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Abstract: Global plastic production exceeded 400 million tons in 2022, 
urgently demanding improved waste management and recycling 
strategies for a circular plastic economy. While the enzymatic 
hydrolysis of polyethylene terephthalate (PET) has become feasible 
on industrial scales, efficient enzymes targeting other hydrolyzable 
plastic types, such as polyurethanes (PURs), are lacking. Recently, 
enzymes of the amidase signature (AS) family, capable of cleaving 
urethane bonds in a polyether-PUR analog and a linear polyester-
PUR, have been identified. Herein, we present high-resolution crystal 
structures of the AS enzyme UMG-SP3 in three states: ligand-free, 
bound with a suicidal inhibitor mimicking the transition state, and 
bound with a monomeric PUR degradation product. Besides revealing 
the conserved core and catalytic triad akin to other AS family 
members, the UMG-SP3 structures show remarkable flexibility of loop 
regions. Particularly, Arg209 in loop 3 adopts two induced-fit 
conformations upon ligand binding. Through structure-guided kinetic 
studies and enzyme engineering, we mapped structural key elements 
that determine the enhanced hydrolysis of urethane and amide bonds 
in various small molecules, including a linear PUR fragment analog. 
Our findings contribute critical insights into urethanase activity, aiding 

PUR degradation campaigns and sustainable plastic recycling efforts 
in the future. 

Introduction 

Global production of (synthetic) polymers approaches 400 Mt 
annually.[1] While plastics provide countless benefits for consumer 
products, the associated waste problems remain largely 
unsolved.[2] This has led to the consensus that a circular plastic 
economy is mandatory for future use.[3] Today, only 9% of all 
plastics ever made have been recycled.[4] More efficient recycling 
strategies are urgently needed to improve this shortcoming 
rapidly.[5] This has spurred intense research interest in different 
types of (synthetic) polymers, as well as their depolymerization to 
recover and recycle monomeric building blocks. In this regard, 
enzymatic bioprocessing of plastic waste has emerged as an 
auspicious approach.[6][7][8] Biocatalytic approaches can be 
initiated by pretreatment of the raw materials, followed by an 
enzymatic hydrolysis step to free the monomers. This strategy 
has proven very effective for the polyester polyethylene 
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terephthalate (PET), which is currently on the verge of full-scale 
industrial implementation.[9][10] Consequently, the enzymatic 
breakdown of other hydrolyzable plastics, such as polylactic acid 
(PLA), polyamides (PAs), and polyurethanes (PURs), is of great 
interest. Currently, PUR recycling processes involve chemical 
steps, leading to the recovery of constituent polymer building 
blocks.[11][12] While established strategies like mechanical 
recycling or chemical glycolysis are economically more feasible, 
(bio)chemical depolymerization yields monomeric building blocks 
that can be directly used for the manufacturing of virgin polymers 
(closed-loop recycling) or other value-added products (open-loop 
recycling).[8][10][13] In recent years, numerous examples of 
microbial degradation of PURs under mild and environmentally 
benign conditions have been reported. While the majority of 
studies focused on polyester hydrolases, only a few cases 
featured urethane-hydrolyzing enzymes.[14] Promising studies for 
a potential adaption for polymer recycling employed extracts from 
fungi and bacteria, the latter being often isolated from PUR-
contaminated sites.[15] Many hydrolases, applicable for 
biodegradation, act on the ester bonds in the polyol constituents 
(i.e., the soft segments) of polyester-PUR structures.[16][17] 
However, these enzymes are inactive on the hard and recalcitrant 
segments in PUR materials containing the urethane (or 
carbamate) bonds.[14c][18] In 2023, Branson et al. discovered the 
first enzymes (UMG-SP1, UMG-SP2, and UMG-SP3) that 
effectively degraded the urethane bond in a toluene diisocyanate 
(TDI)-based polyether-PUR fragment, releasing the monomers 
diethylene glycol and 2,4- and 2,6-diaminotoluene.[19] The study 
was extended in 2024 with the release of the UMG-SP1 (hereafter 
referred to as SP1) crystal structure and mutants with enhanced 
hydrolytic activity; the previously reported crystal structure of SP1 
was ligand-free and was suffering from disorder in the loop 
regions around the active site and thus does not provide direct 
insight into the product bound state.[20] These discoveries 
prompted us to elucidate the structure of the 4,4'-methylene 
diphenyl diisocyanate (MDI)-based polyester-PUR degrading 
urethanase UMG-SP3 (hereafter called SP3) (Scheme 1).[19] The 
sequence identity between SP3 and SP1 is 49%, while it is 80% 
with SP2. SP3 thus represent a more distant homologue to SP1, 
which contributes strongly to the structural diversity, critical for 
understanding and optimizing the kinetic and hydrolytic properties 
needed for PUR degradation. Based on high-resolution crystal 
structures of SP3 in ligand-free and ligand-bound states, we 
identified regions that are crucial for the hydrolysis of PUR 
fragments and demonstrated how rationally designed amino acid 
substitutions in these regions can lead to significant 
improvements in the enzymatic hydrolysis of urethane and amide 
bonds. 

