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Urease: agro-environmental impact 

Economic Losses 

Atmospheric pollution 

Green house effect 

Urea hydrolysis causes pH increase and loss of ammonia from soils 



    

Urease inhibition 

• Obtain efficient urease-targeted inhibitors for 

applications in agro-environmental 

applications 

• Design urease inhibitors based on molecular 

structural information 

• Develop new inhibitors using structure-

activity relationships 

• Knowledge of the chemistry of urease is 

required 

• Techniques used in our studies: 

✦ protein crystallography 

✦ enzymatic assays 



    

Urease: structure and active site 

Benini, Rypniewski, Wilson, Miletti, Ciurli, Mangani, Structure 1999. 7, 205-216 

Crystal structure of urease isolated from a widespread and 

highly ureolytic soil bacterium, Sporosarcina pasteurii 



Zambelli, Musiani, Benini, Ciurli, Acc. Chem. Res. (2011) 44:520-530 

B. pasteurii 

K. aerogenes 

H. pylori Jack bean 

Urease: structure and active site 

Ca. 250 kDa 

Ca. 250 kDa 

Ca. 500 kDa Ca. 1 MDa 



    

Urease: structure of the resting state 

Benini, Rypniewski, Wilson, Miletti, Ciurli, Mangani, Structure 1999. 7, 205-216 

Urease is unique among 

hydrolases in containing two 

nickel atoms, which assist this 

enzyme in grappling effectively 

with this unusually simple 

substrate [urea] to yield a rate 

enhancement of 3 x 1015 



    
Generate a hydroxide ion in the active site at neutral pH 

Position urea and the hydroxide ion to favour catalysis 

Why urea hydrolysis costs two nickels 



    

Urease: why two nickels 



    

Urease: structure of substrate analogue complex 

Boric acid binds to the Ni(II) 

ions in the active site and acts 

as a competitive inhibitor. 

ANALOGUE OF THE 

SUBSTRATE UREA 

Benini, Rypniewski, Wilson, Miletti, Ciurli, Mangani - J. Am. Chem. Soc. 2004, 126, 3714-3715 



    

Urease: structure of reaction intermediate 

Diamidophosphate (DAP) from 

phenylphosphorodiamidate 

(PPD) binds to the Ni(II) ions in 

the active site. PPD acts as a 

slow-binding suicide inhibitor. 

ANALOGUE OF THE 

REACTION INTERMEDIATE 

Benini, Rypniewski, Wilson, Miletti, Ciurli, Mangani, Structure 1999. 7, 205-216 



    

Urease: structure of transition state analogue 

Diamidophosphate (DAP) from N-butyl-

phosphotriamide (NBPTO) binds to the 

Ni(II) ions in the active site. NBPTO 

acts as a slow-binding suicide inhibitor 

Mazzei, Cianci, Contaldo, Ciurli, Submitted 2018 
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Urease: structure of inhibitor complexes 

Mazzei, Cianci, Contaldo, Musiani, Ciurli, Biochemistry 2017, 56, 5391-5404 

Monoamidothiophosphate (MATP) 

from N-butyl-phosphothiotriamide 

(NBPT) binds to the Ni(II) ions in the 

active site. NBPT acts as a slow-

binding suicide inhibitor 



    

Urease inhibition by phosphoramides 

Mazzei, Cianci, Contaldo, Ciurli, Submitted 2018 



Ni(II) ions as 

targets 

Urease - The catalytic target 



    

Urease: structure of inhibitor complexes 

Sulfite binds to the 

Ni(II) ions in the 

active site and acts 

as a competitive 

inhibitor 

Mazzei, Cianci, Benini, Bertini, Musiani, Ciurli, J. Inorg. Biochem. 2016, 154, 42-49 



    

Urease: structure of inhibitor complexes 

Hydroxamic acids bind to 

the Ni(II) ions in the active 

site and act as 

competitive inhibitors 

Benini, Rypniewsky, Wilson, Miletti, Ciurli, Mangani, J. Biol. Inorg. Chem. 2000, 5, 110-118 



    

