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Chapter 20

Computational Tools for Designing Smart Libraries

Eva Sebestova, Jaroslav Bendl, Jan Brezovsky, and Jiri Damborsky

Abstract

Traditional directed evolution experiments are often time-, labor- and cost-intensive because they involve 
repeated rounds of random mutagenesis and the selection or screening of large mutant libraries. The effi-
ciency of directed evolution experiments can be significantly improved by targeting mutagenesis to a limited 
number of hot-spot positions and/or selecting a limited set of substitutions. The design of such “smart” 
libraries can be greatly facilitated by in silico analyses and predictions. Here we provide an overview of 
computational tools applicable for (a) the identification of hot-spots for engineering enzyme properties, 
and (b) the evaluation of predicted hot-spots and selection of suitable amino acids for substitutions. 
The selected tools do not require any specific expertise and can easily be implemented by the wider 
scientific community.

Key words Computational tool, Rational design, Smart library, Focused library, Directed evolution, 
Mutation, Protein engineering, Software, Web tool

1 Introduction

Directed evolution is a widely used approach for modification of 
protein structure and function. Traditionally, directed evolution 
involves the iterative introduction of random mutations in a target 
gene, followed by selection or high-throughput screening of the 
resulting mutant libraries for protein variants with improved prop-
erties. The potential disadvantage of this entirely random approach 
is that very large libraries usually need to be screened to obtain desired 
variants, which is time-consuming, laborious, and costly [1–3].

The efficiency of directed evolution can be increased by creat-
ing smaller, higher quality libraries that are more likely to yield 
positive results. Such “smart” or “focused” libraries can be gener-
ated by restricting the amino acid changes to only a limited num-
ber of target positions, which are likely to affect the property under 
study, and/or selecting a limited set of substitutions [1, 3–6]. 
These promising target sites, often referred to as “hot-spots,” are 
usually identified in a rational way, utilizing information on protein 
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sequence-structure-function relationships or by using computational 
methods [2, 3, 5]. Compared to conventional random mutagene-
sis libraries, the focus on specific amino acid positions will signifi-
cantly reduce the size of generated libraries [1, 3–6] and the 
screening efficiency can be further improved by the use of appro-
priate degenerate codons. Degenerate codons can be used to 
restrict mutations at each target position to a rationally selected set 
of amino acids, or a reduced set of diverse amino acids [4, 6, 7].

Here, we provide an overview of easy-to-use computational 
tools that can be utilized to (a) identify typical hot-spots for engi-
neering protein stability and enzyme catalytic properties, (b) evalu-
ate selected hot-spots, and (c) design suitable sets of amino acids to 
be introduced into these positions (Table 1). We note that although 

Table 1 
Selected computational tools applicable for the design of smart libraries

Computational tool Aima URL References

3DM E http://3dmcsis.systemsbiology.nl/ [74]

3D-SURFER C http://dragon.bio.purdue.edu/3d-surfer/ [37]

AA-Calculator D http://guinevere.otago.ac.nz/cgi-bin/aef/
AA-Calculator.pl

[87]

B-FITTER S http://www.kofo.mpg.de/en/research/
organic-synthesis/

[52]

CASTER D http://www.kofo.mpg.de/en/research/
organic-synthesis/

[52]

CASTp C http://cast.engr.uic.edu/ [31]

CAVER C, S http://www.caver.cz/ [42]

ConSurf E http://consurf.tau.ac.il/ [43]

ConSurf-DB E http://consurfdb.tau.ac.il/ [72]

CUPSAT E http://cupsat.tu-bs.de/ [77]

Dmutant E http://sparks.informatics.iupui.edu/hzhou/mutation.
html

[76]

Evolutionary Trace E http://mammoth.bcm.tmc.edu/ETserver.html [65]

Evolutionary Trace 
Database

E http://mammoth.bcm.tmc.edu/cgi-bin/report_maker_
ls/traceServerResults.pl?identifier=reports

[66]

FoldX S, E http://foldx.crg.es/ [60]

Fpocket C http://fpocket.sourceforge.net/ [36]

GLUE D http://guinevere.otago.ac.nz/cgi-bin/aef/glue.pl [88]

GLUE-IT D http://guinevere.otago.ac.nz/cgi-bin/aef/glue-IT.pl [87]

HotSpot Wizard C, S, E http://loschmidt.chemi.muni.cz/hotspotwizard/ [39]
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Computational tool Aima URL References

HSSP E http://swift.cmbi.ru.nl/gv/hssp/ [73]

I-Mutant E http://folding.uib.es/i-mutant/i-mutant2.0.html [78]

LigPlot+ C http://www.ebi.ac.uk/thornton-srv/software/LigPlus/ [19]

LPC C http://bip.weizmann.ac.il/oca-bin/lpccsu/ [21]

MBLOSUM E http://apps.cbu.uib.no/mblosum/ [67]

metaPocket C http://projects.biotec.tu-dresden.de/metapocket/ [32]

MolAxis C, S http://bioinfo3d.cs.tau.ac.il/MolAxis/ [48]

MOLE C, S http://mole.upol.cz/online/ [47]

PANTHER E http://www.pantherdb.org/tools/csnpScoreForm.jsp [84]

PDBePISA C http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html [22]

Pocket-Finder C http://www.modelling.leeds.ac.uk/pocketfinder/ [33, 34]

PoPMuSiC S, E http://babylone.ulb.ac.be/popmusic/ [58]

PoseView C http://poseview.zbh.uni-hamburg.de/ [20]

PROVEAN E http://provean.jcvi.org/ [83]

Q-SiteFinder C http://www.modelling.leeds.ac.uk/qsitefinder/ [34]

Scorecons E http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/
valdar/scorecons_server.pl

[63]

SIFT E http://sift.jcvi.org/ [82]

SITEHOUND C http://scbx.mssm.edu/sitehound/sitehound-web/Input.
html

[35]

