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Urea is the degradation product of a wide range of nitrogen containing bio-molecules. Urea
amidolyase (UA) catalyzes the conversion of urea to ammonium, the essential first step
in utilizing urea as a nitrogen source. It is widely distributed in fungi, bacteria and other
microorganisms, and plays an important role in nitrogen recycling in the biosphere. UA is
composed of urea carboxylase (UC) and allophanate hydrolase (AH) domains, which cat-
alyze sequential reactions. In some organisms UC and AH are encoded by separated genes.
We present here structure of the Kluyveromyces lactis UA (KlUA). The structure revealed that
KlUA forms a compact homo-dimer with a molecular weight of 400 kDa. Structure inspired
biochemical experiments revealed the mechanism of its reaction intermediate translocation,
and that the KlUA holo-enzyme formation is essential for its optimal activity. Interestingly,
previous studies and ours suggest that UC and AH encoded by separated genes probably
do not form a KlUA-like complex, consequently they might not catalyze the urea to ammo-
nium conversion as efficiently.

Introduction
Degradation of a wide range of nitrogen-containing bio-molecules generates urea. Mammals do not di-
rectly utilize urea, and excrete it into the environment. In contrast, many plants, fungi and bacteria can
utilize urea as a nitrogen source [1-3]. They reintegrate its nitrogen into the biosphere, playing important
roles in the nitrogen recycling within the biosphere. The first step of their urea utilization is the conver-
sion of urea to ammonium, which is catalyzed by two distinct enzymes, urease and urea amidolyase (UA)
[4]. UA is widely distributed in fungi, bacteria and other microorganisms [5,6]. In many UA containing
organisms the Ni2+-dependent urease is not found, neither is the Ni/Co co-transporter. These organisms
might have dropped all Ni-dependent pathways during evolution, and have gained a selective advantage
since Ni2+ can be toxic if its cellular level is not tightly regulated [5]. In addition to urea utilization, UA also
plays important roles in a recently discovered eukaryotic pyrimidine nucleic acid precursor degradation
pathway [7], and the pathogenesis of human pathogens such as Candida albicans [8-10].

UA is composed of urea carboxylase (UC) and allophanate hydrolase (AH) domains. UC converts urea
to allophanate, and AH subsequently converts it to ammonium [11]. UC belongs to the biotin-dependent
carboxylase family. Biotin is covalently linked to its biotin-carboxyl carrier protein (BCCP) domain. Its bi-
otin carboxylase (BC) and carboxyltransferase (CT) domains catalyze sequential reactions in urea caboxy-
lation [12,13]. The AH domain is composed of N and C domains, which catalyze sequential reactions in
the allophanate to ammonium conversion [14] (Figure 1A,B). In some organisms, UC and AH are en-
coded by separated genes [5,6,15,16]. Phylogenetic analyses suggest that the UA gene is the result of a
fusion event of AH and UC genes [6].

Structural characterizations of UC [17] and AH [14,18,19] have provided insights into their catalytic
mechanism. However, the architecture of the UA holo-enzyme is not clear, how UC and AH coordinate
in the holo-enzyme is poorly understood. We present here crystal structure of Kluyveromyces lactis UA
(KlUA) at 6.5 Å resolution. The structure revealed that KlUA forms a compact dimer with a molecular
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Figure 1. Domain architecture and reactions catalyzed by UA.

(A) Domain architecture of UA and the related UC and AH proteins. Domains are colored coded. The color scheme is used through-

out the paper unless otherwise indicated. Domain boundaries for KlUA are shown. (B) Reactions catalyzed by UA.

weight of 400 kDa. Structure guided biochemical experiments provided insights into allophanate translo-
cation between the UC and AH domains, and indicated that the KlUA holo-enzyme formation is required
for its optimal activity. Previous studies and ours suggest that UC and AH encoded by separated genes
probably do not form a KlUA-like complex. Consequently, they probably catalyze the urea to ammonium
conversion less efficiently.

Experimental procedures
Protein expression and purification
The KlUA gene was amplified from the Kluyveromyces lactis genome, and inserted into vector pET28A (Novagen).
To generate the KlUA�BCCP construct, a stop codon was inserted after base pair 5223. This plasmid was trans-
formed into Escherichia coli BL21 (DE3) Star cells, which were cultured in LB medium supplemented with 50 mg/l
kanamycin, and induced with 0.3 mM isopropyl β-d-1-thiogalactopyranoside when the optical density at 600 nm
reaches 1.0, at 16◦C for 16 hours. The KlUA�BCCP protein was purified by nickel-nitrilotriacetic acid (Qiagen),
anion-exchange (Hitrap Q HP, GE Healthcare) and size exclusion columns (Sephacryl S300 HR, GE Healthcare). Pu-
rified protein was concentrated to 10 mg/ml, in a buffer containing 20 mM Tris/HCl (pH 8.0), 200 mM NaCl, 2 mM
DTT and 5% glycerol, flash cooled in liquid nitrogen and stored at −80◦C.

The expression and purification of the full length KlUA, Kluyveromyces lactis UC (KlUC) and Kluyveromyces
lactis AH (KlAH) followed protocols reported previously [14,17].

