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Abstract: Streptomyces rimosus extracellular lipase (SrL) is a multifunctional hydrolase belonging to
the SGNH family. Here site-directed mutagenesis (SDM) was used for the first time to investigate the
functional significance of the conserved amino acid residues Ser10, Gly54, Asn82, Asn213, and His216
in the active site of SrL. The hydrolytic activity of SrL variants was determined using para-nitrophenyl
(pNP) esters with C4, C8, and C16 fatty acid chains. Mutation of Ser10, Asn82, or His216, but not
Glyb54, to Ala abolished lipase activity for all substrates. In contrast, the Asn213Ala variant showed
increased enzymatic activity for C8 and C16 pNP esters. Molecular dynamics (MD) simulations
showed that the interactions between the long alkyl chain substrate (C16) and Ser10 and Asn82
were strongest in Asn213Ala SrL. In addition to Asn82, Gly54, and Ser10, several new constituents
of the substrate binding site were recognized (Lys28, Ser53, Thr89, and Glu212), as well as strong
electrostatic interactions between Lys28 and Glu212. In addition to the H bonds Ser10-His216 and
His216-Ser214, Tyr11 interacted strongly with Ser10 and His216 in all complexes with an active
enzyme form. A previously unknown strong H bond between the catalytically important Asn82 and
Gly54 was uncovered, which stabilizes the substrate in an orientation suitable for the enzyme reaction.

Keywords: SGNH/GDSL-hydrolase; site-directed mutagenesis; catalytic residues; molecular dock-
ing; molecular dynamics; protein—-substrate interactions; substrate binding site; catalytic efficiency;
Streptomyces rimosus

1. Introduction

Streptomycetes are Gram-positive mycelial bacteria that possess remarkable capacity
for the synthesis of bioactive compounds and a wide range of extracellular hydrolytic
enzymes that they use to gain nutrients by degrading a complex organic material in their
natural habitat [1,2]. Secreted enzymes that support the complex life cycle of Streptomyces
spp. have been used in various industries and agriculture [3-5]. Specifically, applica-
tions of lipases from the genus Streptomyces are related to detergent, food, cosmetics, and
pharmaceutical industries [5]. Recently, great interest has been attracted by the potential
application of Streptomyces lipases in biofuel production due to their transesterification
activity [3,6].
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Extracellular lipase from Streptomyces rimosus (SrL) is among the best characterized
streptomycetes’ lipolytic enzymes. This enzyme was first purified from the culture filtrate of
a mutant of an industrial streptomycete, S. rimosus R6-554 W, and biochemically determined
as a monomeric, basic protein that hydrolyzes triolein and pNP esters, preferring those of
medium-size (C8-C12) acyl chain length [7]. The highest lipase activity was at 50-60 °C
and in alkaline conditions (pH 9-10). Significant thermostability and pH stability was also
the property of the isolated lipase from S. rimosus. Additional biochemical study showed
that SrL possessed pronounced lipolytic activity toward various triacylglycerols and oils of
vegetable and animal origin [8]. Glycerol esters of fatty acids with medium chain length
(C8-C12) were hydrolyzed most efficiently by SrL where primary and secondary ester
bonds were cleaved. An enzyme preference for the glycerol esters of unsaturated fatty
acids over those of C16 and C18 saturated fatty acids was observed. SrL exerted also
Tween-hydrolyzing activity with a rate comparable to that for hydrolysis of triacylglycerols
and oils [8]. Furthermore, significant thioesterase and phospholipase activity of SrL. was
revealed [9]. Stability in organic solvent mixtures containing 50% ethanol, 1,4-dioxane,
acetonitrile, or acetone was shown for SrL, which also catalyzed transesterification in
n-hexane [8].

Amino acid sequencing of purified native SrL protein allowed the design of the
primers and the cloning of the corresponding gene [10]. Sequence analysis revealed protein
of 268 amino acid residues, including 34 amino acids of the signal peptide. In silico analysis
of the deduced amino acid sequence established that SrL belongs to the GDS(L) subfamily
of lipolytic enzymes of the family II [11], which have five conserved blocks (I-V) and four
invariant, catalytically important residues: Ser, Gly, Asn, and His. The first consensus
motif in block I, GDS(L), contains the putative active-site Ser and is located close to the
N-terminus, different from the Gx5xG motif found in many lipases situated near the center
of the protein sequence. The recognition of four conserved residues (Ser, Gly, Asn, and His)
in the GDS(L) subfamily led to a new designation of these enzymes as the SGNH-hydrolase
superfamily [12].

Heterologous expression of SrL was obtained in S. lividans TK23 where maximal
lipase activity was detected in culture filtrates of the late stationary phase [13]. The crystal
structure of SrL was determined at the resolution of 1.75 A [14,15]. The mature SrL protein
comprises 234 amino acid residues and a three-layered «f3 a-sandwich fold typical of the
SGNH-hydrolase superfamily formed by five parallel 3-strands surrounded by 11 «-helices
and by two 31 helices. The 3D structure of SrL is stabilized by the three disulfide bonds
and bears the closest similarity to that of the phospholipase A from S. albidoflavus (SaPLA1;
64.4% amino acid sequence identity) and the esterase from S. scabies (SsEst; 22% sequence
identity). Indeed, the crystal structure of SrL was resolved by molecular replacement
using a homology model based on the crystal structure of SaPLA1 [16]. In the SrL active
site, analogous interactions to the ones in SsEst were observed, indicating that Ser10 and
His216 were catalytic residues. Namely, earlier reports on the crystal structures of the free
enzyme and enzyme-inhibitor complexes revealed that the S. scabies esterase active site
contains a dyad of Ser14 and His283, which closely resemble the two components of typical
Ser-His—Asp(Glu) triads of serine hydrolases, but lacks the carboxylic acid component [17].
These studies confirmed the nucleophilic role of Ser14 and identified the oxyanion hole in
SsEst. Similar to SsEst, analysis of the crystal structure of SrL. did not show any charged
residue (i.e., a third residue of the typical lipase catalytic triad) in the vicinity of His216.
SaPLA1 also possesses a catalytic dyad (Ser11-His218). An additional Ser (at position 216)
is suggested to stabilize the imidazole moiety of catalytic His218 in SaPLA1.

While experimental data supported the crucial roles of Ser and His in the S. scabies
esterase active site, those for SrL are missing. Since until now no crystal structure of
SrL in complex with ligand (inhibitor or substrate) is resolved, experimental evidence
or confirmation is missing regarding the functional importance of conserved amino acid
residues indicated by structural analogy or by in silico studies [15,18]. To gain insight into
the structure-function relationship of extracellular lipase from S. rimosus, this research used
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an experimental approach based on the site-directed mutagenesis and determination of the
hydrolytic activity of purified enzyme variants for three substrates of different fatty acid
chain lengths. In addition, MD simulations were used to investigate substrate binding for
the wild-type (WT) and mutated variants of SrL.

2. Results
2.1. Selection of Mutations Predicted to Affect Enzyme Functionality

Sequence analysis placed SrL into the SGNH-hydrolase superfamily (Pfam: CL0264)
and GDSL-2 family (Pfam: PF13472) composed primarily of bacterial sequences [19]. The
crystal structure determination revealed its similarity to the 3D structures of phospholipase
Al from Streptomyces albidoflavus and esterase from Streptomyces scabies. Several biochemi-
cally well-characterized and structurally resolved enzymes belonging to the GDSL-2 family
were selected (Figure 1), and a multiple-sequence alignment was performed. Figure 1
shows the sequence conservation within the four blocks and the presence of catalytically
important residues. To question the functional importance of conserved residues Ser10,
Gly54, Asn82, and His216, belonging to blocks I, I, III, and V (Figure 1), lipase variants in
which those residues were substituted by alanine were generated. Since SGNH hydrolases
from genus Streptomyces (three out of four) did not have a highly conserved Asp in block V,
additional lipase variants Asn213Ala and Asn213Asp were prepared to investigate whether
the Asn213, a residue near the assumed catalytic His 216, influenced SrL activity.

