Lin et al. Biotechnology for Biofuels
Biotechnology for Biofuels and Bioproducts (2023) 16:175

https://doi.org/10.1186/s13068-023-02427-8 and Bioproducts

RESEARCH Open Access

) ) ) ) )]
Biochemical and molecular characterization =

of a novel glycerol dehydratase from Klebsiella
pneumoniae 2e with high tolerance
against crude glycerol impurities

Zifeng Lin"*3" Yuting Xiao'**", Lu Zhang'*?, Le Li"*3, Congying Dong'??, Jiangshan Ma'**" and
Gao-Qiang Liu'**

Abstract

Background The direct bioconversion of crude glycerol, a byproduct of biodiesel production, into 1,3-propanediol
by microbial fermentation constitutes a remarkably promising value-added applications. However, the low activity
of glycerol dehydratase, which is the key and rate-limiting enzyme in the 1,3-propanediol synthetic pathway, caused
by crude glycerol impurities is one of the main factors affecting the 1,3-propanediol yield. Hence, the exploration

of glycerol dehydratase resources suitable for crude glycerol bioconversion is required for the development

of 1,3-propanediol-producing engineered strains.

Results In this study, the novel glycerol dehydratase 2eGDHt, which has a tolerance against crude glycerol impurities
from Klebsiella pneumoniae 2e, was characterized. The 2eGDHt exhibited the highest activity toward glycerol,

with K and V, values of 3.42 mM and 58.15 nkat mg ™", respectively. The optimum pH and temperature for 2eGDHt
were 7.0 and 37 °C, respectively. 2eGDHt displayed broader pH stability than other reported glycerol dehydratases.

Its enzymatic activity was increased by Fe’* and Tween-20, with 294% and 290% relative activities, respectively.

The presence of various concentrations of the crude glycerol impurities, including NaCl, methanol, oleic acid,

and linoleic acid, showed limited impact on the 2eGDHt activity. In addition, the enzyme activity was almost
unaffected by the presence of an impurity mixture that mimicked the crude glycerol environment. Structural analyses
revealed that 2eGDHt possesses more coil structures than reported glycerol dehydratases. Moreover, molecular
dynamics simulations and site-directed mutagenesis analyses implied that the existence of unique Val744 from one
of the increased coil regions played a key role in the tolerance characteristic by increasing the protein flexibility.

Conclusions This study provides insight into the mechanism for enzymatic action and the tolerance against crude
glycerol impurities, of a novel glycerol dehydratase 2eGDHt, which is a promising glycerol dehydratase candidate
for biotechnological conversion of crude glycerol into 1,3-PDO.
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Background

Crude glycerol is the main byproduct from biodiesel
production, and it is generated in enormous quantities
in the biodiesel industry [1, 2]. The presence of a range
of impurities, such as methanol, inorganic salts, and
residual free fatty acids, in crude glycerol prevents
further industrial utilization without an expensive
purification process, which causes it to be treated as
waste in biodiesel plants instead of valuable resource [3,
4]. Direct utilization of crude glycerol as the substrate
for the production of important chemicals, such as
1,3-propanediol, 2,3-butanediol, 1,2-propanediol, and
succinic acid, offers a remarkably promising approach
for value-added applications [5, 6]. Among those, the
bioconversion of crude glycerol into 1,3-propanediol
(1,3-PDO) by microorganisms has gained extensive
attention, because it is an important bulk chemical with
many industrial uses, especially in the synthesis of the
biodegradable plastic polytrimethylene terephthalate
(PTT) [7, 8]. Klebsiella genus strains, which show
high tolerance to the crude glycerol environment, are
promising candidates for 1,3-PDO production from
crude glycerol [9, 10]. However, the yield of 1,3-PDO
from crude glycerol by this genus was still lower than
that of pure glycerol, which was primarily caused by
the presence of impurities [3]. The low activities of key
enzymes involved in glycerol metabolism, which are
caused by the impurities in crude glycerol, are one of the
main factors affecting the yield of 1,3-PDO from crude
glycerol [11, 12].

In the glycerol metabolism pathway of Klebsiella
species, glycerol dehydrogenase, glycerol dehydratase,
and 1,3-PDO oxidoreductase are the major enzymes
associated with 1,3-PDO production [13]. Among these
enzymes, glycerol dehydratase (GDHt, EC 4.2.1.30),
which initiates the first reaction in the reductive branch
of the 1,3-PDO synthetic pathway, is one of the key and
rate-limiting enzymes for 1,3-PDO production [13]. In
the Klebsiella genus strain, glycerol dehydratase catalyzes
the coenzyme B,,-dependent dehydration reaction of
glycerol generating 3-hydroxypropionaldehyde (3-HPA),
which is further reduced to the fermentation product
1,3-PDO by 1,3-propanediol oxidoreductase [14]. A
number of studies have demonstrated that the activity
of glycerol dehydratase during the catalytic process
is determined by the activity of the corresponding
reactivating factor, the rate of adenosylcobalamin
regeneration, and the fermentation environment [15-17].

