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Abstract 24 

N-Carbamoyl-β-Alanine Amidohydrolase (CβAA) constitute one of the most important groups of 25 

industrially relevant enzymes used in production of optically pure amino acids and derivatives. In 26 

this study, a N-carbamoyl-β-alanine amidohydrolase encoding gene from Rhizobium radiobacter 27 

MDC 8606 was cloned and overexpressed in Escherichia coli. The purified recombinant enzyme 28 

(RrCβAA) showed a specific activity of 14 U/mg using N-carbamoyl- β-alanine as a substrate with 29 

an optimum activity of 55°C at pH 8.0. In this work, we report also the first prokaryotic N-30 

carbamoyl-β-alanine amidohydrolases structure at a resolution of 2.0 Å. A discontinuous catalytic 31 

domain and a dimerization domain attached through a flexible hinge region at the domain interface 32 

has been revealed. We have found that the ligand is interacting with a conserved glutamic acid 33 

(Glu131), histidine (H385) and arginine (Arg291) residues. Studies let us to explain the preference 34 

on the enzyme for linear carbamoyl substrates as large carbamoyl substrates cannot fit in the 35 

active site of the enzyme. This work envisages the use of RrCβAA from the Rhizobium radiobacter 36 

MDC 8606 for the industrial production of L-α-, L-β-, and L-γ – amino acids. The structural analysis 37 

provides new insights on enzyme–substrate interaction, which shed light on engineering of N-38 

carbamoyl-β-alanine amidohydrolases for high catalytic activity and broad substrate specificity. 39 

  40 
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Introduction 41 

Optically pure L-amino acids find many industrial uses, where they are used as feed and food 42 

additives and as intermediates for pharmaceuticals, cosmetics, and pesticides [1]. While there are 43 

only 20 standard proteinogenic amino acids, hundreds of amino acids have been identified in 44 

nature, or have been chemically synthesized [2]. Although they are less abundant than their 45 

proteinogenic L-α-analogues, natural and synthetic L-β-, L-γ-, and L-δ- amino acids have found 46 

applications in the pharmaceutical industry such as diaminobutiric acid [3], as well as in different 47 

fields of biotechnology such as being used to investigate the structure and dynamics of proteins, to 48 

study protein interactions, and to modulate the activity of proteins in living cells [4]. β-Amino acids, 49 

have been used as building blocks of peptides, peptidomimetics, and many other physiologically 50 

active compounds [5]; for example, β-alanine is used as a dietary supplement, especially by 51 

athletes for its potential activity in the formation of the dipeptides anserine and carnosine [6], which 52 

may improve cerebral blood flow and verbal episodic memory [7]․Another example is the well-53 

known γ-aminobutyric acid and its derivatives, which are widely used as health supplements [8]. δ-54 

Amino acids are particularly valuable as chemical precursors, for example 5-aminovalerate is a C5 55 

platform chemical used in the synthesis of δ-valerolactam [9], glutarate [10], and as a precursor for 56 

nylon fibres [11], and resins [12].  57 

In the last decade, chemical synthesis of these amino acids has received considerable research 58 

attention, and several reviews on catalytic asymmetric synthesis strategies can be found [13]. 59 

From the biotechnological point of view, among the amino acid production technologies, the 60 

hydantoinase process is distinguished as a multienzyme and ecologically friendly process, which 61 

guarantees absolute stereospecificity in the production of amino acids [14]. With this method, the 62 

potential production of any optically pure amino acids from a wide spectrum of D-, L-5-63 

monosubstituted hydantoins has proven to be viable [1, 15]. The method is widely used for the 64 

production of L- and D- amino acids by using L-N-(E.C. 3.5.1.87) or D-N-carbamoylase enzymes 65 

(E.C. 3.5.1.77), which convert N-carbamoyl-amino acids to their corresponding optically pure 66 

amino acids in the last stage of the hydantoinase process [16-17]. Characterization of prokaryotic 67 

N-Carbamoyl-β-Alanine amidohydrolase enzymes (NCβAAs, E.C. 3.5.1.6) has opened a new route 68 

for the hydantoinase process, suggesting that the enzyme, due to its broad substrate spectrum, 69 

can be used to obtain not only L-α-, but also L-β-, L-γ-, L-δ-amino acids [1], thus opening up new 70 

application opportunities for an old enzyme. NCβAA is also able to hydrolyse non-substituted 71 

substrate analogues in which the carboxyl group is replaced by a sulfonic or phosphonic acid 72 

group [18]; however, very little biochemical or structural information is available for this enzyme 73 

and only four enzymes of prokaryotic origin have been characterized to date [18–21]. N-74 

Carbamoyl-β-alanine amidohydrolase, also known as β-alanine synthase/β-ureidopropionase, is 75 

the third enzyme participating in the degradation of uracil and thymine, which converts N-76 

carbamoyl-β-alanine and 2-methyl-N-carbamoyl-β-alanine to β-alanine and 2-methyl-β-alanine, 77 

respectively [22]. The structure/function relationships for eukaryotic versions of these enzymes 78 
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have been determined [23-24]. Despite the same function, the prokaryotic versions of these 79 

enzymes are structurally and functionally more closely related to the bacterial N-L-carbamoylases 80 

[18]. There are unpublished crystal structures of amidohydrolases from Burkholderia species in the 81 

PDB, and L-N-carbamoylase of Geobacillus stearothermophilus CECT43 which has only 36 % 82 

amino acid sequence identity to RrCβAA. In this study, we present crystal structure of the 83 

Rhizobium radiobacter MDC 8606 N-carbamoyl-β-alanine amidohydrolase and assess its activity 84 

profile at different experimental conditions and determine its activity against a range of substrates. 85 

Our findings illuminate key specificity features compared with L-N-carbamoylases, which show 86 

activity toward only N-carbamoyl-α-amino acids. Our findings highlight the utility of this enzyme for 87 

a range of industrially relevant biotransformations producing valuable amino-acid products.  88 

  89 
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Results and discussion 90 

Analysis of the R. radiobacter MDC 8606 CβAA protein sequence 91 

The gene encoding R. radiobacter MDC 8606 CβAA (Rr CβAA) was amplified from the DNA of a 92 

strain held in the Microbial Depository Centre (MDC) of the SPC Armbiotechnology NAS RA, 93 

Armenia. Analysis of the translated protein sequence confirms that this protein is a member of the 94 

carbamoyl-amidohydrolase family (EC 3.5.1.6) (Supplementary Figure 1) with between 20 - 97 % 95 

amino acid sequence identity with enzymes in this family with demonstrated amidohydrolase 96 

activity. Based on analysis of the sequence activity relationships in this family, and the high degree 97 

of amino acid conservation in functionally important sites between the RrCβAA and bacterial N-98 

carbamoyl-β-alanine amidohydrolases, we propose this enzyme as a bacterial L-N-carbamoylase 99 

in the peptidase M20 family [1].  100 

Production and purification of recombinant R. radiobacter MDC 8606 CβAA 101 

To study the biochemical and structural properties of the RrCβAA protein, a plasmid was 102 

assembled to produce a C-terminally hexahistidine tagged recombinant version in Escherichia coli 103 