Serl0 Gly54 Asn82 Asn213,His216
v v v v Vv

*SrL  |Q93MW7: 39 VALEIRYSSG 48 —--——- 85 ACSEAR 90 ---——- 111 ITIEENN 117 ----- 247 NSYBISTANGQ 256
*SaPLAL|K0J3J2: 39 VALEBEYSSG 48 ----- 85 ACSEAV 90 ---——- 111 LTIEENE 117 ----- 248 DSYRISTAAGQ 257
SclL 1Q9S2A5: 39 VALEEEYSSG 48 —-——-—- 85 ACSEAR 90 --——- 111 ISIEGNE 117 ----- 247 ESYRISTAAGQ 256
*SsEst |P22266: 48 VFEERYTAN 57 ---—-- 102 SCGEAL 107 ----- 140 GSLEGYT 146 ---—-—- 319 WYARISNDKGR 328
*TAP  |POADAl: 31 LILEBELSAG 40 ----- 67 SISEDT 72 --——- 94 VELEGNEY 100 ----- 180 DGIFIENRDAQ 189
*TesA |Q9HZYS: 25 LVVEBEISAA 34 ---—- 64 SISEDT 69 --——- 91 IELEGNY 97 --—-—-- 177 DGIEEALAAQ 186
*AnAEst |Q8YWS4: 12 CFVEBEFVNG 21 —---—- 51 GIRRDT 56 —---- 82 FSFELYE 88 —--—- 179 DGV[EEQAGGY 188
*MsAcT |AOR5U7: 6 LCEFERLTWG 15 —---—- 52 GLSART 57 ----—- 89 IMLETNE 95 ---—- 192 DGIFFTEANN 201
*RhAl  1Q00017: 21 YLAEBETMAK 30 ----- 56 AVAERS 61 ————- 86 VEFEHNN 92 ----- 209 DHTRITSPAGA 218
*EstA |033407: 33 VVEEBRLSDA 42 —-—-—- 113 AVGEYR 118 —-——- 166 ITGEGYN 172 —--——- 310 DSVERTITGQ 319
EstP |Q88QS0: 32 IVFEBSLADA 41 —-—— 100 AVGEYT 105 ---—- 153 LTGEGNE 159 ----- 297 DSVRISTIAGQ 306
XVEStE|Q7X4K7: 33 VFFEIRLTDS 42 --—-- 93 AAGEAR 98 —---—- 136 VWGEANE 142 ---—- 282 DGIRISTTATH 291

Block I Block II Block III Block V

Figure 1. Multiple sequence alignment of selected protein sequences that belong to the GDS(L)
family. Enzyme names and UniProtKB accession numbers are shown (SrL, extracellular lipase from
S. rimosus; SaPLA1, phospholipase from S. albidoflavus; SclL, lipase from Streptomyces coelicolor;
SsEst, esterase from S. scabies; TAP, thioesterase/ protease /phospholipase from Escherichia coli; TesA,
lysophospholipase from Pseudomonas aeruginosa; AnAEst, lipase from Nostoc sp.; MsAcT, arylesterase
from Mycolicibacterium smegmatis; RhA1, rhamnogalacturonan acetylesterase from Aspergillus aculeatus;
EstA, esterase from Pseudomonas aeruginosa; EstP, esterase from P. putida; XvEstE, esterase from
Xanthomonas vesicatoria). The asterisk indicates an enzyme with a determined 3D structure. The
conservation of marked amino acids in the alignment is color-coded (red, 100%; green, 80%; gray,
60%). Amino acids of SrL that were changed in this study are marked with triangles. The numbers
next to the aa shown above the blocks indicate their position in mature SrL [10]. The alignment was
constructed in MAFFT [20,21] using the G-INS-1 strategy and MAFFT homologs to improve the
aligning of distantly related sequences.

2.2. The Impact of Targeted Amino Acid Mutations on Enzyme Functionality

Recombinant SrLL and its mutants were produced in S. lividans TK23 and purified
to homogeneity as described in Section 4. First, it was analyzed whether the introduced
mutations led to conformational changes in the SrL variants. Structural characteristics of
purified enzyme variants together with WT lipase were evaluated by circular dichroism
(CD). As shown in Figure 2, almost identical CD spectra were obtained for all proteins, sug-
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gesting that the introduced mutations did not lead to changes in the secondary structures
of the proteins.

25,000
g 20,000 -
%D 15,000 - gl
b — Serl0 Ala
z 10 10,000 - — His216Ala
2 € 5000 | Asn213Ala
O T
= — Asn213Asp
Q 0 - —
2 . Asn82Ala
= 5000 — Gly54Ala
=

-10,000 ; : ,

195 205 215 225 235
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Figure 2. Circular dichroism spectra of SrL and its variants.

Next, the specific activity of the purified enzymes was determined for three pNP esters
with different fatty acid chain lengths: p-nitrophenyl butyrate (NPB; C), p-nitrophenyl
caprylate (pPNPC; C8), and p-nitrophenyl palmitate (PNPP; C16). As shown in Figure 3,
hydrolytic activity of Ser10Ala, Asn82Ala, and His216Ala was abolished for all examined
substrates. The replacement of Gly54 with alanine residue decreased lipase activity with
pNPC by about 40%, while the hydrolysis of pPNPP and pNPB was almost unchanged
(~10% decrease), compared with WT SrL. The substitution of Asn213 with Ala produced
an enzyme variant with significantly higher activity for pNPP (~55%) and pNPC (~29%),
while the activity toward pNPB remained unchanged in comparison with WT. The activity
of mutant Asn213Asp was moderately enhanced toward pNPB (~29%) and pNPC (~34%)
but decreased by ~35% with long acyl chain length substrate pNPP, compared with WT
(Figure 3).

Out of the three tested substrates, PNPC was the preferred one in all active enzyme
variants: the specific activities of WT, Asn213Ala, and Gly54Ala were 797, 1026, and
467 U/mg protein, respectively. Activity toward pNPP was somewhat lower for WT and
Asn213Ala (31% and 17%, respectively), and that with pNPB was two orders of magnitude
lower than the activity toward pNPC.

2.3. Biophysical Characterization

To evaluate the thermal stability of active lipases, differential scanning calorimetry
(DSC) was used as the most direct method to obtain the melting temperature and enthalpy
of the thermal unfolding process. As organic solvents are broadly utilized in biocatalysis,
the thermal stability of WT enzyme and its active variants in buffer with the addition of 20%
DMSO (v/v) was evaluated. The results are presented in Table 1, while baseline subtracted
thermograms are shown in Figure S1. According to the obtained melting temperatures
(Table 1), the WT is the most stable enzyme form (T, 66.0 °C and 61.3 °C, without and
with DMSO, respectively), followed by Asn213Asp, Gly54Ala, and Asn213Ala (T, 62.1 °C
and 54.0 °C, respectively). In terms of molar enthalpies of the unfolding process, there
were no considerable differences between different active SrL variants. The same is true
for the measurements in the buffer with 20% DMSO. Although the molar enthalpies are
considerably lower (>80 kJ/mol), when the organic solvent is present, the different lipases
show similar unfolding enthalpy values.
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Figure 3. Comparison of the enzyme activities toward pNP esters with different acyl chain lengths
(A—C). The activities are expressed relative to the specific activity of the wild type (100% =
797.40 U/mg protein for pNPC, 549.62 U/mg protein for pNPP, and 2.70 U/mg protein for pNPB)
and represent the average of three measurements. Numerical values of standard deviations (SD) are

given in Table S1.

Table 1. Melting temperatures (Tn) and molar enthalpy (A:H) of the thermal unfolding process for
WT and enzyme variants: Asn213Ala, Asn213Asp, and Gly54Ala. All proteins were measured in

phosphate buffer and buffer/DMSO mixture.

Buffer (10 mM Phosphate, 200 mM NaCl, pH 8)

SrL ¢ (mg/mL) M,, (kDa) Tm (°C) A:H (kJ/mol)

WT 1 25 66.0 534.8
Asn213Ala 1 25 62.1 534.8
Asn213Asp 1 25 63.9 537.6

Gly54Ala 1 25 63.0 535.1
Buffer/DMSO (10 mM Phosphate, 200 mM NaCl, pH 8, 20% DMSO, v/v)

WT 1 25 61.3 456.7
Asn213Ala 1 25 54.0 450.5
Asn213Asp 1 25 60.0 452.1

Gly54Ala 1 25 58.5 449.9
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2.4. Molecular Simulations

In total, more than 5 us of MD simulations were performed to investigate whether
mutations lead to deformation of the protein conformation and to determine the binding
mode of the long fatty acid chain substrate (C16) to SrL. Since the experimental 3D structure
of an SrL-ligand complex has not yet been determined, the adaptive steered MD simulations
(ASMD) were combined with MD simulations to determine the substrate binding to the
active site of STL.WT SrL and its variants Gly54Ala, Asn82Ala, and Asn213Ala were
simulated both as free proteins and in complex with the long-chain substrate pNPP. The
complexes were constructed using the atomic coordinates of ligand-free SrL. and ASMD
simulations as described in Section 4.

