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Exploring Substituted Dihydroxybenzenes as Urease
Inhibitors through Structure–Activity Relationship
Studies in Soil Incubations
Joses G. Nathanael,* Haohan Kang, and Uta Wille

Urea fertilization as nitrogen (N) source is essential for increasing
crop productivity. However, it results in significant N loss through
ammonia volatilization, nitrate leaching, and nitrous oxide emis-
sions, causing environmental harm and economic loss. Urease, an
enzyme in soil, rapidly catalyzes urea hydrolysis to ammonia/
ammonium. To reduce ammonia volatilization, urease inhibitors
delay hydrolysis until urea is dissolved in the soil body. The com-
mercial product N-(n-butyl)thiophosphoric triamide (NBPT) is
effective only in certain soils, yet it dominates the current global
urease inhibitor market. This study examines the performance of
un- and substituted dihydroxybenzenes (DHBs) as alternatives to

NBPT in two Australian soils. Among them, 4-fluorocatechol (DHB
6) and 4-bromocatechol (DHB 8) are more effective in delaying
urea hydrolysis than NBPT in acidic sandy loam soil. Michaelis–
Menten kinetics reveals that NBPT acts as a competitive inhibitor,
while DHB 8 acts as a noncompetitive inhibitor. Density functional
theory calculations suggest that DHB 8 binds to the cysteine resi-
due in the urease mobile flap, reducing its flexibility and prevent-
ing it from assisting urea hydrolysis. This study demonstrates the
potential of DHBs as efficient urease inhibitors in certain soils,
offering an environmentally viable alternative to NBPT.

1. Introduction

Projections from the United Nations indicate that by the end
of the 21st century the global population could reach nearly
11 billion,[1] making the provision of food an increasingly urgent
challenge. The application of fertilizers to supply nutrients to soils
is crucial to increase crop yields and productivity while helping to
minimize the need for additional agricultural land.[2–4] According
to the Food and Agriculture Organization of the United Nations,
the use of nitrogen (N) fertilizers in agriculture is the highest com-
pared to other primary plant nutrients, with ≈113 Mt of N applied
worldwide in 2020 alone.[5] Despite the essential need of N for
plant growth,[6,7] on average only 50% of the applied N is taken
up by plants.[8,9] The remaining N is lost from the plant–soil sys-
tem to the environment through ammonia (NH3) volatilization,
nitrate (NO3

�) leaching, and denitrification, which produces the
harmful nitrous oxide (N2O).[10,11] These various N loss pathways
not only present economic challenges for farmers (and consum-
ers) but are also a threat for the environment and human
health.[12] Most notably, deteriorating water quality, loss of

biodiversity, and increased releases of the greenhouse gas
N2O has been attributed to these undesired N losses.[13]

Furthermore, the increased emissions of NH3 contribute to the
rise in ambient fine particulate matter (PM2.5), which poses seri-
ous health risks and has been linked to raising human mortality
rates.[14–16]

The market of synthetic N fertilizers is dominated by urea due
to its high nutrient content (46% N), representing ≈50% of global
N fertilizer usage in 2021.[17] Moreover, the demand for urea is
predicted to steadily increase by around 1.5% each year.[18] In soil,
urea is rapidly hydrolyzed by the enzyme urease into ammonium
(NH4

þ),[19,20] which can readily be taken up by plants.[21] However,
urea hydrolysis causes a localized increase of soil pH, which pro-
motes N losses through NH3 volatilization.[22,23] This loss pathway
is particularly relevant in the case of top-dressed urea, where
hydrolysis can occur faster than its dissolution into the soil body.
One strategy to reduce NH3 volatilization is by amending urea
with urease inhibitors (UIs). By slowing down urease activity,
and hence giving urea time (a few days) to fully dissolve in
the soil body, NH3 loss to the atmosphere can be reduced.[24–26]

In fact, Germany has mandated the use of UIs as a measure to
mitigate NH3 emissions from agricultural soils.[27]

Efforts to increase nitrogen use efficiencies through the inhi-
bition of soil urease have been made for more than six decades,
exploring the inhibitory potential of over 14,000 compounds or
compound mixtures.[28] Metals, for example, ions of silver (Agþ),
mercury (Hg2+), and copper (Cu2+), have shown inhibitory prop-
erties against soil urease.[29,30] Organic compounds were also
tested, including xanthates,[31] hydroxamic acids,[32,33] polyhydric
phenols (such as hydroquinone and catechol) and quinones,[34,35]

and phosphoramides and thiophosphoramides.[36,37] While some
of these compound classes showed promises in slowing down
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urea hydrolysis and reducing NH3 emissions, only three UIs are
currently commercially available (Figure 1): the market leader
N-(n-butyl)thiophosphoric triamide (NBPT), N-(n-propyl)thiophos-
phoric triamide (NPPT), and N-(2-nitrophenyl)phosphoric triamide
(2-NPT).[18]

