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Abstract

[3y-crystallin has emerged as a superfamily of structurally homologous proteins with representatives across all domains of life. A
major portion of this superfamily is constituted by microbial members. This superfamily has also been recognized as a novel
group of Ca**-binding proteins with a large diversity and variable properties in Ca®* binding and stability. We have recently
described a new phosphatidylinositol phospholipase C from Lysinibacillus sphaericus (LS-PIPLC) which was shown to effi-
ciently remove phosphatidylinositol from crude vegetable oil. Here, the role of the C-terminal 3y-crystallin domain of LS-PIPLC
was analyzed in the context of the whole protein. A truncated protein in which the C-terminal (3y-crystallin domain was deleted
(LS-PIPLC acry) is catalytically as efficient as the full-length protein (LS-PIPLC). However, the thermal and chemical stability
of LS-PIPLC A cry are highly affected, demonstrating a stabilizing role for this domain. It is also shown that the presence of Ca**
increases the thermal and chemical stability of the protein both in aqueous media and in oil, making LS-PIPLC an excellent

candidate for use in industrial soybean oil degumming.
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Introduction

[3y-crystallin is a protein superfamily with diverse members
present in all domains of life (Srivastava et al. 2017; Suman et
al. 2013). Proteins belonging to the 3y-crystallin superfamily
contain a domain formed by two Greek key motifs arranged as
four-stranded antiparallel (3-sheets referred to as the crystallin
fold or By-motif (Jaenicke and Slingsby 2001; Suman et al.
2013). The By-crystallin domains are stable domains thought
to have evolved as a result of a gene duplication event at the
level of the motif. They are prevalent in a wide variety of
proteins as single (3y-crystallin domains, pairs of (or multiple)
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domains, and domains in combination with several other do-
mains as part of complex domain architectures (Jaenicke and
Slingsby 2001; Mishra et al. 2014).

[3y-crystallins are important constituents of the vertebrate
eye and most studies have been conducted focusing on their
stability, genetics, and implications in cataractogenesis
(Bloemendal et al. 2004; Vendra et al. 2016). There are few
experimentally studied examples among bacterial members of
this superfamily: Protein S from Myxococcus xanthus is a
spore coat protein containing two [3y-crystallin domains
(Teintze et al. 1988), and Yersinia crystallin YPO2884 is a
Ca**-binding protein containing three By-crystallin domains
(Jobby and Sharma 2005). Many bacterial 3y-crystallin-
isolated domains have been studied structurally: clostrillin
from Clostridium beijerinckii, flavollin from Flavobacterium
johnsoniae, rhodollin from Rhodoferax ferrireducens,
reinekllin from Reinekea sp., and nitrollin from Nitrosospira
multiformis (Aravind et al. 2009a, b; Suman et al. 2013).

Microbial members of the 3y-crystallin superfamily have
functional Ca**-binding sites, while most of the Ca**-binding
sites of mammalian and higher vertebrate members are inac-
tive (Mishra et al. 2014). In the configuration of (37y-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-9136-9&domain=pdf
http://orcid.org/0000-0002-9449-9177
https://doi.org/10.1007/s00253-018-9136-9
mailto:castelli@iprobyq-conicet.gob.ar

Appl Microbiol Biotechnol

crystallins, there are two Ca®*-binding sites in which the par-
ticipating residues mainly belong to two N/D-N/D-X-X-S/T-S
stretches of the loops connecting the third and fourth f3-
strands in both Greek key motifs. The two motifs coordinate
Ca”" ions in an interlocking fashion (Clout et al. 2001). This
design gives the motif its name “double clamp motif.”

The By-crystallins that contain the Ca**-binding motif
bind Ca>* with affinities in the low micromolar range and do
not undergo major structural changes upon Ca>* binding
(Suman et al. 2011). However, the domains assume a reduced
hydrodynamic size and thermodynamically drift to a state of
higher structural stabilization. Therefore, in some {37y-
crystallins, Ca* plays the role of an intrinsic stabilizer
(Srivastava et al. 2014). Within the superfamily, there exists
a stability gradient across the domains and differences in the
extent of gain in stability upon Ca** binding (Kozlyuk et al.
2016; Suman et al. 2011, 2013).

Although the By-crystallin superfamily constitutes one of
the most prevalent groups of bacterial Ca**-binding proteins,
Ca** binding has only been studied with isolated By-crystallin
domains, with the role of cation binding in multidomain pro-
teins and the physiological role of these proteins still
unknown.