During crude glycerol fermentation, glycerol dehydratase
activity is susceptible to be impacted by the impurities,
resulting in low yields of 1,3-PDO [18]. Numbers of
Klebsiella genus strains have been used for crude
glycerol fermentation, and the main focus is typically
on the tolerance of the strain toward impurities and
optimization of the fermentation conditions, while there
was less concern about glycerol dehydratase activity
during fermentation [19-21]. The crystal structure and
the mechanisms for catalysis, suicide inactivation, and
reactivation of B;,-dependent glycerol dehydratase have
been extensively explored [16, 17, 22]. In addition, the
improvement of the glycerol dehydratase stability and
activity by site-mutagenesis has been reported [23].
Nevertheless, studies on natural glycerol dehydratase
resources with excellent performance, especially with
high resistance to crude glycerol impurities, have rarely
been reported. The discovery of glycerol dehydratase
resources with high tolerance toward the crude glycerol
environment and its molecular mechanism would greatly
contribute to the development of engineered strains for
1,3-PDO production from crude glycerol.

In our previous study, we characterized the newly
isolated strain K. pneumoniae 2e, which has the capacity
to produce 1,3-PDO efficiently from crude glycerol [24].
The enzymatic activity of glycerol dehydratase (2eGDHLt)
from this strain was almost unaffected during crude
glycerol fermentation, and it showed high tolerance
toward the crude glycerol environment [24]. However,
the detailed molecular and biochemical characteristics
of this enzyme remain unknown. In this study, a
sequence analysis of 2eGDHt was first conducted. Then,
recombinant 2eGDHt was obtained, and its biochemical
characteristics, including the optimum pH and
temperature and substrate specificity, were investigated.
Subsequently, the tolerance of 2eGDHt toward crude
glycerol impurities was studied. Furthermore, the
molecular mechanism for the tolerance of 2eGDHLt
toward crude glycerol impurities was explored with
homology modeling, molecular dynamics (MD)
simulations, and site-directed mutagenesis. To the best of
our knowledge, this is the first report on the biochemical
and molecular characterization of a glycerol dehydratase
from Klebsiella species with high tolerance against crude
glycerol impurities.
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Results and discussion

Sequence analysis of 2eGDHt

In our previous study, the whole genomic analysis
of K. pneumonia 2e revealed that its glycerol
dehydratase (2eGDHt) enzyme consisted of three
subunits (&, 3, and y) encoded as dhaBl (AYO66109.1),
dhaB2 (AY066110.1), and dhaB3 (AYO66111.1),
respectively, with a total length of 2693 bp [24]. To
investigate the evolutionary position of 2eGDHt, 19
glycerol dehydratases from the B,,-dependent and
B,,-independent families were selected for protein
sequence-based phylogenetic tree construction. As
shown in Fig. 1A, the sequence of 2eGDHLt fell within
the glycerol dehydratase from Klebsiella genus strains,
which belong to the B,,-dependent glycerol dehydratase
family. The common feature in the enzymatic reaction
of B,,-dependent glycerol dehydratase is that it proceeds
by a radical mechanism that requires coenzyme B, as
a cofactor for generating highly active primary carbon
radicals for catalysis [16].

To study the sequence similarity of 2eGDHt with other
glycerol dehydratases from Klebsiella genus strains, a
multiple sequence homologous alignment analysis was
conducted. As shown in Fig. 1B, the protein sequences
were highly conserved among glycerol dehydratases from
Klebsiella genus strains. The sequence similarities of the
a, B, and y subunits reached 90.2%, 92.7%, and 88.6%,
respectively, among those glycerol dehydratases. The
catalytic amino acid residues, including Glul71, Gln142,
Glu222, GIn297, and Ser363, were absolutely conserved
in all seven glycerol dehydratase protein sequences
compared, which was consistent with a previous study
[25]. The glycerol dehydratase sequences from K.
prneumoniae strains were very similar, showing only a few
different amino acids. Notably, an isoleucine was located
at position 744 in 2eGDHLt instead of the valine found
in the other two compared glycerol dehydratase protein
sequences from K. pneumonia.

Heterologous expression and purification

of the recombinant 2eGDHt

The full-length dhaB gene-encoding 2eGDHt was
amplified from the genomic DNA of K. pneumoniae
2e by PCR and cloned and inserted into the pET-28b
vector. The recombinant 2eGDHt was overexpressed
as a soluble protein after induction with 0.8 mM IPTG
and purified to homogeneity by affinity chromatography
on a Ni-NTA resin column. As shown in Fig. 2A, three
bands with approximate molecular weights of 60 kDa,
21 kDa, and 16 kDa, were observed with SDS-PAGE of
the purified recombinant 2eGDHt, which was consistent
with molecular weights deduced from the amino acid
sequences of the three subunits. It has been reported that
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B,,-dependent glycerol dehydratase from bacterial strains
exists as a dimer of heterotrimers (afy), in the natural
state [26, 27]. Native-PAGE analysis of the purified
recombinant 2eGDHt revealed a single band with an
approximate molecular weight of 190 kDa (Fig. 2B),
suggesting that it naturally presents as a dimer of
heterotrimers. These results indicated that recombinant
2eGDHLt was successfully expressed and purified.