All three compounds are urea analogues, which are believed
to coordinate to the two Ni(II) centers in the active site of urease,
preventing binding of urea.[38] NBPT has been shown to success-
fully reduce NH3 volatilization by some 40–50%, depending on
the climate and soil conditions.[24,39] In some cases, the reduction
can be as high as 96% in the first week following application.[40]

Unfortunately, the effectiveness of NBPT diminishes at increased
temperatures and in acidic soils. For example, at a 0.01% (w/w)
NBPT application rate, NH3 volatilization was reported to be 6
times faster at 32 °C than at 18 °C after 6 days.[41] A field study
revealed that NH3 volatilization protection by NBPT lasted only
2–3 weeks in acidic soils compared to over 7 weeks in alkaline
soils.[42] Similarly, a laboratory incubation study showed that
NBPT slowed down urea hydrolysis at pH 8.2 five times more
effectively than at pH 5.5.[43] While a decrease in soil organic–
matter content was found to significantly correlate with increased
inhibitory effectiveness of NBPT,[44] soil pH and high clay content
appeared to contribute more to NBPT efficiency than soil
organic–matter content.[45] Given that NH3 emission abatement
is an important cost-effective strategy for PM2.5 mitigation,[46,47]

there is a pressing need to develop new urease inhibitors espe-
cially for soils where NBPT fails to perform.

Of the many different compounds tested for inhibitory activi-
ties for soil urease, catechol (1,2-dihydroxybenzene) was reported
to perform well in various neutral soils (pH= 6.5–7.3) inhibiting
urease activity up to 77%.[34] Interestingly, while substituted
p-benzoquinones have been studied in soils,[48] substituted
derivatives of catechol have not been explored as potential
UIs in soil. Recent enzymatic studies in the absence of soil suggest
that catechol, unlike (thio)phosphoramides, inactivates urease by
forming a covalent bond with the cysteine residue on the
enzyme’s mobile flap.[49,50] This bond formation reduces the flex-
ibility of the flap, preventing it to change from an open to a
closed state, which is required for histidine residues on the flap
to assist in urea hydrolysis. However, while enzymatic studies
could provide useful indications what compounds might have
potential as UIs, they cannot predict performance in the complex
soil matrix. Thus, to identify more efficient UIs in soils where NBPT
does not work well, we have performed soil microcosm incuba-
tions in two different Australian soils using a series of differently
substituted dihydroxybenzenes (DHBs) to explore how the sub-
stitution pattern affects inhibitory activity (Figure 2). The mode of

inhibition of successful UIs was explored through Michaelis–
Menten kinetics and density functional theory (DFT) calculations.

2. Experimental Section

2.1. Chemicals

DHBs 1, 2, 7, and 13 were supplied by Sigma–Aldrich (Truganina,
Victoria, Australia), DHBs 3, 5, and 9–11 were supplied by AKSci
(Union City, CA, USA), DHB 4 was supplied by Aaron Chemicals
(San Diego, CA, USA), DHB 6 was supplied by Enamine
(Monmouth Junction, NJ, USA), and DHB 8 was supplied by
Combi-Blocks (San Diego, CA, USA). DHB 12was synthesized from
caffeic acid, which was supplied by AKSci (Union City, CA, USA).
The synthesis was carried out according to the literature proce-
dure.[51] The synthetic procedure and spectroscopic data for DHB
12 are provided in the Supporting Information (SI). NBPT was sup-
plied by Incitec Pivot Fertilisers (Geelong, Victoria, Australia) and
used as positive control in all soil incubations. Potassium chloride
(KCl) and phenylmercuric acetate (PMA), which were used in the
soil extractions, were supplied by Merck (Bayswater, Victoria,
Australia) and Sigma–Aldrich (Truganina, Victoria, Australia),
respectively. For Michaelis–Menten kinetic experiment, Jack
Bean Urease (JBU) and sodium nitroprusside were supplied by
Sigma-Aldrich (Truganina, Victoria, Australia), while the rest of
the chemicals were supplied by ChemSupply (Gillman, South
Australia, Australia).