While searching for thermostable enzymes to be used in the
hydrolysis of phosphatidylinositol for industrial oil
degumming, we have recently expressed a new phos-
phatidylinositol phospholipase C from Lysinibacillus
sphaericus (LS-PIPLC) and developed a fed-batch fermenta-
tion process in Escherichia coli that produces ~ 14 g/l of the
recombinant enzyme (Cerminati et al. 2017).

Phospholipases C hydrolyze phospholipids, generating di-
acylglycerol and phosphate head groups that are highly hy-
drophilic. Crude soybean oil contains 1.75-3% of phospho-
lipids or “gums” that can be partially or completely removed
from oil by using different methods, specifically water
degumming, acid degumming, or enzymatic degumming
(Erickson 1995). Enzymatic degumming by using phospholi-
pase C enzymes is used in industry as an environmentally
friendly process with an improved yield of oil recovery
(Dijkstra 2011).

Most of the predicted (3y-crystallins are yet to be charac-
terized experimentally, and previous research has been limited
to structural and Ca®*-binding studies of isolated domains. In
this work, the function of a 3y-crystallin domain is analyzed
in a multidomain bacterial secreted phospholipase, LS-
PIPLC.

We report the identification of LS-PIPLC as a member of
the By-crystallin superfamily and show that the 3-y-crystallin
domain of LS-PIPLC is not involved directly with the catalyt-
ic activity of the phospholipase but has a fundamental role in
the thermal and chemical stability of the protein. It is also
shown that the presence of Ca>* increases the thermal and
chemical stability of the protein both in aqueous media and
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in oil. The high stability of LS-PIPLC, in addition to its cata-
lytic properties, makes this protein an excellent candidate for
use in industrial soybean oil degumming.

Materials and methods
Strains and growth conditions

The Escherichia coli Top10 (Invitrogen) strain was used for
general purposes, and E. coli BL21AI (Studier et al. 1990)
was used to express proteins. The strains were grown in
Luria Bertani (LB) medium at 200 rpm and 37 °C. The con-
centration of kanamycin used was 50 mg/L.

DNA preparation, cloning, and transformation of E.
coli

Restriction enzymes, T4 ligase, and Taq polymerase were
purchased from New England Biolabs. Plasmid DNA was
prepared by using the Axygen Biosciences Axy-Prep™
Plasmid Minipreps Kit.

The deletion of the By-crystallin domain from LS-PIPLC
gene was performed by PCR by using the following primers:
pBAD-Fw (5'-ATGCCATAGCATTTTTATCC-3"),
PIPLCAcryHindIll Rv (5'-GAAGAGATTATCAG
AGCCAACAAAAGCTTAGT-3"). Plasmid pKCN233 was
used as the template (Cerminati et al. 2017). The PCR product
was digested with the Ndel and Hindlll restriction enzymes
and cloned into the pKCN-His BAD plasmid digested with
the same enzymes, in order to obtain plasmid pKCN241
(pKCN-His BAD::LSPIPLCAcry)-

Preparation of electrocompetent cells of E. coli was per-
formed according to the protocols described by Sambrook et
al. (1989). All plasmids were introduced into E. coli by using a
BioRad Pulse Controller® apparatus according to the manu-
facturer’s specifications.

Protein expression and purification

Protein expression and purification were performed mostly as
previously reported (Cerminati et al. 2017). Briefly, E. coli
BL21AI strains carrying the expression plasmids (pKCN233
and pKCN241) were grown overnight in LB medium. A 100-
fold dilution of the cultures was made in the same medium
and, when the OD 600 nm reached 0.5, the cultures were
induced with 0.4 g/L of L-arabinose (Royal Cosun,
Netherlands) for 6 h at 30 °C.

Subsequently, cells were collected by centrifugation,
washed, and resuspended in buffer A (15 mM sodium phos-
phate pH 7.0, 500 mM NaCl) with 5 mM imidazole, prior to
disruption by sonication in a GEX 600 Ultrasonic Processor.
After the cell debris was removed by centrifugation, the
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supernatants were passed through a Ni**-NTA-agarose affin-
ity column (GE Life Sciences) equilibrated with buffer A con-
taining 5 mM imidazole. After the columns were washed with
buffer A with 20 mM imidazole, the PIPLC proteins were
recovered by elution with 0.5 M imidazole and exhaustive
dialysis in enzyme dilution buffer (15 mM sodium phos-
phate,10% glycerol, pH 7). Protein homogeneity (more than
90% pure) was analyzed by SDS-PAGE. All procedures were
carried out at 4 °C.