TopLib D http://stat.haifa.ac.il/~yuval/toplib/ [86]

WebLogo E http://weblogo.berkeley.edu/ [68]
aC—identification of hot-spots for engineering catalytic properties; S—identification of hot-spots for engineering 
thermostability; E—evaluation of hot-spots and design of amino acid sets; D—design of library diversity

Table 1 
(continued)

any method used in rational protein design is, in principle, applicable 
to the design of smart libraries, we have highlighted only the meth-
ods that are implemented and provided to the community as web 
servers or programs equipped with appropriate graphical user 
interfaces, and requiring no specific expertise to setup calculations 
or interpret results. The presented tools can be used by research 
teams that do not have prior knowledge of structural and bioinfor-
matic analyses, as well as by experts. For other methods and strategies 
potentially useful in designing smart libraries, readers are referred 
to previously published reviews [2–5, 8–14].
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2 Identification of Hot-Spots for Engineering Catalytic Properties

The amino acid residues that mediate substrate binding, transition- 
state stabilization, or product release are frequently selected as 
hot- spots for modification of enzyme specificity, stereoselectivity, 
or activity [6, 15–18]. The easiest way to determine some of these 
hot-spots is to analyze the interactions between enzyme and bound 
ligands, or identify residues located in binding pockets or access 
tunnels. However, it is very important to keep in mind that the 
hot-spots identified using most methods in this section are also 
likely to include catalytic or other essential residues, which gener-
ally should not be mutated.

The amino acid residues in direct contact with the ligand can be 
identified from the structure of enzyme–ligand complex. 
Computational tools facilitating the investigation of protein–ligand 
interactions make this kind of analysis accessible even to research-
ers inexperienced in structural analyses. These tools include 
LigPlot+ [19] or PoseView [20] for generating easy-to-interpret 
2D diagrams of protein–ligand interactions, as well as LPC [21] or 
PDBePISA [22], which provide information about interatomic 
contacts between the protein and bound ligands. These methods 
require reliable 3D coordinates of the enzyme–ligand complex 
(see Note 1). However the experimental structure of the target 
complex is often not available. In such cases, one can predict the 
probable binding orientation of the ligand in the active site by 
molecular docking [23–25].

LigPlot+ (http://www.ebi.ac.uk/thornton-srv/software/LigPlus) 
is a program that generates schematic diagrams of the interactions 
between the ligand and individual protein residues from the 3D 
coordinates of the protein–ligand complex [19]. All potential 
hydrogen bonds and nonbonded contacts between the protein and 
the bound ligand are calculated by the HBPLUS program [26]. 
The ligand and interacting protein residues are then flattened out 
into a 2D diagram, while minimizing atom clashes and overlaps. 
The program is provided with a graphical user interface. Users 
specify the structure of a protein–ligand complex as the input, and 
choose the ligands for which interactions should be depicted. The 
program enables the user to plot and superimpose multiple sets of 
protein–ligand interactions, and thus highlights differences and 
similarities in the binding of various ligands to the same protein 
target, or in the binding of a single ligand to a set of related pro-
teins. The interactions can also be inspected in 3D by launching 
the results in PyMOL (http://www.pymol.org) or RasMol (http://
rasmol.org/) visualization software, automatically showing the 
superimposed ligands, interacting residues, hydrogen bonds, and 
nonbonded contacts [19].

2.1 Analysis 
of Protein–Ligand 
Interactions

Eva Sebestova et al.

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

http://www.ebi.ac.uk/thornton-srv/software/LigPlus
http://www.pymol.org/
http://rasmol.org/
http://rasmol.org/


LPC web server (http://ligin.weizmann.ac.il/cgi-bin/lpccsu/
LpcCsu.cgi) analyzes protein–ligand contacts using the surface 
complementarity approach [21, 27]. Users specify the structure of 
the protein–ligand complex and select the ligand for which the 
analysis should be conducted. The server outputs a list of residues 
and atoms in contact with the ligand and indicates the type of con-
tacts and the distance and contact surface area between the ligand 
and individual residues. The listed residues and ligand can be inter-
actively visualized in the web browser [21].

PDBePISA web server (http://www.ebi.ac.uk/msd-srv/ 
prot_int/pistart.html) enables the analysis of macromolecular 
interfaces, surfaces, and assemblies predicted from protein struc-
tures. Users can either search the PISA database for pre-calculated 
results, or request a new calculation by uploading their own struc-
ture of a macromolecular complex. After launching the interface 
analysis, all interfaces found in the query structure are listed, 
including interfaces between the ligand and macromolecule. 
Selected interfaces can be visualized in the web browser. For each 
interface, detailed information is provided, including overall char-
acteristics of the interface (number of atoms and residues, solvent 
accessible area, solvation energy), a list of all interface atoms and 
residues, and their potential interactions (i.e., hydrogen/disulfide 
bonds, salt bridges, or covalent links) [22].

The binding and active sites of enzymes are often associated with 
structural pockets and cavities [28], both hereafter referred to as 
pockets. Many amino acid residues located in these pockets may 
come into contact with the ligands during the catalytic cycle. Thus, 
even without precise knowledge of ligand orientation in the active 
site, one can accurately predict which residues may interact with 
the ligand just by identifying the active site pocket. Many tools for 
the identification and analysis of pockets have been developed 
[28–30]. Some of these tools, e.g., CASTp [31], MetaPocket 2.0 
[32], Pocket-Finder [33, 34], Q-SiteFinder [34], SITEHOUND 
[35], fpocket [36], or 3D-SURFER [37], are available as easy-to-
use web servers with minimal user demands and interactive visualiza-
tion of results. Importantly, all these servers delineate residues 
forming each identified pocket. Users should be able to recognize 
the active site pocket as long as they know the approximate location 
of the active site (e.g., 1–2 catalytic residues), and thus easily obtain 
a list of suitable targets for saturation mutagenesis (see Note 2).

