspensions were in 

triplicates. Each HM suspension was rotary-shaken at 90 rpm for 24 h and the supernatants removed 

by centrifugation at 2500 rpm for 40 minutes. The residues were washed 4 times with 20 mL of 

buffer solution.  All supernatants were separated by centrifugation and their residual content of 

GLU enzyme measured by UV-Vis spectrophotometer. At the disappearance of the free enzyme in 

the supernatant, the centrifuged residue was finally dried by a gentle N2 flux and stored at 4°C. 

 

2.8.2 GLU measurement by UV spectrophotometer 

The supernatants were 20 folds diluted with the buffer solution at pH 5 and analyzed by a 

Perkin Elmer Lambda 25 UV-VIS spectrophotometer at 278 nm. The enzyme concentration in the 

supernatants was evaluated against a calibration curve (r2 = 0.99932) built by measuring solutions 

containing known GLU concentrations (10, 25, 50, 75, 100, 250, 500 and 1000 g mL-1).  

 

2.8.3 Catalytic activity of immobilized GLU enzyme 

The Salicin substrate was dissolved in a 0.2M phosphate buffer solution at pH 5 to reach a 

concentration of 2 mg mL-1. The heterogeneous catalysis reaction was started by adding 20 ml of 

Salicin solution to the dried residue of the GLU enzyme immobilized on the HM complex and to 

the corresponding control residues without GLU. Three replicates were prepared for all samples and 

the reaction vessels were subjected to rotary-shaking at 90 rpm.  After 0.04, 0.33, 0.66, 1, 2.5, 4, 6.5 
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and 66 h since the reaction start, 300 L of solution were collected, to which 30.03 mg of urea were 

added to stop the reaction and reach a final 2.5 M urea solution. Each sample solution was then 

passed through a 0.45 m cellulose-acetate filter and analyzed by HPLC combined with an UV/Vis 

detector. Concomitantly, a second control sample was prepared by starting the homogeneous 

catalysis in a liquid phase (LP). In this case, 20 mg of free GLU enzyme were solubilised in 20 mL 

of 0.2M phosphate buffer solution at pH 5, and the homogeneous catalysis was launched by adding 

1812 g mL-1 of Salicin. In order to make the LP results directly comparable to those by LPS, only 

1812 g mL-1 (that is exactly 90.6 % of 2000 g mL-1) of Salicin were added to enzyme solution. In 

this way, the observed Salicin adsorption on HM was taken in account. This reaction was conducted 

in duplicate. 

 

2.8.4 Measurement of change of catalysis substrate by HPLC 

The HPLC system consisted of a Perkin Elmer 200 LC pump, equipped with a 10 L sample 

loop on a 7125 Rheodyne Rotary injector, a Phenomenex Sphereclone 5 ODS column (250 x 4.6 

mm, 5 m beads diameter,) and a Gilson 18 UV/Vis detector. The UV detector was set at 270 nm 

and the eluent solution was a binary phase of methanol (A) and 0.75 % (v/v) trifluoracetic acid 

solution in MilliQ grade water (B). The chromatogram was achieved with the following gradient 

elution: 10% of A for 3 min at 0.5 mL min-1; 25% of A for 4 min at 0.5 mL min-1; 75% of A for 8 

min at 0.5 mL min-1; 90% of A for 4 min at 0.5 mL min-1; 100% of A for 1 min at 0.65 mL min-1, 

for 1 min at 0.85 mL min-1, for 7 min at 1 mL min-1. A Perkin Elmer TotalChrom 6.2.0 software 

was employed to acquire and elaborate chromatograms. The enzyme substrate hydrolysis was 

monitored by a quantitative analysis of Salicin (Retention time = 14.1±0.12 min), against a 

calibration curve (r2 = 0.99922) by measuring solutions containing known Salicin concentrations  

(1, 5, 10, 50, 100, 250, 500, 750, 1000, 1500 and 2000 g mL-1). 
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Abstract 
 

Interactions of Glyphosate (N-phosphonomethylglycine) herbicide (GLY) with soluble fulvic 

(FA) and humic acids (HA) at pH 5.2 and 7 were studied by 1H- and 31P-NMR spectroscopy. 

Increasing concentrations of soluble humic matter determined the broadening and chemical shift 

drifts of proton and phosphorus GLY signals. This indicated the establishment of weak interactions 

between the herbicide and the humic supramolecular structures. The extent of interactions were 

larger for FA and pH 5.2 than for HA and pH 7, thus suggesting the occurrence of hydrogen 

bondings between GLY carboxyl and phosphonate groups and complementary functions in humic 

matter. The weak GLY-humic interactions were also inferred by the changes in relaxation and 

correlation times for both the herbicide 1H and 31P signals. Saturation Transfer Difference (STD) 

NMR pulse sequences confirmed the non-covalent nature of the GLY-humic interactions.  

Diffusion ordered NMR spectra (DOSY) allowed to calculate the fraction of Glyphosate bound to 

humic suprastructures and determine the thermodynamic parameters inherent the formation of   

GLY-humic complexes, such as the association constants (Ka) at both pHs, and the Gibbs free 

energies of transfer. These values showed that the most effective non-covalent interactions occurred 

at pH 5.2 and with fulvic acids. The NMR techniques applied here demonstrated that Glyphosate is 

capable of a spontaneous and significant binding to soluble humic matter by non-covalent 

interactions and, thus, be transported through the soil profiles to natural water bodies. 

 

 

Introduction 

N-phosphonomethylglycine is the active ingredient of the popular broad-spectrum and 

relatively non-selective herbicide, commonly referred to as glyphosate. It is used in the form of an 

aqueous solution of isopropyl-amine salt under trade names such as Roundup®, Rodeo®, Glyfonox® 

and Glycel® [1].  Introduced by the US Chemical Company Monsanto in the early 1970s, 

glyphosate represents today up to 60% of the global ‘broad-spectrum’ herbicide sales, covering a 
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global use of over 70,000 t.year-1 of technical acid  [2]. Furthermore, the introduction in 1997 of 

Roundup Ready® crops, such as cotton, maize, and soybeans, which are made resistant by 

incorporation of a naturally occurring glyphosate-resistant protein, added popularity to the synthetic 

herbicide [3]. Glyphosate high efficiency is due to its potent and specific inhibition of the enzyme 

5-enolpyruvylshikimate 3-phosphate (EPSP) synthase [4]. The enzyme is an intermediate of the 

shikimate pathway, that governs the synthesis of aromatic amino acids, as well as almost all other 

aromatic compounds in higher plants, algae, bacteria and fungi [5, 6]. Its continuous and worldwide 

use in agriculture is accounted to its non-toxicity for mammals, since the shikimate pathway is 

absent in mammals, which are thus unaffected by glyphosate [7, 8].  

Although this herbicide is claimed to decrease the environmental contamination by agro-

chemicals because it reduces the number of herbicides used on non-tolerant crops, and because it is 

less persistent and toxic than other herbicides [9], its relatively persistence in soil may still 

represents a major threat for a wider environmental pollution [10, 3] Glyphosate environmental 

persistence is due to the carbon-to-phosphorous bond that is highly resistant to biodegradation [11], 

while its transport in the environment is attributed to its strong interactions with fine organo-mineral 

soil particles [12, 13] and soluble humus fractions [12-15].  

Despite the environmental importance of humic matter, its chemical complexity as 

supramolecular association of small heterogeneous molecular bioproducts poorly stabilized by  

weak forces [16], makes difficult to investigate the interactions with herbicides and glyphosate, in 

particular. In fact, it is the strength of these interactions that controls the transport of agrochemicals 

through soil profiles to groundwaters but also their bio-availability to microorganisms [17]. 

Moreover, the thermodynamic evaluation of such interactions strength is further complicated by the 

difficulty in determining low concentrations of glyphosate, which cannot yet be achieved by 

straightforward analytical methods [18, 19, 20, 21].  

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique for studying both 

the qualitative and quantitative relations among different organic molecules, and, thus also those 
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between environmental pollutants and natural organic matter [17, 22, 23].  Despite some earlier 

works on humus-Glyphosate interactions [14, 15], 1H or 31P liquid-state NMR spectroscopy was 

never employed to assess the extent of such interactions, while it has been instead applied in human 

and plant physiological and ecotoxicological studies of glyphosate behaviour [1, 11, 24]. 

The objective of this work was to apply 1H and 31P NMR techniques to prove the occurrence of 

interactions between glyphosate and water-soluble humic substances and to reach the corresponding 

thermodynamic parameters. As by earlier approaches [22, 23, 25], the NMR techniques adopted in 

this work consisted in: 1. relaxometric measurements to extrapolate nuclear correlation times that 

indicate the mobility of interacting molecules, 2. Diffusion ordered (DOSY) NMR experiments to 

obtain self-diffusion values and calculate the complex humic-glyphosate association constants. 

Moreover, the homo-nuclear protonic saturation transfer difference (STD) pulse sequence [26, 27] 

was employed here for the first time to identify the occurrence of noncovalent bonds between 

relative large humic associations, and the small glyphosate ligand.  

 

Materials and Methods 

Humic substances. Fulvic acids (FA) and humic acids (HA) were isolated, as previously described 

[28], from a volcanic soil (Typic Fulvuland, Lazio, Italy) and a North Dakota Leonardite 

(Mammoth Int. Chem. Co.), respectively. HA were purified of coextracted inorganic particles first 

by three cycles of dissolution in 0.5 M NaOH followed by flocculation in 6 M HCl, and then 

shaking humic acids twice in a 0.25 M HF/HCl solution for 24 h. HA were redissolved in 0.5 M 

NaOH and passed through a strong cation-exchange resin (Dowex 50) to eliminate remaining        

di- and trivalent metals. The eluate was precipitated at pH 1, dialyzed, and freeze-dried. After 

homogenization, 30 mg of HA were suspended in H2O, titrated to pH 7 and freeze dried again. FA 

were adsorbed on a XAD-8 column to eliminate soluble hydrophilic impurities (carbohydrates and 

proteins), and then eluted out of column by a 1 M NaOH solution, immediately neutralized, 
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dialyzed against water, and freeze-dried. Respectively, a total organic carbon content of 23.8 % and 

45.9 % was present in FA and HA. 

Samples preparations. 1 mg of Glyphosate (GLY) free acid (99 % pure, Dr. Ehrenstorfer, 

Germany) was dissolved in 1 mL of two deuterated water (99.8% D2O/H2O, ARMAR 

CHEMICALS)  solutions, kept at the pH of either 5.2 or 7, and prepared with 0.2 M acetate and 0.2 

M phosphate buffer solutions, respectively. Different amounts (0, 5, 10, 15, 20 and 25 mg) of either 

FA or HA were dissolved into the two GLY solutions, without any humic precipitations at both 

pHs. Control humic substances solutions were similarly prepared but without GLY addition. All 

solutions were stirred for 10 minutes to guarantee the complete dissolutions of analytes before 

NMR analysis.  

For most sensitive STD-NMR spectra, the small ligand is required to be stoichiometrically in 

greater amount than the interacting macromolecule [26, 27]. In the case of humic suprastructures 

acting as the macromolecule, we assumed an average nominal molecular weight between 5 and 10 

kDa, thus signifying a stoichiometric relation between 1:50 and 1:100. Consequently, four different 

samples were prepared, by dissolving 8.45 mg (5x10-2 mmol) of GLY in deuterated solutions at 

either pH 5.2 or 7 that also contained 5 mg of either HA or FA. All samples under NMR analyses 

were transferred into stoppered NMR tubes (5mm, 7", 507-HP-7, NORELL) and solutions degassed  

by N2 flux for 5 min, followed by a sonication for 15 min. 

NMR Experiments. A 400 MHz Bruker Avance spectrometer, equipped with a 5 mm Bruker BBI 

(Broad Band Inverse) probe, working at 31P and 1H frequencies of 161.81 and 400.13 MHz, 

respectively, was employed to conduct all liquid-state NMR measurements at a temperature of     

298 +/- 1 K. 1H-NMR spectra were acquired with 2 s of thermal equilibrium delay and a 90° pulse 

length ranging between 7.3 and 8.9 s. 31P-NMR spectra were acquired setting 7 s of initial delay 

and a 90° pulse length ranging between 11.1 and 11.5 s. An 80 s length Waltz16 decoupling 

scheme with around 15.6 dB as power level, under an inverse gated pulse sequence, was employed 
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to decouple phosphorous from proton nuclei. Both 31P and 1H experiments accumulated 100 

transients and were acquired with 32768 time domain points.  

An inversion recovery pulse sequence with 20 increments and variable delays from 0.01 to 10 s 

was adopted to measure both 1H and 31P longitudinal (spin-lattice) relaxation time constants (T1), 

while the transverse (spin-spin) relaxation time constants (T2) were measured using a Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence using 20 increments and 2 to 2000 spin-echo repetitions, 

with a constant 1.5 ms spin-echo delay. A time domain of 16384 points was set for all the 

relaxometric experiments.  

1H and 31P DOSY (Diffusion Ordered SpectroscopY) NMR spectra were obtained by choosing 

a stimulated echo pulse sequence with bipolar gradients, and combined with two spoil gradients and 

an eddy current delay. This sequence was selected to reduce signals loss due to short spin-spin 

relaxation times. The acquisition was executed by setting, for 1H and 31P  nuclei, respectively, 1600 

and 2300 s long sine-shaped gradients (), that were linearly ranging from 0.674 to 32.030 G cm-1 

in 32 increments, and selecting a delay of 0.09 and 0.25 s () between the encoding and the 

decoding gradients.   

STD experiments were conducted according to previous indications [26] and accumulation of 

2048 scans.  Selective saturation of humic substances was achieved by a train of 50 ms Gauss 

shaped pulses, truncated at 1%, and separated by a 50 s delay. A total length of saturation train of 

5.005 seconds was achieved with 100 selective pulses. Best on-resonance irradiation for humic 

substances was found at 0.8 ppm, whereas off-resonance irradiation was set at 30 ppm, where no 

proton signals were visible. Spectra were internally subtracted by phase cycling after each scan. 

Reference spectra were recorded using the same sequence without irradiation.  

The residual water signal was removed from 1H-NMR spectra by pre-saturation technique, 

whereas the Watergate 3-9-19 pulsed train sequence was preferred for DOSY experiments, and 

excitation sculpting was chosen for STD experiments, using a 2 ms selective rectangular pulse, 

defined by 1000 points, and truncated to 1%. The spectral widths of 1H and 31P NMR spectra were 
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12 ppm (4.789 kHz) and 100 ppm (16.238 kHz), respectively. The free induction decays (FID) of 

1H and 31P spectra were multiplied by 1 and 4 Hz exponential factor, respectively, without zero 

filling . All spectra were baseline corrected and processed by both Bruker Topspin Software (v.1.3) 

and MestReC NMR Processing Software (v. 4.9.9.9).  

Viscosity measurements. Possible artificial modifications of calculated parameters by change in 

viscosity [29] was accounted to by measuring dynamic viscosity studies with a Bohlin Advanced 

Rheometer (Bohlin Instruments Ltd., Gloucestershire, UK) using a coaxial cylinder geometry with a 

gap size of 150 µm. All measurements were performed in triplicate, at 25ºC, and under a constant 

shear stress of 0.1 Pa.  

 

Results and Discussion  

Chemical shift drifts and signal broadenings. Glyphosate is a weak acid and presents three 

dissociation constants in aqueous solution due to progressive proton release from carboxyl, 

phosphonate and ammonium groups at increasing pHs [30]. The equilibrium reported in Figure 1, 

with a pK2 acidity constant of 5.58, dictates the concentrations of the dianion (I) and trianion (II) 

forms of GLY in the pH range between 5.2 and 7. Dianion I is slightly more abundant than the 

trianion (II) at pH 5.2, whereas the latter is largely predominant at pH 7. 

The 1H-NMR spectra of HA and FA at a concentration of 15 mg ml-1 are shown in 

Supplementary Figure S1. The large broadening of 1H signals in these spectra is characteristic of 

humic molecules in suprastructures whereby a decrease of relaxation times and signals flattening 

are observed. Nevertheless, HA and FA showed different conformational structures. In fact, alkyl 

(0.5-2.4 ppm) and hydroxy-alkylic (2.4-4.7 ppm) protons were more intense in FA than in HA 

spectra, possibly because of a lower hydrophobicity, and, thus, less associated conformation for FA 

[16].  

The 1H and 31P spectra of GLY at different FA concentrations are shown in Figure 2 at both pH 

5.2 and 7, while the corresponding spectra of GLY with HA additions are shown in Supplementary 
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Figure S2. Both humic materials were able to progressively broaden 1H and 31P signals and drift 

their chemical shifts, though the extent of changes varied with humic type and concentration, being 

larger for FA and pH 5.2.    

The signals resonating between 3.75 and 2.95 ppm and attributed to protons in GLY methylene 

groups are shown in 1H spectra (Figure 2). The singlet peak (H-1) corresponds to protons next to the 

carboxyl group, while the doublet (H-2) derives from proton splitting (J = 11.67 Hz) due to geminal 

coupling with the phosphorous nucleus. An increasing amount of FA added to GLY produced a 

progressively larger broadening of proton signals at both pHs. Also in the case of 31P spectra,         

15 and 25 mg.ml-1 of FA addition progressively flattened the 7.75 ppm signal at pH 7, while the P 

signal even disappeared at pH 5.2 for the largest FA addition. Though a similar behaviour was 

noted in 1H and 31P spectra of GLY treated with HA (Figure S2), signals broadening was 

significantly lower than for FA, so that the phosphorous resonance was still neatly visible even at 

the largest HA concentration.  

These observations are attributed to the establishment of weak bonding interactions between 

the GLY molecule and large humic molecular aggregates. The consequence is a restricted molecular 

mobility and, thus, tumbling rate, that implies a  progressive signals broadening for the involved 

nuclei. The fact that this effect increased with humic concentration, it may be regarded as a first 

evidence of weak GLY-humic interactions. 

A down-field signal shift was observed at pH 7 in both 31P and 1H spectra at increasing FA 

concentrations (Figure 2). At 25 mg ml-1 of FA, the H-2 signal shifted from 2.93 to 2.98 ppm, while 

the 31P signal moved from 7 to 7.75 ppm. These shifts of both 31P and H-2 signals further support 

the occurrence of hydrogen bonds between GLY and the complementary functional groups of FA, 

that was previously shown by other methods [14]. HA additions (Figure S2) produced similar, 

though very moderate, down-field shift of the H-1 signal at both pH 5.2 and 7, but no chemical shift 

drift was observed for the 31P signal.  
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Saturation transfer difference. A Saturation Transfer Difference (STD) experiment was 

conducted to confirm the occurrence of weak interactions between GLY and humic matter. The 

STD pulse sequence was introduced by Mayer and Meyer [31] to evaluate the extent of non-

covalent protein-ligand interactions by “through-space” polarization transfer. This technique had 

been already employed to prove the interactions occurring between humic substances and pesticides 

[27], since only the pesticide actually interacting with humic matter is NMR visible by STD.   

