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ABSTRACT

Protein engineering aimed at enhancing enzyme stability is increasingly supported by computational methods for calcula-

tion of mutant folding energies and for the design of disulfide bonds. To examine the accuracy of mutant structure predic-

tions underlying these computational methods, crystal structures of thermostable limonene epoxide hydrolase variants

obtained by computational library design were determined. Four different predicted effects indeed contributed to the

obtained stabilization: (i) enhanced interactions between a flexible loop close to the N-terminus and the rest of the protein;

(ii) improved interactions at the dimer interface; (iii) removal of unsatisfied hydrogen bonding groups; and (iv) introduction

of additional positively charged groups at the surface. The structures of an eightfold and an elevenfold mutant showed that

most mutations introduced the intended stabilizing interactions, and side-chain conformations were correctly predicted for

72–88% of the point mutations. However, mutations that introduced a disulfide bond in a flexible region had a larger influ-

ence on the backbone conformation than predicted. The enzyme active sites were unaltered, in agreement with the observed

preservation of catalytic activities. The structures also revealed how a c-Myc tag, which was introduced for facile detection

and purification, can reduce access to the active site and thereby lower the catalytic activity. Finally, sequence analysis

showed that comprehensive mutant energy calculations discovered stabilizing mutations that are not proposed by the con-

sensus or B-FIT methods.

Proteins 2015; 83:940–951.
VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

High enzyme stability facilitates development of bioca-

talytic processes because of the reduced catalyst inactiva-

tion, the increased solubility of substrates and products

and the higher reaction rates that can be achieved at ele-

vated temperatures or in the presence of cosolvents. We

have recently explored a strategy termed FRESCO, which

uses computational library design, for rapidly increasing

the thermostability of enzymes. It was applied to obtain

highly thermostable multi-site mutants of limonene

epoxide hydrolase (LEH)1 from Rhodococcus erythropolis

DCL14,2,3 and to obtain thermostable and solvent-

resistant mutants of a haloalkane dehalogenase.4 LEH

catalyzes the enantioconvergent production of (1S,2S,4R)

limonene-1,2-diol from (4R)-limonene-1,2-epoxide.2

Furthermore, the enzyme has been engineered for the

enantioselective production of both enantiomers of sev-

eral other industrially relevant alicyclic diols.5 Stabilizing

mutations of LEH were computationally designed by the

FRESCO approach,1 using the programs FoldX,6

Rosetta,7 and dynamic disulfide discovery (DDD).1
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Promising mutations that were expected to stabilize lim-

onene epoxide hydrolase were screened in a small library,

which resulted in the discovery of eleven stabilizing point

mutations and ten stabilizing disulfide bonds.1 The com-

bined introduction of seven beneficial point mutations

and two disulfide bonds resulted in a hyper-stabilized

variant, of which the apparent melting temperature was

increased by 50 �C to 85 �C.1

There is a need to further improve the FRESCO strat-

egy since only one-third of the mutations predicted to be

stabilizing indeed increased thermostability when tested

experimentally.1,4 A critical step is the prediction of

mutant structures, which is relevant at three stages in the

design process.1 These structures must be accurate since

wrongly predicted conformations, such as erroneous

side-chain rotamers or backbone conformations (e.g.,

differences of >1 Å) or unaccounted secondary effects,

such as the formation of cavities or disruption of salt-

bridges, will result in errors in the selection of mutations

for inclusion in the library. In FRESCO, mutant struc-

tures are first predicted (stage 1) by molecular mechanics

based methods to discover stabilizing substitutions, using

FoldX6 for point mutants and Dynamic Disulfide Dis-

covery for disulfide bonds.1 After screening for chemical

reasonability, MD simulations are performed with the

initial model structures to increase reliability of the pre-

dicted structures and the resulting averaged MD struc-

tures (stage 2 predictions) serve to examine protein

flexibility and to eliminate variants with enhanced flexi-

bility or structural defects. Finally, structures of multi-

site mutants are constructed and simulated to analyze

the possibility of combining mutations (stage 3 structure

predictions).

The elucidation of crystal structures of enzyme var-

iants obtained by computational methods can reveal pos-

sible flaws in structure predictions and may help to

improve the design protocols.8–11 Previous studies with

computationally designed enzymes have shown that

unforeseen effects indeed can occur. For example, a cata-

lytic lysine residue of a designed Kemp-eliminase made

unintended hydrogen bonds in the active site that

reduced catalytic activity.8 Furthermore, the active site of

a retro-aldolase became more flexible after computational

design, resulting in low catalytic activity.9 In another

study, the crystal structure of a redesigned mononuclear

zinc metalloenzyme revealed that although most of the

elucidated structure was similar to the designed struc-

ture, two loops surrounding the active site were displaced

by 2 Å. One of these loops also became more flexible,

which resulted in a lower enzymatic activity.10 Finally,

the crystal structure of a redesigned arabinose binding

protein was very similar to the designed structure, even

though the protein was unable to bind the target

ligand.11 This demonstrated that the computationally

designed substrate–ligand interactions were not correct.

In conclusion, computationally redesigned variants may

harbor conformational changes not predicted by the

design approach.

To examine the accuracy of the structure predictions

used in the FRESCO approach, we elucidated and ana-

lyzed the crystal structures of two highly thermostable

variants of LEH.1 Furthermore, a comparison of struc-

tures with (LEH-P, 11 mutations) and without two disul-

fide bonds (LEH-F1b, seven mutations) was used to

analyze effects on local and global protein folding. We

demonstrate that the conformations generated by MD

simulations accurately mimicked the crystal structures of

regions in the enzyme carrying stabilizing point muta-

tions. Furthermore, the structures reveal that several sta-

bilizing mutations either enhance interactions at the

dimer interface or between the core of the protein and a

flexible loop near the N-terminus. Mutations predicted

by B-FIT12,13 and the consensus method12,14–16 were

compared to those obtained by computational design.

