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Introduction

Proteases have a broad range of industrial applications, in de-
tergents, food, pharmaceuticals, leather treatment, diagnostics,
waste management, and silver recovery.[1] Attractive niche mar-
kets are DNA-sequence-based diagnostic kits to rapidly diag-
nose diseases or pathogens from enriched DNA samples. Cell
lysis and efficient DNA extraction requires proteases that are
stable in chaotropic salts, such as guanidinium chloride
(GdmCl), guanidine thiocyanate (GdmSCN), and/or detergents
(SDS or Tweens).[2]

Chaophiles (chaophilic microbes) represent a new class of
extremophilic microbes that prefer chaotropic conditions.[3]

The terms “chaophilic” or “chaotolerant” refer to proteases that
prefer or tolerate chaotropic conditions. Halophilic and ther-
mophilic proteases are the natural first choice for applications
with chaotropic conditions. Halophilic proteases have been
mainly reported from Archaea,[4] and less frequently from bac-
teria.[5] Halophilic proteases often preserve high activity, solu-
bility, and stability in the presence of high salt concentrations
(�4 m) ; however, they are often denaturated by GdmCl at con-
centrations above 3 m.[6] Of hyperthermophilic proteases, the
recently discovered Tk-subtilisin from Thermococcus kodakar-
aensis seems to be most suitable for diagnostic kit applica-
tions, as it retains full activity at up to 6 m GdmCl and 5 % SDS
(at 55 8C).[7]

Subtilisin E is a serine alkaline protease, and can be consid-
ered as an attractive alternative, as mesophilic subtilisins have
also been reported to have considerable resistance towards
GdmCl and SDS.[8] Besides, subtilisin E production is well estab-
lished in Bacillus subtilis, while Tk-subtilisin was always over-

expressed in E. coli as inclusion bodies requiring further solubi-
lization and refolding.[9] In addition, successful protease re-en-
gineering reports on improved activity and stability in organic
solvents have been published for subtilisin E.[10] Finally, a subtili-
sin E crystal structure is available, which is an important pre-
requisite for generating hypotheses on GdmCl and SDS resist-
ance of improved subtilisin E variants.[11]

Directed protease evolution, by iterative cycles of diversity
generation and screening, has proved to be a reliable tech-
nique to improve protease properties such as substrate specif-
icity, thermal resistance, and stability in organic solvents.[12] In
addition, only two reports have been published on improving
enzymes’ resistance to detergent by directed evolution or sem-
irational design. In the first report, several rounds of in vivo
gene shuffling in yeast was applied to T. lanuginose lipase so
as to improve its stability in the presence of detergent for
washing applications. Several improved lipase variants were
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Proteases have niche applications in diagnostic kits that use
cell lysis and thereby require high resistance towards chaotrop-
ic salts and detergents, such as guanidinium chloride (GdmCl)
and sodium dodecylsulfate (SDS). Subtilisin E, a well-studied
serine protease, was selected to be re-engineered by directed
evolution into a “chaophilic” protease that would be resistance
to GdmCl and SDS, for application in diagnostic kits. In three
iterative rounds of directed evolution, variant SeSaM1–5 (S62I/
A153V/G166S/I205V) was generated, with improved activity
(330 %) and increased half life in 1 m GdmCl (<2 min to 4.7 h)
or in 0.5 % SDS (<2 min to 2.7 h). Saturation mutagenesis at
each site in the wild-type subtilisin E revealed that positions 62
and 166 were mainly responsible for increased activity and sta-

bility. A double mutant, M2 (S62I/G166M), generated by combi-
nation of the best single mutations showed significantly im-
proved kinetic constants; in 2 m GdmCl the Km value decreased
(29-fold) from 7.31 to 0.25 mm, and the kcat values increased
(fourfold) from 15 to 61 s�1. The catalytic efficiency, kcat/Km,
improved dramatically (GdmCl: 247 mm

�1 s�1 (118-fold) ; SDS,
179 mm

�1 s�1 (13-fold)). In addition, the SeSaM1–5 variant
showed higher stability in 2.0 % SDS when compared to the
wild-type (t1/2 54.8 min (>27-fold)). Finally, molecular dynamics
simulations of the wild-type subtilisin E showed that Gdm+

ions could directly interact with active site residues, thereby
probably limiting access of the substrate to the catalytic
centre.
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obtained, and most of the lipid on clothing was removed after
one wash cycle.[13] In the second report, Danielsen et al. select-
ed nine amino acids in the hinge region of a lipase, lipolase, to
overcome the inhibitory effects of detergent. Despite proving
that the system yielded enriched populations, no improved
variant could be isolated.[14]

Several theoretical studies, in particular those using molecu-
lar dynamics (MD) simulations, have been reported on urea
and GdmCl effects on protein structures.[15] Although the mo-
lecular mechanisms still remains unclear and debated, these
studies have given clues about the solvation mechanisms of
urea and GdmCl. In the case of GdmCl, different MD simula-
tions on peptides showed preferential solvation by guanidini-
um ions with aromatic groups over aliphatic groups (the solva-
tion targets of denaturants such as urea).[16]

In this study, we report the first directed evolution strategy
in which protease stability was improved in a chaotropic salt
(GdmCl) or a detergent (SDS). Subtilisin E was engineered into
a chaotolerent protease, and multiple screenings were used to
maintain the proteolytic activity of subtilisin E against complex
protein substrates. MD simulations provided the first insights
into Gdm+ interactions with subtilisin E.