Here, the large-sized humic association [16] was first allowed to interact in solution with the 

relative small Glyphosate ligand, and then the humic matter frequency was saturated by an            

on-resonance selective shape pulse irradiation. The ligand interacting with the irradiated molecular 

aggregate receives a partial saturation transfer through the NOE effect and it is NMR detected. A 

second similar pulse sequence is then applied by an off-resonance irradiation to avoid any saturation 

of humic matter. Finally, by subtracting the second spectrum from the first one, the difference 

spectrum shows only the signals of the proton nuclei involved in humic-GLY interactions. These 

protons are affected by the applied saturation irradiation that determines the polarization transfer 

between humic molecules and GLY, thus inducing a through-space increase of NOE intensity. 

Therefore, the signals intensities for the bound GLY are proportional to its spatial proximity to the 

interacting humic molecular assembly. Conversely, if the GLY ligand did not interact with the 

saturated humic aggregate, no signals would result in the final difference spectrum. It is essential 

that the first on-resonance pulse be irradiated sufficiently away from the ligand signal (as a function 

of shape pulse length and selectivity), to avoid an undesired ligand selective irradiation, that may 

result in meaningless difference spectra and overestimation of the binding extent. Contrary to very 

small molecules, whereby isotropic tumbling average dipolar interactions, these become dominant 

in stable humic aggregates, thus providing the means for an efficient propagation of spin diffusion, 

that disturbs the spin population throughout the entire humic supramolecular assembly [27].  

Control and difference STD spectra at pH 7 and 5.2 for GLY-humic interactions are shown in 

Figure 3. The intensities of GLY signals in difference spectra were rather low at pH 7 for both FA 
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and HA, though slightly more intense signals were obtained with FA. Signals intensities, in 

difference spectra at pH 5.2, were significantly greater than for pH 7, being those for FA more 

intense than for HA. The lower the signal intensities in the STD difference spectra, the smaller is 

the degree of intermolecular non-covalent interactions. Therefore, STD experiments confirmed that 

GLY was in strict proximity to humic matter at pH 5.2, thus allowing a larger saturation transfer 

than for pH 7. The STD spectra clearly indicated that GLY had a greater association with 

hydrophilic FA than with hydrophobic HA. In fact, both H-1 and H-2 protons were visible in STD 

difference spectra,  thus implying the involvement of both carboxyl and phosphate groups in the 

Glyphosate interactions with humic matter. Hence, these STD findings not only agree with the 

occurrence of non-covalent binding between GLY and humic matter, as suggested by the observed 

signal broadenings and down-field shifts, but that hydrogen-bonds are the prevailing interactions, as 

previously shown  [14]. 

Relaxation times. The T1 and T2 relaxation constants of both proton and phosphorous resonances, 

as obtained by inversion recovery and CPMG experiments, respectively, are reported in Table 1.  

For protons, both constants became progressively smaller with increasing humic matter as 

compared to GLY alone. At both pHs, the largest decrease of T1 and T2 values were observed with 

FA additions. In fact, the FA largest concentration (25 mg mL-1) determined a T1 decrease of 

81.45% and 87.84% at pH 5.2 and 7, respectively, whereas the corresponding reduction was only 

23.36% and 16.39% with HA (the values are related to averaged H-1 and H-2 relaxation 

measurements).  

In the case of T2, FA still produced the greatest shortening of spin-spin relaxation time      

(94.58 % in respect to control) for both proton signals and most significantly at pH 5.2 (Table 1). 

Conversely, progressive addition of HA not only decreased T2 values less than FA at the same pH, 

but the T2 shortening was more evident for H-1 than for H-2. This suggests a direct involvement of 

GLY carboxyl group in interactions with complementary groups in HA.  
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As for 31P, FA decreased both T1 and T2 values more than HA at both pHs (Table 1). Moreover, 

the effect of FA made GLY P spin-lattice relaxation so fast that the consequent signal broadening 

prevented T1 to be measured at the largest FA concentration, and T2 to be calculated even at a FA 

concentration as low as 10 mg mL-1 (Table 1). These observations support the above suggestion, 

inferred by signal broadening and shift, that the GLY phosphonate group must strongly interact 

with FA molecules.  

Both T1 and T2 values in solution are dependent on the correlation time (τC), that is defined as 

the effective average time needed for a molecule to rotate through one radian. Therefore, the larger 

the τC values, the slower is the molecular motion [22]. Correlation times for both H and P nuclei in 

GLY, as calculated from T1 and T2 values [32], increased invariably with humic concentration 

(Table 1). FA resulted more effective than HA and provided a τC increase 3.6 times greater than 

control for the H-2 signal at pH 5.2. The strong effect of humic matter on GLY tumbling rate could 

also be inferred by the few τC values calculated for the 31P nucleus. In fact, 31P τC values 

significantly increased by adding only 5 mg ml-1 of FA at pH 5.2, and from 5 to 15 mg ml-1 of FA at 

pH 7 (Table 1).  

Diffusion experiments According to the Einstein-Stokes description, the diffusivity of a molecule 

decreases when the hydrodynamic radius increases [33] and, thus, the larger the molecular 

dimension, the smaller is the self-diffusive constant. Moreover, by measuring molecular diffusivity, 

it is possible to obtain quantitative thermodynamic information on intermolecular interactions [25]. 

DOSY-NMR spectroscopy is a fast and reliable method to provide information on diffusivity 

changes when small molecules become involved in non-covalent complexes with humic matter    

[22, 23]. 

The 1H 2D-DOSY projections for Glyphosate complexes with increasing amount of FA are 

shown in Figure 3, whereby slow (large hydrodynamic radius) and fast (small hydrodynamic radius) 

complexes are found at higher and lower F1 side, respectively. The corresponding self-diffusion 
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constants for 1H (1H values being the average of H-1 and H-2 self-diffusion) and 31P, as well as for 

humic matter alone, are reported in Table 2.   

The diffusion of Glyphosate progressively decreased with increasing amount of humic matter 

(Figure 4 and Table 2), being the extent of reduction larger for FA than for HA and much greater at 

pH 5.2 than at pH 7. This behaviour is explained with the formation of a complex between humic 

matter and Glyphosate and the consequent progressive enhancement of its hydrodynamic radius. 

However, while hydrogen bonding interactions are favoured at lower pH and by the more acidic 

FA, weaker dispersive bonds are the complex stabilizing forces at higher pH and with more 

hydrophobic HA. Humic matter serves as a host for the Glyphosate guest in the host-guest complex 

formation, and, thus, both host and guest tend to diffuse at an equal rate and show the same 

diffusion constant.  

The self-diffusion values were used to calculate the fraction of GLY bound ( to humic 

matter, assuming that a fast exchange occurs between free and humic-bound GLY molecules on the 

NMR scale [25]:                                                          

 

where DGLY,obs is the measured apparent (weight-averaged) diffusion constant of both free and 

humic-bound GLY, Dcomplex is the diffusion constant of GLY-FA or GLY-HA complexes when 

GLY is fully bound to humic matter, and DGLY,free is the diffusion constant of GLY molecule in the 

absence of humic matter. Since GLY does not fully form a complex with humic matter, the value of 

Dcomplex cannot be not experimentally known. However, being the GLY molecule smaller in size 

than the humic suprastructures, the Dcomplex for GLY-humic complex should have a value equal to 

FA or HA diffusion values, as previously assumed [22, 23]. A low signal to noise ratio in 31P 

spectra prevented calculation of GLY diffusion constants on phosphorous, and the values for the 

bound GLY fraction was thus achieved only from proton spectra. 
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The fraction of bound GLY as a function of humic concentration at both pH 5.2 and 7 is shown 

in Figure 5. As already revealed by relaxometric, STD, and diffusion measurements, soluble humic 

materials provided the largest interactions with GLY at pH 5.2. While FA interaction with GLY 

was generally larger extent than for HA at both pHs, the 25 mg ml-1 addition of HA and FA at pH 

5.2 was able to bind 51.31 and 61,38% of GLY, respectively.   

The fraction of bound GLY () measured by diffusion experiments, was in turn employed to 

calculate the association constants (Ka) between GLY and both FA and HA. This was achieved by 

fitting  versus HA and FA concentrations [22, 23, 25], according to the following equation derived 

from the Langmuir adsorption equation [34]:  

 

where [host]free is the concentration of the unbound humic matter (expressed as moles of organic 

carbon) and a is a constant. The optimal a value was empirically found and its best fitting in all 

cases resulted for a = 1.5. The Ka values are reported in Table 3 and indicate that the largest affinity 

was again for herbicide interactions with both humic substances at pH 5.2. Furthermore, the Ka 

constants permitted the calculation of the Gibbs free energy of transfer (G = -RT lnKa) of GLY to 

FA and HA (Table 3). Negative values of the transfer G were found for both humic materials only 

at pH 5.2, thus showing that, though a decrease in motion implies an entropy reduction, the 

association of GLY with humic matter at this pH is spontaneous and energetically favourable. 

Conversely, the association of GLY to HA and FA at pH 7 produced positive G° values, 

suggesting that interactions are not spontaneous, in agreement with correlation times and 

observations by STD spectra. 
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Conclusions.  

Different NMR methods were applied here to accurately quantify the binding to humic 

substances of the widely employed glyphosate herbicide. Measurements of spin-lattice (T1) and 

spin-spin (T2) relaxation times allowed calculation of nuclear correlation times c for GLY in 

interaction with different concentrations of humic matter. These data together with “through-space” 

correlation by Saturation Transfer Difference (STD) NMR experiments confirmed the occurrence of 

non-covalent complexes between GLY and humic matter. All NMR results indicate that the largest 

GLY binding was observed at pH 5.2 and with FA.  

Chemical shift drifts and resonance broadening in 1H- and 31P-NMR spectra called for a 

determinant role of hydrogen bond formation in GLY-humic complexes. Especially for FA, both 

carboxylic and phosphonate groups of Glyphosate appeared responsible for hydrogen bonds with 

complementary functions in humic matter. The larger extent of GLY-humic interactions at pH 5.2 

than at pH 7 is explained with the presence of a dianion form of GLY and a greater degree of 

protonation in the humic acidic groups. This condition not only provides both interacting molecules 

with more complementary sites for hydrogen bond formation, but also lowers their reciprocal 

electronegative repulsion.  Diffusion NMR experiments (DOSY) allowed to accurately quantify the 

fraction of GLY bound to humic materials, and, consequently, the thermodynamic parameters 

controlling association of the herbicide to both HA and FA, such as the equilibrium constants (Ka) 

and the free energy of transfer (G).  

These findings highlight the importance of weak but spontaneous interaction of Glyphosate to 

the hydrophilic fulvic fraction of soil organic matter and should be of interest to further investigate 

transport and/or mobility of the herbicide through the soil profile into groundwaters as favoured by 

the association to soluble humic matter.  
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ND: Not determined.  
 
 
 
 
 
 
 
 
 
 
 

able 1. 1H and 31P T1 and T2 relaxation and correlation times (c) of glyphosate as a function of  
HA and FA concentration (mg ml-1) at 25 °C at different pHs. H-1 and H-2 are referred to 
Glyphosate singlet and doublet signals, respectively. 

 T1 (s) T2 (s) c (ns) 

Concentration of Humic 
Matter  H-1 H-2 P H-1 H-2 P H-1 H-2 P 

 pH 7 
HA          
0 1.58 1.16 5.67 1.00 0.74 1.24 0.23 0.23 2.68 
5 1.46 1.11 5.47 0.84 0.69 1.10 0.28 0.24 2.89 
10 1.37 1.04 5.19 0.86 0.69 0.99 0.24 0.22 3.03 
15 1.40 1.07 5.59 0.68 0.57 0.79 0.35 0.31 3.69 
20 1.32 1.02 4.31 0.49 0.43 0.65 0.50 0.44 3.61 
25 1.28 1.00 4.00 0.45 0.39 0.57 0.54 0.47 3.78 
FA          
5 0.67 0.48 1.60 0.33 0.34 0.33 0.34 0.20 2.85 
10 0.55 0.39 1.32 0.23 0.23 0.17 0.42 0.26 3.77 
15 0.45 0.31 1.03 0.17 0.16 0.12 0.47 0.33 4.01 
20 0.39 0.27 0.85 0.15 0.11 ND 0.47 0.46 ND 
25 0.30 0.21 0.54 0.09 0.08 ND 0.60 0.49 ND 

 pH 5.2 
HA          
0 1.46 1.15 5.02 1.12 0.87 0.96 0.17 0.17 2.94 
5 1.39 1.12 4.85 0.81 0.67 0.77 0.27 0.26 3.37 
10 1.26 1.03 4.45 0.57 0.52 0.69 0.38 0.33 3.42 
15 1.19 0.99 3.66 0.58 0.51 0.55 0.35 0.32 3.51 
20 1.11 0.93 3.44 0.42 0.38 0.51 0.47 0.42 3.54 
25 1.07 0.92 3.23 0.39 0.36 0.45 0.50 0.46 3.75 
FA          
5  0.36 0.26 1.59 0.19 0.18 0.18 0.31 0.21 4.03 
10  0.26 0.18 0.19 0.12 0.11 ND 0.36 0.24 ND 
15  0.22 0.13 0.29 0.09 0.07 ND 0.43 0.34 ND 
20  0.21 0.14 0.20 0.08 0.05 ND 0.46 0.50 ND 
25  0.19 0.13 ND 0.07 0.04 ND 0.54 0.61 ND 
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able 2. Diffusion values (10-10 m2 s-1) for signals of humic protons and 1H and 31P of Glyphosate 
progressively added with humic matter (mg mL-1) at 25 °C, at different pH. The values were 
corrected for solution viscosity. 
 

pH 5.2 pH 7 

HA FA GLY+HA GLY+FA HA FA GLY+HA GLY+FA 

Concentration 
of Humic 

Matter 
1H 1H 1H 31P 1H 31P 1H 1H 1H 31P 1H 31P 

0 - - 5.62 ND 5.62 ND - - 5.68 5.67 5.68 5.67 
5 1.65 1.83 5.58 ND 5.60 ND 1.51 1.90 5.45 5.64 5.40 5.25 

10 1.12 1.77 5.19 ND 5.14 ND 1.47 1.86 5.41 5.54 5.16 ND 
15 1.24 1.69 4.47 ND 4.42 ND 1.46 1.83 5.43 5.48 5.07 ND 
20 0.94 1.70 3.66 ND 3.54 ND 1.45 1.83 5.42 5.16 4.59 ND 
25 1.00 1.64 3.25 ND 3.18 ND 1.34 1.85 5.24 5.22 4.50 ND 

ND: Not determined. 
 
 
 
 
 
 
 
 
Table 3. Binding constants (Ka) and free Gibbs Energy (G) for the association of Glyphosate with 
FA and HA at 25 °C and at different pH. 
 

pH Ka 
(M-1) 

r2 Ln Ka G 
(KJmol-1) 

HA 
5.2 3.414 0.993 1.228 -3.04 
7.0 0.046 0.976 -3.079 7.63 

     
FA 

5.2 6.262 0.995 1.834 -4.55 
7.0 0.502 0.963 -0.689 1.71 
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Figures  
 
 
 

                       
      

Figure 1. Second dissociation equilibrium of Glyphosate in water with its pK2 constant. 
 

 
 
 
 
 
 

 
 

     Figure 2. 1H (A and B) and 31P (C and D) spectra of the herbicide Glyphosate as         
     a function of FA concentration (0, 5, 15, 25 mg mL-1) at two different pH. 

 



 50 

 
 
 
 
 

 
Figure 3. 1H STD (Saturation Transfer Difference) spectra of Glyphosate with 
humic matter at pH 5.2 and 7. A. Reference STD spectra acquired without 
irradiation; B.  STD difference spectra of sample treated with FA; C. STD 
difference spectra of sample treated with HA.  A  vertical expansion (x 64) was 
applied to difference spectra.    
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Figure 4. 1H 2D-DOSY projections with diffusions of Glyphosate singlet and doublet signals 
for different FA concentrations (0, 5, 15, 25 mg mL-1) at pH 5.2.  
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Figure 5. Bound glyphosate (%) for increasing concentrations (0, 5, 10, 15, 20, 25 mg mL-1) 
of HA (squares) and FA (triangles) at pH 5.2 (dotted line) and 7 (continuous line). 
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Supplementary Figure S1. Water-suppressed 1H spectra of 15 mg ml-1 of  HA and FA. 
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Supplementary Figure S2. 1H (A and B) and 31P (C and D) spectra of the herbicide glyphosate 
with varying HA concentration (0, 5, 15, 25 mg mL-1) at different pHs. 
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Abstract 

NMR spectroscopy was applied here to study the interactions between a model alkaline 

phosphatase (AP) and two different humic acids from a volcanic soil (HA-V) and a Lignite deposit 

(HA-L). Signals broadening for the AP enzyme was observed in 1H-NMR spectra with progressive 

enhancement of humic matter content. To evaluate the humic-enzyme interactions, the AP proton 

spectra were divided in 22 buckets, and the relaxation (T1 and T2) and correlation times (c) were 

measured for each bucket. The progressive decrease of the enzyme T1, T2, and the increase of c 

values with increasing humic concentrations is explained with the formation of ever larger weakly-

bound humic-enzyme complexes, whose translational and rotational motion was increasingly 

restricted. NMR diffusion experiments also showed that formation of humic-enzyme complexes 

progressively reduced the diffusive properties of AP, as function of HA concentration. Furthermore, 

it was found that both correlation times and diffusion values of AP were altered by the hydrophobic 

HA-L to a larger extent than by the hydrophilic HA-V. The effect of the weakly-bound humic-

enzyme complexes on the catalytic activity of alkaline phosphatase was studied by recording 1H-

NMR spectra of the hydrolytic products of 4-nitrophenyl phosphate disodium salt hexahydrate      

(p-NPP) as an AP substrate. NMR signals of p-NPP were found to decrease during reaction time 

under AP catalysis, while those of the nitrophenol product concomitantly increased. However, the 

rate of signals change was significantly slowed down when humic acid concentration was 

progressively enhanced in the p-NPP-AP reaction solution. In agreement with variations of 

correlation times and diffusion values due to humic-enzyme formation, the catalytic activity of AP 

was more largely inhibited by HA-L than by HA-V. These NMR results indicate that humic matter 

interacts weakly with alkaline phosphatase but sufficiently to significantly inhibit its catalytic 

activity, thereby suggesting that the environmental role of extracellular enzymes may be reduced 

when coming in contact with natural organic matter. 
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1. INTRODUCTION 

Humic substances (HS) are the major chemical components of soil organic matter (SOM).  

