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Abstract 

Background:  Glucaric acid, one of the aldaric acids, has been declared a “top value-added chemical from biomass”, 
and is especially important in the food and pharmaceutical industries. Biocatalytic production of glucaric acid from 
glucuronic acid is more environmentally friendly, efficient and economical than chemical synthesis. Uronate dehydro‑
genases (UDHs) are the key enzymes for the preparation of glucaric acid in this way, but the poor thermostability and 
low activity of UDH limit its industrial application. Therefore, improving the thermostability and activity of UDH, for 
example by semi-rational design, is a major research goal.

Results:  In the present work, three UDHs were obtained from different Agrobacterium tumefaciens strains. The three 
UDHs have an approximate molecular weight of 32 kDa and all contain typically conserved UDH motifs. All three 
UDHs showed optimal activity within a pH range of 6.0–8.5 and at a temperature of 30 °C, but the UDH from A. tume-
faciens (At) LBA4404 had a better catalytic efficiency than the other two UDHs (800 vs 600 and 530 s−1 mM−1). To fur‑
ther boost the catalytic performance of the UDH from AtLBA4404, site-directed mutagenesis based on semi-rational 
design was carried out. An A39P/H99Y/H234K triple mutant showed a 400-fold improvement in half-life at 59 °C, a 
5 °C improvement in T10

50
 value and a 2.5-fold improvement in specific activity at 30 °C compared to wild-type UDH.

Conclusions:  In this study, we successfully obtained a triple mutant (A39P/H99Y/H234K) with simultaneously 
enhanced activity and thermostability, which provides a novel alternative for the industrial production of glucaric acid 
from glucuronic acid.
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Background
Uronate dehydrogenase (EC 1.1.1.203, UDH), an 
NAD+-like oxidoreductase, can convert uronic acids 
[e.g., glucuronic acid (GlcA)] into aldaric acids [e.g., glu-
caric acid (GA)] (Fig. 1). UDH was first found in Agrobac-
terium tumefaciens strain C58 and Pseudomonas syringae 
pv. tomato strain DC3000 (Zajic et  al. 1959; Wagner 

and Hollmann 1976). Subsequently, UDHs were also 
cloned and characterized from other organisms, includ-
ing Pseudomonas putida KT2440, Fulvimarina pelagi 
HTCC2506, Oceanicola granulosus DSM15982, Strep-
tomyces viridochromeogenes DSM40736, Polaromonas 
naphthalenivoransCJ2 and Thermo bispora DSM43833 
(Moon et al. 2009; Pick et al. 2015; Wagschal et al. 2015; 
Li et al. 2018).

Recently, UDH has attracted considerable attention as 
the key enzyme for GA and galactarate production from 
uronic acids. GA was identified as a “top value-added 
chemical from biomass” by the US Department of Energy 
in 2004 (Werpy et  al. 2004) and shows considerable 

http://orcid.org/0000-0003-3474-3446
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-019-0267-3&domain=pdf


Page 2 of 9Su et al. Bioresour. Bioprocess.            (2019) 6:36 

potential in the food and pharmaceutical industries, with 
applications as a food additive, dietary supplement, ther-
apeutic medicine, agent builder and polyamide derivative 
(Dwivedi et  al. 1990; Bespalov and Aleksandrov 2012; 
Walaszek 1990; Zółtaszek et al. 2008; Morton and Kiely 
2000). Of all the characterized UDHs, the enzyme from 
A. tumefaciens strain C58 shows the highest catalytic effi-
ciency (829 s−1 mM−1) with GlcA as substrate. However, 
its T50

50
 value is only 37 °C (Pick et al. 2015). Subsequently, 

Roth et  al. achieved a more thermostable triple variant 
with a T15

50
 value of 62 °C and a ∆∆GU of 2.3 kJ/mol com-

pared to wild-type (Roth et al. 2017). However, this vari-
ant still does not meet the requirements of industry.