This revealed several similarities between these methods

but also showed that some mutations would only be

obtained by computational design.

MATERIALS AND METHODS

Protein production and purification

Escherichia coli TOP10 cells, harboring the limA gene

(UniProt accession code Q9ZAG3) with the desired

mutations in a pBAD plasmid, were used to produce the

limonene epoxide hydrolase mutants.1 The genes con-

tained an extra 3’ segment, encoding an C-terminal c-

Myc-His tag used for detection and purification of the

enzyme.17 To produce the protein, 1 L of LB was inocu-

lated with 1% of an overnight culture. The cells were

grown in an incubator at 37 �C with shaking at 250 rpm

until the culture reached an OD600 of 0.6. Subsequently,

0.1% (w/v) L-arabinose was added to induce epoxide

hydrolase expression. The cells were grown for another

16 h at 30 �C, harvested by centrifugation (4400g, 15

min, 4 �C) and resuspended in 20 mL buffer TN

(50 mM Tris-HCl, pH 8.0, 300 mM NaCl) supplemented

with 1 tablet of complete protease inhibitor cocktail

(Roche, Switzerland). Subsequently, cells were lysed using

sonication (10’ total time, cycles of 10” on, 30” off, 60

watt, 20 kHz, 4 �C). Cell debris and insoluble proteins

were removed by centrifugation (31,000 g, 60 min, 4 �C)

to prepare cell-free extract.

LEH was purified by affinity chromatography using an
€Akta FPLC (GE Healthcare) connected to a 5 mL Ni-

NTA column (HisTrap HP, GE Healthcare). Cell-free

extract was loaded onto the column followed by washing

with 100 mL buffer TN to remove unbound proteins.

The column was subsequently washed with 25 mL buffer

TN containing 50 mM imidazole to remove most bound

contaminants. Epoxide hydrolase was eluted with 50 mL

buffer TN containing 300 mM imidazole. After this
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purification step, more than 85% pure protein was

obtained. This protein was transferred to a buffer contain-

ing 50 mM Tris-HCl, pH 8.0, using a desalting column

(HiPrep 26/10, GE Healthcare). For further purification,

the protein was concentrated to 250 lL (10 kDa filter,

Amicon Ultra-15 Centrifugal Filter Units, Millipore) and

loaded on a size exclusion column (Superdex 75 10/300

GL, GE Healthcare). The column was eluted isocratically

using 10 mM Na-Hepes buffer, pH 7.0, and 95% pure

protein was obtained. The protein was concentrated using

a 10 kDa Centricon device (Amicon) to 7.4 mg mL21 for

variant LEH-P and 12.1 mg mL21 for variant LEH-F1b

and used for subsequent crystallization studies. This pro-

cedure yielded 50 mg protein/L culture volume for variant

LEH-P and 6 mg protein/L for LEH-F1b.

Protein crystallography

Mutant enzyme LEH-P was crystallized in sitting drop

plates by mixing 1 lL of protein solution (7.4 mg mL21

in 10 mM Na-Hepes buffer, pH 7.0) with 1 mL of reser-

voir solution (1.44M tri-sodium citrate, pH 6.4). The

drops were equilibrated against 1 mL reservoir solution

at 20 �C. Within 3–5 days needle-like crystals appeared

(20 3 20 3 250 lm3). These needles were crushed and

diluted 1000 fold to be used as seed stock. Of this seed

stock, 0.1 lL was added to a fresh drop. Crystals suitable

for diffraction (40 3 40 3 250 lm3) grew in 1 week.

They were incubated for 2 min in a reservoir solution

supplemented with 20% glycerol as cryoprotectant, and

flash frozen in liquid nitrogen.

Mutant enzyme LEH-F1b was crystallized in a similar

way, using a protein concentration of 6.1 mg mL21. The

disulfide bonds in the freshly purified variant were not

completely formed, but matured in 1 week at 4 �C (Sup-

porting Information Fig. S1). After maturation, the pro-

tein was crystallized using a similar set up as for variant

LEH-P. As precipitant, 1.44M tri-sodium citrate, pH 6.4,

supplemented with 50 mM sodium tartrate dihydrate

was used. After 5 days, needle-like crystals were obtained

(30 3 50 3 200 lm3), which were suitable for diffrac-

tion studies.

Data collection, processing, and molecular
replacement

Diffraction data were collected at beam lines ID29 and

ID23 of the ESRF (Grenoble, France). The diffraction

data were processed using XDS,18 converted using

COMBAT19 and scaled using SCALA.20 Molecular

replacement was performed with PHASER,21 using pdb

id 1NWW3 as search model. The obtained model was

refined using REFMAC5.22 Manual rebuilding of the

structure using COOT23 was alternated with refinement

using REFMAC5 until convergence was reached. Finally,

MOLPROBITY24 was used for structure validation and

PYMOL (www.pymol.org) for structure visualization.

Mass spectrometry

To determine the identity of the compound bound in

the active site, ESI-MS/MS was performed on purified

protein from the same sample as used for crystallization.