Substrate specificity of 2eGDHt

To explore the substrate specificity of 2eGDHt, a
number of different alcohol substrates, including
glycerol, 1,2-propanediol (1,2-PDO), methanol, butanol,
isopropanol, and ethanol, were selected for enzymatic
assays. As listed in Table 1, the enzyme exhibited
activities toward those substrates with different values,
indicating that it possessed broad substrate specificity.
Among those substrates, 2eGDHt displayed the highest
activity against glycerol with a value of 0.98+0.05 U/
mg, followed by 1,2-PDO, with a value of 0.79+0.03
U/mg. However, it showed limited activities toward
methanol, ethanol, butanol, and isopropanol. As with
other reported studies, glycerol was the most suitable
substrate for 2eGDHt [16]. 1,2-PDO is the physiological
substrate of diol dehydratase, which is the functional
enzyme of glycerol dehydratase [28, 29]. Hence, the
activity of 2eGDHt against 1,2-PDO was the second
highest among those substrates. The kinetic parameters
of 2eGDHt for glycerol and 1,2-PDO are presented in
Table 2, and the kinetic K, and V,,, values for glycerol
were 3.42 mM and 58.15 nkat mg~!, respectively. The
catalytic efficiency (K,,/K_,) of 2eGDHt for glycerol
reached 53.17 s™! mM ™, which was higher than that for
1,2-PDO (46.48 s"' mM ™).

Effects of temperature and pH on the enzymatic activity
and stability of 2eGDHt

To investigate the effect of temperature on the activity
of 2eGDHt, the enzymatic activity was determined at
different temperatures (4—65 °C). As shown in Fig. 3A,
2eGDHt displayed more than 40% relative activity
over the range 4-65 °C, and it exhibited the maximum
activity at 37 °C. The activity of 2eGDHt decreased as
the temperature was increased over 37 °C with 41.0%
relative activity at 65 °C. This indicated that the optimum
temperature for 2eGDHt was 37 °C. The stability of
2eGDHt at various temperatures was explored after it
was preincubated at temperatures ranging from 4 to
65 °C at pH 7.0 for 24 h. As shown in Fig. 3B, the enzyme
was highly stable between 25 and 37 °C, and maintained
more than 80% of its activity in this range. Meanwhile,
it retained more than 40% activity at 16 and 45 °C,
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Fig. 1 Bioinformatic analysis of the 2eGDHt sequence. A Phylogenetic tree comparison of the amino acid sequence of 2eGDHt with those

of reported glycerol dehydratases. The tree was constructed with the neighbor-joining algorithm (1000 bootstrap trials) using MEGA 5.1. B Multiple
sequence alignment of the amino acid sequences of 2eGDHt and reported glycerol dehydratases from Klebsiella genus strains using Clustalx

and GeneDoc software
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Purified recombinant 2eGDHt

b 4 i b
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Fig. 2 Analysis of the recombinant 2eGDHt overexpressed from E. coli BL31 (DE3) by SDS-PAGE and Native-PAGE. A SDS-PAGE analysis. Lane M,
molecular weight marker; Lane 1, total cellular proteins expressed from E. coli BL31 (DE3) harboring empty vector induced by IPTG; Lane 2, total
cellular proteins expressed from E. coli BL31 (DE3) without inducer; Lane 3, total cellular proteins expressed from E. coli BL31 (DE3) induced by IPTG;
Lane 4, purified recombinant 2eGDHt. B Native-PAGE analysis of purified recombinant 2eGDHt

Table 1 The substrate specificity of 2eGDHt

Substrate Specific
activity (U/
mg)

Glycerol 0.98+0.05

1,2-Propanediol 0.79+0.03

1,2-Butanediol 0.64+0.05

Butanol 0.53+0.01

Methanol 0.58+0.08

Ethanol 0.52+0.02

Isopropanol 0.51+0.03

The substrate specific activities were determined by incubated with each of
the 0.2 M substrates and incubated for 10 min at 37 °C and pH 7.0. Results are
presented as means + standard deviation (n=3)

Table 2 Kinetic parameters of 2eGDHt with glycerol and 1,2-

PDO
Substrate K, (mM) V. (nkatmg™") K, (s™) K. /Kpn

(s mM™)
Glycerol 342 58.15 181.72 53.17
1,2-PDO 3.70 106.65 172.29 46.48

Enzyme assay was performed by incubated with each of the substrates ranging
from 2 to 200 mM at 37 °C and pH 7.0 for 10 min

indicating strong stability in this temperature range.
The optimum temperature for 2e-GDHt was similar to
that reported for GDHt from K. pneumoniae strains

[30]. The temperature stability for 2eGDHt ranged from
16 to 45 °C, which was a broader range than that of the
reported glycerol dehydratase from the K. pneumoniae
strain [30].