 

Scheme 1. Hydrolysis reaction mediated by SP3. Cleavage of di-urethane 
ethylene methylenedianiline (DUE-MDA) yields the asymmetric 
monosubstituted MUE-MDA, the ethylene glycol substituent, and carbon dioxide. 

Results and Discussion 

Architecture and Structural Features of SP3 

The crystal structures of ligand-free SP3, PMS-bound SP3 
(SP3:PMS), and 4,4’-MDA-bound SP3 (SP3:MDA) were 
determined at 2.32 Å, 2.18 Å, and 2.00 Å resolution, respectively 
as shown in the Supporting Information (SI; Table S1). Two 
polypeptide chains are present in the asymmetric unit, while the 
enzyme acts as a monomer in solution, as determined by size-
exclusion chromatography (Fig. S1). The overall structure is 
composed of twelve α-helices (αA–L) surrounding ten core β-
strands (β1–10), completing a fold common to hydrolytic enzymes, 
which usually is formed by twelve helices and eleven 
strands.[22][23]  
The edges of the catalytic pocket are shaped by α-helices I (amino 
acid residues 293–308) and K (382–393), and the loops 1–4 
(residues comprising L1: 76–103, L2: 119–153, L3:189–214, and 
L4: 351-382; Fig. 1a). The active site is located within a cavity, 
centrally positioned in an elongated cleft, which is highly solvent 
exposed and extends over 25 Å. The Lys76 in proximity to the 
amidase signature sequence motif (G149–G154: GGSSGG) 
establishes contacts with surrounding residues cisSer151, 
Ser152, Ser170, and Ser175 (Fig. 1b).[24] We identified Ser175-
cisSer151-Lys76 as the catalytic triad responsible for amide 
hydrolysis, a conserved feature among the AS family.[25][26] The 
reaction is likely initiated by Ser175, which acts as the primary 
nucleophile being positioned for attack on the substrate and 
forming the tetrahedral intermediate, which is stabilized by the 
oxyanion hole. The latter is comprised of the residues Ile172 and 
Gly173 in SP3. The bridging residues cisSer151 and Lys76 assist 
the enzymatic catalysis by respectively shuttling protons 
(between Ser175 and Lys76), with Lys76 likely acting as the 
general acid/base.[19][27][28] The unusual cis conformation of 
Ser151 is maintained by a strong hydrogen bond network 
between the triad and is reinforced by the presence of Ser152 and 
Ser170 (Fig. 1b). 
The crystal structure of SP3 superposes with crystallographic 
structures of SP1 (PDB 8S7Z) and SP2 (PDB 8WDW), with a root 
mean square deviation (RMSd) of 0.77 Å (over 401 Cα atoms) 
and 0.39 Å (over 434 Cα atoms), respectively, showing an 
identical overall architecture that is also reflected in the same 
hydrogen bonding network around the catalytic triad.[20][21] The 
comparison also highlights the conservation of L1–4 surrounding 
the active site (SI, Fig. S2a–b), with L3 having the highest degree 
of movement. 
The closest structural homologs identified using the Dali server 
are a fatty acid amide hydrolase (FAAH) from Candida albicans 
(CaFAAH; PDB 6KVR) and ClbL (PDB 8ES6), an amidase from 
colibactin gene cluster of certain E. coli species.[29][30][31] CaFAAH 
and ClbL share 25% and 33% sequence identity to SP3, 
respectively. Both superpose with an RMSd of 1.8 Å covering 405 
Cα atoms. FAAHs are well-characterized members of the AS 
family involved in the catabolism of fatty acid amide molecules 
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and part of the endocannabinoid system, thus making FAAHs 
interesting targets for drug development.[32][33] The amidase ClbL 
is involved in the last step of the colibactin synthetic pathway as 
part of a larger molecular complex.[31] The overall fold is virtually 
identical between SP3 and ClbL, whereas additional helical 
domains are present in CaFAAH, distinguishing it from the SP3 
architecture. However, the quintessential core domain of AS 
members (SI, Fig. S2c) – the residues responsible for hydrolytic 
activity and L1–4 – are highly conserved features among all 

