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Abstract Rhamnogalacturonan I lyase (RGI lyase) (EC 4.2.2.-)
catalyzes the cleavage of rhamnogalacturonan I in pec-
tins by [3-elimination. In this study the thermal stability of a
RGI lyase (PL 11) originating from Bacillus licheniformis
DSM 13/ATCC14580 was increased by a targeted protein
engineering approach involving single amino acid substitu-
tion. Nine individual amino acids were selected as targets for
site-saturated mutagenesis by the use of a predictive consen-
sus approach in combination with prediction of protein mutant
stability changes and B-factor iteration testing. After extensive
experimental verification of the thermal stability of the
designed mutants versus the original wild-type RGI lyase,
several promising single point mutations were obtained, par-
ticularly in position Glu434 on the surface of the enzyme
protein. The best mutant, Glu434Leu, produced a half-life of
31 min at 60 °C, corresponding to a 1.6-fold improvement of
the thermal stability compared to the original RGI lyase.
Gly55Val was the second best mutation with a thermostability
half-life increase of 27 min at 60 °C, and the best mutations
following were Glu434Trp, Glu434Phe, and Glu434Tyr, re-
spectively. The data verify the applicability of a combinatorial
predictive approach for designing a small site saturation li-
brary for improving enzyme thermostability. In addition, new
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thermostable RGI lyases suitable for enzymatic upgrading of
pectinaceous plant biomass materials at elevated temperatures
were produced.
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Introduction

Rhamnogalacturonan I lyases (RGI lyases) (EC 4.2.2.-) are
endo-acting enzymes which catalyze the cleavage of a-(1,4)
bonds between rhamnose and galacturonic acid in the
rhamnogalacturonan I backbone chain of pectins by (3-
elimination (Mutter et al. 1996). The enzyme action results
in the release of oligomers containing A4,5 unsaturated
galacturonic acid moieties at the non-reducing end. RGI lyase
activity was first identified as being part of the plant cell wall-
degrading enzyme set of Aspergillus aculeatus (Kofod et al.
1994; Mutter et al. 1996). More recently, RGI lyase activity
has also been found to be produced by Bacillus subtilis
(Ochiai et al. 2007), Cellvibrio japonicus (McKie et al.
2001), Erwinia chrysanthemi (Laatu and Condemine 2003),
as well as in a few plants (Naran et al. 2007).

As part of our quest for developing new enzyme processes
for selective production of bioactive oligosaccharides from
pectinaceous plant biomass streams (Holck et al. 2011;
Michalak et al. 2012; Thomassen et al. 2011), we recently
expressed a putative RGI lyase encoding gene (PL 11) from
Bacillus licheniformis (DSM 13) in Pichia pastoris (Silva
et al. 2011). The monocomponent enzyme protein product
was found to be a relatively thermostable RGI lyase having
a half-life of 15 min at 61 °C (Silva et al. 2011). However, an
even higher thermal stability of the enzyme would be required
for its genuine industrial use for upgrading of plant biomass to
allow processing at elevated temperatures at which the
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substrate viscosity and the risk of contamination are lower, the
enzymatic rates are higher, mixing is easier, and the substrate
solubility is better.

Protein engineering has become an important tool for
evolving enzymes to become more fit for industrial applica-
tions, e.g., to improve thermal stability (Eijsink et al. 2005).
Unfortunately, the diversity of data available regarding the
structural basis for enzyme thermostability makes it difficult
to define a general strategy for enhancing the thermal stability
of an enzyme (Gray et al. 2001). Only in case detailed knowl-
edge about the structure—function—stability relations of an
enzyme is available, a rational design can be accomplished
immediately. If not, directed evolution or a semi-rational de-
sign approach must be employed (Bommarius et al. 20006).
Directed evolution of enzymes is based on generating molec-
ular diversity using random mutagenesis in a gene of interest
followed by identification of the optimized proteins (usually
by high-throughput screening) (Cole and Gaucher 2011). A
drawback of this evolution method, however, is the generation
of very large libraries, which only partially cover the ample
sequence space possible for a protein and which moreover
require considerable screening efforts. A semi-rational design
strategy allows for the creation of targeted libraries, thereby
reducing the library size (Lutz 2010). When it is desired to
enhance the thermal stability of an enzyme, a semi-rational
design strategy can be based on sequence alignment of
homologous proteins for identifying amino acids related
to thermostability, i.e., the so-called consensus approach
(Davidson 2006). This consensus approach assumes that amino
acids occurring more frequently in a certain position within the
protein family contribute to the overall stability. Consequently,
replacement of non-consensus amino acids by the consensus
ones is presumed to enhance thermostability.