In line with the hypothesis that conformational 
changes in the catalytic center during heat treatment 
affect enzyme activity, researchers have attempted to 
improve the thermostability of various enzymes by 
increasing the stability of the catalytic center using a 
structure-guided enzyme engineering approach (Tanner 
et al. 1996; Blair et al. 2007; Etzl et al. 2018; Zhang et al. 
2016). Thus, the thermostability of α-keto acid decarbox-
ylase, measured as the temperature at which 50% activity 
remains after a 1-h incubation, T1h

50
 , improved by 3.3  °C 

compared to wild-type after structure-guided engineer-
ing of the catalytic center (Sutiono et  al. 2018). Surface 
engineering can also increase enzyme thermostability by 
altering hydrogen bonds, salt bridges and hydrophobic 
interactions (Alponti et al. 2016; Eijsink et al. 2004; Yang 
et al. 2007). For example, the half-life and Tm of alkaline 
α-amylase from Alkalimonas amylolytica were raised by 
6.4-fold and 5.4 °C, respectively, after introducing multi-
ple arginines on the protein surface (Deng et al. 2014).

In this work, the enzyme characteristics of three UDHs 
from three A. tumefaciens strains were investigated. We 
attempted to enhance the thermostability and activity of 
one particular example (AtLBA4404 UDH) by generating 
small and smart enzyme libraries through semi-rational 
engineering. Analysis of the structure of the most prom-
ising variants showed that the mutated positions were 
mainly located in the flexible loop near the catalytic 
center.

Materials and methods
Bacterial strains and plasmids
Three A. tumefaciens strains, A. tumefaciens LBA4404 
(AtLBA4404), A. tumefaciens GV3101 (AtGV3101) 
and A. tumefaciens EHA105 (AtEHA105), were used as 
genomic templates. The above strains were donated by 
Prof. Li from Guangdong Academy of Agricultural Sci-
ences (Guangdong, China). The engineered Escherichia 
coli strains containing the target genes were cultured 
in Luria–Bertani (LB) broth with antibiotics (50  μg/
ml kanamycin) at 37  °C. E. coli DH5α (Trans Gen Bio-
tech, China) and E. coli BL21 (DE3) (Trans Gen Biotech, 
China) were used as the cloning host and expression 
host, respectively. The plasmid pET-28a(+) (Jierui, 
China) was employed as the template for overexpression 
of the UDHs.

Expression and purification of recombinant proteins
The preparation of genomic DNA and general cloning 
steps were performed as previously described (Zhu et al. 
2014). We confirmed that the candidate genes of the 
three A. tumefaciens strains contained conserved UDH 
domain sequences by PCR and sequencing. The prim-
ers used to amplify the conserved domain sequences 
from their genomic DNA are shown in Additional file 1: 
Table S1. The three target UDH genes were digested with 
restriction enzymes HindIII and XhoI and then ligated 
into the corresponding restriction sites of pET-28a(+). 
The resulting constructs (pLBA-UDH, pGV-UDH and 
pEHA-UDH) were transformed into E. coli DH5α and 
positive cells were confirmed by gene sequencing.

Escherichia coli BL21 (DE3) carrying recombinant 
plasmids was first incubated overnight in LB medium 
containing kanamycin (50  μg/ml) and shaken at 37  °C 
and 200 rpm. Then, 1% (v/v) of these cultures were used 
to seed fresh LB broth medium with kanamycin (50 μg/
ml) and cultured at 37 °C and 200 rpm. When the OD600 
reached 0.6–0.8, isopropyl β-d-1-thiogalactopyranoside 
(IPTG, final concentration 0.2  mM) was added to trig-
ger the expression of the target genes. After expression at 
20 °C for 20–24 h, the cells were harvested at 8000×g for 

Fig. 1  Uronate dehydrogenase catalyzes a dehydrogenation reaction at C1, 6 position of glucuronic acid
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10 min and resuspended in lysis buffer (20 mM Na2HPO4 
(pH 7.4), 500  mM NaCl and 20  mM imidazole). Next, 
cells were sonicated and the cell homogenates were 
centrifuged. The supernatants were filtered and loaded 
onto a nickel column (Ni–NTA, Bio-Rad laboratories, 
Hercules, CA) using the manufacturer’s instructions for 
purification.

Enzyme activity assay
UDH activity was measured by determining NADH 
generation at 340  nm and 30  °C in a potassium phos-
phate buffer (KPi) reaction system (50  mM, pH 8.0) 
containing GlcA (5 mM), galacturonic acid (5 mM) and 
NAD+(2 mM). One unit of UDH activity was defined as 
the amount of UDH which generated 1 μmol NADH in 
1  min. Protein concentration was measured using the 
Bradford method (Kruger 1988).