2.5. MD Simulations of Free Enzyme Forms

Figure 4 shows an overlay of the WT with the SrL variants, indicating that the muta-
tions did not cause protein deformation. These results were in good agreement with the
circular dichroism result (Figure 2). Also, during the 300 ns of MD simulations, the structure
of WT SrL and its variants remained stable, and the RMSD values, which described the
deviation of the protein structures sampled during the simulations from the equilibrated
structure, were mostly ~1.0 A (Figure S2). According to the MM/GBSA free energy calcula-
tions of the ligand-free lipase variants (Table 52), the WT and Gly54Ala variants were the
most stable, and the Asn213Ala variant appeared to be the least stable variant during the
300 ns of MD simulations of the ligand-free proteins at 300 K. The Ser10-His216 distance
was mostly in the range of 24 A for all variants, although it was generally shorter for WT
SrL and its Asn213Ala variant than for the Gly54Ala and Asn82Ala variants (Figure S3).

Figure 4. Overlay of the structures of WT SrL (colored magenta) and its mutants Asn213Ala (colored
blue), Gly54Ala (colored gray), and Asn82Ala (colored green) obtained after 300 ns of MD simulations
at 300 K in water (OPC water molecules) solution.

2.6. MID Simulations of the Lipase—Substrate Complex

The web tool CAVER 3.0 (CAVER Web—tool for the analysis of tunnels and channels
in protein structures (https://caver.cz/, accessed on 17 August 2021) [22] was used to
determine the catalytic cavity in WT SrL. In addition, ASMD simulations were used to
determine the possible orientations of pNPP in the cavity (see Section 4 for details of the
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procedure). The ASMD simulations were carried out for two different initial structures, i.e.,
for two different positions of the pNPP. In one, pNPP was placed in tunnel 3 (cyan) with the
tail of the alkyl chain solvated (ASMD-T3 set), and in the other, the alkyl chain of pNPP was
placed in tunnel 1 (green) with the phenyl ring and NO, group solvated (ASMD-T1 set)
(Figure 54). The SrL-pNPP complexes obtained as a result of the ASMD simulations were
visually examined, and it was found that the orientation of pNPP in the complex obtained
starting from the structure accommodated in tunnel 1 was more suitable for hydrolysis than
the pNPP orientation in the complexes obtained starting from the alkyl chain occupying
tunnel 3. In both cases, the most suitable conformation of the ligand was in the complexes
obtained with a puling step of 0.5 A. These structures were further simulated for 100 ns
at 290 K. During the simulation of the structure from the ASMD-T3 set, pPNPP moved
away from Ser10, and most of the alkyl chain remained solvated (Figure S5). On the other
hand, pNPP from the ASMD-T1 set remained close to the initial position and was nicely
accommodated in the SrL catalytic pocket (see Figure 5) during the 100 ns of unconstrained
MD simulations. MM/GBSA binding free energies also revealed higher stability of the
complex from the ASMD-T1 set than from the ASMD-T3 set (—65.6 & 4.2 kcal/mol vs.
—43.6 £+ 4.3 kcal/mol).

-

Figure 5. Orientation of the ligand in the STL-pNPP complex, obtained by ASMD simulation (cyan),
for the pNPP with alkyl chain accommodated in tunnel 1 and after additional 100 ns of unconstrained
MD simulation of the solvated complex at 290 K (green). The position of Ser10 in the later structure is
shown (light gray sticks).

Before further simulations, all structures were optimized and slowly heated (0 to
290 K), and the density of the system was equilibrated as described in Section 4. Three
independent 200 ns long MD simulations were performed for each complex. With the
exception of the Asn82Ala—pNPP complex, all other complexes were stable during each
of the 200 ns of MD simulations. In the complex with N82A, pNPP migrated from the
catalytic cleft into solvent after 77 ns in one simulation and after 55 ns in the other, so
further simulations of this complex were not run. Based on the results, the stability of the
complexes during the MD simulations, and the binding free energies calculated using the
MM/GBSA [23] approach, as well as the distance between the C atom of the cleavable
bond and Oy of Ser10 (Table S3), the initial structures were selected for the following
two independent, 300 ns MD simulations (for the WT complex and the complexes with
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the variants Gly54Ala and Asn213Ala). These complexes remained stable throughout the
simulation period with RMSD values mostly below 1.5 A (two independent 300 ns long
MD simulations performed for each complex) (Figure S6), and pNPP remained close to
its initial position (Figure S7). Interestingly, helices «6 and «11 approached each other
(Figure S8), and the strong electrostatic interaction between Lys28 and Glu212 has been
established in all variants (Figure 6) with geometry that often (>60% of the simulation time)
fulfilled the conditions for hydrogen bonding. Moreover, these two residues interacted
with pNPP.

Figure 6. Interaction between Lys28 and Glu212 in the Asn213Ala-pNPP complex obtained after
300 ns of MD simulation in water (OPC water molecules) at 300 K.

To evaluate the substrate binding affinities, the MM /GBSA, MM/PBSA [24], and LIE
energies (Tables 2, S4 and S5) were calculated. Although the calculations predicted similar
binding affinities for all variants, the LIE method [25] revealed a slightly higher affinity of
pNPP for the WT protein and MM/GBSA for the Asn213Ala mutant. In this stable binding
mode, the hydrophilic ester moiety (O=C-O-Phe-NO;) of pNPP interacted with Ser10,
Lys28, Ser53, Gly54, Asn82 (side chain), and His216, and occasionally with Glu212, while
the hydrophobic, alkyl chain interacted strongly with Tyr11, Gly81, Asn82 (backbone),
Ala84, Gly54, Phe86, Ala108 Alal67, Tyr141, Phel44, and Ile163. Significant stabilization
was also achieved by Thr89 in the complexes with the WT protein and in the complexes
with the mutants Gly54Ala and Asn213Ala. The alkyl chain was additionally stabilized
by Met90 in mutant variants (Figures S9 and S10 and Table 3). The strongest interaction
between pNPP and protein was achieved via the pNPP(O2)-Ser10(OH) hydrogen bond
(Table 3 and Figure S11). In addition to Ser10, pNPP interacted strongly with Ser53, Gly54,
Asn82, and Tyr141, forming either H bonds or strong electrostatic interactions with them
during the simulation of all complexes (Table 3). With Phe86, Tyr141, and Phel44, the
substrate had CH-m interactions during most of the simulation time (Figure 7), and with
the other amino acids mentioned above, the substrate underwent electrostatic and van der
Waals interactions that occasionally became hydrogen bonds.
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Table 2. LIE, MM/GBSA, and MM /PBSA free energy approximations for the binding of pNPP to WT
SrL and its single-point mutants Gly54Ala and Asn213Ala. The energies (kcal/mol) and standard
deviations were calculated for the sets of conformers sampled throughout the 300 ns and during
the last 100 ns of the MD simulations in water (OPC water molecules) at 300 K. MM /GBSA and
MM /PBSA energies were calculated for ionic strengths of 0 (100-300 ns) and 0.1 M at smaller intervals
and for the entire 300 ns, respectively. Values obtained by averaging values energies calculated on

structures sampled during two independent simulations of the same system are shown in bold.

