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Abstract Rhamnogalacturonan I lyases (RGI lyases) (EC
4.2.2.-) catalyze cleavage of «-1,4 bonds between rhamnose
and galacturonic acid in the backbone of pectins by [3-
elimination. In the present study, targeted improvement of
the thermostability of a PL family 11 RGI lyase from
Bacillus licheniformis (DSM 13/ATCC14580) was examined
by using a combinatorial protein engineering approach ex-
ploring additive effects of single amino acid substitutions.
These were selected by using a consensus approach together
with assessing protein stability changes (PoPMuSiC) and B-
factor iterative test (B-FIT). The second-generation mutants
involved combinations of two to seven individually favorable
single mutations. Thermal stability was examined as half-life
at 60 °C and by recording of thermal transitions by circular
dichroism. Surprisingly, the biggest increment in thermal sta-
bility was achieved by producing the wild-type RGI lyase in
Bacillus subtilis as opposed to in Pichia pastoris; this effect is
suggested to be a negative result of glycosylation of the
P pastoris expressed enzyme. A ~ twofold improvement in
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thermal stability at 60 °C, accompanied by less significant
increases in 7T, of the enzyme mutants, were obtained due to
additive stabilizing effects of single amino acid mutations
(E434L, G55V, and G326E) compared to the wild type. The
crystal structure of the B. licheniformis wild-type RGI lyase
was also determined; the structural analysis corroborated that
especially mutation of charged amino acids to hydrophobic
ones in surface-exposed loops produced favorable thermal
stability effects.
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Introduction

Pectin is a heteropolysaccharide mainly found in the primary
cell wall and in the middle lamella of dicot plants (Willats et al.
1999). It contains the following three subgroups:
homogalacturonan (HG), rhamnogalacturonan I (RGI), and
rhamnogalacturonan II (Heredia et al. 1995). The structures
of pectins are highly heterogeneous and their composition is
strongly influenced by their origin (Willats et al. 2006; Wong
2008). The major component HG is a linear homopolymer
composed of a backbone of «-(1,4)-D-galacturonic acid resi-
dues, they might be methyl esterified at the carboxyl group and/
or o-acetylated (O-2 and/or O-3). The highly branched region
of pectin RGI has a backbone consisting of repeats of the
disaccharide «-(1,2)-L-rthamnose-o-(1,4)-D-galacturonic acid.
The galacturonic acid residues can be acetylated and the tham-
nose residues substituted at the C4 position. The sidechains
vary in size from 1 to more than 50 residues and includes
arabinan, galactan, and arabinogalactan (Wong 2008).
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The variable composition and, consequently, the different
properties of pectin, essentially the degree of methoxylation,
make it a desirable material in industry, where it is used as a
food additive, as gelling agent, stabilizer, emulsifier, etc.
(Laurent and Boulenguer 2003).

Recent work focused on enzymatic conversion of pectin to
produce fibers and oligosaccharides with a prebiotic effect.
Selective enzymes were used to release thamnogalacturonan
oligosaccharides with different degrees of polymerization
(DP) and different functionalities (Thomassen et al. 2011;
Holck et al. 2011; Michalak et al. 2012). In fact, the approach
holds promise for more than production of prebiotic sub-
stances. RGI has been associated with immune modulatory
effects (Sakurai et al. 1999), anti-cancer activity (Cheng et al.
2013) and have been suggested to improve biocompatibility
of implant materials (Kokkonen et al. 2007).

RGI lyases (EC 4.2.4.-) cleave the o-(1,4) bond between
rhamnose and galacturonic acid in the RGI backbone via a [3-
elimination reaction. They can be used (along with endo-
acting RGI hydrolases) to produce oligosaccharides of differ-
ent DPs (Mutter et al. 1998). The presently known RGI lyases
are classified in carbohydrate-active enzyme (CAZY)) families
4 and 11. Members of both families have been characterized
with respect to the optimum reaction conditions, thermosta-
bility and the three-dimensional structure is also known
(McDonough et al. 2004; Ochiai et al. 2007a). Bacillus subtilis
harbors two family 11 RGI lyases YesW and YesX being
endo- and exo-acting, respectively (Ochiai et al. 2007b). The
structure of YesW revealed an eight-bladed (3-propeller with a
deep cleft in the center, which is proposed to contain the active
site. The enzyme contains ten calcium ions, of which nine play
a structural role in the blades of the propeller, while one is
located in the active site and has been suggested to have a role
in substrate binding (Ochiai et al. 2007a, 2009). Based on
kinetic studies and structural knowledge of a substrate com-
plex with an inactive mutant, the enzymatic function including
a detailed reaction model is well understood for the
Aspergillus aculeatus thamnogalacturonan lyase belonging
to PL4 (Jensen et al. 2010). Soaking of the crystals of the
enzymes from PL11 with rhamnose and galactose has indicat-
ed possible carbohydrate binding sites. Interestingly, stripping
the enzyme of metal ions by ethylenediaminetetraacetic acid
followed by readdition of ions indicated manganese to be a
more potent activator of activity, while zinc strongly activated
YesX but inhibited YesW (Ochiai et al. 2007b).