CASTp web server (http://cast.engr.uic.edu) provides a 
comprehensive and detailed characterization of all pockets in the 
protein structure [31, 38]. The identification of pockets is based 
on computational geometry methods and the volume and area of 
each pocket is measured analytically [38]. It is possible to access 
either the pre-calculated data from a database, or request a new 
calculation. Users only have to specify the target structure in the 

2.2 Analysis 
of Binding Pockets
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input and can optionally adjust the radius of the solvent probe used 
for the delineation of internal pockets. Calculated pockets are 
interactively visualized in the web browser or can be loaded in 
PyMOL software. Additional outputs include information about 
the volume and area of individual pockets, a list of their lining 
atoms and residues, and the annotations of biologically important 
residues derived from various databases (if they are available) [31]. 
Based on the data provided, users can easily select residues for satu-
ration mutagenesis—they can either focus on all residues forming 
the target pocket or select only the residues that contribute several 
 side- chain atoms to the pocket.

HotSpot Wizard web server (http://loschmidt.chemi.muni.
cz/hotspotwizard) uses CASTp as one of the computational tools 
for automatic identification of hot-spots for engineering enzyme 
catalytic properties. The web server integrates the structural and 
evolutionary information obtained from several bioinformatic 
databases and tools. Users need to specify the protein structure for 
the input, and optionally adjust other parameters [39]. HotSpot 
Wizard then uses the Catalytic Site Atlas [40] and UniProtKB [41] 
databases to determine the residues indispensable for enzyme func-
tion. In the next step, the CASTp [31] and CAVER [42] tools 
identify the residues located in the active site pockets and tunnels. 
The ConSurf method [43], with a slightly modified protocol for 
sequence dataset selection, is utilized to estimate the evolutionary 
conservation of individual amino acid positions, which is then used 
to assign mutability to individual residues of the query enzyme 
[39]. In the output, HotSpot Wizard reports predicted hot-spots, 
as well as other functional residues. All residues are accompanied 
with information about their estimated mutability, potential struc-
tural and functional importance, available mutagenesis data, and 
amino acids occurring at a given position in related proteins. 
Results are mapped on the enzyme structure and can be visualized 
either directly in the web browser or in PyMOL software using the 
provided script. Altogether, HotSpot Wizard enables the user to 
perform several structural and evolutionary analyses at once, with 
minimal demands [39]. For a detailed description of HotSpot 
Wizard usage and interpretation of results, see the protocol at the 
end of this chapter.

MetaPocket 2.0 web server (http://projects.biotec.tu-dresden.
de/metapocket/) predicts ligand binding sites and binding resi-
dues from protein 3D structures. It is a consensus method com-
bining results from eight pocket detection programs [32, 44]. 
Users specify a protein structure as the input and, optionally, the 
number of pockets to be found (see Note 3). The server outputs 
the predicted meta-pocket sites, as well as pocket sites predicted by 
each individual method. The pockets can be visualized directly in 
the web browser, or loaded in PyMOL software using the provided 
scripts. For each meta-pocket, the potential ligand binding 
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residues are listed [32]. While the consensus prediction improves 
the success rate compared to individual prediction methods, the 
potential disadvantage of this server is that it only utilizes the top 
three pocket sites from each method. Therefore, if the active site 
pocket does not rank within the top three pockets in any of the 
integrated methods, it will not be reported by MetaPocket 2.0.

In many enzymes, the active site is buried inside the protein core. 
The exchange of ligands between the buried active site and bulk 
solvent (or between two buried active sites in multifunctional 
enzymes) is mediated by access tunnels. Several studies have shown 
that substitutions modulating the shape, physicochemical proper-
ties, or dynamics of the access tunnels can lead to significant 
changes in enzyme activity, substrate specificity, and stereoselectiv-
ity, reflecting the importance of ligand entrance and release for 
enzymatic catalysis [45]. The residues located in access tunnels 
therefore represent hot-spots for the modulation of catalytic prop-
erties in enzymes with buried active sites.

The tunnel-forming residues can easily be obtained by analyzing 
protein structure using the available computational tools for the 
identification of access tunnels [46]. The tools suitable for the analy-
sis of access tunnels include CAVER 3.0 [42], MOLE 2.0 [47], and 
MolAxis [48]. All these tools are based on computational geometry 
methods and search the target protein structure for possible path-
ways connecting the starting point inside the protein with the bulk 
solvent. The starting point is typically defined by several atoms or 
residues located within the active site and should be placed into a 
free space in the active site pocket (see Note 4). Prior to calculation, 
all unnecessary ligands and water molecules should be removed. 
As the main output, the tools provide geometry of all tunnels with 
the radius wider than the radius specified by the user (see Note 5). 
All identified tunnels are accompanied with information regarding 
tunnel characteristics, tunnel profiles, a list of tunnel-lining residues, 
and residues forming the tunnel bottleneck, i.e., the narrowest 
part of the access tunnel [46] (see Note 6 and 7). The bottleneck 
residues represent particularly promising hot-spots for the modifi-
cation of tunnel geometry and their substitutions tend to have a 
high impact on the function of the tunnel [45].

Identification of tunnels by geometry-based tools is very fast, 
but the disadvantage of this approach is that usually only a single 
structure is analyzed and thus enzyme dynamics are neglected. 
Only the tunnels that are open in the analyzed enzyme structure 
are identified, while temporarily closed tunnels will be missed by 
this analysis. Moreover, it is sometimes difficult to distinguish bio-
logically relevant tunnels based on the analysis of a single static 
structure [42]. These problems can be overcome by analyzing the 
tunnels in a large ensemble of protein conformations, which can 
be obtained using molecular dynamics simulations [49, 50]. 

2.3 Analysis 
of Access Tunnels
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However, the setup, computing, and analysis of molecular dynamics 
simulations require a lot of time and expertise (this technique is 
beyond the scope of this chapter).