SrL, Variants

and Run Method
LIE MM/GBSA MM/PBSA MM/GBSA MM/PBSA
(1-300 ns) (1-300 ns) (200-300 ns) (200-300 ns)
WT-1 —11.9 —67.51+4.2 —26.7 £ 3.7 —68.0 3.3 —2724+41
WT-2 —13.7 —67.6 £ 4.2 —29.0+4.1 —66.2 + 3.6 —283+42
WT-average —12.8 —67.6 —27.9
Asn213Ala-1 —11.8 —69.5 + 3.3 —2824+33 —68.9 & 3.4 —282 437
Asn213Ala-2 —12.0 —68.9 + 3.5 —272+34 —69.5 + 3.3 —271+35
Asn213Ala-average  —11.9 —69.2 —27.7
Gly54Ala-1 —11.3 —67.8 3.2 —27.7+3.0 —68.5 1+ 3.4 —27.5+3.0
Gly54Ala-2 —11.6 —67.1+3.6 —269+3.3 —68.5 + 3.4 —26.4 +3.1
Glyb4Ala-average —11.5 —67.4 —27.3

Table 3. Intermolecular, PNPP—SrL hydrogen bonds during MD simulations of the complexes with
WT SrL and its mutants Asn213Ala and Gly54Ala. Indicated is the percentage of simulation time
during which a particular hydrogen bond exists. In cases where an amino acid residue interacts with

the substrate through several different H bonds, the percentage of its population may exceed 100.

The results are for the simulations are performed at 300 K solvated in OPC water.

HB Population
AA/Variant WT-1 WT-2 Asn213Ala-1  Asn213Ala-2  Gly54Ala-1  Gly54Ala-2

Ser10 179 196 184 202 153 196
Tyrll 27 27 8 10 6 11
Lys28 18 71 - - - -
Ser53 67 - 86 65 52 55
Glyb54 30 52 31 26 - -
Asn82 55 19 88 88 68 90
Thr89 27 56 - - - -
Met90 - - 42 39 17 24
Tyr141 44 20 38 25 25 24

Throughout the simulation, Ser10 and His216 were properly oriented and formed
strong hydrogen bonds in all complexes. Interestingly, Tyrll, which was involved in
stabilizing the substrate, also interacted strongly with Ser10 and His216 (Figure S12).
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lle112

Figure 7. Position of pNPP in the Asn213Ala-pNPP complex after 300 ns of MD simulation in water
(OPC-water molecules) at 300 K. The amino acid residues that have close contacts (distance less than
4 A) with pNPP are indicated.

3. Discussion

The SGNH superfamily encompasses a large group of phylogenetically broadly dis-
tributed enzymes in all domains of life. The GDSL-like lipases/acylhydrolases are the most
abundant in this superfamily. Most members of this group belong to bacteria, followed by
plants and fungi [19]. Although some of them exhibit multifunctional properties, many
members have not been functionally investigated, such as in Arabidopsis, where more than
100 GDSL lipases are recognized [12,26,27].

The native extracellular SGNH/GDSL lipase of S. rimosus was previously purified
and biochemically characterized, the corresponding gene was cloned, and a high level
of heterologous expression was obtained [7,8,10,13]. In the present study, site-directed
mutagenesis was applied for the first time to investigate the function of amino acid residues
suggested to be important for its hydrolytic activity. The assumption of catalytic relevance
of Ser10, Gly54, Asn82, and His216 resulted from the primary structure analysis, which
placed SrL in the SGNH hydrolase superfamily, and from the comparison of the crystal
structure of ligand-free SrL [15] with similar 3D structures of two SGNH-hydrolyses
(esterase from S. scabies and phospholipase from S. albidoflavus) [16,17].

Our results provide experimental evidence for the crucial importance of Ser10, Asn82,
and His216 for the hydrolytic activity of SrL (Figure 3) as their substitution with Ala yielded
inactive enzyme variants. On the other hand, point mutations (Gly54 to Ala and Asn213
to Ala) did not change the substrate selectivity of SrL. All active mutants preferred the C8
acyl chain length in pNP esters.

The activity of the His-tagged WT SrL enzyme was in very good agreement with previ-
ously reported specific activity of native SrL for pNPP (659 U/mg) and pNPC (850 U/mg) [7].
Replacement of Gly54, a conserved constituent of the block II in the SGNH family enzymes,
with alanine caused only a slight to moderate decrease (depending on the pNP substrate)
in the activity of the variant Gly54Ala compared with the WT enzyme. The GDSL protein
family has been reported to contain a significant proportion of sequences with distinct
variations in motifs that sometimes lack catalytically important residues. Such mutations
can generate pseudoenzymes or enzymes with new properties [28,29]. Natural variations
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of conserved Gly to Ala and Arg have been reported for two members of the SGNH super-
family (Figure 1), acyltransferase from Mycobacterium smegmatis [30] recently reclassified as
Muycolicibacterium smegmatis [31] and a serine hydrolase from cyanobacterium Anabaena sp.
PCC 7120, respectively. By site-directed mutagenesis it was shown that Arg54 in Anabaena
hydrolase has a role in substrate binding and catalytic activity [32].

In lipases with the catalytic triad Ser-Asp-His, the catalytic Asp is located at the
position of Asn213 of WT SrL (block V); therefore, a protein mutated at this position was
generated and analyzed. The SrL variant Asn213Asp showed slightly higher activity with
pNPB and pNPC but lower activity with pNPP compared with the WT enzyme (Figure 3).
On the other hand, the replacement of Asn213 with Ala improved the hydrolytic activity
toward the medium- and long-chain substrates pNPC and pNPP. Although Asn213 did
not interact directly with pNPP, it interacted with Lys28 and, together with Ser214, with
the catalytic His216 (hydrogen bonds and electrostatically) in the MD simulations. Asn213
and Lys28 were located at turns (unstructured regions of SrL) that faced each other and
separated the catalytic part of the substrate binding pocket from the surrounding solvent.
The interactions between Lys28 and Asn213 and Glu212 consolidated and shaped the
catalytic site of SrL and ensured proper alignment of the substrate through the hydrogen
bonding network (in conjunction with strong electrostatic interactions) with the amino acid
residues of the binding site.

MD simulations showed that the interaction between pNPP and the catalytic residue
Ser10, as well as with Asn82 from the oxyanion hole, was stronger in the complex of pNPP
with Asn213Ala than in the complex with the wild-type protein.

Molecular dynamics simulations revealed the key interactions between lipase and
the long-chain pNP ester substrate, including H bonds and electrostatic interactions with
Asn82 and H bonds with Gly54 and Ser10. The observed stabilization of the substrate
carbonyl oxygen with Asn82 and Gly54 suggested that they acted as oxyanion hole residues,
stabilizing the negatively charged tetrahedral intermediates during the hydrolytic reaction.
Moreover, Asn82 (NH; group from the side chain) formed a strong H bond with the
carbonyl oxygen of Gly54 and stabilized it in the orientation suitable for the enzymatic
reaction. In addition, stable H-bonding between His216 and Ser214 was observed during
the MD simulations. Overall, our computational results emphasized the crucial importance
of Ser10, Asn82, and His216 for the catalytic activity of SrL, which was consistent with the
experimental analysis of SrL variants. The obtained results supported the hypothesis of a
variation in the active site of S. rimosus lipase [15], consisting of Ser10 and His216 but lacking
the Asp (or Glu) residue that ensured the correct orientation of the imidazole ring of His in
typical serine hydrolases. Such variation has been reported for the two SGNH hydrolases
structurally closest to SrL, S. scabies esterase and S. albidoflavus phospholipase A1l [16,17].
In addition, the molecular modeling results of our study showed previously unreported
interactions occurring within the active site of SrL lipase in the presence of substrate, thus
providing a good basis for future research on this interesting class of SGNH enzymes.