structures (SI, Fig. S2d). As in SP3, the substrate binding pocket 
of CaFAAH and ClbL is hydrophobic and exposed to the surface. 
These results highlight the functional importance of the distinctive 
structural features in amidases, alongside the presence of flexible 
elements surrounding the active site, which might contribute to 
the wide range of substrates hydrolyzed by AS family 
members.[34] Nonetheless, the biological function of SP3 – and the 
other two metagenomic homologs – remains unclear. 
 

 

Figure 1. Crystal structures of SP3. a) SP3 overall monomeric arrangement. The edges of the catalytic pocket (in green) correspond to α-helices I (293–308) and 
K (382–393) and L1–4 (residues L1: 76–103; L2: 119–153; L3: 189–214; L4: 351-382). b) Close-up of the catalytic triad (Ser175-cisS151-Lys76), interacting (dashed 
lines) with surrounding residues Ser170 and Ser152. c) SP3 in complex with 4,4’-MDA (aniline moieties are numbered 1 and 2), interacting with Ser175 and a water 
molecule. 2mFo-Fc omit map at 4σ is shown. Hydrogen bond interactions are represented with dashed lines. d) SP3 in complex with phenylmethanesulfonic acid 
(PMS) covalently bound to Ser175. 2mFo-Fc omit map at 4 σ is shown. Hydrogen bond interactions represented with dashed lines, bond length colored in cyan.  

 

SP3 in Complex with 4,4’-MDA and PMS  
The primary objective of the structural analysis was to elucidate 
the interactions of SP3 with a PUR analog, thereby establishing 
the molecular basis for substrate binding and product release to 
guide enzyme engineering. Soaking attempts using pure product 
analog 4,4’-MDA were unsuccessful and detrimental to crystal 
quality. Instead, we synthesized a more soluble substrate analog 
that constituted a fraction analog of a typical polyether-PUR, 

herein referred to as di-urethane ethylene methylenedianiline 
(DUE-MDA); the chemical structure is shown in Scheme 1. 
Gratifyingly, extensive soaking attempts on SP3 crystals with 
DUE-MDA allowed us to identify electron density that could be 
built as 4,4’-MDA. This means that in crystallo, catalysis must 
have taken place. The modeled 4,4’-MDA molecule approximates 
the typical bond angle of the sp3 hybridized methylene bridge 
(here 114° compared to the optimal angle of 109.5°) connecting 
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the two aniline groups (Figure 1c). The amine group of the aniline 
moiety 1 is hydrogen bonded to the catalytic Ser175 and a water 
molecule (Fig. 1c). The molecule sits in the first portion of the 
substrate binding pocket encapsulated in a hydrophobic region 
with each aniline ring (1 and 2) engaged in strong π-π interactions 
with Trp128 and Trp367, respectively (SI, Fig. S3a). in SP1 and 
SP2, Trp128 is conserved, while the position equivalent to Trp367 
is only conserved in SP2. In SP1, this residue position has been 
deleted from the sequence and the loop region in the crystals 
structure of SP1 (PDB ID 8S7Z) is disordered, precluding 
structural comparison. In addition, we determined a crystal 
structure with well-defined electron density attributed to the 
phenylmethylsulfonate (PMS) ester formed with the catalytic 
Ser175. Phenylmethylsulfonyl fluoride (PMSF) is commonly used 
in protein purification as a mechanism-based inhibitor of serine 
proteases and related hydrolases. PMSF reacts and forms a 
covalent bond with Ser175 (Fig. 1d) and provides a valuable tool 
for mimicking the tetrahedral intermediate formed during catalysis. 
This covalent adduct has also been observed in the ClbL 
structure.[31] In the SP3 crystal structure, the sulfonyl group 
interacts with the oxyanion hole (Ile172 and Gly173) and protein 
backbone, while the benzylic ring is in hydrophobic contacts with 
Trp128, Ile172, and Leu385 with average interaction distances of 
3.7–4.0 Å (SI, Fig. S3b). 
When comparing the ligand-free and the SP3:MDA structures, 
the overall enzyme architecture is retained with minimal shifts 
detected in the side chains that surround the catalytic pocket. The 
most striking difference involves Arg209 (located in L3), which 
adopts an inward and outward conformation, respectively, in 
unbound and 4,4’-MDA-bound structures (Fig. 2a). This plasticity 
allows the Arg209 side chain to shift position upon ligand binding 
from close to the active site to being turned out from the active 
site, resulting in a 180° flip of the residues 207–211 in L3 and the 
relocation of Arg209 by 17 Å. When Arg209 is in the inward 
arrangement, the guanidinium group engages with Trp88 through 
a cation-π interaction. In contrast, the outward arrangement is 
structurally stabilized by a constellation of hydrogen bonds and 
salt bridges with nearby residues Glu193 and Glu211. Comparing 
the 4,4’-MDA- and PMS-complexed structures, we noticed that 
L3 adopts an equivalent conformation (Fig. 2b). Moreover, the 
aromatic aniline moiety 1 of 4,4’-MDA superposes with the 
benzylic ring of PMS (Fig. 2b), suggesting the likely position that 
DUE-MDA and possibly longer PURs adopt during catalysis. With 
these structures in complex with ligands resembling a PUR 
fragment, we provide the first mapping of SP3 critical features 
related to its catalytic properties, as discussed in the next section. 
 