The effect of pH on enzyme activity was assayed at
various pH values ranging from 4.2 to 9.0. As shown
in Fig. 3C, 2eGDHLt retained more than 40% relative
activity at pH values ranging from 6.5 to 8.5 with the
maximum activity at pH 7.0, indicating that pH 7.0 is the
optimum pH for this enzyme. In contrast, a recombinant
glycerol dehydratase from the K. pneumoniae strain
showed maximum activity at pH 8.5, and it lost more
than 60% of its activity when the pH was below 7.5 [30,
31]. The pH stability of 2eGDHt was studied after it was
preincubated at 4 °C for 24 h in various pH buffers (pH
4.2-9.0). As shown in Fig. 3D, 2eGDHt was stable over
the pH range 6.0 to 8.0 with more than 40% relative
activity after preincubation, whereas it was completely
inactivated when the reaction pH was over 8.5. This
constituted a great difference with that of a recombinant
GDHLt from K. pneumoniae 10,018, which retained less
than 20% relative activity after preincubated at pH 6.0
for 240 min [23]. These results implied that 2eGDHt
was more stable in a weakly acidic environment than
the reported GDHt from K. pneumoniae strains. The
above discrepancy in the biochemical characteristics of
2eGDHt compared with those of other Klebsiella glycerol
dehydratases might be caused by the differences in their
sequences and protein structures.
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Fig. 3 Biochemical characterization of 2eGDHt. A Effect of temperature on the 2eGDHt activity. The enzyme activity was determined

at temperatures ranging from 4 to 65 °C at pH 7.0. B Effect of temperature on the 2eGDHt stability. The enzymatic activity was measured

at 37 °Cand pH 7.0 after preincubation at temperatures ranging from 4 to 65 °C. C Effect of pH on the 2eGDHt activity. The enzymatic activity

was determined at pH values ranging from 4.2 to 9.0 at 37 °C. D Effect of temperature on the 2eGDHt stability. The enzymatic activity was measured
at 37 °C and pH 7.0 after preincubation at pH values ranging from 4.2 to 9.0. E Effects of various metal ions on the enzymatic activity of 2eGDHt. F

Effects of various chemical reagents on the enzymatic activity of 2eGDHt

Effects of metal ions and chemical reagents on the activity
of 2eGDHt
To understand the effects of metal ions on the enzymatic
activity of 2eGDHLt, the enzyme activity was investigated
with different metals (Ni?*, Cu?t, Co?*, Fe3*, Fe’t,
Mn?**, Zn?" Ca?", and Na') present at a concentration
of 10 mM together with the glycerol substrate at 37 °C
and pH 7.0. As shown in Fig. 3E, the enzymatic activity
was inhibited by most of those metal ions to different
extents, and the maximum inhibitory effect was achieved
with Cu®* which decreased the relative activity to
31.1%. However, the presence of Fe? increased the
activity of 2eGDHt by 294%, but Fe** showed nearly no
effect on 2eGDHt activity. These results implied that
none of the detected metal ions were essential for the
catalytic activity of 2eGDHt. Glycerol dehydratase is a
metalloenzyme that requires K as the essential cofactor
for catalysis. The introduction of Fe** might have caused
changes in K coordination by 2eGDHt that maintained
the proper position and orientation of the substrate
during the reaction, while other metal ions might have
had the opposite effect [32, 33].

The effects of various chemical reagents, including
CTAB, Tween-20, EDTA, and SDS, on the activity of

2eGDHt were investigated at 37 °C and pH 7.0 with
glycerol as the substrate. As shown in Fig. 3F, the
presence of Tween-20 greatly increased the enzymatic
activity of 2eGDHt by 290.2%. Similar effects of this
chemical reagent on diol dehydratase have been reported
[34, 35]. The stimulation of enzyme activity by Tween-20
might have resulted, because it increased the enzyme’s
affinity for the substrate [36]. In contrast, EDTA and SDS
decreased the enzyme activity to 51.2% and 36.2% relative
activities, respectively. The presence of CTAB had nearly
no effect on 2eGDHt activity. These results suggested
that none of these chemical reagents was needed for the
catalytic activity of 2eGDHt.

Effects of the main impurities in crude glycerol

on the activity of 2eGDHt

To study the tolerance of 2eGDHt against the crude
glycerol environment, the effects of the main impurities in
crude glycerol, including NaCl, methanol, oleic acid, and
linoleic acid, on the activity of 2eGDHt were evaluated.
As listed in Table 3, the presence of methanol at levels
ranging from 7.5% (v/v) to 12.5% (v/v) significantly
improved the activity of 2eGDHt by more than 10%, and
it still retained more than 98% relative activity in the
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Table 3 Effects of various concentrations of main impurities of
crude glycerol, including NaCl, methanol, oleic acid, and linoleic
acid on the enzymatic activity of 2eGDHt

Impurity Concentration (%, v/v) Relative activity (%)
Control 0 100
Nacl 2 102.1+28
4 976+2.5
6 94.1+£32
8 919+34
Methanol 7.5 1536422
10 1314£15
12.5 110.7+£29
15 98.8+3.1
Oleic acid 0.6 875+34
0.8 846+28
1.0 804+1.7
1.2 787+26
Linoleicacid 06 834+138
0.8 80.8+2.1
1.0 782432
1.2 703£16
Mixture 6% NaCl, 12% methanol, 0.5% 976+23

oleic acid and 0.5% linoleic acid

The activity of 2eGDHt was determined by incubated with the addition of
various concentrations of the impurities and the mixture for 10 min at 37 °C and
pH 7.0. Enzyme activity without addition of impurity was taken as 100%. Results
are represented mean = SD from triplicate experiments