Results

Scheme 1 shows the mutant library screening procedure (pre-
screening in agar plates, and microtiter-plate-based screening)
to identify subtilisin E variants with improved resistance, by de-
tection of fluorescent from succinyl-l-Ala-l-Ala-l-Pro-l-Phe-4-
methyl-coumaryl-7-amide (Suc-AAPF-AMC) while preserving ac-
tivity towards complex substrates (skimmed milk activity de-
tection, “skim-milk”). The following paragraphs describe the
results of library generation, screening systems, and improved
variant generation. Each microtiter plate was screened for ac-
tivity towards complex substrates (skim-milk), and for absolute
activity in the absence or presence of denaturants, GdmCl or
SDS (with Suc-AAPF-AMC).

General remarks on screening systems and directed
evolution strategies

Screening with 1 % skim-milk agar plates was used to preselect
active subtilisin E variants. Active variants were subjected to
subsequent screening in 96-well microtiter plates (MTPs) in the
absence and presence of GdmCl or SDS by using two sub-
strates (Scheme 1). Coefficients of variations by 96-MTP-based
Suc-AAPF-AMC screening were determined to be 10.9 % (1 m

GdmCl), 7.0 % (0.5 % SDS), and 6.5 % (no denaturant), and the
coefficient of variation in skim-milk detection was determined
to be 16.8 %. Coefficients of variation below 20 % in MTP have
been commonly accepted in directed evolution experiments.[17]

To identify improved subtilisin E variants, the resistance ratio
(to denaturant GdmCl or SDS) and activity ratio (with sub-
strates Suc-AAPF-AMC or skim-milk) were calculated as follows
[ratios (1) and (2)]:

Resistance ratio ðdenaturantÞ ¼ ðAðþÞdenaturant=

Að�ÞdenaturantÞvariant=ðAðþÞdenaturant=Að�ÞdenaturantÞWT

ð1Þ

Activity ratio ðsubstrateÞ ¼ Avariant=AWT ð2Þ

In Ratio (1), the activity A in the presence of denaturants
with Suc-AAPF-AMC as substrate is divided by that in the ab-
sence to eliminate expression mutants that only increase ex-
pression level rather than denaturant resistance. Ratio (1) quan-
tifies improvement relative wild-type (WT). Ratio (2) gives
a measure of the ability of subtilisin E variants to convert sub-
strates. This is an important prerequisite, especially with com-
plex proteins, for application in diagnostic kits. Both ratios
were taken into account for selecting beneficial subtilisin E mu-
tants in the three rounds of directed evolution.

Random mutagenesis and screening of libraries

Error-prone PCR (epPCR) libraries were generated by using var-
ious concentrations of MnCl2 (0.05–0.50 mm) with unbalanced
deoxyribonucleotide triphosphates (dNTP; dGTP @ dATP =

dCTP = dTTP). In three iterative rounds of directed evolution,
two epPCR mutant libraries and one SeSaM (sequence satura-
tion mutagenesis) library[18] were screened by sampling (~1300
clones per library). Conditions were selected after mutagenesis
assistant program (MAP) analysis[19] to maximize charge substi-
tutions. Substitutions with charged residues was regarded as
beneficial on the assumption that charged residues on the sur-
face improve interactions with cosolvents. A concentration of
0.1 mm MnCl2 coupled with unbalanced dNTP (0.4 mm dGTP,
0.2 mm dATP, dCTP, and dTTP) resulted in about 50 % active
mutants, so was selected for the generation of both epPCR
libraries. The SeSaM mutant library yielded about 33 % active
variants. Microtiter plate screening in the presence and ab-
sence of 1 m GdmCl or 0.5 % SDS, and skim-milk activity
screening were performed in parallel (Figure 1. Variants with

Scheme 1. Screening procedure employed in each round of directed evolu-
tion. Pre-screening with skim-milk agar plates for active variants is followed
by two 96-well microtiter plate screening systems. These quantify subtilisin E
variants for protease efficiency with complex protein substrates, and for
GdmCl/SDS resistance.
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a ratio(2) >0.3 (skim-milk assay) were further screened with
Suc-AAPF-AMC for improved resistance, and variants with
a ratio (1) >1.2 (first round), >1.5 (second round), and >2.5
(third round) were used for diversity generation in the subse-
quent round of directed evolution. Finally, eight mutants from
the SeSaM library were rescreened and sequenced. The most
beneficial variant, SeSaM1–5, showed a 4.53-fold increase in
resistance to GdmCl (1 m ; residual activity, 19 %–87 %) and
a 3.96-fold increase with SDS (0.5 %; residual activity 32 %–
127 %; Figure 1 and Table S1 in the Supporting Information).

Site-directed and saturation mutagenesis

Sequencing results showed there were four mutations in
SeSaM1–5 (M4): S62I (AGT!ATC), A153V (GCC!GTC), G166S
(GGC!AGC), and I205V (ATC!GTC). The double-nucleotide
mutation S62I (AGT!ATC) could only be obtained from the
SeSaM library. Site saturation mutagenesis (SSM) studies were

carried out by substitution at each position in WT
subtilisin E to quantify individual contributions. Re-
sults showed that two positions (62 and 166) contrib-
uted mainly to the improved resistance towards
GdmCl and SDS (Scheme 2). SSM at positions 153
and 205 did not generate improved resistance
(Figure 1), while SSM at position 62 again yielded
S62I as the most beneficial. SSM at position 166 yield-
ed the “best” variant (G166M instead of G166S),
which proved more resistant (Figure 1). Finally
a double mutant (M2; S62I and G166M) was generat-
ed by site-directed mutagenesis. Comparison of the
performance of M2 and SeSaM1–5 (M4) showed com-
parable activity with skim-milk. For GdmCl and SDS
resistance, SeSaM1–5 performed slightly better than
M2 under the screening conditions. This indicates
a cooperative effect of the SeSaM1–5 substitutions
with Suc-AAPF-AMC.