Enzymatic activity measurements

The fluorogenic substrate butyl-fluorescein myo-inositol (B-
FLIP, Toronto Research Chemicals) was used for activity as-
says mostly as described previously (Cerminati et al. 2017).
To determine fluorescence, 200-pL aliquots of each sample,
composed of 50 uL of 4x buffer assay (0.2 M sodium acetate,
pH 5.5; 4 uM BSA), the indicated concentration of B-FLIP
(diluted in order to use 2 uL per reaction), 10 pL of the cor-
responding enzyme dilution, and 138 pL of H,O were applied
in triplicate into a 96-well flat bottom black plate (Greiner
Bio-One). Fluorescence was recorded by using a Synergy
Multi-Mode Micro Plate Reader (Bio-Tek) with 485 +20-
and 528 +20-nm filters for excitation and emission wave-
lengths, respectively. A 3-min time scan was first taken with
all components except the enzyme. Then 10 uL of the enzyme
dilutions were added and a second 3-min time scan was
recorded.

The kinetic data obtained for LS-PIPLC or LS-PIPLC A cry
were fitted to the empirical Hill equation, which in enzyme
kinetics takes the following form (Wedler 1976):

v — thax [S]n
Ky + 181"

where V),.x, Kj, and n are empirical parameters derived from
the data, and [S] is the concentration of the substrate. The fit
was performed by using GraphPad Prism 5 software.

For residual activity measurements, enzymes solutions
were preincubated for 15 min at the specified temperatures
before determining enzyme activity.

Thermal denaturation experiments

Thermal denaturation experiments were carried out mostly as
described previously (Huynh and Partch 2015). Briefly, a real-
time PCR device (Veriti) was used to monitor protein
unfolding by the increase in the fluorescence of the
fluorophore SYPRO Orange (Invitrogen). Five-micromolar
protein samples in 150 mM NaCl and 15 mM HEPES buffer,
pH 7.0, were incubated with 1x SYPRO orange (Life technol-
ogies) in PCR tubes in a final volume of 50 pL. The samples
were heated at 1 °C per minute, from 25 to 95 °C. The

fluorescence intensity was measured at every temperature.
The data were normalized and fitted by using mostly the meth-
od previously described (Huynh and Partch 2015).

Chemical denaturation experiments

Chemical denaturation assays were performed with increasing
concentrations of urea (0—8 M) or guanidinium chloride (0—
6 M) in 50 mM HEPES, pH 7.0, in the presence of 1 mM
EDTA or 1 mM CaCl,. Samples were allowed to equilibrate
for 24 h with denaturants before fluorescence spectra were
acquired.

Fluorescence spectroscopy

Tryptophan fluorescence of purified proteins was measured in
50 mM HEPES, pH 7.0, in the presence of either | mM EDTA
or 1 mM CaCl, at room temperature. Fluorescence emission
spectra (300-420 nm) were acquired by using an Aminco-
Bowman series 2 fluorescence spectrophotometer with 1-nm
excitation slits and an excitation wavelength of 280 nm. Each
spectrum was the average of three scans. The ratio of the
signals at 352 nm (corresponding to solvent-exposed trypto-
phan) and at 336 nm (corresponding to buried tryptophan) was
used to monitor protein unfolding in chemical denaturation
experiments. Data were normalized and [denaturant];, was
calculated as previously described (Pace et al. 1992; Santoro
and Bolen 1988).

Enzymatic oil degumming and inorganic phosphate
analysis

Oil degumming experiments were performed mostly as de-
scribe previously by using 3 g of crude soybean oil
(Molinos Rio de la Plata, Argentina) (Castelli et al. 2016;
Ravasi et al. 2015). Briefly, the crude oil was preincubated
at 50 °C in a VP710 stirrer (V&P Scientific Inc.) and then
90 pL of the corresponding enzyme (7.5 M) was emulsified
by using an Ultra-Turrax T 8 Homogenizer. Continuous stir-
ring (500 rpm) was maintained at 50 °C for 2 h.