Alternatively, several computational techniques exist for
predicting functional consequences (e.g., enzyme stability) of
amino acid or peptide fragment substitutions in proteins
(Bommarius et al. 2006). Two examples of in silico methods
are prediction of protein mutant stability changes (PoPMuSiC)
and the B-factor iterative test (B-FIT). The PoPMuSiC algo-
rithm can predict the changes in folding free energy (ddG) for
all possible single mutations in a protein (Dehouck et al. 2009;
Gilis and Rooman 2000; Kwasigroch et al. 2002), whereas the
B-FIT test is based on crystallographic B-factor data that can
give insight into the protein flexibility. Making a protein more
rigid can improve stability, and therefore, amino acids in areas
exhibiting high flexibility values (high B-factor) are potential
targets for site saturation mutagenesis in optimization of ther-
mostability (Dalby 2011; Reetz et al. 2006).

There is only one example in the literature describing
the optimization of the thermostability of a lyase. A pectate
lyase was thus improved via an alignment approach producing
an enzyme with a 6 °C increase in T, (apparent melting
temperature) and a 23-fold increase in the half-life at 45 °C
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without compromising the enzyme's catalytic efficiency (Xiao
et al. 2008).

Our hypothesis behind the present study was that increased
RGI lyase thermostability of an already relatively thermosta-
ble enzyme could be evolved by replacing a specific amino
acid reinforcing protein packing or protein—protein interac-
tions. Our efforts were first directed toward identifying the
most relevant amino acid for this replacement by creating a
targeted library for site saturation mutagenesis by combining
several methods, namely the consensus approach, PoPMuSiC,
and B-FIT modeling. This approach was based on the tenet that
the combination of the results of these different methods would
allow only a minimal number of substitutions to be prioritized.
The objective of this work, therefore, was to assess the appli-
cability of this combinatorial approach for evolving RGI lyase
thermostability. The process involved the following: (1)
Identification of a satisfactory number of putative amino acids
for replacement by this combinatorial prediction approach,
construction of site-saturated mutant libraries of each, and a
first screen evaluation of activity and thermal stability of each
enzyme mutant product obtained. (2) Selection of the most
thermostable mutants of the enzyme for a secondary screen to
verify the identification of the best new thermostable RGI lyase
mutants. (3) Reconfirmation of the thermal stabilities (half-life)
of the best mutants after scaled-up enzyme production and
purification.

Materials and methods
Prediction of candidates

A multiple sequence alignment approach was used as one of
the methods for prediction of possible candidates (Davidson
2006). The RGI lyase wild type (WT), originally identified by
blast searching in UniProtKB (Expasy Proteomics Server) as
Q65KY4 in the B. licheniformis strain DSM 13/ATCC14580
and expressed after codon optimization in P, pastoris (Silva
et al. 2011), was used as query in BLASTp (National Center
for Biotechnology Information) with PSI-BLAST algorithm de-
fault settings. Forty-five sequences were selected for ClustalW2
multiple alignment using default parameters (Goujon et al. 2010)
and edited in Jalview (Waterhouse et al. 2009). The frequencies
of each amino acid in the RGI lyase WT and the consensus
sequence, respectively, were calculated. For each position in the
alignment, the frequency of the RGI lyase was divided by the
frequency of the consensus. If this value was below 1, the amino
acid was defined as not conserved and further compared with
PoPMusSiC results as well as with the aligned amino acids in the
thermostable putative RGI lyase (uniprot ASINBO) from
Thermotoga petrophila RKU-1 (Zhaxybayeva et al. 2009) in-
cluded in the multiple alignment. Amino acid positions scoring
well in both methods were prioritized for mutagenesis. As a
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second approach, the RGI lyase WT was 3D modeled using the
HHpred prediction server (Soeding 2005). The model was used
to study alpha-helix projections in Pymol version 1.3 for selec-
tion of candidates and for predictions of ddG values calculated
by PoPMusSiC version 2.0 (Dehouck et al. 2009). B-FIT predic-
tions were used on the basis of B-values from PDB structures of
B. subtilis RGI lyase YesW (2Z8R, 2Z8S, 2ZUX). The final list
of candidates was made by combining and comparing the results
of B-FIT, PoPMusSiC, and the consensus approach. The candi-
date for alpha-helix stabilization was selected only from 3D
model projections.