The KlUA mutants were generated with the QuikChange kit (Agilent Technologies) and verified by DNA sequenc-
ing. The mutants were expressed and purified following the same protocol for the wild type protein.
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Table 1 Data collection and refinement statistics

Data collection

Space group P212121

Cell dimensions

a, b, c (Å) 105.7, 181.9, 549.8

α, β, γ (◦) 90.0, 90.0, 90.0

Wavelength 1.0391

Resolution (Å) 30.0–6.5 (6.85–6.5)

Rmerge 0.118 (0.581)

I/σI 8.3 (2.2)

Completeness (%) 95.6 (95.6)

Redundancy 3.9 (4.0)

Refinement

Resolution (Å) 30.0–6.5 (6.84–6.5)

No. reflections 20603 (2740)

Rwork/ Rfree 27.8/30.2 (34.4/38.1)

No. atoms 51722

Average B-factor (Å2) 308.4

R.m.s. deviations

Bond lengths (Å) 0.009

Bond angles (◦) 1.638

*Numbers in parentheses are for the highest resolution shell.

Crystallization and structure determination
Rod-shaped crystals were obtained with the sitting drop vapor diffusion method. The crystallization experiments
were conducted at 4◦C, and the reservoir solution contains 0.1 M Tris/HCl (pH 7.5), 0.2 M ammonium sulfate, 12%
PEG 8000, 2% PEG3350. Before crystallization experiments the protein solution was supplemented with 0.5 mM
urea, 0.5 mM ADP and 0.5 mM sodium malonate (pH 7.0). For data collection the crystals were equilibrated in the
reservoir solution supplemented with 20% glycerol, flash cooled and stored in liquid nitrogen.

Diffraction data were collected at 100 K, on an ADSC Q315 charge-coupled device detector at the Shanghai Syn-
chrotron Radiation Facility beamline BL17U, at a wavelength of 1.0391 Å (Table 1). The data were processed with
mosflm [20] and scaled with scala [21]. The structure of KlUA�BCCP was determined with molecular replacement
with phaser [22], using the structures of KlUC (PDB 3VA7) and KlAH (PDB 4ISS) as search models. Inspection and
manipulation of the structure were carried out with coot [23] and O [24]. Structural refinement was carried out with
phenix [25]. Mosflm, scala and phaser are programs in the CCP4 suite [26].

Negatively stained electron microscopy
Full-length KIUA was diluted to 1 mg/ml in a buffer containing 20 mM Tris (pH 7.5), 110 mM NaCl, 0.2 mM DTT,
5 mM ADP and 5 mM urea. Following 15 minutes of incubation on ice, the samples were further diluted, applied
onto glow-discharged, thin carbon-film covered copper grid (300-mesh) as 3 μl droplets. The grids were blotted,
stained with 1% uranyl acetate for 30 seconds and observed with a FEI G2 electron microscope operating at 200 kV.
Micrographs were recorded by SO 163 films at a nominal magnification of 50000×, and scanned at 2000 dpi with
a pixel size of 2.54 Å. 4495 particles were manually selected using e2boxer.py [27]. Alignment and 2D classification
were performed by RELION [28].

Enzyme kinetic assays
The UA activity was assayed by monitoring the production of ammonium, which is coupled to the NADH to NAD
conversion by glutamate dehydrogenase [29]. The reaction mixture contained 100 mM Tris/HCl (pH 8.0), 1 μM
EGTA, 20 mM potassium chloride, 11 mM magnesium choloride, 5 mM ATP, 12.5 mM sodium bicarbonate, 50 mM
oxoglutarate, 0.3 mM NADH, 100 units/ml glutamate dehydrogenase, 0.15 μM KlUA or related proteins and variable
concentrations of urea. For reactions containing two proteins, 0.15 μM of each is used unless otherwise indicated.

The AH activity was assayed similarly. The reaction mixture contained 100 mM Tris/HCl (pH8 .0), 1μM EGTA, 20
mM potassium choloride, 6 mM magnesium choloride, 50 mM oxoglutarate, 0.3 mM NADH, 100 units/ml glutamate
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Figure 2. Structure of KlUA.

(A) Structure of the KlUA monomer. The black stars indicate active sites. (B) Structural comparison of monomers in the crystal. The

AH domains are aligned, and the UC domains with the most different orientations are shown, one is color coded as in Figure 1A

and the other is colored in gray. Structural figures were generated with pymol (http://www.pymol.org).

dehydrogenase, 0.05 μM KlUA or related proteins, and variable concentrations of potassium allophanate. Potassium
allophanate was produced as described [16].

Analytical gel filtration
Analytical gel filtration experiments were performed on a superpose 6 HR column (GE Healthcare). 0.25 mg of protein
samples was injected on the column, and eluted with a buffer containing 20 mM Tris/HCl (pH 8.0) and 200 mM NaCl.
The column was calibrated with protein standards (Sigma–Aldrich) including carbonic anhydrase (29 kDa), bovine
serum albumin (66 kDa), alcohol dehydrogenase (150 kDa), β-amylase (200 kDa), apoferritin (443 kDa) and bovine
thyroglobulin (669 kDa).

