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Alpha-amylase super-family alignment

The GLA gene is a member of the alpha-amylase protein super-family and protein super-
family derived data can be used to describe individual functions of residues in proteins 
[13, 14]. The structures available of the alpha-amylase super-family can be divided into 
41 sequentially distinct groups. The following structure files from the PDB database 
were chosen as representative structures to generate the super-family alignment: 1A47A, 
1AMYA, 1AQHA, 1B2YA, 1BAGA, 1BF2A, 1BLIA, 1BVZA, 1EA9C, 1EH9A, 1G5AA, 
1GCYA, 1GJUA, 1GVIA, 1H3GA, 1HVXA, 1IZJA, 1LWJA, 1M53A, 1M7XA, 1MXGA, 
1QHOA, 1R47B, 1UD2A, 1UOKA, 1W9XA, 1WZAA, 2AAAA, 2BHUA, 2DH3A, 
2E8YA, 2FH8A, 2GUYA, 2VUYA, 2Z1KA, 2ZE0A, 2ZICA, 3BC9A, 3CC1A, 3CZGA, 
and 3DHUA. The resulting super-family alignment contains 4,986 unique sequences and 
217 structurally conserved positions (the core).

	 Figure 2 shows that 80% of the reported mutations are at structurally conserved 
positions (core). Two regions outside the core are highly populated with Fabry related 

Figure 2. Number of independently reported Fabry disease related mutations per GLA residue position. 
Independently reported mutations detected at structural conserved positions (core) are in light grey. Structural 
non-conserved positions are in dark grey. More then 40 independently reported mutations were extracted for 
3D-positions 47, 124, and 172 corresponding with R112, N215, and R301, respectively of the GLA amino 
acid sequence. Note that, although only 50% of the GLA residues are core positions, the large majority of the 
mutations (1117 out of a total of 1512) are observed at those positions.

Figure 3. YASARA ball and stick backbone representation of seven superimposed protein structures of 
different sub-families of the alpha-amylase super-family. 3A: In red equivalent helices from the seven proteins. 
This helix is present in almost all super-family members, but could not be included in the core due to variable 
positioning within the crystal structures. 3B: The yellow and red colored residues are part of a structural highly 
conserved loop at 3D positions 47 and 48, respectively. 3D-postion 47 is a highly conserved glycine. 3D-postion 
48 is in GLA a phenylalanine and the most reported mutated residue.
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mutational data. These two regions are a helix in the middle of the GLA sequence and a 
beta-sheet at the C-terminal end of the protein (fig. 2) and contain 77 and 72 mutations, 
respectively. These two regions are present in most alpha-amylase structures. However, due 
to positional variability within the super-family structures the superposing of these regions 
was ambiguous (fig. 3a). These two regions were therefore not included in the core. A more 
straightforward approach to determine structural important positions would be to assign 
structural importance only to residues of secondary structural elements (e.g. helices and 
beta-sheets). The advantage of such a method is that only the structure of the target protein 
(here GLA) is needed. However, it should be noted that, even though the core mostly consists 
of secondary structural elements, using only secondary structural elements as a delimiter is 
no solution. For instance, the residue position with the highest number of extracted Fabry 
related mutations (3D-number 47; fig 2) is not part of any secondary structural element, 
but is positioned in a structural highly-conserved loop (fig. 3b) located at the outside of 
the protein. Additionally, alignment position 48 which is also part of this loop is a highly 
conserved glycine residue, which demonstrates that important residues are not exclusively 
located in secondary structural elements. If both core and secondary structural elements 
are considered to be structural important positions, 84% of all Fabry related mutations are 
linked to this group. This result suggests that it is 5 times more likely that a random mutation 
will result in manifestation of Fabry disease  if this mutation involves a structural important 
position. The Validator tool (see below) therefore defines both core and secondary structural 
elements as structural important positions.