Computational studies on SP3 structures 
To assess the stability of the structural features observed in the 
crystallographic structures, we simulated the unbound SP3, the 
PMS-bound SP3, and the 4,4’-MDA bound SP3 structures. In the 
absence of any ligand, Arg209 was facing the active site and was 
inserted into a hydrophobic pocket (SI, Fig. S4a). We observed 

that the system was stable and that this feature was maintained 
throughout the entire simulation (Fig. 3a–b). During the simulation, 
Arg209 established several hydrogen bonds with nearby water 
molecules and with the backbone of residues, such as Ala124, 
Val307, Leu308, and Gln310. These interactions contribute to the 
stabilization of Arg209. Additionally, the presence of bulky 
residues within the hydrophobic pocket, such as Trp88 and 
His200, likely reduces the freedom of movement for Arg209, 
further stabilizing this residue within the cavity. On the other hand, 
when a ligand was bound to the enzyme, Arg209 reoriented to 
face the solvent side. Throughout our simulation, this 
reorientation facilitated several stabilizing electrostatic 
interactions with Asp193, Glu198, and Glu211, as well as π-cation 
interactions with Tyr201 and Trp325 (SI, Fig. S4b). Arg209 also 
established hydrogen interactions with the solvent. Compared to 
the unbound structure, both Arg209 and L3 exhibited increased 
mobility and flexibility. Nevertheless, the outward arrangement of 
Arg209 was consistently maintained throughout the entire 
simulation (Fig. 3b). 

Figure 2. Analysis of SP3 structures. a) Superposition between unbound 
(green) and MDA-bound (orange) SP3 structures showing the different 
arrangements of Arg209 upon ligand binding. The catalytic triad is Ser175-
cisSer151-Lys76; residues Ser170, Ser152, Ile172, Leu308, Leu304, Tyr300, 
Leu385, Trp88, Trp367, and Trp127 form the active site cavity. b) Superposition 
between MDA-bound (orange, aniline moieties are numbered 1 and 2) and 
PMS-bound (purple) SP3 structures showing an identical conformation in the 
active site.  
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Interestingly, when we transferred PMS to the unbound SP3 
crystal structure (here designated by altered MD), we observed 
that Arg209 transitioned to the outward arrangement during half 
of the simulation (SI, Fig. S4c and Fig. 3b). Accordingly, we 
observed an increase in the flexibility and mobility of Arg209 and 
L3 compared to the unbound SP3 structure, demonstrating the 
role of ligand binding in positioning Arg209. In line with the PMS-
bound structure, the Arg209 outward arrangement was stabilized 
through the establishment of electrostatic interactions with 

Asp193, Glu198, and Glu211, π-cation interactions with Tyr201 
and Trp325, and hydrogen interactions with solvent molecules. 
Concerning the 4,4’-MDA system, we observed that the 
hydrophobic pocket in which the ligand was inserted played a vital 
role in its stabilization. The π-π interactions exhibited in the 
crystallographic structure aided in the stabilization of 4,4’-MDA 
within the pocket (Fig. S4d) and favored the ligand to remain 
positioned throughout most of the simulation (Fig. 3c). 
 