The thermostability of UDH and variants was evaluated 
by the parameters half-life (t1/2) and T10

50
 : t1/2 was deter-

mined by measuring the residual activity of the enzymes 
at 59 °C and pH 8.0. T10

50
 was defined as the temperature 

(50–65 °C) at which 50% of the enzyme (0.05 mg/ml) was 
inactivated in 10 min.

Characterization of the UDHs
The optimal pH values of the three UDHs were evaluated 
in the following buffer systems: citric acid–sodium cit-
rate (pH 4.0–7.0, 50 mM), KPi (pH 7.0–9.0, 50 mM) and 
glycine–NaOH (pH 9.0–11.0, 50 mM). The optimal tem-
peratures of the UDHs were also assayed in KPi buffer 
(50 mM, pH 8.0) with a temperature range of 4 °C–50 °C 
for wild-type UDH. UDH thermostability was assessed 
after incubation at temperatures in the range 4–50 °C for 
3 h.

The effect of various metal ions, including FeCl2, FeCl3, 
MgCl2, CoCl2, ZnCl2 and CuCl2 (2 mM), on UDH activ-
ity was investigated. The effect of chemical regents Tri-
ton X-100, ethylene diamine tetra-acetic acid (EDTA), 
sodium dodecyl sulfate and urea on UDH activity was 
also tested.

The enzyme activity in the additive-free buffer was 
used as 100% for comparison purposes.

The kinetic parameters of the UDHs were meas-
ured using glucuronate or galacturonate as substrate 
at 0–10  mM in KPi buffer containing 1.2  mM NAD+ 
(50  mM, pH 8.0). Similarly, kinetic analysis was per-
formed using NAD+ in the concentration range 
0–1.5 mM in KPi buffer containing 10 mM glucuronate 
(50  mM, pH 8.0). The initial rate of the same enzyme 
concentration was evaluated for a series of different sub-
strates. Nonlinear curve fitting was performed according 
to the Michaelis–Menten equation using Origin 8.0.

Site‑directed mutagenesis of A. tumefaciens LBA4404
The UDH from AtLBA4404 was selected for further 
molecular modification because it showed the highest 
kcat/Km (800 s−1 mM−1) of the three UDHs. A model of 
the UDH from AtLBA4404 was constructed by homology 
modeling using Swiss-model (http://swiss​model​.expas​
y.org/) (Biasini et  al. 2014) with the crystal structure 
of UDH from AtC58 (PDB code 3RFT) as the template 
(Parkkinen et al. 2011). Deep View (http://spdbv​.wital​-it.
ch/) was used to evaluate which of the mutated amino 
acid positions were located on the protein surface and a 
default value of 30% solvent exposure was chosen.

To generate a mutant library, we performed the 
polymerase chain reaction (PCR) using pET28a-AtL-
BA4404UDH as the template and the degenerate codon 
NNK (Additional file 1: Table S1). E. coli BL21 (DE3) con-
taining the mutant clones was grown on LB agar plates 
with 50 μg/ml kanamycin for 16 h. As single colony was 
picked and cultured in 96-deep-well plates containing 
medium with 100 μg/ml kanamycin and 0.05 M IPTG for 
20 h at 30 °C. A culture volume of 100 μl was centrifuged 
(5000 rpm for 10 min at 4 °C), and the pellets were stored 
at − 80  °C for 4  h. Next, 50  μl lysis buffer (50  mM KPi 
pH 8.0) was added at 37 °C for 1 h, and then centrifuged 
(1000 rpm for 5 min at 4 °C). Subsequently, 50 μl super-
natant was incubated in a PCR thermocycler at 30–65 °C 
for 10 min, then mixed with the substrate reaction solu-
tion (50 mM KPi pH 8.0, 1 mM MgCl2 and 10 mM GlcA), 
and finally the residual activity was determined according 
to “Enzyme activity assay” section.

Product analysis by NMR
The synthesis of GA from GlcA by UDH was carried out 
in a 25  ml reaction system with 5  mg UDH, KPi buffer 
(50  mM, pH 8.0), 2  mM NAD+ and 10  mM GlcA. The 
reaction was incubated for 30–60 min at 30 °C and then 
stopped with acetonitrile (1:10). The product was dis-
solved in D2O for NMR analysis. 1H-NMR spectra were 
recorded on a Bruker 600  MHz instrument (Bruker 
Corporation, Fallanden, Switzerland). The spectra were 
obtained at 30 °C, a delay time of 10 s, and a delay time of 
10 s, and an acquisition time of 2 s.