Figure 4. Correlation between the relative amino acid conservation (x-axis) and frequency of reported Fabry 
related mutations (y-axis). The x-axis represents the percentage of sequences that contains the mutated residue. 
The y-axis represents the percentage of the total number of fabry related mutation collected by Mutator. This 
plot shows that Fabry disease is most often the result of a mutation in GLA that resulted in a residue that is not 
commonly observed at the corresponding alignment position. Obviously there is a clear relation between the 
frequency of reported Fabry related mutations and the occurrence of amino acids at alignment positions.
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Mutation analysis  

1 Fabry disease-causing mutations and amino acid occurrences.

Super-family alignments can be considered as inventories of nature’s successful mutagenesis 
experiments conducted during millions of years of evolution. In theory, the spectrum of 
residues present at a specific alignment position could be considered as allowed substitutions. 
Statistical analysis of super-family alignments can therefore potentially be used to predict 
the pathogenicity of specific mutations. This idea was tested using the set of Fabry related 
mutations collected in the FMDB. Figure 4 shows the relationship between the relative 
occurrence of amino acids at core positions and reported corresponding GLA mutations. 
For example, only 4% of the 1,117 reported GLA mutations in the core are mutations to 
an amino acid residue that is present at the corresponding alignment position in more than 
26% of the aligned alpha-amylase sequences. Conversely, only 17% of mutations reported 
in structural conserved residues are mutated into an amino acid present at the corresponding 
alignment position in more than 7% of the aligned alpha-amylase sequences. Thus, the 
introduction of a new residue type that is infrequently observed in the complete alignment of 
the super-family at the particular alignment position has a high probability to be pathogenic 
implicating that this correlation can in principle be used to predict the pathogenicity of an 
unclassified variant (UV) in GLA. For example, if a particular UV is a mutation to an amino 
acid that is present in more than 25% of the alpha-amylase sequences at the corresponding 
alignment position, then the analysis suggest a small probability for pathogenicity for this 
particular UV. On the other hand, when the particular UV is present in less than 5% of the 
alpha-amylase sequences at the corresponding alignment position, then the analysis suggests 
a high probability for pathogenicity for the particular UV. 

	 This correlation is not valid for non-core positions. For these positions only the 
amino acid occurrences of the 77 sequentially related sequences of the of GLA subfamily 
can be used. However, even within this small set, mutations at highly conserved positions 
are more likely to be pathogenic (see examples below). 

2 Fabry disease-causing mutations and solvent accessibility

Solvent accessibility is the degree to which a residue in a structure is solvent exposed 
(e.g. more at the surface of the structure). Using a limited dataset of 278 missense mutations 
Garman [26] has shown that there is a strong correlation between solvent accessibility 
of residues and observed Fabry disease-causing mutations. The substantially increased 
mutational data collected in this study and the availability of the structural alignment makes 
it possible to study the predictability of solvent accessibility both at structurally conserved 
and non-conserved positions (Fig 5). Two correlations are plotted: 1) The correlation 
between Fabry disease-causing mutations at structurally conserved core positions and 
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their solvent accessibility and 2) correlation between Fabry disease-causing mutations at 
structurally non-conserved positions and their solvent accessibility. The plot clearly shows 
that this strong correlation exists specifically, almost exclusively, for core positions. This 
surprising observation is very important because it suggests that solvent accessibility should 
be used as indicator for pathogenicity only at core positions.

3 Structural analysis of a specific amino acid change.  

Validator performs a conformational analysis based on an estimation of the steric hindrance 
between the mutated residue and neighbouring residues in the 3D-structure. For that it 
generates an in silico model of the protein highlighting the substituted position including its 
van der Waals surface.

	 These types of analysis are done by Validator for each mutation uploaded to the 
FMDB website. The outcomes of other in DNA diagnostics commonly used classifiers 
(e.g. Grantham scores, BLOSUM62 scores) are also reported. Furthermore, amino acid 
specific information is provided, such as domain interface residue, active site residue and 
substrate contact information. Combining these predictions can lead to a better prediction.