presence of 15% (v/v) methanol. The activity of 2eGDHt
was enhanced by methanol at levels below 12.5% (v/v),
which might be attributable to the interactions of the
methanol with the hydrophobic amino acid residues
around the catalytic site of 2eGDHt; this could have
maintained the open conformation of the catalytic site
during catalysis [37]. The introduction of NaCl at levels
ranging from 2% (v/v) to 8% (v/v) showed little negative
effect on the 2eGDHt activity which remained at more
than 90% relative activity. The addition of oleic acid and
linoleic acid showed obvious inhibitory effects on the
activity of 2eGDHLt, suggesting that these two impurities
were the main factors affecting the enzyme activity.
Nevertheless, more than 80% relative activity remained
with these two impurities present at levels below 1% (v/v).
In addition, the effects of mixtures of those impurities
on the 2eGDHt activity were explored. The mixtures
were prepared based on the percentage of each impurity
found in crude glycerol (6% NaCl, 12% methanol, 0.5%
oleic acid, and 0.5% linoleic acid) to mimic the crude
glycerol environment. The activity of 2eGDHt was almost
unaffected in the presence of the impurity mixture, and it
retained more than 97% relative activity (Table 3). These
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results showed that 2eGDHt exhibited high tolerance
against the crude glycerol impurities.

Structural basis for the tolerance of 2eGDHt

toward the crude glycerol impurities

To provide the protein structural basis of 2eGDHLt,
the three-dimensional (3D) structure of the protein
was predicted with AlphaFold 2.1. As shown in Fig. 4,
glycerol dehydratase (PDB ID: liwp) (liwp-GDHLt) from
K. pneumonia, which showed the highest similarity
(96.4%) with 2eGDHt, was used as the template for the
model predictions. Compared with 1liwp-GDHt, the
predicted 2eGDHt structure showed a very similar
afy heterotrimer and its heterohexamer (afy), (see
Additional file 1), which is a common feature of
B,,-dependent glycerol hydratases [27]. The two afy
heterotrimers were connected only by the interactions of
two a subunits in the (@fy), heterohexamer. Meanwhile,
the a subunit constitutes a (8/a)g barrel, known as the
triose-phosphate isomerase (TIM) barrel, located at the
central part in both liwp-GDHt and 2eGDHt, which
binds the substrate and the essential cofactor K* [25].
Moreover, the active sites of 2eGDHt and liwp-GDHt
were both located in the o subunit with five absolutely
conserved catalytic amino acid residues, which was
consistent with the multiple sequence alignment analysis
results. These five catalytic amino acid residues formed a
spatially independent local environment to protect highly
active free radical intermediates during the catalysis
process [38]. Considering the absolute conservation of
the catalytic amino acid residues and high similarity
of the predicted 3D structure models for 2eGDHt and
other reported B;,-dependent glycerol dehydratases
from the Klebsiella genus, it is not surprising that the
general biochemical characteristics, such as the substrate
specificity, optimum catalytic temperature, and catalytic
efficiency, of 2eGDHt were so similar to those of other
reported B;,-dependent glycerol dehydratases.

However, as shown in Fig. 5A, 2eGDHt contains more
coil structures than liwp-GDHt at the monomer level.
Somea-helix and p-strand structures in liwp-GDHt were
replaced by coils in 2eGDHt. For example, two [3-strands
under the [ subunit of 1liwp-GDHt were replaced by coil
structures in 2eGDHt. Accordingly, as listed in Table 4,
the proportion of coil structures and the ratio of coils to
a-helixes in 2eGDHt were both the highest among those
for the glycerol dehydratases compared. In addition,
the additional coil structures were distributed in three
subunits of 2eGDHt, while the a subunit contained most
of those structures (Fig. 5B). Coils are the most flexible
structures of proteins, and they often form irregular
structures and cause large changes in the interactions
with the solvent and ligands [39]. Most extreme enzymes
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Fig. 4 Comparison of the 3D structures for 2eGDHt and Tiwp-GDHt. The 3D structure of 2eGDHt was predicted with the AlphaFold server. A-C
represent the afBy heterotrimer, catalytic site, and dimer of 1iwp-GDHt respectively; D, E showed the predicted afy heterotrimer, catalytic site,
and dimer of 2eGDHt respectively. The g, 8, and y subunits of GDHt are colored red, blue and yellow, respectively

Fig. 5 Comparative structural analysis of the coil regions in 2eGDHt and Tiwp-GDHt. A Superimoposition of the 2eGDHt (cyan) and Tiwp-GDHt
(green). B The additional coil structures distributed in 2eGDHt

contain more coil regions than general enzymes, which
provides high flexibility in their overall structures and
high catalytic activity in extreme environments [40].
The amplitude of the movements between secondary
structures can be increased with more coils, resulting

B

in higher structural flexibility [41]. This suggested
that the abundance of coil regions in 2eGDHt might
distinguish it from other glycerol dehydratases, which
might contribute to the tolerance of 2eGDHt toward the
crude glycerol environment. Coil structures are often



Lin et al. Biotechnology for Biofuels and Bioproducts (2023) 16:175

Table 4 Comparison of secondary structures proportions between
2eGHDt and other characterized glycerol dehydratases

