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A. Additional figures and tables 

 

 

 

Fig. S1. Disulfide bond with the geometric parameters that were used as selection criteria in their 
computational design. For criteria, see Table SI. The symbols d, θ, and χ denote distances, angles, and 
dihedrals respectively. The angles θ1 and θ2 and the dihedrals χ1 and χ2 occur twice but are shown only 
once. Dihedral χ1 is from atom N to Cα to Cβ to Sγ.  
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Fig S2. Comparisons of the RMSF obtained from crystal structures and MD simulations. A) RMSF 
obtained from X-ray structure 1NU3 (blue and black lines for subunits A and B) compared to MD 
simulations (green and red lines); B) The RMSF of subunit A and B of crystal structure 1NWW (blue and 
black lines). The RMSF was also obtained from MD simulations (green/red) started with the coordinates 
of 1NWW; C) Comparison of the RMSF of LEH S3C-V102C (blue/black) with that of simulations started 
with the coordinates of 1NU (green/red); D) Comparison of the RMSF obtained from MD simulation of 
wild-type (green/red) and variant E49P (blue/black). The RMSF based on the X-ray structure correlates 
with those from MD simulation (panel A and B) but the flexibility changes introduced by mutations could 
not easily be analyzed based on RMSF alone (panels C and D) and therefore structural inspection such 
as in Fig. S3 was used instead. 
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Fig. S3. Example of increased local flexibility predicted at step 3 of FRESCO. The effect of the E49P 
mutation on local flexibility was predicted by MD simulations. Depicted are the averaged structures of four 
MD simulations of the wild-type structure and four MD simulations of the predicted structure of the E49P 
variant. While the introduced proline has similar rigidity as the original glutamate at position 49, nearby 
residues such as arginine 64 and glutamate 45 become more disordered.    
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Fig. S4. Example of an outlier in the MD simulations.  Displayed in the picture are the averaged structures 
from five molecular dynamics simulations of wild-type LEH (a dimer, compare Figure 5 in the main text). 
These MD simulations started with the same coordinates (1NWW) but with different initial atom velocities.  
The red structure was considered an outlier, because it displayed structural deviation locally when 
compared to the other MD simulations. 



 

 

 

6

 

 

 

 

Fig. S5. ∆∆GFold due to point mutations as predicted by FoldX plotted versus the ∆∆GFold as predicted by 

Rosettaddg for all point mutations.  
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Fig. S6. Stereo representation (cross-eyed) of backbone conformations generated by MD simulation of 
LEH. The physiologically relevant dimer is shown with the X-ray structure in magenta and the MD 
simulation snapshots that were used for the design of disulfide bonds in green.  

 

Fig. S7. Effect of I5C/E84C mutations on the flexibility as predicted by MD simulations. The backbone 
and the side-chain atoms of mutated residues are shown in a color scheme in which red represents the 
highest RMSF, and dark blue the lowest.  
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Fig. S8. Examples of ∆TM
app determinations by thermofluor shift assays.  
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Fig. S9. Enantioconvergent production of (1S,2S,4R)-limonene diol 2a by the LEH wild type, F1, and F2 
variants. A) The chemical and enzymatic hydrolysis products obtained with a mixture of epoxides 1a and 
1b as substrate. The red structures represent the preferred products. 
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Fig. S9. Enantioconvergent production of (1S,2S,4R)-limonene diol 2a by the LEH wild type, F1, and F2 
variants. B) Gas chromatograms showing the detection of epoxides 1a and 1b (retention times (RT) 16.7 
and 17.1 min) and the diols 2b and 2a (RT 27.4 and 29.6 min). The peak at 14.2 min originates from the 
acetonitrile used to dissolve the substrate. 

 



 

 

 

11 

 

 

 

Fig. S9. Enantioconvergent production of (1S,2S,4R)-limonene diol 2a by the LEH wild type, F1, and F2 
variants. C) Detail of the chromatogram, showing the enantioconvergent production of the diol 2a by the 
wild-type (97.5% diastereomeric excess, d.e), F1 (97.3% d.e) and F2 (97.3% d.e) enzymes. The mutants 
remain enantioconvergent and like the wild-type they produce almost exclusively the diastereomer 2a out 
of a mixture of epoxides 1a and 1b.  