Protein (20 mg mL21) was dialyzed against milliQ water

to remove buffer and salts. After denaturation (10 min

incubation at 99 �C), the protein was centrifuged (10

min at 13,000g) and the supernatant was filtered to

remove remaining protein (Amicon filter, 10 kDa cut

off). Formic acid was added to 0.1% and the solution

was injected into an ESI-MS/MS (LCQ fleet, Thermo Sci-

entific) operating in the positive mode. A spectrum was

recorded of all signals between 50 and 500 Da. The

major m/z peaks (>15% intensity compared to the high-

est peak) were subjected to fragmentation analysis (colli-

sion intensity between 20 and 30) and the resulting m/z

spectra were recorded.

Comparison to predicted structures

Structures predicted by FoldX,6 Dynamic Disulfide

Discovery1 (stage 1 structures) and MD simulations

(stage 2) were identical to the ones used in the FRESCO

workflow to select (combinations of) potentially stabiliz-

ing mutations for experimental characterization.1 MD

simulations were carried out using LEH dimers, with

explicit water and counter ions present as described in

detail by Wijma et al.1 MD simulations for stage 2 struc-

tures lasted for 100 ps. Snapshots from the last 50 ps of

five independent trajectories were averaged to obtain the

modeled structures. For stage 3 predictions, MD simula-

tions were performed on variants containing multiple

mutations, using 1 ns simulation times with a similar

averaging procedure as used for the stage 2 structures.

The experimental structures were also compared to

those predicted by Rosetta. These were generated using

the RosettaDDG module with the options -ddg::weight_-

file soft_rep_design -ddg::iterations 50 -ddg::local_op-

t_only false -ddg::min_cst false -ddg::mean true -

ddg::min false -ddg::sc_min_only false -ddg::dump_pdbs

true.7 This procedure generated 50 different structures

per mutant, of which the predicted structure with the

lowest energy was used for comparison to the experi-

mental structure.

RESULTS AND DISCUSSION

Crystal structures of thermostabilized
epoxide hydrolases

To analyze the accuracy of the structure predictions

obtained and used by the FRESCO approach,1 3D struc-

tures of the two highly thermostable LEH variants, LEH-

R.J. Floor et al.
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P and LEH-F1b, were determined by X-ray crystallogra-

phy. Variant LEH-P carries eight point mutations (S15P,

A19K, E45K, T76K, T85V, N92K, Y96F, E124D), which

together improved the enzyme’s apparent melting tem-

perature by 20 �C.1 Its crystal structure was elucidated at

1.5 Å resolution to an Rfactor/Rfree of 0.14/0.17 (Fig. 1,

Supporting Information Table SI; protein database [pdb]

id 4R9K). The crystal structure of variant LEH-F1b was

determined at a resolution of 1.8 Å to an Rfactor/Rfree of

0.16/0.21 (pdb id 4R9 L). This variant has two additional

disulfide bonds (I5C-E84C, G89C-S91C’), which when

combined with seven substitutions of LEH-P was

increased the apparent melting temperature by 35 �C to

85 �C,1 but it lacks the E45K mutation. Omitting E45K

resulted in a higher production level in E. coli without

influencing LEH stability.

The mutant enzymes crystallized in space group P32

21 with three molecules per asymmetric unit, which is

different from that of wild-type enzyme (P212121 with

two molecules per asymmetric unit).3 Gel filtration

chromatography indicated that wild-type enzyme as well

as the P and F1b variants all occur as dimers in solution.

Because the wild-type dimer can be superimposed with

low RMSDs on the A/B dimer and on the dimer formed

by chain C and a symmetry-related chain C (C’), we

conclude that the A/B and C/C’ dimers are representa-

tive of the dimer in solution. A PISA analysis25 revealed

that the most extensive intermolecular interactions for

the A/B dimer occur between the side-chains of residues

87–99, 116–121, and 131–135, similar to the wild-type

enzyme.

Comparison of overall structures

A comparison of the wild-type and mutant structures

revealed that the backbone conformations are very simi-

lar, with RMSDs of 0.4–0.6 Å. Differences in Ca atom

positions larger than 1.0 Å were only observed for three

small regions, that is, the first seven N-terminal residues,

a surface loop containing residues 12–18, and the C-ter-

minal helical c-Myc-tag (residues 149–161). These

regions are intrinsically flexible (see below), and therefore

these conformational differences are not considered to be

significant. Strong conservation of backbone conforma-

tion was also observed in structures of other multi-site

mutants obtained by directed evolution, such as a 27-

fold mutant of a halohydrin dehalogenase,26 a sevenfold

mutant of simvastatin synthase,27 a sixfold mutant of a

6-aminohexanoate-dimer hydrolase28 and a sixfold

mutant of a lipase.29 In contrast, a study on a sevenfold

mutant of a p-nitrobenzyl esterase revealed significant

changes in backbone conformation, which were mostly

due to introduced proline residues.30

Effect of the c-myc purification tag on
protein structure

In monomers B and C of the LEH-P crystal structure,

twelve to seventeen extra residues are visible in the elec-

tron density compared to the wild-type structure (resi-

dues 149–159 of chain B and 149–164 of chain C,

Supporting Information Fig. S2). They originate from

the human transcription factor c-Myc31 and were

included to aid protein purification and detection using

Western blotting.17 The helical c-Myc tag of monomer B

interacts with the symmetry-related c-Myc tag of mono-

mer C. The tag in monomer A is not visible in the elec-

tron density, probably because it cannot have these helix-

helix interactions and therefore is more flexible. The sec-

ondary structure of the tag as present in monomers B

and C is stabilized by van der Waals interaction between

residues P153, L157 and interactions with the carbon

atoms of the side chains of K156, K158, and E160. The

average difference in position of all corresponding atoms

between the structures with (monomers B and C from

LEH-P) and without tag (1NU3, wild type) is only 0.6

Å, indicating that the presence of the tag does not induce

significant structural differences.