Sequences, strains, and cloning

The gene encoding the B. licheniformis RGI lyase WT
(Uniprot Q65KY4) (Silva et al. 2011) was codon-optimized
for expression in B. subtilis (sequence shown in Fig. S1;
GenBank accession no. KF373119). Nine site saturation librar-
ies, each in a single amino acid position, were made and
inserted between Ncol and Hindl1ll of pDP66K-PME (@bro
et al. 2009) in frame with the CGTase signal peptide (the signal
peptide is shown in Fig. S1). Each of the nine site-saturated
mutant libraries was provided in Escherichia coli glycerol
stocks (Geneart AG, Regensburg, Germany). Purifications
were performed using the Zyppy ™ Plasmid Miniprep Kit
(Zymo Research, Irvine, CA, USA).

For transformation of B. subtilis 1A976 (Zhang and Zhang
2011), a single colony was inoculated in 30 ml of Luria broth
(LB) (10 g/l tryptone, 5 g/l yeast extract, and 10 g/l NaCl;
pH 7.0) supplied with 5 pg/l erythromycin and cultured over-
night at 37 °C at 150 rpm. The culture was used to inoculate
30 ml of growth medium (1 ml LB, 3 ml 10x bacillus salts
(15 mM (NHy4),SO4, 80 mM K,HPO,, 44 mM KH,PO,,
3.4 mM sodium citrate, | mM MgSO4; pH 7.4), 3 ml
10 % L-arabinose, 23 ml dH,0) to an optical density at
600 nm (ODggp) of 0.1. The culture was then grown for 1—
1.5 h at 37 °C at 150 rpm until ODg, reached 0.16. One
milliliter of culture was then transferred to a 12-ml falcon tube
and induced with D-xylose (0.3 %) at 250 rpm, 37 °C for 2 h.
One microgram of purified plasmid was added, and incuba-
tion continued at the same conditions for an additional hour.
Cells were plated on LB supplied with 50 pg/ml kanamycin
and 15 g/l agar and incubated overnight at 37 °C.

Protein synthesis

For the primary and secondary screens, the expression of the
RGI lyase WT was performed in B. subtilis 1A976 50 pg/ml
kanamycin in deep-well plates. The day after transformation,
single colonies were picked and transferred to 125 pl LB at
pH 7.5 supplied with 50 pg/ml kanamycin in a 96-low-well
plate format covered with airpore sheets. The plates were incu-
bated at 250 rpm, 37 °C for 7 h. Ten microliters of preculture

was then transferred to 96-deep-well plates containing 1,100 pl
LB (pH 7.5) supplied with 50 pg/ml kanamycin and incubated
at 250 rpm at 37 °C.

For “larger scale” production in shake flasks, a single
colony of each of the selected mutants from the secondary
screen was precultured in 5 ml LB supplied with 50 pg/ml
kanamycin (in falcon tubes) at 250 rpm, 37 °C for 16 h. Next,
the ODggo Was adjusted to 0.05 in 100 ml LB, and incubation
was done in 500-ml shake flasks at 180 rpm, 37 °C for 24 h.
Supernatants containing the secreted RGI lyase were recov-
ered after centrifugation (15 min at 5,000xg and 4 °C) and
sterile filtrated using 0.22-pm filters. Finally, the supernatants
were concentrated to 3 ml using Vivaspin® 20 columns (GE
Healthcare).

Purification of RGI WT and mutants

Histidine-tagged RGI lyase WT and its mutants were purified
by affinity chromatography. The chromatography was carried
out in 96-well filter plates (Polystyrene UnifilterMicroplate,
Whatman®) loaded with Ni Sepharose 6 Fast Flow media
according to the manufacturer's instructions (GE Healthcare,
Uppsala, Sweden). The columns were equilibrated with bind-
ing buffer: 40 mM EPPS buffer (4-(2-hydroxyethyl)-1-
piperazinepropanesulfonic acid), pH 7.4, containing 24 mM
imidazole and 500 mM NaCl. Tagged enzymes were eluted
with the eluting buffer (500 mM imidazole, 40 mM EPPS
buffer (pH 7.4), and 500 mM NaCl).