 



 

 

 

12 

 

 

 

 

Table SI. Geometric criteria for computational design of disulfide bonds  

parameter  allowed range(s) 

d1 (Å) 4.20 to 6.77 (If χ3 <0) or 3.72 to 6.77 (if χ3 >0) 

d2 (Å) 3.18 to 4.78 

d3 (Å) 1.97 to 2.09 

θ1 (°) 107 to 121 

θ2 (°) 99 to 112 

χ1 (°) -180 to -140; -110 to -30; 30 to 100; 160 to 180  

χ2 (°) -180 to -20; 40 to 180 

χ3 (°) -120 to -60 and 70 to 130  

Criteria for d1 and d2 were those from Pellequer and Chen (2006). We defined all other ranges based on distributions 
of geometries reported by Petersen et al. (1999).  
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Table SII. Predicted disulfide bonds based on X-ray and on MD simulation. 
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 1NWW    +  +  +  +    +          +     

1NU3 +   +  +  +  +    +          +     
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500   +     +  +    +  +        +  + + + 

750   +   +  +  + +   +        +  +   +  

1000   +   + + +  +    +    + +  +   + + +  + 

1250      +  +  +  +  +  +  +  +  +  +     

1500      +  +  +    +  + +       + + +   

1750   +   +  + + +    + +       +  +  + + + 

2000  + +  + +  +  + +  + +  + +      + +  +  + 

2250  +      +  +    +  +   +     +     

2500        +  +    +  +        +     

The first columns indicate which X-ray structure or MD simulation snapshot was used as input for the 
computational design of disulfide bonds. A colored background indicates that the variant was experimentally 
characterized. A light graybackground indicates that the cysteine-introducing mutations increased the apparent 
melting temperature whereas a dark grey background reveals that the mutations destabilized the enzyme.  
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Table SIII. Experimentally determined apparent melting temperatures of intermediate LEH variants 

generated by the FRESCO approach 

Mutation  Origin ∆∆G
Fold

 (kJ/mol) TM
app

(°C) ∆TM
app

 (°C) 

S12R FoldX 0 49.0 0.3 
K13P FoldX -2 44.8 -4.0 
S15P FoldX -13 49.0 1.0 
S15K FoldX -5 48.5 -0.3 
A16R FoldX/Rosetta -4/1 48.3 -0.5 
G18N FoldX/Rosetta 3/-5 49.0 0.3 
A19K FoldX/Rosetta -5/-7 53.5 2.5A 
A20P FoldX -13 45.2 -2.1 
D24R FoldX/Rosetta -12/-13 45.0 -3.8 
K26R FoldX 2 48.0 -0.8 
I27M FoldX -8 47.0 -1.8 
D33K FoldX/Rosetta -10/-10 47.3 -1.5 
D33R FoldX -13 45.0 -2.3 
A41R FoldX/Rosetta 5/5 51.0 0.0 A,B 
A41S FoldX -5 49.0 0.3 
K42R FoldX 3 47.5 -1.3 
E45K Rosetta -8 53.0 2.0A 
E45R FoldX/Rosetta 0/3 47.8 -1.0 
D50P FoldX 4 42.8 -6.0 
Y62W FoldX/Rosetta -5/-16 48.8 0.0 
D65E Rosetta -5 49.3 0.5 
A66P FoldX -7 49.5 0.8 
E68Q Rosetta -8 49.3 0.5 
Q69R FoldX/Rosetta 3/2 49.0 0.3 
A72R FoldX/Rosetta 4/-1 49.3 -1.8 
T76A Rosetta -5 49.5 0.8 
T76K Rosetta -10 52.5 1.5A 
T85I FoldX -20 56.8B 5.8 
T85L FoldX -7 53.5 2.5A 
T85P FoldX -3 42.8 -6.0 
T85V FoldX/Rosetta -14/-19 57.8 6.8A 
N92K FoldX -11 58.3 7.3A 
N92R FoldX -17 49.2 1.8 
L94F Rosetta -17 48.8 0.0 
Y96F FoldX -7 53.8 2.8A 
L106R FoldX -2 46.5 -2.3 
K110R FoldX -7 47.3 -1.5 
S111K FoldX -10 46.5 -2.3 
S111R FoldX/Rosetta -12/3 51.0 0.0 A,B 
Q121I Rosetta -14 Not expressed - 
Q121V Rosetta -7 38.8 -10.0 
L122F Rosetta -9 41.3 -7.5 
E124D Rosetta -5 52.3 1.3A 
E124K Rosetta -8 47.5 -1.3 
E124R FoldX/Rosetta -1/-4 46.0 -2.8 
I127F Rosetta -12 46.3 -2.5 
A142R FoldX/Rosetta -1/5 46.0 -2.8 
 
Table continued on next page  



 

 

 

15 

 
 
 
 
     
Table SIII. continued 
Mutation  Starting structure for disulfide design TM

app
 (°C) ∆TM

app
 (°C) 