2.2. Site Description, Sampling, and Physiochemical
Characterization

The soil was collected in March 2022 from two agricultural sites in
Australia: a vegetable cropping soil from Tower Hill (THV) in
Victoria, 38°20 019 00S, 142°21 022 00E; and a wheat cropping soil
from Glenelg (GW) in New South Wales, 33°45 031 00S,

Figure 1. Current commercially available urease inhibitors.

Figure 2. Dihydroxybenzenes (DHBs) studied in this work.
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148°06 052 00E. The THV soil was classified as loam with a pH
(1:5 CaCl2) of 5.9 and the GW soil was classified as sandy loam with
a pH (1:5 CaCl2) of 4.4. Soil was collected up to 10 cm in depth from
multiple spots throughout the site. Each soil type was homoge-
nized to a composite sample, air-dried, ground, and passed
through a 2mm sieve to remove any plant residues and stones
for the microcosm incubation experiments. Gravimetric water con-
tent was determined by oven drying at 105 °C for 24 h. Physical
and chemical analysis of the soil properties was performed by
Nutrient Advantage (Werribee, Victoria, Australia) (Table 1).

2.3. Soil Microcosm Incubation Experiments

A total of 20 g of air-dried and sieved (2 mm) soil was placed into
a 250 mL polypropylene container (Sarstedt; Mawson Lakes,
South Australia, Australia), wetted to 30–40% water-filled pore
space (WFPS), and incubated at 25 °C for 1 week prior to the
experiment to stabilize the microbial activity,[52] after which
any lost water was replenished. The microcosm incubation exper-
iment was set up with three replicates (n= 3), incorporating the
following treatments: water control, urea, urea + NBPT, urea +
DHBs. Urea was applied at 1000mg N kg�1 dry soil as a solution
in purified (Milli-Q) water. NBPT and DHBs were dissolved in the
urea solution and applied at a rate of 0.25 mol% of applied N.
Three milliliters of each treatment solution were applied to the soil
to reach the final WFPS of 60%, which is the optimum value for
microbial activity.[53] The containers were loosely closed to allow
air exchange and incubated at 25 °C in the dark. During the incu-
bation, the containers were aerated, and moisture was replenished
as required (usually every week). The soils were destructively sam-
pled at day 1 after treatment for the THV soil (incubation period
limited due the high urease activity) and at days 0 (5min), 3, 7, 10,
and 13 after treatment for the less active GW soil.

2.4. Soil Mineral N and Urea Quantification

The destructive sampling was carried out to extract soil mineral N
and urea by adding an aqueous KCl solution (2 M, 100mL, 1:5 w/v),
containing 10mg L�1 of PMA (10 ppm), and shaking at 120 rpm for

1 h.[54] The suspension was filtered through a Whatman 42 filter
paper (Interpath Services; Somerton, Victoria, Australia), and the fil-
trate stored at �20 °C until completion of the incubation experi-
ment. Soil mineral N (NH4

þ-N and NO3
�-N, where the latter

represents combined N from NO2
� and NO3

�) and urea concentra-
tions from the extracts were determined using a Segmented Flow
Analyzer (SAN++, Skalar, Breda, North Brabant, The Netherlands).
The data for soil mineral N and urea are provided in the SI.

2.5. Determination of the Rate of Urea Hydrolysis and the
Percentage Urease Inhibition

Soil urea was extracted from 20 g air-dried soil using 2 M KCl solu-
tion as described above. The rate of urea hydrolysis was deter-
mined based on how much urea remained in the soil after a
certain period of time, t (in days), according to Equation (1):

Urea hydrolysis rate ¼ Δ½urea�
t

(1)

where Δ½urea� ¼ ½urea�t¼0 � Δ½urea�t .
The percentage of urease inhibition was determined based

on how much urea in the treated soils (UI) remained after a cer-
tain period of time, t, compared to the control (C) in the absence
of inhibitor, according to Equation (2):

%Urease inhibition ¼ 100� 100� Δ½urea�UI
Δ½urea�C

(2)

where Δ½urea�UI ¼ ½urea�UI,t¼0 � ½urea�UI,t and Δ½urea�C ¼
½urea�C,t¼0 � Δ½urea�C,t .