After production in shake flasks, the WT and mutants were
purified in a similar way, but His Spin Trap columns (GE
Healthcare) were used instead of plates. In each case, 820 pl
of protein solution was collected in the elution buffer.
Hereafter, imidazole was removed with Vivaspin® 6 columns
(GE Healthcare) using 10 mM EPPS buffer containing 10 %
glycerol (pH 8.0) as a washing buffer. Finally, the proteins
were quantified by measuring the absorbance at 280 nm and
using the extinction coefficient 124,680 M ' cm™' from
ProtParam (Gasteiger et al. 2005).

Primary and secondary screens

A standard setup was initially established using the RGI lyase
WT. The purified enzyme was distributed into five distinct
microtiter plates (60 pl in each), and each plate was incubated
at 50 °C in a Biotek Synergy HT microplate reader (BioTek
Instruments, Winooski, VT, USA) for 0, 10, 20, 25, and 30 min
in duplicate and placed on ice. Residual enzyme activities were
measured as described below.

The primary screen of the nine mutant libraries was
performed as for the WT. For each library, B. subtilis was
transformed and a deep-well plate was inoculated with 90
transformants (presumed to cover all 19 mutants) and 6 WT
(in known positions) making up a total of 96 samples. The

@ Springer



9730

Appl Microbiol Biotechnol (2013) 97:9727-9735

biological parameter half-life (¢;,) was used to evaluate the
thermostability of the mutant variants. In both the primary and
secondary screens, the first-order rate constant of the thermal
denaturation, kd, was obtained from the slope of the plots of
the natural logarithm of the residual activity versus time, and
half-lives were calculated as In2/kd. In the secondary screen,
the winners of the first screen were picked to a new plate,
protein was produced and purified, and the ¢,, was measured
at 50 °C in four replicates, thereby allowing a direct compar-
ison of the mutants.

Evaluation of mutant enzymes after scale-up production

For thermal stability evaluation, the WT and mutant variants
were incubated in an Eppendorf Thermomixer® at 60 °C for
different times: 0, 10, 20, 25, and 30 min. The enzymes had a
concentration of 0.012 mg/ml in 16 mM EPPS buffer (pH 8.0)
and 500 mM NaCl. After incubation, 60-ul aliquots of en-
zyme were distributed into individual wells in three plates
(three replicates) that were placed on ice immediately. The
residual activities of the enzyme mutants, obtained after
the various incubation times, were measured as described
below.

Enzyme activity assays

RGI from potato was from Megazyme (Wicklow, Ireland).
The enzyme and substrate were first preincubated separately
at 40 °C for 3 min. The reaction mixture (200 pl) comprised
0.750 g/l of potato RGI, 10 mM EPPS buffer (pH 8.0), 2 mM
MnCl,, and purified RGI lyase (60 ul WT or mutant). The
reactions were carried out for 10 min at 40 °C in microtiter plates.
The solutions were pipetted using a MICROLAB® STARLET
robotic workstation (Hamilton, Bonaduz, Switzerland), which
allowed initiation of the reaction in all 96 wells at the same time.
The enzyme activity was based on measuring initial reaction
rates by assessing the initial linear absorbance increase 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 umol of product per minute at pH 8.0 and
40 °C on 0.750 g of potato RGI per liter. The extinction coeffi-
cient used was 5,500 M ! cm L

Data deposition
The codon-optimized nucleotide sequence for expression of
the B. licheniformis DSM13/ATCC14580 RGI lyase wild-

type gene in B. subtilis has been deposited in the GenBank
database (accession no. KF373119).
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Results
Selection of candidates for mutagenesis

Nine sites for site-saturated mutagenesis were selected by
combining and comparing the results from the consensus ap-
proach, PoPMuSiC prediction (ddG and solvent accessibility),
B-FIT values (based on B. subtilis RGI lyase YesW), and
alpha-helix projections (3D stucture) (Table 1).