Figure 3. Stability assessment by MD simulations. a) Graphical representation of the RMSd evolution throughout the MD simulations of the unbound structure 
(green), SP3:PMS (purple), and SP3:MDA (orange). b) Graphical representation of the distance of Arg209 to the active site (given by the distance of Arg209 Cζ to 
the Ser151 Oγ) for the unbound structure, the SP3:PMS, and the altered MD structure (blue). c) Graphical representation of the distance between 4,4’-MDA to the 
hydrophobic pocket (given by the distance between 4,4’-MDA and the Trp367). 

Enzymatic Characterization on Di-Urethane Ethylene 
Methylendianiline (DUE-MDA) 
To determine urethanase activity towards PUR, we synthesized a 
substrate analog that mimics a fraction of a typical polyether-PUR, 
DUE-MDA (Scheme 1, see also SI Fig. S5). This substrate was 
converted readily by all three wild-type enzymes (SP1, SP2, and 
SP3), and we used LC-MS to monitor the reaction progress. As 
illustrated in the SI, the dominant reaction was the cleavage of 
one urethane bond and the associated release of a diethylene 
glycol methyl ether substituent and a monosubstituted MDA-
urethane, henceforth referred to as MUE-MDA (Scheme 1, see 
also SI Figs. S6 and S7). The latter compound was a poor 

substrate. Hence, we only found deficient concentrations of 
(unsubstituted) 4,4´-MDA in the hydrolysates (SI, Figs. S8 and 
S9). Based on our findings, we propose the hydrolytic reaction 
with DUE-MDA, as shown in Scheme 1. Initial activity 
measurements for DUE-MDA with different incubation times 
showed linear progress curves for about 1 h, and we 
subsequently used 30 min samples for steady-state kinetic 
analyses. Results in Fig. 4a show initial rates (circle) and best fits 
of the Michaelis-Menten equation (lines). The kinetic parameters 
derived from this data are listed in Table 1. The maximal turnover 
on the DUE-MDA substrate is in the 1–2 s-1 range, with Michaelis 
constants in the high micromolar range for all three enzymes and, 
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as a result, specificity constants in the range of 1–4 x 103 M-1s-1 
(Table 1). 
Table 1. Steady-state kinetic parameters on DUE-MDA.[a]  

 SP1 SP2 SP3 

kcat (s
-1

) 2.4 ± 0.20 0.9 ± 0.04 1.8 ± 0.04 

Km (μM) 590 ± 17 760 ± 80 490 ± 29 

kcat  /Km (s
-1

/M
-1

) 4.10 x 10
3
 1.16 x 10

3
 3.63 x 10

3
 

[a] Mean and standard deviation from two independent measurements. 

Activity against DUE-MDA was also studied in endpoint 
measurements after 24 h. While SP1 and SP2 had comparable 
performance, yielding ~0.3 mM of MUE-MDA (Fig. 4b). In general, 
the results obtained in these prolonged experiments suggested 
much lower performance than predicted from the steady state 
kinetic parameters in Tab. 1, and this could be related to product 
precipitation or enzyme instability. The effect was particularly 
strong for SP3, which was approximately 3-fold less active 
compared to SP1 and SP2 (Fig. 4b), and this could reflect the 
lower thermal stability of SP3 [19], a point that future engineering 
efforts should prioritize. 
 

 

Figure 4. Biochemical characterization on DUE-MDA. a) Michaelis-Menten 
curves of SP1, SP2, and SP3 obtained from monitoring DUE-MDA hydrolysis. 
b) MUE-MDA production within 24 h. Reaction conditions as follows: 0.1 µM 
enzyme, 2.0 mM DUE-MDA trimer (5% (v/v) solvent in the reaction mixture) in 
50 mM HEPES, 100 mM NaCl (pH 7.5) at 25 °C with shaking (300 rpm). Bars 
represent the mean and standard deviation (SD) from two independent 
measurements. 