Figure 5. The correlation between Fabry disease-causing mutations at structurally conserved and 

non-conserved core positions and their solvent accessibility. X-axis: Percentage of accessible side chain surface 

area for each residue in the human GLA protein. Y-axis: Percentage of the total set of Fabry disease-causing 

mutations. Two plots are drawn. 1) The correlation between Fabry disease-causing mutations at structurally 

conserved core positions and their solvent accessibility (light grey line) and 2) correlation between Fabry disease-

causing mutations at structurally non-conserved positions and their solvent accessibility (dark grey line). The 

vertical black line indicates that only 7% of the 1,117 Fabry mutations located in the core are at positions of which 

the solvent accessibility > 33%. In contrast, almost half (44%) of the Fabry mutations located outside the core are 

at positions of which the residue has a solvent accessibility of > 33%.
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For example, Fabry disease associated publications often report for 3D core position 76 
(Ala143 in the GLA primary sequence) p.A143P. This mutation predisposes to a classical 
phenotype in males [27]. A statistical analysis of the complete super-family alignment 
indicates that at this position proline is the most abundant amino acid residue being present 
in 43% of the alpha-amylase sequences. The relative high solvent accessibility of Ala143 in 
GLA also suggests a low probability for pathogenicity at this site. Despite the above, the in 
silico model structure however, clearly indicates that specifically in GLA a proline at this 
position clashes with the neighboring aspartic acid with 3D-number 32 (Asp93 in GLA) 
(Fig. 6). Therefore, it is more likely that the p.A143P substitution is not allowed in the 
GLA protein and therefore can be considered as probably pathogenic. In contrast, Validator 
suggests that p.A143T would structurally be less damaging and has been reported to lead 
to a much milder variant of Fabry disease [27]. In this case the statistical analysis of the 
structural super-family alignment suggests pathogenicity since a threonine is seldom present 
(0.8%) in other alpha-amylase protein super-family members. The fact that p.A143T would 
structurally be less damaging fits well with a milder phenotype. 

4. Performance of Validator tool on classical Fabry mutations.

To test the performance of Validator predictions, mutations known to result in the classical 
form of Fabry were selected being mutations, p.M42V, p.H46Y, p.D92Y, p.R112C, 
p.C142R, p.W226R, p.N320Y at core positions and p.P40S p.R100T at non-core positions. 
In addition the special case p.D313Y is discussed.

	 For p.H46Y, Validator predicts a high probability for pathogenicity. In the super-
family alignment the occurrence of Y is only 4.1% and Figure 5 shows that more than 
75% of the recorded Fabry mutations are the result of such a substitution. Also the solvent 
accessibility is 1.5% indicating that the H46 is buried inside the protein. Furthermore, 
the in silico model suggests that p.H46Y causes bumps with surrounding amino acids. 
Since histidine residues are hydrophilic, a buried histidine almost always has an important 
function. Although currently no weight is given to the various indicators for this buried 
histidine solvent accessibility is probably the most important indicator.

Figure 6. YASARA ball and stick 
backbone visualization of mutation 
p.A143P in GLA. The alanine to 
proline substitution at 3D-position 
76 is depicted in red and surrounded 
by its Van der Waals surface. Clearly 
steric hindrance is observed with the 
side-chain of aspartate 93.
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Arguments listed above for p.H46Y are also true for p.D92Y. The fact that both position 
H46 and  D92 are reported in more than 10 independent Fabry disease associated 
publications reporting substitutions to a number of different amino acids clearly match 
Validator predictions.

	 R112 is an almost completely buried hydrophilic residue. Almost all other sequences 
of the super-family have hydrophobic residues at this position instead. This indicates that 
R112 has an important function which is specific for GLA, which suggests that p.R112C 
will most probably be pathogenic. Furthermore, a cysteine is not a common residue at 
position 112 (0.1%) and the high number of publications (81) that report this position in 
relation to Fabry’s disease again indicate a very high probability for pathogenicity. 