CAVER 3.0 (http://www.caver.cz/) is a widely used tool for 
the identification and characterization of access pathways in static 
and dynamic macromolecular structures. It is available as a PyMOL 
plug-in for the analysis of single static structures and as a command- 
line application for the analysis of both static and dynamic struc-
tures. The plug-in provides a graphical interface for setting up the 
calculation and interactive visualization of results. The starting point 
position can be specified by x, y, and z coordinates, or derived from 
any PyMOL selection. The calculation can be performed for any 
structure loaded into PyMOL and users can thus easily analyze and 
compare tunnels from multiple superimposed structures. The resi-
dues and atoms forming individual tunnels and bottleneck residues 
are provided in text files and can be visualized using the provided 
script [42]. When selecting suitable hot-spots for saturation muta-
genesis, users can choose to focus on all residues forming relevant 
tunnels, select residues that contribute by several side-chain atoms 
to the tunnel, or focus on bottleneck residues. The calculations can 
be conveniently run and the results visualized using the user-friendly 
graphical interface Caver Viewer. CAVER is also integrated into the 
HotSpot Wizard web server (described in Subheading 2.2).

MOLE 2.0 web server (http://mole.upol.cz/online/) enables 
the identification and interactive analysis of access pathways in a 
single macromolecular structure. For the input, users have to spec-
ify the target structure and can optionally adjust calculation parame-
ters. The calculation can be run automatically from multiple internal 
pockets detected by the MOLE 2.0 algorithm. While this can pro-
vide a useful overview of possible pathways, users are advised to check 
carefully that the calculation was also performed from their pocket of 
interest. Alternatively, the starting point can be specified by x, y, and 
z coordinates or by a set of residues [47]. Users can choose the active 
site residues which are automatically derived from the Catalytic 
Site Atlas database when working with known and annotated 
enzyme structures; otherwise users must specify or interactively 
select residues from the protein sequence. Identified tunnels are 
visualized in the web browser. Alternatively, results can be down-
loaded and visualized with PyMOL software. Tunnel-lining residues 
are depicted along the tunnel centerline with bottlenecks and local 
minima indicated, and can be highlighted in the structure [47].

3 Identification of Hot-Spots for Engineering Thermostability

Thermostability is a very important property that often determines 
the applicability of proteins in technologies and products [51]. 
Protein thermostability can be improved by introducing rigidifying 
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mutations at highly flexible positions. Such amino acid positions 
can be predicted based on crystallographic B-factors, as these 
reflect the degree of thermal motion, and thus the flexibility of 
individual residues [52, 53]. A quick calculation of residue B-factors 
can be done using B-FITTER (http://www.kofo.mpg.de/en/
research/organic-synthesis). This program calculates the average 
B-factor of each amino acid residue in the target protein by 
 averaging the B-factors of all atoms of this residue, excluding 
hydrogen. For the input, users provide the crystal structure of the 
protein of interest—preferably a high-resolution crystal structure 
with a minimum number of non-resolved atoms and without any 
external molecules bound. For the output, residues are ranked 
according to their average B-factors—the residues with the highest 
B-factors are good targets for saturation mutagenesis [52, 53].

Residues forming protein access tunnels represent another type 
of potential hot-spots to enhance protein thermostability—compu-
tational predictions indicate that saturation mutagenesis targeting 
the tunnel residues has approximately two times better chance to 
produce protein variants with significantly improved stability than 
mutagenesis in other protein regions [54]. The computational tools 
aiding in the identification of tunnels and tunnel-lining residues—
CAVER, MOLE, MolAxis, and Hotspot Wizard—have already 
been described with respect to their usage in the identification of 
hot-spots for engineering of catalytic properties.

A large number of computational tools for the prediction of 
effect of amino acid substitutions on protein stability have been 
developed [55–57]. Two of these tools—PoPMuSiC [58, 59] and 
FoldX [60]—can be easily utilized for systematic in silico satura-
tion mutagenesis, which can help reveal amino acid positions with 
a potential for stabilization. Predictions are made by replacing each 
residue in the protein structure by all other possible amino acids 
and estimating the change in protein stability (ΔΔG) upon muta-
tion. In both FoldX and PoPMuSiC, a negative ΔΔG value corre-
sponds to predicted stabilizing mutations. Considering the 
calculation errors of computational methods, we recommend 
dividing the mutations into at least three categories—stabilizing 
(predicted ∆∆G < −1 kcal/mol), neutral (−1 kcal/mol ≤ predicted 
∆∆G < 1 kcal/mol), and destabilizing (predicted ∆∆G ≥ 1 kcal/
mol)—to minimize the number of destabilizing mutations classi-
fied as stabilizing and vice versa. The positions with a high propor-
tion of stabilizing mutations and/or low proportion of destabilizing 
mutations are good candidates for randomization by saturation 
mutagenesis. It is important to keep in mind that some hot-spots 
for protein stabilization may at the same time be indispensable for 
protein function, e.g., catalytic or binding residues, and thus should 
not be mutated unless the risk of destroying protein function is not 
relevant for the study under consideration.
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PoPMuSiC 2.1 web server (http://babylone.ulb.ac.be/
popmusic/) enables very fast predictions of the stability changes 
caused by single-point mutations in globular proteins. The estima-
tion of the folding free energy change upon mutation is calculated 
using a linear combination of 13 statistical potentials, two volume- 
dependent terms, and one independent term, the coefficients of 
which are optimized via a neural network and depend on solvent 
accessibility of the mutated residue [58, 59]. The systematic scan 
of all possible single-point mutations can be launched by simply 
specifying the target structure. The outputs from the systematic 
scan include a file with predicted ΔΔGs for all mutations. The 
potential hot-spots for stabilization can be selected based on the 
so-called sequence optimality score (i.e., the sum of all negative 
ΔΔGs at a given position) provided in a text file and as a bar chart. 
A low sequence optimality score indicates that the corresponding 
position is poorly optimized and thus represents a promising target 
to improve stability of a given protein [58].