For phosphate determination, the degummed oil was ho-
mogenized with an Ultra-Turrax T8, and 200 mg of the ho-
mogenized oil was mixed with 200 pL of 1 M Tris-HCl at pH
8. Then 800 puL of water was added, and the mixture was
incubated for 1 h at 37 °C with constant agitation and centri-
fuged for 5 min at 14000g. Forty-five microliters of the aque-
ous phase was recovered and treated with 0.3 U of calf intes-
tinal phosphatase (Promega, WI, USA) for 1 h at 37 °C, fol-
lowing the manufacturer’s instructions. Finally, inorganic
phosphate was determined according to the method of
Sumner (1944). Spectrophotometric readings were made at
700 nm in a Novaspect III apparatus (Amersham
Bioscience). The micromoles of inorganic phosphate in the
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samples were calculated from a standard curve containing
0.025 to 0.25 pumol of inorganic phosphate.

Results

Protein expression, purification, and biochemical
characterization

LS-PIPLC is a protein with 417 amino acids (Fig. 1a). An N-
terminal signal sequence consists of 40 amino acids. Two
other well-defined domains exist: an N-terminal phos-
phatidylinositol diacylglycerol-lyase domain between amino
acid residues 48-317, and a C-terminal 3-y-crystallin domain
between amino acid residues 328-417. Sequence alignment of
the LS-PIPLC (y-crystallin domain with other members of
the superfamily shows in this domain conservation of all of
the characteristic motifs, including the two Ca**-binding mo-
tifs (N/D-N/D-X-X-S/T-S fingerprint) (Fig. 1b).

In order to evaluate whether the (3y-crystallin domain pres-
ent in LS-PIPLC confers stability to the entire protein, the full-
length gene of LS-PIPLC and a shorter version were cloned
into a vector to express the full-length protein and a truncated
version that lacked the C-terminal 3y-crystallin domain, re-
spectively [PI-PLCacry containing only the PIPLC domain
(Fig. 1c), see “Materials and methods™].

LS-PIPLC and LS-PIPLCcry were purified as His-tag
fusion proteins with molecular weights of 45.16 and
34.66 kDa, respectively (see “Materials and methods”).
Next, the enzymatic PIPLC activity was assayed by using
the water-soluble fluorogenic substrate butyl-fluorescein
myo-inositol phosphate (B-FLIP), as previously described

(Cerminati et al. 2017). The parameters obtained from a non-
linear regression fit of the data of Fig. 2 are summarized in
Table 1 (see “Materials and methods”). The collected data
show that kinetic behavior of the proteins is not typical
Michaelis—Menten behavior but, because the data fit better
to the empirical Hill equation, is more consistent with a model
with allosteric interactions within regulatory binding sites of
the enzyme. These results agree with the kinetics observed for
Bacillus cereus PIPLC (Bruce Birrel et al. 2003). Both puri-
fied proteins, LS-PIPLC and LS-PIPLCAcry; showed similar
kinetic behavior at 25 °C (Fig. 2, Table 1), demonstrating that
the truncated protein is completely functional at this
temperature.

Thermal stability of the enzymatic activity

The role of the 3y-crystallin domain in the thermal stability of
the LS-PIPLC was initially evaluated by determining the re-
sidual activity of both proteins (LS-PIPLC and LS-
PIPLCAcry) after thermal inactivation. As it has been
established that the binding of Ca”* increases the stability of
these domains, the calcium binding effect was evaluated by
performing the assays in buffer containing 1 mM CaCl, or
1 mM EDTA. The purified enzymes were incubated at differ-
ent temperatures (25, 50, and 60 °C) for 15 min prior to the
enzymatic assay being conducted at 25 °C. Initial rates were
determined in each case by using the fluorometric assay de-
scribed earlier. Without Ca®*, the full-length protein LS-
PIPLC retained 85% of its initial activity after treatment at
50 °C, while LS-PIPLCAcry showed only 21% of its initial
activity after the incubation. The two enzymes were almost
completely inactivated after incubation at 60 °C (Table 2).