BL21(DE3). The protein was purified to homogeneity by a two-step purification procedure, using 104 

immobilised metal affinity chromatography (Supplementary Figure 2) and size exclusion 105 

chromatography (Figure 1). A single major peak was apparent on the size exclusion 106 

chromatogram at 74.4 mL, based on the calibration of this column, this can be ascribed to a 107 

protein with an apparent molecular weight of 90 kDa, this is consistent with the protein being a 108 

dimer in solution. (Figure 1A). SDS-PAGE analysis shows a singlemain band of around 45 kDa, 109 

which is consistent with the calculated molecular weight of the protein of 44.7 kDa (Figure 1B).  110 

The purified protein from the 74.4 mL size exclusion fraction was 30-times more active against N-111 

carbamoyl β-alanine than the crude lysate and displayed an activity of around 13.4 U/mg under our 112 

standard assay conditions with the N-carbamoyl-L-β-alanine substrate (Supplementary Table 1). 113 
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 114 

Figure 1. Purification of recombinant RrCβAA. A) Recombinant RrCβAA was purified by size exclusion 115 
chromatography after immobilised metal ion chromatography. The sample was run on a Superdex S200 116 
16/60 column equilibrated with buffer containing 50 mM Tris.HCl pH 8.0, 150 mM NaCl. A single major peak 117 
at 74.4 mL is visible on the chromatogram. Peak fractions between 62 and 86 mL (labelled with a star) were 118 
collected for downstream analysis. B) SDS-PAGE of peak fractions (lanes 1-8) from the size exclusion 119 
chromatography run. The Fermentas pre-stained PageRuler was used at the molecular weight marker and 120 
the gel was stained with Coomassie brilliant blue stain. 121 

R. radiobacter CβAA displays optimal activity between 50 and 60˚C 122 

To assess the impact of temperature on the activity profile of RrCβAA, the purified enzyme was 123 

assayed at temperatures between 25 and 70 ˚C for reaction times of fifteen minutes. The 124 

normalised reaction progress data shows a temperature optimum of 55 ˚C for the enzyme in the 125 

conditions tested (Figure 2 blue line and Supplementary Table 2). The thermostability of the 126 

enzyme was determined by incubating RrCβAA at different temperatures for fifteen minutes and 127 

assessing the residual activity at 40 ˚C. The enzyme displayed no significant reduction in activity 128 

up to 40 ˚C, with 50 % of activity lost at 65 ˚C (Figure 2 orange line and Supplementary Table 129 

3). 130 

 131 

Figure 2. Activity and stability of RrCβAA with varying temperature. The activity and stability of the 132 
recombinant RrCβAA enzyme was assessed between 25 and 70˚C. Experiments were performed with two 133 
technical replicates each from two biological replicates. Blue points show the activity profile over the 134 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


temperature range at a fifteen-minute end point; the blue line represents the mean of the four measured 135 
replicates. Orange points show residual activity of enzyme after fifteen minutes pre-incubation over the 136 
temperature range prior to assay for fifteen minutes at 40˚C; the orange line represents the mean of the four 137 
measured replicates. 138 

Divalent cations are required for Rr CβAA activity 139 

The activity of the peptidase M20/M25/M40 family is known to be dependent on the presence of 140 

divalent cations in the active site to activate a catalytic water [25]. The purified RrCβAA enzyme 141 

was incubated in phosphate buffer with the addition of various cations, chelators, and reducing 142 

agents (Figure 3A and Supplementary Table 4). The addition of EDTA abolishes almost all 143 

enzyme activity, which is consistent with the requirement of metal cations for enzyme activity. The 144 

enzyme showed only 5 % activity after 1 hour incubation in the presence of 2 mM EDTA, whereas 145 

a continued overnight incubation fully inactivated RrCβAA. Assay of the prepared protein with the 146 

addition of divalent cations showed that Cd2+, Co2+, Ni2+, and Mg2+ had a strong positive effect on 147 

the enzyme activity, while Zn2+ and Cu2+ have distinct inhibitory effects on the purified enzyme.  148 

In our experiments, full activity recovery of EDTA inactivated enzyme, was detected after 149 

incubation for one hour at 4 °C in phosphate buffer containing Mn2+, Ni2+, Co2+, or Cd2+, at 2 mM 150 

concentration (Figure 3B and Supplementary Table 5). While eukaryotic N-Carbamoyl-β-alanine 151 

amidohydrolase has been described as a Zn2+ dependent enzyme, our results show that the 152 

EDTA-inactivated RrCβAA is not recovered with Zn2+. Moreover, it shows an inhibitory effect on the 153 

purified recombinant enzyme, whereas Cu2+ was shown to be a stronger inhibitor for the RrCβAA 154 

enzyme. Enzyme activity was not affected by Fe2+, which is known as L-N-carbamoylase activator 155 

[26], nor by Sn2+ and Pb2+, known as inhibitors of P. putida IF0 12996 β-ureidopropionase [20]. 156 

Similar results were seen for βcarAt from Agrobacterium tumefaciens C58 [18], where the enzyme 157 

activity can be recovered with Mn2+, Ni2+, and Co2+. Interestingly the activity βcarAt could not be 158 

recovered with Cd2+, which is one of the preferred metal cations for RrCβAA. Moreover, Cd2+ 159 

shows an inhibitory effect on β-ureidopropionase from Pseudomonas putida IFO 12996 [20]. 160 

It is not possible to distinguish the physiological metal cation from these experiments, in the E. coli 161 

cytosol the recombinant enzyme is likely to be loaded with Zn2+; however, the metal binding site is 162 

clearly labile, as the cation is able to be removed with EDTA treatment and replaced with those 163 

added in excess in vitro. 164 

Disulfide reducing agents such as β-mercaptoethanol and DTT do not show any inhibitory effects 165 

on the activity of the enzyme. Enzyme activity was not altered in the presence of 2 and 5 mM β-166 

mercaptoethanol. Interestingly, the sulfhydryl reagent DTNB showed an inactivating effect on the 167 

enzyme. These results indicate that while cysteine residues do not play a key role in the enzyme 168 

activity, DTNB may form a covalent adduct that interferes with the activity of the enzyme through 169 

interactions with cysteine residues close to the active site. βcarAt from Agrobacterium tumefaciens 170 
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C58 was not inhibited by DTNB [18], whereas this compound showed inhibitory effect on other β-171 

ureidopropionase and L-N-carbamoylase proteins. 172 

 173 

 174 

Figure 3. Effect of cations and chemical compounds on the activity of RrCβAA. A) The activity of the 175 
recombinant RrCβAA enzyme was assessed after 1 hour incubation at 4˚C in the presence of 2 mM of 176 
different metals and EDTA, or 5 mM of DTNB, DTT, and β-mercaptoethanol. B) The recombinant RrCβAA 177 
enzyme was incubated with EDTA prior to the addition of different metals. Experiments were performed with 178 
three technical replicates each from two biological replicates. A specific activity of 13.6 U/mg obtained 179 
without additives was defined as 100 % activity.  180 
  181 
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RrCβAA displays a broad substrate range with optimal activity against N-carbamoyl-L-β-182 

alanine 183 

To better understand the substrate specificity of the RrCβAA enzyme, we investigated its activity 184 

against N-carbamoyl-L-, D- and DL- amino acids (Figure 4 and Supplementary Table 6). The 185 

enzyme displays no activity toward N-carbamoyl-D-amino acids, with a clear stereo specificity 186 

toward N-carbamoyl-L-amino acids. Since the enzyme catalyses the third step in the pyrimidine 187 

degradation pathway, it shows greatest catalytic efficiency for N-carbamoyl-L-β-alanine. This is in 188 

contrast with the recombinant Atβcar from Agrobacterium tumefaciens C58, which displayed the 189 

highest activity toward N-carbamoyl-L-methionine [27]. The RrCβAA enzyme displayed a specific 190 

activity toward N-carbamoyl-L-α-alanine which was 2-fold lower than to N-carbamoyl-L-β-alanine, 191 

which differs only by the position of the carbamide group. In case of N-carbamoyl-L-β-alanine, the 192 

carbamide group is located at the edge of the β-carbon position, resulting in a linear structure. 193 