2.6. Michaelis–Menten Kinetics to Determine the Mode of
Inhibition

Michaelis–Menten kinetics were studied by measuring the pro-
duction of NH4

þ under varying urea concentrations at constant
concentrations of NBPT and DHB 8. Buffer solution (K2HPO4

50mM, EDTA 1mM, LiCl 10 mM, pH = 8.2 � 0.1) was prepared
to dissolve JBU (0.02 UmL�1), ammonium chloride (NH4Cl,
10 mM stock solution), inhibitors (NBPT: 0.025 and 0.05 mM stock
solution; DHB 8: 0.005 and 0.01mM stock solution), and urea (0.5,
1, 2, 5, 10, 20, 50, 100mM stock solution). In a 96-well plate
(Corning; Merck, Bayswater, Victoria, Australia), 40 μL of buffer
or inhibitor solutions was added to 20 μL of JBU solution. The sol-
utions were mixed thoroughly and preincubated in the dark for
5 min at 100 rpm and 25 °C using a digital shaker (Heathrow
Scientific Digital Orbital Shaker, Scientifix, Clayton, Victoria,
Australia). Then, 40 μL of urea stock solution (0.5, 1, 2, 5, 10,
20, 50, 100mM) was added to each well (final [urea] in well:
0.2, 0.4, 0.8, 2, 4, 8, 20, 40 mM). In different wells, 100 μL of
NH4Cl solutions ([NH4

þ]: 0, 0.006, 0.01, 0.025, 0.05, 0.1, 0.25,
0.5 mM, each in triplicate) was added to obtain a standard curve
for [NH4

þ]. The plate was incubated in the dark for 45 min at 25 °C.
To determine the extent of urea hydrolysis, [NH4

þ] was measured
colorimetrically according to a literature procedure.[55] For this,
50 μL of reagent A (phenol 1% w/v and sodium nitroprusside
0.03% w/v in the buffer solution) and 50 μL of reagent B (sodium

Table 1. Properties of the soils used in this study.

Soil property Tower hill
vegetable (THV)

Glenelg
wheat (GW)

Location 38°20 019 00S,
142°21 022 00E

33°45 031 00S,
148°06 052 00E

Cation exchange capacity 36.9 Cmol kg�1 3.8 C mol kg�1

pH (1:5 CaCl2) 5.9 4.4

pH (1:5 water) 6.4 5.2

Organic carbon 49 g kg�1 6.6 g kg�1

NH4
þ-N 5.6 mg kg�1 19 mg kg�1

NO3
�-N 70mg kg�1 47 mg kg�1

Sand (0.02–2mm) 41.8% 69.4%

Silt (0.002–0.02 mm) 34.6% 17.5%

Clay (<0.002mm) 23.6% 13.1%
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hydroxide 0.5% w/v and sodium hypochlorite 0.1% v/v in the
buffer solution) were added to each well and the color was
allowed to develop for 30 min at 37 °C. The absorbance was mea-
sured at 625 nm using a microplate reader (SPECTROstar Nano,
BMG Labtech, Mornington, Victoria, Australia). According to the
Beer–Lambert law, a standard calibration curve was constructed
by plotting the optical density (OD) value against solutions with a
known [NH4

þ]. This curve allows the [NH4
þ] in each well to be

determined from its respective OD value. The amount of NH4
þ

generated over 45 min was plotted against the urea concentra-
tion to generate a hyperbolic curve where it reaches a maximum
level as the urea concentration increases. Data analysis was per-
formed with GraphPad Prism version 10.3.1 for Windows
(GraphPad Software, Boston, Massachusetts, USA, www.graph-
pad.com), using nonlinear regression (curve fit) for Michaelis–
Menten kinetics. The results used the best fit values with 95%
likelihood. The Michaelis constant, Km, represents the urea con-
centration, [urea], at which the reaction rate, υ, reaches 50% of
its maximum rate, Vmax, and serves as an inverse measure of
the enzyme’s affinity for the substrate, according to Equation (3).

υ ¼ Vmax½urea�
Km þ ½urea� (3)

2.7. Statistical Analysis

Data are represented as the means of three or four biological rep-
licates. Data were analyzed using analysis of variance (ANOVA) at
p< 0.05 followed by the Fisher’s least significant difference (LSD)
test to compare treatment means in the GraphPad Prism version
10.3.1 for Windows (GraphPad Software, Boston, Massachusetts
USA, www.graphpad.com). All results are reported as mean val-
ues � standard error of the mean.

2.8. Computational Methods

DFT computations were carried out with the Gaussian 16 pro-
gram[56] using the M062X method[57] in combination with the
cc-pVTZ basis set,[58] using the conductor-like polarizable contin-
uum model for water.[59] Dispersion corrections were performed
using Grimme’s GD3 method.[60] The ground and transition struc-
tures were verified by vibrational frequency analysis at the same
level of theory, and all identified transition structures showed
only one imaginary frequency. The Gaussian archive entries,
including free energy data and imaginary frequencies of the tran-
sition state structures, are given in the SI.