a
MVILKSKNVIASMCVLFTVLFSSVGAHQTSLAASERDNINLSEWM
N C REIPNSNTLAEISIPGTHDSGTFRLEDPIKSVWAKTQENDFRYQM
DHGVRFFDIRGRVTDDNTIVLHHGPIYLYVTLQQF INEAKEFLKS
1 -40 48-31 7 328-41 7 HPSETIIMSLKEEYESMPGAKESFAKTFENMYFGDSIFLKTEGNI
TLGDSRGKIVLLRRYSGSTMTGGFKNFGWKDNATFTSTTNGNVKI
sec system . . TVQDKYNVNYEEKKAAIDSMLKETVLNKDNPNHIHINFTSLSSGG
. . PIPLC domain By-Crystallin domain  TAWSSPYYYASYLNSTSAAKVRLDHLKNLDTKAGWIIMDY IGDRW
S|gnal peptlde DPKLYEEIIRANFRYPPTDEPHLFEHIDGEGIDFTNLPHSKWNDQ
VSSILLKSYTEITIYEHSNFTGKSVTLTNTTNSAQLFNLTTYNFN
b DKMSSYTWKLIR
LS-PPLC ~ —mmmmmmmee- IRANFRYPPTDEPHLFEHIDGEGIDFTNLPHS-KWNDQVSSILLKSYTEITIYEHSNFTGKSVTLTNTTNSAQL FNLTTYNFNDKMSSYTWKLIR
WP_011396907.1 --------- MGEKTVKLYEDTHFKGYSVEL PVGDYNLSSL ISRGALNDDL SSARVPSGLRLEVFQHNNFKGVRDFYT--S - --DAAELSRD-NDASSVRVSKMETTN
WP_048065429.1 --------- MNAAEVIVYEHVNFGGKSFDATSDQPGAGDN----- LNDKISSIKVKSG-TWRFYEYINYGGRYWDLGP-G---EYSSVES--AGIPDNSISSFRQI
YP_857436.1  ----------- ASTLLVFDGAHQNGESLRIDRDIADLGRYG----FANRISSFTVPAGWVVRFFEETDFRGGYYTRK--G---GEQEATD--FNNRIRSVRILSR
ZP_05032477.1 ------------ SSITVYENSNFRGASREFVGEDRNLGRTP----FNDRISSVRV-QG-RWEVCTDAEFRGRCRIVE--G---DIRNLSGG-FNDSISSMRPVRGGRY
NP_419840.1  ------------ GDILMFEDTGYQGRVYEVVGDTPDLDIAR----FNDRASSIRIVRG-QWEICEHANYQGRCSRLD--A---DQFVLPRE-WNDAISSIRRVR
319 mmmmmmmeee TKAVTFYEDINYGGASVSLQPGNYTLSQLNTAKIPNDWMTSLKVPSGWTVDVYENDNFTGTKWTYT--S---DTPWVGND-ANDKMTSVKIYST
3HZB  —mmmmmmeeee- DVITVYKDCNYTGFSGGLTIGDYNLARLNSLGVLNDDISSLRITQGYQAILYQDDNFGGASTVIN--S---DNSCLNTT-WNDKVSSIRVIANGTT
WP_011643789.1 ------------- TIILYEDTGFRGREVRVTGDVRNLDSVR----FNDRASSFRIVSG-EWELCQHDDYNGTCELHG--S---DQASMGR--MNDQLTSLRPVQA
zP_00952155.1 ------------- SITLYDQPNYQGRSVVIDTDAENLDWLN----FNDMASSIRVSGG-QWEVCIDASYRGTCQVID--S---DLPNMSQWAFNDRISSIRPVHD
WP_011463685.1 ------------ AQVTFYEQNGFQGQSFTTSRTVDNLARRG- - -~ FNDRASSAVVAGE -RWEVCEDARFNGRCVVLRP-G---ASGNESG--FNDVISSIEILKKTSGIKGSLI
CSB62717.1 -------- YRSDNVVRLYADHNYTGHYIDIENSTKFLHG-----~ FNDTLSSWTIPHGWSVRFYEHGDYQGRYWTRD- -~ -~~~ QYPSLDAMGLNNRISSVRAVSRNAR

Fig. 1 LS-PIPLC is a new member of the y-crystallin superfamily. a
LS-PIPLC showing the primary amino acid sequence of the protein and
the arrangement of the different domains. b Multiple sequence analysis of
LS-PIPLC with known (y-crystallin domains. Conserved 3y-crystallin