Protein a-Helix (%)  B-Sheet (%) Coil (%)  Coil/a-helix
2eGDHt 411 13.8 451 1.10
liwp-GDHt 42.2 13.0 448 1.06
Tmmf-GDHt 416 13.6 44.7 1.07

The structures proportions were calculated based on the predicted 3D structure
of 2eGHDt and crystal structure of 1iwp-GDHt (PDB ID: 1iwp) and Tmmf-GDHt
(PDB ID: Tmmf) obtained from the RCSB PDB database

involved in high variability across homologs, which leads
to distinct characteristics among homologous proteins
[42, 43]. Furthermore, 2eGDHt comes from the crude
glycerol-tolerant strain K. pneumoniae 2e, which was
isolated from a biodiesel-derived waste-contaminated
soil environment and showed excellent performance in
converting crude glycerol into 1,3-PDO. This may explain
why the temperature and pH stabilities and the crude
glycerol impurity tolerance of 2eGDHt were different
from those of other glycerol dehydratases, albeit with
highly similar sequences.

Residue Is0744 in the extra coil region contributed

to the tolerance of 2eGDHt against crude glycerol
impurities by increasing the protein flexibility

To study the effects of the key coil regions on the activity
of 2eGDHLt in the presence of crude glycerol impurities,
a comparison of the root-mean-square fluctuations
(RMSFs) of 2eGDHLt in water and a mixture of impurities
from crude glycerol was performed with molecular
dynamic (MD) simulations. As shown in Fig. 6A and B,
the RMSF values of 2eGDHt in the water and impurities
mixture were generally comparable. The RMSF value of
the region from residues 740 to 755, which contains one
of the increased coil structures, was obviously higher for
the mixture of impurities than for water. The residue at
position 744 is isoleucine in 2eGDHt instead of valine,
as in other glycerol dehydratases from K. pneumonia
strains. This suggested that the unique residue Iso744
from one of the increased coil regions might play a
critical role in the flexibility of 2eGDHt in the crude
glycerol environment.

To investigate the role of residue Iso744 in the
tolerance of 2eGDHt against crude glycerol impurities,
site-directed mutagenesis of 1s0744 was conducted. As
shown in Fig. 5A and B, the RMSF value for the coil
region from 740 to 755 in the mutant 1744V was lower
in the impurity mixture relative to wild-type (WT)
2eGDHLt. This suggested that site-directed mutagenesis
of 1744V weakened the flexibility of 2eGDHt in the crude
glycerol environment. In addition, as shown in Fig. 6C,
the RMSD values for the mutant 1744V and WT 2eGDHt
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showed no significant differences toward either the water
or impurity mixture, indicating that the mutant of 1744V
has little impact on the stability of the overall structure of
2eGDHLt.

Furthermore, the enzymatic activities of the 1744V
mutant were determined in pure and crude glycerol. As
shown in Fig. 6D, the enzymatic activity of the 1744V
mutant showed no obvious differences from that of
WT 2eGDHLt in pure glycerol. The 1744V mutation led
to a great decrease in 2eGDHLt activity, with a 52.8%
relative activity of WT 2eGDHLt in the crude glycerol
environment, suggesting that the residue Iso744 plays
a key role in the maintenance of protein flexibility and
enzymatic activity and the tolerance of 2eGDHLt against
crude glycerol impurities. In addition, a structural
analysis revealed that the residue Is0744 was far from the
catalytic active site in 2eGDHt, and the 1744V mutation
did not affect the 2eGDHt activity in pure glycerol,
indicating that the residue Is0744 has little impact on the
stability of 2eGDHLt.

Conclusions

In this study, the novel glycerol dehydratase 2eGDHt
from K. pneumoniae 2e with high tolerance against the
main impurities in crude glycerol was characterized.
Among various alcohol substrates, 2eGDHt showed the
highest activity with glycerol, and K, and V,, values were
3.42 mM and 58.15 nkat mg~!, respectively. It exhibited
optimum activity at pH 7.0 and 37 °C. The enzyme was
substantially activated by Fe>* and Tween-20 with 294%
and 290% relative activities, respectively. It was highly
stable in the presence of various concentrations of the
crude glycerol impurities and their mixtures, which
mimicked the crude glycerol environment. The protein
structure predicted for 2eGDHt contained more coil
structures than those of reported glycerol dehydratases.
The presence of a unique Val744 in one of the increased
coil regions of 2eGDHt played a key role in its tolerance
toward crude glycerol impurities by increasing the
protein flexibility. This work furnishes insight into the
enzymatic properties and molecular mechanism for
tolerance of the novel glycerol dehydratase toward crude
glycerol impurities, which is of great significance for
the use of industrial glycerol dehydratase for 1,3-PDO
production from crude glycerol.

