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Abstract

A new enzyme (isobutylidenediurea amidinohydrolase) catalyzing the hydrolysis of isobutylidenediurea (a con-
densation product of urea and isobutyraldehyde widely used as a slow-release nitrogeneous fertilizer) was
characterized from a strain of Rhodococcus erythropolis. The enzyme was purified 1250-fold to apparent ho-
mogeneity and shown to hydrolyze the fertilizer to urea and isobutyraldehyde at a molar ratio of 2 : 1. No activity
was observed with ureido- or other structurally related compounds. Its molecular mass was determined by native
polyacrylamide gelelectrophoresis and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
to be 15 kDa (±2 kDa) and 16.4 kDa, respectively. Growth of the bacterium in the presence of isobutylidenediurea
led to an increased expression of the constitutively synthetized enzyme.

Introduction

Several condensation products of urea and alde-
hydes are utilized as slow- or controlled-release nitro-
gen fertilizers; approximately 300,000 tons of urea-
formaldehydes, urea-isobutyraldehydes and urea-
crotonylaldehydes are produced annually for these
purposes (Trenkel 1997). At variance with urea-
formaldehyde condensation products, which are com-
pounds of varying molecular mass (Alexander & Helm
1990), the result of the reaction of isobutyraldehyde
with urea yields a single oligomer, isobutylidenediurea
(IDU), consisting of two urea moieties linked via an
aliphatic branched residue (Powell 1968). Approxim-
ately 100,000 tons of this product are annually utilized
in Western Europe, Japan and the United States for
fertilization purposes, mainly on greens and lawns. In
Western Europe, IDU represents the largest group of
the slow and controlled-release fertilizers totally util-
ized. Attempts have even been made to improve the
nutritive value of urea for dairy cows by using IDU
as a non-proteinaceous source of nitrogen for rumin-
ants (Teller & Godeau 1986), and toxicological studies
demonstrated the absence of developmental toxicity of
IDU even at high concentrations (Hellwig et al. 1997).

Results from numerous field trials showed that
environmental factors such as moisture, temperature
and pH are essential causes affecting the hydrolysis
and decomposition of urea-aldehyde condensation
products (Trenkel 1997). Attempts to classify these
fertilizers, i.a with regard to the mechanism of their
degradation, led to their grouping into three patterns
(Chiang 1970a): the microbial decomposition pattern
(urea-formaldehydes), both the hydrolytic and micro-
bial decomposition pattern (urea-crotonylaldehydes),
and the abiotic hydrolytic pattern (IDU), even though
an involvement of microbial activity in the degradation
of IDU has been taken into consideration very early
(Chiang 1970b).

Despite the fact that IDU is released as a fertil-
izer in high amounts into the environment, no detailed
knowledge as to the mechanism of its possible mi-
crobial metabolism is available. In the present study,
a strain of Rhodococcus erythropolis degrading this
fertilizer was isolated from soil, and a new enzyme
involved in the degradation of IDU was purified and
characterized.
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Materials and methods

Materials

All chemicals and reagents were of at least analyt-
ical grade. Casein-peptone soymeal-peptone (CASO)
was from Merck, Darmstadt, Germany. High mo-
lecular weight standard proteins, jack bean urease
and glutamate dehydrogenase were from Boehringer
(Mannheim, Germany), the 10 kDa protein ladder
was from Gibco BRL (Paisley, UK). Q-Sepharose
FF, Phenyl- Sepharose HL, Sephacryl S300HR and
MonoQ were purchased from Pharmacia (Freiburg,
Germany). The media and the buffers used for en-
zyme purification were prepared with Milli-Q-purified
water (Millipore, Bedford, Mass., USA). Isobutylide-
nediurea (IDU) was synthetized according to Powell
(1968).