@ Springer

regions are highlighted in green (Y/FXXXXFXG) and purple (N/D-N/D-
X-X-S/T-S/T). Only the Py-crystallin domains of the respective
sequences were selected and aligned by using ClustalW. Accession
numbers are indicated
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Fig. 2 Kinetics of LS-PIPLC and LS-PIPLCacry with B-FLIP. Initial
reaction rates as a function of substrate concentration for LS-PIPLC and
LS-PIPLCAcry- The dotted gray and black lines represent the fit to the
empirical Hill equation for LS-PIPLC and LS-PIPLCcry; respectively.
The data correspond to mean values of three independent experiments.
Error bars correspond to the standard deviations

This experiment showed that the truncated protein is not as
resistant to thermal denaturation as the full-length protein is,
suggesting a stabilizing role for the (3y-crystallin domain. On
the other hand, while Ca®* had no effect on LS-PIPLC Acry
stability, LS-PIPLC retained more than 99% of its initial ac-
tivity at 50 °C and over 40% at 60 °C in the presence of Ca’*,
indicating a stabilizing role of Ca** binding (Table 2).

Effect of temperature and denaturing agents
on LS-PIPLC stability

To further investigate the contribution of the [3y-crystallin
domain to LS-PIPLC stability, the thermal denaturation of
both proteins, LS-PIPLC and LS-PIPLCacry, Was analyzed
by using a thermal unfolding assay based on the use of a dye
that emits fluorescence upon interaction with hydrophobic
regions of the denatured protein. Fluorescence intensity was
monitored after incubating the protein in the presence of
SYPRO orange dye for 1 min at different temperatures be-
tween 25 and 90 °C. As shown in Fig. 3, there is a strong
effect in protein stability exerted by the 3y-crystallin domain,
as indicated by the difference of ~ 12 °C in Tm between LS-
PIPLC (56.62+0.27 °C) and LS-PIPLCAcry (44.65+
0.29 °C) analyzed in buffer containing EDTA. In addition,
Ca®* binding results in a further increase in the resistance to
thermal denaturation of LS-PIPLC, given that the Tm

Table 1.  Enzymatic parameters of LS-PIPLC and LS-PIPLCcry
Vimax 67) Kp(mM)  n R?

LS-PIPLC 361.2+13.3 53.8+3.8 25+04 0.99

LS-PIPLCAcry 3573+9.5 487425 29+04 0.99

Table 2.  Residual activity

Temperature (°C) LS-PIPLC LS-PIPLCAcry
EDTA CaCl, EDTA CaCl,
25 100+£0.7¢ 100+49 100+13 100+3.9
50 853+1.1 99.7£6.7 21.8+1.1 19.1+14
60 53+12 401+64 0.8=+02 44+0.7

*values expressed in percentage of initial activity at 25 °C

increases by ~4 °C in the presence of Ca** (from 56.62 +
0.27t0 60.34 £0.21 °C). In contrast, for LS-PIPLC A cry, there
is no difference in its thermal denaturation curves with and
without the addition of Ca®" (Table 3).

The effect of Ca** binding and the presence of the py-
crystallin domain in LS-PIPLC stability were also assayed
by measuring the fluorescence of tryptophan residues of the
proteins in the presence of denaturing agents such as urea and
guanidinium chloride (GdmCl). In globular proteins, the max-
imum of fluorescence emission from buried tryptophans is
shifted to longer wavelengths upon exposure to solvent
(Pace 1986). In this case, unfolding was monitored by using
the ratio of 336/352-nm fluorescence intensities, with 336 and
352 nm being the respective fluorescence emission maxima of
the folded and unfolded protein; normalized values were plot-
ted (Fig. 4). As described above, the presence of the (3y-
crystallin domain plays an important role in LS-PIPLC stabil-
ity. In the absence of Ca®*, LS-PIPLC and LS-PIPLCacry
presented a [denaturant];,, (concentration at which the molar
ratio of folded and unfolded protein is 1) of 2.4 and 2.0 M
GdmCl and 4.9 and 2.8 M urea, respectively.

The stabilizing role of Ca®* binding was also confirmed.
The [denaturant];,, of LS-PIPLC increased from 2.4 M
GdmCl in the presence of EDTA to 3.3 M GdmCl with
Ca®*. This effect was also observed in urea, where the [dena-
turant];, shifted from 4.9 to 5.7 M (Table 3).