4. Materials and Methods
4.1. Bacterial Strains and Cultivation Conditions

The bacterial strains and culture media used in this study are listed in Table S6. E. coli
was cultivated at 37 °C in LB medium [33]. Streptomyces lividans TK23 was grown at 30 °C in
liquid CRM medium [34] for plasmid isolation or inoculum preparation, solid MS medium
for sporulation, solid R5 medium for protoplast regeneration, and liquid GR,d medium
for lipase production, as described previously [35,36]. When appropriate, antibiotics were
added to the media in the following final concentrations: 100 mg/mL ampicillin, 25 mg/mL
thiostreptone, and 10 mg/mL kanamycin (Sigma-Aldrich, St. Louis, MO, USA). Only to
MS medium thiostreptone was added at a concentration of 50 mg/mL.
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4.2. Cloning and Site-Directed Mutagenesis

The wild-type srl gene was amplified by PCR using forward primer srlEco, reverse
primer srlHind (Table S7), and plasmid pD]J5 as a template ([10], Table S8) according to
the procedure detailed in Supplementary Materials. The amplified 840 bp DNA fragment
was ligated into the pGEM-T vector (Promega, Madison, WI, USA), which was used to
transform E. coli XL1 cells. The recombinant plasmid, SrTLpGEM, was purified from selected
transformants with a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany), and the
sequence of the lipase gene was verified by sequencing. The plasmid, STLpGEM, was
used either to clone the srl gene into the bifunctional vector pANT849pWB19N [35] or
as a template to generate targeted mutations in the lipase gene using the site-directed
mutagenesis method [37]. Modifications introduced to this protocol are described in detail
in Supplementary Materials. The obtained STLpGEM constructs and pANT849pWB19N [38]
were used for the transformation of methylation-deficient E. coli GM119. Non-methylated
plasmids were digested with EcoRI and HindIIl (Fermentas, Waltham, MA, USA), and
DNA fragments (5300 bp pANT849 and 840 bp srl gene or its mutated variants) were gel
purified (QIAquick Gel Extraction Kit, Qiagen, Hilden, Germany) and ligated using T4
DNA ligase (Fermentas, Waltham, MA, USA). The ligation mixture was used to transform
Streptomyces lividans TK23 protoplasts, as described [35,36]. The recombinant plasmids,
SrLpANT, carrying the stl gene or its variants were purified from selected transformants
by an alkaline lysis procedure [36], and the presence of the srl insert was confirmed by PCR
and sequencing.

4.3. Biosynthesis and Purification of SrL Lipase Variants

The purification of His-tagged SrL lipase variants was performed according to the
protocol developed previously [35], which includes (i) growth of S. lividans-SrLpANT in
GRd liquid medium for ~6 days or until the extracellular lipase in the culture supernatant
showed maximum activity toward pNPP (Sigma-Aldrich, St. Louis, MO, USA), (ii) precipi-
tation of extracellular proteins with 80% ammonium sulfate and subsequent dialysis, and
(iii) purification of His-tagged lipases by Ni-NTA Agarose gravity flow chromatography
(Qiagen, Hilden, Germany). The only change compared with the described method was
the increase in imidazole (30 mM) in the washing step, which allowed the removal of non-
specifically bound proteins, thus avoiding gel filtration in the purification protocol. The
purified proteins were analyzed by SDS-PAGE, and their concentration was determined
using NanoDrop 2000 (Thermo Fisher Scientific, Fermentas, Waltham, MA, USA).

4.4. Circular Dichroism (CD) Spectrometry

Circular dichroism (CD) spectra of purified lipase variants were recorded in a range
of 235 to 195 nm by using a ]-715 Spectropolarimeter (JASCO, Tokyo, Japan) at room
temperature. The concentration of the samples was ~0.5 mg/mL (in 10 mM phosphate
buffer pH 6.8, 0.2 M NaCl).

4.5. Enzyme Activities

Lipase activity was measured spectrophotometrically at room temperature (22 °C)
by monitoring the release of pNP from three different substrates: pNPP, pNPC, and pNPB.
Enzymatic reaction with buffered pNPP or pNPC emulsion was performed as described
previously [35]. The reaction mixture was created by mixing a substrate stock solution in
dioxane and buffer (50 mM Tris-HCl pH 8, 5 mM sodium deoxycholate) to a final substrate
concentration of 0.33 mM pNPP or 0.36 mM pNPC and 2.5% dioxane (v/v). The hydrolysis
of pNP esters was initiated by adding 10 uL of the enzyme (0.01 mg/mL) into 1 mL of the
reaction mixture. The catalytic activity of lipase toward pNPP and pNPC was measured at
410 nm by UV /Visible Varian Cary 100 Bio spectrophotometer. The spontaneous hydrolysis
of each of the substrates was also examined. A similar protocol was used for pNPB, except
that the hydrolysis was carried out at pH 7.2. The substrate concentration in the reaction
mixture was 1 mM, and the dioxane concentration was 1% (v/v). Enzyme reactions were
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started by adding 10 pL of 1 mg/mL enzyme into a 1 mL reaction mixture. One unit (1U)
of lipase activity was defined as the amount of enzyme needed to liberate 1 umol of pNP
per minute at the assay conditions.

4.6. Enzyme Stability Measurements

Thermal stability measurements of SrL and its active variants (Asn213Ala, Asn213Asp,
and Gly54Ala) were completed in a Nano-DSC (TA Instruments, Waters Corporation,
New Castle, DE, USA) differential scanning microcalorimeter. Samples were prepared by
diluting the purified protein to a concentration of 1 mg/mL in buffer (10 mM phosphate
buffer, 200 mM NaCl, pH 8) and buffer/DMSO mixtures (20% DMSO, v/v), followed by
degassing for 15 min on a degassing station (TA Instruments, Waters Corporation, New
Castle, DE, USA). The working volume of the calorimeter was 300 pL, and the thermal
cycle was performed with a 60 s equilibration time in the temperature range of 10-90 °C
at a scan rate of 1 °C/min. The buffer-buffer and buffer/20% DMSO-buffer/20% DMSO
thermal scans were subtracted from the protein measurements. The results were assessed
with Nano Analyze software, 3.11.0 (TA Instruments, Waters Corporation, New Castle, DE,
USA), and thermal unfolding characteristics (Tm—melting temperature, AH—enthalpy)
were evaluated.

4.7. Selection of the Crystallographically Determined Structure of SrL for Molecular Modeling and
Parameterization of the System

The crystallographically determined structure of SrL, PDB_id 5SMAL, was used as
the initial structure for our molecular modeling study. The asymmetric unit comprised
two monomeric SrL molecules, A and B, which did not reveal significant conformational
differences: the secondary structural elements overlapped well (RMSD of 0.54 A). For the
molecular modeling study, molecule A was utilized. The structure showed two possible
orientations of the amino acid residues Ser129, GIn135, and Glu212. Orientation A was
chosen for Ser129 and GIn135 because in this orientation they had more stable interactions
with the rest of the protein, whereas for Glu212 both orientations were studied, orientation A
with Cx-CB-Cy-Co equal to —96.5° and orientation B with Cax-Cp-Cy-Co equal to —63.7°.

The SrL structure had six Cys residues all connected by disulfide bonds. In the
model, all Arg and Lys residues were positively charged (+1e), while Glu and Asp residues
were negatively charged (1le), as expected under physiological (experimental) conditions.
According to their ability to form hydrogen bonds with surrounding residues, His residues
42,195, and 216 were protonated at N§, and His181 and His205 were protonated at Ne.
Parameterization was performed using the FF19SB force field [39] for protein and the
compatible GAFF2 force field [40] for ligand. The AM1-BCC atomic charges [41] were
assigned to the ligand. The mutated proteins, Gly54Ala, Asn82Ala, and Asn213Ala, were
prepared using tleap, a basic preparation program for Amber simulations available within
the AMBER20 package (http:/ /ambermd.org, accessed on 20 August 2021). Proteins and
protein—substrate complexes were neutralized with Na* ions and solvated in an octahedral
box filled with OPC water molecules [42] recommended for use with the ff19SB force field.
The minimum distance between the solvated complex and the edge of the box was 11 A.
The solvated systems were minimized, followed by heating, density equalization, and
productive MD simulations.