They result from chemical and biological degradation of vegetable and animal tissues (Stevenson, 

1994; Piccolo et al., 2003, Zhang et al., 2011) and, as the most relevant form of organic carbon in 

soil and aqueous ecosystems, control the accumulation, transformation and transport of colloidal 

and ionic species, organic pollutants and nutrients (Tan et al., 2011; Fomba et al., 2011). HS have 

beneficial effects on the physical, chemical and biological properties of soil (Nardi et al., 2002) and 

are key factors in the biogeochemistry of carbon and nitrogen cycles (Iakimenko et al., 1996). The 

essential multifunctions of HS in the environment are due to their arrangement in supramolecular 

associations composed by relatively small heterogeneous molecules, whose conformation is 

stabilized by weak interactions such as dispersive and hydrogen bonds (Piccolo, 2002; Peuravuori, 

2005; Baalousha et al., 2006).  

Despite intense research, the HS chemical complexity still prevents a full understanding of 

their interaction with reactive biomolecules released in the environment, such as extracellular 

enzymes. In fact, soil enzymes are also recognized to be not only directly involved in the main 

processes of transformation of organic matter in soil, and nutrients cycling and uptake by plants, but 

also to reflect the biological quality of soil and represent indicators of soil change (Dick et al., 

2000). Extracellular enzymes enable soil microbes to degrade complex substrates into low 

molecular weight compounds that can be assimilated for growth (Schimel and Bennett,  2004). A 

large body of work has shown that a variety of soil abiotic factors, such as mineral and organic 

compounds (mainly humic molecules), can regulate both the stability of enzymes and their 

interactions with different substrates (Sinsabaugh and Moorhead, 1994). In particular, it was 

observed that a partial inhibition of soil enzymes can result from the occlusion and/or steric 

modification of their active sites by adsorbed substrate molecules (Sarkar et al., 1989; Quiquampoix 

et al., 2002; Tietjen and Wetzel 2003).  
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Alkaline Phosphatase (EC 3.1.3.1), or Orthophosphoric-monoester phosphohydrolase (AP), is 

a common and widespread enzyme in calcareous soils where it catalyzes the hydrolysis of esters 

and anhydrides of phosphoric acid (Kim and Harold, 1991; Holtz and Kantrowitz, 1999). AP is 

released in soils by bacteria, fungi and microfauna since, contrary to acid phosphatase, it is not 

produced by plant roots (Olander and Vitousek, 2000; George et al., 2006). Extracellular alkaline 

phosphatases play an important role in soil by favouring mineralisation of phosphorus contained in 

organic matter, and it is thus essential to the supply of soluble phosphate for plant uptake (Tarafdar 

and Claassen, 1988; Perez-Mateos et al., 1991; Richardson et al., 2005). However, the AP catalytic 

activity is affected by the interactions with soil organic matter. It was found that, following 

immobilization of AP on a sterile soil, humic components occupied part of the enzyme active sites, 

thus limiting substrate bonding and increasing the Km value (Perez-Mateosk, 1991). Conversely, 

absorption of AP on soil humates in the range of 58-92%, did not significantly altered its catalytic 

activity (Pilar et al., 2003). Recently, NMR spectroscopy was used to show that enzymes, among 

other proteins, are encapsulated by humic aggregates, thus suggesting a change in their catalytic 

activity in soil (Tomaszewski et. al., 2011) .  

The aim of this work was to study the type of bonding occurring between the AP enzyme and 

two different humic acids (HA) and how the HA affect the catalytic activity of the AP enzymes. 

The interactions and mutual influence of such important soil components were studied by NMR 

spectroscopy, that represents an additional method for the characterization of the specific alkaline 

phosphatase used here, that had been previously studied by crystallography (Le Du et al., 2001; 

Llinas et al., 2005) and MALDI-TOF-Mass Spectrometry (Eriksson et al., 2001).    

 

2. MATERIALS AND METHODS 

2.1. Humic substances. Two humic acids (HA) were isolated, as previously described (Piccolo and 

Celano, 1994), from a volcanic soil (Typic Fulvuland) of the Lake Vico area, Lazio, Italy (HA-V) 
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and from a North Dakota Leonardite (HA-L) provided by Mammoth Int. Chem. Co., USA. Both 

HA were purified by subjecting first to three cycles of dissolution in 0.5 M NaOH followed by 

flocculation in 6 M HCl, and then to shaking twice in a 0.25 M HF/HCl solution for 24 h. The HA 

were redissolved to pH 7 with minimum amount of 0.5 M NaOH and passed through a strong 

cation-exchange resin (Dowex 50) to remove di- and trivalent cations. The eluate was precipitated 

at pH 1, dialyzed, and freeze-dried. After homogenization, 30 mg of HA was suspended in H2O, 

titrated to pH 7 with 0.5 M NaOH and freeze dried again.  

2.2. Reagents. The alkaline phosphatase enzyme was purchased from Sigma-Aldrich, Italy, as an 

isolate  from Human Placenta Type XXIV (17 units mg-1). The substrate for enzyme activity was     

4-nitrophenyl phosphate disodium salt hexahydrate (p-NPP) and was also purchased (99.0% pure) 

from Sigma-Aldrich, Italy.   

2.3. Humic-phosphatase adducts and catalytic activity. Different amounts of both HA (0, 0.5, 1, 

2, 6 mg mL-1) were dissolved in a 0.2 M carbonate buffer solution prepared with deuterated water 

(99.8% D2O/H2O, ARMAR CHEMICALS) and kept at pH 10.4. The humic solution was sonicated 

for 10 minutes to completely dissolve humic associations, but maintaining solution temperature 

below 30 °C.  Then, 3.5 mg of the alkaline phosphatase enzyme were added to 700 L of each 

humic solution for a final enzyme concentration of 5 mg ml-1, stirred for 10 minutes and left to 

stabilize for 30 minutes. Each solution was degassed for 2 minutes by a gentle N2 flux prior to 

NMR analysis. 

Samples to evaluate the catalytic activity of humic-phosphatase adducts were prepared by 

dissolving 1.68 mg of AP in 700 L (2.4 mg mL-1) in deuterated carbonate buffer solution at pH 

10.4 containing different amounts of HA (0, 6, 8 and 12 mg mL-1), stirred for 10 minutes and left to 

stabilize for 30 minutes. The enzymatic catalysis was started by adding 3.5 mg of                             

4-NitroPhenyl Phosphate disodium salt hexahydrate (p-NPP) into each humic-phosphatase solution.  

All solutions were transferred into stoppered 5 mm NMR tubes for NMR analysis and each 

sample was prepared in duplicate.  
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2.4. NMR Experiments. A 600 MHz Bruker DRX spectrometer, equipped with a 5 mm Bruker 

Inverse Quadruple resonance (QXI) probe, working at 1H frequency of 600.19 MHz was employed 

to conduct all liquid-state NMR measurements at a temperature of 298 +/- 1 K. 1H-NMR  spectra 

were acquired with 2 s of thermal equilibrium delay, 90° pulse length ranging between 11.75 and   

14 s, 32768 time domain points and 256 transients.  

An inversion recovery pulse sequence, with 20 increments and variable delays from 0.02 to     

5 s, was adopted to measure 1H longitudinal (spin-lattice) relaxation time constants (T1). The 

transverse (spin-spin) relaxation time constants (T2) were measured using a Carr-Purcell-Meiboom-

Gill (CPMG) pulse sequence by using 20 increments and 2 (5.6 ms) to 2000 (5600 ms) spin-echo 

repetitions, with a constant 1.4 ms spin-echo delay. A time domain of 32768 points was set for all 

the relaxometric experiments.  

1H DOSY (Diffusion Ordered SpectroscopY) NMR spectra were obtained by choosing a 

stimulated echo pulse sequence with bipolar gradients, and combined with two spoil gradients and 

an eddy current delay before signal acquisition. This sequence was selected to reduce signals loss 

due to short spin-spin relaxation times. The acquisition (32768 points) was executed by 1600 s 

long sine-shaped gradients (), that linearly ranged from 0.674 to 32.030 G cm-1 in 32 increments, 

and selecting a 0.27 s delay () between the encoding and the decoding gradients. The 1H spectral 

width was 16.66 ppm (10 kHz) and the residual water signal was removed from 1H-NMR spectra by 

pre-saturation technique, whereas the Watergate 3-9-19 pulsed train sequence was preferred for 

DOSY experiments. The proton frequency axis was calibrated by associating to 3.534 ppm the most 

intense signal included within the 3.5-3.6 ppm interval.    

A sequence of 17 protonic acquisitions was launched at 25 °C on each humic-phosphatase 

solution after the start of catalysis (7, 8, 10, 15, 21, 27, 29, 40, 52, 64, 86, 108, 140, 172, 204, 236, 

256 minutes) with the aim to monitor the catalyzed hydrolysis of the p-NPP substrate into               
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p-Nitrophenol. 1H-NMR spectra were acquired with 2 s of thermal equilibrium delay, a 12.95 s 

90° pulse length, 32768 time domain points and 32 transients (55 seconds each acquisition). The 

proton frequency axis was calibrated by associating the doublets resonating at 8.231 and 8.074 ppm 

to the aromatic meta protons of p-NPP and p-Nitrophenol, respectively. No zero filling and 

apodization were applied to free induction decays (FID) excepted for mono-dimensional 

acquisitions conducted during the catalysis, where 1 Hz multiplication was executed. All spectra 

were baseline corrected and processed by both Bruker Topspin Software (v.1.3), MestReC NMR 

Processing Software (v. 4.9.9.9) and Origin (v.6.1). Details on the adopted methods for CPMAS 

13C-NMR spectroscopy are given in the Supporting Information. 

2.5. Estimation of not hydrolyzed substrate. In spectra recorded after each catalytic time, the area 

under the doublets resonating at 8.231 and 8.074, corresponding to meta protons of                          

4-NitroPhenyl Phosphate (S1) and p-Nitrophenol (P1), respectively, was integrated. The relative 

substrate concentration (%) was calculated by dividing the S1 area by that of P1 and multiplying by 

100.  

2.6. Viscosity measurements. Possible artificial modifications of calculated parameters (T1, T2 and 

DOSY self-diffusion constants) by change in viscosity (Smejkalova and Piccolo, 2008 a) was 

accounted to by measuring solution dynamic viscosity with a Bohlin Advanced Rheometer (Bohlin 

Instruments Ltd., Gloucestershire, UK), using a coaxial cylinder geometry with a gap size of        

150 µm. All measurements were performed in triplicate, at 25ºC, and under a constant shear stress 

of 0.1 Pa.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Evaluation of humic-enzyme complexes 

The structural features of both HA-V and HA-L were shown by liquid-state 1H- and solid-

state 13C-NMR spectra (Supporting Information, Figure S1 and S2). More intense signals for 
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aromatic (107-140 ppm) and phenolic (107-165 ppm) carbons were observed for HA-L than for 

HA-V in 13C-CPMAS-NMR spectra (Figure S1), in agreement with the intensity of the aromatic 

regions (5.8-8.5 ppm) of both HA shown in liquid-state 1H-NMR spectra (Figure S2).  Conversely, 

intensities of both O-alkyl (64-90 ppm) and carboxylic (165-190) carbon in CPMAS spectra were 

higher in HA-V than in HA-L. Likewise, a significant larger amount of signals in the hydroxy-

alkylic 3-0-4.5 ppm proton region was found for HA-V than for HA-L (Figure S2). These 

observations suggest that HA-L was a more hydrophobic material than HA-V, that instead showed a 

more hydrophilic character.  

The AP enzyme is reported to have an average molecular weight of 127 +/- 11 kDa (Eriksson 

et al., 2001). This significant mass size limits its mobility in solution and the molecular dipolar 

couplings are hardly minimized by Brownian motions, thus favouring very large signals in proton 

NMR spectra and inhibiting precise signals assignment. The 1H-NMR spectra of the AP enzyme 

alone and those of AP added 2 and 6 mg mL-1 of HA-L and HA-V are reported in Figure 1 and 

Figure S3, respectively. An increasing signal broadening was observed with progressive addition of 

humic matter to the AP solution, with HA-L being more effective than HA-V. This behaviour can 

be explained with a greater rigidity of the enzyme, due to formation of non-covalent complexes 

with humic components (Bakhmutov , 2004; Smejkalova and Piccolo, 2008 b). 

Spin-lattice and spin-spin relaxation times are sensitive NMR parameters to reveal changes in 

protein flexibility and follow perturbations of the magnetic field on a studied nucleus (Zhang and 

Forman-Kay, 1995; Tollinger et al. 2001; Sapienza and Lee, 2010).  The measurement of relaxation 

times are useful to quantify the overall motion of proteins or parts of proteins when involved in 

complexes with other molecules (Pickford and Campbell, 2004). In the case of alkaline 

phosphatase, the changes of T1 and T2 relaxation times with increasing amount of humic matter, 

would help to confirm the formation of non-covalent complexes suggested by signal broadening in 

1H-NMR spectra.  However, due to severe signal overlapping in proton spectra and lack of previous 

NMR signal assignment for this specific AP enzyme, spectrum evaluation was conducted by 
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associating proton intervals to numbered bucket areas. Thus, the spectrum was divided in 22 

discrete regions (1-3, aromatic region; 4-15 hydroxy-alkyl region; 16-22 alkyl region) and 

relaxation times were calculated by integrating the whole area under each bucket (Figure 2).  

A progressive decrease of both T1 and T2 values for the AP enzyme was observed with 

increasing concentration of both humic materials. At the largest concentration of both HA-L and 

HA-V, the AP spin-lattice T1 relaxation times resulted 33.12% and 32.86% smaller than for control, 

while the spin-spin T2 relaxation times showed an average decrease of 53.5% and 43.4%, 

respectively (Tables 1 and 2). In particular, at such largest humic concentration, the greatest 

reduction of relaxation times was observed for the buckets of the hydroxy-alkylic and alkylic  

regions of phosphatase included in both the 3.619-1.757 ppm region (buckets 12 to 18), and the 

bucket 21. For the aromatic 7.189-6.168 ppm region (buckets 1-3), a similar decrease of T1 and T2 

for the AP enzyme was shown only for protons resonating in bucket 2 with addition of HA-V, 

whereas addition of HA-L produced a comparable reduction of relaxation times in bucket 3 (Tables 

1 and 2). These results indicate the enzyme regions with the largest affinity to humic matter, since  

the larger the variation in relaxation times of AP molecular domains, the greater was the 

involvement of protein protons in interactions with the two HA. 

The T1 and T2 values for the AP enzyme in solution are dependent on the protein correlation 

time (τC), that is defined as the effective average time needed for a molecule to rotate through one 

radian. Therefore, the larger the τC values, the slower is the molecular motion (Bakhmutov, 2004; 

Smejkalova and Piccolo, 2008 b). The correlation time for the AP enzyme increased significantly 

for all buckets with increasing humic concentration, except for buckets 11, 20 and 22 (Table 3, 

Figure 3).  The addition of progressive HA-V amount to the AP enzyme determined a general 

increasing trend of τC values in all spectral buckets, whereas the enhancement of correlation time 

was significantly more intense in the spectral buckets obtained after AP treatment with HA-L.  

These findings indicate the formation of humic-phosphatase complexes, whose enhanced dimension 

retard its molecular mobility, as measured by τC, in comparison to the AP enzyme alone. Moreover, 
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the fact that the correlation time is increased by the most hydrophobic HA over the spectral range of 

measured buckets, indicates that the humic-phosphatase complexes are preferably stabilized by non-

covalent dispersive binding.  

Diffusion ordered NMR spectroscopy (DOSY) is a pulsed field gradient technique that 

enables the measurement of translational diffusion of dissolved molecules. Except for the overall 

molecular size and shape, the magnitude of diffusion coefficient provides direct information on 

molecular dynamics, including intermolecular interactions (Brand et al., 2005; Cohen et al., 2005), 

aggregation, and conformational changes (Viel et al., 2002). Moreover, DOSY processing is a 

particularly suitable technique for complex samples because it provides a direct correlation of 

translational diffusion to the chemical shift in the second dimension and hence a prior separation of 

mixture components is not required (Price et al., 2004; Cobas et al., 2005). 

According to the Einstein-Stock diffusion theory, the larger the hydrodynamic radius of a 

molecule or molecular complex, the smaller are the diffusive properties. The NMR diffusion 

experiments conducted to measure the diffusivity of the AP with increasing concentration of humic 

matter showed a progressive reduction of self-diffusion values (Table 4). These results are 

consistent with NMR data previously discussed, thus suggesting that the formation of a           

humic-phosphatase complex increases the overall hydrodynamic volume of the AP enzyme, and 

progressively reduces its diffusive properties. The DOSY proton projections of AP alone and AP 

treated with the greatest amount of HA-L and HA-V are shown in Figures 4 and S4, respectively. 

For both humic materials, the projection of the humic-phosphatase complex resulted in smaller 

diffusion values than for the AP alone. Moreover, the proton projection for the complex formed 

between AP and HA-L (Figure 4) revealed a slower diffusion (smaller diffusion values) than for the 

AP/HA-V complex (Figure S4). In particular, self-diffusion values of the AP enzyme calculated 

from DOSY spectra decreased by more than 35% for buckets 13-15, 18 and 19, with addition of 

both humic acids, whereas the signals in buckets 6 and 16 were reduced by the same extent only 

with HA-L addition (Table 4). This is a further evidence that the interactions of the AP enzyme with 
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hydrophobic HA-L are of a greater extent than with more hydrophilic HA-V. The importance of 

weak hydrophobic binding between the AP enzyme and humic matter seems to be justified by the 

primary structure of the alkaline phosphatase from human placenta used here, that is reported to 

have a prevalent hydrophobic character due to the abundance of Alanine (10,88%),                

Leucine (7.95%) and Valine (6.48%) residues for each enzyme homo-monomer (Le Du et al., 

2001).  

 

3.2. Modification of enzyme’s activity by humic matter 

While it is reported that an enzyme–ligand interaction may modify the optimal pH at which 

the enzyme expresses its greatest catalytic activity (Thibodeau et al., 1985; Ranieri-Raggi et al., 

1995) the alkaline phosphatase does not seem to be affected when involved in interactions with soil 

organic components (Pilar et al., 2003). We thus conducted our catalysis experiments with the 

commercial alkaline phosphatase used here at the recommended pH of 10.4.   

The proton NMR spectra of the p-NPP substrate for the AP enzyme at different reaction 

times are shown in Figure 5.  During the enzymatic hydrolysis, NMR signals for aromatic protons 

in p-NPP (HS1 and HS2) progressively decreased in intensity with time, whereas those of the             

p-Nitrophenol reaction product (HP1 and HP2) concomitantly increased (Holtz and Kantrowitz, 

1999). When both HA-L and HA-V were added to the AP enzyme, the disappearance of p-NPP 

signals in NMR spectra due to dephosphorylation induced by AP, was progressively slowed down, 

as a function of humic concentration in solution (Figure 6). By observing the percentage of residual 

p-NPP calculated from proton spectra at 21 min after the start of the catalysis, it can be noticed that 

the residual substrate was progressively greater with increasing humic matter in solution (Figure 6). 