We previously characterized a family 11 RGI lyase origi-
nating from Bacillus licheniformis that shows 77.7 % se-
quence identity with YesW and is active and stable at elevated
temperatures (half-life of 15 min at 61 °C), after expression in
Pichia pastoris (Silva et al. 2011). Enzyme catalyzed process-
es generally work at lower temperatures compared with
noncatalyzed processes. However, it can be advantageous to
conduct enzymatic reactions at higher temperatures to, e.g.,
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increase substrate solubility, increase reaction rate, or decrease
the risk of microbial contamination (Eijsink et al. 2005).
Increased stability extends the lifetime of the enzyme, which
in turn decreases cost of substrate processing and expands the
range of uses in food industry (Tribst et al. 2013).

Using a semirational mutagenesis strategy based on in
silico approaches, sequence alignment, and a homology mod-
el and employing site-saturation mutagenesis, we targeted
solvent-exposed residues and identified single mutations in
seven positions increasing the half-lives at 60 °C by 23-55 %
(Silva et al. 2013).

Amino acid residues at the protein surface often make
primarily local interactions. It has been suggested that stabi-
lizing mutations in surface-exposed positions are thus more
likely to have an additive stabilization effect without affecting
the enzymatic function (Perl and Schmid 2002). With this
notion, we have in the present study made combinations of
up to seven single thermostabilizing mutations in the same
genetic backbones and selected the most promising variants.
Thermostability of the novel enzymes were analyzed by half-
life measurement and circular dichroism (CD). To assess
whether catalytic properties were affected by mutation, the
optimal reaction conditions were determined. As a bench-
mark, we used the wild-type B. licheniformis RGI lyase pro-
duced in both P pastoris and B. subtilis. To evaluate our initial
strategy for predicting the single mutant sites (Silva et al.
2013) and to obtain the structural background for the in-
creased stability, we have determined the crystal structure of
the B. licheniformis RGI lyase WT produced in P, pastoris.

Materials and methods
DNA manipulation and strain construction

Mutagenesis was done by introducing additional mutations
into the expression vector pDP66K- RGL, harboring a gene
encoding B. licheniformis RGI lyase WT (Uniprot Q65KY4,
GenBank accession no. KF373119; Silva et al. 2013).
Mutations were introduced using overlapping primer muta-
genesis with primers listed in Table 1 and pDP66K-Bl RGL
(WT or mutant as appropriate) as template. Polymerase chain
reaction (PCR) products were inserted in pDP66K between
Ncol and HindIIl. All constructs were sequenced to confirm
the mutations and to assure that no unwanted mutations were
introduced by PCR. B. subtilis 1A976 (Zhang and Zhang
2011) was transformed with the resulting plasmids as de-
scribed previously (Silva et al. 2013).

Protein synthesis and purification

For protein synthesis, LB medium supplemented with
50 pg/ml kanamycin was inoculated to ODgqo of 0.05 with
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Table 1 List of primers

Name Sequence Description
RGL F  AGGCCATGGATGGCGCAAC Ncol, RGL
57
RGL R GTCTAAAAAGCTTCAAGTTCAAAACC Hindlll,
RGL 3’