3. Results and Discussion

3.1. Urea Hydrolysis Rate in Two Different Soils

We first explored the extent of urea hydrolysis over time. The THV
soil had a high organic carbon content, which could be regarded
as a proxy for a relatively high enzymatic activity.[61] Thus, due to
the relatively fast urea hydrolysis, the percentage inhibition was

determined after 24 h of incubation. On the other hand, the con-
siderably lower organic carbon content in the GW soil enabled an
extended incubation period to obtain a better time resolution,
and the percentage of urease inhibition was determined 7 days
posttreatment. The rate of urea hydrolysis and the percentage of
urease inhibition for both soils are shown in Table 2.

Urea hydrolysis was significantly (p< 0.05) inhibited by the
action of 11 of the tested compounds in the THV soil and 13 com-
pounds in the GW soil. Except for NBPT, all compounds generally
showed a better urease inhibition in the GW soil than in the THV
soil. The finding for NBPT could be attributed to the high acidity
of the GW soil (pHCaCl2 = 4.4), which is in line with previous studies
that have reported a significant decline in NBPT effectiveness in
acidic soils.[42,43] The known soil urease inhibitors, catechol (DHB
1) and hydroquinone (DHB 2), showed a moderate urease inhibi-
tion in the THV soil of about 30%. However, whereas the inhibi-
tory activity of DHB 1 remains relatively unchanged in going to
the more acidic GW soil, the effectiveness of DHB 2 increases to
66% in this soil. An electron-donating methyl substituent on cat-
echol increases the inhibitory properties compared to the unsub-
stituted parent, particularly in the GW soil, with 3-methylcatechol
(DHB 3) being slightly more effective than 4-methylcatechol
(DHB 5). Overall, this finding is consistent with recent data from
enzymatic studies where improved inhibition of bacterial urease
from Sporosarcina pasteurii and plant urease from jack beans was
observed in methyl catechols as opposed to catechol.[50]

Interestingly, while all halogenated catechol derivatives (DHBs
4, 6–8) performed relatively poorly in the THV soil (7–26% urease

Table 2. Rate of urea hydrolysis and percentage of urease inhibition in two
different soils.

Treatment[a] Urea hydrolysis rate [mg urea hydrolyzed/kg
soil/day]

Tower hill vegetable
(THV) Soil[b]

Glenelg wheat
(GW) soil[c]

Urea 1139� 25 194� 6

Ureaþ NBPT 391� 12 (66%) 107� 6 (45%)

Ureaþ DHB 1 811� 27 (29%) 131� 9 (33%)

Ureaþ DHB 2 787� 6 (31%) 66� 2 (66%)

Ureaþ DHB 3 762� 31 (33%) 108� 4 (44%)

Ureaþ DHB 4 1055� 14 (7%) 115� 1 (41%)

Ureaþ DHB 5 800� 17 (30%) 119� 12 (39%)

Ureaþ DHB 6 954� 12 (16%) 91� 7 (53%)

Ureaþ DHB 7 842� 29 (26%) 85� 14 (56%)

Ureaþ DHB 8 931� 28 (18%) 71� 5 (64%)

Ureaþ DHB 9 1098� 20 (NI)ns[d] 157� 3 (19%)

Ureaþ DHB 10 1082� 4 (5%) 179� 1 (8%)

Ureaþ DHB 11 1107� 8 (NI)ns 153� 2 (21%)

Ureaþ DHB 12 1049� 22 (8%) 139� 5 (28%)

Ureaþ DHB 13 1146� 16 (NI)ns 171� 4 (12%)ns

[a]Values are means� standard error (n= 3). The value in brackets show the
percentage of urease inhibition in different treatments, determined
according to Equation (2); ns: not significant compared to the control
treatment; [b]Soil extraction was performed 1 day after treatment; [c]Soil
extraction was performed 7 days after treatment; [d]NI= no inhibition.
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inhibition), in the GW soil these compounds inhibited urea hydro-
lysis as well as or even better than NBPT (41–64% urease inhibi-
tion). This is the first time that these halogenated catechols
have been explored as urease inhibitors, and their promising
performance in the acidic GW soil makes them excellent candi-
dates to be explored in other acidic soils in the future. On the
other hand, catechol derivatives possessing strongly electron-
withdrawing substituents, such as cyano, carbonyl, carboxyl,
and nitro groups (DHBs 9–13), almost showed no inhibitory prop-
erties in the THV soil (<10%) and poor inhibitory performance in
the GW soil (8–28%). It should be noted that the amount of NH4

þ

in soil at the end of the incubation generally reflected the urea
hydrolysis rate, while the amount of NO3

� remained relatively
constant as no significant nitrification process was observed in
this short period of time. Soil mineral N data from this extraction
are shown in Table S1 and S2, Supporting Information.