The helical conformation of the tag as observed in the

crystal structures of LEH is very similar to its conforma-

tion in the human c-Myc protein from which the tag is

derived32 (pdb id 1A93, Supporting Information Fig.

S2). A search in the pdb revealed thirteen other crystal

structures containing this tag. Only in one of these struc-

tures the tag was visible in the electron density, but with

a very different secondary structure consisting of a par-

tial b-strand followed by a small helix (pdb id 2J6P).33

In most structures, the tag seems to be too flexible to be

visible in the electron density. However, in the crystal

Figure 1
Positions of 12 stabilizing mutations as revealed by the crystal structure

of the LEH-F1b and P dimers. Mutations introducing surface-located
positively charged residues are indicated in blue, surface-located nega-

tive charges are shown in red, and buried hydrophobic residues in
black. Proline residues in loops are in purple and disulfide bonds in yel-

low. Mutations are indicated once per dimer.
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structure of the LEH-P mutant the tag is stabilized by

several interactions with surrounding residues, reducing

its flexibility.

The presence of the tag might affect the activity of the

enzyme, since it blocks part of the entrance to the active

site and thereby could impede substrate binding or prod-

uct release. Indeed, the specific activity of wild-type LEH

with c-Myc tag is half that of the enzyme without it

(Table III). The tag thus has an effect beyond what was

intended, indicating that care has to be taken when

introducing a tag since it may influence catalytic activity

even if the point of attachment is 10 Å away from the

substrate and 15 Å away from the catalytic residues, as in

the LEH variants.

The accuracy of the prediction of point
mutations

To analyze the quality of the structure predictions

used in the FRESCO approach, the predicted structures

from stage 1 to 3 were compared to the crystal struc-

tures. This includes a comparison between predicted

structures of single-site mutants and crystal structures of

multi-site mutants. Inspection of the latter revealed that

no changes occurred beyond the substituted residues,

with the exception of backbone changes in residues

flanking position K92, adjacent to the disulfide bridge

C89-C91’, and next to residue 5. For positions in the

crystal structures an error margin of 0.4 Å was used,

since this is twice the RMSD when superimposing the

different monomers of LEH-P or F1b.

The comparison showed that the stage-1 structures

generated by FoldX gave a correct prediction for five of

the eight cases while the predictions by Rosetta were cor-

rect for seven of the eight instances (Table I). Errors in

the energy function and lack of (fine-)sampling of

rotamers or of backbone conformational space can ham-

per a correct prediction of rotamers. The accuracy of

structure predictions in the dynamic disulfide discovery

protocol was correct for three of the four cysteines. The

correctness of the structures produced by MD simula-

tions (stage 2) was rather similar to the stage 1 structure

(Table I). However, the stage 2 simulated structures pre-

dicted the shift in the Ca position of residue 15 in the

S15P mutant more accurately than the FoldX or Rosetta

structure. Finally, stage 3 structures did predict the con-

formations of eight out of twelve mutated residues in

LEH-F1b and LEH-P correctly, including the effects of

the mutations A19K and E45K. The RMSDs between the

stage 3 structures and the crystal structures were 0.7 and

Table I
Accuracy of the Prediction of Point Mutations in Different Stages of Design

Mutation DTM, app
a (�C)

Stage-1
Stage-2 (single-site

short MD) Stage-3 (multi site longer MD)

Ca

differenceb (�)
Correct

rotamerc
Ca

differenceb (�)
Correct

rotamerc
Ca

differenceb (�)
Correct

rotamerc
Rotamer
flipsd (%)

FoldX-based predictions
S15P 1 1.9/2.8 N/N 1.3/1.0 N/N 1.5/1.1 N/N 20
A19K 2.5 0.4/0.6 Y/N 0.6/0.4 N/N 0.2/0.1 Y/Y 100
E45K 2 0.1/0.4 N/N 0.8/0.8 N/N 0.8/0.4 Y/Y 100
T76K 1.5 0.1/0.2 Y/Y 0.7/0.3 Y/Y 0.5/0.5 Y/Y 90
T85V 6.8 0.1/0.2 Y/Y 0.4/0.2 Y/Y 0.4/0.2 Y/Y 0
N92K 7.3 2.4/3.0 N/N 4.2/3.3 N/N 2.9/2.8 N/N 100
Y96F 2.8 0.3/0.4 Y/Y 0.3/0.4 Y/Y 0.5/0.4 Y/Y 0
E124D 1.3 0.8/0.8 Y/Y 1.2/1.0 Y/Y 1.1/1.0 Y/Y 100

Rosetta-based predictions
S15P 1 2.6/1.9 Y/Y 2.6/0.9 Y/Y 0.7/0.7 Y/Y 10
A19K 2.5 0.5/0.4 Y/Y 0.5/0.3 Y/Y 0.0/0.4 Y/Y 90
E45K 2 0.4/0.2 Y/Y 0.3/0.6 Y/Y 0.5/0.8 Y/Y 60
T76K 1.5 0.3/0.2 Y/Y 0.6/0.6 Y/Y 1.0/0.7 Y/Y 90
T85V 6.8 0.2/0.1 Y/Y 0.2/0.0 Y/Y 0.2/0.3 Y/Y 0
N92K 7.3 2.7/2.3 N/N 2.9/2.6 N/N 2.9/2.8 N/N 80
Y96F 2.8 0.4/0.3 Y/Y 0.4/0.5 Y/Y 0.4/0.5 Y/Y 0
E124D 1.3 0.8/0.7 Y/Y 1.1/0.9 Y/N 1.1/1.0 N/N 100