In particular, when the concentration of either HA-L or HA-V reached 12 mg mL-1 in the AP 

enzyme solution, p-NPP was still 79.9 and 59.5% of the initial substrate after 21 min, while only 

44.6% was the residual p-NPP with AP alone.  
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These results are explained with the inhibition of the enzymatic activity caused the 

interaction of alkaline phosphatase with humic matter. In fact, we showed that humic molecules 

formed non-covalent complexes with this AP enzyme in solution, and, by partially or totally 

adsorbing to the enzyme active sites, they alter its affinity with the substrate (Perez-Mateos, 1991). 

It has been shown that the AP active sites contain two zinc atoms coordinated by Histidine, Serine 

and Aspartate residues, while Arginine and Serine residues form adducts with the substrate and 

stabilize the intermediate enzyme-product complex (Holtz and Kantrowitz, 1999; Kim and Harold, 

1991). All these aminoacids, except Histidine, present functional groups, such us –OH for Serine,     

-COOH for Aspartate, and the guanidinium group for Arginine, which may bind with humic 

molecules through H-bonds. Furthermore, the aromatic imidazole group of Histidine could also be 

involved in hydrophobic  bonds with complementary aromatic humic molecules. It is thus likely 

that not only humic molecules may complex zinc ions in the AP active sites with similar acidic 

functional groups as those of the aminoacids, but that the hydrophobic humic domains are adsorbed 

on the hydrophobic aminoacidic residues of the enzyme. The result is either the partial or total 

obstruction of the catalytic active pocket in the enzyme, or a modification of the conformational 

structure of the protein. Both these effects of the presence of humic molecules in solution are 

responsible to reduce the catalytic efficiency of alkaline phosphatase or limit the number of AP 

molecules still capable to catalyze the hydrolysis of a phosphate bond.  

 

 

4. CONCLUSIONS 

Our NMR findings indicate that an alkaline phosphatase enzyme in aqueous solution with 

increasing concentrations of humic matter becomes involved in ever greater humic-enzyme 

complexes, which are stabilized by non-covalent interactions, such as van der Waals, H-bonds and 

 bonds. Elaboration of 1H-NMR spectra for the enzyme added with progressive amount of 

humic matter allowed to follow the changes of relaxation (T1, T2) and correlation (τC) times as well 
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as self-diffusivity, which showed an increasing reduction of translational and rotational motion of 

the loose conformational arrangements of newly-formed humic-enzyme complexes. Most changes 

of the NMR conformational behaviour of the enzyme was noted with the most hydrophobic humic 

material. 

The modification of the enzyme original conformation by the weakly adsorbed humic 

molecules had also an impact on the enzymatic catalysis exerted on the hydrolysis of the p-NPP 

substrate. This reaction was monitored with time through NMR spectroscopy and it was found that 

the reduction of substrate signal intensity was slowed down significantly when humic molecules 

adsorption modified the enzyme structure. Again, the inhibition of catalytic activity was more 

pronounced when it was the most hydrophobic humic acid to bind to the enzyme.  

 Our results suggest, by direct NMR evidence, that extracellular enzymes, which are reputed 

to play a significant role in the out-of-cell molecular transformations in the environment, may be 

severely reduced in their activity when interacting with the ubiquitous natural organic matter. 
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able 1. 1H spin-lattice relaxation times T1 (s) and standard deviations (%) of enzyme Alkaline 
Phosphatase as a function of HA-L and HA-V concentration (mg mL-1).  

No HA HA-L HA-V Bucket 
Number  0.5 1 2 6 0.5 1 2 6 

          
1 1,033 0,83 ND 0,604 0,583 1,025 0,845 0,837 0,786 
 (0,003) (0,052) - (0,053) (0,059) (0,038) (0,05) (0,033) (0,035) 
2 1,05 0,751 0,74 0,649 0,615 1,046 0,925 0,751 0,718 
 (0,014) (0,061) 0,037) (0,051) (0,049) (0,037) (0,049) (0,066) (0,025) 
3 1,037 0,739 ND 0,454 0,468 0,892 0,786 0,727 0,683 
 (0,01) (0,045) - (0,044) (0,042) (0,055) (0,069) (0,067) (0,025) 
4 1,383 1,171 0,802 0,55 0,449 1,349 1,201 1,114 1,006 
 (0,02) (0,037) (0,028) (0,017) (0,006) (0,042) (6,236) (0,021) (0,011) 
5 1,249 1,037 0,848 0,796 0,759 1,196 1,167 0,992 0,936 
 (0,022) (0,006) (0,042) (0,015) 0,024) 0,021) 0,023) 0,029) 0,018) 
6 1,213 1,088 0,92 0,831 0,781 1,12 0,975 0,869 0,814 
 (0,009) (0,014) (0,024) (0,027) (0,026) (0,018) (0,034) (0,013) (0,013) 
7 1,153 1,056 0,896 0,823 0,768 1,095 0,957 0,917 0,881 
 (0,006) (0,018) (0,006) (0,022) (0,005) (0,037) (0,03) (0,014) (0,013) 
8 1,109 1,024 0,903 0,743 0,705 1,054 0,963 0,871 0,803 
 (0,006) (0,019) (0,019) (0,024) (0,045) (0,067) (0,011) (0,021) (0,017) 
9 1,156 1,136 0,983 0,821 0,796 1,099 1,03 0,953 0,891 
 (0,011) (0,02) (0,004) (0,027) (0,009) (0,028) (0,028) (0,025) (0,011) 

10 1,248 1,197 1,037 0,823 0,816 1,159 1,084 0,925 0,819 
 (0,027) (0,028) (0,017) (0,054) (0,007) (0,018) (0,03) (0,021) (0,011) 

11 1,192 1,082 0,951 0,827 0,785 1,132 1,049 0,863 0,782 
 (0) (0,03) (0,027) (0,026) 0,014) 0,066) 0,019) 0,015) 0,016) 

12 1,411 1,258 1,139 0,872 0,683 1,293 1,202 0,974 0,812 
 (0,013) (0,036) (0,031) (0,035) (0,029) (0,03) (0,027) (0,028) (0,016) 

13 0,874 0,739 0,612 0,502 0,475 0,826 0,703 0,488 0,426 
 (0,018) (0,016) (0,014) (0,013) (0,023) (0,038) (0,037) (0,018) (0,031) 

14 0,863 0,727 0,641 0,539 0,477 0,815 0,741 0,594 0,408 
 (0,012) (0,027) (0,011) (0,014) (0,017) (0,049) (0,017) (0,018) (0,007) 

15 0,927 0,823 0,696 0,612 0,545 0,883 0,792 0,58 0,464 
 (0,008) (0,009) (0,01) (0,029) (0,008) (0,024) (0,004) (0,013) (0,012) 

16 0,834 0,792 0,686 0,583 0,507 0,835 0,777 0,66 0,54 
 (0,024) (0,011) (0,024) (0,006) (0,02) (0,022) (0,022) (0,01) (0,006) 

17 1,106 1,048 0,869 0,743 0,613 1,013 0,975 0,716 0,608 
 (0,007) (0,004) (0,018) (0,027) (0,02) (0,051) (0,03) (0,017) (0,012) 

18 0,849 0,763 0,637 0,534 0,447 0,787 0,751 0,534 0,441 
 (0,028) (0,007) (0,02) (0,024) (0,019) (0,016) (0,004) (0,014) (0,005) 

19 0,809 0,777 0,649 0,602 0,593 0,749 0,723 0,605 0,523 
 (0,023) (0,064) (0,016) (0,027) (0,026) (0,015) (0,022) (0,026) (0,005) 

20 0,793 0,752 0,637 0,598 0,527 0,727 0,706 0,515 0,435 
 (0,018) (0,051) (0,016) (0,036) (0,016) (0,022) (0,024) (0,019) (0,009) 

21 0,819 0,764 0,679 0,549 0,526 0,749 0,733 0,521 0,343 
 (0,004) (0,014) (0,003) (0,024) (0,018) (0,017) (0,017) (0,011) (0,007) 

22 0,788 0,743 0,65 0,568 0,546 0,73 0,711 0,618 0,577 
 (0,01) (0,019) (0,042) (0,038) (0,016) (0,003) (0,029) (0,011) (0,008) 
          

ND: Not determined.



able 2. 1H spin-spin relaxation times T1 (s) and standard deviations (%) of enzyme Alkaline 
Phosphatase as a function of HA-L and HA-V concentration (mg mL-1).  

No HA HA-L HA-V Bucket 
Number  0.5 1 2 6 0.5 1 2 6 

          
1 179,2 118,8 69,8 46,2 43 169 138,6 131,6 123 
 (4,5) (3,1) (1) (1,1) (1) (2,8) (4,8) (3,5) (7) 
2 41,6 26,1 23,6 21,4 19 39,3 32,2 26,7 25 
 (0,6) (1,3) (0,8) (1) (0,7) (2,1) (2,3) (2) (1,5) 
3 52,2 35,9 27,7 19,8 18,9 45,3 39,2 36,7 32,1 
 (3,1) (1,8) (1,3) (0,4) (0,7) (1,6) (2,3) (0,7) (1,7) 
4 32,6 26 16,5 10,8 8,3 31 27,7 25,5 22,5 
 (2,3) (0,4) (1) (0,5) (0,1) (0,3) (0,7) (0,5) (0,4) 
5 34,4 25 17,5 16,9 15,4 32,1 30,8 26,4 24,5 
 (1,7) (0,3) (0,3) (0,3) (0,1) (0,4) (0,3) (0,7) (0,3) 
6 47,8 34,5 29,5 27,8 26 43 36,1 31,1 27,8 
 (0,7) (0,8) (0,6) (0,8) (0,4) (0,4) (0,4) (0,5) (0,4) 
7 33,7 26,2 21,1 20,2 19,1 31,2 27,6 25,9 24,8 
 (0,7) (0,3) (0,2) (0,2) (0,7) (0,2) (0,7) (0,1) (0,5) 
8 47,8 39,6 30,7 25,6 23,9 44,3 39,8 36,1 32,8 
 (0,4) (0,7) (0,6) (0,2) (0,4) (0,3) (0,4) (0,2) (0,1) 
9 54,4 47,5 45 36 32,8 51,3 47,9 43,3 39,1 
 (0,5) (0,9) (1,1) (0,6) (0,4) (1,1) (0,6) (0,4) (0,3) 

10 47,9 42,2 39,4 28,2 24,4 44,3 40 33,5 29,9 
 (1) (0,4) (0,4) (0,8) (0,4) (0,7) (0,1) (2) (0,5) 

11 58,5 50,3 46 39,9 35,2 54,4 49,3 39 34,1 
 (0,5) (1) (1,1) (0,4) (0,5) (0,4) (1,3) (0,4) (0,4) 

12 55,1 46 36,7 25,8 19,4 48,7 43,7 33,7 27 
 (0,6) (1,3) (0,7) (0,4) (0,5) (0,8) (0,8) (0,6) (0,4) 

13 40,6 31,8 24,8 15,3 13,6 37,4 30,2 19,7 16,1 
 (0,1) (0,4) (0,7) (0,6) (0,5) (0,4) (0,9) (0,3) (0,6) 

14 48,5 39,7 34,3 24,4 19 44 38,3 29,9 19,4 
 (0,5) (0,9) (0,4) (0,6) (0,6) (0,2) (1,2) (0,3) (0,3) 

15 36,3 29,8 23,7 19,4 15,8 33,2 28 21,8 15,1 
 (0,3) (0,9) (0,3) (0,5) (0,6) (0,7) (0,7) (0,4) (0,3) 

16 50,9 41,5 33,4 26,1 20,4 48 42,6 33,8 26,4 
 (0,3) (0,4 (0,3) (1) (0,5) (1,3) (0,7) (0,2) (0,1) 

17 61,5 54,9 43,2 33,6 25,6 54,3 50,2 32,7 26,9 
 (0,3) (0,6) (0,2) (0,7) (0,6) (0,2) (1,3) (0,2) (0,5) 

18 28 23,1 17,5 14,3 12 25,4 23,6 17,2 13,7 
 (0,6) (0,4) (0,2) (0,3) (0,8) (0,4) (0,7) (0,5) (0,2) 

19 34,5 29,5 23,6 19,4 17,2 29 26,2 21,8 17,5 
 (0,2) (0,7) (0,3) (0,4) (0,5) (0,7) (0,4) (0,4) (0,3) 

20 37,6 32,2 29,9 29,8 26 35,8 32,6 26,6 25,1 
 (0,6) (0,9) (0,6) (0,5) (0,7) (0,6) (0,8) (0,1) (0,3) 

21 55 51,8 43,4 33,3 28,8 36,2 33,6 20,8 12,1 
 (0,7) (0,4) (0,5) (0,6) (1) (1,2) (0,9) (0,3) (0,2) 

22 47,4 43,4 37,8 33,4 32,1 41,9 39,8 35,7 31,6 
 (0,5) (0,4) (0,8) (0,2) (0,2) (0,3) (0,4) (0,6) (0,3) 
          

ND: Not determined.



ND: Not determined.

able 3. 1H correlation times C (ns) of enzyme Alkaline Phosphatase as a function of HA-L and 
HA-V concentrations (mg mL-1) and the variations (%) of AP/HA correlation times than AP alone. 

No HA HA-L HA-V Bucket 
Number  0.5 1 2 6 0.5 1 2 6 

          
1 0,62 0,71 ND 1,01 1,03 0,65 0,65 0,67 0,67 
   (14,1) - (61,9) (65) (3,7) (4,1) (7,2) (7,5) 
2 1,55 1,62 1,68 1,66 1,7 1,58 1,62 1,61 1,62 
   (4,5) (7,8) (6,6) (9,2) (1,8) (4,5) (3,7) (4,4) 
3 1,44 1,46 ND 1,51 1,54 1,44 1,45 1,44 1,47 
   (1) - (4,4) (7) (-0,3) (0,2) (-0,1) (2) 
4 1,89 1,94 2,01 2,05 2,11 1,91 1,91 1,92 1,94 
   (2,6) (6,3) (8,3) (11,7) (1,1) (0,9) (1,2) (2,3) 
5 1,77 1,87 2,01 1,98 2,02 1,79 1,81 1,8 1,81 
   (5,6) (13,1) (11,7) (14) (1) (1,7) (1,3) (2,1) 
6 1,56 1,68 1,67 1,65 1,65 1,57 1,59 1,61 1,63 
   (7,9) (7,5) (5,9) (6) (0,9) (2,1) (3,4) (5,1) 
7 1,73 1,85 1,89 1,86 1,85 1,75 1,74 1,76 1,76 
   (6,9) (9,3) (7,4) (6,7) (1) (0,5) (1,3) (1,5) 
8 1,51 1,56 1,64 1,63 1,64 1,52 1,53 1,53 1,54 
   (3,5) (8,3) (7,7) (8,5) (0,8) (1,3) (1,2) (1,7) 
9 1,47 1,53 1,48 1,5 1,53 1,47 1,48 1,49 1,5 
   (3,7) (0,9) (2,2) (4,2) (0,2) (0,4) (1,1) (2,1) 

10 1,57 1,62 1,57 1,63 1,72 1,57 1,59 1,6 1,6 
   (3) (0,4) (4,1) (9,5) (0,2) (1,4) (2) (1,8) 

11 1,45 1,48 1,46 1,46 1,49 1,46 1,47 1,49 1,51 
   (1,6) (0,4) (0,5) (2,7) (0,6) (1,3) (2,4) (3,6) 

12 1,56 1,6 1,67 1,72 1,75 1,58 1,6 1,63 1,65 
   (2,3) (7) (10,5) (12,4) (1,2) (2,5) (4,3) (5,8) 

13 1,48 1,51 1,54 1,71 1,75 1,49 1,51 1,54 1,58 
   (2,3) (4,3) (15,5) (18,4) (0,8) (2,4) (4,5) (6,8) 

14 1,2 1,21 1,23 1,33 1,36 1,22 1,25 1,27 1,3 
   (1,6) (2,8) (11,3) (13,5) (2,2) (4,6) (6,1) (9,1) 

15 1,56 1,6 1,64 1,68 1,74 1,58 1,61 1,58 1,66 
   (2,7) (4,9) (7,8) (11,3) (1,3) (3,5) (1,4) (6,6) 

16 1,14 1,24 1,29 1,34 1,36 1,18 1,21 1,26 1,29 
   (8,8) (13) (17,2) (19,1) (3,4) (6,2) (10,2) (12,8) 

17 1,2 1,24 1,28 1,33 1,36 1,23 1,25 1,33 1,34 
   (3,4) (6,2) (10,8) (13) (2,1) (4,4) (10,4) (11,6) 

18 1,65 1,71 1,77 1,8 1,79 1,67 1,69 1,67 1,69 
   (3,2) (7,2) (8,5) (8,5) (0,9) (1,9) (1) (2,4) 

19 1,52 1,57 1,6 1,67 1,74 1,56 1,6 1,6 1,65 
   (3,8) (5,4) (10,2) (14,6) (3,2) (5,5) (5,6) (8,6) 

20 1,47 1,51 1,47 1,45 1,45 1,45 1,48 1,43 1,39 
   (3,2) (0,3) (-1,4) (-1,1) (-1,1) (0,9) (-2,4) (-5,3) 

21 1,34 1,08 1,11 1,14 1,21 1,46 1,48 1,55 1,62 
   (-0,5) (2,7) (5,8) (12,1) (9) (10,8) (15,7) (20,7) 

22 1,15 1,39 1,39 1,38 1,38 1,18 1,2 1,18 1,21 
   (0,8) (0,9) (0,6) (0,6) (2,6) (4,1) (2,4) (5,4) 
          



able 4. 1H Diffusion values (10-10 m2 s-1) and standard deviations (%) of Alkaline Phosphatase as a 
function of HA-V and HA-L (mg mL-1) concentrations.  