LS-PIPLC oil degumming at different temperatures

During industrial processing, crude oil is extracted from soy-
bean at high temperatures and subsequently must be cooled to
the temperature that is optimal for enzyme performance before
oil degumming is conducted. After enzymatic treatment, the
oil is heated to 85 °C in order to improve the efficiency of gum
separation by centrifugation. Thermostable enzymes are there-
fore desirable for this process, and optimal temperatures close
to 55-60 °C are preferred. Both enzymes, LS-PIPLC and LS-
PIPLC Acry, Were assayed in laboratory-scale soybean oil
degumming assays at 50 and 55 °C. For this purpose, 3 g of
crude soybean oil was incubated at 50 °C with 10 pg of
protein/g oil and PIPLC activity was followed indirectly by
quantifying inorganic phosphate released, as previously
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Fig. 3 LS-PIPLC and LS-PIPLCAcry thermal stability. Thermal shift
analyses of LS-PIPLC and LS-PIPLCacry in the presence of 1 mM
CaCl, or | mM EDTA. The data correspond to three independent
experiments. Estimated T,,’s are indicated with a green dotted line for

described (Ravasi et al. 2015). The values obtained for phos-
phate correspond to the expected amount (6 mM) for complete
hydrolysis of PI present in crude soybean oil (Cerminati et al.
2017), indicating that both enzymes were able to hydrolyze
100% of PI at 50 °C. Nonetheless, differences were observed
at 55 °C. While LS-PIPLC hydrolyzed the totality of PI pres-
ent in oil, LS-PIPLC Acry hydrolyzed only 50% of the PI,
demonstrating that the 3y-crystallin domain plays an impor-
tant role in stabilizing the entire protein under these conditions
(Fig. 5a). In order to evaluate the effect of Ca** in LS-PIPLC
stability in oil degumming, PI hydrolysis was evaluated at 50,
55, 60, 62, and 65 °C. As seen in Fig. 5b, the quantity of
hydrolyzed PI remained nearly constant up to 60 °C either in
the presence or in the absence of Ca”*. At 62 °C in the pres-
ence of Ca®*, LS-PIPLC hydrolyzed 85% of the PI compared
to 50-55 °C, while in the absence of Ca2+, the protein hydro-
lyzed only 40%. Even though at 65 °C LS-PIPLC is almost
completely inactive, in the presence of Ca**, the hydrolysis
was 10% of that shown at 50-55 °C, compared to 5% in the
presence of the Ca”* chelating agent EDTA.

Temperature (°C)

T, estimated in the presence of CaCl, and with a purple dotted line for T,
estimated in the presence of EDTA. The gray zones symbolize the
differences between the T, with CaCl, or EDTA

Discussion

[3y-crystallin domains are ubiquitous in nature, having repre-
sentatives in the three domains of life. The domains exist as
single-domain proteins or part of multidomain proteins.
Howeyver, little is known about the role of these domains in
multidomain proteins because they have been studied mostly
structurally as isolated domains (Mishra et al. 2014).

Here, LS-PIPLC is described as a member of the [y-
crystallin superfamily, and the role of this specific domain is
analyzed. By deleting the (y-crystallin domain from LS-
PIPLC, it was shown that the domain has no effect in phos-
pholipase activity at 25 °C. The wild-type and the mutated
version of the protein, LS-PIPLC and LS-PIPLC ARy, respec-
tively, have very similar kinetic parameters when B-FLIP was
used as a substrate (Table 1). This result also confirmed that
the mutated version of the protein, LS-PIPLC Acry, Was able
to fold properly and that the 3y-crystallin domain was not
involved directly with the catalytic activity of the phospholi-
pase. Since the y-crystallin domain does not appear to be

Table 3. Thermal and chemical

denaturation parameters LS-PIPLC LS-PIPLCacry
CaCl, EDTA CaCl, EDTA
Tm (°C) 60.34 +0.21 56.62 +0.27 44.76 £0.09 44.65+0.29
[Denaturant],, urea (M) 33+0.2 24+03 2.1+02 2.0+0.1
[Denaturant],, GdmCl (M) 57+0.2 49+0.2 29+0.1 2.8+0.2
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Fig. 4 Chemical stability of LS-PIPLC and LS-PIPLCAcry. Normalized
fluorescence of LS-PIPLC and LS-PIPLC Acry as a function of the con-
centration of urea or guanidinium chloride. The experiments were
performed in the presence of 1 mM CaCl, or | mM EDTA. The data
correspond to mean values of three independent experiments. Error bars

involved in the catalytic activity of the protein, its role was
exploited by considering the known characteristics of the do-
main: high stability and Ca** binding.