Similar results have been obtained with N-carbamoyl-α-amino- and N-carbamoyl-γ- amino butyric 194 

acids. The movement of the carbamide group from α- to the γ-position resulted in a more than 1.5-195 

fold increase in the specific activity. Conversely, RrCβAA displayed very low activity against N-196 

carbamoyl-L-valine and N-carbamoyl-L-leucine. Similar results were obtained with N-carbamoyl-L-197 

α-phenyl-β-alanine and N-carbamoyl-L-β-phenyl-β-alanine. RrCβAA displayed good activity toward 198 

N-carbamoyl-L-methionine, which implies that the sulfur containing sidechain is accommodated 199 

within the active site in some way.  200 

Our results indicate that RrCβAA has a distinct preference for N-carbamoyl-L-amino acids with 201 

linear R-groups and that its active site does not readily accommodate to the branched hydrophobic 202 

or aromatic sidechains. 203 

 204 

Figure 4. Substrate specificity of RrCβAA. The specific activity of purified RrCβAA was assessed toward 205 
various N-carbamoyl-amino acids. A reaction mixture containing 100 mM of different N-carbamoyl-amino 206 
acids was incubated at 40 ˚C for 10 min. The reaction was started by adding enzyme and was carried out for 207 
15 min at 40 ˚C, pH 8.0. Experiments were performed with two technical replicates each from two biological 208 
replicates.  209 
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Crystal structure RrCβAA 210 

Based on our results demonstrating a requirement for metal binding for catalysis and our 211 

exploration of the substrate preference of the RrCβAA, we determined crystal structure of RrCβAA 212 

to better understand the structure/function relationships that mediate substrate specificity in this 213 

enzyme. The structure of RrCβAA was determined to 2 Å resolution in P22121 space group, with 214 

two molecules in the asymmetric unit representing the functional dimer of the protein 215 

(Supplementary Table 7) (Figure 5A). The RrCβAA enzyme has a discontinuous catalytic domain 216 

from the N-terminus to residue 213 and residue 331 to the C-terminus. The dimerization domain is 217 

intercalated within the catalytic domain and comprises residues 214-330. The dimerization 218 

interface is formed between beta strands on one face of the domain (residues 269-278) and alpha 219 

helices on the opposite face (residues 230-260). The interface has a hydrophobic core, formed by 220 

the side chains of residues from both the strands and helices, a network of hydrogen bonds 221 

stabilising the beta-strand interface, and salt bridges across the top face of the alpha-helical 222 

interface (Supplementary Figure 3).  223 

The catalytic and dimerization domains of RrCβAA are attached through a flexible hinge region at 224 

the domain interface. In other structural models of proteins in this family the catalytic domain 225 

rotates around this hinge to open and close the active site cleft. When aligned to other models, it is 226 

apparent that our RrCβAA model is in a partially closed state, with the catalytic domains of both 227 

chains in the asymmetric unit adopting essentially identical conformations. The hinging movement 228 

shown in previously determined models is found on a continuum between fully closed [28] and a 229 

wide-open state [29] (Supplementary Figure 4A). The models show a rotation range of 230 

approximately 45˚; and when the catalytic domains are aligned, there is a relative 30 Å movement 231 

around the axis of rotation between the closed and open states at the end of the dimerization 232 

domain (Supplementary Figure 4B). 233 

Each protein chain in the dimer has electron density features consistent with the presence of 234 

divalent cations in the putative metal binding site. These were modelled as Zn2+ ions based on the 235 

availability of zinc ions in E. coli expression host, and the presence of zinc in other published 236 

structures in this family. The Zn2+ ions coordinate conserved glutamic acid and histidine residues 237 

with ligand coordination distances of approximately 2.1 Å (Figure 5B). A strong peak of electron 238 

density was observed in the vicinity of the active site and a MES buffer molecule from the 239 

crystallisation condition was modelled in this region. The modelled MES refined well with good 240 

electron density fit and B-factors (Figure 5B and Supplementary Figure 5). 241 
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 242 

Figure 5. Crystal structure of RrCβAA. A) Overall structure of RrCβAA shown in cartoon depiction, 243 
monomers are coloured orange and blue. The dimerization domain of one monomer is highlighted in mid-244 
blue, with the catalytic domain shown in light blue. B) Metal and ligand binding site of RrCβAA with 245 
interacting residues shown in stick representation coloured by atom. The ligand binding site comprises 246 
residues from both monomers, shown in orange and blue. Zinc ions are shown as purple spheres with 247 
coordinating bonds shown as purple dashes. A competing MES buffer ligand molecule from the 248 
crystallization condition is bound in the ligand binding site.  249 

The presence of high concentrations of the competing MES buffer in the crystallisation condition 250 

hindered experiments to soak ligands, such as N-carbamoyl-beta-alanine, into the active site of the 251 

crystals to determine a structure of an enzyme ligand complex. Structural alignments of our 252 

RrCβAA model with other structures in this family with ligands in their active sites gives some 253 

insight into the ligand binding site (Figure 6A).  254 

The carbamoyl group of the modelled ligands occupy a space close to the metal binding site where 255 

the group is oriented through interactions with the cations and cluster of conserved amino acids 256 

including glutamine (Gln196), glutamic acid (Glu131) and histidine residues (His385). The 257 

carboxylic acid group of the ligand forms a salt bridge with the conserved arginine residue 258 

(Arg291). These interactions essentially constrain the ligand binding at both functional groups. To 259 

form a productive ligand complex, the protein must engage ligand while in an open state and close 260 

around it to facilitate catalysis [29]. The observed preference for linear, and gamma substituted 261 

carbamoyl amino acids is a consequence of the steric constraints posed by the amino acids lining 262 

the active site cleft (Figure 6B). Large aromatic carbamoyl amino acids cannot fit within the closed 263 

active site and therefore the enzyme is not active against them. However, linear side chains at the 264 

alpha and beta positions may be accommodated in the active site cleft to form productive 265 

complexes. 266 

 267 
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 268 

 269 

Figure 6. Productive ligand binding in RrCβAA is constrained by a tight active site cleft in the closed 270 
conformation. A) Structural homologues with bound ligands were aligned to the RrCβAA structural model. 271 
RrCβAA is shown as orange and blue cartoons with metal and ligand binding residues shown as stick 272 
representations with bound MES buffer shown. Modelled ligands are as follows: UGC – (S)-ureidoglycolate 273 
from PDB: 4PXB; GLV – beta-alanine from PDB 2V8G; URP – N-carbamoyl-beta-alanine from PDB: 5THW. 274 
B) Active site cleft shown with transparent surface to highlight the physical constraints placed on ligand 275 
binding in this space. 276 

 277 
  278 
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Conclusion 279 

In this work we have demonstrated the recombinant production and activity of the R. radiobacter 280 