From a multiple sequence alignment, Gly25, Asp158,
Lys243, Gly326, Glu434, and Val541 were selected on the
basis of a low occupancy of these amino acids (AAs) com-
pared to the consensus AAs. Then, structural prediction and
comparison to a suspected thermostable, putative RGI lyase
from 7. petrophila RKU-1 was performed since this strain is
an extreme thermophile and has recently been shown to
harbor genes encoding extremely thermostable hydrolytic en-
zymes (Haq et al. 2012a; Haq et al. 2012b; Santos et al. 2010).
Positions were highly prioritized if a consensus amino acid
was also found in the sequence at the same position. The
selection was thus a compromise between different methods,
and several of the selected positions had ratios (consensus
approach) that were high compared to the criteria described in
Davidson (2006) because the PoOPMuSiC predictions with one
or more substitutions at these positions with negative ddG
values were also taken into account. The structural predictions
concerned one or more substitutions with low ddG values (<0)
having a relatively high solvent accessibility (see Table 1).
The rationale for favoring solvent accessibility was that
surface-exposed positions can accommodate more different
amino acids and exhibit only few intraprotein interactions, and
candidate positions would therefore likely contribute an addi-
tive stabilization effect (Perl and Schmid 2002). Finally, loop
regions with high flexibility (high B-factor) in the homolo-
gous B. subtilis RGI lyase YesW were identified. For these
regions, PoOPMuSiC was also used as a guideline to decide on
positions most likely to stabilize the loops leading to selection
of Gly55 and Ala67 (Table 1). Finally, position Gly558 asso-
ciated with the alpha-helix was chosen based on the 3D model
of the RGI lyase. Mutation of Gly558 would have the poten-
tial to fill a cavity in the protein interior and, depending on the
nature of the substitution, make additional interactions that
could provide additional rigidity to the enzyme.

Selection of thermostable variants (primary and secondary
screens)

The first goal was to establish a screening setup in a 96-well
format to select mutants with higher thermostability compared
to RGI lyase WT and to minimize the risk of selecting false-
positives. Therefore, a preliminary screen containing only
RGI lyase WT was performed. The average ¢,,, at 50 °C for



Appl Microbiol Biotechnol (2013) 97:9727-9735 9731

Table 1 Summary of all nine sites selected for site saturation mutagenesis in the RGI lyase WT

RGI lyase WT PoPMusSiC Consensus RGIL Tp B-FIT Exp. results

position

Acc (%) 2ddG Mutant ddG AA Ratio AA B-factor AA A%

25Gly 96 —4.8 Asp —0.62 Asp 0.88 Asp None

55Gly* 89 -2.5 Pro —-0.75 Ser 0.40 Pro 28.82 (Ala85) Val 349
Val —0.56
Ser —-0.29

67Ala" 69 -1.7 Pro —-0.75 Lys 0.78 Pro 31.36 (Lys96) Pro 24.9

158Asp 26 -2.8 Lys —0.65 Asn 0.29 Asn Glu 22.6
Thr 0.02 Ser 14.3
Asn 0.24 Thr 13.9
Glu 0.76

243Lys 36 —6.6 Asp —0.63 Asp 0.90 Asp Gly 243
Gly 0.44 Ala 233
Ala 0.14
Pro —-0.75

326Gly 62 -29 Ala —0.48 Glu 0.31 Lys Glu 23.7
Glu -0.15
Lys —-0.02

434Glu 57 23 Pro —0.68 Pro 0.15 Pro Tyr 314
Tyr —0.01 Leu 54.8
Leu 0.03 Trp 332
Trp —-0.06 Phe 325
Phe 0.07

541Val 37 -0.2 Pro —-0.16 Pro 0.78 Pro Glu 25.1
Tyr 0.37 Tyr 24.9
Cys 0.68
Glu 0.80

558Gly 1 2.5 Trp —0.56 Gly 1 Asp None
Asp —-1.39

The position of the site is shown together with the respective amino acid (AA). All sites apart from Gly558 were selected on the basis of the consensus
approach combined with PoPMuSiC prediction and the aligned putative RGI lyase from 7. petrophila (RGI L T'p). The predicted ddG values for the
winners at 60 °C are also shown. The Acc (%) refers to the relative solvent accessibility. Gly558 was selected for stabilization of the alpha-helix. The
values of thermostability increment relative to the WT (A%) for the (purified) enzymes at 60 °C after scale-up production are also stated

? Positions selected on the basis of high B-factor using B-FIT

the WT enzyme plate was 16 min with a coefficient of varia-
tion of 15 %. This indicated a sufficiently robust setup with a
relatively low degree of variability applicable for mutant
screening.