Results
Structure determination
The full-length KlUA failed to crystallize. We speculated that the mobility of the BCCP domain prevented its crys-
tallization, and hence removed it. This variant (residues 1–1741, KlUA�BCCP) crystallized with the vapor diffusion
method. Despite extensive efforts, the best crystals only diffract to 6–7 Å resolution at the Shanghai Synchrotron Ra-
diation Facility. They belong to space group P212121 and contain four copies of KlUA�BCCP in the asymmetric unit.
The structure was determined with molecular replacement, using structures of KlUC [17] and KlAH [14] as search
models. The 100% sequence identity between the search models and the crystalized protein facilitated subsequent
refinements. The structure was refined to a resolution of 6.5 Å, and agrees well with the crystallographic data, and
expected geometric values (Table 1). At this resolution the structure did not reveal any significant differences between
the structures of its UC and AH domains and the previously reported KlUC and KlAH structures.

The linker between the AH and UC domains is not clearly defined in the electron density map. However, in the
crystal near each AH C-terminus only one UC N-terminus is found, indicating that they belong to the same polypep-
tide (Figure 2A). The relative orientations of the AH and UC domains in the four KlUA�BCCP protomers are very
similar. With the AH domains aligned, the positions of the UC domains are related by rotations of 10◦ or less (Figure
2B). There are few contacts between the UC and AH domains in the same polypeptide.
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Figure 3. Architecture of the KlUA complex.

(A) and (B) Architecture of the dimeric KlUA complex. The black stars indicate the active sites. The BCCP domains is modeled

and shown in blue. In panel (A) one looks down the pseudo two-fold axis. The structure presented in panel (B) resembles the

letter ‘m’. (C) Surface charge distribution of KlUA. The orientations of the left and middle panels are identical with that in Figure

3A,B. In the right panel one views along the arrow indicated in the middle panel. In this panel the modeled BCCP domain is

shown in cartoon representation and colored in white. The white stars indicate the active sites. The dashed white lines in the left

and right panels indicate the positively charged surface patch connecting the active sites of the UC CT and AH N domains. (D)

Representative negative stained electron microscopy micrograph of KlUA. Dimers and tetramers are indicated by black and white

arrows, respectively. The scale bar represents 50 nm. (E) Representative class average of full-length KIUA (FL-EM avg.). Projections

of the KIUA�BCCP crystal structure (�BCCP proj.) and a full-length KIUA structure with modeled BCCP domains (Pseudo-FL proj.,

the modeled BCCP domains are indicated by white arrows) are shown for comparison. (F) Size distribution of the observed particles.

The ratio of dimer and tetramer is calculated from a total of 613 particles in eight micrographs.

Architecture of the KlUA holo-enzyme
In the crystal the four KlUA�BCCP polypeptides are organized into two very similar dimers. The structure of the
dimer resembles the letter ‘m’, with the AH domains at the center, sandwiched by the UC domains on both sides. The
two monomers are roughly related by a two-fold rotational symmetry (Figure 3A–C). Although the BCCP domain
is not present in the protein we crystallized, the structure of KlUC [17] allowed us to model it onto the observed
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KlUA�BCCP dimer. This indicates that the BCCP domains are located at opposite ends of the KlUA dimer (Figure
3A,B), which would allow it to move freely to deliver carboxyl-biotin between the BC and CT domains, consistent
with its role in the catalysis.

To confirm the physiological relevance of the observed dimer in the crystal, we characterized the architecture of
full-length KlUA by negatively stained electron microscopy (Figure 3D). Images of mono-dispersed KIUA particles
were subjected to alignment and 2D classification. The dimension and appearance of this average corresponds well to
the distinctive, ‘m’-shaped projection of the dimeric KIUA�BCCP crystal structure. However no density in the class
averages could be reliably assigned to domain BCCP, presumably due to its conformational flexibility (Figure 3E).
A small number of larger particles were also observed, and their sizes suggest that they correspond to a tetrameric
form of KlUA. These particles showed prominent structural variability, suggesting that they result from weak and
non-specific association of the KlUA dimers. The prevalence of the ‘m’-shaped particles observed in the electron
microscopy visualization (Figure 3F) suggests that full-length KIUA in solution adopts a dimeric structure similar to
that of KIUA�BCCP in the crystal.

Interactions between the KlUA monomers
In the KlUA dimer, the interactions between the monomers are located at two interfaces. One is between the AH
domains, which form a dimer identical with the isolated KlAH [14] (Figure 4A). This interface is composed of highly
conserved residues and buries 5000 Å2 of surface area. The other is between the UC CT domain and the AH N domain
from the other polypeptide. This interface is mainly contributed by helices αH and αI in the UC CT domain, and
helix α3 in the AH N domain, burying 1000 Å2 of surface area. Residues at this interface are not very conserved
among UA from different species [14,17] (Figure 4B).

To probe the physiological relevance of the interface between the AH domains, we introduced the G559E/G572E
mutation that renders the isolated KlAH monomeric [14], and determined its effect on the KlUA holo-enzyme for-
mation by analytical gel filtration experiments. In these experiments, the full-length KlUA has an apparent molecular
weight of 500 kDa (the molecular weight of the monomeric KlUA is 202 kDa), and KlUA�BCCP has an apparent
molecular weight of 400 kDa (the molecular weight of the monomeric form is 190 kDa, Figure 4C), indicating that
they both form homo-dimers. In contrast, the G559E/G572E mutant appeared to be monomeric, with an apparent
molecular weight of 310 kDa. Therefore, the extensive interface between the AH domains is essential for the UA
holo-enzyme assembly.