Bioconversion of GlcA with purified UDH enzyme
The reaction system was carried out in 100  ml consist-
ing of 50 mM KPi (pH 8.0), 5 mg/l purified UDH, 10 mM 
NAD+, 30  mM GlcA at 30  °C for wild-type and H99Y/
H234K, or at 37 °C for A39P/H99Y/H234K, and stopped 
by cooling on ice. GA production was stoichiometric with 
NADH formation, which was monitored in a spectropho-
tometer by absorbance at 340 nm and 30  °C. The yields 
of GA were determined using a high-performance liquid 
chromatograph equipped with Waters 1525 refractive 

http://swissmodel.expasy.org/
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index detectors (Waters, USA), and an Aminex HPX-87H 
column (300  mm × 7.8  mm, Bio-Rad Laboratories, Her-
cules, CA). The mobile phase was 5 mM H2SO4, and the 
column was eluted at 65 °C at a flow rate of 0.5 ml/min. 
The samples were withdrawn at different reaction points 
to determine the yield of product. All experiments were 
performed in triplicate.

Statistical analysis
Data were obtained at least in triple and expressed as 
mean ± standard deviation (SD). To test for statistically 
significant differences between conditions, an unpaired 
two-tailed Student’s t test was applied assuming equal 
variance. The level of significance is indicated in figures 
by the following: p < 0.01, p < 0.001.

Results
Characterization of three UDH genes and their cognate 
enzymes
Cloning of the UDH genes from A. tumefaciens strains 
allowed us to analyze the predicted amino acid sequences 
of their respective enzymes. All three proteins con-
tained characteristically conserved UDH motifs, such 
as GxxGxxG and YxxxK (Thomas et al. 2002; Hoffmann 
et al. 2007; Yoon et al. 2009). In addition, the three UDHs 
were very similar to that of A. tumefaciens C58, with a 
sequence identity of 89%, 98% and 98% for A. tumefaciens 
LBA4404, A. tumefaciens GV3101 and A. tumefaciens 
EHA105, respectively (Additional file 1: Fig. S1). Details 
of the three genes have been deposited at NCBI, with 
accession numbers MF663795 (A. tumefaciens LBA4404), 
MF663796 (A. tumefaciens GV3101) and MF663797 (A. 
tumefaciens EHA105).

We next prepared recombinant versions of each UDH. 
SDS-PAGE suggested that the molecular mass of all three 
enzymes was 32  kDa (Additional file  1: Fig. S2), con-
sistent with their theoretical value as well as a previous 
report (Yoon et  al. 2009). Purification and yield details 
are provided in Additional file  1: Table  S2. The purified 
wild-type UDHs displayed the highest catalytic activity at 
30  °C, but demonstrated thermal instability above 30  °C 
(Additional file  1: Fig. S3a, b). This limitation hinders 
biocatalytic applications of wide-type UDHs in industry. 
All three UDHs performed with relatively high enzyme 
activity in the pH range 6.0–8.5, with optimal activity at 
pH 8.0 (Additional file 1: Fig. S3c). We also measured the 
effect of metal ions on enzyme activity (Additional file 1: 
Table S3) and determined their kinetic parameters (Addi-
tional file  1: Table  S4). No significant differences in the 
activity and thermostability of the UDHs from the three 
A. tumefaciens strains were observed. However, the UDH 
from A. tumefaciens LBA4404 showed higher kinetic effi-
ciency (kcat/Km: 800 s−1 mM−1) for glucuronate than the 

enzymes from A. tumefaciens GV3101 (kcat/Km: 600  s−1 
mM−1) or A.tumefaciens EHA105 (kcat/Km: 530  s−1 
mM−1). Therefore, the UDH derived from A. tumefaciens 
LBA 4404 was selected for further study.