S3C-V102C X-ray 62.0 11.0A 
K4C-A82C MD 59.0 8.0A 
I5C-E84C MD 64.5 13.5A 
A17C-N92Cinter subunit MD 64.0 13.0A 
A17C-L94Cinter subunit MD 56.0 5.0A 
D24C-L122C X-ray/MD 36.0 -15.0 
M32C-V83C MD 44.0 -7.0 
A40C-A72C X-ray/MD 56.0 5.0A 
I44C-E68C MD 56.5 5.5A 
A48C-K126C X-ray/MD 53.0 2.0A 
M52C-G129C MD 40.5 -10.5 
P57C-D135Cinter subunit X-ray/MD 35.0 -16.0 
G89C-S91Cinter subunit  MD 66.0 15.0A 
Y96C-Y96Cinter subunit MD 47.5 -3.5 
A105C-V143C MD 46.5 -4.5 
Y112C-A142C MD 56.0 5.0A 
L117C-Y133Cinter subunit MD Not expressed - 
If a variant was observed to be stabilized in cell-free extract, it was purified to verifiy the increase in TM

app. All the 
other variants were only tested in cell free extract. ∆TM

app is the difference in apparent melting temperature versus 
that of the wild type LEH measured under identical conditions. The precision of the measurements is ± 0.5°C.  
A These were tested after purification. 
B These variants were observed to be stabilized in cell free extract but were not stabilized as purified protein.  
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Table SIV. Relative activities of variants of LEH for the hydrolysis of (+)-limonene epoxide 

Variant Catalytic activity at 30°C 

G89C-S91C - 

D24C-L122C - 

T85V ± 

M32C-V83C ± 

T76K ± 

I44C-E68C ± 

N92K ± 

E124D ± 

K4C-A82C + 

T85L + 

Y112C-A142C + 

A48C-K126C + 

A17C-N92C + 

A40C-A72C/I44C-E68C + 

Y96F + 

I5C-E84C + 

A40C-A72C + 

A19K + 

S3C-V102C + 

E45K + 
Symbols: - 25-50% of the wild-type activity; ± 50-75% of the wild-type activity; + 75-125% of the wild-type 
activity 
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Table SV. Apparent melting temperatures of LEH variants selected in the absence of orthogonal in silico 

screening steps 

Mutation  Origin ∆∆G
Fold

 (kJ/mol) TM
app

 (°C) ∆TM (°C) 

Q7M FoldX -8 47.5 0.2 
R9P FoldX -10 not expressed - 
S12M FoldX -10 46.3 -1.0 
S15PC FoldX -13 49.0 1.0 
A20PC FoldX -13 45.2 -2.1 
T22D FoldX -12 not expressed - 
D33RC FoldX -13 45.0 -2.3 
A40P FoldX -19 45.5 -1.8 
A41P FoldX -8 42.0 -5.3 
A48F FoldX -8 50.3 -A  
E49P FoldX -8 not expressed - 
E68L FoldX -10 not expressed - 
T85IC FoldX -20 56.8 5.8 B 
N92RC FoldX -17 49.2 1.8 
Y96W FoldX -7 45.5 -1.8 
K110RC FoldX -7 47.3 -1.5 
S111M FoldX -12 42.3 -5.0 
G129S FoldX -12 45.0 -2.3 
These mutants were tested in cell-free extract instead of after purification, which gave a different TM

app for the wild-

type LEH; ∆TM
app is the difference in apparent melting temperature versus that of the wild-type LEH measured under 

identical conditions. The error in the measurements is ± 0.5°C. 
A Aberrant peak shape.  
B Measured after purification 
C These variants also passed the in silico screening steps 2 and 3 of FRESCO (Scheme 1).  
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 Table SVI. Amino acid sequences of WT and highly thermostable LEH variants used in this study. The 
sequence of the Myc-hexahistidine tag is underlined. 
Variant Amino acid sequence 

Wild type MASKIEQPRWASKDSAAGAASTPDEKIVLEFMDALTSNDAAKLIEYFAEDTMYQNMPLPPAYGRDAVE

QTLAGLFTVMSIDAVETFHIGSSNGLVYTERVDVLRALPTGKSYNLSILGVFQLTEGKITGWRDYFDL

REFEEAVDLPLRGKLGPEQKLISEEDLNSAVDHHHHHH 

P MASKIEQPRWASKDPAAGKASTPDEKIVLEFMDALTSNDAAKLIKYFAEDTMYQNMPLPPAYGRDAVE

QTLAGLFKVMSIDAVEVFHIGSSKGLVFTERVDVLRALPTGKSYNLSILGVFQLTDGKITGWRDYFDL

REFEEAVDLPLRGKLGPEQKLISEEDLNSAVDHHHHHH 

F1 MASKCEQPRWASKDPAAGKASTPDEKIVLEFMDALTSNDAAKLIKYFAEDTMYQNMPLPPAYGRDAVE

QTLAGLFKVMSIDAVCVFHICSCKGLVFTERVDVLRALPTGKSYNLSILGVFQLTDGKITGWRDYFDL

REFEEAVDLPLRGKLGPEQKLISEEDLNSAVDHHHHHH 

F2 MASKCEQPRWASKDSACGKASTPDEKIVLEFMDALTSNDAAKLIKYFAEDTMYQNMPLPPAYGRDAVE

QTLAGLFKVMSIDAVCVFHIGSSCGLVFTERVDVLRALPTGKSYNLSILGVFQLTDGKITGWRDYFDL

REFEEAVDLPLRGKLGPEQKLISEEDLNSAVDHHHHHH 
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B. Experimental Methods 