Kinetic characterization of subtilisin E and variants

Figures 2 and S2 summarize the kinetic data (kcat, Km and kcat/
Km) of purified WT subtilisin E and the obtained subtilisin E var-
iants (S62I, G166M, M2, and M4).

In the absence of GdmCl or SDS, the kcat values improved
(WT: 50 s�1, G166M: 141 s�1, M2: 123 s�1, S62I : 102 s�1), al-
though SeSaM1–5 had a lower kcat value (42 s�1). In the pres-
ence of 2 m GdmCl, specific activities decreased (WT: 15 s�1,

Figure 1. Activity and resistance ratios of subtilisin E variants in the presence or absence
of denaturants. Ratios for subtilisin E variants were calculated according to Ratio (2) after
enzyme assays in cell-free extracts by using an Agilent Protein 230 Kit with skim-milk or
Suc-AAPF-AMC as substrate in the absence or presence of 1 m GdmCl or 0.5 % SDS. Activ-
ity and resistance was measured in triplicate and are presented as U mg�1 with standard
deviation.

Scheme 2. Substitutions obtained in three rounds of directed evolution. Itali-
cized substitutions show the rounds of directed evolution that obtained
amino acid substitution is that finally yielded SeSaM1–5 (M4), the best
mutant. Combination experiments were subsequently performed to quantify
the contribution of each of four positions by site saturation mutagenesis of
WT subtilisin E. Position S62 and G166 contributed mainly to GdmCl and SDS
resistance and were combined to produce variant M2 (S62I, G166M).

Figure 2. Kinetic constants of subtilisin E wild-type and variants in the ab-
sence and presence of denaturants with Suc-AAPF-pNA as substrate. &: no
denaturant, &: 1 m GdmCl, &: 0.5 % SDS. Values are mean (SD) of three sep-
arate determinations.
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SeSaM1–5: 34 s�1), although
those of M2 and G166M (62 and
70 s�1, respectively) were higher
than that of SeSaM1–5 (Fig-
ure S2). In the presence of SDS,
a similar trend was observed
(WT (35 s�1) < SeSaM1–5 (45 s�1)
< S62I (65 s�1) < M2 (81 s�1) <
G166M (104 s�1)).

Interestingly the Km value for
SeSaM1–5 (M4) was significantly
reduced compared to WT when
in GdmCl (up to 8-fold (no dena-
turant), 28-fold (1 m), and 46-fold
(2 m)) and to SDS (sevenfold
(0.5 %); Figure 2 and Figure S2).

In the absence of GdmCl or
SDS, the catalytic efficiency im-
proved (G166M (threefold) <

S62I (fourfold) � M2 (fourfold) <
SeSaM1–5 (sixfold)). It improved
significantly in the presence of
2 m GdmCl (G166M (22-fold) <
S62I (45-fold) < SeSaM1–5 (100-
fold) < M2 (118-fold)), and in
presence of 0.5 % SDS (G166M
(sevenfold) < SeSaM1–5 (nine-
fold) � S62I (ninefold) < M2 (13-
fold)).

Stability of subtilisin E variants
in the presence of GdmCl and SDS

Figure 3 shows that all subtilisin E variants were more stable in
the presence of all concentrations of denaturants compared to
WT, which lost more than 50 % of its activity when exposed to
GdmCl or SDS (in >2 min), thereby making a half life estima-
tion challenging.

In 3 m GdmCl the half lives were <2 min (WT), <2 min
(S62I), 5.7 min (G166M), 47.9 min (SeSaM1–5), and 55.7 min
(M2); Similar results were obtained with 2 m and 1 m GdmCl. In
particular, at 3 m GdmCl, M2 was significantly more stable than
SeSaM1–5. A CD spectral analysis of purified SeSaM1–5
showed no detectable unfolding at the inhibitory concentra-
tion (1 m GdmCl, data not shown).

At 2 % SDS, the half lives were <2 min (WT), 39.9 min (S62I),
14.5 min (G166M), 54.8 min (SeSaM1–5), and 44.4 min (M2). At
1 % SDS, these were <2 min (WT), 1.6 h (S62I), 2.5 h (G166M),
1.5 h (SeSaM1–5), and 1.5 h (M2), and at 0.5 % SDS, they were
2 min (WT), 2.9 h (S62I), 2.0 h (G166M), 2.7 h (SeSaM1–5) and
2.8 h (M2). In contrast to the case with GdmCl, the order of re-
sistance of the four mutants depended highly on SDS concen-
tration. In 2 % SDS, SeSaM1–5 (M4) had the highest half life,
whereas M2 was more resistant than SeSaM1–5 in 3 m GdmCl.

Molecular dynamics simulations

MD simulations (50 ns) of subtilisin E in water and 5 m GdmCl
were performed. In Figure S3 A, the backbone root mean
square deviations (RMSDs) are reported for the crystal struc-
tures in each simulation. RMSD curves reach an average pla-
teau value of ~0.15 nm. Furthermore, the RMS deviations and
fluctuations per residue (Figure S3 B and C) show that the pro-
tein residues undergo similar average conformation changes
and have similar motilities in both water and GdmCl, other
than for loop region 20–26. The apparent stability of the pro-
tein in the GdmCl simulation can be explained by considering
the expected timescale of the unfolding process. In fact, in
a recent in silico study, the unfolding of a lysozyme mutant
(less stable than the wild-type) in 8 m urea required 1000 ns
MD simulations at 310 K.[20] In light of recent experimental evi-
dence of a more direct and faster mechanism of urea-induced
(than GdmCl-induced) unfolding,[21] it is unlikely that a GdmCl-
mediated unfolding event in our 50 ns simulations would be
observed. Nevertheless, it is evident from experimental data
on many enzymes that disturbance by GdmCl at the active
sites occurs prior to conformational changes in the enzyme as
a whole.[22] Gdm+ binding to subtilisin E in close proximity to
the active sites can occur in time scales shorter than those of
denaturation. Therefore our MD simulations provide valid data
for Gdm+ binding to subtilisin E. The spatial density function