By including a WT in six defined wells, for each of the nine
mutated position plates, it was possible to verify that the
variability of the WT ¢, was between 10 and 15 % in the
actual screen. The ¢, values of the mutants had a somewhat
higher variation range because of enhanced thermostability
and/or presence of mutants with low or abolished activities
(Fig. 1).

The selection criterion (SC) was defined as a 7, being
20 % higher than the average WT ¢, in the plate. This was

considered a robust criterion because it was at least 5 % higher
than the inherent variability of the assay and took into account
differences due to growth and process conditions for each
specific plate. The outcome of the first screen was the selec-
tion of 53 different mutants in eight of the nine selected
positions. For position Gly558, no mutants were selected
due to the half-life being equal to or lower than the selection
criterion.

To eliminate any plate-to-plate variation, the selected mu-
tants were transferred to a new plate and analyzed simulta-
neously in a second screen. The WT (known positions) had an
activity of 0.089+0.017 U/ml (with no incubation) and a #;/,
at 50 °C of 18 min with a variability of 13 %. Seventy-two

@ Springer
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Fig. 1 The activity at 40 °C without prior heat incubation plotted versus
the #1/, (min). The 96 WT samples (square), E434 mutant variants
(circle), and the winners (triangle) of the primary screen at the E434
position are shown. E434 was selected to illustrate the higher ¢/, vari-
ability of the mutants (55 %) compared to the WT (15 %). The inactive
mutants are not shown (no activity). It is possible to verify the existence
of variants with higher thermostability by comparison to the WT data

percent of the mutants had a 7, 20 % higher than the WT,
60 % had a ¢, 25 % higher, and as expected, there were no
inactive mutants (Fig. 2a). Mutants displaying ¢ ,>25 % were
selected for further analysis.

Even though some of the selected mutants had a slightly
lower activity than the WT enzyme, the lowest was 0.072 U/ml,
and they were all within the range of uncertainty for the WT
activity. With Gly25 being an exception, thermostable mutants
were found for all the remaining seven positions. These mu-
tants were sequenced. However, several had the same mutation
which resulted in 19 unique mutants (Fig. 2b). The three best of
these mutants and their respective half-life increments relative
to the WT were Gly326Glu (53 %), Val541Glu (64 %), and
Glu434Phe (132 %). In position Glu434 in particular, several
promising mutations were obtained (Fig. 2b).

The 16 best performing mutant enzymes were then selected
for scale-up, purification, and further analysis. The selection
factors were elevated half-life values and good activity levels
(at least in the range of the WT).

Significance of imidazole

In the screening setup, the elution buffer was not removed prior
to thermal stability measurement. The presence of imidazole
did not affect the activity of the WT and mutants, but it
influenced thermostability. It also precluded protein quantifica-
tion and brought inaccuracy to the activity measurements (high
background). Therefore, protein purification was followed by
buffer change to remove imidazole and NaCl. When the puri-
fied WT enzyme was incubated at 50 °C in a thermomixer,
60 % of the activity was still retained after 4 h. In contrast, the
same enzyme incubated with 300 mM of imidazole at 50 °C
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Fig. 2 Results of the secondary screen: a The activity of mutants chosen
in the first screen at 40 °C (no incubation) versus the #,, (min) was
plotted. The mutants are shown in black circles and the WT in red
circle. The gray line represents a half-life value 25 % higher than the
WT (SC=23 min). b Plot of the half-life of the 19 winner mutants and the
respective mutated residue. The half-life of the WT and SC can also be seen

had a 1, of only 6 min. At 60 °C the ¢, was 20 min, i.e., 1—
2 min higher than that at WT 50 °C in the screening (Fig. 2b
versus Fig. 3). The half-life was thus generally higher for the
WT when the imidazole was removed (Fig. 3 and Table 1).
Likewise, all the mutants seemed to benefit from the removal of
imidazole since the half-lives at 60 °C were similar to those
observed at 50 °C in the initial screen. While imidazole
appeared to have a negative effect in all cases, incubation with
500 mM NaCl appeared to enhance thermostability. In the case
of WT and E434L, the ¢,,, increased from 13 to 20 min and
from 23 to 31 min, respectively, when the NaCl concentration
was changed from 150 to 500 mM. When the amount of salt
(NaCl) was increased to 2 M, the half-lives decreased, however:
13 and 19 min, respectively (data not shown).