To assess the contribution of the UC–AH interface in the holo-enzyme formation, we tested whether isolated KlUC
and KlAH form a stable complex in solution. KlUC and KlAH are monomeric and dimeric in solution, respectively
[14,17]. They have similar molecular weights and elute at roughly the same volume in our analytical gel filtration
experiments. Their mixture elutes at the same volume, indicating that they do not form a stable complex in solution
(Figure 4C). The relatively smaller UC–AH interface therefore does not play a major role in the UA holo-enzyme
assembly.

In the isolated KlAH, the active sites are located near the dimer interface. The extensive interactions at the dimer
interface most likely stabilize the structure of the active sites. Consistent with this, the G559E/G572E mutation that
renders the isolated KlAH monomeric severely inhibited its activity [14]. The AH domains in KlUA form an identical
dimer, and the G559E/G572E mutation that renders the enzyme monomeric also severely reduces its AH activity
(Figure 4D and Table 2) and its overall activity (Figure 4E and Table 2). The interactions between the AH domains
in the KlUA holo-enzyme probably also stabilize the active site structures of the AH domain, and is required for its
optimal activity.

Translocation of allophanate
During the UA catalysis, allophanate is produced at the active site of the UC CT domain and is translocated to that of
the AH N domain for subsequent reaction. In the KlUA�BCCP structure, these active sites are located more than 70
Å apart. A somewhat continuous positively charged surface patch connects these active sites in the same polypeptide
(Figure 3C). Allophanate is negatively charged at physiological pH, and this prompted us to test if this patch mediates
substrate channeling of allophanate within the same KlUA polypeptide, which can greatly reduce the transit time of
reaction intermediates [30,31].

If allophanate is channeled between active sites in the same KlUA polypeptide, only a KlUA polypeptide with intact
UC and AH active sites can catalyze the urea to ammonium conversion. Otherwise, a UA polypeptide with defective
UC activity can cooperate with one with defective AH activity for the catalysis. To test if substrate channeling within
the same KlUA polypeptide takes place, we mixed the K1605A and S177A mutants of KlUA at 1:1 molar ratio and

6 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 4. Interactions between the monomers in the KlUA holo-enzyme.

(A) Interactions between the AH domains. One AH domain is color coded as in Figure 1A, the other is shown in gray. The structure of

the isolated KlAH dimer (PDB 4ISS, blue) is shown for reference. The black stars indicate the active sites of the N and C domains.

The red spheres indicate locations of Gly559 and Gly572. (B) Interactions between the UC CT and AH N domains. Secondary

structure elements participating in the interaction are labeled. The structure is colored according to the conservation of individual

residues among UA from different species. (C) Analytical gel filtration analysis of KlUA and related proteins. The column is calibrated

with standards with molecular weights ranging from 29 kDa to 669 kDa (black squares in the right panel). (D) and (E) AH (D) and

UA (E) activities of KlUA and its G559E/G572E mutant.
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Table 2 Summary of kinetic parameters

kcat (min−1) Km
1 (mM) kcat/Km (min−1 mM−1)

UA activity

KlUA 836 +− 11 (1.0)2,3 0.255 +− 0.018 (1.0) 3278 +− 276 (1.0)

KlUA (S177A) 47.1 +− 0.8 (0.056) 0.203 +− 0.020 (0.80) 232 +− 27 (0.071)

KlUA (K1605A) 79.7 +− 2.0 (0.095) 0.299 +− 0.039 (1.17) 267 +− 41 (0.081)

KlUA (G559E/G572E) 180.2 +− 3.2 (0.22) 0.361 +− 0.032 (1.42) 499 +− 54 (0.15)

KlUA (S177A) + KlUA (K1605A) 761 +− 19 (0.91) 0.216 +− 0.029 (0.85) 3524 +− 562 (1.08)

KlUC+KlAH 604 +− 7.9 (0.72) 0.246 +− 0.017(0.96) 2456 +− 205 (0.75)

KlUA (S177A) + KlAH 602 +− 10 (0.72) 0.363 +− 0.030 (1.43) 1655 +− 164 (0.51)

KlUA (K1605A) + KlUC 786 +− 11 (0.94) 0.254 +− 0.019 (1.0) 3096 +− 268 (0.94)

KlUA + 5x KlUC 1368 +− 43 (1.64) 0.188 +− 0.033 (0.74) 7898 +− 1509 (2.22)

KlUA + 5x KlAH 1184 +− 22 (1.42) 0.300 +− 0.029 (1.18) 3948 +− 457 (1.20)

AH activity

KlUA 2050+−41 (1.0) 0.36+−0.037 (1.0) 5695+−700 (1.0)

KlUA (G559E/G572E) 471+−22 (0.23) 1.04+−0.183 (2.88) 453+−101 (0.080)

KlAH 1523+−43 (0.74) 0.432+−0.060 (1.2) 3527+−592 (0.62)

1The Km values are for urea (UA activity) and allophanate (AH activity).
2Errors were obtained from fitting the experimental data to the Michaelis–Menten equation.
3Numbers in parentheses are ratios to the wild type values.