Figure 3. Stability of purified subtilisin E wild-type and its variants in the presence of GdmCl or SDS, by determin-
ing residual proteolytic activity (Suc-AAPF-pNA assay, 25 8C). Relative activities were measured in triplicate and
averaged (<10 % standard deviation) and are shown relative to activity in the absence of denaturing reagents
(100 %). Protease concentration was 50 nm, protease protein content >85 %. &: wild-type (WT), !: G166M, ~: S62I,
*: SeSaM1–5 (M4), *: M2.
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of Gdm+ ions is shown in Figure 4; The “blobs” represent iso-
surfaces with high Gdm+ density and are mainly localized at
the active site around the catalytic triad. Analysis of the
binding process during the simulation revealed the following
sequence of events. First, a Gdm+ ion diffuses into the active
site (at 21.8 ns) and binds to the catalytic triad residue by
facing the imidazole ring of His64 and forming two strong hy-
drogen bonds (to Ser221 and Asp32; Figure 4 B). The presence
of the Gdm+ in the active side weakens the hydrogen bond
between His64:Ne2 and Ser221:Og, which is essential for pro-
teolytic activity. Two additional Gdm+ ions diffused to the
active site during the simulation (50 ns; Figure S4), by sur-
rounding the active site residue in similar way as the first
Gdm+ . Gdm+ ions were also observed to accumulate in the
substrate binding pocket, P1, near Gly166 (Figure S5). Gdm+

ions might interact with Gly166 as well as simply blocking the
substrate-specific pocket.

These results suggest that Gdm+ ions are strongly bound to
the active site residues thereby weakening H-bond networks
(Figure 4 B). This might cause very fast inactivation of subtili-
sin E, and provides a possible explanation for the increased tol-
erance of variant S62I, whose substitution is proximal to His64.

Discussion

Understanding the principles that control the activity and sta-
bility of proteases[23] in chaotropic salts and detergents is
a poorly explored research area, despite its significance in ap-
plications (e.g. , diagnostic kits). Only one rational design study
(cutinase resistance) against a specific anionic detergent (di-
octyl sulfosuccinate sodium salt, AOT) has been reported; the
authors postulated that surface substitutions are the main con-
tributors to detergent tolerance in cutinase.[24] No protein engi-
neering study has hitherto been published that used directed
protease evolution with the denaturants SDS and GdmCl. In
our directed-evolution experiment, we aimed to gain insight
into how subtilisin E could be engineered into a chaotolerant
protease. Scheme 2 shows the substitutions and combinations

found after three iterative rounds of directed evolution and
subsequent site saturation. This identified Ser62 and Gly166 as
key residues for stability in the presence of SDS and GdmCl.

The performances of WT subtilisin E, the best variants from
three iterative rounds of directed evolution (SeSaM1–5), and
the mutational studies (S62I, G166M and M2 (S62I and
G166M)) are now compared.

SeSaM1–5 (M4) was obtained from random-mutagenesis ex-
periments and contains four substitutions that are located in
close proximity to active site residues (Figure 5). Site-directed
mutagenesis revealed that, of the single substitutions, only
S62I and G166S contribute to GdmCl and SDS resistance.
Figure 3 shows that modification of Gly166 is the most benefi-
cial for GdmCl and SDS resistance (M2 (G166M) and SeSaM1–5
(G166S)). Interestingly, in 2 % SDS the quadruple mutant,
SeSaM1–5, outperformed the G166M single substitution and

Figure 4. Analysis of Gdm+ coordination in MD simulation of wild-type subtilisin E (5 m GdmCl). A) Active site region of wild-type subtilisin E with distribution
of Gdm+ ions during last 25 ns of simulation with the g_spatial program. Catalytic triad residues (Asp32, His64 and Ser221) are labeled. The Gdm+ counters
in the active site of subtilisin E are highlighted (arrow). B) Changes in the lengths of hydrogen bonds between Gdm+ (N2 and N8) and Asp32 (Od1) and
Ser221 (Og), and between His64 (Ne2) and Ser221 (Og) during the 50 ns simulation. Two snapshots of catalytic triad with one Gdm+ ion (left, 10.8 ns; right,
37.6 ns) show a transition state after 21.8 ns that results in Gdm+ bond-flip to Asp32 and Ser221 at the active site.

Figure 5. Subtilisin E wild-type structure with the colorimetric substrate Suc-
Ala-Ala-Pro-Phe-pNA. Four amino acid substitutions (S62, A153, G166, I205;
spheres) obtained by directed evolution are labeled, with the catalytic triad
(black) and substrate (dark gray). The model was generated based on crystal
structure complex of subtilisin E (PDB ID: 1SCJ). The pro-peptide sequence
was replaced with Suc-Ala-Ala-Pro-Phe-pNA at the C terminus, followed by
relaxation and energy minimization in vacuum using Gromacs 4.0 (see text).
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the double mutant, M2. This clearly indicates a cooperative
effect between the four amino acids in SeSaM1–5 (M4), as no
effect was found in the individual substitutions by site-satura-
tion mutagenesis (Figures 1 and 2). In terms of catalytic perfor-
mance, G166M is attractive for application in diagnostic kits as
the activity towards the complex protein substrate (skim-milk)
was not reduced relative to wild-type, while the resistance to-
wards GdmCl was dramatically improved (Figure 3)—higher
than that of SeSaM1–5. In addition, SDS tolerance was also sig-
nificantly improved compared to WT (Figure 3), and the specif-
ic activity towards succinyl-l-Ala-l-Ala-l-Pro-l-Phe-4-nitroani-
lide (Suc-AAPF-pNA) was the highest among all mutants
(Figure 2).