In thermal and chemical-denaturing experiments, it was
demonstrated that the (3y-crystallin domain exerts a stabiliz-
ing role in the entire protein, given that in the absence of the
domain the protein was more labile (Figs. 3, 4, and 5).

It was further demonstrated that the presence of Ca®* has a
stabilizing role on LS-PIPLC, both in aqueous solution and in
water-in-oil emulsion. However, this was not observed in the
protein lacking the (3y-crystallin domain (LS-PIPLCAcry).
These observations are in agreement with published results
that demonstrated a Ca**-induced gain in stability for micro-
bial 3y-crystallin-isolated domains (Suman et al. 2011).

It is important to note that there were differences between
the stabilities of the proteins observed in aqueous media and in
the water-in-oil emulsion used for oil degumming (3% water
in oil). LS-PIPLCAcry had a Tm of ~45 °C (either with
EDTA or Ca?*) and a residual activity of only 20% at 50 °C
in aqueous buffer. However, the protein was able to complete-
ly hydrolyze PI in an oil degumming assay at 50 °C. In aque-
ous buffer, LS-PIPLC had a Tm of ~57 and ~ 60 °C in the
presence of EDTA and Ca®*, respectively (Fig. 4), but retained

correspond to the standard deviations. Estimated [denaturant] , is indi-
cated with a green dotted line for [denaturant];, estimated in the
presence of CaCl, and with a purple dotted line for [denaturant];
estimated in the presence of EDTA. The gray zones symbolize the
differences between the [denaturant],, with CaCl, or EDTA

its activity at temperatures up to 60 and 62 °C in oil, while in
the presence of EDTA and Ca®", respectively (Fig. 5).

It has been postulated that the conformational state of en-
zymes acting in interfaces is different from the one present in a
water solution and that the interfacial lipid architecture might
be considered an enzyme regulator (Berg et al. 2001). Because
the substrate of the enzyme (phosphatidylinositol) is amphi-
pathic, the catalytic event must occur at the oil-water interface.
The presence of the phospholipase at the oil-water interface
might have a stabilizing effect on the protein. Additionally, it
has also been established for different enzymes that the pres-
ence of its substrate has an effect on their mechanical proper-
ties, making them kinetically more stable (Bippes et al. 2009;
Zocher et al. 2012).

An in silico analysis of all sequenced bacterial (3y-
crystallins, by using NCBI’s Conserved Domain Database
(Marchler-Bauer et al. 2017), shows that from 1808 sequences
available, 51.6% (933) are single-domain proteins or have
between two and seven repetitions of the [3y-crystallin do-
main with no other recognizable domains. The remaining
49.4% are associated with additional domains, distributed in
81 different architectures (Supplementary Table S1). It was
observed that a high percentage (81.31%) of the bacterial pro-
teins containing a [3y-crystallin domain is putative secreted
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Fig.5 Oil degumming with LS-PIPLC and LS-PIPLC Acry- a Hydrolysis
of PI by LS-PIPLC and LS-PIPLCpcry Was determined at 50 and 55 °C
in crude soybean oil. b LS-PIPLC-mediated hydrolysis was determined at
50, 55, 60, 62, and 65 °C in the presence of 1 mM CaCl, or | mM EDTA.
The data correspond to mean values of three independent experiments.
Error bars correspond to the standard deviations
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proteins, because they possess signal peptides for secretion
[predicted by using Phobius (Kill et al. 2004)]. Given the
well-documented high-stability properties of isolated (-
crystallin domains and the high frequency of this domain in
secreted proteins, it may be hypothesized that this domain
represents a stability module recruited evolutionarily by many
secreted bacterial proteins.

Protein structures in nature are built from a limited set of
building blocks that are reused to create different proteins,
from small single-domain proteins to large proteins compris-
ing many domains (Levy 2017). In this work, it was shown
that the deletion of the 3y-crystallin domain from LS-PIPLC
does not alter the phospholipase catalytic properties of the
enzyme, but that the thermal and chemical stability of the
protein are markedly reduced. From a biotechnological point
of view, it may be worth exploring the thermal stability of
proteins containing this domain in combination with domains
having potential industrial use, or adding this domain in order
to artificially stabilize proteins.
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