4.8. MD Simulations Details

All simulations were carried out using the AMBER20 suite of programs [43,44]. The
minimization of the prepared systems (ligand-free protein variants and their complexes
with pNPP) was performed in three cycles. In the first cycle of optimization (1500 steps),
water molecules were relaxed, while the rest of the system was harmonically restrained
with a force constant of 32 kcal mol ! A~2; in the second cycle (3500 steps), the protein
backbone atoms were restrained with a force constant of 12 kcal mol~! A~2; and in the
third cycle (2500 steps), the system was completely relaxed. The energy-optimized system
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was heated in three steps (from 0 to 100 K, from 100 K to 200 K, and from 200 K to 300 K)
(each interval 10 ps) using the NVT ensemble and the time step of 0.5 fs, followed by 3 ns of
density equilibration (NPT ensemble and the time step of 1 fs). The two independent MD
simulations of 300 ns duration were performed for the ligand-free protein variants, and
for their complexes with pNPP, obtained by Docking, three independent MD simulations
(each 200 ns long) were performed (see below). For each complex of the variant the most
stable structure obtained during these 200 ns long MD simulations was selected, and its
two replicas were simulated for an additional 300 ns. During productive MD simulations,
the time step was 2 fs, and the SHAKE algorithm was used to constrain covalent bonds
with hydrogen atoms. The pressure was maintained at 1 atm with a pressure relaxation
time of 1 ps using the Berendsen barostat [45], while the system temperature was kept
constant at 300 K with a collision frequency of 5 ps~!, using the Langevin thermostat [46].
Simulations were performed using periodic boundary conditions (PBCs) with a cutoff
of 11 A, while the particle mesh Ewald (PME) method was used to calculate long-range
electrostatic interactions.

4.9. Elucidation of the Binding of pNPP to SrL Using Adaptive Steered MD Simulations (ASMD)

For binding of the substrate (/NPP) to the active site of lipase, we performed ASMD
simulations. In ASMD, an external force is applied to the selected reaction coordinate to
allow the system to move in the desired direction during simulations of MD [47,48]. The
average nonequilibrium work exerted on the system during ASMD is referred to as the
potential of mean force (PMF) and, according to the Jarzynski equation, reflects the relative
free energy of binding (AG) [49]. ASMD simulations are useful for investigating possible
pathways for ligand binding and release to macromolecules but can also be used to tune
ligand binding into the active site of an enzyme if the active site is known.

Experimental study on SrL combined with previous computational studies on SrL
showed that Ser10 and His216 make the catalytic dyad responsible for ester hydrolysis
in SrL and that acyl chains most probably bind in the hydrophobic tunnel and in the
hydrophobic “gorge” [15,18]. The starting point for our ASMD simulations was a fully
solvated system consisting of the optimized and equilibrated structure of the ligand-free
protein variant with the ligand (pNPP) in the extended conformation manually placed in
the hydrophobic pocket with the C atom of the scissile C-O(R) bond about 6 A away from
Ser10. Three series of ASMD simulations were performed; in one of them, the velocity of
the substrate pooling into the proposed binding funnel was 2.1 A/ns, and in two ASMD
simulations it was 0.5 A /ns (during the simulations, C16 was pooled toward Oy(Ser10)).
Each of the ASMD simulations was performed in seven steps.

The obtained complexes were minimized, heated, and density equilibrated, and three
independent 200 ns long productive MD simulations were performed for each complex (a
detailed description of the procedure is given in Supplementary Materials). The ASMD
simulations as the following productive MD simulations were performed using the TIP3P
water model. The structure for which the lowest binding free energy was determined was
used as a starting point for 300 ns long MD simulation with OPC water molecules. For this
purpose, the system was reparameterized using the OPC water box, and after minimization
and equilibration (the procedure equivalent to that used for the ligand-free enzyme), a
300 ns long MD productive simulation was performed.

4.10. MM/PBSA and MM/GBSA Calculations

The substrate binding MM /PBSA and MM/GBSA energies were obtained using
the MM/PBSA py script as implemented in the AMBER20 program [43]. MM/GBSA
calculations were performed using “igb = 5” [23]. MM /GBSA energies were calculated on
20 ns long intervals sampled throughout the trajectories sampled during three independent
200 ns long productive MD simulations. For the final trajectory obtained during 300 ns
of productive MD simulations, both MM /GBSA and the MM/PBSA [24] energies were
calculated for the structures sampled during the intervals 80-100 ns, 180-200 ns, 280-300 ns,



Int. J. Mol. Sci. 2024, 25, 595

15 of 17

References

100-300 ns, and 1-300 ns using the single-trajectory approach. To test the influence of
the frequency of sampling on the results, we performed a few calculations using both
100 and 1000 structures. Since the difference was negligible, all other calculations were
performed using 100 structures and, in the case of the 1-300 ns interval, 150 structures.
The MM/PBSA calculations were performed using a salt concentration of 0.1 M. The
dielectric constants were 80.0 for the solvent (water) and 2.0 for the solute. The polar
component of the enthalpy of solvation was calculated by the Poisson-Boltzmann method,
and the nonpolar component was determined by AHponpor = YSASA + 3, where the solvent
accessible surface area (SASA) was calculated using the MolSurf program [50].

4.11. Data Analysis

To trace the conformational space spanned by the SrL structures during the MD
simulations and to determine the amino acid residues that most strongly stabilized the
binding of pNPP, a series of analyses were performed. Detailed analyses of the geometry,
the population of intermolecular hydrogen bonds, and LIE calculations (linear interaction
energy approach introduced by Aqvist at al. [25]) were performed using the CPPTRA]
module of the AmberTools program package [43]. LIE calculations were performed using
cutoff values 9 A and 11 A, for Van der Waals and electrostatic energy calculations.

5. Conclusions

The site-directed mutagenesis, performed for the first time on conserved residues
in the active site of the SGNH lipase from S. rimosus, confirmed the essential importance
of Ser10, Asn82, and His216, while Gly54 could be substituted by Ala without a signifi-
cant decrease in hydrolytic activity. The replacement of Asn213 with Ala increased SrL
activity, suggesting that SDM can improve the function of this enzyme. MD simulations
identified the key interactions between the lipase and the long-chain substrate (pNPP).
In addition, a previously unrecognized H bond Asn82-Gly54 and a strong electrostatic
interaction between Lys28 and Glu212 were uncovered in the enzyme—substrate complexes,
the significance of which should be investigated for catalysis.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms25010595/s1.

Author Contributions: Conceptualization, M.A., S.T. and D.V.; formal analysis, M.A., S.T., I.C. and
D.V,; investigation, Z.F,AB.,ES, MC., 1C.and S.T; writing the first version, M. A.; writing—review
and editing, M.A., S.T., A.B. and D.V. with input of all the authors; visualization, S.T., I.C., Z.F, AB,
ES., M.C.and D.V; supervision, M.A. and D.V,; funding acquisition, D.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is supported by the Croatian Government and the European Union through the
European Regional Development Fund—the Competitiveness and Cohesion Operational Programme:
Project KK.01.1.1.01.0002 granted to The Scientific Centre of Excellence for Bioprospecting—BioProCro.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Chater, K.F; Bir6, S.; Lee, K.J.; Palmer, T.; Schrempf, H. The Complex Extracellular Biology of Streptomyces: Review Article.
FEMS Microbiol. Rev. 2010, 34, 171-198. [CrossRef]

2. Morosoli, R.; Shareck, F.; Kluepfel, D. Protein Secretion in Streptomycetes. FEMS Microbiol. Lett. 1997, 146, 167-174. [CrossRef]

3. Spasic, J.; Mandic, M.; Djokic, L.; Nikodinovic-Runic, J. Streptomyces spp. in the Biocatalysis Toolbox. Appl. Microbiol. Biotechnol.
2018, 102, 3513-3536. [CrossRef]

4. Olanrewaju, O.S.; Babalola, O.O. Bacterial Consortium for Improved Maize (Zea mays L.) Production. Microorganisms 2019, 7, 519.