Organisms, growth conditions and preparation of
extracts

A bacterium capable of utilizing IDU as a nitrogen
source for growth was isolated by inoculating 1 g of
garden soil in 200 ml of a mineral-medium described
earlier (Schlegel et al. 1961), containing 0.2% (w/v)
lactic acid as the carbon source and 0.1% (w/v) IDU
as the sole source of fixed nitrogen. Cells were grown
aerobically at 28 ◦C for 4 d, then 2 ml of the suspen-
sion were transferred to 200 ml of the same medium.
After one more subculture in this medium, cells were
diluted in 1% (w/v) NaCl and plated on solid me-
dia of the same composition, containing 1.8% (w/v)
agar-agar. One fast growing colony was isolated after
48 h at 28 ◦C and used for the further experiments.
Cells were grown to the early stationary growth phase
in the mineral medium with 0.2 % (w/v) lactic acid
as the carbon source and the nitrogen sources indic-
ated in the experiments, harvested by centrifugation
(10,000 × g for 20 min at 4 ◦C) and washed twice
in 50 mM Na2HPO4, pH 7.5, 3 mM mercaptoethanol,
1 mM EDTA (buffer A). For the preparation of cell-
free extracts, cells (about 0.2 g wet weight per ml
buffer A) were disintegrated by ultrasonic treatment,
using a Branson Sonifier B 12 with an output of 60
W for a total time of 30 s ml−1 at intervals of 10 s
with cooling of the cell suspension in an ice bath. The
supernatants obtained after centrifugation (30,000 ×
g at 4 ◦C for 60 min) of the broken cell suspensions
were used as crude extracts in the enzyme assays and
for the purification of the enzyme.

Enzyme and protein assays

If not indicated otherwise, all assays for isobutylide-
nediurea amidinohydrolase (IDU amidinohydrolase)
activity were performed in 25 mM Na2HPO4, pH 8.0,
1.5 mM mercaptoethanol, 0.5 mM EDTA, with 5 mM
IDU (only partially solubilized at this concentration)
as a substrate, and purified enzyme or cell-free extract
in appropriate dilutions. The amount of urea released
from IDU was determined after between 30 min and
2 h incubation at 30 ◦C by the following method: the
reaction was stopped by heating (100 ◦C, 5 min; this
treatment did not result in degradation of IDU), cooled
to 30 ◦C and the urea formed hydrolyzed by the ad-
dition of 2 µl of jack bean urease (200 U ml−1) to
1 ml of the assay mixture. The resulting ammonium
was then determined using the coupled enzyme as-
say according to Kaltwasser & Schlegel (1966). In
the fractions eluted from the Phenyl-Sepharose HL
column, which contained high concentrations of am-
monium, IDU amidinohydrolase was determined by
measuring the decrease of IDU concentration in the
assay mixture using a colorimetric assay (Moore &
Kauffman 1969). Urease activity was determined as
described previously (Jahns 1995). Isobutyraldehyde
was measured enzymatically according to Goedde &
Langenbeck (1970). Enzyme activities are given in
units (U), one unit corresponding to one nmol of sub-
strate hydrolyzed per min. Protein was determined
according to the Lowry method (Lowry et al. 1951).

Purification of IDU amidinohydrolase

All the steps in the purification of the enzyme were
carried out at between 22 and 28 ◦C. Cell-free extract
(30 ml) was loaded onto a Q-Sepharose FF column (2
cm2 × 12 cm) connected to the LKB HPLC system,
equilibrated with buffer A. Using a linear gradient
from 0 to 1.0 M NaCl, the enzyme was eluted at a
flow rate of 1.5 ml min−1 at between 0.25 and 0.30
M NaCl. The most active fractions from the ion ex-
change chromatography were pooled, adjusted to 1.0
M (NH4)2SO4 by adding 3.0 M (NH4)2SO4, centri-
fuged for 2 h at 45,000 × g, loaded onto a Phenyl-
Sepharose HL column (2 cm2 × 12 cm) connected to
the LKB HPLC system and equilibrated with buffer A,
containing 1 M (NH4)2SO4. Using a linear gradient
from 1.0 to 0 M (NH4)2SO4, the enzyme was eluted at
a flow rate of 1.5 ml min−1 at between 0.12 and 0.08 M
(NH4)2SO4. The three most active fractions from the
hydrophobic interaction chromatography were pooled
and applied to a Sephacryl S300HR column (4.9 cm2
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× 99 cm) connected to the LKB HPLC system. The
elution buffer used was buffer A containing 0.1 M
NaCl, with a flow of 0.45 ml min−1. Fractions of 6 ml
were collected and assayed for IDU amidinohydrolase
activity. The three fractions containing the highest en-
zyme activity were pooled and loaded onto a Mono-Q
HR5/5 column connected to the LKB HPLC system.
The enzyme was eluted using a linear gradient from
0.1 to 1.0 M NaCl in buffer A at a flow rate of 1 ml
min−1 at approximately 0.28 M NaCl.