A67P_F  TTATCAAGATCCGGGAGGCGATCTG A67P
AACGCAG

A67P_R  GATCGCCTCCCGGATCTTGATAATTTG A67P
TTGATG

DI58E_F CTATACAGGCGAAGTTCTGATTGATGC DI58E
ATATAAAC

DI58E_R CAATCAGAACTTCGCCTGTATAGCCAT DI58E
CTTGTG

K243G_F GACAGTTTTTGGCGGCGATACAGGC  K243G
GCAGAACTG

K243G_R CTGTATCGCCGCCAAAAACTGTCAGAT K243G
ATTCCG

G326E_F ACCGGGCAATGAAGCATATGCAGGC  G326E
CAAGGCAATC

G326E_R CTGCATATGCTTCATTGCCCGGTGCAT G326E
CTGAATC

E434L F TCCGAGATATCTGGGCGCAGAAGTT E434L
TGGGCAAAC

E434L R CTTCTGCGCCCAGATATCTCGGATCAA EA434L
TATCTGC

E434W_F TCCGAGATATTGGGGCGCAGAAGTT  E434W
TGGGCAAAC

E434W_R CTTCTGCGCCCCAATATCTCGGATCAA EA434W
TATCTGC

E434F F TCCGAGATATTTTGGCGCAGAAGTTTG E434F
GGCAAAC

E434F R CTTCTGCGCCAAAATATCTCGGATCAA E434F
TATCTGC

E434Y F TCCGAGATATTATGGCGCAGAAGTTTG E434Y
GGCAAAC

E434Y R CTTCTGCGCCATAATATCTCGGATCAA  E434Y
TATCTGC

V541Y_F AACAACGGATTATACAGAACATAGAAT V541Y
GTATAC

V541Y R TATGTTCTGTATAATCCGTTGTTGTAT Vs541Y
AAATTC

VS541E F  AACAACGGATGAAACAGAACATAGA  V541E
ATGTATAC

V541E R TATGTTCTGTTTCATCCGTTGTTGTAT  V541E
AAATTC

Restriction sites are underlined and mutated nucleotides are in bold

B. subtilis 1A976 harboring pDP66K-Bl RGL (WT or mu-
tants) and grown for 23 h, shaking at 37 °C. The supernatant
containing the secreted protein was recovered after centrifu-
gation (15 min at 5,000xg and 4 °C), sterile filtrated using
0.22 pm filters and concentrated by Vivaspin 20 columns (GE
Healthcare, Uppsala, Sweden). His-tagged protein was puri-
fied using Ni-sepharose columns: His Spin Trap (100 pl) or
HiTrap (1 ml) (GE Healthcare). The columns were equilibrat-
ed with binding buffer: 40 mM EPPS buffer [4-(2-
hydroxyethyl)-1-piperazinepropanesulfonic acid; pH 7.4]

containing 24 mM imidazole and 500 mM of NaCl. His-
tagged protein was eluted with 500 mM imidazole, 40 mM
EPPS buffer pH 7.4, and 500 mM NaCl. Finally, imidazole
was removed using Vivaspin® 6 columns (10 kDa cut-off, GE
Healthcare) by repeated wash with 10 mM EPPS buffer
(pH 8.0) containing 10 % glycerol. Protein synthesis of RGI
lyase WT (Uniprot Q65KY4; with mutation R3M) in
P, pastoris and subsequent purification was done as described
previously (Silva et al. 2011). Protein concentration was
quantified by measuring the absorbance at 280 nm and using
the following extinction coefficient 124,680 M™ cm™ from
ProtParam (Gasteiger et al. 2005).

Thermostability measurement

The WT and mutant variants were incubated at 60 °C in an
Eppendorf Thermomixer® comfort for the time intervals: 0, 5,
10, 15, 20, and 30 min. The concentration of the enzymes was
0.012 mg/ml in 16 mM EPPS buffer and 500 mM NaCl. After
incubation 60 pl aliquots were transferred to three
microtiterplates (three replicates) and the enzyme activities
were measured as described below. The biological parameter
half-life (¢, ,) was used to evaluate the degree of thermostabil-
ity of the mutant variants. The first-order rate constant of
irreversible thermal denaturation, ky, was obtained from the
slope of the plots of “In residual activity” vs. “time” and the
half-lives were calculated as In2/ky. The experiment was re-
peated four times.

Enzyme activity assays

RGI from potato was purchased from Megazyme (Wicklow,
Ireland). The general procedure for measuring enzyme activ-
ity was to preincubate enzyme and substrate solution at 40 °C
for 3 min separately. The reaction mixture (200 pl) comprised
0.750 g/l of RGI from potato, 10 mM EPPS buffer (pH 8.0),
2 mM MnCl,, and purified RGI lyase (0.012-0.024 g/l WT or
mutant). The reactions were followed for 10 min at 40 °C in
microtiter plates. The enzyme activity was based on measure-
ment of the initial rates by assessing the initial linear increase
in absorbance at 235 nm, due to the double bond formed in the
reaction product (Infinite M200 Tecan). One unit of enzyme
activity was defined as the formation of 1 pwmol of product per
min at pH 8.0 and 40 °C using 0.750 g of potato RGI per liter.
The extinction coefficient used was 5,500 M'em™.

To determine optimum reaction conditions for RGI lyase
activity (temperature and pH), a statistical design approach
was used consisting of 11 experiments. MODDE Version
7.0.0.1 (Umetrics, Umed, Sweden) was used to design the
experimental frame and to fit and analyze the data by multiple
linear regression analysis. The impact on enzyme activity was
tested in the temperature range 50-70 °C and the pH range
7.3-8.3. To test the effect of metal ions, enzyme activity was
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measured without addition of divalent ions and in the presence
of 2 mM MnCl,, 2 mM CaCl,, or 2 mM ZnCl,.

Circular dichroism

All CD measurements were carried out on an AVIV 410 CD
spectropolarimeter (Lakewood, NJ, USA) equipped with a
temperature control unit. The enzyme was assayed in
10 mM Tris (pH 7.0) and 150 mM NaCl. Far-ultraviolet
(UV) CD spectra were recorded with enzyme concentrations
of 3-5 uM and thermal transitions with enzyme concentra-
tions of 0.3-0.5 uM. To increase solubility at high tempera-
tures, 1 M Urea was added when performing thermal transi-
tions. Measurements for the wild type and mutants were
performed at identical instrument settings to allow direct
comparison. Secondary structure contents were estimated
from the spectra using the K2D2 server (Perez-Iratxeta and
Andrade-Navarro 2008).

Thermal transitions were recorded at 228 nm where the
change in ellipticity as a function of temperature [#]was most
pronounced. Unfolding curves were fitted by Eq. 1:

0]y = 0‘([9] F_[H]D) + [0]p (1)

where « is defined as the fraction of folded molecules at
any temperature. [f]r and [f]p describe the ellipticity of
the fully folded and denatured form, respectively. The
temperature at the midpoint of denaturation 7}, was deter-
mined where a=0.5.