Identification of the best mutations among the purified
enzyme mutants

The analysis of purified enzymes showed lower variability:
The replicates of the half-life measurements had a variation of
7 % for the WT and was between 1 and 10 % for the mutants.
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The mutants were considered relevant if the half-life was
higher than 24 min (20 % higher than the WT).

In general, the Glu434 mutations appeared to be most
stabilizing with several mutants displaying significantly in-
creased thermostability at 60 °C (Fig. 3 and Fig. S2 in the
Supplementary material). The mutant Glu434Leu had a half-
life of 30.9 min, corresponding to a ~1.6-fold increase in
thermal stability at 60 °C (equal to a 55 % increase) compared
to the WT. Gly55Val was the second best mutation with an
increase of 35 % (27.0 min). The next best mutations were
Glu434Trp, Glu434Phe, and Glu434Tyr with a half-life 0of 26.6
(33 %), 26.5 (33 %), and 26.3 min (31 %), respectively
(Fig. 3). There were also other mutations with a 7, higher
than 24 min: Val541Glu (25.0 min), Ala67Pro (25.0 min),
Val541Tyr (25.0 min), Lys243Gly (24.8 min), Gly326Glu
(24.7 min), Lys243Ala (24.6 min), and Asp158Glu (24.5 min)
(Fig. 3 and Table 1).

In this fashion, we identified 12 mutants which were sig-
nificantly more thermostable than the already quite thermo-
stable WT RGI lyase without compromising enzyme activity.
The specific activity of the WT at 40 °C (with no incubation)
was thus 7 U/mg, and the average activity of the mutants was
not statistically different from this activity (data not shown).

Discussion

Spontaneous mutations that stabilize proteins above the
threshold required for their function in their natural context
are rare and usually not maintained during evolution since
they do not confer a selective advantage (Wintrode and
Arnold 2000). Improvement of enzyme stability by directed
evolution demands a high degree of diversity resulting in large
libraries and consequently requiring significant screening ef-
forts (Bommarius et al. 2006; Foit et al. 2009).

Our strategy was to increase the chance of finding stabiliz-
ing mutations using semi-rational approaches allowing a re-
duction in library size. In this way, we made a more functional
library with a reduced number of variants that were inactive or
with lower thermostability. This led to a reduced number of

mutants to screen while increasing the probability of finding
improved mutants.

The methodology allowed us to select nine amino acid
positions to which we applied site saturation mutagenesis. All
the mutations were located at the surface except for position
Gly558. Mutagenesis at the surface can often be stabilizing
when exposed residues are not involved in strong interactions
with other residues and hence are often additive (Schmid 2011).

Position Gly558 is located at the core of the protein in the
o-helix. The mutagenesis of this position did not render any
variant with increased thermostability in the first screen. In
fact, some of the variants had a half-life similar to the WT, but
most of the mutations were destabilizing (mutants with no or
low activity). The protein core is often well packed, and it can
be difficult to stabilize by single mutations (Richards 1977).
The protein interior is essentially formed by non-polar resi-
dues involved in a number of interactions with neighboring
residues, and when these are substituted, the probability of
destabilizing the existing conformation is high (Loladze et al.
2002).

PoPMuSiC has been applied successfully to improve the
thermostability of other proteins, e.g., a feruloyl esterase A
from Aspergillus niger where the single mutations Asp93Gly
and Ser18Phe increased the half-life from 8 min (WT) to 9.4
and 60.5 min at 50 °C, respectively (Zhang and Wu 2011). The
majority of positions chosen according to the PoPMuSiC server
results had a ddG more negative than the average sum for the
45 % of AA where stabilizing mutations were predicted (—1.68)
(Table 1). While PoPMuSiC is recognized as the best
performing predictor available, its predicting power did not
allow a correct ranking of beneficial substitutions, since with
the exception of Ala67Pro and Gly326Glu, the mutations pre-
dicted as most favorable by PoPMuSiC (lowest ddG) were not
the best variants. This was also the case with the consensus
approach in that only in one of the seven (Gly326Glu) consen-
sus AAs was the best substitution. It should be noted however
that the ratio of WT AA was relatively high in several cases
(>0.75 in four positions). Comparison to the potentially ther-
mostable RGI lyase from 7. petrophila also, only in one case,
“predicted” the best substitution (Ala67Pro). Nevertheless, the
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combination of the methods for selection of sites to target in
combination with site saturation mutagenesis proved a success-
ful strategy.