Cloning, screening, expression, and protein purification 

 Cloning – A pGEF plasmid containing the gene for the limonene epoxide hydrolase was kindly 

provided by Prof. Dr. M. Arand (University of Zurich). This gene was cloned into a pBADmycHis 

plasmid (Life Technologies, CA, USA) in such a way that it contained a C-terminal six histidine tag, 

resulting in the plasmid pBadLEHmycHis. Mutants of LEH were created by QuikChange mutagenesis in 

a 96 wells plate. Primers were designed with PrimerX (www.bioinformatics.org/primerx/). The 

QuikChange mutagenesis was performed with PfuUltra Hotstart PCR Master Mix (Agilent, USA), using 

the protocol recommended by the supplier. After the QuikChange reactions, the products were 

transformed into chemically competent Escherichia coli TOP10 cells (Life Technologies, CA, USA) and 

the incorporation of the mutations was confirmed by DNA sequencing. When constructing variants 

containing multiple mutations, multiple primer pairs were added to the QuikChange reaction instead of 

one pair; no further protocol alterations were needed.  

 Screening for improved apparent melting temperature - Mutants of LEH were grown in a 96-

well microtiter plate. Initially, 200 µL LB medium was inoculated and incubated for 8 h at 37°C while 

shaking at 900 rpm. Subsequently, 1 mL LB medium, supplemented with 0.02% (w/v) L-arabinose, was 

added and cells were grown for 36 h at 28°C in a shaker at 900 rpm. Cells were harvested by 

centrifugation, resuspended in 200 µL lysis buffer (50 mM Tris pH 8, 1 mM EDTA, 0.5 mg/mL 

lysozyme) and incubated for 30 min at 30°C. The lysis was finished by freezing the cells at -20°C for 30 

min and subsequently thawing them at 30°C for 10 minutes. Subsequently, 50 µL DNase solution (0.1 

mg/mL DNase in 200 mM MgCl2) was added and the lysate was incubated at 30°C for 30 min to digest 

DNA. To remove cell debris the plates were centrifuged for 60 min at 3600 rpm and 4°C. Subsequently, 

the melting temperatures of the LEH mutant proteins in cell-free extract (CFE) were analyzed using the 

thermofluor method as described below. To accurately compare the melting temperatures to that of the 

wild-type enzyme, a reference sample containing cells producing the wild-type enzyme was always 

included on the same plate and treated similarly.  

 Enzyme purification - Cells of E. coli TOP10 were used for expression of the variants P, F1, and 

F2. Limonene epoxide hydrolase variants containing single disulfide bonds were expressed in E. coli 

NEB Shuffle Express (NEB, USA) in case the yield was better in this strain. For large scale expression, 

the cells were grown in auto-induction1 medium ZYM-5052 supplemented with 0.02% (w/v) L-arabinose, 

at 37°C to an OD600 of 0.7 and then cultivated for 16 h at 30°C. Enzyme variants containing disulfide 

bonds were produced by incubating the cells for 24 h at 24° C. 

 For small scale purification, cells from 5 mL cultures were lysed as described above, after which 

the CFE was loaded on a small 1 mL snap spin column (ThemoScientific, USA) containing 200 µL Ni-

NTA resin. The column was washed 5 times with 1.2 mL washing buffer (50 mM Tris-HCl pH 8, 10 mM 

imidazole) and the protein was eluted using 800 µL elution buffer (50 mM Tris-HCl pH 8, 300 mM 

imidazole). Subsequently, the concentration of imidazole was lowered using a Centricon centrifugal filter 

unit (EMD Millipore, USA) by washing the protein five times in this column. Finally, the apparent 

melting temperature (TM
app) was measured using the thermofluor method (see below).  

For large scale protein purification, cells were harvested from a 1 L culture by centrifugation, 

resuspended in 50 mM Tris-HCl pH 8.0 buffer and lysed by sonication (10 min of cycles consisting of 

10” on, 20” off at 60% amplitude). The resulting cell debris was separated from the cell-free extract 

(CFE) by centrifugation (45 minutes, 31,000 g, 4°C). The CFE was loaded on a Ni-NTA column, washed 
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with at least 10 column volumes buffer (50 mM Tris-HCl pH 8.0), and eluted using a linear gradient of 

imidazole (50 mM Tris-HCl pH 8.0,from 0  up to 500 mM imidazole). Fractions containing the desired 

protein were pooled and dialyzed against a buffer of 50 mM potassium phosphate pH 8.0. When further 

purification was required the proteins were purified on a Supradex 75 gel filtration column (Life 

technologies, UK). LEH mutants were dialyzed extensively against the protein storage buffer (50 mM 

potassium phosphate pH 8.0) to remove all traces of imidazole. 