	 The Validator tool indicates that C142 forms a cysteine bridge. The p.C142R 
mutation therefore disrupts the formation of this cysteine bridge. This type of information 
will overrule all others, since disrupting a cysteine bridge will most probably always be 
pathogenic independent of solvent accessibility, amino acid occurrences or other factors. 
Finally, almost all information that the Validator tool returns for mutations p.W226R 
and p.N320Y indicate a very high probability for pathogenicity again supported by a high 
number of publication reporting mutations to various amino acid types. 

	 Mutations p.P40S and p.R100T are not included in the core, so only the 77 
sequences of the GLA sub-family alignment can be used for statistics. In the sub-family both 
P40 and R100 are 100% conserved which suggests a high probability for pathogenicity for 
both. 

	 The only mutation that is predicted not to be pathogenic is p.M42V. Even after 
meticulous manual inspection of the protein model of p.M42V, no reasonable explanation 
can be given for the pathogenicity of this mutation. The only indication that this is a true 
pathogenic mutation is the high number of literature references that report mutations to 
different amino acids at this position.

	 In the literature mutation p.D313Y is ambiguously linked with Fabry disease and 
the prediction from the 3DM data is contradicting. Although tyrosine is not a common 
residue at this position (suggesting a high chance for pathogenicity) solvent accessibility 
indicates that the residue is located on the outside of the protein and introducing a tyrosine 
residue does not cause any bumps with surrounding amino acids (suggesting low probability 
for pathogenicity). The p.D313Y mutation has been tested for activity in vitro. Transient 
expression of the p.D313Y construct in COS-7 cells resulted in an active enzyme with >67% 
of the expressed wild type activity [28]. Mutator extracted 17 different publications from 
the literature all describing the single p.D313Y mutation but remarkably so far no other 
substitutions have been detected. Could this then be a naturally occurring variant? There 
are 46 other residues in the GLA protein sequence for which more than 10 independent 
Fabry disease related literature references are available. These are for residues 34, 40, 42, 
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46, 49, 22, 65, 66, 89, 92, 93, 97, 100, 112, 113, 138, 142, 143, 148, 156, 162, 172, 
183, 205, 215, 220, 223, 226, 227, 236, 259, 266, 272, 279, 287, 296, 298, 301, 317, 
320, 328, 342, 356, 357, 358, and 409. In contrast with reports for position D313 for all 
these positions, except for R220, a range of amino acid changes are reported. For R220 
all 21 available independent publications report a stopcodon at position 220 (p.R220X). 
The fact that at these 46 positions different amino acid substitutions have been reported to 
result in Fabry disease significantly increases the chance that mutations at these positions 
are pathogenic. Furthermore, this result also indicates that p.D313Y is probably a naturally 
occurring variant, since it is unlikely that only the introduction of a tyrosine results in 
Fabry disease. The results for the A143T and D313Y mutations fit whit what is clinically 
observed. Authors who report D313Y should comment that it is unlikely (but possible) to 
be pathogenic. 

	 In this paper it is shown that a collection of super-family data can be used to predict 
effects of mutations. It must be noted, however, that predicting the pathogenicity of specific 
mutations is still difficult and statistical analysis of large 3DM alignments should only be 
used as guidance. For example, if we take the seven core positions that are conserved in 
more than 95% of the aligned sequences (3d-numbers 39, 73, 100, 102, 123, 145, 146) 
we see that for two of these positions (73, 123) Mutator has not been able to extract from 
the literature any mutations causing Fabry disease. Is this unexpected result caused by a still 
limited set of mutations or do mutations at these positions not lead to Fabry disease? 
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Introduction