FoldX 3.0 (http://foldx.crg.es/) is a widely used program 
designed to estimate the effect of mutations on the stability of pro-
teins, nucleic acids, and macromolecular complexes. The free 
energy is calculated using linear combinations of different energy 
terms weighted to fit experimental data [60, 61]. While the less 
demanding FoldX analyses can be run via a graphical user interface 
provided by a FoldX plug-in for YASARA software (www.yasara.
org) [62], the systematic mutagenesis scan can only be efficiently 
performed by using the stand-alone command line application. 
For the input, users have to provide a high-resolution structure of 
the target protein, list the mutations to be evaluated by FoldX, and 
set up the calculation. Prior to analysis, the input structure should 
be repaired using the FoldX RepairPDB module. The BuildModel 
module can be then used to predict the free energy change result-
ing from each specified mutation (see Note 8). The output pro-
vides the difference in the free energy between each mutant and 
the wild-type structure decomposed into the FoldX energy terms 
[61]. The hot-spots for saturation mutagenesis can be selected, for 
example, as sites with the best ratio between the proportion of 
highly stabilizing and destabilizing mutations.

4 Evaluation of Hot-Spots and Selection of Substitutions

The hot-spots identified by the computational tools described in 
previous sections can be further evaluated to prevent the replace-
ment of indispensable amino acid residues and to prioritize the 
hot-spots, i.e., order the hot-spots based on their suitability for 
mutagenesis. Analysis of the evolutionary conservation of individual 
amino acid positions within a group of related proteins can be used 
to predict highly important residues, as well as estimate mutability, 
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i.e., tolerance to substitutions, of individual amino acid positions. 
Amino acid residues that are essential for the maintenance of the 
structural or functional properties of a protein tend to be con-
served during evolution [63, 64]. If a researcher wants to generate 
a library with a high proportion of correctly folded and active vari-
ants, conserved residues are generally not recommended as  suitable 
targets for mutagenesis because their replacement often leads to 
the loss of protein function (see Note 9). On the other hand, it has 
been shown that mutagenesis targeting highly mutable positions 
provides a significantly higher proportion of viable variants than 
random mutagenesis [39]. Targeting moderately or highly variable 
positions, which are expected to be tolerant to a wide range of 
substitutions, thus represents a good approach for producing effi-
cient smart libraries [18, 39]. Alternatively, the conservation level 
can be used only to discard highly conserved residues from the 
design, e.g., catalytic residues, and the remaining hot- spots can be 
prioritized based on other criteria.

Many different methods for scoring residue conservation, vari-
ability, or mutability have been proposed [63, 64]. The available 
web servers include ConSurf [43], HotSpot Wizard, Evolutionary 
Trace [65, 66], Scorecons [63], MBLOSUM [67], or WebLogo 
[68]. Residue conservation is calculated from a multiple alignment 
of a set of related protein sequences (see Note 10). The ConSurf, 
Evolutionary Trace, and HotSpot Wizard tools can automatically 
perform database searches for sequence homologs of the user- 
provided protein, select a suitable sequence dataset, and construct 
the multiple sequence alignment. Nonetheless, advanced users can 
still upload their own multiple sequence alignments. In addition to 
conservation score, these tools also provide a list of residues occur-
ring at individual positions in the analyzed protein sequences. 
This information can be used to limit substitutions at each amino 
acid site to those existing in known natural proteins, likely increas-
ing the proportion of viable variants in the resulting library, while 
decreasing its size [1, 69].

ConSurf web server (http://consurf.tau.ac.il/) calculates the 
level of evolutionary conservation of individual amino acid posi-
tions in proteins and nucleic acids [43]. The conservation scores 
are derived from site-specific evolutionary rates, which are com-
puted for each amino acid position by Rate4Site program using 
empirical Bayesian or maximum-likelihood algorithms [70, 71]. 
For the input, users should ideally provide the structure of a target 
protein; however the calculation can also be conducted by submit-
ting only the protein sequence. Optionally, users can also upload 
their own multiple sequence alignment and phylogenetic tree, 
or adjust parameters for their calculation—they can choose the 
database and algorithm for sequence searching, criteria for inclu-
sion of sequences to the dataset, alignment method, substitution 
model, or algorithm for the estimation of evolutionary rates. 
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The normalized conservation scores are mapped onto the query 
structure and visualized in the web browser. Other essential outputs 
include scripts for the visualization of results in different structure 
visualization programs, the sequence alignment colored by 
ConSurf conservation scores, and files providing the normalized 
conservation scores and frequencies of individual residues at each 
position of the multiple sequence alignment [43].

HotSpot Wizard web server (also discussed in the Subheading 
2.2) implements a slightly modified ConSurf method for calculation 
of conservation grades, which are in turn converted into mutability 
grades. To prevent mutagenesis of residues indispensable for protein 
function, catalytic residues are assigned as immutable. All functional 
residues, i.e., residues located in the active site pocket or access tun-
nels, with high mutability are assigned as hot-spots. The hot-spots 
are prioritized based on their mutability, starting with the most muta-
ble. If users want to select or prioritize hot-spots based on other cri-
teria than mutability, they are advised to use the list of annotated 
functional residues [39]. Based on the frequencies of individual 
residues at each individual position, users can estimate which substi-
tutions are expected to be well tolerated.

Pre-calculated conservation scores for proteins of publically 
known structures can be obtained from specialized databases, 
e.g., ConSurf-DB [72], Evolutionary Trace [66], HSSP [73], or 
3DM [74].