 

Assays 

Thermofluor method - The analyzed samples consisted either of purified protein or CFE (for 

point mutations). For measurements, 5 µL 100× diluted commercial Sypro Orange solution (Life 

Technologies, CA,USA) was added to 20 µL sample in a iQ 96-well real-time PCR plate (Bio-Rad, 

Hercules, CA, USA) and the plate was sealed with a iQ 96-well PCR Plate seal (Bio-Rad). The apparent 

melting temperature was determined by heating the samples from 25 to 90°C at 1°C/min in a MyiQ real 

time PCR machine (Bio-Rad, Hercules, CA, USA) while recording the fluorescence with a 490 nm 

excitation filter and a 575 nm emission filter2. The maximum of the relative fluorescence change with 

respect to the temperature (dRFU/dT) was taken as the apparent melting temperature (TM
app). To measure 

the TM
app of the reduced disulfide bond mutants, DTT (10 mM final concentration) was added to the 

samples prior to TM
app determination. 

 Differential scanning calorimetry - LEH mutants were dialyzed extensively against the protein 

storage buffer (50 mM potassium phosphate pH 8.0) to remove all traces of imidazole and other salts. 

Protein stability was analyzed using Differential Scanning Calorimetry (DSC) on a VP-DSC machine 

(MicroCal, GE Healthcare, UK). Imidazole-free protein samples (10 µM) were heated from 20°C to 

110°C at 1°C/min. The heat capacity of the sample was compared to that of a reference cell containing the 

protein storage buffer (50 mM potassium phosphate pH 8.0). After subtraction of the buffer signal the 

excess heat capacity versus temperature plot was obtained. The maximum of this plot was taken to be the 

apparent melting temperature. 

 Standard activity assay - In a Pyrex tube, 4.5 mL buffer (50 mM potassium phosphate, pH 7.1) 

was mixed with 60 µL 200 mM (4R)-limonene 1,2 epoxide (mixture of cis and trans isomers) in 

acetonitrile (final concentration of limonene epoxide 2.7 mM). This tube was equilibrated for 5 min in a 

water bath at 30°C. The enzyme concentration was determined by reading the absorbance at 280 nm, 

using the absorbance coefficient as calculated by the ExPasy ProtParam tool3. Purified enzyme was added 

to start the conversion and after a specified time (1 to 5 min) 1.5 mL ethylacetate (containing 1 mM 

hexadecane as internal standard) was added to terminate the reaction. These tubes were centrifuged to 

separate the layers and the organic phase was transferred to a separate vial for analysis of the diol content 

by gas chromatography (GC). Quantitative analysis of the produced limonene diol was done on a GC-

2014 gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a Heliflex AT5 column (Alltech 

Associates, Inc., IL, USA) using flame ionization detection. In a typical analysis program, 2 µL of organic 

layer was injected into the GC and the column was heated from 100 to 190°C at 15°C/min and from 190 

to 250°C at 25° C/min. The activity was corrected for chemical hydrolysis, which was less than 5% of the 

enzymatic hydrolysis.  

 Residual catalytic activity after heating – To measure residual catalytic activity versus 

temperature, enzyme samples (1.0 mg mL-1 in 50 mM potassium phosphate, pH 7.1), were incubated for 

15 min at the desired temperatures using a peqSTAR gradient PCR heating block (Peqlab Biotechnologie 

GmbH, Erlangen, Germany). Subsequently, the samples were incubated for 5 min at 4°C and the activity 
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was measured at 30°C. For measuring residual catalytic activity versus time at a fixed temperature, 

enzyme samples (1.0 mg mL-1 in 50 mM potassium phosphate, pH 7.1) were incubated at 55°C for 

different time periods. After heat exposure, the samples were cooled for 5 min at 4°C and the residual 

activity was measured at 30°C using the standard activity assay. 

Catalytic activity versus temperature – For measuring specific activity at different temperatures 

assays were performed after preincubation of enzyme and buffer for 5 min at the desired temperature and 

conversion was started by adding the limonene epoxide substrate (2.7 mM). 