Methods

Reagents, strains, plasmids, and culture conditions
Isopropyl-B-p-1-thiogalactopyranoside ~ (IPTG) and
3-methyl-2-benzothiazolinone hydrazine (MBTH) were
purchased from Macklin (Shanghai, China). A plasmid
extraction kit and gel extraction kit were purchased
from Tiangen Biotech and DongShengbio (Guangzhou,



Lin et al. Biotechnology for Biofuels and Bioproducts (2023) 16:175

1744V in impurities mixture
——WT in impurities mixture
——1744V in water
——WT in water

T T T -

300 400/500

Residuie number
7

T T
0 100 200 600

1744V in impurities mixture
——WT in impurities mixture
——1744V in water
——WT in water

T
740 760

Residue number

720

—~
<
a
72}
E ‘WT in water
0.2 ‘WT in impurities mixture
0.14 1744V in water
1744V in impurities mixture
0.0
0.1 T T T T T
0 20000 40000 60000 80000 100000
Time (ps)

Enzyme activity (U/mg)

Page 10 of 14

WT in water WT in impurities mixture

1744V in impurities mixture

Cwr
1744V

0.8
0.6
0.4 4

0.24

0.0

Pure glycerol Crude glycerol

Fig. 6 Comparison of 2eGDHt and mutant 1744V. A Root-mean-square fluctuation (RMSF) analysis of 2eGDHt and mutant 1744V under different
conditions with molecular dynamics (MD) simulations. B Structures of 2eGDHt and mutant 1744V colored by normalized RMSF values

under different conditions. The thicker coils showed higher flexibility relative to other parts of the protein. The red circle indicates the residue
isoleucine at position 744. C Root-mean-square deviation (RMSD) analysis of 2eGDHt and mutant 1744V with molecular dynamics (MD) simulations
under different conditions. D Effects of mutant 1744V on the enzymatic activity of 2eGDHt in pure glycerol and crude glycerol. Asterisks indicate

ok

statistically significant differences compared to the WT ( p<0.001, n=3)

China), respectively. All restriction enzymes and DNA
polymerases were purchased from Takara Biotechnology
(Dalian, China). Polymerase chain reaction (PCR)
primers were synthesized by Qinkebio (Changsha,
China). All other reagents used were of molecular biology
grade.

K. pneumoniae 2e was isolated from a soil sample
collected from a biodiesel-derived waste-contaminated

region in our previous study [24]. Escherichia coli
DH5a and BL21 (DE3) cells purchased from Transgene
(Beijing, China) were used for cloning and recombinant
protein overexpression, respectively. The plasmid
vector pET-28b purchased from Vazyme (Nanjing,
China) was used for recombinant protein expression.
K. pneumoniae 2e was cultured in nutrient broth (NB)
medium at 37 °C and 170 rpm. E. coli was incubated in
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Luria—Bertani (LB) broth medium supplemented with
50 pg/mL kanamycin at 37 °C and 200 rpm.

Bioinformatic analysis

Sequence similarities were detected with the NCBI
BLAST algorithm. Phylogenetic analyses was carried out
with MEGA 5.1 using the neighbor-joining algorithm
with bootstrap values. Multiple sequence alignment was
conducted with Clustalx and GeneDoc software based
on the protein sequence of glycerol dehydratase from
the Klebsiella genus. Homology modeling of glycerol
dehydratase from K. pneumoniae 2e was performed with
a version of AlphaFold 2.1 [44]. The homodimer structure
of glycerol dehydratase from K. pneumoniae 2e was
predicted with Gramm-X and PDBePISA software [45,
46]. All protein structures were visualized with PyMOL
software.

Cloning of the gene-encoding glycerol dehydratase of K.
pneumoniae 2e

The genomic DNA of K. pneumoniae 2e used as a
template for amplification of the gene-encoding glycerol
dehydratase was extracted as previously described [24].
The primers used for glycerol dehydratase gene dhaB
amplification are listed in Additional file 1: Table S1. PCR
was conducted with PrimeSTAR HS DNA polymerase
(TAKARA, Kyoto, Japan) according to the manufacturer’s
instructions. The amplified PCR products were purified
with a gel extraction kit (Tiangen, Beijing, China) and
subsequently inserted into the vector pET-28b after
double restriction enzyme digestion and ligation with T4
DNA ligase. The recombinant plasmid was transformed
into E. coli BL21 (DE3) cells for the overexpression of
2eGDHLt.

Site-directed mutagenesis

Site-directed mutation of 2eGDHt was conducted with
the Site-directed Mutagenesis Kit (Sangon Biotech,
Shanghai, China) according to the manufacturer’s
instructions. The primers used for site-directed
mutagenesis are listed in Additional file 1: Table S1. The
recombinant plasmid containing the desired mutation
was screened and identified by DNA sequencing, and it
was subsequently transformed into E. coli BL21 (DE3)
cells for recombinant protein overexpression.

Overexpression and purification of recombinant 2eGDHt

The recombinant E. coli BL21 (DE3) were inoculated into
100 mL of LB liquid medium with 50 pg/mL kanamycin at
37 °C until the ODy, of the cell reached 0.6. The protein
was induced by the addition of 0.8 mM IPTG and was
further incubated for 4 h at 37 °C. Cells were collected by
centrifugation at 4 °C and 12,000g for 10 min and washed
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twice with PBS buffer (0.05 mM, pH 7.2). The cells were
resuspended in lysis buffer (50 mM Tris—HCI, 100 mM
NaCl) and disrupted by sonication for 5 min at 4 °C. The
supernatant was harvested after centrifugation at 12,000g
and 4 °C for 15 min. The recombinant protein containing
a His-tag in the collected supernatant was purified by
Ni—NTA resin (Smart-Lifesciences, Changzhou, China)
according to the manufacturer’s instructions. The
purified proteins were analyzed by SDS-PAGE, and the
protein concentration was measured with a BCA protein
assay kit (Tiangen Bioetech, Beijing, China).