No HA HA-L HA-V Bucket 
Number  0.5 1 2 6 0.5 1 2 6 

          
2 1,179 0,91 0,823 1,032 0,754 0,922 ND 0,803 0,758 
 (0,003) (0,002) (0,007) (0,018) (0,018) (0,002) - (0,011) (0,019) 
3 ND 0,948 0,948 0,868 0,741 0,937 0,809 0,819 0,791 
 - (0,016) (0,01) (0,018) (0,016) (0,011) (0,015) (0,005) (0,01) 
4 1,157 0,968 0,992 0,901 0,776 0,952 0,851 0,808 0,763 
 (0,016) (0,009) (0,015) (0,016) (0,017) (0,007) (0,011) (0,004) (0,017) 
5 1,088 0,905 0,905 0,827 0,719 0,871 0,785 0,718 0,693 
 (0,007) (0,016) (0,02) (0,025) (0,012) (0,011) (0,011) (0,005) (0,011) 
6 0,888 0,836 0,842 0,779 0,761 0,816 0,792 0,647 0,623 
 (0,006) (0,012) (0,007) (0,028) (0,009) (0,01) (0,016) (0,015) (0,011) 
7 1,108 1,049 0,954 0,846 0,747 0,95 0,811 0,823 0,843 
 (0,007) (0,008) (0,032) (0,021) (0,008) (0,013) (0,013) (0,021) (0,011) 
8 1,127 1,014 0,837 0,726 0,637 0,847 0,701 0,748 0,785 
 (0,01) (0,018) (0,02) (0,005) (0,021) (0,019) (0,012) (0,016) (0,02) 
9 1,105 0,974 0,936 0,81 0,664 0,91 0,787 0,782 0,749 
 (0,011) (0,022) (0,028) (0,02) (0,022) (0,012) (0,022) (0,014) (0,022) 

10 1,074 0,89 0,766 0,635 0,455 0,785 0,59 0,708 0,746 
 (0,031) (0,018) (0,033) (0,021) (0,019) (0,025) (0,015) (0,015) (0,019) 

11 0,839 0,832 0,613 0,741 0,633 0,721 0,656 0,657 0,622 
 (0,01) (0,024) (0,016) (0,023) (0,019) (0,011) (0,018) (0,012) (0,015) 

12 0,8 0,74 0,726 0,69 0,672 0,737 0,721 0,585 0,603 
 (0,027) (0,013) (0,009) (0,021) (0,012) (0,013) (0,014) (0,02) (0,031) 

13 0,768 0,734 0,735 0,683 0,667 0,728 0,715 0,577 0,602 
 (0,018) (0,005) (0,022) (0,017) (0,019) (0,01) (0,015) (0,008) (0,036) 

14 0,799 0,764 0,774 0,724 0,696 0,768 0,742 0,616 0,643 
 (0,018) (0,012) (0,022) (0,045) (0,028) (0,009) (0,015) (0,021) (0,031) 

15 0,839 0,787 0,814 0,741 0,675 0,791 0,746 0,64 0,7 
 (0,017) (0,01) (0,019) (0,022) (0,021) (0,017) (0,007) (0,012) (0,017) 

16 0,864 0,793 0,82 0,713 0,621 0,785 0,715 0,647 ND 
 (0,013) (0,026) (0,01) (0,012) (0,003) (0,008) (0,009) (0,011) - 

17 0,908 ND 0,906 0,767 0,627 0,836 ND 0,693 ND 
 (0,02) - (0,036) (0,046) (0,02) (0,001) - (0,017) - 
          

ND: Not determined.



able 5. Residual amount of p-NPP (%) and standard deviation (%) resulting 
from AP hydrolysis (25 °C, pH 10.4) at increasing  HA-V and HA-L 
concentrations (mg mL-1) as a function of the elapsed reaction time (minutes). 

No HA HA-L HA-V Bucket 
Number  6 8 12 6 8 12 

        
7 68,7 76,5 78,2 84,2 72,9 75,6 80,9 

  (0,1) (0,3) (0,3) (1,2) (0,1) (0,2) (0,4) 
8 65 72,8 77,8 82,6 66,8 70,1 77,6 

  (0,4) (0,3) (0,2) (0,5) (0,3) (0,1) (0,2) 
10 58,5 69,5 75,3 81,8 62,7 64,3 74,3 

  (0,1) (1,7) (0,1) (1) (0,1) (0,2) (1,3) 
15 53,2 61,5 72,2 80,3 54 58,6 66,7 

  (0,3) (1) (0,3) (1) (0,2) (0,2) (0,4) 
21 44,6 54,7 69,5 79,5 46,9 51,7 59,9 

  (0,2) (0,3) (0,3) (0,9) (0,1) (0,2) (0,3) 
27 39 48,9 66,7 77,6 40,9 45,3 53,6 

  (0,3) (1,3) (0,4) (0,8) (0,8) (0,4) (1) 
29 33 44,7 65,6 73,1 36,6 40,8 48,4 

  (0,2) (0,6) (0,3) (0,8) (0,2) (0,2) (0,4) 
40 24,7 38 60,8 70,8 28,4 29,4 39,3 

  (0,3) (0,1) (0,3) (0,7) (0,4) (0,1) (0,2) 
52 20,1 31,8 56,6 68,1 21,1 23,9 32,6 

  (0,3) (0,9) (0,6) (0,9) (0,3) (0,2) (0,5) 
64 13,4 28,9 53,6 65,9 16 18,5 26,1 

  (0,1) (0,8) (0,2) (0,6) (0,2) (0,1) (0,2) 
86 9,9 24,9 48,1 62,2 9,8 12,3 18,5 

  (0,2) (0,3) (0,5) (0,7) (0,2) (0,2) (0,2) 
108 5,3 21,8 43,9 59,1 6,7 9,6 14,1 

  (0,1) (0,2) (0,3) (0,8) (0,1) (0,2) (0,2) 
140 2,1 18,1 39,5 55,1 4,3 6,4 10,8 

  (0) (0,3) (0,4) (0,8) (0,1) (0,1) (0,2) 
172 1,1 15,8 35,7 52 3,6 5,3 8,4 

 0 (0,2) (0,4) (1,1) (0,1) (0,1) (0,2) 
204 0 14,9 31,7 48,8 3 5 6,7 

  0 (0,3) (0,4) (0,8) (0,1) (0,1) (0,1) 
236 0 13,4 29,5 46,1 2,4 4,6 5,6 

  0 (0,1) (0,5) (0,9) (0,1) (0,2) (0,2) 
256 0 12,5 28,1 44,7 2 4,3 4,8 

  0 (0,2) (0,4) (0,7) (0,1) (0,2) (0,1) 
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Figures  
 

 
 

Figure 1. 1H spectra of the AP enzyme solution at pH 10.4 with increasing HA-L concentrations. 
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Figure 2. Bucket partition for the 1H spectrum of alkaline phosphatase. On the left hand-side of figure, the 
bucket number and its region limit (ppm) are highlighted. 
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Figure 3. The 1H correlation times (ns) for selected spectral bucket number, as a function of increasing concentration 
(0, 0.5, 1, 2 and 6 mg mL-1) of HA in the AP solution. 
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Figure 4. Proton projections of 1H DOSY spectra of an alkaline phosphatase solution without and with 6 
mg mL-1 of HA-L. 
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Figure 5. Aromatic region of 1H spectra of p-NPP (S) alone and subjected to hydrolysis by the 
AP enzyme as a function of reaction time (7, 15, 29 and 86 min). 
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Figure 6. Residual p-NPP amount (%) as a function of both time (min) after the onset of the catalysis by alkaline phosphatase and 
HA concentration (mg mL-1). The red dotted line highlights the extent of substrate hydrolysis after 21 min from the start of the 
catalysis. 
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NMR applications to study the interactions between humic acids and Alkaline 
Phosphatase and related effects on enzymatic activity 

Pierluigi Mazzei , Hartmut Oschkinat & Alessandro Piccolo* 

SUPPORTING INFORMATION  
 

Pages: 5 
 

 

SUPPORTING MATERIALS AND METHODS 

CPMAS 13C-NMR spectroscopy. Cross polarization magic angle spinning (CPMAS) 13C-NMR 

spectra of humic materials were acquired with a Bruker AVANCE™ 300, equipped with a 4 mm 

Wide Bore MAS probe operating at a 13C resonating frequency of 75.475 MHz. Samples (100-

200 mg) were packed in 4 mm zirconia rotors with Kel-F caps and spun at 13±1 kHz. A 1H ramp 

sequence was used during a contact time of 1 ms to account for possible inhomogeneity of the 

Hartmann-Hahn condition. 2000 scans with 3782 data points were collected over an acquisition 

time of 25 ms, and a recycle delay of 2 s. The Bruker Topspin 1.3 software was used to acquire 

and elaborate the spectra. All the free induction decays (FID) were transformed by applying a 4 k 

zero filling and a line broadening of 15 Hz. 
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SUPPORTING FIGURES 
 
Four Figures 
 

 
Figure S1.  CPMAS 13C-NMR spectra of the humic acids HA-V and HA-L. 
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Figure S2. Water-suppressed 1H-NMR spectra of 15 mg ml-1 of  HA-V and HA-L. 
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Figure S3. 1H spectra of the AP enzyme solution at pH 10.4 added with increasing aliquots of HA-V. 
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Figure S4. Overlapping of two 1H DOSY spectra of AP. The proton projections of the AP enzyme 

treated with 0 and 6 mg mL-1 of HA-V are shown in green and red, respective 



 88 

5. 

NMR spectroscopy evaluation of the 
modification of catalytic activity of -D-
Glucosidase following interactions of the 

enzyme with fulvic acids  
Pierluigi Mazzei a, b & Alessandro Piccoloa* 

a Centro Interdipartimentale per la Risonanza Magnetica Nucleare (CERMANU), Università di 
Napoli Federico II, Via Università 100, 80055 Portici, Italy. 

 
b Istituto di Metodologie Chimiche, CNR, Via Salaria Km 29.300, 00016 Monterotondo Stazione, 

Italy. 

 

 
 

*Corresponding author 
 

E-mail: alessandro.piccolo@unina.it, alpiccol@unina.it (A. Piccolo). 
Tel.: +39 081 2539160 

Centro Interdipartimentale per la Risonanza Magnetica Nucleare (CERMANU), 
Università di Napoli Federico II, Via Università 100, 80055 Portici (NA), Italy. 

 

To be submitted to “Soil Biology and biochemistry” 

 

Key words: -D-Glucosidase, Fulvic Acids, NMR, Relaxometry, Enzyme Interactions. 



 89 

Abstract 

The interactions occurring between fulvic acids (FA) and a -Glucosidase (GLU) enzyme 

and the inherent modifications of enzymatic activity were investigated here at the pH 5 and 7.2 by 

1H NMR spectroscopy. With increasing amounts of FA, the enzyme proton signals were 

progressively broadened, while the relaxation (T1 and T2) and correlation (c) times of GLU 

decreased and increased, respectively. Both these effects were more relevant for the hydroxy-alkylic 

and aromatic protons of GLU, thus suggesting that the FA-enzyme associations, which 

progressively limited GLU tumbling rate, were due to weak interactions, such as H-bonds and 

dispersive hydrophobic bonds.  However, no significant differences were found for the two 

different pHs. The catalytic activity of -D-Glucosidase when in weakly-bound complexes with FA 

was studied by following the NMR signal changes of two substrates, such as                                    

p-Nitrophenyl--D-glucopyranoside (p-NPG) and Salicin, and their hydrolysis products. The GLU 

catalytic activity was substantially slowed down with increasing concentration of FA in solution 

and the rate reduction was more pronounced for Salicin than for p-NPG. The inhibition of the 

enzymatic activity may be explained with either a partial cover up of the active site of GLU by 

fulvic molecules or to modifications of the enzyme conformational structure during formation of the 

humic-enzyme complex. Our results indicate that interactions of FA with GLU, though through 

weak bonds, are sufficient to partially inhibit its catalytic activity, and suggest that the 

environmental role of extracellular enzymes may be significantly reduced when coming in contact 

with natural organic matter. 

1. Introduction 

Soil enzymes are directly or indirectly involved in the transformation of organic compounds 

and in the biogeochemical cycle of soil organic matter (Mondini, 2004; Turner et al., 2002). Plant 

and microbes release enzymes in soils, partly as extracellular exo-enzymes, and partly as 
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cytoplasmic exudates from dead or living cells (Burns, 1982). In particular, the -Glucosidase     

(EC 3.2.1.21) enzyme, a widespread soil enzyme, is determinant in the carbon cycle and is closely 

related to the transformation and accumulation of soil organic matter (Xiao-Chang & Qin, 2006; 

Busto and Perez-Mateos, 2000). As a member of the glycoside hydrolase family, glucosidase is 

capable to hydrolyze substrates by cleaving -1-4-glycosidic linkages (Bock, 1988). The 

mechanism of enzymatic hydrolysis lies on the action of two carboxyl groups of -Glucosidase, 

which concur to break the -glycosidic bonds (Lawson et al. 1998; Rye & Withers, 2000). Thus,    

-Glucosidase contributes to degrade -4 glycosylated molecules which are commonly released 

in soil, such as flavonoid glucosides (Schmidt et al., 2011) or cellulosic materials (Saratchandra & 

Perrott, 1984). Cellulose degradation in soil is a result of the synergistic activity of several enzymes, 

whose final hydrolysis is completed by -Glucosidase (Turner et al., 2002). In plants, 

Glucosidase is also involved in the degradation of endosperm cell walls during germination,      

in the formation of intermediates in cell wall lignification, in the activation of defence compounds, 

and in the synthesis of phytohormones (Schmidt et al., 2011).  

The interactions of soil enzymes with soil colloids such as clay minerals and humic substances 

have been repeatedly shown (Burns, 1982, 1996; Stevenson, 1982; Busto & Perez-Mateos, 2000; 

Nannipieri et al., 2002). It has been postulated that the binding of extracellular enzymes to clay or 

humic matter should make them more resistant to proteolytic degradation and/or to              

chemical-physical stresses (Nannipieri et al., 1996). Moreover, the presence of active enzymes in 

soil is exploited as an indicator of soil biological quality (Dick, 1997; Turner et al., 2002). 

Nonetheless, the mechanisms that regulate the formation of humic-enzyme complexes and the 

effects on the residual catalytic activity of enzymes had not been sufficiently elucidated. This is 

especially true after the recent innovative understanding of humic substances as supramolecular 

associations of relatively small and heterogeneous molecules held together in labile conformations 

by weak dispersive forces (Piccolo, 2001; Piccolo and Spiteller, 2003; Eastman et al., 2011). It is 
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thus likely that the interactions of enzyme with humic matter may be accounted to some of the 

numerous small molecules which may be detached from the main humic superstructure (Nebbioso 

and Piccolo, 2011).  

The aim of this work was to investigate the nature of interactions occurring between the        

-glucosidase enzyme and fulvic acids (FA) and how they affect the catalytic activity of the 

enzyme. Nuclear Magnetic Resonance (NMR) spectroscopy was used to meet our objectives due to 

the capacity of this spectroscopy to directly provide reproducible and detailed information on the 

humic-enzymes interactions at molecular scale and on the changes of substrate concentration during 

the enzyme catalyzed hydrolysis of the -glycosidic bond.  

 

2. Materials and Methods 

2.1. Fulvic acid. A fulvic acid (FA) was isolated from an Italian Soil (Caserta, IT) classified as 

Eutric Regosol by standard methods (Smejkalova and Piccolo, 2008a). In the soil alkaline extract, 

humic acids were separated and removed by a flocculation at pH 1 by 6 M HCl, while FA still 

soluble in the acidified solution were purified by absorbing on a Amberlite XAD8 resin (Thurman 

and Malcolm, 1981). After elution by a 1M NaOH solution, and, adjustment of eluates to pH 5, they 

were dialyzed in Spectrapore 3 tubes against distilled water until chloride-free, and freeze-dried. FA 

were then redissolved in 0.5M NaOH and passed through a strong cation-exchange resin         

(Dowex 50) to further eliminate polyvalent metals and freeze-dried again. FA were characterized 

for their elemental content using a Fisons EA 1108 Elemental Analyzer and the ash content was less 

than 5%.  

2.2. Reagents. The -D-Glucosidase (GLU) (Grover et al., 1977; Grover and Cushley, 1977) was 

purchased from Sigma-Aldrich, Italy, as an extract from sweet almonds (2.31 units/ mg). The 

substrates for enzyme activity were p-Nitrophenyl--D-glucopyranoside (p-NPG, > 98.0 % purity) 
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and 2-(Hydroxymethyl)phenyl-β-D-glucopyranoside (Salicin, > 99.0 % purity) and were also 

purchased from Sigma-Aldrich, Italy.   

 

2.3. FA-GLU complex formation. Different amounts of FA (0, 0.1, 0.2, 0.35, 0.5, 0.6, 0.8, 1, 1.5 

mg mL-1) were dissolved into two deuterated 0.2 M phosphate buffer solutions                        

(99.8% D2O/H2O, ARMAR CHEMICALS) brought to pH 5 and 7.2, and the solutions sonicated for 

10 minutes, but not to exceed 30°C.  Then, 5 mg of GLU were dissolved into 1 mL of each humic 

buffer solution, stirred for 10 minutes and left to stabilize for 30 min before NMR measurements.  

 

2.4. Catalytic activity of the FA-GLU complex. Samples to evaluate the catalytic activity of the 

FA-GLU complex were prepared by dissolving 0.6 mg of GLU in 1 mL of deuterated                   

0.2 M carbonate buffer solution at pH 5, and already containing 0, 0.03, 0.1 and 0.2 mg mL-1 of FA.  

The solutions were stirred for 10 minutes and left to stabilize for 30 minutes. Then, the enzymatic 

catalysis was started by adding 10 mg of either p-NPG or Salicin. All solutions were transferred 

into 5 mm NMR tubes for NMR analysis. Each reactions was conducted in duplicate.  

 

2.5. NMR Experiments. A 400 MHz Bruker Avance spectrometer, equipped with a 5 mm Bruker 

Inverse Broad Band (BBI) probe, working at 1H frequency of 400.13 MHz, was employed to 

conduct all liquid-state NMR measurements at a temperature of 298 +/- 1 K. 1H-NMR  spectra were 

acquired with 2 s of thermal equilibrium delay, 90° pulse length ranging between 9.85 and 13.5 s, 

32768 time domain points and 256 transients. 

An inversion recovery pulse sequence, with 20 increments and variable delays from 0.02 to 5 

s, was adopted to measure 1H longitudinal (spin-lattice) relaxation time constants (T1). The 

transverse (spin-spin) relaxation time constants (T2) were measured using a Carr-Purcell-Meiboom-

Gill (CPMG) pulse sequence by using 20 increments and 2 (5.6 ms) to 2000 (5600 ms) spin-echo 

repetitions, with a constant 1.4 ms spin-echo delay. A time domain of 32768 points was set for all 
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the relaxometric experiments. The correlation times (c) were calculated from T1 and T2 as 

described elsewhere (Carper and Keller, 1997). 

The 1H spectral width was 16.66 ppm (6666.2 Hz) and the residual water signal was removed 

from 1H-NMR spectra by pre-saturation technique. The proton frequency axis was calibrated by 

associating to 1.1204 ppm the centre of the highest doublet resonating in the region included within 

the 1.25-1 ppm interval.    