 Chiral GC analysis - Sample were prepared according to the standard activity assay protocol, 

with the exception that 100 µg of enzyme was used and mixtures were incubated for 1 h at 30°C. This 

was done to ensure complete conversion of the substrate. Subsequently, the reaction mixtures were 

extracted with ethyl acetate, centrifuged and the organic layer was removed and dried by Na2SO4. The 

production of diasteromers was analyzed by chiral GC, using a Hydrodex β-TBDAc column (Aurora 

Borealis, The Netherlands), with a temperature program from 40 to 100°C at 10°C/min, 100 to 150°C at 

5°C/min and finally 150 -180°C at 1° C/min. The retention times of (1R, 2R, 4R)-limonene diol and (1S, 

2S, 4R)-limonene diol under these conditions were 27.5 and 29.6 min, respectively. A reference sample 

with both these diols was prepared as described elsewhere4. The identity of diols was confirmed by 1H-

NMR5. 

 Free thiol titrations - The number of free cysteines in LEH was determined using Ellman’s 

reagent [5,5'-dithio-bis-(2-nitrobenzoic acid)]. Reaction buffer (890 µL, 50 mM potassium phosphate, pH 

8.0, with or without 6 M GnCl) was mixed with 20 µL Ellman’s reagent (4 mg/mL DNTB in reaction 

buffer) and 90 µL sample (1 mg/mL protein in 50 mM potassium phosphate, pH 8.0). The enzyme 

solution was extensively dialyzed against 50 mM potassium phosphate, pH 8.0, before use. The samples 

were mixed well and incubated for 1 h at 25°C. Subsequently, the absorbance at 410 nm was recorded 

and the number of free sulfhydryl-groups was determined, using the known extinction coefficient (ε410 = 

13,880 M cm-1) of DNTB bound to a free SH group.  

 Disulfide display electrophoresis - The migration patterns of the wild-type and mutant proteins 

were analyzed by SDS-PAGE gel both under reducing and non-reducing conditions since the reduction of 

the disulfide bonds should cause a shift in migration behavior. Because of the low molecular weight of 

LEH, a 15 % acrylamide gel was used. Iodoacetamide (10 mM) was added to all the protein samples to 

block free thiols and prevent isomerizations of disulfide bridges in the unfolded state, and the samples 

were incubated for 30 min in the dark. Before loading the samples on the gel, proteins were mixed with a 

loading buffer containing either 10% 2-mercaptoethanol for the reducing gel, or no 2-mercaptoethanol for 

the non-reducing gel. Finally, the samples were loaded (5 µg protein per lane) and separated by SDS-

PAGE at 150 V. 
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C. Origin of stabilization by the disulfide bonds and point mutations 

 

The stabilizing mutations 

 In this section, the diverse mechanisms by which the mutations obtained in this investigation 

stabilize LEH are analyzed. The S15P mutation and all the introduced disulfide bonds most likely 

stabilize the enzyme via entropic effects. Prolines increase the stability by reducing the entropy of locally 

unfolded enzyme forms. Furthermore, the cross-linking of the backbone by the introduced disulfide bonds 

limits the entropy of the unfolded state, thereby stabilizing the enzyme6. Furthermore, several of the 

introduced disulfide bonds are predicted by the MD simulations to make the enzyme (locally) more rigid, 

which can prevent local unfolding and thereby contribute to thermostabilization. These mechanisms of 

entropic stabilization by introduced prolines and cysteines that limit the movements of the backbone have 

been described for various proteins7. 

 Based on the predicted structures, the T85V/I/L and Y96F mutations appear to remove unsatisfied 

H-bond donors/acceptors from a hydrophobic environment, thereby improving hydrophobic interactions. 

The original Thr85 and Tyr96 feature half-buried hydroxyl oxygens that can make only one H-bond to a 

surface-located water molecule (Fig. 3). This results for both residues in only one H-bond for the side-

chain, while a hydroxyl group is only satisfied with two H-bonds; thus an unsatisfied H-bond donor or 

acceptor is present at these side-chains. Unsatisfied H-bond donors and acceptors are destabilizing the 

folded state of a protein since in the unfolded state the H-bonds can be made with water molecules 

surrounding the unfolded protein. The energetic penalty of a missing H-bond donor/acceptor is 8 – 21 

kJ/mol6. The relative differences between the T85V/I/L (+7/6/3°C) mutations suggests that also the 

quality of the improved hydrophobic interactions play a role, with T85V apparently resulting in the best 

interactions. Both Ile and Leu are more bulky than Val, while Val is fully isosteric with the original Thr, 

also in the predicted structure of this variant. 

 The mutations A19K, E45K, T76K, N92K, and N92R introduce positive charges at the surface. It 

is likely that these mutations stabilize the protein by optimizing the distribution of charges on the protein 

surface., which is an established method of protein stabilization8,9,10,11,12. Furthermore, the mutations 

A19K and N92K appear to stabilize the protein by introducing new hydrogen bonds. Based on the 

predicted structure, the mutation A19K appears to create a hydrogen bond between the amino group of 

the introduced lysine and the carbonyl group of the backbone of residue 15, which might stabilize a 

flexible turn in the protein. The mutation N92K stabilizes the protein by 7°C, this large stabilization 

appears to be caused by an inter-subunit hydrogen bond formed between the amino group of the 

introduced lysine and the hydroxyl group of Ser21 of the other monomer. The mutation N92R, which 

introduces a positive charge at a similar position, is much less stabilizing (+2°C). The MD-simulated 

structure of this mutant suggests that the introduced arginine cannot form an inter-subunit hydrogen bond.  