The α/β-hydrolase fold enzyme superfamily is one of the largest groups of structurally 
related enzymes [1]. Applications of the members of this versatile enzyme family range 
from the kinetic resolution of precursors of pharmaceutical compounds [2], degradation 
of pollutants[3], and bulk applications such as lipid modification [4] and laundry 
detergents[2a]. The family is characterized by the α/β-hydrolase fold, consisting of a central 
β-sheet surrounded by several a-helices [5] and by a common catalytic triad formed of 
a catalytic nucleophile, a histidine and an acidic residue. The superfamily covers a large 
diversity of catalytic activities like the hydrolysis of carboxylic acid esters, carboxylic 
acid amides, thioesters and epoxides, C-C bond-formation by hydroxynitrile lyases and 
the dehalogenation and haloperoxidation of organic compounds.[6] In addition, many 
α/β-hydrolase fold enzymes show ‘catalytic promiscuity’, e.g. they are able to catalyze more 
than one type of chemical transformation.[7] 

	 Protein engineering proved to be an efficient method to tailor a/b-hydrolase fold 
enzymes towards a desired property, for instance with a drastically improved thermostability 
[8] and with completely inverted enantiopreference [9]. Moreover, enzymes with completely 
new catalytic activities have been generated. Impressive examples are the conversion of an 
esterase from Pseudomonas fluorescens into an epoxide hydrolase [10] a perhydrolase [11] 
and of an esterase [12] or a heme-free bromoperoxidase [13] into enzymes with lipase-like 
properties. Lipases can be engineered by implementing major structural modifications such 
as the exchange of secondary structure elements in lid swapping [14] or even major structural 
modifications such as circular permutation [15]. Nevertheless, despite an impressive progress 
over the last years [16], protein design has not been established as a routine procedure so 
far. One of the major bottlenecks lies in the insufficient knowledge about structure-function 
relationships and the unsatisfactory reliability of in silico predictions. For a/b-hydrolase 
fold enzymes, two major strategies have been used to overcome this limitation: Molecular 
modeling of the enzymatic mechanisms [3, 9d] or an analysis of structural relationships 
between different enzymes.[17] The ultimate objective of a computational tool for protein 
engineering applications would be to make reliable predictions on the outcome of amino 
acid exchanges on the properties and performance of a given enzyme.

	 Due to the limitations in predictibility, random approaches, often referred to as 
directed evolution [16, 18] are still the method of choice. The major advantage of directed 
evolution compared to all other approaches is its relative independence from information 
input. In principle, the gene encoding the targeted protein is sufficient to perform the 
experiment with a reasonable chance to find improved variants, but only if fast and reliable 
screening or selection systems are available.

	 Powered by rapidly increasing availability of information about proteins such as 
structures, sequences and biochemical data, and the ongoing progress in computational 
technologies directed evolution experiments are more and more moving towards 
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combination with rational concepts. The computational part of those experiments is thereby 
often limited to the prediction of amino acid positions that are likely to influence a desired 
enzyme property without suggesting specific amino exchanges. Reetz et al. proposed creating 
the diversity only in those parts of the enzyme that are believed to have an influence on 
the targeted enzyme function [19]. Thus, by subsequently randomizing active site residues 
(CASTing) in the epoxide hydrolase of Aspergillus niger the enantioselectivity of this enzyme 
could be evolved from E = 4.6 to 115 [18d]. This example illustrates that directed evolution 
is not anymore the naïve introduction of mutations followed by screening or selection, but 
has developed to a more focused diversification that concentrates on certain protein regions 
to create superior protein libraries. A recent study on the focused directed evolution of a 
Baeyer-Villiger monooxygenase demonstrated that high quality alignments are of particular 
value for the identification of potential randomization sites, especially in cases where a highly 
dynamic molecular mechanism makes predictions of the result of amino exchanges difficult 
[20].