Mutations of Gly166 and Ser62 have been reported to influ-
ence substrate specificity.[25] Indeed, modification at Ser62 im-
proved resistance towards GdmCl and SDS (Figure 3); however,
the substitution reduced (~50%) activity towards the complex
substrate, skimmed milk. SeSaM1–5 (with the S62I substitution)
showed a comparable reduced activity towards skimmed milk,
and was the best for resistance to 2 % SDS.

The obtained substitutions were, in contrast to our expecta-
tions, not acidic amino acids on the surface of subtilisin E, al-
though they are more prominent on the surface of halophilic
enzymes.[26] The lack of substitutions to charged amino acids
might indicate that charges on the surface of halophilic pro-
teases contribute less to stability in the presence of the chaot-
ropic salts. Interestingly the G166S substitution in SeSaM1–5 is
also found in the hyperthermophilic subtilisin, Tk-subtilisin, at
the corresponding position.[27]

Figure 5 shows the four mutations at the active site together
with the substrate Suc-Ala-Ala-Pro-Pre-pNA. The model sug-
gests that substitutions S62I or S62L might reduce the flexibili-
ty of His64 due to extension of side chains, or that it is dis-
placed by S62F (Figures S4 and S6). Interestingly, during the
simulation Gdm+ ions were consistently observed around
G166 (Figure S5). The increase in tolerance of the G166M and
G166S variants could be a consequence of the presence of
side chains that exclude Gdm+ from the specificity pocket (see
substitutions G166F or G166Y in Table S6).

MD simulations further suggested that Gdm+ might interact
directly with active site residues of WT subtilisin E (e.g. , with
His64; Figure 4), thereby leading to hydrogen bonding of
Gdm+ to Ser221 and Asp32. Therefore, GdmCl might inactivate
subtilisin E by interfering with substrate binding. It has previ-
ously been proposed that Gdm+ binding occurrs at the active
site of subtilisin E prior to molecular conformational changes,
as indicated by MD simulation.[22] Mutations that dramatically
decreased Km (Figure 2) often increased affinity to the peptide
substrate (Suc-AAPF-pNA), while most likely reduce the flexibil-
ity of the active site. Therefore, tight substrate binding assists
in excluding GdmCl from the active site, threby resulting in in-
creased GdmCl resistance. However, the activity with complex
substrates, such as skimmed milk, was often reduced (Figure 1)
due to decreased flexibility of the active site.[22] Similar stabili-
zation against denaturation in dilute GdmCl was observed in
muscle lactate dehydrogenase H4 (glutaraldehyde crosslinking
or in concentrated ammonium sulfate solution); reduced flexi-

bility led to a decrease in activity.[28] Furthermore, simulations
suggested that Gdm+ binding happens in two stages: interac-
tion with His64, then a resulting displacement of His64 which
results in tighter binding of Gdm+ (Figure 4). All four positions
identified in subtilisin E (Figure 5) are in contact with or in
close proximity to active site residues. In particular, substitu-
tion S62I might prevent His64 displacement and Gdm+ dis-
turbance.

Interactions between proteins and denaturants, especially
urea and GdmCl, have been studied for many years. An early
hypothesis postulated that urea and GdmCl perturb hydrogen
bonding in water, and thus indirectly destabilize folded pro-
tein. More recently, new hypotheses have been developed and
debated,[15] for instance, that denaturants affect a protein’s hy-
dration shell rather than the bulk solvent. In a simulation study
on lysozyme, urea displaced water from the hydration shell
and penetrated into the hydrophobic core, thereby destabiliz-
ing the native fold.[20] For GdmCl, a different and surfactant-like
denaturation mechanism has been proposed in which Gdm+

sticks to hydrophobic surface residues (preferring aromatic
groups over aliphatic).[16b, 29] As mentioned above, our MD sim-
ulations were too short to provide insights into GdmCl-mediat-
ed denaturation mechanisms. However, a tendency to accumu-
late around aromatic residue was also observed in our simula-
tions.

Notably, despite the harsh screening conditions (the half life
of WT subtilisin E in 1 m GdmCl or 0.5 % SDS is <2 min), signifi-
cantly improved subtilisin muteins were isolated (half lives up
to 5.4 h in 1 m GdmCl and 2.8 h in 0.5 % SDS).

Simultaneous improvement in resistance to GdmCl and SDS
was unexpected, as denaturation mechanisms and interactions
with the molecular surface differ.[30] An additional challenge
with SDS is that it behaves differently before and after it reach-
es critical micelle concentration (CMC; 8.1 mm).[31] In the
screening setup, concentrations were above the CMC (0.5 %
SDS, 17.3 mm) in order to obtain subtilisin E improvements
under conditions which mimic those of the intended applica-
tions.

It should further be noted that it is very unusual in directed
evolution experiments that four substitutions are located
around the active site, especially as only a few thousand var-
iants were sampled.[32] It might therefore be informative to test
semirational investigation on the role of amino acid positions
in close proximity to the active site by site-directed mutagene-
sis (SDM) or multi-site saturation,[33] in order to stabilize subtili-
sin E by preventing access of Gdm+ ions to the active site.

Conclusion

In summary, three iterative rounds of directed evolution and
subsequent site-saturation mutagenesis studies revealed that
substitutions at positions 62 and 166 improved subtilisin E
resistance to GdmCl and SDS denaturation. For the first time
subtilisin E was engineered into a chaotolerent protease (half
life 55.7 min for M2 in 3 m GdmCl, <2 min for WT). MD simula-
tion led to the hypothesis that Gdm+ ions might directly inter-
act with active-site residues, although this should be studied
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computationally in more detail. The unusual finding that all
four substitutions surround active-site residues in subtilisin E
demonstrates the benefit of mutating amino acids close to
active-site residues to stabilize subtilisin E against GdmCl. This
approach might be of general interest for serine protease sta-
bilization.