Identification of target residues for mutagenesis 
and construction of mutant
To attempt to improve the thermostability of the UDH 
from A. tumefaciens LBA4404, we adopted a structure-
guided enzyme engineering strategy, which involves muta-
tion of key sites in the protein sequence. Initially, therefore, 
we constructed a homology model of UDH using Swiss-
model (https​://swiss​model​.expas​y.org/) with the UDH 
from A. tumefaciens C58 (PDB code 3RFT) as the template) 
(Parkkinen et al. 2011). This homology model showed that 
93.12% of the residues have an averaged 3D-1D score ≥ 0.2 
(Indeed, at least 80% of the amino acids scored ≥ 0.2 in the 
3D-1D profile (Additional file 1: Fig. S4).

Identification of amino acid positions for mutation in 
At58 UDH was based on the structure-guided enzyme 
engineering and a previously report (Roth et  al. 2017) 
to select target residues in the UDH from AtLBA4404. 
Five residues (L36, A39, E79, H99 and H234) in the UDH 
amino acid sequence were identified as candidates and 
were altered by site-directed saturation mutagenesis 
(Fig. 2). We found that some mutations in sites A39, H99 
and H234 had a positive effect on thermostability and 
enzyme activity (Table 1).

To check the thermostability of the UDH mutants, 
enzyme solutions from engineered E. coli strains’ cell-
free supernatants were incubated in 96-well PCR plates 
at 58 °C for 10 min. Subsequently, the residual activity 
of the UDH mutants was determined. The variants of 
the two libraries based on L36 and E79 showed large 
decreases in thermostability compared to WT. In con-
trast, the thermostability of the A39P and H99Y vari-
ants from the A39 and H99 libraries were slightly more 
thermostable that wild-type UDH, which the double 
mutant, A39P/H99Y, performed better. H234K showed 
the best thermostability and specific activity com-
pared to other variants in the H234K library and also 
slightly outperformed single mutants from the other 
libraries. When these mutants were combined, the 
resulting double or triple mutants showed synergistic 
effects, improving thermostability still further; the tri-
ple mutant A39P/H99Y/H234K performed best (Fig. 3). 
To define the optimal temperature and pH for the most 
promising variants, the double mutants H99Y/H234K 
and the triple A39P/H99Y/H234K were assayed across 
a temperature range of 30–65  °C and a pH range of 
5.0–9.0 (Fig. 4). These experiments showed the optimal 
temperature of the mutants to be 35 °C (Fig. 4a) and the 
optimal pH to be 8.0 (Fig. 4b).

https://swissmodel.expasy.org/
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Stability assay
In this study, the T10

50
 value of the purified wild-type 

enzyme was 58  °C, but the kinetic stability improved 
markedly for three double or triple variants (A39P/H99Y, 
A39P/H234K and A39P/H99Y/H234K), while improving 
slightly for the single mutants A39P, H99Y and H234K. 
Especially promising was the T10

50
 value for A39P/H99Y/

H234K, which increased to 63  °C, a difference of 5  °C 
compared to wild-type (Table  2). We also determined 
the activity of the variant A39P/H99Y/H234K com-
pared to wild-type UDH after incubation for various 
times at 58  °C. The first-order kinetics of both enzymes 

was obtained by measuring residual activity at 59  °C. 
As shown in Fig.  5, the activity of A39P/H99Y/H234K 
increased by more than 50% in the first minute com-
pared to wild-type UDH, then dropped in the next two 
minutes. Over the next 60 min, the activity fell to 53% of 
the initial activity, and then maintained 50% activity for 
another 60 min at 59 °C. Even after 400 min at 59 °C, the 
A39P/H99Y/H234K variant retained more than 25% of 
the initial activity. Hence, the t1/2 of A39P/H99Y/H234K 
improved approximately 400-fold compared to wild-type 
UDH, from 18 s to 120 min at 59 °C. The specific activity 
of the variants also improved, with A39P/H99Y/H234K 

Fig. 2  Structural model of AtLBA4404 UDH. a Cartoon representation of the overall AtLBA4404 UDH structure. b The mutated amino acids are 
shown in red, the catalytic center in yellow (86Asn, 109Ser, 134Tyr, 138Lys)

Table 1  Kinetic parameters of UDH from wt and mutants toward substrate glucuronic acid

Mutants kcat (102s−1) Km (mM) kcat/Km (102 s−1 mM−1) Specific activity 
(U mg−1)

Relative 
activity 
(100%)