	 Classical molecular modeling of a/b-hydrolase fold enzymes has mainly focused 
on the tetrahedral intermediate, which is assumed to resemble the rate limiting step [21]. 
Recently, other steps than the tetrahedral intermediate came into the focus. For instance, the 
accessibility of the active site to the substrate [10, 22] or water access tunnels [3, 23] can also 
be crucial for the selectivity of an enzyme. Hult and co-workers pointed out the importance 
of entropy in the hydrolysis of chiral alcohols [9d, 24]. Although molecular modeling of 
the catalytic mechanism of hydrolases has led to multiple successful predictions, no general 
applicable method has been developed yet. This can in part be attributed to the limited 
information value of the available structural data. Most crystal structures of a/b-hydrolase 
fold enzymes represent empty enzymes or have an inhibitor in the active site, whereas 
structures with the substrate of interest are the exception. Moreover, catalytic properties, 
such as the enantioselectivity, are often governed by very subtle effects in the catalytic site 
and are difficult to predict. Furthermore, recent studies suggest that an enzyme can undergo 
several sub-states during catalysis, which are difficult to determine by X-ray crystallography 
[25]. Nevertheless, due to ongoing developments in X-ray crystallography and NMR 
spectroscopy it can be expected that the quality of future structural data may increase. In 
addition, progress in the generation of smart tools for computational biochemistry raises 
access to a better understanding of molecular catalysis in enzymes [26]. 

	 A stringent classification of the a/b-hydrolase fold super-family according to 
function, amino acid sequence and three-dimensional structure would provide the basis for 
a deeper analysis of structure-function relationships and would facilitate the identification of 
target amino acids for directed evolution. However, the classification of the vast and growing 
amount of sequential and structural data on a/b-hydrolase fold enzymes has been hampered 
by the high degree of diversity within the superfamily. Analog functional properties of its 
members do often not correlate with similarity of the three-dimensional structure or the 
amino acid sequence. For instance, lipases share common features such as activity towards 
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long-chain fatty acids and interfacial activation but are enzymes with a high structural and 
sequential diversity [17a]. Arpigny and Jaeger [17a] proposed a classification of bacterial 
lipases into eight classes based on their amino acid sequences and functional properties. 
Several databases for specific groups of a/b-hydrolase fold enzymes such as carboxylesterases 
[27-29], lipases [30], and epoxide hydrolases [31] have been established and reveal structural 
consensus motifs, which resulted in valuable insights into structure-function relationships. 
Fischer and Pleiss [30] suggested that most lipases and esterases can be classified according to 
the composition of their oxyanion hole into GX- and GGG(A)X-hydrolases. Interestingly, 
functional properties such as the activity of esterases toward tertiary alcohols could be later 
derived from this classification [17b]. In contrast to the diversity found in lipases, hydroxy 
nitrile lyases, epoxide hydrolases and haloalkane dehalogenases have a very high structural 
similarity to GX-carboxyl ester hydrolases. Nevertheless, the transformation of an esterase to 
an epoxide hydrolase by means of directed evolution proved to be very difficult and was only 
achieved by the generation of a chimeric hybrid enzyme [10]. These examples underline the 
challenges for a proper classification of the a/b-hydrolase fold enzyme super family. 

	 The a/b-Hydrolase Fold Enzyme Family 3DM Database (ABHDB) is a high 
quality structure based multiple sequence alignment that is based on almost all available 
a/b-hydrolase fold enzymes and is composed of separate subfamily sequence alignments 
of subfamilies where a structure is available [32]. 3DM is a tool that can automatically 
generate super-family databases and has been applied to different protein superfamilies 
such as receptors, antibodies, and several enzyme protein families. These databases are 
used in the early stages of drug design [32, 33] for validation of undetermined variants in 
DNA diagnostics [34], and as guidance in enzyme engineering projects targeting different 
enzyme features. For instance, 3DM enabled prediction of mutations that changed enzyme 
specificity of an oxaloacetate hydrolase (OAH) [37], and it was used to selectively remove 
OAH activity from the petal death protein [35]. 3DM was also applied for the suggestion of 
specific mutations that increase enzyme activity of phosphoglucose isomerase [36] and the 
oxidation rate of a FAD-binding oxidase [37]. The automated structure of 3DM allows for 
easy updating of the database. This is vital in order to keep pace with the fast growing amount 
of data. 3DM tools, such as Comulator[36],  Mutator [34], a sophisticated filter management 
system and a systematic numbering scheme facilitate the analysis of correlations between 
amino acids and the fast tracking of literature on mutagenesis data of specific positions in an 
a/b-hydrolase fold enzyme. 