Experimental Section

All chemicals were of analytical reagent grade or higher quality
and were purchased from Merck, Fluka, Sigma–Aldrich, and Appli-
chem (Darmstadt, Germany), except the resins for purification
(TOSOH, Stuttgart, Germany). All enzymes were purchased from
New England Biolabs, Fermentas, and Sigma–Aldrich, unless other-
wise stated. The fluorescent substrate Suc-AAPF-AMC was pur-
chased from Bachem AG (Bubendorf, Switzerland), and Suc-AAPF-
pNA was purchased from Sigma–Aldrich.

A thermal cycler (Mastercycler gradient; Eppendorf) and thin-
walled PCR tubes (0.2 mL Multi-ultra tubes; Carl Roth, Germany)
were used in all PCR reactions. The PCR volume was always 50 mL;
larger volumes were prepared as multiple 50 mL PCRs. The amount
of DNA in cloning experiments was quantified by using a NanoDrop
photometer (Thermo Scientific, Wilmington, USA).

Cloning and expression of subtilisin E in B. subtilis : The subtili-
sin E gene (aprE) was ordered as synthetic gene (Geneart, Regens-
burg, Germany), cloned into the commercial shuttle vector
pHY300PLK (Takara Bio Inc, Japan) to yield pHY-aprE, and trans-
formed after replication (REPLI-g Mini Kit; Qiagen, Hilden, Germa-
ny) into B. subtilis WB600, the six-protease-deficient strain that was
used as host strain for all directed evolution and focused mutagen-
esis studies. Subtilisin E was expressed in LB medium containing
15 mg mL�1 tetracycline, and achieved maximum active, soluble
protease production after 36 h of growth on a shaker (37 8C,
250 rpm).

Construction of error-prone PCR libraries: The NdeI–BamHI DNA
fragment of pHY-aprE encodes the mature subtilisin E and was se-
lected as the template for random mutagenesis. The phosphoro-
thioate-based ligase-independent gene cloning (PLICing) method
was applied for all cloning procedures.[34] Two oligonucleotides, 5’-
A*T*C*C*G*A* G*C*G*T*T*G* CATATG TGGAAG AAGATC ATATTG
CACATG AA-3’ (gF), 5’-C*T*G*C*A*G* G*T*C*G*A*C* GGATCC
TTATTG TGCAGC TGCTTG TACGTT GAT-3’ (gR, * indicates bases at-
tached with phosphorothioate; restriction sites are underlined)
were used as forward and reverse primers to amplify the mature
subtilisin E. The epPCR libraries were generated by using template
(pHY-aprE, 50 ng), dNTP mix (0.2 mm), dGTP (0.2 mm), MnCl2 (0.05–
0.5 mm), Taq DNA polymerase (5 U), forward and reverse primers
(20 pmol) under the following PCR conditions: 94 8C 2 min; 94 8C
30 s, 60 8C 1 min, 72 8C 1 min (29 cycles) ; 72 8C 5 min.

The vector fragment pHY-aprE� was amplified by using template
(pHY-aprE, 50 ng), dNTP mix (0.2 mm), betaine (1 m), Taq/Pfu DNA
polymerase (4.5 U/0.072 U) and primers 5’-C*A*A*C*G*C*
T*C*G*G*A*T* CTTTTT TCAATT CTTTTA CAGCT-3’ (pF) and 5’-
G*T*C*G*A*C* C*T*G*C*A*G* ATCTCT AGAAGC TTGGGC AAAGC-3’
(pR, * indicates bases attached by phosphorothioate) under the fol-
lowing PCR conditions: 94 8C 2 min; 94 8C 30 s, 60 8C 30 s, 68 8C
9 min (35 cycles) ; 68 8C 10 min. The resulting PCR products of pHY-
aprE� were purified by using a Qiagen PCR purification kit. The pu-
rified pHY-aprE� and epPCR products were digested by DpnI (40 U;
New England Biolabs) at 37 8C overnight, followed by further DNA

purification (Qiagen quick PCR purification kit). Both fragments
(0.1 pmol pHY-aprE� and 0.3 pmol epPCR products) were further
digested by iodine mixture at 70 8C for 10 min, and then mixed at
room temperature for 30 min for ligation. The ligation mixture was
transformed into E. coli DH5a and plated on LB-Amp agar plates.
Thousands of E. coli DH5a variants were harvested by resuspend-
ing in double-distilled water and subsequent plasmid isolation
(Qiagen Spin Miniprep Kit). The resulting plasmid pool was then
transformed into B. subtilis WB600 as described above for expres-
sion and screening. Ten randomly picked and sequenced variants
of epPCR library 1 confirmed the expected mutational bias (within
statistical error).

Construction of SeSaM[18] library: The SeSaM library was generat-
ed, with the improved variants selected after two rounds of epPCR
library screening as template. The generation of the SeSaM library
was carried out according to the handbook (SeSaM Tv Classic ver-
sion 0.16; SeSaM-Biotech GmbH, Bremen, Germany). The PLICing
method was used for cloning. PCR was carried out by using
a SeSaM library as template (50 ng), dNTP mix (0.2 mm), Pfu DNA
polymerase (2.5 U), with forward and reverse primers (gF and gR,
20 pmol) under PCR conditions: 98 8C 30 s; 98 8C 5 s, 60 8C
15 s,72 8C 15 s (15 cycles) ; 72 8C 3 min. Further cloning was carried
out according to the procedure described above.