A sequence of 12 1H-NMR acquisitions was launched at 25°C on each FA-GLU solution           

11, 13, 15, 23, 30, 38, 45, 53, 65, 78, 90 and 123 min after the start of catalysis or the catalyzed 

hydrolysis of both p-NPG and Salicin substrates as a function of fulvic concentrations                      

(0, 0.03, 0.1 and 0.2 mg mL-1). 1H-NMR spectra were acquired with 2 s of thermal equilibrium 

delay, an 11 s 90° pulse length, 32768 time domain points and 32 transients                                 

(52 seconds each acquisition). In the case of Salicin, the proton doublets resonating at 5.051 and 

5.146, were associated to  anomeric protons of Salicin (S1) and Glucose (P1), respectively. 

Instead, in the case of p-NPG, the doublets resonating at 8.1619 and 8.073 ppm were associated to 

aromatic meta protons of p-NPG (S2) and p-Nitrophenol (P2), respectively. No zero filling and 

apodization were applied to free induction decays (FID) excepted for mono-dimensional 

acquisitions conducted during the catalysis, where 1 Hz multiplication was executed. All spectra 

were baseline corrected and processed by Bruker Topspin Software (v.1.3), MestReC NMR 

Processing Software (v. 4.9.9.9) and Origin (v.6.1). Details on the adopted methods for CPMAS 

13C-NMR spectroscopy are given in the Supporting Information.  

The extent of catalysis was estimated by integrating the areas under the proton signals 

corresponding to substrates and reaction products (Figures 6 and 7). The relative substrate 

concentration (%) remaining at different reaction times was calculated by dividing the area of 

substrate signals by that of products and multiplying by 100. 
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2.6. Viscosity measurements. Possible artificial modifications of calculated parameters (T1, T2 and 

DOSY self-diffusion constants) by change in viscosity (Smejkalova and Piccolo, 2008 a) was 

accounted to by measuring solution dynamic viscosity with a Bohlin Advanced Rheometer (Bohlin 

Instruments Ltd., Gloucestershire, UK), using a coaxial cylinder geometry with a gap size of        

150 µm. All measurements were performed in triplicate, at 25ºC, and under a constant shear stress 

of 0.1 Pa.  

 

3. Results and Discussions 

3.1. Evaluation of  humic-enzyme complexes  

Liquid-state 1H-NMR and solid-state 13C-CPMAS-NMR spectra showed the structural 

features of the FA used here (Supplementary Figures 1a, 1b). The FA hydrophilic character is 

reflected by the intense signals in the hydroxy-alkyl and carboxyl regions observed in both 1H and 

13C spectra, respectively.  

The evidence of the interactions occurring between GLU and FA became evident by 

observing the 1H-NMR spectra of GLU with increasing FA concentrations at the two pH of 5 and 

7.2. Since spectral differences between the two pH conditions were not significantly appreciable, 

only NMR results for pH 7.2 are shown here. It was observed a progressive signal broadening with 

increasing FA concentrations in the alkyl, hydroxy-alkyl, and the aromatic regions of proton spectra 

(Figures 1-3). This effect is attributed to the reduced Brownian motions in the ever larger molecular 

size of the GLU-FA adduct, that limits the minimization of molecular dipolar couplings. Since the 

width of NMR signals is inversely proportional to the spin-spin relaxation times, these are 

progressively and strongly reduced when the molecular mobility is diminished (Bakhmutov, 2004), 

as in the case of GLU forming non covalent complexes with FA, thus resulting in signal broadening  

(Smejkalova and Piccolo, 2008 b). The careful purification of the FA used here excludes that the 

signal broadening effect be attributed to residual paramagnetic metals. 
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The GLU used here was a homo-dimeric glycoprotein consisting in 2 equal subunits of       

65 kDa and had a total molecular weight of 135 kDa (Grover et al., 1977). The relatively resolved 

multiplets of narrow width observed in the 1H spectrum of such a large molecule is explained with 

the relatively large mobility of branched glyco-peptidic domains in this protein. The enhanced 

broadening of these multiplets with increasing FA additions (Figure 1) suggests that such branched 

components became largely involved with hydrophilic FA molecules more than other inner protein 

domains. However, a progressive saturation of the most accessible GLU domains is indicated by the 

rapid signals broadening up to 0.35 mg mL-1 of FA concentration and the subsequent less 

pronounced enlargement of enzyme signals when FA reached the concentration of 5 mg mL-1 

(Figure 1). 

Spin-lattice (T1) and spin-spin (T2) relaxation times are sensitive NMR parameters to reveal 

changes in protein flexibility and follow perturbations of the magnetic field on a studied nucleus 

(Zhang and Forman-Kay, 1995; Tollinger et al. 2001; Sapienza and Lee, 2010). The measurements 

of relaxation times are useful to quantify the overall motion of proteins or parts of proteins when 

involved in complexes with other molecules (Pickford and Campbell, 2004). A calculation of 

changes in T1 and T2 relaxation times of Glucosidase with increasing amount of FA, should 

further confirm the formation of the non-covalent complexes suggested by signal broadening in    

1H-NMR spectra. However, due to severe signal overlapping in proton spectra and lack of previous 

NMR signal assignment for this specific GLU enzyme, the elaboration of the 1H-NMR spectrum 

was conducted by associating proton intervals to numbered bucket areas. Thus, the spectrum was 

divided in 18 discrete regions (1-9 for the alkyl region,  10-15 for the hydroxy-alkyl region;          

16-18 for the aromatic region) and relaxation times were calculated by integrating the whole area 

under each bucket (Figure 4). The same buckets were adopted for both pH 5 and 7.2 treatment, 

since no evident chemical-shift drifts were detected in the GLU spectrum at different pH conditions. 

The values for T1 and T2 relaxation times at both pH 5 and 7.2, as a function of FA concentration 

are reported Table 1 and 2, respectively.  
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A progressive decrease of both relaxation times with increasing FA addition was found in all 

cases. This confirms the above suggestion that the ever decreasing enzyme mobility following the 

formation of a FA-GLU complex, must be responsible for the changes in the relaxation properties 

observed in respect to the free enzyme. In particular, the proton signals included in buckets             

4-5, 10, 12, 14, 16-17 showed the largest relative decrease of both T1 and T2 at pH 5 (Table 1), 

thereby suggesting their greatest interaction with FA molecules. In fact, at the largest FA 

concentration, the T1 and T2 relaxation times of GLU measured for these buckets, were generally 

40% and 60% smaller than control, respectively. Moreover, the greatest T2 variation, in respect to 

the free enzyme, was revealed by the hydroxy-alkyl regions in buckets 10 (75%), 13 (82.9%)        

and 15 (70.8%). Conversely, the FA additions at pH 7.2 showed a T1 and T2 decrease larger than 

40% and 60%, respectively, for buckets 10-12 and 15-18 (Table 2). The alkyl GLU domains 

appeared generally less involved in the humic-enzyme interactions, although some buckets          

(10, 12, 16 and 17) appeared most affected at either acidic or neutral conditions. Thus, our results 

suggest which enzyme regions showed the largest affinity to FA as a function of their variation in 

GLU relaxation times.  

Both relaxation times of GLU in solution are dependent on the protein correlation time (τC), 

that is defined as the effective average time needed for a nuclear spin to rotate through one radian 

(Carper and Keller, 1997) . Therefore, the larger the τC values, the slower is the molecular motion 

(Bakhmutov, 2004). The correlation times have been used as qualitative indexes to indicate the 

changes in molecular rigidity of host-guest complexes between humic substances and 

environmental pollutants (Smejkalova and Piccolo, 2008 b; Smejkalova et al., 2009). 

The addition of progressive amount of FA to the GLU enzyme determined a general 

increasing trend of τC values in all spectral buckets, except for bucket 18 (Table 3 and Figure 5), 

thus further suggesting a reduced molecular mobility for the FA-GLU complex in respect to the free 

enzyme. In particular, at both pH 5 and 7.2, the smallest τC variation was observed in the alkyl 

region, whereas the hydroxy-alkyl and aromatic spectral region showed a progressive τC 
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enhancement with increasing FA additions. This further shows a smaller affinity of alkyl than 

hydroxyl-alkyl components of glucosidase to FA.  

The results on GLU signals broadening, relaxation and correlation times indicate that the 

enzyme-FA interactions were governed by weak bonding forces, to which the GLU hydroxy-alkyl 

and aromatic protons were mostly responsible. The FA hydrophilic character implies the 

participation of hydroxyl and carboxyl functional groups in FA to the H-bonds formed with 

complementary hydroxy-alkylic components in GLU. On the other hand, the involvement of 

aromatic protons in GLU-FA interactions may be attributed to hydrophobic bonds between  the 

abundant phenolic molecules in FA and the aromatic residues in GLU.  

 

3.2. Catalytic activity of FA-GLU complexes  

The extent of residual GLU activity when in the host-guest complex with FA was assessed 

by following the hydrolysis of two different substrates with NMR spectroscopy. The 1H-NMR 

spectra of both Salicin and p-NPG substrates under catalysis with the FA-GLU complex are 

reported in Figures 6a and 7a, respectively, as a function of reaction time. The spectra show that the 

proton signals of substrates (HS1 and HS2, respectively) decreased in the course of the enzymatic 

hydrolysis with increasing time and FA concentration. In fact, the percentage of residual substrate, 

as measured from proton spectra after 30 min from the start of catalysis, increased progressively 

with the amount of FA added to GLU, thus suggesting a direct enzyme inhibition due to an 

increasing formation of host-guest complexes with FA in solution. In fact, both Salicin and p-NPG 

substrates were still present as 70.42% and 58.28% of their initial amount, respectively, at the 

largest FA concentration in solution (0.2 mg mL-1) after 30 min of reaction time, while their 

residual amount was only 52.32% and 48.77%  with the GLU free enzyme. These findings thus 

confirm our results shown here and those reported elsewhere (Perez-Mateos, 1991) that soil enzyme 

may form host-guest complexes with humic matter, and their enzyme catalytic activity may be then 

significantly reduced.  
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The sweet almond -Glucosidase used in this work was assigned to glycosidase Family 1 on 

the basis of the peptidic sequence obtained from a trapped glycosyl-enzyme intermediate, and the 

nucleophilic active site was identified with the Ile-Thr-Glu-Asn-Gly peptide group (He and 

Withers, 1997). Except for Isoleucine, all the aminoacids in such a GLU active site exhibit 

functional groups, such as –OH for Threonine, –C(O)OH for Glutamate, –C(O)NH2 for Asparagine 

and –NH2 for Glycine, which may be complementary to the FA oxygen-containing functional 

groups in the formation of hydrogen bonds. We observed here that the enzymatic catalysis was 

inhibited by addition of FA to the GLU enzyme solution more for Salicin than for p-NPG       

(Figures 6b and 7b). It may be speculated that the Salicin structure can resemble more than the       

p-NPG structure the fulvic phenolic molecules which may occupy the active site, thus inhibiting the 

substrate hydrolysis. However, also a partial modification of the conformational structure of the 

enzyme by the FA molecules may be also the cause of the reduced activity of the FA-GLU 

complex. 

 
4. CONCLUSIONS 

The NMR results indicate that -D-Glucosidase in aqueous solutions forms host-guest 

complexes with FA, which are stabilized by non-covalent interactions, such as van der Waals, 

and H-bonds. The FA-GLU complexes determined the broadening of the GLU signal with 

increasing FA additions due the progressively limited mobility of the enzyme. The reduction of the 

translational and rotational motion of the enzyme in the loose newly-formed humic-enzyme 

complexes were also shown by the changes of relaxation (T1, T2) and correlation (τC) times, as 

measured from 1H-NMR spectra for the enzyme progressively added with FA. The values also 

showed that, at either pH 5 or 7.2, the proton signals in the hydroxy-alkylic and aromatic spectral 

intervals appeared to be mostly involved in the interactions with FA.   

The modification of the enzyme original conformation by complexation with FA had also an 

impact on the catalysis exerted by the GLU enzyme on the hydrolysis of both p-NPP and Salicin 
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substrates. This reaction was monitored with time by 1H-NMR spectroscopy and it was found that 

the hydrolytic transformation of substrates was slowed down significantly with increasingly larger 

FA additions to the enzyme. Moreover, it was observed that the catalytic activity was reduced more 

for Salicin than for p-NPG, and this was attributed to an enhanced competition to the active site by 

fulvic acid molecules more similar to Salicin than to  p-NPG. These direct NMR results suggest that 

extracellular enzymes, which are reputed to play a significant role in the out-of-cell molecular 

transformations in the environment, may be severely reduced in their activity when interacting with 

the ubiquitous natural organic matter. 

 

 
Supplementary data 

The Supporting Information contain the description of method adopted for 13C-CPMAS-NMR 

spectroscopy and the supplementary figures of  liquid-state 1H-NMR and 13C-CPMAS-NMR 

spectra of FA. 

 

References 

Bock, K. & Sigurskjold, B. W., 1988. Mechanism and binding specificity of -glucosidase-
catalyzed hydrolysis of cellobiose analogues studied by competition enzyme kinetics monitored 
by 'H-NMR spectroscopy. European Journal of Biochemistry 178, 711-720. 

 
Bums, R. G., 1982. Enzyme activity in soil: location and a possible role in microbial ecology. Soil 

Biology & Biochemistry 14, 423-427. 
 
Burns, R. G., 1986. Interactions of enzymes with soil mineral and organic colloids. In: Interactions 

of Soil Minerals with Natural Organics and Microbes. (eds P. M. Huang & M. Schnitzer), pp. 
429-451. Soil Science Society of America, Madison, WI. 

 
Busto, M. D. & Perez-Mateos, M., 2000. Characterization of -D-glucosidase extracted from soil 

fractions. European Journal of Soil Science 51, 193-200. 
 
Carper, W. R., Keller, C. E., 1997. Direct Determination of NMR correlation times from spin-lattice 

and spin-spin relaxation times. Journal of Physical Chemistry A 101, 3246-3250. 
 
Dick, R.P., 1997. Soil enzyme activities as integrative indicators of soil health. In: Pankhurst, C.E., 

Doube, B.M., Gupta, V.V.S.R. (Eds.), Biological Indicators of Soil Health. CAB International, 
Wallingford, UK, pp. 121–156. 



 100 

 
Eastman, M. A., Brothers, L. A., Nanny, M. A., 2011. 2H NMR Study of Dynamics of Benzene-d6 

Interacting with Humic and Fulvic Acids. The journal of physical chemistry A 115, 4359–4372. 
  
Grover, A. K., Macmurchie, D. D., Cushley, R. J., 1977. Studies on almond emulsion beta-D-

glucosidase. I. Isolation and characterization of a bifunctional isozyme. Biochimica and 
Biophysica Acta 482 (1), 98-108. 

 
Grover, A. K., Cushley, R. J., 1977. Studies on almond emulsion beta-D-glucosidase. II. Kinetic 

evidence for independent glucosidases and galactosidase sites. Biochimica and Biophysica Acta 
482 (1), 109-124. 

 
He, S., Withers, S. G., 1997. Assignment of sweet almond -Glucosidase as a family 1 glycosidase 

and identification of its active site nucleophile. The journal of Biological Chemistry 272 (40), 
24864-24867. 

 
Lawson, S. L., Antony, R.,  Warren, j., Withers, S. G., 1998. Mechanistic consequences of replacing 

the active-site nucleophile Glu-358 in Agrobacterium sp.-glucosidase with a cysteine residue. 
Biochemistry Journal 330, 203-209. 

 
Legler, G., Harder, A., 1978. Amino acid sequence at the active site of β-glucosidase a from bitter 

almonds. Biochimica et Biophysica Acta (BBA) – Enzymology 524 (1), 102-108. 
 
Mondini, C., Fornasier, F., Sinicco, T., 2004. Enzymatic activity as a parameter for the 

characterization of the composting process. Soil Biology & Biochemistry 36, 1587–1594. 
 
Nannipieri, P., Sequi, P., Fusi, P., 1996. Humus and enzyme activity. In: Piccolo, A. (Ed.), Humus 

Substances in Terrestrial Ecosystems. Elsevier Science B.V., Amsterdam, pp. 293–328. 
 
Nannipieri, P., Kandeler, E., Ruggiero, P., 2002. Enzyme activities and microbiological and 

biochemical processes in soil. In: Burns, R.G., Dick, R.P. (Eds.), Enzyme in the Environment. 
Activity, Ecology and Application. Marcel Dekker, Inc., New York, Basel, pp. 1–33. 

 
Nebbioso A., Piccolo, A., 2011. Basis of a Humeomics Science: chemical fractionation and 

molecular characterization of humic biosuprastructures. Biomacromolecules 12, 1187–1199.  
 
Piccolo, A., 1988. Characteristics of soil humic extracts obtained by some organic and inorganic 

solvents and purified by HCL-HF treatment. Soil Science 146 (6), 418-426. 
 
Piccolo, A., 2001. The supramolecular structure of humic substances. Soil Science, 166:810–832. 
 
Piccolo, A., Spiteller, M., 2003. Electrospray ionization mass spectrometry of terrestrial humic 

substances and their size fractions. Anal. Bioanal. Chem. 377, 1047-1059. 
 
Pickford, A. R., Campbell, I. D., 2004. NMR Studies of Modular Protein Structures and Their 

Interactions. Chemical Reviews 104, 3557-3565. 
 
Rye, C. S., Withers, S. G., 2000. Glycosidase mechanisms. Current Opinion on Chemical Biology 

4, 573–580. 
 



 101 

Sanchez-Perez, R., Joergensen, K., Motawia, M. S., Dicenta, F. and Moeller, B. L., 2009. Tissue 
and cellular localization of individual -glycosidases using a substrate-specific sugar reducing 
assay. Plant Journal  60, 894–906. 

 
Sapienza, P. J., Lee, A. L., 2010. Using NMR to study fast dynamics in proteins: methods and 

Applications. Current Opinion in Pharmacology 10, 723–730. 
 
Saratchandra, S. U. & Perrott, K. W., 1984. Assay of b-Glucosidase activity in soils. Soil Science 

138, 15-19. 
 
Schmidt, S., Rainieri, S., Witte, S., Matern, U., Martens, S., 2011. Identification of a 

Saccharomyces cerevisiae Glucosidase That Hydrolyzes Flavonoid Glucosides. Applied and 
environmental microbiology 77 (5), 1751-1757. 

 
Smejkalova, D., Piccolo, A., 2008a. Aggregation and disaggregation of humic supramolecular 

assemblies by NMR diffusion ordered spectroscopy (DOSY-NMR). Environmental Science and  
Technologies 42, 699–706. 

 
Smejkalova, D., Piccolo, A., 2008b. Host-Guest Interactions between 2,4-Dichlorophenol and 

Humic Substances As Evaluated by 1H NMR Relaxation and Diffusion Ordered Spectroscopy. 
Environmental Science and Technologies 42, 8440–8445. 

 
Smejkalova, D., Spaccini, R., Fontaine, B., Piccolo, A., 2009. Binding of Phenol and Differently 

Halogenated Phenols to Dissolved Humic Matter As Measured by NMR Spectroscopy. 
Environmental Science and Technologies 43, 5377–5382.   