3DM database (http://3dmcsis.systemsbiology.nl/) is a com-
mercial expert system which enables effective exploration of pro-
tein sequence-structure-function relationships. It provides 
platforms for the collection, combination, and integration of a 
wide variety of protein-related data from different sources.  
A structure- based multiple sequence alignment is available for each 
protein superfamily within the database, and represents one of the 
possible access points to the underlying data. The integrated data 
include sequences, 3D structures, active site positions, mutation 
data extracted from the literature, protein–protein and protein–
ligand contacts, conservation patterns, correlated mutations, etc. 
[74]. Users can easily obtain information about highly conserved 
positions, correlated mutations, or amino acid distributions at 
individual positions to utilize for the design of smart libraries. 
3DM also offers the possibility to predict the effect of individual 
mutations at a selected position based on superfamily alignment 
statistics [75]. Protein structures and homology models from the 
superfamily together with selected 3DM data can be visualized in 
YASARA software [74].

In addition to the analysis of conservation data, identified hot- 
spots can be subjected to in silico site-saturation mutagenesis to 
check if mutations at a given site are likely to be tolerated. This task 
can be performed using computational tools for the prediction of 
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the effects of amino acid substitutions on protein stability or 
protein function.

The computational tools for the calculation of stability changes 
upon mutation have already been discussed with respect to their 
usage in the identification of hot-spots. Both PoPMuSiC and 
FoldX can also be employed for the evaluation and prioritization of 
hot-spots, provided that the hot-spots were predicted by another 
approach, not by these tools. Besides these two methods, compu-
tational tools enabling in silico site-saturation mutagenesis, 
i.e., mutation of a single selected residue to all possible amino 
acids, can also be used. These include several web servers, e.g., 
Dmutant [76], CUPSAT [77], or I-Mutant2.0 [78]. The input 
data for these calculations consist of the structure of the target 
protein and the position to be saturated. Outputs include the pre-
dicted free energy changes for all possible substitutions at a given 
position (see Note 11). Many highly destabilizing mutations pre-
dicted for a certain position indicate that this site is not a very good 
target for randomization by saturation mutagenesis. On the other 
hand, if only a few highly destabilizing mutations are predicted, such 
sites can still represent promising hot-spots—the amino acids with 
potentially destabilizing effects can be discarded from the library by 
the appropriate selection of degenerate codons. Alternatively, stabil-
ity predictions can be used to prioritize hot-spots, e.g., by favoring 
the positions where no, or a minimum number of, highly destabiliz-
ing mutations were predicted.

Computational tools for the prediction of the effect of mutations 
on protein function can be used in a similar manner as those calcu-
lating stability. Each identified hot-spot is mutated to all possible 
amino acids and the effect of each substitution estimated. Positions 
with a high proportion of deleterious substitutions should be 
omitted from the design, or the results can be used as an indicator 
of “allowed” or “forbidden” amino acid replacements at a given 
position, or for prioritization of hot-spots.

A large number of computational tools for the prediction of 
mutation effects on protein function have been developed [79–81]. 
It is important to note that the applicability of some of these tools 
for the evaluation of protein engineering hot-spots can be limited, 
since they were primarily developed to reveal disease- associated 
mutations. Web servers that are potentially useful for the predic-
tion of mutation effects on protein function include SIFT [82], 
PROVEAN [83], and PANTHER [84], all of which enable in 
silico site-saturation mutagenesis.

SIFT web server (http://sift.jcvi.org/) predicts the effects of 
all possible single-point mutations on protein function based on a 
multiple sequence alignment of related proteins. For the input, 
users are only required to provide the target protein sequence. SIFT 
automatically performs a database search to collect the sequence 
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dataset and constructs the multiple sequence alignment. Optionally, 
users can upload their own sequence dataset or multiple sequence 
alignment, or specify criteria for inclusion of sequences into the 
dataset. For each possible substitution, SIFT calculates a normal-
ized probability that this substitution will be tolerated. The server 
outputs an overview of tolerated and deleterious substitutions 
depicted along the protein sequence, and the matrix of SIFT scores 
containing predictions for all possible substitutions in a given pro-
tein. SIFT also provides a measure of confidence of the prediction 
to indicate potentially problematic classifications [82, 85].

PROVEAN web server (http://provean.jcvi.org/) enables 
users to predict the functional effects of single amino acid substitu-
tions as well as multiple amino acid substitutions, in-frame inser-
tions and deletions. For the input, users provide the target protein 
sequence and specify amino acid variants of interest. PROVEAN 
performs a database search and sequence clustering to identify 
sequence homologs of the query. The change in pairwise sequence 
similarity between the query protein and each homolog before and 
after the introduction of mutation is calculated. The obtained 
scores are averaged to generate a final PROVEAN score, which is 
used to distinguish deleterious and neutral mutations. For each 
mutation, a PROVEAN score and prediction is provided in the 
output [83].

5 Design of Library Diversity

After the evaluation and prioritization of identified hot-spots, a 
final library can be designed. One has to decide how many and 
which positions will be targeted, whether positions will be ran-
domized simultaneously or separately, as well as whether to intro-
duce all, or only a reduced set of amino acids at individual positions. 
These decisions dramatically affect the size of the resulting library 
and should therefore be made rationally and with great care. The 
design of appropriate degenerate codons and calculation of the 
number of variants that will have to be screened for covering a 
significant fraction of the generated library are facilitated by tools 
such as TopLib [86], CASTER [52], AA-Calculator [87], GLUE 
[88], or GLUE-IT [87] and the reader is referred to the review of 
these methods in Chapter 18 of this book.

6 Protocol for Identification of Hot-Spots by HotSpot Wizard

 1. Go to the HotSpot Wizard calculation page at http://loschmidt.
chemi.muni.cz/hotspotwizard.

 2. In the “Query submission” form, specify the PDB-ID code of 
the target structure or upload the PDB file from your computer. 

6.1 Calculation 
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In this example, we used the structure of haloalkane dehaloge-
nase LinB from Sphingobium japonicum (formerly Sphingomonas 
paucimobilis) UT26, complexed with the reaction product 
2-bromo-2-propene-1-ol (PDB-ID code 1K63).