tested if the mixture can catalyzes urea to ammonium conversion. The conserved Lys1605 side chain in the UC CT
active site most likely serves as the essential general base for the CT reaction, and the K1605A mutation severely
inhibited the activity of the isolated KlUC [17]. The conserved Ser177 side chain hydroxyl in the AH N domain
active site performs the initial nucleophilic attack on allophanate, and the S177A mutation inactivates the isolated
KlAH [14]. These mutations should inhibit the UC and AH activities of UA, respectively. Consistently, neither mutant
was able to catalyze the urea to ammonium conversion efficiently (Figure 5A). In contrast, their mixture was able to
catalyze the urea to ammonium conversion as efficiently as the wild type KlUA (Figure 5A and Table 2). Therefore at
least in our experiment setup, substrate channeling of allophanate within the same KlUA polypeptide does not play a
major role.

KlUA is dimeric in solution and substrate channeling of allophanate could take place between different polypep-
tides within the holo-enzyme. If the dissociation and re-association of the KlUA dimer is rapid, mixing the K1605A
and S177A mutants at 1:1 molar ratio will generate a K1605A/S177A hybrid dimer, constituting 50% of the KlUA
dimer population. If allophanate is channeled between different polypeptides in the KlUA dimer, this is the only ac-
tive dimer species, and it has to catalyze the urea to ammonium conversion twice as fast as the wild type KlUA to
produce the effect we saw in Figure 5A. Additional experiments (see discussion) indicate that it is not likely to be
the case. Rather, Figure 5A is consistent with a model that allophanate is translocated from the active site of UC CT
domain to that of the AH N domain via diffusion through solvent.

The UA holo-enzyme catalyzes the urea to ammonium conversion more
efficiently
The KlUA holo-enzyme forms a tight complex. Although substrate channeling of allophanate is unlikely to take place
within the KlUA holo-enzyme, we found that it catalyzes the urea to ammonium conversion more efficiently. Com-
pared with the mixture of isolated KlUC and KlAH, its catalysis is approximately 30% faster (Figure 5B and Table
2).

We tested the possibility that this is due to enhanced AH or UC activities of the KlUA holo-enzyme. To compare
the activity of the AH domain in KlUA and the isolated KlAH, we compared the urea to ammonium conversion
activity of two mixtures: one contains KlUA mutants S177A and K1605A, the other contains KlUA mutant S177A
and isolated KlAH. In both mixtures the same protein catalyzes the UC reaction (KlUA mutant S177A). In the first
mixture the AH reaction is catalyzed by the AH domain in the KlUA K1605A holo-enzyme, whereas in the second it
is catalyzed by the isolated KlAH. The reaction catalyzed by the first mixture was approximately 30% faster, indicating
that the AH domain in the KlUA K1605A holo-enzyme is more active than the isolated KlAH (Figure 5B and Table
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Figure 5. Kinetic assays of KlUA and related proteins.

(A), (B) and (D) The UA activity of KlUA and related proteins/mixtures. (C) The AH activity of KlAH and full-length KlUA.

2). Measuring the AH activity of KlUA and isolated KlAH directly also indicates that the AH activity of KlUA is about
30% stronger (Figure 5C and Table 2). Therefore the KlUA holo-enzyme enhances its AH activity.

We performed a similar experiment to compare the activities of isolated KlUC and the UC domain in the KlUA
holo-enzyme. This experiment revealed that the urea to ammonium conversion activities of the KlUC/KlUA K1605A
and KlUA S177A/KlUA K1605A mixtures were roughly the same (Figure 5B and Table 2), suggesting that either
the isolated KlUC has the same activity as the UC domain in the KlUA S177A holo-enzyme, or the AH reaction is
rate-limiting. To test if the AH or the UC reaction is rate-limiting, we artificially increased the UC and AH activities by
supplementing KlUC and KlAH, respectively. If one of these reactions is rate-limiting, increasing its activity should
cause an increase in the overall UA reaction rate, whereas increasing the activity of the other should not have an
effect. The experiments revealed that increasing either the UC or the AH activities caused significant increases in the
overall UA reaction rate (Figure 5D and Table 2), indicating that no rate-limiting step in the KlUA catalysis could be
detected under the experimental conditions we used. Therefore, the activity of the isolated KlUC is not significantly
different from that of the UC domain in the KlUA S177A holo-enzyme. Assuming that the S177A mutation at the
AH N domain active site does not affect the UC activity, these data indicate that the KlUA holo-enzyme formation
does not affect its UC activity.