Urease: structure of inhibitor complexes 

Phosphate binds to the 

Ni(II) ions in the active 

site and acts as a 

competitive inhibitor 

Benini, Rypniewsky, Wilson, Ciurli, Mangani, J. Biol. Inorg. Chem. 2001, 6, 778-790 



    

Urease: structure of inhibitor complexes 

Fluoride binds to the Ni(II) 

ions in the active site and 

acts as a mixed 

competitive/uncompetitiv

e inhibitor 

Benini, Cianci, Mazzei, Ciurli, J. Biol. Inorg. Chem. 2014, 19, 1243-1261 



    

Urease: structure of inhibitor complexes 

Mercaptoethanol (BME) binds 

both to the Ni(II) ions in the 

active site and to the 

conserved cysteine on the 

mobile flap, acting as an 

irreversible covalent inhibitor 

Conserved cysteine 
on the mobile flap 

Benini, Rypniewsky, Wilson, Ciurli, Mangani, J. Biol. Inorg. Chem. 1998, 3, 268-173 



    

Urease - The flexible active site flap 

Ni 

Closed Flap: 
 

DAP-inhibited 
MATP-inhibited 

Native Open Flap 



    

Urease - The flexible active site flap 

OPEN conformation CLOSED conformation 

(only in DAP/MATP structure) 



    

Nickel in urease - The mechanism 

Zambelli, Musiani, Benini, Ciurli, Acc. Chem. Res. 2011, 44, 520–530 



Cysteine as a 

target 

Ni(II) ions as 

targets 

Urease - The flexible active site flap 



    

Urease: structure of inhibitor complexes 

p-Benzoquinone (PBQ) binds to 

the conserved cysteine on the 

mobile flap, acting as an 

irreversible covalent inhibitor 

Conserved cysteine 
on the mobile flap 

Mazzei, Cianci, Musiani, Ciurli, Dalton Trans. 2016, 45, 5455-5459 



    

Urease: structure of inhibitor complexes 

Catechol (CAT) binds to the 

conserved cysteine on the 

mobile flap, acting as an 

irreversible covalent inhibitor 

Conserved cysteine 
on the mobile flap 

Mazzei, Cianci, Musiani, Lente, Palombo, Ciurli, J. Inorg. Biochem. 2017, 166, 182-189 



Urease inhibition by quinone and catechol 

SPU WITH CLOSED FLAP SPU WITH OPEN FLAP INACTIVATED SPU BY 

QUINONES/CATECHOLS 



    

Urease: structure of inhibitor complexes 

Citric acid binds to the 

Ni(II) ions in the active 

site and acts as a 

competitive inhibitor 

Benini, Kosikowska, Cianci, Mazzei, Vara, Berlicki, Ciurli, J. Biol. Inorg. Chem. 2013, 18, 391-399 



    

Maleic-Itaconic Acid Polymers (MIPs) 

BC - copolymer of maleic and itaconic acids (Nutrisphere N®) 

(CAS 1613322-33-0) 

T5 - tetrapolymer of itaconic, maleic, methallylsulfonic, and 

allylsulfonic acids (CAS 2197089- 06-6) 

Maleic acid 

Itaconic acid 

Allylsulfonic acid 

Methallylsulfonic acid 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Positive Responses 
 

1. Hopkins, B. G., Rosen, C. J., Shiffler, A. K., and Taysom, T. W. 2008. Enhanced efficiency fertilizers 
for improved nutrient management: Potato (Solanum tuberosum). Online. Crop Management 
doi:10.1094/CM-2008-0317-01-RV. Potatoes 

2. Cahill et al. 2010. Evaluation of Alternative Nitrogen Fertilizers for Corn and Winter Wheat 
Production Agron J. 102:1226-1236 

3. Dunn and Wiatrak, 2014. Evaluation of N additives for improving N use efficiency of surface applied 
urea to dry seeded and permanently flooded rice. Amer. J. Agric. Biol. Sci. 9:401-406 

4. Gordon, 2014. Management of urea-containing fertilizers for no-tillage corn using nitrogen 
stabilizers and coated-granule technology. J. Plant Nutr., 37:1, 87-94. Corn 