[CrossRef]


https://www.mdpi.com/article/10.3390/ijms25010595/s1
https://www.mdpi.com/article/10.3390/ijms25010595/s1
https://doi.org/10.1111/j.1574-6976.2009.00206.x
https://doi.org/10.1111/j.1574-6968.1997.tb10188.x
https://doi.org/10.1007/s00253-018-8884-x
https://doi.org/10.3390/microorganisms7110519

Int. J. Mol. Sci. 2024, 25, 595 16 of 17

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kumar, M.; Kumar, P; Das, P.,; Solanki, R.; Kapur, M.K. Potential Applications of Extracellular Enzymes from Streptonmyces spp. in
Various Industries. Arch. Microbiol. 2020, 202, 1597-1615. [CrossRef]

Cho, S.S.; Park, D.J.; Simkhada, J.R.; Hong, ].H.; Sohng, ] K.; Lee, O.H.; Yoo, ].C. A Neutral Lipase Applicable in Biodiesel
Production from a Newly Isolated Streptomyces sp. CS326. Bioprocess Biosyst. Eng. 2011, 35, 227-234. [CrossRef]

Abrami¢, M.; Les¢i¢, I.; Korica, T.; Vitale, L.; Saenger, W.; Pigac, ]J. Purification and Properties of Extracellular Lipase from
Streptomyces rimosus. Enzym. Microb. Technol. 1999, 25, 522-529. [CrossRef]

Lesci¢, I.; Vukeli¢, B.; Majeri¢-Elenkov, M.; Saenger, W.; Abrami¢, M. Substrate Specificity and Effects of Water-Miscible Solvents
on the Activity and Stability of Extracellular Lipase from Streptomyces rimosus. Enzym. Microb. Technol. 2001, 29, 548-553.
[CrossRef]

Les¢ic¢ Asler, I.; Ivi¢, N.; Kovaci¢, E; Schell, S.; Knorr, J.; Krauss, U.; Wilhelm, S.; Koji¢-Prodi¢, B.; Jaeger, K.E. Probing Enzyme
Promiscuity of SGNH Hydrolases. ChemBioChem 2010, 11, 2158-2167. [CrossRef] [PubMed]

Vujaklija, D.; Schroder, W.; Abrami¢, M.; Zou, P; Les¢i¢, I.; Franke, P; Pigac, J. A Novel Streptomycete Lipase: Cloning, Sequencing
and High-Level Expression of the Streptomyces rimosus GDS(L)-Lipase Gene. Arch. Microbiol. 2002, 178, 124-130. [CrossRef]
Arpigny, J.L.; Jaeger, K.E. Bacterial Lipolytic Enzymes: Classification and Properties. Biochem. J. 1999, 343, 177-183. [CrossRef]
Akoh, C.C; Lee, G.C;; Liaw, Y.C.; Huang, T.H.; Shaw, ].F. GDSL Family of Serine Esterases/Lipases. Prog. Lipid Res. 2004, 43,
534-552. [CrossRef]

Vujaklija, D.; Abramié, M.; Les¢i¢, 1.; Marsi¢, T.; Pigac, J. Streptomyces rimosus GDS(L) Lipase: Production, Heterologous
Overexpression and Structure-Stability Relationship. Food Technol. Biotechnol. 2003, 41, 89-93.

Les¢i¢ Asler, L; Pigac, J.; Vujaklija, D.; Lui¢, M,; Stefani¢, Z. Crystallization and Preliminary X-Ray Diffraction Studies of a
Complex of Extracellular Lipase from Streptomyces rimosus with the Inhibitor 3,4-Dichloroisocoumarin. Acta Crystallogr. Sect. F
Struct. Biol. Cryst. Commun. 2011, 67, 1378-1381. [CrossRef]

Lesci¢ Asler, L; Stefani¢, Z.; Margavelski, A.; Vianello, R.; Koji¢-Prodié¢, B. Catalytic Dyad in the SGNH Hydrolase Superfamily:
In-Depth Insight into Structural Parameters Tuning the Catalytic Process of Extracellular Lipase from Streptomyces rimosus. ACS
Chem. Biol. 2017, 12, 1928-1936. [CrossRef]

Murayama, K.; Kano, K.; Matsumoto, Y.; Sugimori, D. Crystal Structure of Phospholipase Al from Streptomyces albidoflavus
NA297. J. Struct. Biol. 2013, 182, 192-196. [CrossRef]

Wei, Y.; Schottel, ].L.; Derewenda, U.; Swenson, L.; Patkar, S.; Derewenda, Z.S. A Novel Variant of the Catalytic Triad in the
Streptomyces scabies Esterase. Nat. Struct. Biol. 1995, 2, 218-223. [CrossRef]

Marsavelski, A.; Sablji¢, I.; Sugimori, D.; Koji¢-Prodi¢, B. The Substrate Selectivity of the Two Homologous SGNH Hydrolases
from Streptomyces Bacteria: Molecular Dynamics and Experimental Study. Int. ]. Biol. Macromol. 2020, 158, 222-230. [CrossRef]
Anderson, A.C.; Stangherlin, S.; Pimentel, K.N.; Weadge, ].T.; Clarke, A.]J. The SGNH Hydrolase Family: A Template for
Carbohydrate Diversity. Glycobiology 2022, 32, 826-848. [CrossRef]

Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT Online Service: Multiple Sequence Alignment, Interactive Sequence Choice and
Visualization. Brief. Bioinform. 2018, 20, 1160-1166. [CrossRef]

Kuraku, S.; Zmasek, C.M.; Nishimura, O.; Katoh, K. ALeaves Facilitates On-Demand Exploration of Metazoan Gene Family Trees
on MAFFT Sequence Alignment Server with Enhanced Interactivity. Nucleic Acids Res. 2013, 41, W22-W28. [CrossRef] [PubMed]
Chovancova, E.; Pavelka, A.; Benes, P; Strnad, O.; Brezovsky, J.; Kozlikova, B.; Gora, A.; Sustr, V.,; Klvana, M.; Medek, P.; et al.
CAVER 3.0: A Tool for the Analysis of Transport Pathways in Dynamic Protein Structures. PLoS Comput. Biol. 2012, 8, e1002708.
[CrossRef] [PubMed]

Anandakrishnan, R.; Drozdetski, A.; Walker, R.C.; Onufriev, A.V. Speed of Conformational Change: Comparing Explicit and
Implicit Solvent Molecular Dynamics Simulations. Biophys. J. 2015, 108, 1153-1164. [CrossRef] [PubMed]

Swanson, ].M.J.; Henchman, R H.; McCammon, J.A. Revisiting Free Energy Calculations: A Theoretical Connection to MM /PBSA
and Direct Calculation of the Association Free Energy. Biophys. ]. 2004, 86, 67-74. [CrossRef] [PubMed]

Aqvist, J.; Medina, C.; Samuelsson, J.E. A New Method for Predicting Binding Affinity in Computer-Aided Drug Design. Protein
Eng. Des. Sel. 1994, 7, 385-391. [CrossRef] [PubMed]

Xiao, C.; Guo, H.; Tang, J.; Li, J.; Yao, X.; Hu, H. Expression Pattern and Functional Analyses of Arabidopsis Guard Cell-Enriched
GDSL Lipases. Front. Plant Sci. 2021, 12, 748543. [CrossRef]

Lai, C.P.; Huang, L.M.; Chen, L.EO.; Chan, M.T.; Shaw, ].F. Genome-Wide Analysis of GDSL-Type Esterases/Lipases in Arabidopsis.
Plant Mol. Biol. 2017, 95, 181-197. [CrossRef]

Eyers, P.A.; Murphy, ].M. The Evolving World of Pseudoenzymes: Proteins, Prejudice and Zombies. BMC Biol. 2016, 14, 98.
[CrossRef]

Bidin, S.; Vujaklija, I; Paradzik, T.; Bielen, A.; Vujaklija, D. Leitmotif: Protein Motif Scanning 2.0. Bioinformatics 2020, 36, 35663567 .
[CrossRef]

Mathews, L; Soltis, M.; Saldajeno, M.; Ganshaw, G.; Sala, R.; Weyler, W.; Cervin, M. A.; Whited, G.; Bott, R. Structure of a Novel
Enzyme That Catalyzes Acyl Transfer to Alcohols in Aqueous Conditions. Biochemistry 2007, 46, 8969-8979. [CrossRef]
Dovbnya, D.V,; Bragin, E.Y.; Ivashina, T.V.; Donova, M.V. Draft Genome Sequence of Mycolicibacterium smegmatis VKM Ac-1171
Contains Full Set of Sterol Catabolic Genes. Microbiol. Resour. Announc. 2022, 11, €0077222. [CrossRef] [PubMed]