In Silico Analysis of Engineering Variants of SP3 
As L3 is expected to be responsible for substrate recognition, we 
targeted four L3 residues (Arg204, Arg209, Gly210, and Glu211) 
to assess their impact on the structural features of SP3.[20] 
Regarding the substitutions of Arg204 (R204A and R204G), we 
observe that in both cases, L3 had a significant increase in 
mobility and flexibility (SI, Fig. S10a). In the ligand-free wild-type 
SP3, Arg204 established a hydrogen bond with His93 and a 
strong electrostatic interaction with Asp95 (SI, Fig. S10b). Both 
substitutions resulted in the loss of these stabilizing interactions. 
Based on the striking difference in the arrangement of Arg209 in 
the absence and presence of ligands, substitutions to a 
hydrophobic residue (loss of charge) or a negatively charged 
residue (charge inversion) were of interest to understand the 
impact of this residue in L3. As discussed above, in the absence 
of a ligand, Arg209 exhibited a stable inward arrangement. 
Consequently, unlike the wild-type, the residue was not fully 
inserted into the pocket, increasing its freedom of movement (SI, 
Fig. S10b). This increase in freedom of movement due to the size 
reduction was also observed in the R209E substitution, ultimately 
resulting in a less stable inward arrangement. On the other hand, 
in the presence of a ligand, wild-type Arg209 presented an 
outward arrangement that allowed for the establishment of stable 
electrostatic and π-cation interactions. For the R209A substitution, 
the charge was lost, meaning Ala209 could not establish the 
interactions necessary for stabilization. For the R209E 
substitution, the positive charge was replaced by a negative 
charge. Given that the vicinity of the outward arrangement of this 
residue contained several negatively charged residues (SI, Fig. 
S4b), we conclude that the introduction of this negative charge 
promoted electronic repulsion. Additionally, the replacement of 
the positive charge abolished the π-cation interactions. 
Consequently, once again, the outward arrangement was not 
stabilized. Thus, both substitutions destabilized L3 by eliminating 
the stabilizing interactions of Arg209 in both possible 
arrangements. We observed that both Gly210 substitutions 
(G210A and G210T) led to an increase in the flexibility and 
mobility of L3 (SI, Fig. S10a). That is, both substitutions resulted 
in a less stable residue, which in turn reduced the stability of L3, 
making it more mobile. In contrast, E211P led to a decrease in the 
flexibility and mobility of L3 (SI, Fig. S10a). Inspection of wild-type 
ligand-free SP3 revealed that, despite establishing some 
hydrogen interactions with nearby residues (e.g., Leu212 and 
Gln332) and water molecules, Glu211 was surrounded by several 
hydrophobic residues (e.g., Leu212, Val307, Trp325, and 
Leu329). This meant that its negative charge was not favorable 
for its hydrophobic surrounding (SI, Fig. S10b). Indeed, when 
Glu211 was substituted for a proline, we observed a reduction in 
the mobility of this residue, promoted by hydrophobic interactions 
with its surrounding residues. Consequently, the stabilizing effect 
of E211P reduced the flexibility and mobility of L3. In contrast, the 
E211A substitution did not produce the same effect. Despite 
Glu211 also being substituted to a hydrophobic residue, this 
substitution led to an increase in the flexibility and mobility of L3. 
All substitutions promoted an increase in the mobility of L3, except 
for the E211P substitution, which is consistent with the general 

10.1002/anie.202419535

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202419535 by U

niversitã¤T
sbibliothek, W

iley O
nline L

ibrary on [29/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

7 
 

increase in rigidity associated with the introduction of Pro residues, 
ultimately, leaving more avenues open for future bioengineering. 
 
Experimental Verification of Engineered Variants of SP3 
We reasoned that a more flexible (i.e., easily activated) SP3 might 
exhibit greater hydrolytic properties. To test this hypothesis, we 
targeted the equivalent residues in L3 (Fig. 5a) by site-directed 
mutagenesis: Arg204, Arg209, Gly210, and Glu211 (Fig. 5b). 
Substitutions included conservative amino acid exchanges (e.g., 
R204K, R209K, and E211D), different spatial requirements (e.g., 
R204G, R209A), and the introduction of opposite charges (e.g., 
R209E). Subsequently, apparent specific activities were 
determined against the small carbamates 7-carbethoxyamino-4-
methylcoumarin (CAMC, Fig. 5c) and ethyl N-nitrophenyl 
carbamate (ENPC, Fig. 5c) as described previously for the 
metagenomic urethanase SP1.[20] Compared to SP1 (CAMC: 
798 ± 193 mU mg-1; ENPC: 14 ± 5 mU mg-1), SP3 exhibited 
similar apparent specific activities of 597 ± 178 mU mg-1 and 
18 ± 8 mU mg-1 for CAMC and ENPC, respectively.[20] The 
specific activity of SP3 for CAMC also agrees with an earlier 
study.[19] While conservative amino acid exchanges at position 
Arg204 (R204K and R204H), as well as the introduction of a small, 
aliphatic alanine residue (R204A) yielded specific activities 
comparable to the wild-type enzyme (Table 2), the mutant R204G 
showed improved hydrolysis of CAMC (1,195 ± 180 mU mg-1) 
and ENPC (40 ± 11 mU mg-1).  
 