DDD-based predictions
I5Ce 13.5 - - - - - - 0
E84C 0.4/0.7 Y/Y 0.4/1.1 Y/Y 0.2/0.1 Y/Y 0
G89C 15 0.3/0.5 Y/Y 0.2/0.3 Y/Y 0.1/0.2 Y/Y 0
S91C 0.3/0.5 Y/Y 0.3/0.2 Y/Y 0.3/0.4 Y/Y 0

aDifference in apparent melting temperature between the single mutants and the wild-type.
bDifference in Ca position between predicted and observed structure, values given for chains A and B.
cCorrectness (Y(es) or N(o)) of rotamer prediction for chains A and B. Defined as side-chain orientation in the predicted structure in agreement with the crystal

structure.
dThe percentage of time that a rotamer flip was observed during MD simulation. Both side chains of each dimer were monitored during 5 MD simulations of 1 ns.
eElectron density for this residue too low for accurate estimation of bond geometries.
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0.5 Å for LEH-P and LEH-F1b, respectively. Differences

larger than 1 Å were only observed at residues 5–13, 86–

92, 120–124, and 147–149 during MD in stage 3. For the

Rosetta generated structures that were submitted to MD

simulations, such differences were observed at residues

5–6, 16, 49–50, 74, 92–93, 124–125, and 145–149, which

correspond to the most flexible parts of the protein as

judged by crystallographic B-factors. These results indi-

cate that the stage 3 structures overall superimposed well

with the crystal structures and most rotamers were pre-

dicted correctly (Table I).

Close inspection revealed that the eight point muta-

tions and two disulfide bonds could be grouped into

four different categories: (i) mutations removing unsatis-

fied hydrogen bonds; (ii) substitutions introducing

surface-located charged groups; (iii) mutations introduc-

ing proline residues in loops; and (iv) mutations intro-

ducing disulfide bonds. The structural changes associated

with these mutations are discussed below.

Effects of unsatisfied hydrogen bond donors
and acceptors on stability

The mutations T85V and Y96F lead to loss of a buried

hydroxyl group. Normally, hydroxyl and amide groups

are hydrogen-bonded when present in the interior of a

protein.34–36 Analysis of three homologous NTF2-

superfamily structures (pdb ids: 1NWW,3 1NU3,3 and

3GRD [JCSG, USA, unpublished]) indicates that more

than 90% of all side-chain hydroxyl groups of serine,

threonine and tyrosine have two or more hydrogen-

bonding interactions. Without such interactions a

hydrogen-bonding group can destabilize a protein, the

exact extent of which is under debate. Fleming et al. sug-

gest 5–6 kcal mol21 37 per unsatisfied hydrogen-bonding

group, while others suggest a lower number of 0.5–1.8

kcal mol21.38 In the wild-type LEH structure, the

hydroxyl groups of T85 and Y96 are buried in the

enzyme and have only one hydrogen-bonding interaction

each, to a water molecule [Fig. 2(A)]. Their hydrogen-

bonding potential is thus not fully fulfilled. Indeed,

replacing the hydroxyl by an apolar group by the muta-

tions T85V and Y96F increases the apparent melting tem-

perature by 6.8 and 2.8 �C1, respectively (Table I).

The relatively large increase in stability by mutation

T85V is most likely due to its vicinity to the suspected

early unfolding region in LEH, which is the N-terminal

loop.1 The LEH-P and LEH-F1b structures revealed that

the T85V mutation does not affect the backbone and

side-chain conformation of residue 85. However, the

Figure 2
Comparison of the experimentally determined (grey) and simulated (black) structures of LEH-P. (A) The substitution T85V (DTM, app 5 6.8 �C)
removes a hydroxyl group with only one hydrogen bonding interaction. (B) The mutation T76K (DTM, app 5 1.5 �C) introduces a positive charge

on the surface of the protein, and (C) Substitution S15P (DTM, app 5 1.0 �C), reduces the flexibility of the main chain in a loop.
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water molecule hydrogen-bonded to the T85 hydroxyl

group in wild-type enzyme, is released. The conforma-

tions of residue 96 in wild type and LEH-P are also

indistinguishable, and a similar release of a hydrogen-

bonded water molecule has occurred. The expulsion of a

bound water molecule can stabilize an enzyme by

roughly 2 kcal mol2139 because it reduces the entropy

difference between the folded and unfolded state. How-

ever, this release may also have been caused by the N92K

mutation, since in wild-type enzyme both the Y96 and

N92 side chains are hydrogen bonded to this water mole-

cule. As a result of the release of the water molecule and/

or the N92K/Y96F mutations the b-turn of residues 91–

93 has shifted by up to �2 Å. This change in conforma-

tion is discussed in more detail below. Taken together,

our results show that removing hydroxyl groups with

unsatisfied hydrogen-bonding potential increased LEH

stability.

A comparison between the elucidated and predicted

structures of mutant enzyme LEH-P demonstrated that

that the conformations of the introduced residues F96

and V85 were, within error, correctly predicted both by

FoldX and Rosetta in stage 1 and by MD simulations

performed in stages 2 and 3 (Table I).