WT 1.61 ± 0.3 0.20 ± 0.06 8.0 85 ± 2.1 100.0 ± 3.2

A39P 1.92 ± 0.5 0.26 ± 0.03 7.3 88 ± 3.1 103.5 ± 2.6

H99Y 1.79 ± 0.4 0.23 ± 0.05 7.7 93 ± 4.1 109.6 ± 3.4

H234K 1.95 ± 0.2 0.24 ± 0.03 8.1 110 ± 3.1 129.4 ± 2.9

A39P/H99Y 2.39 ± 0.1 0.20 ± 0.04 7.2 124 ± 2.9 146.8 ± 3.2

A39P/H234K 2.95 ± 0.4 0.18 ± 0.06 8.4 140 ± 3.6 165.7 ± 3.5

H99Y/H234K 3.18 ± 0.5 0.17 ± 0.05 8.6 149 ± 1.9 175.4 ± 2.9

A39P/H99Y/H234K 3.8 ± 0.7 0.15 ± 0.03 9.1 210 ± 3.0 247.6 ± 3.5
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showing a 2.5-fold at 30  °C (210 U/mg) compared to 
wild-type (Table 1).

Bioconversion of GlcA with purified UDH
The bioconversion of the substrate GlcA by UDH was 
carried out for over 200  min at 37  °C to determine the 
yield of GA obtained, which was assessed by NMR 

(Additional file  1: Fig. S5), using the enzyme variants. 
The titer of GA was significantly higher for both the 
H99Y/H234K and A39PH99Y/H234K variants in the 
first 90 min (p < 0.01), then slowly continued to improve 
and still had not reached a maximum after 200 min. The 
final titer of GA was 27 mM ± 0.05 at 200 min for A39P/
H99Y/H234, and 24  mM ± 0.10 at 200  min for H99Y/
H234. Wild-type, H99Y/H234K and A39P/H99Y/H234K 
UDH demonstrated GA yields of 70%, 80% and 90%, 
respectively (Fig. 6).

Discussion
Compared with previous research, the UDH mutant pro-
duced in this study by rational evolution has both higher 
thermostability and improved activity (Table  3). After 
generating various single and combined mutations, we 
found that the best mutant (A39P/H99Y/H234K) had a 
400-fold improvement in half-life at 58 °C, higher kinetic 
stability ( �T

30
50

 = 5 °C) and 2.5-fold higher specific activity 
at 30 °C than wild-type UDH.

The sites chosen for mutagenesis were located near the 
catalytic center (< 10 Å distant) and had good exposure to 
solvent (default value ≥ 30) (Eijsink et al. 2004; Kokkinidis 
et  al. 2012; Wintrode et  al. 2003). These positions (L36, 
A39, E79, H99, H234) were identified. In comparison 
with wild-type, H234K showed higher thermostability; 
while, A39P and H99Y were only slightly more thermo-
stable. The triple mutant showed a greater improvement 
in thermostability than the sum of its three constituent 

Fig. 3  Stability of wild-type UDH and all three variants, measured 
by the decrease in initial activity after 10 min incubation at the 
temperatures indicated. 100% activity is the activity of each enzyme 
incubated at optimum temperature for 30 min. A39P/H99Y/H234K, 
A39P/H234K and H99Y/H234K showed heat activation profiles

Fig. 4  Optimal temperature and pH values of UDH mutants. (a) Optimal temperature was determined in pH 8.0 buffer. (b) Optimal pH was 
determined at 37 °C except for H99Y/H234K and wild-type UDH (30 °C)
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individual mutations, demonstrating a positive synergis-
tic effect. This reflects similar observations in the litera-
ture (Istomin et al. 2010; Reetz et al. 2010; Reetz 2013).

The three mutations (A39P, H99Y and H234K) com-
bined within our best variant UDH (A39P/H99Y/H234K) 
are all located on the surface of the enzyme. It is well 
known that mutations that increase the thermostabil-
ity are often found in surface regions (Eijsink et al. 2004; 
Wintrode et al. 2003; Stellwagen and Wilgus 1978). The 
mechanisms underlying the effect of these three muta-
tions on thermostability can be rationalized by analysis 
of the enzyme structure (Deng et al. 2014; Samuel et al. 
2018). Thus, the A39P mutation is stabilizing because 
proline can disrupt alpha-helix and beta-sheet, but is less 
of a problem at the surface; on the other hand, it is more 
prevalent in the proteins of thermophilic organisms, and 

lowers the conformational entropy (Wu et al. 2017; Rul-
ler et al. 2010). Similarly, the tyrosine residue introduced 
in the H99Y mutant contains aromatic group, which can 
contribute to improve protein thermostability (Burley 
and Petsko 1985). For the H234K mutant, replacing his-
tidine with lysine can enhance the formation of helices 
with a low cut-off, which could result in the improvement 
of thermostability (Wijma et al. 2013).