Crystallization

Crystallization was done using the B. licheniformis RGI lyase
WT produced in P pastoris. The protein solution was dialyzed
against the crystallization buffer [20 mM Tris (pH 7.5), and
1 mM CaCl,] and concentrated to 43 mg/ml. The protein was
N-terminally sequenced commercially (Alphalyse, Odense,
Denmark) and its mass was determined using an AutoFLEX
MALDI-MS-TOF spectrometer (Bruker Daltonik). An Oryx8
liquid-handling robot (Douglas Instruments) was used to set
up INDEX HT, PACT, and JSCG + screens in MRC two-drop
plates (Douglas Instruments) with a total drop volume of
0.4 pl and 3:1 and 1:1 ratios of protein solution and reservoir
solution. Based upon a hit in INDEX HT conditions, manual
setups in VDX plates with 1:1 ratio of protein solution and
15-20 % (w/v) PEG3350 and 150 mMDL-malic acid at pH 7.0
led to formation of clusters of needles, each approx. 8x
10° um?® in volume. One of the needles was selected and
transferred to cryoprotectant comprised of 16 % glycerol,
16 % ethylen glycol, 18 % sucrose, and 4 % glucose and,
subsequently, flash cooled in liquid nitrogen.
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Data collection and structure solution

Diffraction images were collected at the European
Synchrotron Radiation Facility (ESRF) ID23-2 beamline on
the crystal cooled to 100 K (Flot et al. 2010). The strategy
devised by EDNA (Incardona et al. 2009) was used for the
data collection performed with radiation with a wavelength of
0.873 A. The diffraction data extended to 2.5 A resolution and
analysis of the data revealed P4,2,2 or P4;2,2 as the possible
space groups with one molecule per asymmetric unit. The
structure was solved by the molecular replacement method
using PHENIX (McCoy et al. 2007) and the YesW
rhamnogalacturonan lyase from PL11 as a search model
(B. subtilis YesW; PDB entry 2Z8R; Ochiai et al. 2007a).
The solution was adapted to the correct sequence after manual
building in the tetragonal space group P4,2,2 and automatic
introduction of water molecules. During the refinement, the
difference electron density revealed the position of ten calci-
um ions and two glycerol molecules bound in the structure.
No residual density was found adjacent to the predicted N-
glycosylation sites. The model was finalized by introduction
of water molecules, the resulting statistics are shown in
Table 2. The structure (4cag) has been deposited in PDB.

Bioinformatics analyses

The RGI lyase produced in P pastoris is N-glycosylated
(Silvaetal. 2011). The NGlycPred server with default settings
(Chuang et al. 2012) was used to predict possible glycosyla-
tion sites.

The previous semi-rational selection of sites to mutate, in
RGI lyase, was based on a homology model (Silva et al.
2013). This was re-evaluated based on the solved structure.
This entailed prediction of stabilizing mutations using
PoPMusSiC version 2.1 (Dehouck et al. 2011) and B-factor
iterative test (B-FIT; Reetz et al. 2006).

Results

Combination of single mutations and identification
of thermostable variants

We previously identified a number of single mutations that
lead to an increase in half-lives at 60 °C ranging from 23 % to
55 % (Silva et al. 2013). The mutants that showed the highest
increase in half-lives were all substituted in the same site
(E434L/W/F/Y) and of these the E434L mutant displayed
the highest thermostability. The mutants G55V and A67P
showed only medium improvement. Finally, mutations
V541Y/E, G326E, K243G/A, and D158E had only a small
positive effect on stability (Silva et al. 2013). Since it has been
previously suggested that single mutations in some cases can
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Table 2 Data collection, processing, and structure refinement statistics

Diffraction source

ESRF beamline 23-2

Wavelength (A) 0.8726

Temperature (K) 100

Crystal-to-detector distance (mm) 238.34

Rotation range per image (°) 1

Total rotation range (°) 120

Space group P4,2,2

Unit-cell parameters a=b=9578, c=155.65
Mosaicity 23

Resolution range 29-2.5

Total no. of reflections
No. of unique reflections

251,255 (47,873)
47,873 (1,775)

Completeness 99.6
Multiplicty 52(5.2)
<l/o(D)> 10.5 (2.7)
Riim. (%) 14.4 (59.5)
Anomolous correlation (%) 5(1)
Overall B factor from Wilson plot (A%) 26.42
Resolution range (A) 29-2.5 (2.6-2.5)
No. of reflections, working set 24,446
No. of reflections, test set 1,288
Final Ry 16.0 (17.4)
Final R 22.7 (26.0)
No. of non-H atoms 4,740
Protein 4,507
Cations 10
Glycerol 12