Modification of surface-located charged
groups

The introduction of positively charged lysine residues

on the surface of the enzyme (A19K, E45K and T76K,

Fig. 2) increases the TM,app by 1.5–2.5 �C for each of the

mutants (Table I). Surprisingly, the introduced lysines

are not involved in direct hydrogen-bonding or salt-

bridge interactions with other residues, except for K92 in

monomer B of the elevenfold mutant LEH-F1b. The

decrease of the net negative charge of the protein or a

change in long-range electrostatic interactions could

favorably affect the stability of the enzyme dimer. Elec-

trostatic interactions can have large effects on enzyme

stability.40–42 Excess charges can destabilize a protein by

repulsion between monomers within a multimer, by

repulsive interactions between charged surface groups on

the same subunit, or as a result of repulsion between

negative charges and carbonyl oxygen atoms of the back-

bone.40–42 The longer MD simulations with the multi-

site mutants did predict the conformations of the three

lysines correctly, revealing no permanent interactions

with other residues. FoldX and shorter simulations of

single-site mutants yielded side-chain orientations of K19

and K45 that differed from the crystal structures. Possi-

bly, the longer equilibration time used in case of the

stage 3 MD simulations (500 ps instead of 50 ps) allowed

these residues to find rotamers with lower energy. Most

of the surface-located residues changed conformation at

least once during these MD simulations (Table I). Espe-

cially in case of the lysine, which can feature many differ-

ent rotamers, alternative side-chain conformations were

often explored during MD.

The N92K mutation increased the melting temperature

significantly more (DTM,app 17.3 �C) than the other

three mutations. The relative high stability increase could

be due to the location near the early unfolding N-

terminal loop.1 Residue 92 is located in a b-turn con-

necting the b-strand of residues 78–87 to the b-strand of

residues 94–105. In the wild-type enzyme, N92 is

involved in water-mediated dimer contacts. In the LEH-P

mutant structure the lysine side-chain points away from

the dimer interface, probably because there is insufficient

space in the dimer interface. Nevertheless, water-

mediated dimer contacts are maintained. In contrast, in

monomer B of the LEH-F1b structure, the Nf atom of

K92 may have direct intermolecular hydrogen-bonding

interactions with Og of S21 and the carbonyl oxygen

atoms of K19 and A16, all of the other monomer

(monomer A) in the dimer. These and the water-

mediated interactions may reduce unfolding of the

enzyme by stabilizing the dimer interface,43 and may lie

at the basis of the observed stabilization. Both the MD

simulations (stage 2 and 3 structures) and FoldX and

Rosetta predicted the occurrence of additional inter-

subunit hydrogen-bonding interactions, similar to those

between residue 92 in monomer B and residues 16, 19,

and 21 in monomer C of the crystal structure of LEH-

F1b.

Stabilization of a flexible loop by a proline

The S15P mutation improves the apparent melting

temperature of LEH by 1.0 �C. It introduces a proline

into the flexible N-terminal loop of the protein, restrict-

ing conformational freedom of the main chain in this

region.26 The stabilization can be explained both by

thermodynamic and kinetic stabilization. Substitution by

proline reduces the entropy loss upon folding and/or it

hinders unfolding pathways that depend on the unfold-

ing of the loop harboring the proline.44,45 The crystal

structure revealed that the S15P mutation changes the

position of the Ca atom of residue 15 by 2.3 Å com-

pared to the wild-type structure [pdb id 1NU3, Fig.

2(C)]. This change in backbone position was not pre-

dicted correctly during all stages of design. However, the

simulated structures of stage-2 and 3 had smaller differ-

ences in Ca position compared to the FoldX structure of

stage-1, indicating that the MD simulations gave a more

accurate prediction of the change in backbone conforma-

tion (Table I).

Effects of disulfide bonds on local and global
structure

The crystal structures of the LEH mutants were also used

to examine the effects of the introduction of two disulfide
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bonds. The mutations I5C1E84C (DTM, app 5 13.5 �C)

introduce a covalent interaction between the rather flexible

residue of the wild-type at position 5, which is located in a

loop near the N-terminus, and the well-defined residue at

position 84, located in a b-sheet of the protein core [Fig.

3(A)]. Comparison of the structures of mutant LEH-F1b

(with disulfide bonds) and mutant LEH-P (without disul-

fide bonds) revealed a 3.2 Å positional shift of residue 5 to

bring it in proximity to residue 84 [Fig. 3(A)], while the

Ca position of residue 84 had shifted by only 0.5 Å. The

flexible surface loop harboring residue 5 has only few inter-

actions with the rest of the protein, and thus the formation

of the disulfide bond can result in local changes. The intro-

duction of the 5–84 disulfide bond did not rigidify the 5–7

loop, as evidenced by its weak electron density and high Ca

B-factors.

Disulfide bond formation between residues 89 and 91’

and 91 with 89’ (DTM, app 5 15.0 �C) creates two cova-

lent links between the monomers, which reduces unfold-

ing caused by dissociation into subunits.46,47 However,

C89 and C91 in monomers A and B have a dual confor-

mation. In one conformation the Cys side chains form

an inter-subunit disulfide bond between residues 89 and

91’, while in the other conformation the thiol group

adopts a different rotamer and the disulfide bond is not

formed [Fig. 3(B)]. Thermal denaturation experiments

confirmed that multiple protein forms that differ in

TM,app are present in solution. This is in agreement with

the presence of varying numbers of inter-subunit disul-

fide bonds per dimer (Supporting Information Fig. S1).

For the intermolecular disulfide bonds (C89–C91’), the

well-defined positions of the Ca atoms of neighboring

residues C89, S90, and C91 are shifted by respectively

0.6, 1.1, and 0.9 Å when comparing the structure of

LEH-P and wild-type. The side chains of the introduced

residues push the two monomers further apart to accom-

modate the larger Cys side chains (compared to Gly and

Ser) at the interface. The MD simulations of stage 2 and

3 predicted the required main-chain changes correctly.

Thus, the use of a flexible backbone indeed makes it pos-

sible to design mutations that require small backbone

changes.