N-Carbamoyl-β-Alanine amidohydrolase enzyme (RrCβAA). RrCβAA was purified as a 281 

homodimer, like other β-ureidopropionase and L-N-carbamoylases, except L-N-carbamoylases 282 

characterize from Brevibacillus reuszeri HSN1 and Pseudomonas sp. ON-4 which have been 283 

shown to exist as a homotrimer and homotetramer, respectively [30]. Among studied 284 

carbamoylases with L-steriospecificity only N-Carbamoyl-β-Alanine amidohydrolase of A. 285 

tumefaciens C58 and L-N-carbamoylase of P. putida IFO 12996 have been demonstrated to have 286 

β-ureidopropionase activity (Table 1).  287 

All β-ureidopropionase and L-N-carbamoylases are described as metalloenzymes and RrCβAA is 288 

no exception to this rule. The chelating agent EDTA abolishes the enzyme activity, which was 289 

recovered by the addition of Mn2+, Ni2+, Co2+, Cd2+. The first three metals are well known cofactors 290 

for this enzyme family; while Cd2+ has not been widely demonstrated as a cofactor for this enzyme, 291 

and in some cases has been shown to be inhibitory [20]. This is the first result showing that Cd2+ 292 

acts as a cofactor for this class of enzymes, although it is not clear from our structural analysis 293 

what the basis for these differences are. The other divalent cations tested, such as Cu2+, Zn2+ 294 

show an inhibitory effect on enzyme activity. These results indicate that the properties of RrCβAA 295 

are comparable to those of all known L-carbamoylases and β-ureidopropionase enzymes from 296 

other bacterial strains (Table 1). 297 

 298 

Reducing compounds did not show an inhibitory effect on enzyme activity, this is consistent with 299 

our structural observations showing that there are no key cysteine residues involved in the 300 

catalysis. The enzyme is also not stabilised by any key disulphide bridges, which may be disrupted 301 

by reducing agents. The inhibitory effect of DTNB on the enzyme can be rationalised if it forms a 302 

covalent adduct with Cys364, which is close to the hinge region of the protein; such an adduct 303 

would prevent closure of the active site and inhibit the production of a catalytically competent 304 

intermediate state with any substrate. 305 

 306 

The optimum activity for the RrCβAA was recorded at 55 °C, which is higher than the enzymes 307 

from Agrobacterium tumefaciens C58 [27], Arthrobacter. aurescens DSM3747 [31]. Achromobacter 308 

xylosoxidans [20] Pseudomonas sp. NS671 [32] and slightly lower than the enzymes from P. 309 

putida IFO12996 [20], Bacillus stearothermophilus NSl122A [33] and Geobacillus 310 

stearothermophilus CECT43 [34].  311 

 312 

In terms of substrate preference and promiscuity the RrCβAA shows good activity against L-α-, L-313 

β-, L-γ-amino acids, this contrasts with other L-carbamoylases described so far which show 314 

preferential activity to only N-carbamoyl L-α-amino acids. The lack of activity towards branched 315 

chain and aromatic amino acids limits its use against these substrates; however, there is certainly 316 
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scope for employing focused mutagenesis to open the substrate binding site to accept these 317 

substrates. This strategy has been as demonstrated for the S. meliloti carbamoylase, which has 318 

been engineered to accept aromatic amino acids [28]. Further work on the RrCβAA enzyme will 319 

focus on expanding its substrate scope against these aromatic amino acids with high potential for 320 

use in industrially useful chemo-enzymatic cascades. 321 

  322 
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Methods 323 

Reagents and substrates 324 

Phusion® DNA Polymerase, BsaI restriction enzyme and T4 DNA ligase, were purchased from 325 

New England Biolabs (Hitchin, UK). Isopropyl β-D-1-thiogalactopyranoside (IPTG) was purchased 326 

from Merck, UK. The molecular weight marker for SDS–PAGE was purchased from Thermo Fisher 327 

Scientific (Cramlington, UK). Standards, and some substrates (N-carbamoyl-β-alanine (3-328 

ureidopropionic acid), N-carbamoyl-glycine) were purchased from Sigma. Other N-carbamoyl-DL, 329 

L and D- amino acids have been synthesized for this study. 1H and 13C NMR analyses were 330 

performed to confirm their structures (Supplementary Figure 6). All other chemicals were of 331 

analytical grade. 332 

Bacterial strains and plasmids  333 

The Rhizobium radiobacter MDC 8606 strain used as a source for the N-Carbamoyl-β-alanine 334 

amidohydrolase (RrCβAA) gene was taken from the Microbial Depository Center (MDC) of SPC 335 

“Armbiotechnology” NAS RA. Escherichia coli Top 10 and E. coli BL21 (DE3) strains were used for 336 

propagation of plasmids and protein expression respectively. A modified pET28 plasmid for Golden 337 

Gate cloning was a gift of Dr Laura Tuck. 338 

Nucleotide and amino acid sequence analysis  339 

Sequence analysis of the RrCβAA gene was performed using the BLAST program [38]. Protein 340 

sequence alignments were performed in Multalin [39] and figures prepared with ESPript [40]. The 341 

nucleotide sequence data of the isolated RrCβAA, as well as 16s rRNA genes of Rhizobium 342 

radiobacter MDC 8606 strain were deposited in NCBI GeneBank database with the accession 343 

numbers MT542139 and MT534525.1 respectively. 344 

Cloning, expression, and purification of RrCβAA  345 

To amplify the R. radiobacter MDC 8606 N-carbamoyl-β-alanine amidohydrolase open reading 346 

frame, primers RrCβAA-F (5'GACGGTCTCTAATGACGGCGGGTAAAAACTTGAC3') and 347 

RrCβAA-R (5'GACGGTCTCTACCTTTGCACGATCTCCGCAGTCTC3') were designed using 348 

Agrobacterium tumefaciens C58 N-carbamoyl-β-alanine amidohydrolase gene sequence as a 349 

template (GenBank: EF507843.1). PCR was performed using these primers against the purified R. 350 

radiobacter MDC 8606 genomic DNA with the following conditions: 98 °C for 1 min, followed by 30 351 

cycles of 98 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min, followed by a final elongation at 72 °C 352 

for 10 min. After examination by 1 % agarose TAE electrophoresis, the amplified product was 353 

purified by QIAquick PCR Purification Kit. The purified DNA fragment was then assembled via one-354 

pot Golden Gate cloning [41] into a CIDAR MoClo [42] compatible pET28 vector via BsaI restriction 355 

sites introduced into the PCR product and pET28 vector. The resulting ligation product was 356 

transformed into chemically competent E. coli TOP10 cells with selection on LB agar plates 357 
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supplemented with 35 μg/mL kanamycin, 1 mM IPTG, and 20 μg/mL X-Gal. Recombinant plasmid 358 

was extracted from white insert-positive clones by miniprep using a Qiagen Miniprep kit. The insert 359 

presence was confirmed by Sanger sequencing of the purified plasmids. The sequence verified 360 

plasmid was transformed into E. coli BL21(DE3) cells with selection on LB agar supplemented with 361 

35 μg/mL kanamycin. A single colony was grown overnight at 37 °C in 100 mL LB medium, 362 

supplemented with 35 μg/mL kanamycin, with shaking at 180 rpm. The cells were sub-cultured into 363 

2 L of LB, grown until OD600 0.5, and recombinant protein production was induced with 1 mM IPTG, 364 

at 25˚C, followed by incubation for a further 16 hours. 365 

Cells were harvested by centrifugation at 7,000 × g for 20 min. The harvested cells were 366 

resuspended in 10 x w/v Buffer HisA (50 mM imidazole, 500 mM NaCl, 50 mM Tris-HCl, pH 8.0) 367 

and subsequently sonicated on ice for 5 minutes with 30 s on/off cycles at 60 watts power output. 368 