Discussion
Our crystallographic and electron microscopic studies on KlUA provided a clear picture of its holo-enzyme architec-
ture. The formation of the dimeric KlUA holo-enzyme is mediated by extensive and conserved interactions between
its AH domains, and relatively weaker, less conserved interactions between its UC and AH domains. If there is no
covalent linkage between the AH and UC domains, the latter is not strong enough to hold them to form a stable
complex. This suggests that AH and UC encoded by separated genes probably do not form a KlUA-like complex,
consistent with studies on a number of such AH and UC proteins [16,18,32].
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Although a continuous positively charged surface patch connects the active sites of the UC CT domain and the
AH N domain in the same KlUA polypeptide, our data argue against a model that it mediates substrate channeling of
allophanate. Instead, our data suggest that allophanate translocation is most likely via diffusion through solvent. The
KlUA K1605A/KlUC mixture and the KlUA S177A/KlAH mixture can both catalyze the urea to ammonium conver-
sion efficiently (Figure 5B). In these mixtures the KlUA holo-enzyme lacks either the UC or the AH activity. Therefore
translocation of allophanate within the KlUA holo-enzyme cannot sustain the UA catalysis, and the observed the UA
activity is entirely contributed by allophanate translocation between KlUA and isolated KlUC/KlAH, via diffusion
through solvent. In addition, supplementing KlUA with isolated KlUC or KlAH can significantly increase the overall
urea to ammonium conversion rate (Figure 5D), indicating that KlUA can take allophanate from solution (produced
by the isolated KlUC) and release it to solution (to the isolated KlAH). Therefore, substrate channeling of allophanate
within the same KlUA polypeptide or KlUA holo-enzyme is unlikely to play a role in the catalysis. A recent study on
the Pseudomonas syringae UC and AH also ruled out the possibility that they form a transit complex to facilitate
substrate channeling of allophanate during the catalysis [32].

KlUA forms a tight complex. Our study indicates that it catalyzes the urea to ammonium conversion more ef-
ficiently, compared with the mixture of isolated KlUC and KlAH. Subsequent analysis indicates that this is due to
enhanced AH activity in the KlUA holo-enzyme, whereas the UC activity may not be affected by the holo-enzyme
formation. The enhancement of the AH activity might be partly contributed by the interactions between the AH and
UC domains, which could stabilize the structure of the AH domain. In addition, the positively charged surface patch
on the UC domain near the AH N domain active site (Figure 3C) might facilitate the recruitment of allophanate,
and enhance the AH activity. This suggests that the single-polypeptide form of UA is a more efficient nano-machine,
compared with those composed of separated UC and AH proteins. The UA gene is most likely the result of a fusion
event of the AH and UC genes. Our data indicate that such fusion produces a more efficient UA, therefore might
confer a selective advantage in evolution. Gene fusion is among the most commonly utilized means by nature to gen-
erate novel genes, and it has been suggested that fusion events do not occur randomly and confer selective advantage
[33,34]. Our study on KlUA provides an interesting example in this regard.

The AH domain plays a central role in the KlUA holo-enzyme formation. It is located at the center of the
holo-enzyme and mediates most of the interactions between KlUA polypeptides. Its activity is enhanced by inter-
actions with other domains in the holo-enzyme, which probably stabilizes its structure and/or facilitates its substrate
recruitment. In many microorganisms, AH (also called AtzF and TrzF) is involved in the cyanuric acid degradation
pathway [35-37], and forms a complex with AtzD (cyanuric acid amidohydrolase) and AtzE (biuret amidohydro-
lase), enzymes upstream in this pathway [19]. It would be interesting to see what role it plays in the formation of this
complex, and if its activity is enhanced by this complex.

Accession Numbers
The structure factors and coordinates for the KlUA�BCCP structure have been deposited into the Protein Data Bank,
with accession code 5I8I.

Acknowledgments
We thank Prof. Jianhua He and staff scientists at the Shanghai Synchrotron Radiation Facility beamline BL17U for assistance dur-
ing diffraction data collection, and Chunlian Sun at Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences for assistance with activity assays.

Funding
This work is supported by the Natural Science Foundation of China [grant number 31570743], the Ministry of Science and Tech-
nology of China [973 program 2011CB910500] and the One Hundred Talents Program of the Chinese Academy of Sciences.

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

Author Contribution
J.Z. performed the protein expression, crystallization and activity experiments. J.Z. and S.X. conducted the crystal structure de-
termination and refinement. L.Z. and Y.W. performed the electron microscope study. C.F. constructed and optimized the expres-
sion construct and performed initial crystallization trials. S.X. wrote the manuscript.

10 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20171617
https://doi.org/10.1042/BSR20171617

Abbreviations
AH, allophanate hydrolase; BC, biotin carboxylase; BCCP, biotin-carboxyl carrier protein; CT, carboxyltransferase; KlAH, K.
lactis AH; KlUA, K. lactis UA; KlUC, K. lactis UC; UA, urea amidolyase; UC, urea carboxylase.

References
1 Mobley, H.L. and Hausinger, R.P. (1989) Microbial ureases: significance, regulation, and molecular characterization. Microbiol. Rev. 53, 85–108
2 Mobley, H.L., Island, M.D. and Hausinger, R.P. (1995) Molecular biology of microbial ureases. Microbiol. Rev. 59, 451–480
3 Sirko, A. and Brodzik, R. (2000) Plant ureases: roles and regulation. Acta Biochim. Pol. 47, 1189–1195
4 Roon, R.J. and Levenberg, B. (1968) An adenosine triphosphate-dependent, avidin-sensitive enzymatic cleavage of urea in yeast and green algae. J.

Biol. Chem. 243, 5213–5215
5 Navarathna, D.H., Harris, S.D., Roberts, D.D. and Nickerson, K.W. (2010) Evolutionary aspects of urea utilization by fungi. FEMS Yeast Res. 10,

209–213, https://doi.org/10.1111/j.1567-1364.2009.00602.x
6 Strope, P.K., Nickerson, K.W., Harris, S.D. and Moriyama, E.N. (2011) Molecular evolution of urea amidolyase and urea carboxylase in fungi. BMC Evol.