Site-directed and saturation mutagenesis: SD) and saturation
mutagenesis of WT subtilisin E was employed to elucidate the role
of each substitution found in SeSaM1–5 (M4). SSM was performed
at positions 62, 153, 166 and 205. SDM was employed to generate
single mutants of subtilisin E (S62I, A153V, G166S and I205V) and
one double mutant, M2 (S62I/G166M). The latter was generated
after screening of all SSM libraries. In all focused mutagenesis ex-
periments, a modified QuikChange (Stratagene/Agilent Technolo-
gies) method was used.[35]

Cultivation and expression in 96-well plates: Active colonies
which showed halos when grown on LB-tet agar plates with skim-
med milk (1 %) as substrate were transferred by toothpicks into 96-
well microtiter plates (V-bottomed, polystyrene plates; Greiner Bio-
One GmbH, Frickenhausen, Germany) containing LB medium
(150 mL) supplemented with tetracycline (15 mg mL�1 per well).
After 16 h of cultivation in a Multitron II microtiter plate shaker
(Infors GmbH, Einsbach, Germany; 37 8C, 900 rpm, 70 % humidity),
each 96-well microtiter plate was replicated (replicator tool; Enzy-
Screen BV, Leiden, Netherlands) into a 96-well microtiter plate
containing the same medium, and cultivated in LB-tet medium in
a Multitron II (24 h, 37 8C, 900 rpm, 70 % humidity; Infors). Subtili-
sin E and variants were constitutively expressed and the cell cul-
tures from microtiter plates were centrifuged (3220 g, 4 8C, 20 min).
The supernatants were directly used for screening.

Screening assays for activity and GdmCl/SDS resistance

Fluorimetric microtiter plate assay: The assay was carried out in 96-
well microtiter plates (black, flat bottomed, polystyrene plates;
Greiner Bio-One) with Suc-AAPF-AMC in Tris-HCl buffer (0.1 m,
pH 8.5, 37 8C) in the presence or absence of GdmCl (1 m) or SDS
(0.5 %). The cell-free supernatants (10 mL) of the variants were sup-
plemented with Tris-HCl buffer (40 mL, 0.1 m, pH 8.5), GdmCl (40 mL,
2.5 m in Tris·HCl (0.1 m, pH 8.5)) or SDS (40 mL, 1.25 % in Tris·HCl
(0.1 m, pH 8.5)), incubated (25 8C, 30 min), and activities were deter-
mined by supplementing with substrate solution (50 mL, Suc-AAPF-
AMC (200 mm) in Tris·HCl (0.1 m pH 8.5)). The final reaction volume
was 100 mL. Calcium was not supplemented into the SDS reaction
assays despite its stabilizing function,[36] as it causes precipitation.
The activity in the presence or absence of denaturants was mea-
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sured at 37 8C by monitoring the increase in fluorescence intensity
within 20 min by using a Tecan SAFIRE (lex = 350 nm, lem = 450 nm;
Tecan Austria GmbH, Salzburg, Austria). One unit of enzymatic ac-
tivity was defined as the amount of enzyme that produces 1 pmol
of AMC per min. Specific activity is protease activity per milligram
of protein.

Skim-milk microtiter plate assay: The assay was carried out in 96-
well microtiter plates (flat-bottomed, polystyrene plates; Greiner
Bio-One). The screening procedure was performed by using super-
natants of subtilisin E variants (10 mL) in Tris·HCl buffer (90 mL,
0.1 m, pH 8.5) at 37 8C, and activities were determined by supple-
menting with the substrate solution (100 mL, 2.0 % skimmed milk in
Tris·HCl (0.1 m pH 8.5)). The final reaction volume was 200 mL. The
activity was measured at 37 8C by monitoring the increase of ab-
sorbance at 580 nm within 15 min with a Tecan Sunrise.

Purification of subtilisin E wild-type and its variants: A 1 L shak-
ing flask containing LB medium (150 mL) supplemented with tetra-
cycline (15 mg mL�1) was inoculated with a 1:150 dilution of an
overnight culture (B. subtilis WB600 harboring pHY-aprE) grown in
the same medium. After 36 h of expression, B. subtilis WB600 cells
were harvested by centrifugation (3220 g, 4 8C, 30 min; Eppendorf
5810R), and the culture supernatant was purified by filtration
(0.2 mm Minisart sterile syringe filter; Sartorius, Goettingen, Germa-
ny). The filtered solution was subsequently concentrated through
a 5 kDa cut-off membrane (Millipore, Billerica, MA, USA) by using
a stirred Amicon ultrafitration cell (Millipore) and transferred into
Tris·HCl buffer (20 mL, 0.1 m, pH 7.5). Concentrated solutions of WT
subtilisin E and variants S62I, G166M, M2 (S62I/G166M), and
SeSaM1–5 (M4) were subsequently purified by ion exchange
column chromatography: 1) Subtilisin E variants were loaded onto
a Super-Q anion-exchange column (25 mL), and equilibrated with
the same buffer. Subtilisin E was eluted by a linear gradient of NaCl
(0 to 1.0 m) in the same buffer (2 mL min�1, five column volumes in
total). 2) The obtained protein solution was loaded onto a SP650c
cation-exchange column (25 mL) that had been equilibrated with
the same buffer. Subtilisin E eluted in the flow-through while other
proteins remained bound. The SP650c cation-exchange column
was regenerated by NaCl gradient elution (0 to 2.0 m, five column
volumes in total) in the same buffer (3 mL min�1). Purified subtili-
sin E variants were subsequently concentrated in an Amicon ultra
centrifugal filter device (Millipore) with a 10 kDa cut-off membrane.