Water molecules 233

R.m.s. deviations

Bonds 0.014
Angles 1.595
Average B factors

Protein 22.6
Cations 22.1
Glycerol 33.6

Water molecules 194
Ramachandran plot

Favored regions (%) 93.5
Additionally allowed (%) 5.0
Outliers (%) 1.5

Values in parentheses are for the highest resolution shell

be additive (Perl and Schmid 2002), we attempted to further
improve the thermostability by construction of second-
generation mutants containing two to seven mutations.
Three of the seven mutated positions, G55, A67, and V541,
were relatively close (between 11.2 and 17.3 A) and therefore
would be likely to interact and display a positive or negative
effect on thermostability. In contrast, G326E, K243G/A,

E434L/W/FY, and D158E were positioned distant from the
former three and each other. Based on this, our strategy was to
make double mutants based on the three best mutations
(E434L, G55V, and A67P) and further combine them with
DI158E, K243G, G326E, E434W/F/Y, and/or V541Y/E to
form new backbones containing 2—7 substitutions. In total,
31 different mutants were produced, purified, and character-
ized as outlined in Fig. 1.

The thermostability of the second-generation mutants was
first tested at 60 °C. Wild-type B. licheniformis RGI lyase
produced in P pastoris (WTpp) and in B. subtilis (WTgs) as
well as E434L were used as benchmark. Unexpectedly, the
half-life of WTg; (16.8+1.6 min) was twofold higher than that
of WTp, (8.0£1.2; Fig. 1). The lowest increase in thermosta-
bility was seen in double mutant 5 (G55V/A67P) with a half-
life of 17.9+2.8 min, which was similar to that of WTg, The
combination of G55V/A67P cancelled out the effect of the
single mutations. Comparison of mutant combinations with
and without the G55V/A67P mutations revealed a similar
trend (compare mutants 22 vs. E434L; 23 vs. 7; 24 vs. §; 25
vs. 9; 26 vs. 11; 27 vs. 10 in Fig. 1).

The most thermostable variants were mutants 1, 10 and 27
with half-lives of 35.2+2.7, 35.5+2.5 and 35.7+3.4 min,
respectively (Fig. 1 and Table 3). They all contained the
E434L mutation. In mutant 1 it was combined with the second
best single mutation G55V, while in 10 (double mutant) and in
27 (quadruple mutant), it was combined with G326E with and
without G55V and A67P, respectively. This indicated that a
triple mutant containing the mutations G55V, G326E, E434L
might display a further increase in thermostability. In order to
test this, we constructed and tested this triple mutant (31) and
indeed it demonstrated the highest half-life at 37.6+2.8 min
(although not significantly higher than 1, 10, and 27).

Determination of thermodynamic stability by circular
dichroism

To further evaluate the mutants, thermodynamic stability was
analyzed for the mutants E434L, 1, 10, and 27 as well as WTg,
and WTp, by CD. Far-UV CD spectra were recorded from
200 to 250 nm for the six enzymes, and they all showed a
characteristic {3-sheet spectrum with a minimum around
215 nm (Fig. 2a). The relatively broad minimum suggests
minor «-helical contribution. Using the K2D2 server (Perez-
Iratxeta and Andrade-Navarro 2008), an «-helical content of
3 % and a [3-sheet content of 49 % for all analyzed variants
were estimated.

Thermal transitions were recorded for the same variants to
compare the effect of amino acid substitutions on thermody-
namic stability. In the absence of urea, RGI lyase variants
from B. subtilis precipitated at temperatures around 70 °C,
while RGI lyase variants from P pastoris stayed in solution
over the whole temperature range. To prevent precipitation
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Fig. 1 Results of the thermal 45
stability study: half-life (minutes) 36 38
for the 31 combined mutants 40 35 34 35 20 a3 3534
engineered as well as WTg, 35 31 3
30 30 30 29
WTpy, and E434L 28 27 30 o7 2806
30 25 o4 26 o5 28 24
—- 2429 23
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V541 Y|l E Y|l E Y| E Y E Yl Y
G326 E E E E| E E| E
K243 el G G G Gl [e
D158 E E E E E E

and allow for direct comparison, measurements were per-
formed in the presence of 1 M urea under identical conditions
for all analyzed RGI lyase variants. Figure 2b shows normal-
ized unfolding monitored at 228 nm. For all variants, we
determined T, i.e., the temperature where the fraction of
native enzyme is 50 % (Table 3). A T,, of 54.3+0.2 °C was
determined for the WTg,. Interestingly, WTp, was
destabilized by 10 °C. When comparing the four mutants with
WTpgs (all expressed in B. subtilis), T,, was significantly in-
creased in all mutated variants. The most pronounced increase
in T, by 3.34+0.3 °C was attributed to the E434L mutation. In
mutant 1, 7, was not significantly higher than in the E434L
mutant. A significant contribution to stabilization was ob-
served for G326E in that mutant 10 displayed an increase in
T, of 0.7+0.2 °C and 4.0+0.3 °C compared to E434L and
WTg, respectively. Addition of mutations G55V and A67P
(mutant 27) did not significantly affect 7}, when compared to
mutant 10. For short half-life times, slight increases result in
relatively large changes in 7j,, whereas at large ¢, T, in-
creases only weakly and approaches a plateau (Fig. 3).