Biol. 11, 80, https://doi.org/10.1186/1471-2148-11-80
7 Andersen, G., Bjornberg, O., Polakova, S., Pynyaha, Y., Rasmussen, A., Moller, K. et al. (2008) A second pathway to degrade pyrimidine nucleic acid

precursors in eukaryotes. J. Mol. Biol. 380, 656–666, https://doi.org/10.1016/j.jmb.2008.05.029
8 Ghosh, S., Navarathna, D.H., Roberts, D.D., Cooper, J.T., Atkin, A.L., Petro, T.M. et al. (2009) Arginine-induced germ tube formation in Candida albicans

is essential for escape from murine macrophage line RAW 264.7. Infect. Immun. 77, 1596–1605, https://doi.org/10.1128/IAI.01452-08
9 Vylkova, S., Carman, A.J., Danhof, H.A., Collette, J.R., Zhou, H. and Lorenz, M.C. (2011) The fungal pathogen Candida albicans autoinduces hyphal

morphogenesis by raising extracellular pH. MBio 2, e00055–e00011, https://doi.org/10.1128/mBio.00055-11
10 Navarathna, D.H., Lionakis, M.S., Lizak, M.J., Munasinghe, J., Nickerson, K.W. and Roberts, D.D. (2012) Urea amidolyase (DUR1,2) contributes to

virulence and kidney pathogenesis of Candida albicans. PLoS One 7, e48475, https://doi.org/10.1371/journal.pone.0048475
11 Whitney, P.A. and Cooper, T.G. (1972) Urea carboxylase and allophanate hydrolase. Two components of adenosine triphosphate:urea amido-lyase in

Saccharomyces cerevisiae. J. Biol. Chem. 247, 1349–1353
12 Attwood, P.V. and Wallace, J.C. (2002) Chemical and catalytic mechanisms of carboxyl transfer reactions in biotin-dependent enzymes. Acc. Chem. Res.

35, 113–120, https://doi.org/10.1021/ar000049+
13 Jitrapakdee, S. and Wallace, J.C. (2003) The biotin enzyme family: conserved structural motifs and domain rearrangements. Current Protein Pept. Sci.

4, 217–229, https://doi.org/10.2174/1389203033487199
14 Fan, C., Li, Z., Yin, H. and Xiang, S. (2013) Structure and function of allophanate hydrolase. J. Biol. Chem. 288, 21422–21432,

https://doi.org/10.1074/jbc.M113.453837
15 Kanamori, T., Kanou, N., Atomi, H. and Imanaka, T. (2004) Enzymatic characterization of a prokaryotic urea carboxylase. J. Bacteriol. 186, 2532–2539,

https://doi.org/10.1128/JB.186.9.2532-2539.2004
16 Kanamori, T., Kanou, N., Kusakabe, S., Atomi, H. and Imanaka, T. (2005) Allophanate hydrolase of Oleomonas sagaranensis involved in an

ATP-dependent degradation pathway specific to urea. FEMS Microbiol. Lett. 245, 61–65, https://doi.org/10.1016/j.femsle.2005.02.023
17 Fan, C., Chou, C.Y., Tong, L. and Xiang, S. (2012) Crystal structure of urea carboxylase provides insights into the carboxyltransfer reaction. J. Biol.

Chem. 287, 9389–9398, https://doi.org/10.1074/jbc.M111.319475
18 Lin, Y. and St Maurice, M. (2013) The structure of allophanate hydrolase from Granulibacter bethesdensis provides insights into substrate specificity in

the amidase signature family. Biochemistry 52, 690–700, https://doi.org/10.1021/bi301242m
19 Balotra, S., Newman, J., Cowieson, N.P., French, N.G., Campbell, P.M., Briggs, L.J. et al. (2015) X-ray structure of the amidase domain of AtzF, the

allophanate hydrolase from the cyanuric acid-mineralizing multienzyme complex. Appl. Environ. Microbiol. 81, 470–480,
https://doi.org/10.1128/AEM.02783-14

20 Leslie, A.G.W. and Powell, H.R. (2007) Processing diffraction data with MOSFLM. NATO Sci. Ser. II Math. 245, 41–51
21 Evans, P. (2006) Scaling and assessment of data quality. Acta Crystallogr. D. Biol. Crystallogr. 62, 72–82,

https://doi.org/10.1107/S0907444905036693
22 McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C. and Read, R.J. (2007) Phaser crystallographic software. J. Appl. Crystallogr.