The lysate was cleared by centrifugation at 35,000 × g and filtered with a 0.45 μm syringe filter. 369 

Cell free extract was applied to a 5 ml HisTrap FF column (GE Healthcare), and unbound proteins 370 

were washed off with 10 column volumes of Buffer HisA (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 371 

50 mM imidazole). A step-gradient of 50 % and 100 % Buffer HisB (50 mM Tris-HCl, pH 8.0, 500 372 

mM NaCl, 500 mM imidazole) was used to elute His-tagged proteins. Fractions of His-trap eluent 373 

containing the protein of interest (Supplementary Figure 2), were pooled, and concentrated by 374 

Vivaspin Turbo (Sartorius, 10 kDa MWCO) centrifugation devices at 4,000 × g, 18˚C. The 375 

concentrated protein was then subjected to size-exclusion chromatography using an S200 16/60 376 

column (Cytiva), equilibrated with Buffer GF (50 mM Tris-HCl, pH 8.0, 150 mM NaCl). Calibration 377 

data for the S200 16/60 gel filtration column used are available at 378 

https://doi.org/10.6084/m9.figshare.7752320.v1. Fractions were analysed by sodium dodecyl 379 

sulphate polyacrylamide gel electrophoresis using Mini-PROTEAN TGX precast 4-20% gels 380 

(BioRad) according to the standard method [43] to determine the molecular weight and the purity 381 

of the samples. Purified RrCβAA was concentrated and analysed by SDS–PAGE, after incubating 382 

the sample for 5 min at 95°C temperature, in the presence of 5 mM β-mercaptoethanol. The 383 

Fermentas pre-stained PageRuler was used as a protein molecular weight marker for SDS-PAGE. 384 

Gels were stained with Coomassie brilliant blue for visualisation of protein bands. 385 

For characterization studies, purified RrCβAA was placed into 100 mM phosphate buffer, pH 8.0 386 

(Tris-HCl shows absorption in the presence of the ortho-phthalaldehyde reagent) and stored at 387 

−80˚C with the addition of 50 % (v/v) glycerol for enzyme characterization. 388 

General procedure for synthesis of carbamoyl amino acids 389 

All chemicals used for synthesis were of analytical or reagent grade. N-Carbamoyl-β-Ala (15) was 390 

from “Sigma”. The compounds 2 – 14 were prepared using the amino acids from Reanal 391 

(Budapest, Hungary). Melting points were determined on a Boetius PHMK 76/0904 hot stage 392 

microscope (GDR) and are uncorrected. 1H and 13C NMR spectra were recorded on a Varian 393 
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Mercury-300 spectrometer, operating at 300 MHz; chemical shifts are reported in δ values (ppm) 394 

relative to tetramethylsilane as internal standard. Coupling constants (J values) are given in Hertz 395 

(Hz). The solvents mixture was DMSO-d6/CCl4, NMR spectra and assignments are shown in the 396 

Supplementary Information (Supplementary Figure 6); the signals are reported as follows: s 397 

(singlet), d (doublet), t (triplet), q (quartet), dd (double doublet), p (pentet), sp (septet), m 398 

(multiplet), br. (broad). 399 

The mixture of equimolar amounts of amino acid and sodium cyanate (NaOCN) in water was kept 400 

at a room temperature for 75-80 hours (Compounds: 2, 4, 7-13) or at 100 oC for 4 hours 401 

(Compounds: 3, 5, 6). Then pH of reaction mixture was adjusted to 2 – 3 with concentrated HCl. 402 

The separated solid was filtered, washed with water, and recrystallized. From filtrate additional 403 

amount of product was obtained after concentrating at reduced pressure. Reaction 14 was carried 404 

out in 75% ethanol (100 oC, 4 h). After removing ethanol under reduced pressure, water was 405 

added, and pH was adjusted to 5-6 with concentrated HCl. The separated product was treated as 406 

above. 407 

RrCβAA Activity assay  408 

RrCβAA assays were performed at 40˚C. The reaction mixture contained 100 mM phosphate 409 

buffer (pH 8.0), and 5 μg purified enzyme in a total volume of 0.1 mL. Reactions were started by 410 

the addition of 0.1 mL N-carbamoyl-L-β-alanine to final concentrations of 100 mM after 411 

preincubation of both reaction mixture and substrate solutions at 40 ˚C for 10 min. After 15 minutes 412 

the reaction was stopped by adding 30 % w/v trichloroacetic acid (TCA) to a final concentration of 413 

3 % w/v. Specific activity of RrCβAA was determined using an assay able to detect β-alanine 414 

concentration, upon conversion into an isoindole derivative by reaction with ortho-phthalaldehyde 415 

(OPA) [44]. Particular attention was paid to the OPA reaction conditions, as it has been reported 416 

that the derivative of β-alanine is unstable. For this reason, a high concentration of reagents (20-417 

times excess of OPA and 50-times excess of β-mercaptoethanol compared to the β-alanine 418 

product) was used to stabilize the final product. Thus, 3 mL of freshly prepared activity reagent (0.1 419 

M sodium borate pH 9.6, 2.5 mM OPA and 2.5 mM β-mercaptoethanol) were added to each 420 

sample, followed by incubation at 20 °C for 30 min. β-alanine concentrations were determined 421 

spectrophotometrically at SF-46 (“Lomo”, Russia) based on the absorption of the corresponding 422 

isoindole at 340 nm. The extinction coefficient for each substrate was calculated separately 423 

(extinction coefficient data is avaible in Supplementary Figure 7. For preparation of standard 424 

curves 40 mM concentration of L-β-alanine, L-α-alanine, L-α-valine, L- β-phenyl-α-alanine, α-amino 425 

butyric acid, γ- amino butyric acid, L- α-leucine, L- α- methionine and glycine was prepared. And 426 

the adsorption of serial dilutions of amino acids at final concentrations of 0.032 mM, 0.064 mM, 427 

0,096 mM, 0.128 mM, and 0.16 mM, were measured. One unit of enzyme activity was defined as 428 

the amount of enzyme catalysing the formation of one micromole of product per minute under the 429 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


above mentioned conditions. Specific activity was calculated per milligram of protein. All 430 

measurements were done at least in two separate experiments with two replicates.  431 

RrCβAA temperature optimum and thermostability  432 

For determination of the optimal temperature for RrCβAA, enzymatic activity was measured under 433 

the described conditions at various temperatures ranging from 25 to 70˚C. Thermostability of 434 

purified RrCβAA was investigated by incubating RrCβAA at various temperatures (25–70˚C) for 15 435 

min in phosphate buffer, followed by incubation on ice. Residual activities were determined under 436 

the above assay conditions. 437 

Effect of metals and chelation on RrCβAA activity  438 

Metal ions are generally considered as important factors affecting microbial enzyme activity. The 439 

effects of various mono- and bivalent metal ions (including NaCl, KCl, CaCl2, MgSO4, BaCl2, SnCl2, 440 

PbSO4, FeCl3, FeSO4, CuSO4, ZnSO4, MnSO4, CdCl2, NiCl2, CoSO4,) and chemical compounds 441 

(including EDTA, 5,5՛-dithiobis-(2-nitrobenzoic acid) (DTNB), dithiothreitol (DTT), β-442 

mercaptoethanol) on RrCβAA activity was investigated. RrCβAA was incubated in the presence of 443 