 The mutation E124D appears to decrease the surface exposure of the hydrophobic part of the 

acidic side-chains resulting in a minor improvement (+1°C). The original Glu124 is very surface exposed, 

not only with its hydrophilic carboxylate group, but also with the hydrophobic propane stem of its side-

chain. The shortening of the hydrophobic part of the side-chain by the replacement with an Asp preserves 

the polar carboxylate group while it reduces the hydrophobic exposure which should make it less prone to 

aggregation, which is also often a source of loss of enzyme stability. Alternatively, some other subtle 

effect may cause the minor improvement of stability by this mutation.  
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The neutral and destabilizing mutations  

 There are several reasons why in the FRESCO library still a large fraction of the designed 

enzyme variants do not show the desired increase in stability. One third of the mutations that were 

computationally designed had no significant effect on the TM
app. Some of those mutations appear not to be 

in a critical region for unfolding (Fig. 3). Possibly these mutations would have had a strong effect on the 

TM
app if these mutations had been nearer to the critical region. It is also possible that the favorable change 

in folding energy was erroneously predicted by either of the algorithms (a favorable prediction by either 

was enough to warrant initial selection, even if the other algorithm predicted an unfavorable or neutral 

effect on ∆∆GFold). Errors in prediction of ∆∆GFold are likely to occur frequently considering the 

differences in ∆∆GFold as calculated by Rosetta as compared to those calculated by FoldX (Fig. S5).  

 Further possible causes for unsuccessful predictions of increased stability are: a) the algorithms 

could have inaccurately predicted the three-dimensional structure of (some of the) mutant structures and 

therefore the subsequent in silico screening by inspection and MD simulation gave inaccurate results; b) 

for some of the simulations of variants by MD simulations the predicted flexibility may have been 

inaccurate, which is likely since MD simulations are not expected to always perfectly reproduce nature; c) 

∆∆GFold was calculated for 298K, a temperature for which both of the algorithms were optimized, instead 

of the experimental test temperature. An improvement of ∆∆GFold is expected to shift the entire Gibbs-

Helmholtz curve that describes the folding energy versus temperature upwards, thereby increasing the 

temperature at which the protein melts. However, the shape of the Gibbs-Helmholtz curve may change as 

well due to the mutation, and then temperature of heat denaturation might actually stay the same or 

decrease, even with a higher ∆GFold at 298K. 
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D. Experimental analysis of expression and disulfide bond formation 

The disulfide bondst that were introduced into variants F1 (I5C-E84C, G89C-S91C) and F2 (I5C-

E84C, A17C-N92C) are highly stabilizing. This is indicated by the TM
app difference of 24°C between the 

oxidized and reduced variants for F1 and 34°C for F2 (Fig. S12). We confirmed the existence of these 

disulfide bonds with several other experiments. First, titration with Ellman’s reagent to detect free 

cysteine residues showed that, both in the folded and unfolded state, the protein does not have free 

cysteines (Table SVII). Thus, the introduced cysteine residues appear to be involved in a disulfide bonds. 

Second, we analyzed the protein by SDS-PAGE gel both under reducing and non-reducing conditions 

(Fig. S10). Variants F1 and F2 behave like a monomer under reducing conditions (Mw 19.5 kDa), and like 

a dimer under non-reducing conditions. This suggests the introduction of the inter-subunit disulfide under 

non-reducing conditions. Thus, the difference in melting temperature between the reduced and oxidized 

variants (Fig. S10), the number of free cysteine residues determined by Ellman’s reagent and the different 

migration pattern on gel under reducing and non-reducing conditions, show that introduced cysteines in 

F1 and F2 are engaged in disulfide bonds, which contribute to the stability.  

When all four cysteine residues were introduced into the enzyme simultaneously, the expression 

of LEH was reduced. This can be expected, since E. coli has a reducing cytoplasm, which hampers the 

formation of disulfide bonds in proteins. While the wild-type protein is produced at 50 mg protein per 

liter culture medium after purification, the yield of the variants F1 and F2 was 6 mg per liter of culture. 

The use of the E. coli NEB Shuffle Express strain increased the expression of mutants that contained a 

single disulfide bond. However, with mutants designed to contain multiple disulfide bonds, E. coli NEB 

Shuffle Express yielded heterogeneous enzyme preparations, as detected by thermofluor measurements. 