Optimum reaction conditions

A series of experiments based on a statistical design approach
were carried out with the aim to establishing the optimum
reaction condition (for highest enzyme activity) with respect
to pH and temperature. The surface response plots based on
these experiments were obtained for WTgs, WTp,, E434L,
and combined mutants (1, 10, and 27) and were shown in
Fig. S1. The multivariate regression analysis showed that both
pH and temperature had a significant effect on enzyme activity
(specific details for each model are shown in Table S1). All
models had good correlation coefficients (R between 0.90
and 0.99), together with high values of predictivity (O rang-
ing from 0.64—0.98) and reproducibility (around 0.99).
Therefore, it was possible to conclude that the models were
reliable and useful. The statistical analysis of the models also
showed that factor resulting from the temperature x tempera-
ture interactions influenced enzyme activity whereas the fac-
tor pH x pH was less significant for WTp, and WTgs and had
no influence in E434L and combined mutants’ model.

Table 3 Summary of the ther-

mostability characterization: £, Variant Expression host Mutation f1 (min) T (°C)

(60 °C) and Ty, (for fitting details,

see “Materials and methods” sec- WTp, Pichia pastoris - 8.0+1.2 44.4+0.1

tion) for the different mutations WTg, Bacillus subtilis - 16.5+1.6 54.3+0.2
E434L B. subtilis E434L 28.5+£2.5 57.6+£0.2
1 B. subtilis G55V/E434L 35.24+2.7 57.9+0.1
10 B. subtilis G326E/E434L 35.5+£2.5 58.3+0.1
27 B. subtilis G55V/A67P/G326E/E434L 35.7+34 58.5+0.1
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Fig. 2 aFar-UV CD spectra of
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For WTpy, it was possible to determine the optimum tem-
perature (57 °C) and pH (7.8; Table 4). This is seen in the
surface response plot that consists of a bell-shaped structure
(Fig. S1b). The WTg had higher activity at higher tempera-
tures (61 °C) and at a lower pH (7.3, lowest tested). The pH
optimum estimated for the mutants was also 7.3 (Table 4). The
observed steepness in the surface response plots of WTg, and
mutants suggested that the optimum pH was 7.3 or lower
(Fig. S1). Nevertheless, it was possible to estimate the opti-
mum temperature for enzyme activity (Table 4; Fig. S1) that
was higher for the mutants than for WTg,. The single mutation
had highest activity at 63 °C, while mutant 1 and 27 had the
reaction optimum temperature at 64 °C. Finally mutant 10 had
the highest optimal temperature (65 °C).

The impact of metal ions MnCl,, CaCl,, and ZnCl, on
enzyme activity was also examined (Table 4). For both WTs
and mutants, the activity significantly increased when manga-
nese or calcium was added, while zinc had an inhibitory effect
on activity. The WTp, activity was most enhanced in the
presence of manganese (163 %), whereas the WTg, activity
was highest in the presence of calcium (188 %), when com-
pared to activities in absence of divalent ions (100 %). The

60 : : : : : :
58 ——i |
56| 1
54} —e— |
® 52| ]
w50/ ]
48+ o WTp,
o WTgg
46| o E434L]
1
a“p . . , . 2]
10 15 20 25 30 35 40
ty/2 (min)

Fig. 3 Correlation between the two thermostability measurements (7y,
and #/,) based on our analysis of WT and mutant enzymes. A nonlinear
correlation is observed

T (°C)

metal ion dependence of the mutants was similar to that of
WTgs.

Determination of the crystal structure of the RGI lyase
expressed in P. pastoris

In order to improve the basis for assessing the impact of
mutations affecting thermostability, we solved the structure
of the enzyme. This was done using enzyme produced in
P pastoris. We first analyzed the protein by N-terminal se-
quencing and found indication for insufficient Stel3 process-
ing of the N-terminus in P pastoris leading to species with two
and four additional amino acids in the N-terminus (Fig. S2).
The crystal structure was solved by molecular replacement
using YesW (PDB entry 2Z8R; Ochiai et al. 2007a) and
refined to 2.5 A resolution (Fig. 4). The final model contained
584 amino acids and did not include the first 5 (+2—4) amino
acids and the last C-terminal residue as well as the Hisg-tag.
The fold of the RGI lyase was an eight-bladed [3-propeller and
was very similar to the other lyases of the PL11 family
including B. subtilis YesW. [3-sheet was the dominating

Table 4 Summary of the characterization experiments for both WT and
mutant enzymes

Variant Optimum reaction Effect of divalent ions (activity %)

conditions

T(°C) pH None MnCl, CaCl, ZnCl,
WTp, 57 7.8 100 163 141 BQL
WTgs 61 73 100 146 188 BQL
E434L 63 73 100 139 199 BQL
1 64 73 100 148 215 BQL
10 65 73 100 136 184 BQL
27 64 73 100 144 221 BQL

The optimum reaction conditions [temperature (7) and pH] were estimat-
ed from the statistical design experiment. The effect of metal ions was
normalized with respect to the activity when no metal ions were added

BQL below the limit of quantification
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Fig.4 Overall structural fold of RGL11 showing the secondary structure,
the ten metal ions (spheres) and the sites mutated successfully (green
spheres). «-Helix is shown in magenta, 3-sheet is shown in blue, and the
loop regions in green. The calcium ions are shown in orange

secondary structural element (34 %), whereas the x-helical
content was very low (3 %). The CD analysis reproduced
these values well, estimating the content of {3-sheet to be
49 % and «-helix to be 3 %. Like YesW, the enzyme contained
10 calcium ions located in positions similar to those observed
in YesW. Anomalous difference peaks at six of the ten metal
binding sites indicated that they might not be calcium. The
mass-spectrometry data support N-glycosylation on the sur-
face of the protein as described previously in Silva et al. (2011;
Fig. S3). The NGlycPred server predicted 3 N-glycosylation
sites: Asn53, Asn440, and Asn502.