2 mM of each metal ion, DTT and EDTA, or 5 mM of DTNB and β-mercaptoethanol, for one hour at 444 

4˚C. A control was performed in the absence of any tested compound. To test recovery of enzyme 445 

activity after metal removal, the enzyme was incubated with 5 mM EDTA at 4˚C for one hour to 446 

chelate metals, then dialysed against excess reaction buffer containing 2 mM of each metal ion 447 

tested. All the activity assays were performed in triplicate. 448 

Substrate spectrum and enantioselectivity of RrCβAA 449 

The specific activity of purified RrCβAA toward various N-carbamoyl-amino acids including N-450 

carbamoyl-L-β-alanine, N-carbamoyl-L-α-alanine, N-carbamoyl-D-α-alanine, N-carbamoyl-DL-α-451 

alanine, N-carbamoyl-L-α-valine, N-carbamoyl-D-α-valine, N-carbamoyl-DL-α-valine, N-carbamoyl-452 

L-β-phenyl-α-alanine, N-carbamoyl-L-β-phenyl-β-alanine, N-carbamoyl-D-β-phenyl-α-alanine, N-453 

carbamoyl-DL-β-phenyl-α-alanine, N-carbamoyl-α-amino butyric acid, N-carbamoyl-γ-amino butyric 454 

acid, N-carbamoyl-L-α-leucine, N-carbamoyl-L-α-methionine, and N-carbamoyl-α-glycine was 455 

measured using the above method. A calibration curve for each product was constructed and 456 

extinction coefficient for each product has been calculated (Supplementary Figure 7). Neither the 457 

isoindole formed from ammonium ions, nor N-carbamoyl-amino acids gave a detectable signal 458 

under the chosen reaction conditions.  459 

Protein quantification  460 

The concentration of the purified was determined by a colorimetric technique using the PierceTM 461 

BCA protein assay kit following manufacturer’s specifications for the standard test-tube procedure 462 

at 37˚C. Diluted bovine serum albumin (BSA) standards were prepared in GF buffer and a 463 

calibration curve of absorbance at 562 nm against concentration was plotted (Supplementary 464 
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Figure 8). Protein sample absorbance was measured at 562 nm (average of three experimental 465 

replicates) and the concentration was calculated. 466 

Protein Crystallography 467 

Purified recombinant RrCβAA was concentrated to 15 mg/mL using a 10 kDa MWCO centrifugal 468 

concentrator (Vivaspin) and subjected to sitting drop vapor diffusion crystallization screening with 469 

commercial screens from Molecular Dimensions and Hampton Research. Drops of 100 nL protein 470 

plus 100 nL well solution were set up against wells containing 70 μL of crystallisation solutions. 471 

After two weeks crystals were found in row D of the PACT premier screen (Molecular Dimensions). 472 

An optimisation screen based on this condition was set up in 24 well plates by varying the 473 

PEG1500 concentration and MMT buffer pH. Drops of 1 μL protein and 1 μL well solution were set 474 

up on plastic cover slips over wells containing 1 mL crystallisation solution. Crystals grew in a well 475 

solution containing 23 % (w/v) PEG1500 and 100 mM MMT pH 6.0. Crystals were harvested with a 476 

LithoLoop (Molecular Dimensions Limited) and transferred to a cryoprotection solution of well 477 

solution supplemented with 50 % (v/v) PEG400. Cryoprotected crystals were flash cooled in liquid 478 

nitrogen. Diffraction data were collected at Diamond Light Source; data collection and model 479 

refinement statistics are shown in Supplementary Table 7. Diffraction data are available at 480 

doi:10.5281/zenodo.7331274. 481 

The data set was integrated with XIA2 [45] using DIALS [46],and scaled with Aimless [47]. The 482 

space group was confirmed with Pointless [48]. The phase problem was solved with MorDa. Initial 483 

model building was performed with CCP4build task on CCPcloud [49]. The model was refined with 484 

iterative cycles of refmac[50], or BUSTER, intercalated with manual model building with COOT 485 

[51]. The model was validated using Coot and Molprobity [52]. Other software used were from 486 

CCP4 cloud and the CCP4 suite [53]. Structural figures were produced with ChimeraX [54]. 487 

 488 

  489 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


Acknowledgements 490 

The authors would like to thank Diamond Light Source for beamtime (proposal mx18598), and the 491 

staff of beamline I04-1. 492 

Funding Statement 493 

AP was supported by a FAST Travel Grant for Collaborative Research, a FEBS Collaborative 494 

Developmental Scholarship and Science Committee of Armenia (21SCG-2I017). AS was 495 

supported by the NAS RA within the framework of the "Young Scientists' Support Program" under 496 

the code 22-YSIP-025. CP, WAS and JMW, acknowledge funding support from BBSRC 497 

(BB/N005570/1). AB is funded by Newcastle University. 498 

Author Contributions 499 

Study conceptualization: AP, MK, SK, GA 500 

Investigation: Initial microbial strain identification and characterisation: MK; Molecular Biology – 501 

AP; Protein purification and characterisation – AP, AS, MK, CP, WAS; Structural Biology – AB, 502 

JMW; Preparation and validation of Substrates: – MDK, KD, HP 503 

Resources – JMW, GA, AP, AB 504 

Funding acquisition – GA, AP, JMW 505 

Writing – Original Draft: AP, JMW 506 

Writing – Review and Editing: AP, AH, JMW, AB, AK, GA 507 

Visualisation – AP, AS, JMW, AB 508 

Conflict of Interest Statement 509 

The authors declare that they have no conflicts of interest with regards to this manuscript. 510 

Data availability Statement 511 

All data used to prepare this manuscript are available as supplementary materials or deposited at 512 

publicly accessible databases. Links and references to datasets are in the Methods and 513 

Supplementary Materials.  514 

  515 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


References 516 

1 Heras-Vazquez F, Clemente-Jimenez J, Martinez-Rodriguez S & Rodriguez-Vico F (2008) 517 
Optically Pure alpha-Amino Acids Production by the “Hydantoinase Process.” Recent Pat 518 
Biotechnol 2, 35–46. 519 

2 Zhang Z, Zheng Q & Jiao N (2016) Microbial D-amino acids and marine carbon storage. Sci 520 
China Earth Sci 59, 17–24. 521 

3 Okimura K, Ohki K, Sato Y, Ohnishi K & Sakura N (2007) Semi-synthesis of Polymyxin B (2-10) 522 
and Colistin (2-10) Analogs Employing the Trichloroethoxycarbonyl (Troc) Group for Side 523 
Chain Protection of .ALPHA.,.GAMMA.-Diaminobutyric Acid Residues. Chem Pharm Bull 524 
(Tokyo) 55, 1724–1730. 525 

4 Narancic T, Almahboub SA & O’Connor KE (2019) Unnatural amino acids: production and 526 
biotechnological potential. World J Microbiol Biotechnol 35, 67. 527 

5 Juaristi E & Soloshonok VA (eds.) (2005) Enantioselective synthesis of beta-amino acids, 2nd ed 528 
Wiley, Hoboken, N.J. 529 

6 Blancquaert L, Everaert I & Derave W (2015) Beta-alanine supplementation, muscle carnosine 530 
and exercise performance: Curr Opin Clin Nutr Metab Care 18, 63–70. 531 