3.2. Urea Profile in an Acidic Sandy Loam Soil

The percentage of urease inhibition shown in the previous sec-
tion provides only a snapshot, as the data were derived from one
timepoint. To obtain a more detailed picture, we determined
concentration–time profiles of urea in the GW soil in the absence
and presence of inhibitors. Soil extractions were performed on
days 0, 3, 7, 10, and 13. A subset of DHBs studied in the previous
section were explored, including the known UIs NBPT and

hydroquinone (DHB 2) and compared with a control incubation
in the absence of UI (Figure 3).

The day 0 extraction was performed 5 minutes after the com-
mencement of the soil treatment, resulting in a recovery of urea
of more than 93%. In the absence of inhibitors, urea was
completely hydrolyzed by day 13. Hydroquinone (DHB 2) and
the monofluorinated and monobrominated catechols (DHBs 6
and 8), respectively, retained urea similarly or better than
NBPT over the period of 2 weeks, with 4-bromocatechol (DHB
8) emerging as the best inhibitor at the end of the incubation,
even outperforming hydroquinone (DHB 2). 4-Fluorocatechol
(DHB 6) was more efficient than NBPT in the first 10 days but
ended up being as effective as NBPT on day 13. The inhibitory
properties of 4,5-difluorocatechol (DHB 4) were comparable to
NBPT in the first week but diminished during the second week.
Carbonyl-substituted catechol derivatives (DHBs 10 and 11) and
methyl caffeate (DHB 12) exhibited very little urease inhibition
that disappeared after day 10. These results are also reflected
in the NH4

þ profile over time where the best inhibitor, DHB 8,
has the slowest increase of NH4

þ over the 2 week period (see
Figure S1, Supporting Information). The urea and mineral-N data
for this soil incubation are provided in Table S3, Supporting
Information. It is important to point out that the aim is not to
develop a UI that completely stops urea hydrolysis as urea is
water soluble and can be washed out of the soil. As outlined
in the introduction, the aim is to slow urease activity down for
a couple of days after fertilizer application to the field to allow
complete dissolution of urea in the soil body before hydrolysis
occurs to reduce loss through NH3 volatilization. On a different
note, the results obtained in this 2 week soil incubation experi-
ment reflect the results from the day 7 snapshot for the GW soil
shown in Table 2. These findings show that the short-term soil
incubation with just one time point is an appropriate screening
method to identify compounds that can proceed to more time-
consuming soil incubations and field studies.

3.3. Investigating the Mechanism of Inhibition

Michaelis–Menten kinetics were studied for the best performing
inhibitor in the GW soil, 4-bromocatechol (DHB 8), and the

Figure 3. Urea profile in the GW soil over 13 days. Some error bars are to
too small to be discernible.

Figure 4. An exemplary Michaelis–Menten kinetic plot to show the effect of a) NBPT and b) DHB 8 on the NH4
þ production. The incubations were per-

formed with [urea]= 0.2, 0.4, 0.8, 2.0, 4.0, 8.0, 20, 40 mM in the buffer solution (pH= 8.2) at 25 °C for 45min. Error bars are from standard deviations of
three technical replicates.
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commercial inhibitor NBPT using a JBU assay. The production of
NH4

þ in the absence and presence of inhibitors was plotted
against the urea concentration. Figure 4 shows an exemplary
Michaelis–Menten kinetic plot for one of the biological replicates
for both NBPT and DHB 8, respectively. The other plots are pro-
vided in Figure S2 and S3, Supporting Information. The graph was
fitted using nonlinear regression for Michaelis–Menten kinetics to
obtain Km and Vmax (Table 3). It should be noted that because of
the higher inhibitory activity of DHB 8, its concentration was
lower than that of NBPT.