40, 658–674, https://doi.org/10.1107/S0021889807021206
23 Emsley, P. and Cowtan, K. (2004) Coot: model-building tools for molecular graphics. Acta Crystallogr. D. Biol. Crystallogr. 60, 2126–2132,

https://doi.org/10.1107/S0907444904019158
24 Jones, T.A., Zou, J.Y., Cowan, S.W. and Kjeldgaard, M. (1991) Improved methods for building protein models in electron density maps and the location

of errors in these models. Acta Crystallogr. A 47, 110–119, https://doi.org/10.1107/S0108767390010224
25 Adams, P.D., Afonine, P.V., Bunkoczi, G., Chen, V.B., Davis, I.W., Echols, N. et al. (2010) PHENIX: a comprehensive Python-based system for

macromolecular structure solution. Acta Crystallogr. D. Biol. Crystallogr. 66, 213–221, https://doi.org/10.1107/S0907444909052925
26 Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J., Emsley, P., Evans, P.R. et al. (2011) Overview of the CCP4 suite and current developments. Acta

Crystallogr. D. Biol. Crystallogr. 67, 235–242, https://doi.org/10.1107/S0907444910045749
27 Tang, G., Peng, L., Baldwin, P.R., Mann, D.S., Jiang, W., Rees, I. et al. (2007) EMAN2: an extensible image processing suite for electron microscopy. J.

Struct. Biol. 157, 38–46, https://doi.org/10.1016/j.jsb.2006.05.009
28 Scheres, S.H. (2012) RELION: implementation of a Bayesian approach to cryo-EM structure determination. J. Struct. Biol. 180, 519–530,

https://doi.org/10.1016/j.jsb.2012.09.006

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

11

https://doi.org/10.1111/j.1567-1364.2009.00602.x
https://doi.org/10.1186/1471-2148-11-80
https://doi.org/10.1016/j.jmb.2008.05.029
https://doi.org/10.1128/IAI.01452-08
https://doi.org/10.1128/mBio.00055-11
https://doi.org/10.1371/journal.pone.0048475
https://doi.org/10.1021/ar000049+
https://doi.org/10.2174/1389203033487199
https://doi.org/10.1074/jbc.M113.453837
https://doi.org/10.1128/JB.186.9.2532-2539.2004
https://doi.org/10.1016/j.femsle.2005.02.023
https://doi.org/10.1074/jbc.M111.319475
https://doi.org/10.1021/bi301242m
https://doi.org/10.1128/AEM.02783-14
https://doi.org/10.1107/S0907444905036693
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0108767390010224
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1016/j.jsb.2006.05.009
https://doi.org/10.1016/j.jsb.2012.09.006


Bioscience Reports (2018) 38 BSR20171617
https://doi.org/10.1042/BSR20171617

29 Kaltwasser, H. and Schlegel, H.G. (1966) NADH-dependent coupled enzyme assay for urease and other ammonia-producing systems. Anal. Biochem.
16, 132–138, https://doi.org/10.1016/0003-2697(66)90088-1

30 Miles, E.W., Rhee, S. and Davies, D.R. (1999) The molecular basis of substrate channeling. J. Biol. Chem. 274, 12193–12196,
https://doi.org/10.1074/jbc.274.18.12193

31 Huang, X., Holden, H.M. and Raushel, F.M. (2001) Channeling of substrates and intermediates in enzyme-catalyzed reactions. Annu. Rev. Biochem. 70,
149–180, https://doi.org/10.1146/annurev.biochem.70.1.149

32 Lin, Y., Boese, C.J. and St Maurice, M. (2016) The urea carboxylase and allophanate hydrolase activities of urea amidolyase are functionally
independent. Protein Sci. 25, 1812–1824, https://doi.org/10.1002/pro.2990

33 Yanai, I., Derti, A. and DeLisi, C. (2001) Genes linked by fusion events are generally of the same functional category: a systematic analysis of 30
microbial genomes. Proc. Natl. Acad. Sci. USA 98, 7940–7945, https://doi.org/10.1073/pnas.141236298

34 Andersson, D.I., Jerlstrom-Hultqvist, J. and Nasvall, J. (2015) Evolution of new functions de novo and from preexisting genes. Cold Spring Harb.
Perspect. Biol. 7, https://doi.org/10.1101/cshperspect.a017996

35 Cheng, G., Shapir, N., Sadowsky, M.J. and Wackett, L.P. (2005) Allophanate hydrolase, not urease, functions in bacterial cyanuric acid metabolism.
Appl. Environ. Microbiol. 71, 4437–4445, https://doi.org/10.1128/AEM.71.8.4437-4445.2005

36 Shapir, N., Sadowsky, M.J. and Wackett, L.P. (2005) Purification and characterization of allophanate hydrolase (AtzF) from Pseudomonas sp. strain ADP.
J. Bacteriol. 187, 3731–3738, https://doi.org/10.1128/JB.187.11.3731-3738.2005

37 Shapir, N., Cheng, G., Sadowsky, M.J. and Wackett, L.P. (2006) Purification and characterization of TrzF: biuret hydrolysis by allophanate hydrolase
supports growth. Appl. Environ. Microbiol. 72, 2491–2495, https://doi.org/10.1128/AEM.72.4.2491-2495.2006

12 c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

https://doi.org/10.1016/0003-2697(66)90088-1
https://doi.org/10.1074/jbc.274.18.12193
https://doi.org/10.1146/annurev.biochem.70.1.149
https://doi.org/10.1002/pro.2990
https://doi.org/10.1073/pnas.141236298
https://doi.org/10.1101/cshperspect.a017996
https://doi.org/10.1128/AEM.71.8.4437-4445.2005
https://doi.org/10.1128/JB.187.11.3731-3738.2005
https://doi.org/10.1128/AEM.72.4.2491-2495.2006