Comparison of active site residues

The stabilization of enzymes should not reduce their

catalytic activity. To investigate if the mutations intro-

duced by FRESCO influenced the active site structure,

the positions of all 122 atoms within 10 Å from the posi-

tion of the ligand heptaneamide in the wild-type LEH

structure were compared between the structures of LEH-

P and the original enzyme.3 The comparison revealed

that the active sites are fully superimposable, with

RMSDs of only 0.19 Å, as are the catalytic water mole-

cules. Thus, the positions and orientations of the cata-

lytic residues Y53, N55, R99, D101, and D132 are

completely preserved [Fig. 4(A)]. Previous research dem-

onstrated that the hydrolytic activity of LEH-P and wild-

type LEH (with c-Myc tag) was similar for the substrate

(4R)-limonene-1,2-epoxide (Table II). These results dem-

onstrate that the strategy not to mutate residues close to

the active site was successful for the design of fully

active, thermostable LEH-P variants. Similarly, stabilizing

mutations in the dehalogenase LinB only reduced

enzyme activity when they were introduced close to the

active site.4,48 This strategy could be a simple but

Figure 3
Overview of the crystal structure of the introduced disulfide bonds in LEH-F1b. Electron densities are shown in yellow. (A) Comparison of the con-

formations of the predicted (in black) and observed (grey) intra-molecular disulfide bond I5C-E84C. (B) The dual conformations adopted by the

cysteine residues involved in the G89C-S91C’ inter-subunit disulfide bond.
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effective way to maintain catalytic activity during com-

putational design, provided that more distant mutations

do not reduce activity.

Identification of the ligand

The electron density of LEH-P revealed that an unex-

pected ligand was bound in the active site of the enzyme

[Fig. 4(B)], which was not related to any compound

added during the crystallization experiments. Arand

et al. also observed an endogenous ligand in the wild-

type structure.3 This ligand was proposed to be valpro-

mide, although it only partially matched the observed

electron density. The density in LEH-P suggests a differ-

ent molecule. It has a carboxyl or amide group interact-

ing with the carboxylate group of D132 and the

guanidinium group of R99 [Fig. 4(B)]. Furthermore, the

molecule has an aliphatic tail of at least six carbon atoms

and is branched at the C2 atom, which is possibly sp3

hybridized. The molecule 2-hydroxyhexylamide fits the

observed density, both in monomers B and C of LEH-P.

To further identify this compound we performed ESI-

MS/MS on a denatured protein sample containing the

ligand. This suggested that the compound is 2-

hydroxyhexanamide by molecular mass and fragmenta-

tion pattern (Supporting Information Fig. S3), although

it could not be unambiguously assigned. Amides are

known to be low-Ki non-covalent inhibitors of epoxide

hydrolases.49 Trace amounts of this compound could be

present in the solutions used for growth, purification or

crystallization or produced by E. coli cells.

Comparison between computational
methods, B-FIT, and consensus design

Several protein engineering methods using structural

information for increasing enzyme thermostability have

been reported.50,51 We investigated if the mutations

introduced by FRESCO in variant LEH-P overlap with

substitutions predicted the consensus approach12,14–16

and the B-FIT method.12,13 Accordingly, the 3DM

superfamily database52 was used to predict the consen-

sus residue at each position where FRESCO suggested a

stabilizing mutation (Table III). A mutation was consid-

ered to be toward consensus if the introduced amino

acid was one of the two most frequently occurring resi-

dues at that position in a multiple sequence alignment

of 6100 proteins homologous to LEH. The highly effec-

tive T85V mutation coincides with a substitution pre-

dicted by the consensus approach, since a large fraction

(70%) of the sequences in the superfamily has a hydro-

phobic group at this position (Table III), with Ile as

most frequent residue followed by Val. Similarly, the

Figure 4
Comparison of the active site structures of LEH-P and wild-type LEH. (A) Overlay of the structures of LEH-P (light grey) and wild-type LEH

(pdb id 1NWW, dark grey). The proposed ligand 2-hydroxyhexylamide bound to LEH-P is shown in green; it is at hydrogen-bonding distance to

D101. All first shell residues within 5 Å from the bound ligand are shown. (B) Electron density for (R)-2-hydroxyhexylamide bound in the active
site as observed in monomer C of LEH-P.

Table II
Specific Catalytic Activities of Selected LEH Variants

LEH variant Specific activity (lmol/mg/min) Reference

Wild type 85 2
Wild type c-Myc 44 1
P (c-Myc) 55 48
F1b (c-Myc) 28 1

Hydrolysis of (4R)-limonene epoxide was measured at 30 �C
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consensus method would also have predicted the E124D

substitution.

However, the consensus method revealed no preference

for lysine or arginine residues at positions 45, 76, or 92,

while FRESCO introduced stabilizing surface-located pos-

itive charges at these positions (Table III). It is likely that

protein surface charges vary greatly among homologous

protein, since they influence many protein characteristics

besides stability, such as activity, solubility and protein-

protein interactions.46,53 Furthermore, the effect of

mutations influencing surface-charges will depend on the

presence and distribution of other charged and polar

groups on the protein surface. This may explain why the

consensus method did not predict these mutations. Fur-

thermore, the consensus method was unable to predict

mutations in highly variable non-conserved parts of the

protein, such as the N-terminal loop consisting of resi-

dues 5–21. Accordingly, the mutations S15P and A19K

were not predicted.

The B-factor iterative test principle (B-FIT) is another

method to predict positions where mutations can

improve thermostability.12,13 It assumes that there is a

higher chance of finding stabilizing mutations when

mutating the most flexible residues of the protein. The

method selects twenty positions with the highest B-factor

and targets them by site-saturation mutagenesis. Both

FRESCO and the B-FIT method predict that substitutions

at positions 5, 15, and 92 have a large chance to improve

thermostability (Supporting Information Table SII).