The Michaelis–Menten plots showed saturation kinetics,
where the NH4

þ production became less affected by the urea
concentration at higher [urea]. In the case of NBPT, Vmax remained
unchanged within experimental error (p> 0.05), whereas Km
increased with increasing [NBPT]. This behavior suggests that
NBPT is a competitive inhibitor for JBU,[62] in agreement with pre-
vious findings.[63] On the other hand, compared to uninhibited

enzymes, DHB 8 reduced Vmax by about 55–80%, while Km was
unchanged within experimental error (p> 0.05). Based on this
trend, DHB 8 inhibits JBU in a noncompetitive manner,[62] indicat-
ing that DHB 8 interacts differently with the active site in urease
than urea and NBPT. This result corroborates previous findings
which suggest that catechol binds to the mobile flap located
at the outer end of the active site of urease, thereby preventing
urea hydrolysis by reducing the flexibility of the flap.[49,50] It is
highly likely that DHB 8 works in a similar manner.

3.4. Computational Studies of Possible Mechanism for
Catechol Derivatives

In previous work by Mazzei et al.,[49,50] a mechanistic rationale was
provided based on an X-ray analysis, which showed formation of
the 3-S-adduct between catechol and the cysteine residue on the
mobile flap. It was proposed that the reaction involves cysteinyl
radicals, which could be formed through abstraction of the thiol-
hydrogen by the semiquinone radical that results from one-
electron oxidation of catechol (Scheme 1). Subsequently, the
cysteinyl radical undergoes addition to catechol. The resulting
radical adduct could be stabilized to form the closed-shell
3-S-product, for example, through reaction with oxygen.

However, given that the bond dissociation energy of a thiol
S─H bond is higher than that of a phenolic O─H bond, i.e., MeS–
H= 366 kJ mol�1;[64] catechol ≈330 kJ mol�1,[65] formation of the
cysteinyl radical via hydrogen abstraction through semiquinone
appears unfavorable. We therefore explored the mechanism of
inhibition using DFT calculations using methyl thiol (MeSH) as
a model system for cysteine, which confirmed that such hydro-
gen atom transfer is indeed endothermic by 12.7 kJ mol�1.
However, cysteinyl radicals can be obtained through alternative
pathways given that one-electron oxidation of cysteine occurs
readily in response to changes of the redox environment (E0 cys-
teine/cystine= –0.22 V at pH 7).[66] To explore the feasibility of the
proposed addition of cysteinyl radicals to catechol, we calculated
the potential energy profile for this reaction (using MeS• as
model) in the presence of oxygen (Figure 5).

Table 3. Michaelis–Menten kinetic parameters of the [urea]-dependent
production of NH4

þ by JBU in the absence and presence of NBPT and
DHB 8, respectively, at two different concentrations.

Inhibitor[a] Concentration
[mM]

Vmax [μM/mg
protein min]

Km [mM]

None[b] – 2.5� 0.2 3.7� 0.2

NBPT 0.01 2.3� 0.3ns 5.2� 0.6ns

0.02 2.1� 0.2ns 7.2� 1.5*

None[c] – 2.4� 0.5 3.4� 0.1

4-
Bromocatechol
(DHB 8)

0.002 1.1� 0.3* 3.0� 0.3ns

0.004 0.5� 0.2** 3.8� 0.6ns

[a]Standard errors are errors of the mean calculated from four biological
replicates (details in Table S4 and S5, Supporting Information). An ordinary
one-way ANOVA was performed to assess the statistical significance of each
inhibitor treatment compared to control (without inhibitor). Fisher’s LSD
post hoc tests were performed to compare inhibitor effects on Vmax and Km,
statistical significance: ns= not significant, p< 0.05 (*), p< 0.01 (**); [b]Value
determined from NBPT experiment; [c]Value determined from DHB 8
experiment.

Scheme 1. Proposed mechanism for the reaction of cysteinyl radicals with catechol.[49,50]
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Interestingly, apart from the product complex all stationary
points are energetically well above the reactant complex. The ini-
tial addition of MeS• to catechol (the attack at C-3 shown here is
energetically slightly more favorable by 2–3 kJ mol�1 than the

attack at C-4) has a barrier of some 51 kJ mol�1 (TS1), leading
to the S-adduct, which is energetically just 2.5 kJ mol�1 below
TS1. Rearomatization through hydrogen abstraction by O2 from
the tetrahedral carbon to form HO2

• is a two-step process, which

Figure 5. Potential energy surface for the reaction of MeS• (as model for cysteinyl radicals) with catechol in the presence of O2 (M062X(D3)/cc-pVTZ free
energies in kJ mol�1; using a solvation model for H2O).