7 Kaneko J, Enya A, Enomoto K, Ding Q & Hisatsune T (2017) Anserine (beta-alanyl-3-methyl-L-532 
histidine) improves neurovascular-unit dysfunction and spatial memory in aged 533 
AβPPswe/PSEN1dE9 Alzheimer’s-model mice. Sci Rep 7, 12571. 534 

8 Gajcy K, Lochynski S & Librowski T (2010) A Role of GABA Analogues in the Treatment of 535 
Neurological Diseases. Curr Med Chem 17, 2338–2347. 536 

9 Zhang J, Barajas JF, Burdu M, Wang G, Baidoo EE & Keasling JD (2017) Application of an Acyl-537 
CoA Ligase from Streptomyces aizunensis for Lactam Biosynthesis. ACS Synth Biol 6, 538 
884–890. 539 

10 Hong Y-G, Moon Y-M, Hong J-W, No S-Y, Choi T-R, Jung H-R, Yang S-Y, Bhatia SK, Ahn J-O, 540 
Park K-M & Yang Y-H (2018) Production of glutaric acid from 5-aminovaleric acid using 541 
Escherichia coli whole cell bio-catalyst overexpressing GabTD from Bacillus subtilis. 542 
Enzyme Microb Technol 118, 57–65. 543 

11 Bermúdez M, León S, Alemán C & Muñoz-Guerra S (2000) Comparison of lamellar crystal 544 
structure and morphology of nylon 46 and nylon 5. Polymer 41, 8961–8973. 545 

12 Adkins J, Jordan J & Nielsen DR (2013) Engineering Escherichia coli for renewable production 546 
of the 5-carbon polyamide building-blocks 5-aminovalerate and glutarate. Biotechnol 547 
Bioeng 110, 1726–1734. 548 

13 Saghyan AS & Langer P (2016) Asymmetric synthesis of non-proteinogenic amino acids Wiley-549 
VCH Verlag GmbH & Co. KGaA, Weinheim. 550 

14 Altenbuchner J, Siemann-Herzberg M & Syldatk C (2001) Hydantoinases and related enzymes 551 
as biocatalysts for the synthesis of unnatural chiral amino acids. Curr Opin Biotechnol 12, 552 
559–563. 553 

15 Martínez-Gómez AI, Martínez-Rodríguez S, Clemente-Jiménez JM, Pozo-Dengra J, Rodríguez-554 
Vico F & Las Heras-Vázquez FJ (2007) Recombinant Polycistronic Structure of 555 
Hydantoinase Process Genes in Escherichia coli for the Production of Optically Pure D -556 
Amino Acids. Appl Environ Microbiol 73, 1525–1531. 557 

16 Martínez-Rodríguez S, Martínez-Gómez AI, Rodríguez-Vico F, Clemente-Jiménez JM & Las 558 
Heras-Vázquez FJ (2010) Carbamoylases: characteristics and applications in 559 
biotechnological processes. Appl Microbiol Biotechnol 85, 441–458. 560 

17 Paloyan AM, Melkonyan LH & Avetisova GYe (2022) Microbial approaches for amino acids 561 
production. In Microbial Syntrophy-Mediated Eco-enterprising pp. 177–208. Elsevier. 562 

18 Martínez-Gómez AI, Martínez-Rodríguez S, Pozo-Dengra J, Tessaro D, Servi S, Clemente-563 
Jiménez JM, Rodríguez-Vico F & Las Heras-Vázquez FJ (2009) Potential Application of N -564 
Carbamoyl-β-Alanine Amidohydrolase from Agrobacterium tumefaciens C58 for β-Amino 565 
Acid Production. Appl Environ Microbiol 75, 514–520. 566 

19 Campbell LL (1960) Reductive degradation of pyrimidines. 5. Enzymatic conversion of N-567 
carbamyl-beta-alanine to beta-alanine, carbon dioxide, and ammonia. J Biol Chem 235, 568 
2375–2378. 569 

20 Ogawa J & Shimizu S (1994) beta-Ureidopropionase with N-carbamoyl-alpha-l-amino acid 570 
amidohydrolase activity from an aerobic bacterium, Pseudomonas putida IFO 12996. Eur J 571 
Biochem 223, 625–630. 572 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


21 López-Sámano M, Beltrán LFL, Sánchez-Thomas R, Dávalos A, Villaseñor T, García-García JD 573 
& García-de los Santos A (2020) A novel way to synthesize pantothenate in bacteria 574 
involves β-alanine synthase present in uracil degradation pathway. MicrobiologyOpen 9. 575 

22 Wasternack C (1980) Degradation of pyrimidines and pyrimidine analogs—Pathways and 576 
mutual influences. Pharmacol Ther 8, 629–651. 577 

23 Lundgren S, Lohkamp B, Andersen B, Piškur J & Dobritzsch D (2008) The Crystal Structure of 578 
β-Alanine Synthase from Drosophila melanogaster Reveals a Homooctameric Helical Turn-579 
Like Assembly. J Mol Biol 377, 1544–1559. 580 

24 Schnackerz KD & Dobritzsch D (2008) Amidohydrolases of the reductive pyrimidine catabolic 581 
pathway. Biochim Biophys Acta BBA - Proteins Proteomics 1784, 431–444. 582 

25 Rawlings ND & Barrett AJ (1995) Evolutionary families of metallopeptidases. In Methods in 583 
Enzymology pp. 183–228. Elsevier. 584 

26 Martínez-Rodríguez S, Clemente-Jiménez JM, Rodríguez-Vico F & Las Heras-Vázquez FJ 585 
(2005) Molecular Cloning and Biochemical Characterization of L-N-Carbamoylase from 586 
Sinorhizobium meliloti CECT4114. Microb Physiol 9, 16–25. 587 

27 Martínez-Gómez AI, Andújar-Sánchez M, Clemente-Jiménez JM, Neira JL, Rodríguez-Vico F, 588 
Martínez-Rodríguez S & Las Heras-Vázquez FJ (2011) N-Carbamoyl-β-alanine 589 
amidohydrolase from Agrobacterium tumefaciens C58: A promiscuous enzyme for the 590 
production of amino acids. J Chromatogr B 879, 3277–3282. 591 

28 Rubini R, Jansen SC, Beekhuis H, Rozeboom HJ & Mayer C (2023) Selecting Better 592 
Biocatalysts by Complementing Recoded Bacteria**. Angew Chem Int Ed 62. 593 

29 Martínez-Rodríguez S, García-Pino A, Las Heras-Vázquez FJ, Clemente-Jiménez JM, 594 
Rodríguez-Vico F, García-Ruiz JM, Loris R & Gavira JA (2012) Mutational and Structural 595 
Analysis of L - N -Carbamoylase Reveals New Insights into a Peptidase M20/M25/M40 596 
Family Member. J Bacteriol 194, 5759–5768. 597 

30 Ohmachi T, Narita M, Kawata M, Bizen A, Tamura Y & Asada Y (2004) A novel N-carbamoyl-l-598 
amino acid amidohydrolase of Pseudomonas sp. strain ON-4a: purification and 599 
characterization of N-carbamoyl-l-cysteine amidohydrolase expressed in Escherichia coli. 600 
Appl Microbiol Biotechnol 65, 686–693. 601 

31 Wilms B, Wiese A, Syldatk C, Mattes R, Altenbuchner J & Pietzsch M (1999) Cloning, 602 
nucleotide sequence and expression of a new --carbamoylase gene from DSM 3747 in. J 603 
Biotechnol 68, 101–113. 604 