 3. Optionally, specify chains for which the calculation should be 
performed (see Note 12). This is not relevant for the example 
LinB structure, which contains only one chain.

 4. Specify your e-mail address for receiving the notification about 
finished calculation.

 5. Check “Keep results private” if you want to prevent other users 
from seeing your results.

 6. Optionally, go to the “Advanced settings” form to manually set 
catalytic residues, specify parameters for conservation analysis, 
upload pre-calculated multiple sequence alignment or phylo-
genetic tree, or set up calculation of access tunnels. In this 
example, we increased the maximum number of homologs 
used for the calculation of conservation from the default value 
of 50 to 100 (see Note 13).

 7. Submit the calculation.

 1. The “Job” panel appears once the calculation is finished. If you 
receive a warning message about a failure in the identification 
of catalytic residues, we recommend you resubmit the calcula-
tion and manually specify some of the functional residues in 
“Advanced settings” (see Note 14). If you do not know any 
functionally important residues, you may still proceed to analysis 
of the results (see Note 15).

 2. Open the “Results browser” by clicking on the “View hot spot 
sites” link in the “Job” panel (see Note 16).

 3. Explore the annotated protein structure with highlighted hot- 
spots and other functional residues (Fig. 1a) (see Note 17). 
Hot-spots are colored with red, orange, dark yellow, and yel-
low colors (corresponding to mutability grades 9, 8, 7, and 6, 
respectively). Expand the “Color coding” panel on the left to 
get the full mutability color scale. Basic operations for manipu-
lation of the structure are accessible through the “Controls” 
panel on the left.

 4. Expand the “Tunnels” panel on the left to check and visualize 
identified tunnels (see Note 18). One tunnel with a bottleneck 
radius of 1.5 Å was identified in our exemplary LinB structure 
(see Note 19).

 5. Go to the “Mutagenesis Hot Spots” panel to explore identified 
hot-spots (see Note 20). The following information is provided 
for each residue: information about its mutability, potential 
function (catalytic, located in the active site pocket or in the 
access tunnel), experimental mutagenesis data, existing amino 
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acid variants in related characterized proteins, and amino acids 
occurring at the corresponding position of the sequence align-
ment. In our example, six hot-spots were identified (Fig. 1b): 
E145, Q146, F143 (all estimated as highly mutable with a grade 
of 9), D147 (mutability grade 8), I134 and L177 (mutability 
grade 7). Based on the provided annotations, residues D147 
and L177 were identified as part of both the tunnel and the 
active site pocket, E145 and Q146 as part of the tunnel, and 
F143 and I134 as part of the active site pocket. We also learn 
that residue I134 is replaced by valine in the experimentally 
characterized LinB variant from S. japonicum B90.

 6. Explore the hot-spots in the structure and check whether 
their side chains are oriented towards the pocket or the tunnel. 
The left-side panels are interactively connected with the struc-
ture. Click on the residue in the “Mutagenesis Hot-Spots” 

Fig. 1 Graphical user interface of HotSpot Wizard results. (a) The “Results Browser” includes the embedded 
Jmol applet visualizing the annotated input structure. The hot-spot residues identified in the structure of halo-
alkane dehalogenase LinB (PDB-ID 1K63) are shown as sticks, other functional residues are shown as lines, 
and the tunnel is visualized by spheres. Residues are colored according to their estimated mutability. The 
“Results Browser” also provides the “Job” panel facilitating navigation through the results, “Color coding” 
panel defining the mutability color scale, “Controls” panel providing basic operations for manipulation of the 
structure, annotated interactive sequence and summary panels of mutagenesis hot-spots, functional residues, 
all residues, active sites, pockets, and tunnels. (b) All identified hot-spots are summarized in the “Mutagenesis 
Hot Spots” panel. The provided annotations include information about residues’ mutability, structural location, 
functional role, existing sequence variants, experimental mutagenesis data, and amino acids occurring at the 
corresponding position in the sequence alignment
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panel (or any other panel or interactive sequence) to highlight 
it on the structure (see Note 21). You can also display the residue 
annotation by positioning the mouse cursor over the residue in 
the Jmol applet.

All six hot-spots from our example are oriented towards the 
pocket or the access tunnel. However, residues E145 and Q146 
are located at the very end of the tunnel and from this point of 
view may be regarded as less promising targets than the four 
other residues. On the other hand, the mutagenesis of the resi-
due F143 located in the active site pocket close to the ligand 
(2-bromo-2-propene-1-ol) and the residue L177 located in 
the bottleneck of the tunnel has the potential to significantly 
influence the catalytic properties of LinB (see Note 22). Based 
on structural analysis, the selected hot-spots can be prioritized 
as follows: F143, L177 > I134, D147 > E145, Q146.

 7. Analyze the frequencies of individual amino acids at selected 
positions to identify the most frequent and thus the most likely 
safe mutations. For example, the most frequent residue at the 
position corresponding to I134 was alanine, followed by valine, 
phenylalanine, glycine, isoleucine (wild-type residue), and 
methionine. To decrease the library size and increase the 
proportion of viable mutants in the library, you could use this 
data to design an appropriate degenerate codon covering these 
five residues.

 8. Go to the “Functional residues” panel if you want to select 
hot- spots based on criteria other than mutability (see Note 23). 
Repeat steps 5–7, only this time focus on the residues with 
moderate mutability. Five such residues were identified in LinB: 
A247, V173 (mutability grade 5), P245, L248, and F151 
(mutability grade 4). Residues F151 and L248, which are in 
contact with the ligand, and residue A247, located in the tun-
nel bottleneck, are the most promising mutagenesis targets. 
Analysis of amino acid frequencies reveals that leucine, isoleu-
cine, or tryptophan residues are relatively frequent at the posi-
tion corresponding to the residue F151. As is obvious from the 
annotation of F151, the F151L, F151W, and F151Y muta-
tions were previously experimentally constructed and led to an 
increased activity of LinB [89].