Electrophoretic techniques

Seperation of denaturated proteins was carried out
using SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), which was performed in a Biometra Minigel
system (Biometra, Göttingen, Germany) according
to Laemmli (1970). Native proteins in undenaturated
samples were separated in the same system in the ab-
sence of SDS. The isoelectric point of desalted IDU
amidinohydrolase was determined using Servalyte
Precoates� with a pH-range of 3–10 (Serva, Heidel-
berg, Germany), using the LKB Multiphor apparatus
(LKB, Bromma, Sweden). All gels were silver-stained
as described by Merril et al. (1981).

MALDI-TOF mass spectrometry

One volume of desalted purified IDU amidinohydro-
lase (0.2 µg ml−1) was mixed with one volume of
saturated dihydroxybenzoic acid in 33% acetonitrile
and 0.1% trifluoroacetic acid, and 1 µl of this mixture
was placed on the center of a sample dish. Meas-
urements were carried out with a REFLEX III laser
desorption time of flight instrument (Bruker-Daltonik
GmbH, Bremen, Germany) equipped with a nitro-
gen laser (λ = 337 nm, 3 ns pulse width). Positively
charged ions were accelerated from the target in the
pulsed mode to a final potential of 20 kV. All measure-
ments were performed in the positive mode; therefore,
the molecules were protonated, the apparent molecular
mass (M) being M + H+ (M + 1).

Reproducibility of results

The tables and figures show representative results from
experiments, which were repeated at least twice. Other
results are mean values of at least two independent
experiments; the SD values did not exceed 20% of the
mean.

Results and discussion

Description and growth of the strain

The release from nitrogen of isobutylidenediurea
(IDU) is supposed to be controlled by low dissolu-
tion/solubility and abiotic hydrolysis (Waddington et
al. 1977). When IDU was incubated in a sterile acidic
aqueous solution at a pH-value of 5, a continuous
release of urea was indeed observed (Figure 1); how-
ever, even at neutral or slightly alkaline pH, where
abiotic decomposition by acid-catalyzed hydrolysis is
absent or very slow (Figure 1), a rapid degradation of
IDU was observed both in garden soil as well as in a
buffered medium containing 2.5 mM IDU, inoculated
with garden soil (results not shown). From such an en-
richment culture at pH 8.0, a bacterium utilizing IDU
as a sole source of nitrogen for growth was isolated
and identified as a strain of Rhodococcus erythropolis
by the DSMZ (Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen). This species is known for
its physiological versatility and capability to degrade
a number of natural and anthropogenic compounds;
utilizing IDU as a nitrogen source for growth, a doub-
ling time of 4 h at the optimum growth temperature
of 28 ◦C was measured. On mineral media containing
10 mM ammonium as a nitrogen source, a generation
time of 2.5 h was determined. IDU was not utilized
as a carbon source for growth in a mineral medium
containing 0.2% (w/v) of this compound as the sole
carbon source.

The formation of the enzyme occurred under any
growth condition studied; in both complex (CASO)
and mineral media, specific activities of approxim-
ately 6 U mg protein−1 were measured in the absence
of added IDU, regardless of the nitrogen source added
(Table 1). Highest IDU degrading activities were ob-
served in cells grown in the presence of IDU in mineral
media, and high concomitant urease activities were
measured under the growth conditions tested (Table
1). Cells grown in a mineral medium with ammonium
as the nitrogen source and subsequently incubated in
a medium containing IDU showed a rapid increase
in IDU amidinohydrolase activity, accompagnied by
an increase of extracellular ammonium released from
this compound and a slow onset of cell growth (Fig-
ure 2); when IDU was depleted from the medium,
the cells started to assimilate the ammonium released.
On the other hand, the transfer of IDU-grown cells
to a growth medium containing no IDU resulted in
a slow decrease of enzyme activity concomitant with
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Figure 1. Abiotic hydrolysis of isobutylidenediurea at different
pH-values. Filter-sterilized solutions of IDU in 20 mM phosphate
pH 5 or pH 8 were incubated at 25 ◦C. At the times indicated,
urea was determined by its hydrolysis to ammonia which was then
measured using the coupled enzyme assay described in Methods,
and IDU was determined colorimetrically according to Moore &
Kauffman (1969).