The use of B-fitter in combination with PoPMusSiC identi-
fied Gly55 and Ala67 as candidates due to high flexibility.
The mutations Gly55Val and Ala67Pro improved the thermo-
stability, and Gly55Val was the second best mutation overall
with a half-life 35 % higher than WT. This method was
previously applied to increase the protein stability of a lipase
from B. subtilis enhancing the inactivation temperature from
4810 93 °C (Reetz, et al. 2006). Gly is the residue that has the
highest conformational entropy while Pro has the lowest,
which could indicate that the mutations increase thermostabil-
ity by decreasing the entropy of unfolding (Li et al. 2005). The
position that had the highest number of mutants with signifi-
cant improvement of thermostability was Glu434. Mutation of
the acidic amino acids for hydrophobic residues: tyrosine,
phenylalanine, tryptophane, and leucine, increased the ther-
mal robustness of the enzyme. It has been reported that sub-
stitution of polar residues at the surface of the protein by
uncharged or less polar groups can be a stabilization factor
(Schmid 2011). The mutation of a charged residue to a hydro-
phobic one should lead to a reduction in desolvation penalty.
When glutamic acid was mutated for any of the hydrophobic
residues, probably the gain in hydrophobic interactions offsets
the loss of bonding to water. This suggests that these amino
acids could establish stronger interactions with the protein
core, thereby increasing protein stability. Charged residues
are able to make a number of electrostatic interactions that
can affect stability. Examination of the structure revealed the
presence of another negatively charged residue (Asp380)
within 5.6 A of the glutamic acid that could possibly induce
electrostatic repulsion. It is commonly assumed that electro-
static interactions can be screened by high salt concentrations
(Kohn et al. 1997). Since the stability enhancement of E434L
over WT was unaffected in the range of 0.15-2 M NaCl, we
therefore found it unlikely to be part of the mechanism for the
increased stability observed in the mutants. Therefore, the
improved thermostability of E434L was probably due to
enhanced non-polar interactions. A similar situation is seen
for the streptococcal protein G31 domain that is strongly
stabilized by changing threonine to isoleucine (Malakauskas
and Mayo 1998).

Mutagenesis of ubiquinin reveals stabilization when thre-
onine is mutated to leucine or isoleucine (Loladze and
Makhatadze 2005). Also, the higher thermostability when
Lys243 was mutated to glycine or alanine could be explained
by the gain in hydrophobic interactions. Compared to the
exposed lysine, the substitution with glycine or alanine would
result in more buried residues. In spite of these results, some of
the selected mutations seemed to confer RGI lyase stability by
interacting strongly with the solvent, for example, at position
158 the substitution of aspartic acid for glutamic acid. The
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importance of a stronger polar interaction with the solvent, for
protein stabilization, was also illustrated when Gly326 and
Val541 were also replaced by glutamic acid. Interestingly, the
stability was also increased when Val541 was changed for
tyrosine. While testing the impact of electrostatic repulsion,
we noticed that the salt concentration conveyed a big impact
on the protein stability. When the concentration of NaCl was
increased from 150 to 500 mM, the enzyme showed increased
thermostability. In solutions with low ionic strength, the salt
neutralizes charges at the protein surface eliminating unfavor-
able electrostatic interactions, the “salting-in” effect (Perl and
Schmid 2002). At high salt concentrations, the salt interacts
with water resulting in lower solvent availability to interact
with the protein. In this way, the protein—protein interactions
are enhanced (hydrophobic contacts) resulting in lower pro-
tein stability, the “salting-out” effect (Koide et al. 2001;
Timasheff 1992). Overall, our methodology based on a
targeted library decreased the number of variants to analyze
and allowed the identification of 12 beneficial mutations that
enhanced the thermostability of the RGI lyase. The most
pronounced increase in thermal stability, increasing the RGI
lyase half-life at 60 °C from 20 to 31 min (1.6-fold higher),
took place with the mutation Glu434Leu. Other mutations,
Gly55Val and Glu434Trp, enhanced significantly RGI lyase
stability by 35 and 33 %, respectively. Although the incre-
ments made by the remaining mutations were smaller, the fact
that they occurred at six different positions located at the
protein surface might enable combination of the mutations
with an additive effect on protein thermostability.
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