5. Heininger et al. 2014. The impact of the polymer coating NutriSphere in increasing nitrogen use 
efficiency and corn yield. Amer. J. Agric. Biol. Sci. 9: 44-54. Corn 

6. Wiatrak. 2014. Evaluation of nitrogen application methods and rates with NutriSphere-N on soil 
nitrate-nitrogen in southeastern coastal plains. Amer. J. Agric. Biol. Sci. 9:64-71. Corn 

7. Wiatrak & Gordon. 2014. Effect of urea with NutriSphere-N polymer in fall and spring nitrogen 
applications for corn. Amer. J. Agric. Biol. Sci. 9: 89-93, Corn 

8. Wiatrak. 2014. Evaluation of nitrogen application methods and rates with NutriSphere-N on corn in 
southeastern coastal plains. Amer. J. Agric. Biol. Sci. 9: 109-118, 2014, Corn 

9. Peng et al.; 2015; A laboratory evaluation of ammonia volatilization and nitrate leaching following 
nitrogen fertilizer application on a coarse-textured soil. Agronomy J, 107:871-879 

Peer-Reviewed Journal Articles in Crops about Nutrisphere N® 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Peer-Reviewed Journal Articles in Crops about Nutrisphere N® 

Negative Responses 
 
1. Franzen  et al. 2011. Field and laboratory studies comparing NutriSphere-Nitrogen Urea and 

Urea in North Dakota, Arkansas and Mississippi. J. Plant Nutr., 34:8, 1198-1222.  
2. Goos, R.J. 2013. A comparison of a maleic-itaconic polymer and n-(n-butyl) thiophosphoric 

triamide as urease inhibitors. SSSAJ 77:1418–1423.  
3. Chien et al. 2014. Review of Maleic–Itaconic Acid Copolymer Purported as Urease Inhibitor 

and Phosphorus Enhancer in Soils. Agronomy J. 106(2):423-430  
4. Sunderlage and Cook. 2018. Soil Property and Fertilizer Additive Effects on Ammonia 

Volatilization from Urea. SSSAJ 82:253-259 
5. Zhou et al. 2018. Profitability of enhanced efficiency fertilizers in no-tillage corn production. 

Agron. J. 110:1439-1446 

“No papers demonstrating that MIP inhibits soil urease 

have been found” cit. Goos, 2013, SSSAJ 77:1418-1423 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Goals of the study 

 

1.Determination of the INTRINSIC urease 

inhibition by BC and T5 MIPs 

 

2. Determination of the INTRINSIC mode 

of action of MIPs as poly-carboxylic acids 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Mazzei, L.; Broll, V.; Ciurli, S. Soil Science Society of America Journal 2018, published on line May 10, 2018 

doi:10.2136/sssaj2017.09.0323 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Goals of the study 

 

1.Determination of the INTRINSIC urease 

inhibition by BC and T5 MIPs 

 

2. Determination of the INTRINSIC mode 

of action of MIPs as poly-carboxylic acids 



    

In vitro urease activity tested by the pH-Stat method 

Overall pH increase 

K1 = 4.147 x 10-7 

K2 = 4.200 x 10-11 

K3 = 2.518 x 10-5 

@ 20 °C 

The pH is maintained constant with the addition of a solution of HCl 

of known concentration 

The rate of addition of HCl (mL/min) determines the enzyme activity 



    

In vitro urease activity tested by the pH-Stat method 



    

Measurement of urease activity using the pH-stat method 

Activity units = U = μM of urea hydrolyzed per min 

In vitro urease activity tested by the pH-Stat method 



    

Volume of reaction mixture = 10 mL made of: 

 

A: 9.7 mL of 2 mM HEPES @ pH 7.5 (or 2 mM MES @ pH 5.0) + 

one of the following: 

(i) 1, 3, and 6 mg/L (0.4, 1.2 and 2.4 µM) of BC  

(ii) 1, 3, and 6 mg/L (0.4, 1.2 and 2.4 µM) of T5  

(iii) 10 mM EDTA  

(iv) 1, 3, and 6 mg/L (6, 18, and 36 µM) NBPT 

(v) 6 and 60 mg/L (52 and 520 µM) maleic acid (@ pH 5.0) 

(vi) 6 and 60 mg/L (46 and 460 µM) itaconic acid (@ pH 5.0) 

B: 0.2 mL of urease in the same buffer (final concentration = 5 nM) 

C: 0.1 mL of urea in the same buffer (final concentration = 100 mM) 

 

Stock solutions of MIPs were adjusted to pH 7.5 or 5.0 by addition of 

NaOH prior to mixing with the corresponding buffer. 