7 Notes

 1. We recommend that you check if the ligand orientation in the 
crystal structure is sufficiently supported by electron density 
data. Electron density maps for many publically available struc-
tures can be downloaded from the Electron Density Server 
(http://eds.bmc.uu.se/eds/) [90] and visualized in several 
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molecular viewers, e.g., PyMOL or Chimera ( http://www.cgl.
ucsf.edu/chimera/).

 2. If users have no prior knowledge regarding the location of the 
active site and this information cannot be found in databases 
such as UniProtKB [41] or Catalytic Site Atlas [40], they 
should carefully analyze all identified pockets, and preferably 
compare results obtained from different methods [32] and/or 
perform additional analyses to identify possible functional sites 
[91, 92].

 3. Users should increase the default value if their target pocket is 
not found. If the target pocket is still not found even after 
setting this parameter to a high value, users will have to use a 
different tool.

 4. Incorrect positioning of the starting point can significantly 
influence the results of the calculation. The tools automatically 
optimize the starting point position to avoid its collision with 
protein atoms; however if an incorrect initial starting point is 
provided, the starting point optimization procedure does not 
help and consequently none, or irrelevant pathways are found.

 5. Users should always adjust the radius for their target system—
setting the radius to a value which is too high can lead to 
relevant tunnels being overlooked. Conversely, setting the 
radius to a value which is too small can lead to the identification 
of irrelevant pathways.

 6. Since the calculation starting point is usually placed close to 
the active site, a portion of the residues forming the active site 
pocket is also detected as tunnel-lining residues.

 7. Under certain circumstances, the tunnel bottleneck may be 
detected at the beginning of the tunnel, i.e., close to the starting 
point. This is usually an artifact of the calculation when the 
starting point is placed too close to a protein atom. This problem 
can be solved by placing the starting point in free space.

 8. Due to the stochastic nature of the calculation, individual 
mutations should preferably be evaluated multiple times to 
check whether the algorithm achieved convergence.

 9. A highly conserved residue does not necessarily mean that the 
residue is conserved for stability or functional reasons and hence 
immutable. Residues can be highly conserved, e.g., to maintain 
a particular substrate specificity or other protein properties 
[18]. If these properties are not important for the use of the 
enzyme under consideration, the respective residues can be 
mutated safely. However, the reasons for high conservation 
often remain elusive.

 10. The overview of alignment methods together with practical 
advice for their usage is provided in the following reviews [93–95]. 
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Additionally, alignments pre-calculated for different sets of 
proteins can be obtained from databases such as Pfam [96], 
3DM [74], HSSP [73], or several “engineering” databases, 
e.g., the Laccase Engineering Database [97], the Lipase 
Engineering Database [98], or the Cytochrome P450 
Engineering Database [99].

 11. In Dmutant, a negative ΔΔG value corresponds to the pre-
diction of a stabilizing mutation, while in CUPSAT and 
I-MUTANT 2.0, a negative ΔΔG value corresponds to the 
mutation predicted as destabilizing.

 12. Provide a comma-separated list of chains, e.g., “A, B, C” or 
“1, 2, 3”.

 13. Using a higher number of sequences should slightly increase 
the accuracy of the evolutionary rate estimation and provide 
more informative statistics of amino acid distributions at indi-
vidual positions of the multiple sequence alignment. However, 
increasing the number of sequences will lead to a longer com-
putational time.

 14. Provide a comma-separated list of residue numbers as provided 
in the PDB file, e.g., “127, 159, 203”. If you want to specify 
multiple active sites, separate them by a semicolon, e.g., “127, 
159, 203; 16, 250”.

 15. In instances where no catalytic or functionally important resi-
dues were found, the results should be interpreted with cau-
tion. Catalytic residues are used as a starting point for the 
calculation of tunnels and to assign the active site pocket. 
Consequently, if no such residue is available, the calculation of 
tunnels will not be performed and the largest pocket will auto-
matically be assigned as the active site pocket.

 16. The results can also be downloaded. The “Job” panel provides 
further links to external databases and servers providing addi-
tional information about the query protein.

 17. The structure is visualized using the Jmol Java applet. If you 
have problems with visualization of the structure, make sure 
that Java is properly installed on your system and allowed in 
your web browser.

 18. If some of the relevant tunnels are missing, resubmit the calcu-
lation and decrease the value of “Minimal tunnel radius” in 
“Advanced settings”. Values of 0.9–1.1 Å should solve this 
problem. Keep in mind that setting the radius to small values 
can lead to identification of irrelevant pathways. In cases where 
irrelevant tunnels are reported by HotSpot Wizard the value of 
“Minimal tunnel radius” should be increased.

 19. Additional LinB tunnels could be identified by decreasing the 
“Minimal tunnel radius” to 0.95 Å. Such auxiliary tunnels also 
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represent good targets for mutagenesis; however we decided 
to only focus on the active site pocket and main tunnel in this 
example.

 20. All residues located in the active site pocket or access tunnel 
that have high mutability (grades between 6 and 9) and are 
not annotated as catalytic are assigned as hot-spots.

 21. By clicking on residues in the left hand panels or interactive 
sequence, the residue is added to the selection. The visualiza-
tion style or color of selections can easily be changed in the 
“Controls” panel.

 22. L177 was experimentally mutated into all 19 possible amino 
acids, yielding 15 active LinB variants with distinct catalytic 
activities and substrate specificities [100].

 23. All residues located in the active site pocket or access tunnel are 
annotated as functional residues. This panel thus also includes 
residues from the “Mutagenesis Hot Spots” panel. Selecting 
targets for mutagenesis from the “Functional residues” panel 
increases the risk of producing inactive mutants, especially when 
positions with low mutability are targeted.
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