Scheme 2. Calculated energies for the addition of a) thiyl radicals or b) thiolate to OBQ (M062X(D3)/cc-pVTZ free energies in kJ mol�1; using a solvation
model for H2O).
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involves first O2 addition via TS2 to form a peroxyl radical, fol-
lowed by loss of HO2

• through a concerted five-membered tran-
sition state, which is associated with a barrier of some 50 kJ mol�1

relative to the peroxyl radical. While formation of the final prod-
uct complex is exothermic by some 76 kJ mol�1, the high energies
associated with each stationary point on the energy surface make
this entire process unlikely to proceed under environmental
conditions.

What possible alternative mechanisms could occur? Given the
ease by which catechol can be oxidized by soil metal oxides, even
at low O2 concentration,[67] it is not unreasonable to suggest that
in situ formed ortho-benzoquinone (OBQ) is the actual active spe-
cies. This proposal is supported by our finding that catechol deriv-
atives that are inefficient as UIs, such as DHBs 9–13, possess
electron-withdrawing substituents, which should render their oxi-
dation more difficult. OBQ is an excellent Michael acceptor, which
could react with both radicals and anions.

Assuming formation of cysteinyl radicals (see above),
Scheme 2a shows the energies associated with addition of MeS•

to unsubstituted, brominated, and methylated OBQ. While there
are three positions where attack could occur, addition to C-3 is
the energetically most feasible pathway (attack at the other
positions is a few kJ mol�1 higher in energy, data not shown),
in agreement with a recent experimental and computational
study.[68] The data clearly show that radical addition is associated
with a modest barrier of 13–18 kJ mol�1 in all cases and is con-
siderably exothermic by at least 63 kJ mol�1.

Transformation of the radical adduct to the thiol-substituted
catechol proceeds via rearomatization to the semiquinone, fol-
lowed by hydrogen transfer, which has been reported before.[68]

The pKa value of cysteine in enzyme active sites can be lower
by more than two units compared to the free amino acid,[69] and it
is therefore possible that the cysteine residue on the mobile flap
is deprotonated. The energies of the anionic pathway, while exo-
thermic in all cases, are more dependent on the nature of the
substituent (Scheme 2b). Thus, nucleophilic addition to the bro-
minated OBQ at C-3 is kinetically and thermodynamically more
favorable than to the methyl-substituted isomer with the ener-
gies for the unsubstituted OBQ lying in-between both.

While it is not possible to draw an unambiguous conclusion
whether the reaction involves cysteine radicals or anions, the cal-
culations strongly suggest that catechol and substituted deriva-
tives do not act as UIs. Overall, either mechanism likely explains
the excellent performance of DHB 8 in our 13 day soil incubations,
whereas its poorer performance in the short-term studies could
suggest that there was insufficient time for the oxidation to its
OBQ derivative.

4. Conclusion

The soil incubation studies presented in this work enabled
identification of three urease inhibitors, the known urease inhibi-
tor hydroquinone (DHB 2) and the new catechol derivatives
4-fluorocatechol (DHB 6) and 4-bromocatechol (DHB 8), that
are more effective than the commercial inhibitor NBPT, particu-
larly in the acidic GW soil. This is significant, given that NBPT is

known to lose efficiency in acidic soils. In a 7 day incubation in the
acidic GW soil, 3-methylcatechol (DHB 3), 4,5-difluorocatechol
(DHB 4), and 4-chlorocatechol (DHB 7) were also found to have
a comparable inhibitory performance with NBPT.

Michaelis–Menten kinetic studies suggest that DHB 8 acts as a
noncompetitive inhibitor, which likely reacts with the cysteine
residue on the mobile flap through formation of a covalent bond.
This mechanism is different from that of NBPT, which reversibly
coordinates to the two Ni(II) centers in the active site.[70] Our find-
ings suggest that catechol is oxidized in situ to OBQ, which acts as
a Michael acceptor for either a cysteinyl radical or anion on the
mobile flap in urease, ultimately resulting in a 3-S catechol
adduct, which is in accordance with X-ray structures reported
by Mazzei et al.[49,50]

This work highlights the potential of structure–activity rela-
tionship (SAR) studies in conjunction with mechanistic investiga-
tions to enable the discovery of new urease inhibitors. Having
available a library of effective inhibitors for different soil types
could potentially be a useful strategy to mitigate NH3 emissions
from agricultural systems. This approach can be considered as an
extension to the 4R Nutrient Stewardship, which is using the right
fertilizer source at the right rate, right time, and right place.[71] In
future work, we will extend our SAR-based urease inhibitor devel-
opment with special emphasis on exploring soils with properties
where NBPT does not perform well.
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