These heterogenous samples produced multiple melting peaks, which we attribute to the inability of E. 

coli NEB Shuffle Express to correctly produce all disulfide bonds. We therefore used E. coli TOP10 for 

the production of LEH variants F1 and F2 (Fig. S11), since this strain had a lower but still acceptable 

yield and produced homogenous protein. 

 

 

 
Fig. S10. A comparison of the migration patterns of wild-type LEH and the F1 and F2 variants under 
reducing (right side) and non-reducing conditions (left side) on an SDS-PAGE gel. The gel shows that 
there is a different migration pattern for F1 and F2 under reducing versus non-reducing conditions, 
consistent with the presence of an inter-subunit disulfide bond under non-reducing conditions.  
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Table SVII. Number of free cysteine residues per monomer as determined by Ellman’s reagent 
 Folded protein Unfolded A 
Wt 0.03 ± 0.01 0.05 ± 0.01 
F1 0.09 ± 0.01 0.13 ± 0.05 
F2 0.09 ± 0.01 0.08 ± 0.01 
A The protein was unfolded by the addition of 6M guanidium chloride to ensure that all free thiols were 
accessible.  

 

 
Fig. S11. Soluble expression of LEH variants F1, F2, and WT LEH in E. coli TOP10. The arrow indicates 
the position of the LEH monomer. Cell-free extract was analyzed on an SDS-PAGE gel. The indicated 
molecular weights are in kDa.  
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Fig. S12. Thermofluor thermal unfolding plots of several mutant enzymes (including wild type, F1 and F2) 
under either reducing (dashed lines) or non-reducing conditions (straight lines). The figure shows the 
stabilizing effect of the introduced disulfide mutations and shows that the mutant proteins are destabilized 
by the reduction of the disulfide bonds. 



 

 

 

28 

References 

 

1.  Studier, F.W. Protein production by auto-induction in high density shaking cultures. Protein Expr. Purif. 2005, 
41, 207-234. 

2.  Ericsson, U.B.; Hallberg, B.M.; Detitta, G.T.; Dekker, N.; Nordlund, P. Thermofluor-based high-throughput 
stability optimization of proteins for structural studies. Anal. Biochem. 2006, 357, 289-298. 

3.  Wilkins, M.R.; Gasteiger, E.; Bairoch, A.; Sanchez, J.C.; Williams, K.L.; Appel, R.D.; Hochstrasser, D.F. 
Protein identification and analysis tools in the ExPASy server. Methods Mol. Biol. 1999, 112, 531-552. 

4.  Wang, Z.; Cui, Y.T.; Xu, Z.B.; Qu, J. Hot water-promoted ring-opening of epoxides and aziridines by water 
and other nucleopliles. J. Org. Chem. 2008, 73, 2270-2274. 

5.  Blair, M.; Andrews, P.C.; Fraser, B.H.; Forsyth, C.M.; Junk, P.C.; Massi, M.; Tuck, K.L. Facile methods for 
the separation of the cis- and trans-diastereomers of limonene 1,2-oxide and convenient routes to diequatorial 
and diaxial 1,2-diols. Synthesis, 2007, 1523-1527. 

6.  Nosoh, Y.; Sekiguchi, T. Protein Stability and Stabilization through Protein Engineering, Ellis Horwood, New 
York 1991 

7.  Eijsink, V.G.; Bjørk, A.; Gåseidnes, S.; Sirevåg, R.; Synstad, B.; van den Burg, B.; Vriend, G. Rational 
engineering of enzyme stability. J. Biotechnol. 2004, 30, 105-120. 

8.  Gribenko, A.V.; Patel, M.M.; Liu, J.; McCallum, S.A.; Wang, C.; Makhatadze, G.I. Rational stabilization of 
enzymes by computational redesign of surface charge-charge interactions. Proc. Natl. Acad. Sci. USA 2009, 
106, 2601-2606.  

9.  Lee, C.-F.; Makhatadze, G.I.; Wong, K.-B. Effects of charge-to-alanine substitutions on the stability of 
ribosomal protein L30e from Thermococcus celer. Biochemistry 2005, 44, 16817-16825. 

10.  Loladze, V.V.; Ibarra-Molero, B.; Sanchez-Ruiz, J.M.; Makhatadze, G.I. Engineering a thermostable protein 
via optimization of charge-charge interactions on the protein surface. Biochemistry 1999, 38, 16419-16423.  

11.  Max, K.E.; Wunderlich, M.; Roske, Y.; Schmid, F.X.; Heinemann, U. Optimized variants of the cold shock 
protein from in vitro selection: structural basis of their high thermostability. J. Mol. Biol. 2007,  369, 1087-
1097. 

12.  Karshikoff, A.; Ladenstein, R. Ion pairs and the thermotolerance of proteins from hyperthermophiles: a "traffic 
rule" for hot roads. Trends Biochem. Sci. 2001, 26, 550-556.  