32 Ishikawa T, Watabe K, Mukohara Y & Nakamura H (1996) N -Carbamyl- L -Amino Acid 605 
Amidohydrolase of Pseudomonas sp. Strain NS671: Purification and Some Properties of 606 
the Enzyme Expressed in Escherichia coli. Biosci Biotechnol Biochem 60, 612–615. 607 

33 Ishikawa T, Mukohara Y, Watabe K, Kobayashi S & Nakamura H (1994) Microbial Conversion 608 
of DL -5-Substituted Hydantoins to the Corresponding L 5-Amino Acids by Bacillus 609 
stearothermophilus NS1122A. Biosci Biotechnol Biochem 58, 265–270. 610 

34 Pozo-Dengra J, Martínez-Gómez AI, Martínez-Rodríguez S, Clemente-Jiménez JM, Rodríguez-611 
Vico F & Las Heras-Vázquez FJ (2010) Evaluation of substrate promiscuity of an L-612 
carbamoyl amino acid amidohydrolase from Geobacillus stearothermophilus CECT43. 613 
Biotechnol Prog, NA-NA. 614 

35 Nandanwar HS, Vohra RM & Hoondal GS (2013) Trimeric L - N -carbamoylase from newly 615 
isolated Brevibacillus reuszeri HSN1: A potential biocatalyst for production of L -α-amino 616 
acids: Trimeric L - N -Carbamoylase from Brevibacillus reuszeri HSN1. Biotechnol Appl 617 
Biochem 60, 219–230. 618 

36 Ogawa J, Miyake H & Shimizu S (1995) Purification and characterization of N-carbomoyl-l-619 
amino acid amidohydrolase with broad substrate specificity from Alcaligenes xylosoxidans. 620 
Appl Microbiol Biotechnol 43, 1039–1043. 621 

37 Hu H-Y, Hsu W-H & Chien HR (2003) Characterization and phylogenetic analysis of a 622 
thermostable N-carbamoyl-l-amino acid amidohydrolase from Bacillus kaustophilus 623 
CCRC11223. Arch Microbiol 179, 250–257. 624 

38 Altschul S (1997) Gapped BLAST and PSI-BLAST: a new generation of protein database 625 
search programs. Nucleic Acids Res 25, 3389–3402. 626 

39 Corpet F, Gouzy J & Kahn D (1999) Browsing protein families via the ‘Rich Family Description’ 627 
format. Bioinformatics 15, 1020–1027. 628 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


40 Gouet P, Robert X & Courcelle E (2003) ESPript/ENDscript: Extracting and rendering sequence 629 
and 3D information from atomic structures of proteins. Nucleic Acids Res 31, 3320–3. 630 

41 Engler C, Kandzia R & Marillonnet S (2008) A one pot, one step, precision cloning method with 631 
high throughput capability. PloS One 3, e3647. 632 

42 Iverson SV, Haddock TL, Beal J & Densmore DM (2015) CIDAR MoClo: Improved MoClo 633 
Assembly Standard and New E. coli Part Library Enables Rapid Combinatorial Design for 634 
Synthetic and Traditional Biology. ACS Synth Biol 5, 151019092657002. 635 

43 Laemmli UK (1970) Cleavage of Structural Proteins during the Assembly of the Head of 636 
Bacteriophage T4. Nature 227, 680–685. 637 

44 Hanczkó R & Molnár-Perl I (2003) Derivatization, stability and chromatographic behavior ofo-638 
phthaldialdehyde amino acid and amine derivatives:o-Phthaldialdehyde/ 2-mercaptoethanol 639 
reagent. Chromatographia 57, S103–S113. 640 

45 Winter G, Lobley CMC & Prince SM (2013) Decision making in xia 2. Acta Crystallogr D Biol 641 
Crystallogr 69, 1260–1273. 642 

46 Beilsten-Edmands J, Winter G, Gildea R, Parkhurst J, Waterman D & Evans G (2020) Scaling 643 
diffraction data in the DIALS software package: algorithms and new approaches for multi-644 
crystal scaling. Acta Crystallogr Sect Struct Biol 76, 385–399. 645 

47 Evans PR & Murshudov GN (2013) How good are my data and what is the resolution? Acta 646 
Crystallogr D Biol Crystallogr 69, 1204–1214. 647 

48 Evans PR (2011) An introduction to data reduction: space-group determination, scaling and 648 
intensity statistics. Acta Crystallogr D Biol Crystallogr 67, 282–92. 649 

49 Krissinel E, Uski V, Lebedev A, Winn M & Ballard C (2018) Distributed computing for 650 
macromolecular crystallography. Acta Crystallogr Sect Struct Biol 74, 143–151. 651 

50 Murshudov GN, Vagin AA & Dodson EJ (1997) Refinement of Macromolecular Structures by 652 
the Maximum-Likelihood Method. Acta Crystallogr D Biol Crystallogr 53, 240–255. 653 

51 Emsley P, Lohkamp B, Scott WG & Cowtan K (2010) Features and development of Coot. Acta 654 
Crystallogr D Biol Crystallogr 66, 486–501. 655 

52 Chen V, Arendall W, Headd J, Keedy D, Immormino R, Kapral G, Murray L, Richardson J & 656 
Richardson D (2010) MolProbity: all-atom structure validation for macromolecular 657 
crystallography. Acta Crystallogr D Biol Crystallogr 66, 12–21. 658 

53 Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, Keegan RM, Krissinel 659 
EB, Leslie AGW, McCoy A, McNicholas SJ, Murshudov GN, Pannu NS, Potterton EA, 660 
Powell HR, Read RJ, Vagin A & Wilson KS (2011) Overview of the CCP4 suite and current 661 
developments. Acta Crystallogr D Biol Crystallogr 67, 235–42. 662 

54 Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH & Ferrin TE (2018) 663 
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci 27, 664 
14–25. 665 

 666 

 667 

 668 

 669 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 4, 2023. ; https://doi.org/10.1101/2023.05.04.538398doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.04.538398
http://creativecommons.org/licenses/by-nc/4.0/


Table 1. Comparison of biochemical properties of L-N-carbamoylases with respect to N-670 

Carbamoyl-β-Alanine Amidohydrolases from Rhizobium radiobacter MDC 8606 671 

For activity with metal cofactors, blue shading represents activation and orange inhibition, blank 672 

cells show data not available. 673 
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          ND 55 This 
stud

y 
B. reuszeri HSN1 No 44.3 trimer           8.5 50 [35] 

A. tumefaciens 
C58 (β-up) 

Yes 45.0 dimer           8 30 [18] 

A. xylosoxidans 
AKU 990 

ND 65.0 dimer           8 - 8.3 30 [36] 

A. aurescens 
DSM3747 

No 44.0 dimer           8.5 50 [31] 

B. kaustophilus 
CCRC1123 

No 45.0 ND           7.4 70 [37] 

P. putida IFO 
12996 (β-up) 

Yes 45.0 dimer           7.5-8.2 60 [20] 

Pseudomonas 
sp. NS671 

No 45.0 dimer           7.5 40 [32] 

B. 
stearothermophil
us NSl122A 

ND ND ND           8 60-70 [33] 

G. 
stearothermophil
us CECT43 

ND ND ND           7.5 65 [34] 

Pseudomonas 
sp. ON-4A 

ND 45.0 tetram
er 

          9 50 [30] 

S. meliloti 
CECT4114 

No 42.0 dimer           8.0 60 [26] 
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