Table 1. Specific IDU amidinohydrolase activity in Rhodo-
coccus erythropolis grown with different nitrogen sources
or incubated without nitrogen

Nitrogen source1 Specific activity

[U (mg protein)−1]2

IDUase Urease

Without nitrogen 6.2 123.5

2.5 mM IDU 30.2 766.5

10 mM NH4Cl 6.1 85.0

10 mM NH4Cl + 2.5 mM IDU 9.1 184.5

CASO 6.5 100.5

CASO + 2.5 mM IDU 6.3 128.2

10 mM KNO3 5.9 111.2

1 The cells were grown with 10 mM NH4Cl to early ex-
ponential growth, harvested and resuspended in growth
media containing 0.2% (w/v) lactic acid or 1% (w/v) CASO
with the nitrogen sources indicated; they were then harves-
ted during exponential growth, except the cells incubated
without nitrogen, which were harvested after 24 h of incub-
ation under nitrogen deficiency.
2 One unit of activity equals the degradation of 1 nmol IDU
(IDU amidinohydrolase, IDUase) or 1 nmol urea (urease)
per min.

Figure 2. Growth of Rhodococcus erythropolis with isobutylidene-
diurea as the nitrogen source and IDU amidinohydrolase activity.
Cells were grown with 20 mM ammonium as the nitrogen source to
early exponential growth, washed once and resuspended in a min-
eral growth medium containing 2.5 mM IDU as the nitrogen source.
�, IDU; �, cell protein; �, IDU amidinohydrolase (IDUase); �,
ammonium.

cell growth. These observations indicate an induction
of the IDU amidinohydrolase by its substrate in the
absence of other utilizable nitrogen sources, but also
a constitutive synthesis even in the presence of other
readily utilizable nitrogen sources. This may be of
practical significance for the application of IDU as a
slow-release fertilizer, since even in the presence of
naturally occurring nitrogen sources, IDU degradation
is not repressed.

We tested other Rhodococcus strains for their abil-
ity to metabolize IDU, and neither R. erythropolis
strain DSM 43066 nor Rhodococcus sp. strain DSM
43001 hydrolyzed this compound when cells were pre-
grown in CASO and incubated for up to 72 h in media
containing IDU as the sole source of fixed nitrogen for
growth.

Purification of IDU amidinohydrolase, molecular
mass and subunit composition

Using a procedure consisting of ion exchange chroma-
tography, hydrophobic interaction and size exclusion
chromatography, the enzyme was enriched 1250- fold
from CASO-grown cells to apparent homogeneity and
specific activities of about 7585 U × mg protein−1

with a yield of 36% (Table 2). Since the specific activ-
ities could not be determined exactly in the fractions
eluted from the hydrophobic interaction column due
to the high ammonium content in the eluent buffer,
the purification parameters for this column were not
determined (Table 2). It should be pointed out that
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Table 2. Purification of the IDU amidinohydrolase from Rhodococcus erythropolis

Purification step Total protein (mg) Total activity (U) Specific activity1 [U (mg protein)−1] Yield (%) Purification (fold)

Crude extract 123.5 749.6 6.07 100 1

Q-Sepharose 36.1 895.3 24.8 119 4

Phenyl-Sepharose 0.92 nd2 nd nd nd

Sephacryl S300HR 0.042 299.5 7131.0 40 1175

Mono-Q HR5/5 0.036 273.1 7584.8 36 1250

1 One unit of activity equals the formation of 1 nmol urea from IDU per min.
2 nd, not determined.

these activities were measured at suboptimal substrate
concentrations, since IDU did not dissolve to more
than 3.5 mM at the assay conditions used and the
enzyme was not saturated at this IDU concentration
(see below). Isoelectric focussing of the purified pro-
tein exhibited a single protein band at pH 3.8 to 4.0.
Silver-stained gels from SDS-polyacrylamide gelelec-
trophoresis of the purified enzyme revealed one band
corresponding to a molecular mass of 15 (±2) kDa
(Figure 3, inset), and native PAGE [16 (±2)] as well
as gel filtration [(16 (±5)] yielded a similar molecular
mass for the undenaturated enzyme. A molecular mass
of 16.4 kDa was determined by MALDI-TOF (Figure
3). These findings suggest a monomeric structure of
the holoenzyme.

Kinetic properties, enzyme stability and substrate
specificity

The purified enzyme was used for all subsequent stud-
ies. Optimum IDU amidinohydrolase activities were
observed at pH 8.0 to 8.5 and 45 ◦C respectively; the
enzyme was stable at between pH 4.5 and 11.0, loos-
ing no activity upon incubation for 60 min at these
pH-values; below pH 4.0 and above pH 11.3, a rapid
irreversible loss of activity was observed (results not
shown). The enzyme turned out to be unstable at elev-
ated temperature, loosing 50% and 100% of its activity
after 30 min at 52 ◦C and 60 ◦C, respectively. At low
temperatures, the IDU amidinohydrolase was stable,
since no loss of activity was observed when the en-
zyme was incubated on ice for up to 2 weeks or frozen
at −70 ◦C in the presence of 20% glycerol for 4 weeks.