Re-evaluation of mutagenesis strategy

Previously, with the aim of improving RGI lyase thermosta-
bility, we used a homology model, for rational selection of
amino acids to target for mutagenesis. The software
PoPMusSiC was used to predict the effect of single mutations
on stability (Dehouck et al. 2011). Further, we used B-FIT to
calculate average B-values based on the structure of B. subtilis
YesW. This would serve as an indicator of flexible regions
more likely to destabilize the enzyme. With the new crystal
structure for the B. licheniformis RGI lyase, we decided to re-
evaluate the initial basis for selection criteria based on the
YesW crystal structure. The use of PoOPMuSiC led to conclude
that the beneficial mutations found experimentally were gen-
erally not successfully predicted by the software except for
G55V, A67P and G326E. Using the new crystal structure for
prediction did not improve the consistency with experimental
results; in fact, of the three mutations, only A67P was predict-
ed to stabilize the enzyme (Table S2). Instead, the mutations
K23F/W (ddG -0.91 and -1.01) and G362P (ddG -1.02)
(solvent accessibilities ~ 27 %) were predicted to be the most
stabilizing. A multiple alignment showed that the substitution
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G362P was not frequent, while the other substitutions were
not observed. Therefore, it was chosen to not pursue these
leads in this study. B-FIT using the structure identified the
same regions as when using the structure of the B. subtilis
homolog YesW as well as new region namely amino acids
111-116 (KTPDGYV). This largely supported the feasibility of
using the structure of a close homolog in the absence of a
solved structure.

Discussion

The characterization of RGI lyase from B. licheniformis in
P pastoris showed similar results to the ones reported previ-
ously (Silva et al. 2011). This enzyme showed highest activity
at 57 °C and pH 7.8 which is similar to the optimum reaction
conditions described for other members of the PL11 family
(Ochiai et al. 2007b; McKie et al. 2001).

When characterizing the WT enzyme produced in
B. subtilis and P, pastoris, a difference in thermostability and
optimum reaction conditions was observed. The enzyme pro-
duced in B. subtilis had the highest activity at higher temper-
ature (61 vs. 57 °C) and lower pH optimum (7.3 vs. 7.8).
However, the largest difference was in the thermostability,
where WTg, exhibited a twofold higher half-life compared
to WTp,,. The effect on stability was also confirmed by CD
analysis, where the two WTs showed different temperature
transitions (Fig. 2) with a 9.9+£0.2 °C difference in Tj,,. We
previously demonstrated that the enzyme produced in
P pastoris was N-glycosylated (Silva et al. 2011), and this
was confirmed in this study, which presents a possible reason
for this observation. Protein glycosylation is a common post-
translational modification and can influence structural and
functional properties in proteins, e.g. kinetic parameters and
stability (Helenius and Aebi 2004; Jensen et al. 2013). Usually
glycosylated proteins are less prone to thermal inactivation
since glycosylation confers structural rigidity to the proteins
(Meldgaard and Svendsen 1994). Nevertheless, when recom-
binant proteins are produced in P pastoris, glycosylation can
affect thermostability positively, negatively or have no effect
(Cregg et al. 2000). The «-amylase from an alkalophilic
Bacillus provides an example of N-glycosylation-dependent
stability reduction. When produced in P pastorisithad a T, of
76 °C, which was 13 °C lower than the enzyme purified from
Bacillus (Tull et al. 2001). RGI lyase is another example
where glycosylation leads to a destabilization of the enzyme,
resulting in lower 7, and smaller #;,,. The fact that
nonglycosylated RGI lyase wild-type precipitates at tempera-
tures around 70 °C, while the glycosylated wild type stays in
solution even above 95 °C suggest the glycans to be hydro-
philic. These glycans can be thought to mediate protein—
solvent interactions, thereby weakening protein intramolecu-
lar interactions resulting in destabilizing the enzyme (Bolen
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and Rose 2008). Additionally, the hydrophilic nature of the
glycans might result in a desolvation free energy penalty when
folding. Since the RGI lyase originates from B. licheniformis,
it could be speculated that the enzyme produced in B. subtilis
best reflects the wild-type enzyme.

Not all the single mutations could be combined with an
additive effect. Three of the seven mutated positions, Gly55,
Ala67, and Val541, were in relatively close vicinity (between
11.2 and 17.3 A). Combination of Gly55 and Ala67 mutations
seemed to cancel out their individual positive effects on ther-
mostability and rendered mutant 5 with a degree of stability
similar to that of WTg,.