Additionally, increased thermostability, any engi-
neered version of UDH would ideally also have higher 
catalytic activity to be of value to industry. However, 
directed evolution studies have suggested that these 
two characteristics, thermostability and activity, can-
not both be optimized for an enzyme due to a stabil-
ity–activity trade-off (Giver et  al. 1998). Nevertheless, 
this trade-off has been challenged by protein engineer-
ing using genetic or chemical methods (Nguyen et  al. 
2017). Indeed, it has been suggested that a polyphos-
phate glucokinase (PPGK) mutant shows good com-
patibility between thermostability and activity after 
four rounds of directed evolution (Zhou et  al. 2018). 
In our study, we found that both thermostability and 
activity showed a marked improvement in the A41P/
H101Y/H236K UDH mutant derived from AtLBA4404. 
Similarly, a previously reported triple variant derived 
from AtC58, A41P/H101Y/H236K showed signifi-
cantly improved thermostability; however, this mutant 
showed no enhancement in activity (Roth et  al. 2017). 
The reasons for this difference might be as follows: (a) 
although the UDH from A. tumefaciens LBA4404 is 
very similar to that from A. tumefaciens C58, it is not 
identical. As shown in Additional file 1: Fig. S1, the dif-
ferences between A. tumefaciens LBA4404 UDH and 
A. tumefaciens C58 UDH are mainly on C terminus, 

Table 2  Thermostability and  activity parameters of  wild-
type and mutants of AtLBA 4404 UDH

Enzyme Relative 
activity 
(30 °C)

t1/2 (min) 
(59 °C)

Improvement 
of t1/2 (59 °C)

�T
10

50

WT 85 ± 2.1 0.30 ± 0.02 1 0

A39P 88 ± 3.1 0.60 ± 0.1 1.8 0

H99Y 93 ± 4.1 1.30 ± 0.5 4.3 2

H234K 110 ± 3.1 5.10 ± 1.1 17 2.5

A39P/H99Y 124 ± 2.9 1.10 ± 0.5 3.5 3

A39P/H234K 140 ± 3.6 6.30 ± 1.9 21 3.5

H99Y/H234K 149 ± 1.9 16.00 ± 2.5 53 4

A39P/H99Y/
H234K

210 ± 3.0 120 ± 3.5 400 5

Fig. 5  Kinetic stability of the wild-type UDH and the triple mutant 
(A39P/H99Y/H234K) at 59 °C. Remaining activity was measured at 
30 °C and 37 °C for the wild-type UDH and the triple mutant (A39P/
H99Y/H234K)

Fig. 6  Oxidative conversion of glucuronic acid to glucaric acid
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which might be responsible for the different proper-
ties (Katoh et al. 2003; Li et al. 2018); (b) the A. tume-
faciens LBA4404 used in our study is a model strain, 
and is often used in plant genetic transformation sys-
tems in the laboratory, which, to some extent, has led 
to the domestication of the strain, which might affect 
its genes and corresponding proteins (Aldemita and 
Hodges 1996; Komari et al. 2010). It is possible, there-
fore, that through the separate evolution and recombi-
nation of multiple independent characteristics, some 
rare mutations that improve both thermostability and 
activity at the same time could be identified under spe-
cial conditions (Giver et al. 1998; Arnold et al. 2001).

Conclusions
In summary, we obtained a highly improved triple 
mutant (A39P/H99Y/H234K) of UDH, based on a 
homology model of AtLBA4404 UDH, by analysis of 
the catalytic center and subsequent surface engineer-
ing. The A39P/H99Y/H234K variant demonstrated a 
400-fold better half-life time at 59  °C, higher kinetic 
stability ( �T

10
50

 = 5  °C) and 2.5-fold higher specific 
activity at 30  °C than wild-type UDH. The simultane-
ously improved specific activity and thermostability of 
this variant provides a novel alternative for the indus-
trial production of GA from GlcA.
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