 

Independent samples were incubated for different periods (0, 5, 10, 

and 20 min) before starting the measurement of urease activity.  

In vitro urease activity tested by the pH-Stat method 



    

Activity of JBU over time @   pH 7.5 

(A) BC 

(B) T5 

(C) EDTA 

(D) NBPT 

 

 

 

 

1 mg L-1 

3 mg L-1 

6 mg L-1 



    

Activity of JBU over time @   pH 5.0 

(A) BC 

(B) T5 

(C) EDTA 

(D) NBPT 

 

 

 

 

1 mg L-1 

3 mg L-1 

6 mg L-1 



    

Activity of JBU over time @   pH 5.0 

(E) maleic acid 

(F) itaconic acid 

 

6 mg L-1 

60 mg L-1 



    

CONCLUSIONS 

Maleic-Itaconic Acids Polymers (MIPs) do 

not affect urease activity at pH 7.5 

NBPT does inhibit urease at this pH 

Maleic-Itaconic Acids Polymers (MIPs) 

inhibit urease activity at pH 5.0 

The inhibition of MIPs is comparable to 

that of NBPT at pH 5.0 



    

Sporosarcina pasteurii cellular growth tested by OD600 

Sporosarcina pasteurii urease activity tested by a colorimetric 

method (cresol red) 

Growth media (30 °C) (Ferron et al, J. Ind. Microbiol. Biotechnol. 

2016, 43, 567-575): 

10 g/L yeast extract in 130 mM HEPES pH 8.0 + 

i) 0.15 M urea, with or without 6 mg/L (2.4 µM) BC 

ii) 0.15 M urea, with or without 6 mg/L (2.4 µM) T5 

iii) 0.15 M urea, with or without 334 mg/L (2 mM) NBPT 

iv) 0.15 M (NH4)2SO4, with or without 334 mg/L (2 mM) 

NBPT 

 

Observation of a dose-response effect 

Effect of MIPs and NBPT on in vivo urease activity 



    

Effects of NBPT on S. pasteurii cellular growth 



    

Effects of NBPT on S. pasteurii urease activity 



    

Effects of MIPs on S. pasteurii cellular growth 



    

Effects of MIPs on S. pasteurii urease activity 



    

CONCLUSIONS 

MIPs do not have any effect on soil 

ureolytic bacteria growth or urease 

activity 

MIPs act only on extracellular urease 

NBPT reduces both soil ureolytic 

bacteria growth and urease activity 

NBPT acts on both intra-cellular and 

extra-cellular urease 



    

CONCLUSIONS 

 The effects of NBPT on intra-cellular urease also 

observed in plants and ureolytic bacteria 



    

CONCLUSIONS 

 The effects of NBPT on intra-cellular urease also 

observed in plants and ureolytic bacteria 



    

CONCLUSIONS 

 The effects of NBPT on intra-cellular urease also 

observed in plants and ureolytic bacteria 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Goals of the study 

 

1.Determination of the INTRINSIC urease 

inhibition by BC and T5 MIPs 

 

2. Determination of the INTRINSIC mode 

of action of MIPs as poly-carboxylic acids 



    

Maleic-Itaconic Acid Polymers (MIPs) 

Goals of the study 

 

1.Determination of the INTRINSIC urease 

inhibition by BC and T5 MIPs 

 

2. Determination of the INTRINSIC mode 

of action of MIPs as poly-carboxylic acids 



    

Ni-sequestration with MIPs @ pH 5.0 

A stock solution (300 µL) of 2.5 µM JBU in 5 mM HEPES buffer at pH 

7.0 was diluted to a final volume of 8 mL using 2 mM MES buffer, at 

pH 5.0, in the absence or in the presence of 120 mg/L of BC or T5 

(50 mM). 