Unlike B-FIT, FRESCO also yielded highly stabilizing

mutations at positions not located in flexible parts, such

as T85V and the G89C-S91C’ disulfide bond (Supporting

Information Table SII). It can be concluded that B-FIT

and the consensus method predict mutations at some of

the positions discovered by the FRESCO approach, but

also that FRESCO produced several stabilizing mutations

that were not proposed by the other two methods.

Stabilization mechanism

The stabilizing effect of the I5C-E84C disulfide bond

generating substitution and the S15P mutation may indi-

cate that kinetic or thermodynamic stabilization of the

N-terminal loop (residues 9–21) is an important stabiliz-

ing mechanism. Disulfide bonds can stabilize a protein

by reducing entropy gain upon unfolding and/or by pre-

venting local unfolding starting at a flexible

region.44,45,54 Local unfolding can lead to aggregation

and irreversible inactivation44,45 and several studies

have indicated that reducing the flexibility of the peptide

chain termini can stabilize enzymes.55,56 In view of the

irreversibility of LEH unfolding, suppression of denatura-

tion starting at an early unfolding region may be most

important for the obtained stabilization.

Another important protein stabilization mechanism is

the improvement of intersubunit interactions. The disul-

fide bond G89C-S91C’ enhances interactions between the

monomers and increases the energy required to dissoci-

ate the dimer.46,47,57 Other frequently reported stabili-

zation mechanisms such as the removal of oxidation-

prone residues or the filling of internal cavities are not

observed in the structures of LEH-P and F1b.58 In con-

clusion, three mechanisms seem to be responsible for the

majority of the obtained stabilization interactions: (i)

enhanced interactions between the flexible loop close to

the N-terminus and the rest of the protein; (ii) improved

interactions at the dimer interface; and (iii) removal of

unsatisfied hydrogen bonding groups.

Implications for FRESCO and computational
library design

Accurate prediction of mutant structures is of key

importance for computational design. Computation of

the stabilizing effect of mutations requires that backbone

positions and rotamers are correctly predicted. The pres-

ent study revealed that the side-chain conformations of

most mutated residues were predicted accurately both

with the Rosetta and the FoldX protocol. However, nei-

ther Rosetta nor FoldX correctly predicted positional

changes of the main chains of residues 5 and 15 located

in the N-terminal loop. In solution, the highly flexible

residue 5 will adopt a variety of conformations besides

the one observed in the crystal structure. Therefore, the

position observed in the crystal structure may be of

minor relevance to the solution structure and to enzyme

stability. Furthermore, changes in the positions of the

Table III
Occurrence of Mutations Discovered by FRESCO in a Multiple

Sequence Alignment Containing Closely and Distantly Related
Sequences

Close relatives
(36 sequences)a

Superfamily
(6100 sequences)

Mutation Rankb
Identity

(%)
Similarity

(%) Rankb
Identity

(%)
Similarity

(%)

S15P NCc NCc

A19K NCc NCc

E45K 7 2.6 2.6d 3 11.7 21.3d

T76K 6 2.6 7.9d 7 9 5.1d

T85V 3 23.7 60.5e 2 17 69.9e

T85I 2 28.9 60.5e 1 36.8 69.9e

T85L 4 7.9 60.5e 3 13 69.9e

N92K - 0 0d 11 2.5 4.7d

N92R - 0 0d 13 1 4.7d

Y96F 2 23.7 52.6e 11 2.7 23.1e

E124D 1 50 71.1f 5 8.6 18.5f

aThese sequences all belong to one protein family according to the 3DM classifi-

cation system.
bThe rank of the frequency of occurrence of the introduced residue at the corre-

sponding position in the set of homologous proteins.
cNC, residue located in a non-conserved area of the protein.
dSimilarity defined as either K or R.
eSimilarity defined as either F, V, I or L.
fSimilarity defined as either D or E.
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backbone atoms of residue 124, located in a flexible

loop, were also not predicted correctly. On the other

hand, the backbone shifts in the region 89–91, which

create space for the disulfide bond C89-C91’, were pre-

dicted correctly, likely because disulfide bond design in

FRESCO uses a set of MD-generated backbones. Overall,

the quality of the structures generated in the longer MD

simulations in stage 3 appears sufficiently high to be

used for computational library design (Table I).

The current study suggests that computational enzyme

stabilization methods can be further improved by intro-

ducing or improving stabilizing interactions in labile

areas. Better modeling of intrinsic protein flexibility and

improved conformational sampling for mutant structure

prediction can also increase predictive quality. The iden-

tification of labile areas may be done by a variety of

techniques such as electron density analysis, conforma-

tional plasticity analysis of homologous structures, B-

factor analysis,12,13 flexibility analysis by hydrogen deu-

terium exchange mass spectrometry46,59 or MD simula-

tions.60 An approach that more selectively stabilizes

flexible areas and that takes into account backbone

changes is expected to further improve the quality of

mutant libraries obtained by computational design.

CONCLUSIONS

In this study, the structural predictions generated and

used in the FRESCO approach for computational enzyme

stabilization have been validated by protein crystallogra-

phy. The results revealed that the experimental structures

are in close agreement with the predicted conformations

of the point mutations. The c-Myc tag, originally intro-

duced for protein detection, adopted a conformation

that reduced activity by blocking access to the active site.

Sequence analysis showed that the computational enzyme

stabilization yielded several strongly stabilizing mutations

that were not predicted by the consensus approach or

the B-FIT method for thermostabilization.
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