 
Song, G., Novotny, E. H., Simpson, A. J., Clapp, E., Hayes, M. H. B., 2008. Sequential exhaustive 

extraction of a Mollisol soil, and characterizations of humic components, including humin, by 
solid and solution state NMR. European Journal of Soil Science 59, 505–516.  

 
Thurman, E., Malcolm, R. L., 1981. Preparative Isolation of Aquatic Humic Substances. 

Environmental Science and Technologies, 15, 463.  
 
Tollinger, M., Skrynnikov, N. R., Mulder, F. A. A., Forman-Kay, J. D., Kay, L. E., 2001. Slow 

Dynamics in Folded and Unfolded States of an SH3 Domain. Journal of American Chemistry 
Society 123, 11341-11352. 

 
Turner B. L., Hopkins, D. W., Haygarth, F. M., Ostle, N., 2002. Glucosidase activity in pasture 

soils. Applied Soil Ecology 20, 157–162 
 
Vetter, J., 2000. Plant cyanogenic glycosides. Toxicon 38, 11–36. 
 
Witte, E. G., Philipp, H., Vereecken, H., 2002. Study of enzyme-catalysed and noncatalysed 

interactions between soil humic acid and 13C-labelled 2-aminobenzothiazole using solid-state 
13C NMR spectroscopy. Organic Geochemistry 33, 1727–1735. 

 
Xiao-Chang, W. & Qin, L., 2006. Beta-Glucosidase Activity in Paddy Soils of the Taihu Lake 

Region, China. Pedosphere 16 (1), 118-124. 
 
Zhang, O., Forman-Kay, J. D., 1995. Structural Characterization of Folded and Unfolded States of 

an SH3 Domain in Equilibrium in Aqueous Buffer. Biochemistry 34, 6784-6794. 



 102 

able 1. 1H spin-lattice T1 (a), spin-spin T2 (b) relaxation times (s) and standard deviations (%) 
of enzyme -D-Glucosidase as a function of FA concentration (mg mL-1) achieved at pH 5.  

 
 

FA Bucket 
Number 0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 

          
1 0.736 0.619 0.62 0.513 0.507 0.523 0.504 0.51 0.514 
 (0.008) (0.005) (0.004) (0.006) (0.006) (0.008) (0.004) (0.007) (0.005) 
2 0.676 0.553 0.548 0.455 0.46 0.467 0.455 0.459 0.459 
 (0.007) (0.003) (0.004) (0.011) (0.011) (0.008) (0.01) (0.01) (0.012) 
3 0.832 0.789 0.739 0.584 0.565 0.56 0.568 0.549 0.55 
 (0.011) (0.005) (0.006) (0.01) (0.007) (0.017) (0.009) (0.015) (0.042) 
4 0.612 0.496 0.488 0.407 0.39 0.389 0.362 0.362 0.345 
 (0.014) (0.007) (0.01) (0.008) (0.008) (0.007) (0.01) (0.023) (0.005) 
5 0.636 0.544 0.527 0.432 0.411 0.398 0.382 0.379 0.379 
 (0.011) (0.005) (0.015) (0.009) (0.003) (0.005) (0.011) (0.014) (0.01) 
6 0.623 0.531 0.522 0.425 0.406 0.398 0.389 0.384 0.381 
 (0.014) (0.005) (0.012) (0.012) (0.002) (0.008) (0.015) (0.016) (0.011) 
7 0.664 0.598 0.59 0.514 0.506 0.515 0.5 0.501 0.497 
 (0.008) (0.01) (0.005) (0.014) (0.008) (0.013) (0.012) (0.022) (0.008) 
8 0.733 0.613 0.61 0.533 0.525 0.541 0.521 0.521 0.515 
 (0.008) (0.003) (0.008) (0.009) (0.005) (0.012) (0.014) (0.018) (0.005) 
9 0.601 0.533 0.529 0.486 0.48 0.484 0.453 0.455 0.436 
 (0.014) (0.004) (0.004) (0.01) (0.012) (0.013) (0.005) (0.018) (0.006) 

10 0.757 0.659 0.619 0.475 0.44 0.397 0.379 0.377 0.389 
 (0.007) (0.014) (0.005) (0.009) (0.005) (0.007) (0.014) (0.016) (0.009) 

11 1.553 1.424 1.269 1.241 1.228 1.127 1.128 1.135 1.12 
 (0.007) (0.004) (0.011) (0.011) (0.009) (0.008) (0.009) (0.02) (0.01) 

12 0.751 0.581 0.565 0.493 0.468 0.465 0.402 0.394 0.352 
 (0.011) (0.008) (0.008) (0.008) (0.005) (0.02) (0.003) (0.009) (0.01) 

13 1.211 1.034 0.995 0.98 0.95 0.942 0.847 0.882 0.894 
 (0.006) (0.004) (0.008) (0.016) (0.008) (0.012) (0.013) (0.019) (0.013) 

14 1.35 1.108 1.052 0.901 0.903 0.932 0.809 0.815 0.759 
 (0.004) (0.011) (0.012) (0.015) (0.008) (0.019) (0.02) (0.024) (0.011) 

15 1.201 1.147 1.032 0.875 0.918 0.89 0.854 0.889 0.809 
 (0.014) (0.007) (0.01) (0.015) (0.012) (0.021) (0.017) (0.01) (0.012) 

16 1.571 1.282 1.224 1.18 1.145 1.01 0.852 0.86 0.823 
 (0.011) (0.02) (0.038) (0.008) (0.004) (0.013) (0.031) (0.035) (0.014) 

17 1.392 1.199 1.145 1.02 0.933 0.91 0.85 0.911 0.782 
 (0.002) (0.012) (0.006) (0.007) (0.004) (0.011) (0.022) (0.037) (0.003) 

18 1.625 1.468 1.407 1.38 1.25 1.24 1.23 1.2 1.21 
 (0.006) (0.011) (0.005) (0.013) (0.013) (0.013) (0.013) (0.038) (0.013) 
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Table 1. Continued 
 

FA Bucket 
Number 0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 

          
1 0.073 0.062 0.059 0.056 0.054 0.057 0.053 0.055 0.053 
 (0.0042) (0.0053) (0.0063) (0.0063) (0.0033) (0.0028) (0.0041) (0.003) (0.0047) 
2 0.098 0.094 0.085 0.072 0.077 0.062 0.066 0.069 0.067 
 (0.0057) (0.0041) (0.0042) (0.004) (0.0037) (0.0059) (0.0024) (0.005) (0.0062) 
3 0.093 0.069 0.05 0.057 0.053 0.051 0.048 0.05 0.043 
 (0.0085) (0.0013) (0.0073) (0.0047) (0.0053) (0.0017) (0.006) (0.008) (0.0081) 
4 0.112 0.089 0.068 0.067 0.063 0.057 0.049 0.051 0.043 
 (0.0057) (0.0028) (0.0027) (0.0045) (0.0073) (0.0089) (0.0028) (0.0063) (0.006) 
5 0.092 0.066 0.057 0.05 0.047 0.046 0.04 0.041 0.037 
 (0.0071) (0.0071) (0.011) (0.0048) (0.0063) (0.0031) (0.003) (0.0044) (0.0088) 
6 0.054 0.048 0.047 0.044 0.04 0.042 0.037 0.037 0.031 
 (0.0042) (0.0053) (0.0038) (0.0036) (0.004) (0.0048) (0.0015) (0.0022) (0.008) 
7 0.089 0.07 0.063 0.067 0.066 0.062 0.059 0.062 0.056 
 (0.0057) (0.0033) (0) (0.0041) (0.0037) (0.0044) (0.003) (0.0079) (0.0025) 
8 0.081 0.069 0.063 0.063 0.062 0.06 0.055 0.058 0.053 
 (0.0028) (0.0046) (0.0069) (0.0039) (0.0082) (0.0063) (0) (0.003) (0.009) 
9 0.163 0.118 0.105 0.107 0.102 0.096 0.085 0.084 0.073 
 (0.0014) (0.0079) (0.0036) (0.008) (0.0059) (0.0066) (0.001) (0.005) (0.0026) 

10 0.122 0.108 0.066 0.046 0.043 0.037 0.034 0.037 0.031 
 (0.0099) (0.0086) (0.0054) (0.0045) (0.0028) (0.0071) (0.0036) (0.0043) (0.0064) 

11 0.47 0.358 0.34 0.297 0.287 0.256 0.248 0.242 0.187 
 (0.0085) (0.0044) (0.0068) (0.0042) (0.0049) (0.0071) (0.0057) (0.0063) (0.009) 

12 0.171 0.151 0.139 0.114 0.1 0.096 0.073 0.07 0.056 
 (0.0042) (0.0064) (0.0085) (0.0062) (0.0035) (0.0034) (0.0025) (0.0064) (0.0076) 

13 0.397 0.369 0.256 0.19 0.107 0.093 0.087 0.075 0.068 
 (0.0085) (0.0111) (0.0061) (0.0064) (0.0053) (0.0057) (0.0089) (0.0057) (0.0071) 

14 0.181 0.153 0.149 0.121 0.129 0.089 0.084 0.086 0.088 
 (0.0014) (0.0036) (0.0051) (0.0068) (0.0081) (0.006) (0.0028) (0.0057) (0.0064) 

15 0.243 0.22 0.226 0.168 0.145 0.106 0.089 0.078 0.071 
 (0.0085) (0.0007) (0.0042) (0.0064) (0.0085) (0.0054) (0.0074) (0.0042) (0.0071) 

16 0.135 0.101 0.076 0.048 0.049 0.042 0.04 0.035 0.042 
 (0.0085) (0.0014) (0.0071) (0.0061) (0.0042) (0.0057) (0.0064) (0.0085) (0.0051) 

17 0.184 0.157 0.122 0.085 0.079 0.078 0.065 0.068 0.064 
 (0.0028) (0.0085) (0.0042) (0.0057) (0.003) (0.0042) (0.0023) (0.0057) (0.0064) 

18 0.351 0.348 0.342 0.342 0.341 0.341 0.345 0.349 0.345 
 (0.0014) (0.0071) (0.0071) (0.0071) (0.0089) (0.0054) (0.0057) (0.0028) (0.0077) 
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able 2. 1H spin-lattice T1 (a), spin-spin T2 (b) relaxation times (s) and standard deviations (%) 
of enzyme -D-Glucosidase as a function of FA concentration (mg mL-1) achieved at pH 7.2.  

 
 

FA Bucket 
Number 0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 

          
1 0.54 0.508 0.507 0.48 0.468 0.476 0.464 0.459 0.469 
 (0.021) (0.004) (0.008) (0.002) (0.01) (0.002) (0.004) (0.003) (0.003) 
2 0.493 0.463 0.467 0.448 0.421 0.43 0.432 0.414 0.411 
 (0.01) (0.003) (0.013) (0.003) (0.003) (0.006) (0.002) (0.008) (0.012) 
3 0.832 0.735 0.71 0.709 0.624 0.622 0.599 0.605 0.539 
 (0.006) (0.001) (0.011) (0.003) (0.006) (0.015) (0.011) (0.005) (0.004) 
4 0.435 0.39 0.369 0.36 0.35 0.329 0.341 0.341 0.319 
 (0.008) (0.01) (0.013) (0.013) (0.011) (0.006) (0.004) (0.012) (0.004) 
5 0.494 0.406 0.384 0.336 0.353 0.345 0.346 0.35 0.34 
 (0.004) (0.014) (0.007) (0.002) (0.004) (0.003) (0.007) (0.011) (0.008) 
6 0.423 0.378 0.397 0.351 0.349 0.339 0.347 0.347 0.337 
 (0.006) (0.016) (0.007) (0.004) (0.01) (0.003) (0.009) (0.004) (0.008) 
7 0.524 0.503 0.509 0.461 0.45 0.457 0.453 0.463 0.464 
 (0.028) (0.016) (0.016) (0.011) (0.007) (0.006) (0.003) (0.011) (0.011) 
8 0.506 0.491 0.479 0.455 0.434 0.446 0.451 0.447 0.455 
 (0.028) (0.001) (0.011) (0.009) (0.004) (0.007) (0) (0.013) (0.016) 
9 0.501 0.471 0.456 0.414 0.405 0.389 0.386 0.391 0.382 
 (0.007) (0.003) (0.008) (0.01) (0.007) (0.007) (0.007) (0.014) (0.014) 

10 0.59 0.401 0.366 0.372 0.369 0.36 0.34 0.342 0.35 
 (0.021) (0.014) (0.007) (0.028) (0.011) (0.016) (0.011) (0.003) (0.017) 

11 1.355 1.291 1.135 1.141 1.013 0.884 0.854 0.818 0.76 
 (0.014) (0.023) (0.007) (0.014) (0.004) (0.016) (0.006) (0.014) (0.014) 

12 0.556 0.462 0.407 0.327 0.284 0.284 0.271 0.278 0.272 
 (0.014) (0.024) (0.01) (0.006) (0.006) (0.004) (0.004) (0.014) (0.01) 

13 1.111 0.979 0.915 0.891 0.853 0.759 0.846 0.797 0.768 
 (0.017) (0.014) (0.006) (0.012) (0.006) (0.003) (0.013) (0.008) (0.007) 

14 1.15 0.933 0.812 0.717 0.664 0.65 0.637 0.64 0.661 
 (0.003) (0.01) (0.013) (0.004) (0.005) (0.017) (0.008) (0.01) (0.012) 

15 1.159 0.98 0.821 0.81 0.695 0.726 0.677 0.659 0.662 
 (0.01) (0.023) (0.004) (0.016) (0.004) (0.006) (0.006) (0.017) (0.018) 

16 1.571 1.206 0.94 0.856 0.84 0.74 0.745 0.742 0.74 
 (0.03) (0.014) (0.013) (0.008) (0.007) (0.011) (0.01) (0.011) (0.006) 

17 1.392 0.8 0.8 0.657 0.632 0.604 0.583 0.541 0.512 
 (0.028) (0.017) (0.003) (0.021) (0.013) (0.009) (0.018) (0.016) (0.017) 

18 1.625 1.52 1.38 1.157 1.109 1.025 0.885 0.927 0.794 
 (0.016) (0.021) (0.014) (0.003) (0.012) (0.006) (0.009) (0.022) (0.009) 
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Table 2. Continued 

 
FA Bucket 

Number 0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 
          
1 0.069 0.063 0.058 0.054 0.05 0.053 0.051 0.051 0.049 
 (0.0018) (0.0036) (0.0024) (0.0042) (0.0028) (0.0017) (0.0012) (0.0013) (0.0011) 
2 0.091 0.079 0.078 0.078 0.071 0.063 0.064 0.057 0.05 
 (0.0018) (0.0042) (0.0015) (0.0033) (0.002) (0.0011) (0.0021) (0.0008) (0.0032) 
3 0.089 0.083 0.082 0.08 0.078 0.075 0.073 0.068 0.055 
 (0.0012) (0.0014) (0.0054) (0.0015) (0.001) (0.001) (0.0019) (0.0021) (0.0017) 
4 0.109 0.076 0.056 0.05 0.048 0.045 0.046 0.049 0.044 
 (0.0011) (0.0028) (0.0017) (0.0037) (0.0008) (0.0019) (0.0004) (0.0023) (0.0023) 
5 0.083 0.057 0.046 0.039 0.036 0.036 0.035 0.033 0.032 
 (0.0021) (0.0028) (0.0021) (0.0042) (0.0018) (0.0005) (0.0025) (0.0034) (0.0022) 
6 0.047 0.04 0.033 0.029 0.025 0.026 0.025 0.028 0.028 
 (0.0037) (0.0042) (0.0042) (0.0018) (0.0035) (0.0002) (0.0036) (0.0022) (0.0023) 
7 0.088 0.076 0.067 0.06 0.051 0.052 0.052 0.048 0.047 
 (0.0028) (0.002) (0.0048) (0.0028) (0.0017) (0.0021) (0.0008) (0.0027) (0.0016) 
8 0.078 0.068 0.058 0.051 0.042 0.044 0.041 0.046 0.044 
 (0.0042) (0.004) (0.003) (0.0028) (0.0018) (0.0014) (0.0032) (0.0011) (0.0003) 
9 0.151 0.122 0.097 0.082 0.07 0.07 0.069 0.06 0.057 
 (0.0028) (0.0019) (0.0038) (0.0027) (0.0022) (0.0036) (0.0018) (0.0014) (0.0024) 

10 0.111 0.053 0.034 0.034 0.034 0.033 0.033 0.03 0.027 
 (0.0062) (0.0038) (0.0014) (0.0042) (0.0007) (0.0016) (0.0028) (0.0009) (0.0024) 

11 0.456 0.254 0.272 0.211 0.222 0.145 0.167 0.117 0.104 
 (0.0028) (0.0017) (0.0034) (0.0028) (0.0026) (0.0004) (0.0042) (0.004) (0.0026) 

12 0.166 0.108 0.074 0.056 0.044 0.044 0.041 0.039 0.039 
 (0.0042) (0.0028) (0.0042) (0.0028) (0.0013) (0.0009) (0.0033) (0.0028) (0.0011) 

13 0.118 0.113 0.107 0.105 0.087 0.073 0.07 0.067 0.064 
 (0.0042) (0.0057) (0.0047) (0.005) (0.0005) (0.0031) (0.0022) (0.0038) (0.0016) 

14 0.146 0.111 0.087 0.077 0.066 0.067 0.062 0.062 0.061 
 (0.0052) (0.0022) (0.0058) (0.0028) (0.0026) (0.0014) (0.0028) (0.0025) (0.002) 

15 0.187 0.112 0.088 0.081 0.079 0.075 0.071 0.066 0.066 
 (0.0048) (0.003) (0.0042) (0.0041) (0.0009) (0.0031) (0.0035) (0.0019) (0.002) 

16 0.129 0.084 0.074 0.052 0.049 0.051 0.045 0.041 0.048 
 (0.0061) (0.0025) (0.0042) (0.0021) (0.0014) (0.0012) (0.0021) (0.0035) (0.0009) 

17 0.184 0.103 0.087 0.066 0.053 0.061 0.05 0.053 0.048 
 (0.0042) (0.0027) (0.0043) (0.0022) (0.002) (0.0013) (0.0015) (0.0042) (0.0013) 

18 0.377 0.198 0.164 0.158 0.146 0.126 0.117 0.109 0.107 
 (0.0014) (0.0042) (0.0014) (0.0042) (0.002) (0.0015) (0.0014) (0.0009) (0.0041) 
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able 3. 1H correlation times C (ns) of enzyme -D-Glucosidase enzyme as a function of pH (5 and 7.2) and FA concentration (mg mL-1). 
 