Bakshy, K.; Gummadi, S.N.; Manoj, N. Biochemical Characterization of Alr1529, a Novel SGNH Hydrolase Variant from Anabaena
sp. PCC 7120. Biochim. Biophys. Acta (BBA)-Proteins Proteomics 2009, 1794, 324-334. [CrossRef] [PubMed]


https://doi.org/10.1007/s00203-020-01898-9
https://doi.org/10.1007/s00449-011-0598-8
https://doi.org/10.1016/S0141-0229(99)00077-0
https://doi.org/10.1016/S0141-0229(01)00433-1
https://doi.org/10.1002/cbic.201000398
https://www.ncbi.nlm.nih.gov/pubmed/20931591
https://doi.org/10.1007/s00203-002-0430-6
https://doi.org/10.1042/bj3430177
https://doi.org/10.1016/j.plipres.2004.09.002
https://doi.org/10.1107/S1744309111032222
https://doi.org/10.1021/acschembio.6b01140
https://doi.org/10.1016/j.jsb.2013.02.003
https://doi.org/10.1038/nsb0395-218
https://doi.org/10.1016/j.ijbiomac.2020.04.198
https://doi.org/10.1093/glycob/cwac045
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/nar/gkt389
https://www.ncbi.nlm.nih.gov/pubmed/23677614
https://doi.org/10.1371/journal.pcbi.1002708
https://www.ncbi.nlm.nih.gov/pubmed/23093919
https://doi.org/10.1016/j.bpj.2014.12.047
https://www.ncbi.nlm.nih.gov/pubmed/25762327
https://doi.org/10.1016/S0006-3495(04)74084-9
https://www.ncbi.nlm.nih.gov/pubmed/14695250
https://doi.org/10.1093/protein/7.3.385
https://www.ncbi.nlm.nih.gov/pubmed/8177887
https://doi.org/10.3389/fpls.2021.748543
https://doi.org/10.1007/s11103-017-0648-y
https://doi.org/10.1186/s12915-016-0322-x
https://doi.org/10.1093/bioinformatics/btaa133
https://doi.org/10.1021/bi7002444
https://doi.org/10.1128/mra.00772-22
https://www.ncbi.nlm.nih.gov/pubmed/36354353
https://doi.org/10.1016/j.bbapap.2008.10.007
https://www.ncbi.nlm.nih.gov/pubmed/19028609

Int. J. Mol. Sci. 2024, 25, 595 17 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Labortaroy Manual; Cold Spring Harbor Laboratory Press: New York,
NY, USA, 1989; Volume 68, ISBN 0879695773.

Pigac, J.; Schrempf, H. A Simple and Rapid Method of Transformation of Streptomyces rimosus R6 and Other Streptomycetes by
Electroporation. Appl. Environ. Microbiol. 1995, 61, 352-356. [CrossRef] [PubMed]

Bielen, A.; Cetkovi¢, H.; Long, PE; Schwab, H.; Abrami¢, M.; Vujaklija, D. The SGNH-Hydrolase of Streptomyces coelicolor Has
(Aryl)Esterase and a True Lipase Activity. Biochimie 2009, 91, 390-400. [CrossRef] [PubMed]

Kieser, T.; Bibb, M.].; Buttner, M.].; Chater, K.F.; Hopwood, D.A. Practical Streptomyces Genetics; The John Innes Foundation:
Norwich, England, 2000.

Xiao, Y.-H.; Yin, M.-H.; Hou, L.; Luo, M; Pei, Y. Asymmetric Overlap Extension PCR Method Bypassing Intermediate Purification
and the Amplification of Wild-Type Template in Site-Directed Mutagenesis. Biotechnol. Lett. 2007, 29, 925-930. [CrossRef]
[PubMed]

DeSanti, C.L.; Strohl, W.R. Characterization of the Streptomyces sp. Strain C5 Snp Locus and Development of Snp-Derived
Expression Vectors. Appl. Environ. Microbiol. 2003, 69, 1647-1654. [CrossRef] [PubMed]

Tian, C.; Kasavajhala, K.; Belfon, K.A.A.; Raguette, L.; Huang, H.; Migues, A.N.; Bickel, ].; Wang, Y.; Pincay, J.; Wu, Q.; et al.
Ff19SB: Amino-Acid-Specific Protein Backbone Parameters Trained against Quantum Mechanics Energy Surfaces in Solution.
J. Chem. Theory Comput. 2020, 16, 528-552. [CrossRef] [PubMed]

He, X,; Man, VH,; Yang, W.; Lee, T.S.; Wang, J. A Fast and High-Quality Charge Model for the next Generation General AMBER
Force Field. J. Chem. Phys. 2020, 153, 114502. [CrossRef]

Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, Efficient Generation of High-Quality Atomic Charges. AM1-BCC Model: II. Parameteriza-
tion and Validation. J. Comput. Chem. 2002, 23, 1623-1641. [CrossRef]

Izadi, S.; Anandakrishnan, R.; Onufriev, A.V. Building Water Models: A Different Approach. J. Phys. Chem. Lett. 2014, 5, 3863-3871.
[CrossRef]

Case, D.A.; Belfon, K.; Ben-Shalom, 1.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III;, Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.;
Giambasu, G.; et al. AMBER 2020; University of California: San Francisco, CA, USA, 2020.

Salomon-Ferrer, R.; Case, D.A.; Walker, R.C. An Overview of the Amber Biomolecular Simulation Package. Wiley Interdiscip. Rev.
Comput. Mol. Sci. 2013, 3, 198-210. [CrossRef]

Berendsen, H.J.C.; Postma, ].P.M.; Van Gunsteren, W.E,; Dinola, A.; Haak, ].R. Molecular Dynamics with Coupling to an External
Bath. J. Chem. Phys. 1984, 81, 3684-3690. [CrossRef]

Loncharich, R.].; Brooks, B.R.; Pastor, R.W. Langevin Dynamics of Peptides: The Frictional Dependence of Isomerization Rates of
N-acetylalanyl-N’-methylamide. Biopolymers 1992, 32, 523-535. [CrossRef] [PubMed]

Ozer, G.; Valecv, E.F; Quirt, S.; Hernandez, R. Adaptive Steered Molecular Dynamics of the Long-Distance Unfolding of
Neuropeptide Y. J. Chem. Theory Comput. 2010, 6, 3026-3038. [CrossRef] [PubMed]

Ozer, G.; Keyes, T.; Quirk, S.; Hernandez, R. Multiple Branched Adaptive Steered Molecular Dynamics. J. Chem. Phys. 2014, 141,
064101. [CrossRef]

Jarzynski, C. Nonequilibrium Equality for Free Energy Differences. Phys. Rev. Lett. 1997, 78, 2690-2693. [CrossRef]

Connolly, M.L. Analytical Molecular Surface Calculation. J. Appl. Crystallogr. 1983, 16, 548-558. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/aem.61.1.352-356.1995
https://www.ncbi.nlm.nih.gov/pubmed/16534915
https://doi.org/10.1016/j.biochi.2008.10.018
https://www.ncbi.nlm.nih.gov/pubmed/19041687
https://doi.org/10.1007/s10529-007-9327-4
https://www.ncbi.nlm.nih.gov/pubmed/17356793
https://doi.org/10.1128/AEM.69.3.1647-1654.2003
https://www.ncbi.nlm.nih.gov/pubmed/12620855
https://doi.org/10.1021/acs.jctc.9b00591
https://www.ncbi.nlm.nih.gov/pubmed/31714766
https://doi.org/10.1063/5.0019056
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1021/jz501780a
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1063/1.448118
https://doi.org/10.1002/bip.360320508
https://www.ncbi.nlm.nih.gov/pubmed/1515543
https://doi.org/10.1021/ct100320g
https://www.ncbi.nlm.nih.gov/pubmed/26616767
https://doi.org/10.1063/1.4891807
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1107/S0021889883010985

	Introduction 
	Results 
	Selection of Mutations Predicted to Affect Enzyme Functionality 
	The Impact of Targeted Amino Acid Mutations on Enzyme Functionality 
	Biophysical Characterization 
	Molecular Simulations 
	MD Simulations of Free Enzyme Forms 
	MD Simulations of the Lipase–Substrate Complex 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Cultivation Conditions 
	Cloning and Site-Directed Mutagenesis 
	Biosynthesis and Purification of SrL Lipase Variants 
	Circular Dichroism (CD) Spectrometry 
	Enzyme Activities 
	Enzyme Stability Measurements 
	Selection of the Crystallographically Determined Structure of SrL for Molecular Modeling and Parameterization of the System 
	MD Simulations Details 
	Elucidation of the Binding of pNPP to SrL Using Adaptive Steered MD Simulations (ASMD) 
	MM/PBSA and MM/GBSA Calculations 
	Data Analysis 

	Conclusions 
	References