Figure 1 (page 179). Conserved regions in different groups of the 3DM-based α/β-hydrolase fold enzyme 

database. The colouring of the phylogenetic tree corresponds to the colours of the schematic representations of 

the α/β-hydrolase folds of the different families. Parts shown in grey are variable regions of the example protein, 

the coloured parts represent the conserved core region of the corresponding family. The following proteins were 

used as representative examples: 1VA4: Pseudomonas fluorescens aryl esterase (PFEI); 1QE3: Bacillus subtilis 

p-nitrobenzyl esterase (pNBE); 1JJI: Archaegobus fulgidus carboxylesterase (AFEST); 5YAS: Hevea brasiliensis 

hydroxynitrile lyase (HB-HNL); 1CPY: Saccharomyces cerevisiae carboxypeptidase Y (CPD-Y).
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Thus, ABHDB provides protein engineers with a practical tool for the identification of 
target amino acid residues in members of the a/b-hydrolase fold enzyme superfamily and 
allows a facilitated analysis of the results. This article intends to provide an overview on the 
scope of the a/b-hydrolase fold enzyme superfamily and the corresponding 3DM database 
and gives some recent examples for its application in protein engineering.

Aligning the haystack: Generation of a database containing most 
enzymes of the superfamily

The standard 3DM method with default settings [32] was used to generate the a/b-hydrolase 
fold enzyme superfamily database (http://fungen.wur.nl/ABHDB). However, due to the size 
and complexity of this super-family, 3DM needed adjustments and several extensions were 
generated. The first step in the generation of a 3DM database is the collection of sequences 
and structures. 3DM collected 668 pdb structure files which contain 1,172 separate chains 
that have the characteristic a/b-hydrolase fold. In the second step these 1,172 chains were 
superimposed and a common core of structural conserved positions was determined. The 
second step is the determination of the structurally conserved core of the superfamily. Using 
default cut-off values, 3DM detected a common core of 88 structurally conserved residue 
positions. In 92 of the 1,172 available structures, 3DM was not able to automatically 
detect the required number of core residues (default 3DM cut-off: >90%). These structures 
were excluded from the initial set. The third step is the determination of representative 
structures that will be the basis for the generation of distinct subfamilies. Normally this 
step is performed manually, but the size of this family requested for automation. A script 
was developed that chooses the representative structures automatically. To find these, 3DM 
uses the structural core alignment to generate a phylogenetic tree (figure 1) thereby forming 
groups of the sequences. Each group contains sequences that are at least 80% identical at 
the core positions. To perform this step 3DM uses the Levenstein algorithm [38]. After 
grouping all sequences, the best representative was chosen using the following criteria: (1) 
The number of core residues that could be detected by 3DM for a specific sequence (each 
sequence can maximally miss eight residues, since the cut-off for inclusion is 90% of all 
core residues). Obviously, sequences for which the core was completely detected are the best 
candidates to serve as sub-family templates; (2) The number of sequentially missing core 
residues: sequences for which 3DM could not detect the core for two or more neighboring 
residues are not taken as template; (3) The reason for missing core residues: sometimes pdb 
files have gaps in the structures because these parts of the structure could not be solved 
by X-ray analysis. In these cases 3DM excludes the files from the list of possible template 
structures. If a structure has a single gap in a core and the corresponding sequence of the 
structure contains exactly one residue at this gap position (only outside the cut-off of 2.5 
Å), 3DM will simply add this residue to the core. 3DM will then select the structure for 
which this residue has the smallest error with respect to phy-psi angles. (4) The quality of 
the structure: If criteria (1) to (3) do not lead to one template candidate for a subfamily, 
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3DM chooses the best candidate using structure quality (e.g the resolution or RSMD 
[root-mean-square deviation] value) as delimiters. This procedure resulted in a core alignment 
that contains 99 distinct subfamily templates. In the fifth step of the database generation, 
superfamily sequences for which no structure is available, are collected by BLAST [39] 
searches using the template sequences as queries. To cope with the size of this superfamily 
an automated iterative BLASTing method was designed that was used to iteratively blast 
the sequences of these 99 templates against the Swiss-Prot and TrEMBL databases (cut-off 
E-value 1e-5) resulting in a set of 14,998 sequences. In the last step, 3DM aligns all resulting 
superfamily sequences to all templates using a four-step iterative profile based alignment 
procedure [40]. It then generates separate subfamilies by assigning each sequence to the 
nearest template using the similarities that were generated during the alignment procedure. 
Due to the size of the a/b-hydrolase fold enzyme superfamily iteratively aligning all 14,998 
sequences to all 99 template structures would require too much CPU time and would result 
in large amounts of useless alignment data. Therefore, a new 3DM extension was developed 
that uses the BLAST results to preselect sequences that are related to starting template 
sequences. Manual inspection showed that BLAST cut-offs of 1e-90, 1e-70, 1e-30, and 1e-5 
result in sets of sequences that can reliably be aligned in the four consecutive steps of the 
3DM alignment procedure. This procedure led to the generation of 99 separate subfamily 
alignments. These separate subfamily alignments were combined using the core alignment 
of step (3) as guidance, which resulted in a superfamily alignment that contains a total of 
12,431 sequences.