FA 
pH  5.0 pH 7.2 

 
Bucket 

Number 
 

0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 0 0.1 0.2 0.35 0.5 0.6 0.8 1 1.5 
 
1 1.33 1.32 1.36 1.25 1.28 1.26 1.29 1.27 1.30 1.15 1.16 1.22 1.24 1.27 1.25 1.25 1.24 1.30 
2 1.06 0.95 1.01 1.00 0.96 1.12 1.06 1.03 1.06 0.89 0.95 0.96 0.93 0.96 1.05 1.05 1.09 1.18 
3 1.24 1.42 1.64 1.33 1.36 1.39 1.44 1.38 1.50 1.27 1.23 1.22 1.24 1.17 1.19 1.18 1.23 1.30 
4 0.90 0.91 1.08 0.97 0.99 1.06 1.11 1.09 1.17 0.70 0.86 1.03 1.09 1.10 1.11 1.11 1.07 1.10 
5 1.06 1.18 1.26 1.21 1.23 1.22 1.29 1.27 1.34 0.96 1.08 1.19 1.21 1.31 1.29 1.32 1.36 1.36 
6 1.43 1.40 1.40 1.30 1.33 1.29 1.36 1.34 1.47 1.24 1.27 1.46 1.46 1.57 1.52 1.58 1.49 1.47 
7 1.11 1.21 1.27 1.13 1.13 1.19 1.20 1.17 1.23 0.95 1.03 1.13 1.14 1.23 1.22 1.23 1.30 1.31 
8 1.25 1.23 1.30 1.20 1.20 1.25 1.28 1.25 1.31 1.01 1.10 1.19 1.24 1.34 1.33 1.38 1.30 1.35 
9 0.64 0.78 0.84 0.78 0.80 0.84 0.89 0.89 0.96 0.58 0.68 0.80 0.85 0.94 0.91 0.91 1.02 1.04 

10 0.99 0.97 1.27 1.34 1.34 1.37 1.41 1.34 1.51 0.88 1.13 1.38 1.39 1.38 1.38 1.34 1.41 1.51 
11 0.58 0.69 0.65 0.72 0.74 0.76 0.78 0.80 0.96 0.52 0.85 0.72 0.89 0.78 0.97 0.85 1.07 1.10 
12 0.75 0.67 0.71 0.74 0.79 0.82 0.91 0.91 1.00 0.59 0.74 0.90 0.94 1.01 1.01 1.03 1.08 1.07 
13 0.54 0.49 0.68 0.86 1.23 1.33 1.30 1.44 1.53 1.28 1.22 1.21 1.21 1.31 1.35 1.46 1.45 1.46 
14 1.11 1.10 1.07 1.11 1.07 1.36 1.29 1.28 1.21 1.15 1.20 1.27 1.27 1.32 1.30 1.34 1.34 1.38 
15 0.83 0.87 0.78 0.87 1.00 1.20 1.29 1.42 1.42 0.99 1.23 1.27 1.32 1.23 1.29 1.29 1.32 1.33 
16 1.43 1.50 1.72 2.31 2.27 2.29 2.22 2.31 2.15 1.47 1.61 1.50 1.75 1.79 1.62 1.75 1.85 1.67 
17 1.12 1.13 1.28 1.46 1.45 1.43 1.53 1.55 1.47 1.13 1.14 1.26 1.31 1.45 1.32 1.44 1.33 1.37 
18 0.79 0.73 0.71 0.70 0.64 0.64 0.63 0.60 0.62 0.74 1.13 1.20 1.10 1.12 1.17 1.13 1.20 1.11 
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 able 4  
Residual amount of  Salicin and p-NPG (%) and standard deviations (%) resulting from GLU hydrolysis (25 °C, pH 5) at increasing  
FA concentrations (mg mL-1) as a function of reaction time (min). 

 
         

Reaction 
time  

  p-NPG Salicin 

 FA 
 0 0.03 0.1 0.2 0 0.03 0.1 0.2 
         

11 85.36 87.7 88.62 89.35 93.92 96.4 96.59 96.97 
 (0.12) (0.12) (0.29) (0.23) (0.14) (0.21) (0.25) (0.15) 

13 83.48 86 87.32 88.39 91.37 94.32 95.07 95.23 
 (0.5) (0.25) (0.28) (0.17) (0.26) (0.15) (0.34) (0.2) 

15 76.48 80.29 82.39 84.42 87.57 91.79 92.56 93.47 
 (0.32) (0.18) (0.18) (0.31) (0.2) (0.28) (0.37) (0.21) 

23 64.81 67.75 69.54 73.3 72.04 80.08 82.43 84.08 
 (0.3) (0.25) (0.37) (0.16) (0.25) (0.27) (0.26) (0.11) 

30 48.77 50.9 54.11 58.28 52.32 63.69 67.12 70.42 
 (0.14) (0.17) (0.38) (0.41) (0.19) (0.32) (0.4) (0.27) 

38 37.74 40.33 42.57 45.74 34.57 46.53 50.77 54.54 
 (0.29) (0.16) (0.34) (4.08) (0.32) (0.26) (0.31) (0.18) 

45 29.31 31.9 35.41 38.51 21.71 30.16 36.98 42.07 
 (0.43) (0.29) (0.2) (0.38) (0.29) (0.22) (0.41) (0.26) 

53 22.8 26.04 28.4 31.61 14 20.02 24.77 30.39 
 (0.45) (0.18) (0.26) (0.2) (0.21) (0.3) (0.36) (0.11) 

65 16.72 20.01 23.43 26.66 6.19 9.57 13.15 19.81 
 (0.48) (0.31) (0.4) (0.63) (0.39) (0.22) (0.37) (0.3) 

78 10.81 14.44 18.3 21.09 3.41 6 7.8 13.13 
 (0.39) (0.79) (0.69) (0.47) (0.47) (0.41) (0.48) (0.19) 

90 7.12 9.46 13.64 16.72 2.34 5.23 6.83 10.02 
 (0.2) (0.65) (0.66) (0.66) (0.3) (0.45) (0.38) (0.25) 

123 4.8 6.41 10.33 14.07 1.7 4.37 5.91 8.48 
 (0.21) (0.72) (0.5) (0.62) (0.36) (0.52) (0.51) (0.24) 
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Figures 
 

 
Figure 1. 1H spectra of the 3.4–0.3 ppm interval for the GLU enzyme solution at pH 7.2 with increasing FA 
concentration.  
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Figure 2. 1H spectra of the 4.5–3.4 ppm interval for the GLU enzyme solution at pH 7.2 with increasing FA 
concentration.  
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Figure 3. 1H spectra of the 8.5–6 ppm interval for the GLU enzyme solution at pH 7.2 with increasing FA 
concentration.  
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Figure 4. . Bucket partition for the 1H spectrum of -D-Glucosidase. On the left hand-side of figure, the bucket number 
and its region limit (ppm) are highlighted. 
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Figure 5. The 1H correlation times (ns) for selected spectral bucket number at pHs 5 and 7.2, as a function of 
increasing concentration  (0, 0.1, 0.2, 0.35, 0.5, 0.6, 0.8, 1, 1.5 mg mL-1) of FA in the GLU solution. 
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a) 

 
b) 

 
 

Figure 6. a) 1H spectra of the 5-5.2 ppm interval of Salicin substrate under GLU enzymatic 
hydrolysis as a function of reaction time (23, 38 and 123 min). b) Residual Salicin (%) at different 
reaction time and FA concentration (mg mL-1).  
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a) 

     
 
b) 

 
 

Figure 7. a) 1H spectra of the 8.04-8.20 interval for p-NPG under GLU enzymatic hydrolysis as 
a function of reaction time (23, 38 and 123 min). b) Residual p-NPG (%) at different reaction time 
and FA concentration (mg mL-1).  
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SUPPORTING MATERIALS AND METHODS 

CPMAS 13C-NMR spectroscopy. The cross polarization magic angle spinning (CPMAS) 13C-

NMR spectrum of fulvic acids was acquired with a Bruker AVANCE 300, equipped with a 4 mm 

Wide Bore MAS probe operating at a 13C resonating frequency of 75.475 MHz. Sample (122 mg) 

was  packed in a 4 mm zirconia rotors with Kel-F caps and spun at 13±1 kHz. A 1H ramp 

sequence was used during a contact time of 1 ms to account for possible inhomogeneity of the 

Hartmann-Hahn condition. 

1500 scans with 1510 data points were collected over an acquisition time of 33.3 ms, and a 

recycle delay of 2 s. The Bruker Topspin 1.3 software was used to acquire and elaborate the 

spectra. All the free induction decays (FID) were transformed by applying a 4 k zero filling and a 

line broadening of 15 Hz. 
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SUPPORTING FIGURES 
 
One Figure 

 
 

Supplementary Figure 1. 1H liquid-state (a) and 13C CPMAS solid-state (b)  NMR spectra of  Fulvic acids  
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6. 
 

Residual catalytic activity of -D-Glucosidase 
after immobilization on a humic-clay complex 

 
 
 

A preliminary study 
 
 
 
6.1. Introduction 

The enzymes are present in soil as extracellular exo-enzymes, cytoplasmic exudates, and cell 

debris, in dead or living cells. A wide range of biotic and abiotic agents (such as the humic 

substances) can interact with soil enzymes, thus significantly affecting their catalytic activity. 

Attention is paid here to the -D-Glucosidase (GLU) enzyme, that plays an important role in the 

transformation of soil organic matter (see Chapter 5 above).  

It has been shown here by 1H-NMR spectroscopy that GLU exhibits a considerable affinity to 

humic substances and, in particular, with FA, with which a weakly-bound complex is formed at 

both neutral and slightly acidic conditions. The interactions are attributed to weak bonding forces, 

including H-bonds. Moreover, it was proved here that the humic-enzyme complex formed in a 

homogeneous liquid-phase shows a significantly reduced catalytic activity in respect to the free 

enzyme. This phenomenon was explained with the FA-induced protein conformational modification 

or obstruction of the enzyme active site.  If the formation of humic-enzyme complexes may occur in 

the soil solution and it accounts for a reduced enzymatic activity in the transformation of dissolved 

biomolecules, even more important is to verify what would be the residual activity when the 

enzyme becomes adsorbed on the soil solid phase.     

To this aim, a preliminary work is presented here in which an experiment was designed to 

quantify the catalytic activity exerted in a liquid-solid heterogeneous phase once the                        
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-D-Glucosidase had been immobilized on a model humic-clay aggregate, represented by an       

Al-humate-montmorillonite complex (Violante et al., 1999).   

 

6.2 Results and discussion 

The binding affinity between GLU and the Al-humate-monrtmorillonite (HM) aggregate was 

calculated on the basis of the results obtained here for the interactions between FA and                    

-Glucosidase (see Chapter 5). Therefore, the amount of added GLU immobilized on the HM 

substrate (see Chapter 2 for the adopted experimental procedure) is reported in Table 1 below. The 

results indicate that about 20% of the added GLU was rather strongly adsorbed on the HM surfaces. 

In fact, much of the weakly-adsorbed enzyme was removed by the first water washing (55.6 mg per 

g HM), whereas the remaining part (24.4 mg per g of HM) was removed during the next 3 washing 

cycles (Table 1).  

The residual activity of GLU immobilized on HM was monitored by conducting a 

heterogeneous catalysis at pH 5 and at 25 °C. The reaction was started by adding 2000 g mL-1 of 

Salicin substrate and the extent of hydrolysis was quantified by measuring the Salicin concentration 

as a function of reaction time (Table 2) . At the same time, two different control samples were 

prepared. The first one was obtained by starting the catalysis in a homogeneous liquid phase (LP), 

while the second one was set by adding the Salicin to an untreated HM, representing the control 

sample. The Salicin detection was conducted by an HPLC gradient elution to exclude the 

overlapping of the Salicin peak (RT = 14.1 ± 0.12 min) on that of the catalytic product, that was 2 

hydroxy-methylphenol (RT = 17.3 ± 0.25 min).  

Table 2 reports the amount of Salicin measured during the catalysis conducted in both liquid 

phase (LP) and liquid-solid phase (LSP) as a function of the reaction time. By measuring Salicin 

concentration in the control sample (data not shown), it was found that only 90.6 % of the added 

Salicin was detected in solution as a consequence of its adsorption on HM. This is due to the strong 
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affinity existing between the aromatic Salicin structure and the hydrophobic domains of the HM 

aggregate. 

The extent of hydrolysis observed in LSP was significantly different from that detected in LP 

(Table 2). In fact, after 20 min (0.33 hours) around 69.6 % of the substrate in the liquid phase was 

converted in glucose and 2-hydroxy-methyl-phenol, while only the 8.7% of Salicin was hydrolysed 

in liquid-solid phase. After 1 h, 97.4% and the 23.6% were the residual substrate percentage left in 

the LSP and LP catalytic systems, respectively. Finally, the substrate was totally degraded (>99 %) 

within 4 hours (corresponding to an average hydrolysis rate of 25.9 nmoles of Salicin per min, 

respectively) in the homogeneous liquid phase, whereas a similar extent of hydrolysis was achieved 

after about two days and 18 h (1.6 nmoles of Salicin per min) in the heterogeneous liquid-solid 

phase. 

These preliminary results showed, first of all, that the -Glucosidase enzyme was successfully 

immobilized on a OH-Al-humate-montmorillonite substrate (20 mg per g-1 HM). Then, it was 

verified that when the enzymatic catalysis was conducted in the heterogeneous liquid-solid phase 

containing the solid GLU-HM adduct, the enzyme adsorption on the humic-clay material strongly 

affected the catalytic activity of-Glucosidase, as compared to that exerted in the liquid phase. In 

fact, the average hydrolysis rate measured for the immobilized enzyme was more then ten times 

lower than that detected for the free enzyme in the liquid phase.  
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Tables 

 

Table 1. Concentration of GLU (mg mL-1) detected in the collected supernatants and resulting 
immobilized enzyme (mg g-1 of HM) after consecutive washing cycles (S). 
 

 S1 S2 S3 S4 S5 
 

Removed 
enzyme  

 
2.78  

 
0.80  

 
0.23  

 
0.20  

 
0  
 

Total 
Immobilized 

enzyme  
 

44.4 
 
 

28.4 
 
 

23.9  
 
 

20.0 
 
 

20.0 
 
 

 
 

Table 2. Salicin concentration (g mL-1) resulting after -D-Glucosidase catalysis (25 °C, pH 5) in 
homogenous liquid phase (LP) and in heterogeneous liquid-solid phase (LSP) as a function of 
catalytic reaction time (h). 
           

Reaction  
time 

 
LP1 

 

 
LP2 

 
Mean  

 

Standard 
deviation 

(%) 
  

LSP1  
 

LSP2 
 

LSP3 
 

Mean 
 

Standard 
deviation 

(%) 
 

           
0.04  1229.5 1215.4 1222.5 0.8  1693.3 1695.1 1576.2 1654.9 4.1 
0.33 555.2 547.7 551.4 1.0  1618.8 1585.5 1469.1 1557.8 5.0 
0.66 195.3 180.3 187.8 5.6  1540.8 1480.6 1398.0 1473.1 4.9 

1 51.5 42.3 46.9 13.9  1457.9 1378.1 1315.5 1383.8 5.2 
2.5 13.3 8.3 10.8 32.5  1410.4 1362.2 1263.6 1345.4 5.6 
4 5.4 3.6 4.5 27.9  1367.0 1324.7 1217.7 1303.1 5.9 

6.5 - - - -  1196.9 1224.5 1118.3 1179.9 4.7 
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7. 

Conclusion 

 

This thesis presents the experiments by liquid-state Nuclear Magnetic Resonance (NMR) 

spectroscopy devoted to reveal the type of interactions established between humic substances and 

three molecules largely occurring in soil: the herbicide glyphosate and the enzymes                         

-D-Glucosidase and Alkaline Phosphatase. 

It was found that humic substances formed host-guests weakly-bound complexes with all the 

agro-molecules examined here. Generally, NMR spectra showed an enlargement of resonance 

signals, that was strictly related to an ever enhancing molecular rigidity due to the increasing 

content of humic matter in solution. In fact, signal broadening suggests a decreased proton 

relaxation rate that arises from the development of dipolar interactions increasingly given by the 

formation of host-guests complexes and the consequent restricted molecular mobility.  

In the case of Glyphosate, larger signal variations (broadening and chemical shift) were 

found for increasing amount of humic matter. However, this phenomenon was larger for the 

addition of FA than for HA, and, for the pH 5.2 than for pH 7. This implies that the most effective 

interactions must have been those which were established among the protonated acidic groups of 

the herbicide and the largely hydrophilic fulvic acid. Both chemical shift drifts of spectral signals 

and STD experiments showed that protons of the Glyphosate phosphonic group were responsible 

for the interactions with humic matter.  

The molecular spin correlation times (c) were derived by direct NMR measurements of both 

spin-lattice (T1) and spin-spin (T2) relaxation times, which, together with the diffusion coefficients 

measured by DOSY-NMR spectroscopy, confirmed the occurrence of weakly-bound complexes 

between humic matter and the studied agro-molecules. In fact, the changes in self-diffusion 
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coefficients and correlation times appeared consistent and depending on the amount of humic 

matter added to the agro-molecule solutions. In the case of glyphosate, diffusion measurements 

showed that the formation of the humic-glyphosate complex was thermodynamically favoured at 

only pH 5.2 and allowed the calculation of the Gibbs free energies of association. 

1H NMR spectra permitted to examine the activity of both soil enzymes in homogeneous 

liquid phase, as a function of reaction time. In both cases, it was found that the reduction of 

substrate signal intensity was significantly slowed down when humic molecules adsorption 

modified the enzymes structure. In fact, the arrangement of enzymes in a non-covalent humic-

enzymatic complexes, reduced the enzyme-substrate affinity, thus negatively influencing the 

catalytic activity.  

Moreover, in a preliminary work presented in this thesis, -Glucosidase was successfully 

immobilized on OH-Al-humate-montmorillonite. When the enzymatic catalysis reaction was 

conducted in a heterogeneous phase in the presence of the solid immobilized enzyme, it was 

observed that the enzyme adsorption on the humic-clay support strongly inhibited the activity of     

-Glucosidase, as compared to free enzyme and even to that observed for the host-guest complex in 

solution.  

The results of this thesis seem to contribute to a experimentally-based prediction of the fate 

and reactivity of agro-molecules when they come in interaction with soluble humic matter. In the 

case of glyphosate, the findings highlight the importance of weak but spontaneous interactions of 

this herbicides to the hydrophilic fulvic fraction of soil organic matter resulting in a host-guest 

association. In the case of the -D-Glucosidase and Alkaline Phosphatase enzymes, the results 

suggest, by direct NMR evidence, that extracellular enzymes, which are reputed to play a 

significant role in the out-of-cell molecular transformations in the environment, may be severely 

reduced in their activity when interacting with the ubiquitous natural organic matter. These findings 

indicate that the presumed role of soil enzymes in the transformation and conversion of organic 

matter in soil must be approached with renewed care.  
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