Analogous experiments were performed using 10 mM EDTA. 

After 3 h of incubation, each solution was filtered using a 10 kDa 

molecular weight cutoff membrane, collecting identical volumes (4 

mL) of the retained and the flow-through solutions (the chosen 

molecular weight cutoff allows for urease - 550 kDa - to be retained 

by the semi-permeable membrane, while the MIPs are able to pass 

through). 

The Ni content of retained and flow-through portions was measured 

using Inductively-Coupled Plasma Optical Emission Spectrometry 

(ICP–OES). 



    

Ni-sequestration with MIPs @ pH 5.0 

Ni content by ICP-OES in the retained (red bars) 

and flow-through (blue bars) portions of a solution 

containing urease in the absence and presence of 

10 mM EDTA, or 120 mg L-1 T5 or BC polymers 

(incubation time = 3 hours) 



Ni-sequestration with MIPs @ pH 5.0 

Percentage of Ni extraction from urease in the 

absence (black bar) and presence of 10 mM 

EDTA, or 120 mg L-1 T5 or BC polymers 



    

CONCLUSIONS 

 MIPs inhibit urease activity at pH 5.0 extracting Ni(II) 

from the active site 

 At pH 5.0, protonation of the residues that bind Ni(II) 

in the active site of the enzyme occurs, facilitating 

the release of the two Ni(II) ions through a chelation 

effect and causing the inactivation of urease 

 This process is irreversible, as a complex metabolic 

machinery is required to re-insert Ni(II) in the active 

site of the apo-enzyme 

 MIPs coating urea granules are strongly acidic (pH 1 

to 2), and are expected to decrease the pH in soil 

micropores down to values that induce loss of Ni(II) 



    

Estimate of pH in the micropore 

Nutrisphere-N (40% w/w in water solution, density = 1.23 g/mL) @ 2.1 L per 1000 Kg 
urea 
This corresponds to 1.0 g of MIPs per 1 Kg of urea (or 1.0 mg of MIPs per g of urea) 
Typical urea granules are 2.0 mm diameter and spherical; radius = 1.0 x 10-3 m 
Volume of 1 urea granule = 4.2 x 10-9 m3 = 4.2 x 10-6 L = 4.2 x 10-3 mL 
Mass of 1 urea granule (d = 1.32 g/mL) = 5.6 x 10-3 g = 5.6 mg 
This corresponds to 5.6 x 10-6 g (5.6 µg) of MIPs per urea granule 
Surface of 1 urea granule = 1.3 x 10-5 m2 

Thickness of water layer around the urea granule = 10-4 m 
Volume of water layer around the urea granule = 1.3 x 10-9 m3 = 1.3 x 10-6 L 
This corresponds to a concentration of 4.3 g/L of MIPs in the water layer around the urea 
granule 
Molar mass of MIPs ca. 3000 g/mol 
Ca. 70 g/mol of carboxylic groups 
This corresponds to ca. 100 mM of carboxylic acid groups in the water layer around the 
urea granule 
Assuming Ka of RCOOH ca. 10-5, this corresponds to a [H3O+] = 10-3 and a pH = 3 
It is reasonable to assume that the pH of the immediate surroundings of the 
MIPs-coated urea granule is low enough to induce Ni loss from the urease 
present in the same micro-environment 



    

CONCLUSIONS 

 It can be envisioned that MIPs inactivate soil 

urease in a two-tiered process: they provide the 

low pH for the Ni loss from urease to occur, and 

they increase the spontaneity of this reaction by 

further chelating these metal ions. 

 The low pH could also cause i) reduced growth 

of nitrification bacteria (Nitrosomonas europaea 

prefers pH in the 6-9 range) and ii) loss of Cu(II) 

ions from N. europaea ammonia mono-

oxygenase (AMO) via a mechanism similar to that 

observed for urease, determining its inactivation 

and reduced losses of nitrates from soil - work in 

progress in our laboratory 
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