Table 2. Specific activities of L3 variants of SP3.[a] 

Mutant CAMC ENPC CAMC 
Fold change 

ENPC 
Fold change 

WT [b] 597 ± 187 18 ± 8 - - 

R204A 387 ± 42 14 ± 6 0.60 0.77 

R204G 1,195 ± 180 40 ± 11 2.00 2.22 

R204H 473 ± 169 16 ± 4 0.80 0.90 

R204K 862 ± 156 36 ± 10 1.44 2.00 

D206N 1,009 ± 148 45 ± 15 1.70 2.50 

G207S 703 ± 140 21 ± 12 1.17 1.16 

R209A 620 ± 123 47 ± 20 1.03 2.60 

R209H 473 ± 169 23 ± 12 0.80 1.27 

R209K 472 ± 38 35 ± 14 0.80 1.94 

R209N 352 ± 67 23 ± 10 0.60 1.27 

R209Q 390 ± 48 35 ± 20 0.65 1.94 

R209D 263 ± 78 5 ± 3 0.44 0.27 

R209E 116 ± 24 2 ± 1 0.20 0.11 

G210A 1,137 ± 260 34 ± 2 1.90 1.90 

G210C 1,392 ± 364 34 ± 7 2.33 1.90 

G210S 1,664 ± 272 34 ± 2 2.78 1.90 

G210T 1,332 ± 219 38 ± 17 2.23 2.11 

E211A 678 ± 54 42 ± 21 1.13 2.33 

E211P 1,536 ± 203 59 ± 21 2.57 3.27 

E211D 304 ± 79 10 ± 5 0.50 0.55 

E211N 310 ± 13 29 ± 14 0.51 1.61 

E211Q 499 ± 125 16 ± 10 0.83 0.88 

[a] Specific activities [mU mg-1] reported as mean values ± SD of biological 

replicates (n ≥ 3). [b] WT, wild-type SP3 

Although various substitutions at position Arg209, which showed 
the largest displacement between free and ligand-bound 
structures of SP3 (Fig. 2a), reduced the activity towards CAMC, 
the hydrolysis of ENPC was significantly improved (Table 2). For 
example, the mutants R209Q and R209A exhibited close to 2- 
and 3-fold enhanced activity against ENPC, respectively. Similar 
to other residues, R209A was predicted to increase the flexibility 
of L3 in silico (SI, Fig. S10a). Noteworthy, the introduction of an 
opposite charge (R209E and R209D) strongly impaired the 
activity of SP3 against CAMC as well as ENPC (Table 2). The 
introduction of larger residues at position G210 significantly raised 
the hydrolytic activity of SP3 towards the small carbamates; 
exhibiting the highest increase (about 3-fold for CAMC and 4-fold 
for ENPC) observed amongst the investigated single amino acid 
exchanges in L3 (Table 2). Lastly, the substitutions E211P and 
E211A also produced more active enzyme variants with apparent 
specific activity increased to 1,536 ± 203 mU mg-1 for CAMC and 
59 ± 21 mU mg-1 for ENPC with roughly 3-fold increase for both 
substrates. Noteworthy, a conservative exchange (E211D) or the 
removal of charged sidechains (E211Q and E211N) reduced the 
hydrolytic activity (Table 2). Interestingly, beneficial amino acid 
exchanges in L3 of SP3 naturally occur in the two other 
metagenomic urethanases, SP1 and SP2.[19][20] These include 
R204G (corresponding to Gly205 in SP1 and Arg204 in SP2) or 
E211P (Pro212 in SP1 and Asp211 in SP2). Improved mutants of 
SP3 also included G210A, G210C, G210S, and G210T; SP1 and 
SP2 feature a threonine and an alanine at the corresponding 
positions in L3 (Thr211 and Ala210, respectively). Consequently, 
we created two variants of SP3 – D206N and G207S, based on 
Asn207 and Ser207 found in SP1 and SP2, respectively – to 
reflect the natural diversity of amino acids in L3. Both variants 
hydrolyzed the two carbamates CAMC and ENPC more efficiently 
than the wild-type SP3 (Table 2). Together, these results confirm 
experimentally the importance of L3 for the hydrolytic activity of 
SP3; L3 and interacting amino acid residues – adjacent and distal 
– represent valuable mutational hotspots. 
 