IDU was hydrolyzed to isobutyraldehyde and urea
in a molar ratio of 2 : 1 (Figure 4), and the postulated
degradation pathway of IDU is depicted in Figure 5.
The enzyme was designated as an isobutylidenedi-
urea amidinohydrolase; it acts on IDU by hydrolyz-
ing this compound to urea and a postulated unstable
intermediate, N-hydroxyisobutylurea (Figure 5, reac-

Figure 3. Molecular mass of the IDU amidinohydrolase, as determ-
ined by MALDI-TOF. M, mass; z, number of charges. a.i., absolute
number of ions counted. The main peak (M/1z 16.36) corresponding
to the mass of the purified enzyme + one charge (1H+); a M/z of
8.18 corresponds to M/2z (+ 2H+); a M/z of 32.72 corresponds to
2M/z (+ 1H+); a M/z of 49.08 corresponds to 3M/z (+ 1H+). Inset:
Molecular mass of purified IDU amidinohydrolase, as estimated
by SDS-polyacrylamide gelelectrophoresis. Lane a, purified IDU
amidinohydrolase (0.1 µg protein eluted at 0.28 to 0.30 mM NaCl
from the Mono-Q HR5/5); lane b, low molecular weight standard
(0.5 µl of 10 kDa protein ladder).

tion A). Similarly to N-hydroxymethylurea (Bulygina
et al. 1987), N-hydroxyisobutylurea is chemically
unstable and decomposes abiotically to isobutyralde-
hyde and urea (Figure 5, reaction B). This reaction
sequence differs from the degradation of a structur-
ally related slow-release fertilizer, methylenediurea
(MDU), which has been shown to be hydrolyzed to
ammonium, carbon dioxide and an aminated methyl-
urea by a methylene diurea amidohydrolase (Jahns et
al. 1997). Attempts to determine the affinity (Km-
value) and the vmax of the IDU amidinohydrolase
described in the present report failed, since even at the
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Figure 4. Formation of urea and isobutyraldehyde by purified IDU
amidinohydrolase from Rhodococcus erythropolis. The purified
enzyme was incubated at 30 ◦C in 25 mM Na2HPO2 in the pres-
ence of 2.5 mM IDU. At the time intervals indicated, urea and
isobutyraldehyde were determined using the assays described in
Methods.

highest IDU concentrations which could be tested (at
pH 8.0 and 30 ◦C, a saturated aqueous solution con-
tains approximately 3.5 mM IDU), the enzyme was
not saturated. The purification of larger amounts of the
IDU amidinohydrolase should permit its more detailed
analysis.

Both MDU and IDU are structurally similar
to allantoic acid, and interestingly, the degrada-
tion of allantoate (Vogel & van der Drift 1976,
Xu et al. 1995) can occur both via an allan-
toate amidohydrolase (a reaction sequence analog-
ous to the MDU amidohydrolase; Jahns et al. 1997,
1999) or an allantoate amidinohydrolase (a reac-
tion sequence analogous to IDU amidinohydrolase
described in the present report). While a low al-
lantoate hydrolyzing activity was observed for the
MDU amidohydrolase, the IDU amidinohydrolase
did not hydrolyze this compound, and none of
the following ureidylated or carbamoylated com-
pounds served as a substrate for the enzyme: al-
lantoin, urea, diureidomethane, N-methylurea, N-
hydroxymethylurea, biuret, agmatine, ureidopropion-
ate, D,L-citrulline, N-carbamoyl-α-amino-n-butyrate,
ureidoacetate, N-carbamoylglycine, N-carbamoyl-L-
glutamate, N-carbamoyl-L-leucine, N-carbamoyl-α-
aminoisobutyrate, N-carbamoyl-D,L-aspartate, N-car-
bamoyl-DL-phenylalanine, N-carbamoyl-DL-alanine,

Figure 5. Proposed pathway of IDU degradation by Rhodococcus
erythropolis. Reaction A, hydrolysis of IDU to urea and N-hydo-
xyisobutylurea catalyzed by the IDU amidinohydrolase; reaction
B, abiotic decomposition of N-hydroxyisobutylurea to urea and
isobutyraldehyde.

N-carbamoyl-DL-serine, N-carbamoyl-DL-norvaline,
N-carbamoyl-DL-threonine and creatine.
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