Enzymatic assay

The glycerol dehydratase activity was determined with
the 3-methyl-2-benzothiazolinone hydrazine (MBTH)
method [47]. Briefly, the assay mixture (1 mL) contained
0.2 M 1,2-PDQO, 0.05 M KCl, 35 mM PBS buffer (pH 8.0),
15 uM coenzyme B,,, and an appropriate amount of the
enzyme samples. After incubation at 37 °C for 10 min, the
enzyme reaction was terminated by the addition of 500
uL of 0.1% MBTH and incubation at 37 °C for 15 min.
Subsequently, 1 mL of double-distilled H,O was added,
and the amount of aldehyde formed was determined from
the absorbance at 305 nm. The enzyme activity needed to
produce 1 pM aldehyde under the assay conditions was
defined as one unit of enzyme activity.

Biochemical characterization of 2eGDHt

The substrate specificity of the enzyme was investigated
with 0.2 M glycerol, 1,2-propanediol, 1,2-butanediol,
butanol, methanol, ethanol, and isopropanol used as
the substrates. The enzyme activities against different
substrates were determined at 37 °C and pH 7.0.

To assay the kinetic parameters of 2eGDHLt for glycerol
and 1,2-PDO, the enzyme was incubated with various
substrate concentrations (2 to 200 mM) at the optimum
temperature (37 °C) and pH (7.0). The Michaelis constant
(K,,), maximum velocity (V,,,,), and turnover number
(K. were obtained from the Michaelis—Menten
equation in Lineweaver—Burk plots. The catalytic
efficiencies were calculated with K,/ V...

The effects of temperature and pH on the activity of
2eGDHt were determined by estimating the enzyme
activities at various temperatures and pH values ranging
from 4—-68 °C and pH 4.2-9.0, respectively.

The temperature and pH stability of 2eGDHt was
detected by preincubating the enzyme without substrate
at various temperatures and pH, ranging from 4 to 68 °C
and pH 4.2-9.0, respectively, and estimating the residual
activity under standard assay conditions.

The effects of metal ions on the enzymatic activity
of 2eGDHt were tested by adding various metal ions
(Mg?*, Ca*", Cu®t, Mn?*, Zn?*, Fe*™, Fe®*, and Ba®>") and
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chemical reagents (CTAB, Tween-20, EDTA, and SDS)
to give final concentrations of 10 mM in the reaction
mixture.

Effects of the main impurities in crude glycerol on 2eGDHt

activity

The effect of the main impurities in crude glycerol,
including methanol, NaCl, oleic acid, and linoleic acid,
on the enzymatic activity of 2eGDHt were investigated.
The individual effects for various concentrations of the
impurities on enzyme activity were determined as follows
(wt/wt): NaCl was added at 2%, 4%, 6%, and 8%; methanol
was added at 7.5%, 10%, 12.5%, and 15%; and oleic acid
and linoleic acid were added at 0.6%, 0.8%, 1.0%, and 1.2%
[24]. The mixture of those impurities was prepared based
on the percentage of each impurity in crude glycerol,
i.e., 6% NaCl, 12% methanol, 0.5% oleic acid, and 0.5%
linoleic acid [24]. Glycerol was used as the substrate in
the above enzyme assays. The activity obtained without
the additives was used as the control and taken as 100%.

Molecular dynamics (MD) simulations

The MD simulations were conducted with the GROMACS
2022.2 software and the GROMOS CHARMM36m force
field [48]. The protein structure was solvated with the
TIP3P water molecule model in cubic boxes with a solute-
wall minimum distance of 10 A [49]. The antechamber,
parmchk2, and acpype programs were used to generate
protein and impurity mixture topology files. Then,
the protein and impurity mixture topology files were
concatenated to create a protein—impurities mixture
topology file. The impurity mixture, including 6% NaCl,
12% methanol, 0.5% oleic acid, and 0.5% linoleic acid, was
inserted into a topology file to construct a mimic system
for the crude glycerol impurity environment. Potassium
and sodium ions were added to the virtual water box as
counter ions to neutralize the overall system charge.
Electrostatic interactions are calculated using the Particle
Mesh Ewald algorithm [50]. The system was submitted to
energy minimization using the steepest descent algorithm
for 10,000 steps prior to MD simulation. Subsequently,
the 125 ps NVT ensemble was conducted at temperatures
close to 298 K. Then, a location with positional constraints
on the protein was selected for a 125 ps NPT ensemble
for balancing, followed by a production simulation run
(330 K, 1 bar, dt=0.002, steps=1,500,000). During the
MD operation, the coordinates, energy, and velocity were
stored every 1 ns and used for trajectory analyses. The
dynamic changes in the RMSF values were analyzed by
the GROMACS tool.
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