Conclusion 

Recently, the enzymes SP1, SP2, and SP3 were shown to 
hydrolyze urethane bonds in PUR fragments, strongly motivating 
new research aiming at an in-depth understanding and 
characterization of AS family members.[19][20][21] Herein, we 
investigated the structural and biochemical features of SP3 based 
on three high-resolution crystal structures, one ligand-free and 
two in complex with ligands. These not only allowed us to confirm 
structural features shared by all three metagenomic urethanases 
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and related enzymes like the catalytic triad (Lys76, cisSer151, 
and Ser175 in SP3) and four flexible loops (L1–4) that form the 
catalytic pocket.[20][21] We further report the first structure-based 
mapping of key residues in the active site pocket (Trp127, Ile172, 
Gly173, Trp367, Tyr300, Leu304, Leu308, Trp367, and Leu385) 
and the rearrangement of loops upon ligand binding as observed 
for L3 (Fig. 2a). The functional importance of L3 was also 
predicted by MD simulations and, ultimately, confirmed by 
different site-directed mutagenesis strategies targeting the 
residues in L3. Indeed, several of the 22 variants of SP3 showed 
up to a 3-fold improvement in specific activity over the wild-type 
enzyme against two model carbamates (CAMC and ENPC; Table 
2). The increased activity followed the predicted flexibility 
increase of L3, except E211P, which was the only exchange 
predicted to lower the freedom of movement of L3 (Fig. S10c). 
Interestingly, while the transplantation of certain naturally 
occurring loop residues in SP1 and SP2 improved the activity of 
SP3 (e.g., D206N, G207S, or E211P), the substitution of Arg209 
with acidic sidechains impaired catalysis significantly.The data 
suggest residue position 211 to be important for catalytic 
functionality, with enhanced flexibility being only one of many 
possibilities for increased catalytic activity. Side chains of prolines, 
aspartates, and glutamates are able to engage in π-π  
interaction[36] and might explain a contribution of this position in 
substrate recognition. However, further experimental work will be 
required to substantiate such hypotheses. This is in contrast to 
SP1, for example, featuring a glutamate residue at the 
corresponding position that is catalytically important. A detailed 
discussion of the underlying interactions and mechanisms will 

require thorough experimental engineering campaigns, for 
example, which is beyond the scope of the presented study and 
will be followed in the future. Towards the depolymerization of 
polymeric material, we compared the kinetic parameters of SP3 
with SP1 and SP2, monitored for the hydrolysis of DUE-MDA and 
yielding specificity constants >103 M-1 s-1 (Table 1). These data 
highlighted that the major product was the monosubstituted MUE-
MDA (Scheme 1); the completely hydrolyzed product, 4,4´-MDA, 
was only detected in trace amounts for all three enzymes. 
Endpoint measurements (Fig. 4b) showed SP3 to be inferior to 
SP1 and SP2. This deviates from steady-state kinetic parameters 
(Table 1) but might be explained by the poor thermostability of 
SP3, which becomes dominant during longer reaction times.[19] 
Together, these findings confirmed the importance of flexible loop 
regions in metagenomics urethanases and will assist the deeper 
understanding of structure-function relationships in AS family 
members.[20] In a wider perspective, bioprocessing of PUR is still 
in its infancy. We note, however, that the current status is 
reminiscent of early stages of work on PET hydrolases almost 20 
years ago. This implies that the way forward includes enzyme 
discovery and engineering – with stability, specificity and catalytic 
efficiency as targets. The current results with wild-type specificity 
constants over 103 M-1s-1 on relevant PUR fragments and 
substantial activity improvements by structure guided point-
mutations appear to bring some promise for progress along those 
lines. 

 

Figure 5. Engineered variants of SP3. a) Sequence alignment of SP1, SP2 and SP3 focusing on Loop 3 of SP3 (black rectangle). Numbers indicate the position 
chosen in the SP3 sequence for mutagenesis. b) Location of the mutated residues in L3 of SP3 with respect to the catalytic triad Ser175-cisS151-Lys76. Positions 
of Gly207 and Gly210 are indicated in the cartoon representation. c) Chemical structures of CAMC and ENPC used to screen the engineered variants.[20] 

Supporting Information 

The authors have cited additional references within the 
Supporting Information.[37-53]  
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Global plastic production has surged in recent decades, leading to significant environmental waste. With a focus on polyurethane (PUR), 
the high-resolution crystal structure of the metagenomic urethanase SP3 in a product-bound state has been solved. Kinetic studies and 
enzyme engineering guided by the structure identified key structural elements that enhance urethanase activity, thereby supporting 
future PUR degradation and sustainable recycling efforts. 
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