Normalization of protein concentration: Protein concentrations
for screening were determined by using an Agilent 2100 Bioanalyz-
er (Agilent Protein 230 Kit; Agilent Technologies, Bçblingen, Ger-
many) and a BCA protein assay kit (#23225; Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s instructions. BSA
(200 mg mL�1) was used as internal standard.

Enzyme kinetics: Measurements were carried out in 96-well micro-
titer plates (flat-bottomed, polystyrene plates; Greiner Bio-One)
with purified protease solution (50 nm) in the presence of GdmCl
(1 m or 2 m) or SDS (0.5 %) in Tris-HCl buffer (0.1 m, pH 8.5), or in
the absence of denaturant, with Suc-AAPF-pNA (0.05–10.0 mm).
The amount of p-nitroaniline (pNA) released from Suc-AAPF-pNA
was determined by absorbance (410 nm). One unit of protease
activity was defined as the amount of protease that produced
1 mmol of p-nitroaniline per min. Specific activity is protease activi-
ty per milligram of protein. For kinetic analysis, kcat and Km values
were determined from initial velocity data plotted as a function of
substrate concentration with a linear correlation coefficient of
>0.99.

Enzyme stability in the presence of GdmCl or SDS: Purified WT
or variant subtilisin E (50 nm) was incubated (25 8C) in the presence
of a given concentrations of GdmCl or SDS. At different time
points (0, 0.5, 1, 2, 4, 6 and 9 h), the activity was determined by
using Suc-AAPF-pNA as described above. Relative activities were
recorded as percentages of initial activities in the presence and ab-
sence of denaturant. Activity in the absence of a denaturant was
100 %.

Molecular modeling: The crystal structure of the pro-subtilisin E
complex is available at 0.2 nm (PDB ID: 1SCJ).[11] In order to gener-
ate the structure of the subtilisin E–Suc-AAPF-pNA complex, the
pro-peptide domain of the crystal structure was removed and dis-
carded, except for the four amino acids (Ala-His-Glu-Tyr) at the
C terminus that were used to bind with active site residues in an
enzyme–substrate complex.[11] The four-amino-acid chain was then
mutated computationally to the sequence Ala-Ala-Pro-Phe (AAPF)
and functional groups, N-succinyl and p-nitroanilide were attached
to the termini to form the substrate Suc-AAPF-pNA. The favorable
rotamer was selected in all cases. Finally, the active site Cys221
(mutated in PDB ID: 1SCJ) was replaced with the catalytic serine.
All amino acid exchanges were performed using the mutate tool of
the program Swiss PDB Viewer[37] by selecting in all cases the favor-
able side chain rotamer. Two calcium ions (Ca1, Ca2) that were
present in the crystal structure were retained for modeling. The
final structures of the protein–substrate complex was subsequently
energy minimized in vacuum using the Groms96 force field.[38]

Molecular dynamics simulation

The starting structure of subtilisin E for MD simulation was pre-
pared as described in the molecular modeling section. In this case,
the pro-peptide domain in the crystal structure was completely re-
moved, as it is cleaved in the maturation process. GROMOS96 43a1
force field parameters were used for simulations.[38] Water was
modeled using the Simple Point Charge model.[39] The GdmCl
model was taken from C. Camilloni et al.[40] The MD simulations of
subtilisin E were carried out in water and GdmCl (5 m) The simula-
tion boxes were built by centering the subtilisin E molecule in
a cube (8 � 8 � 8 nm). Subtilisin E was solvated by stacking an equi-
librated box of 216 water molecules to completely fill the simula-
tion box. All solvent molecules with any atom within 0.15 nm of
solute atom were removed. The total charge of the box (+2) was
neutralized by replacing two water molecules at the most positive
electrostatic potential with two Cl� ions. The GdmCl solution (5 m)

was generated by placing 1139 Gdm+ molecules and 1141 chloride
ions in the cubic box with subtilisin E and adding water molecules
to fill the remaining space.

Simulation protocol: Systems described in the previous paragraph
were energy minimized by using the steepest descent method (�
500 steps) to remove clashes caused by solvent molecules. Subtili-
sin E was studied at 298 K. All simulations were performed by
keeping the temperature at the reference values by weak coupling
(coupling constant t= 0.1 ps) with an external bath.[41] The pres-
sure of the system was kept constant (1 bar) by using the Berend-
sen barostat equation (tp = 0.5 ps). The LINCS algorithm was used
to constrain all bond lengths.[42] For the water molecules, the
SETTLE algorithm was used.[43] Dielectric permittivity was er = 1,
and a time step of 2 fs was used. The nonbonded interactions
(electrostatic and Leonard–Jones) were calculated using the Parti-
cle Mesh Ewalds (PME) method.[44] For calculation of long-range in-
teractions, a grid spacing of 0.12 nm combined with a fourth-order
B-spline interpolation was used, to compute the potential and
forces between grid points. A nonbonded pair-list cut-off of 0.9 nm
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was used and the pair-list was updated every five time steps. The
MD simulations were started by assigning all atoms with initial ve-
locities obtained from a Maxwellian distribution at the given tem-
perature. The box density was equilibrated (100 ps) by using posi-
tion restraints on the protein heavy atoms. After the equilibration,
the position restraints on the protein were removed and the
system was gradually heated from 50 K to the simulation tempera-
ture over 50 ps and then equilibrated for 5 ns. The ensuing runs
were 45 ns.

Analysis of trajectory: The protein structure along the two trajecto-
ries was monitored by standard analysis tools to assess deviations
from the crystallographic structure and mobility. The distribution
of the guanidinium ions around subtilisin E was analyzed using the
spatial density distribution functions (SDF). The calculation of SDF
was carried out on the last 25 ns of the simulations using the g_
spatial program of the Gromacs package (4.0). The resulting spatial
distribution function (SDF) was visualized using the program
VMD.[45]
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