Our strategy yielded mutants (1, 10, and 27) which displayed
an improvement in thermostability over the best single mutant
(E434L). These variants, although not significantly different
from each other, had half-lives between 35.2 and 35.7 min at
60 °C (Table 3). This was a 2.1- to 2.2-fold improvement in
thermostability relative to WTg;. These results also revealed the
importance of Gly55Val, Gly326Glu, and Glu434Leu for the
thermostability of RGI lyase and confirmed that they were
additive. In fact, combining these three mutations (mutant 31)
led to the highest half-life recorded although not significantly
higher than mutants 1, 10, and 27.

Glutamate 434 is located at the protein surface, but its
carboxyl group is not completely solvent-accessible in the
native state (see Fig. 4).Therefore, E434 might contribute
unfavorably to the native state stability by desolvation free
energy when folding. Replacing this amino acid with the
hydrophobic amino acid leucine would remove this unfavor-
able free energy contribution, thereby stabilizing the enzyme
(Schmid 2011). Glycine 326 is located at the end of a short
helix close to the protein surface (see Fig. 4). Glycine is
known as a helix breaker since its conformational space is
much less restricted than for all other amino acids, thereby
disrupting secondary structure elements (Pace and Scholtz
1998). By replacing Gly326 with a more restricted amino
acid, it was possible to stabilize the enzyme and the beneficial
effects for stabilization are additive when in combination with,
e.g., the E434L mutation.

Determination of the optimum reaction temperature
(Table 3 and Fig. S1), as expected, showed that E434L and
mutants 1, 10, and 27 had the highest activities at superior
temperatures compared to the WTg,. The highest increase in
optimum reaction temperature was observable in mutant 10
with an increment of 4 °C relatively to the WT. CD analysis of
the four variants indicated that the main stabilizing effect
could be attributed to the replacement of Glu434 with Leu,
while the additional mutations introduced in mutants 1, 10,
and 27 displayed a minor but also significant stabilizing effect.
Figure 3 shows the correlation of 7;, as a function of #,. For
short half-lives, an increase translated into a large improve-
ment in 7;,, whereas at higher #,,_an increase only marginally
affected 7;,. The twofold higher #,, in WTgs compared to

WTp, led to an increase in Ty, of 10 °C, while the twofold
higher half-life in E434L compared to WTg; translated into a
1., difference of only 3.3 °C.

In this study, the positive effect of calcium and manganese
ions on RGI lyase activity was also verified (activity incre-
ment 41-88 %, Table 4). Our results hinted on a production
host-dependent difference in that WTp, and WTgg (and mu-
tants) displayed a preference for Mn>" and Ca*", respectively.
Whether this difference is related to the glycosylation of WTp,,
or, for example, a difference in metal ion incorporation is
presently unclear. It is known that enzymes from PL11 exhibit
increased activity in the presence of calcium. The positive
influence of manganese on RGI lyase activity was only ob-
served in YesW (McKie et al. 2001; Ochiai et al. 2007b).

Apart from our own recent work assessing the thermal
stability improvement of different single point mutations in
the RGI lyase (Silva et al. 2013), there is only one previous
report describing thermal stability improvement of a pectin-
modifying lyase by a protein engineering approach (Xiao
et al. 2008). Actually, using a T,,-guided sequence align-
ment approach, the half-life at 45 °C of a pectate lyase (EC
4.2.2.2) from Xanthomonas campestris was increased
23-fold by a single mutation (R236F). The mutation also
produced an increase in 7, of 6 °C (Xiao et al. 2008). In
the present work, the thermal stability assessment was done
at a much higher temperature (60 °C), which could appear
to produce less significant half-life increases than tests at
lower temperatures. On the other hand, increasing the ther-
mal stability of an already relatively thermostable enzyme
may, in fact, be more demanding since higher temperatures
challenge the kinetics of protein folding/unfolding relatively
more than lower temperatures. Nevertheless, as Xiao et al.
(2008), we conclude that increased hydrophobic
desolvation, rather than, e.g., internal increases in di-
sulphide bonds or improved internal hydrogen bonding
in the enzyme protein molecule, seem to be the driving
force for the observed enzyme protein stability increase.
Xiao et al. (2008) did not obtain improvements in 7;, by
combining the favorable, stabilizing R236F mutation with
another putatively beneficial mutation (A31G), but did, in
fact, observe improvements in the specific activity of the
enzyme by combined mutation. They expressed the mu-
tants in E. coli Rosetta 2 cells, so no effects of differences
in enzyme protein glycosylation were reported (Xiao et al.
2008).

In conclusion, our approach employed the tenet that muta-
tions of surface-exposed residues are more likely to be addi-
tive, but also underscored the relevance of carefully examin-
ing additivity by generation of double mutants of most rele-
vant mutations. This allowed the successful design of second-
generation mutants further improving the thermostability of
B. licheniformis RGI lyase by combination of stabilizing
single mutations.
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