Structure of the α/β-hydrolase fold superfamily database

A consequence of the high diversity is that only 88 amino acids are sufficiently conserved 
throughout the superfamily I to form a consensus core. For most applications it would 
not be necessary to include all available structures into an alignment. The most related 
might be sufficient and even allow a more detailed analysis. Therefore, five subsets (II-VI) 
of evolutionary more closely related members were generated (figure 1, table 1). Since these 
members share a higher similarity, the consensus folds of these subsets contain a high number 
of structurally conserved residues. The phylogenetic analysis shows that these five subsets 
cover most of the superfamily structures. The attempt to generate a lipase-specific subset 
failed due to the high structural diversity of these enzymes. Figure 1 gives an overview of the 
numbers of subfamilies, consensus fold residues and details about the catalytic triad. 3DM 
designs a general numbering scheme (3D-numbers) for structural equivalent positions. This 
numbering scheme is applied to all data, such as sequences, structures, mutational data, 
co-evolution data, conservation data, amino acid contact data, etc. The systematic numbering 
connects all the different data types to each other which in turn enables detection of hidden 
correlations between different data types. Conserved residues are given with the Roman 
numeral of the family and the Arabic number of the residue in the consensus fold, e.g. I_1 
stands for the first residue of the superfamily I. The systematic 3DM numbering can be 
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used for all enzymes of the five groups of a/b-hydrolase fold enzymes. Hence, its systematic 
use would greatly facilitate the tracking of mutagenesis data on these enzymes by keyword 
searches in databases.

Group Sub-
families

Seqs. CS.a Var.b Catalytic triadc

Nucleophile Acidic 
residue

His

I Superfamily 99 12,430 88 1,468 32 
87% S
8% D

64 
74% D
19% E

87 
99% H

II GHSXGG 22 2,811 194 694 83 
63% S
35% D

156 
84% D
8% G

179 
99% H

III GESAGA 13 1,350 325 1,243 156 
92% S
6% G

233 
91% E
7% D

273 
97% H

IV GDSAGG 7 1,939 217 405 96 
96% S 

174 
84% D
14% E

204 
86 % H, 

4% E
V GNSMGG 7 344 180 96 67 

96% S
132 

97% D
160 

98% H
VI GESYAG 3 575 324 253 122  

99% S
261 

98% D
310 

98% H

Overview of the α/β-hydrolase fold superfamily 

Family I covers most of the known a/b-hydrolase fold enzymes. The high diversity of these 
enzymes limits the size of the conserved section to 88 amino acids. The highest degree of 
conservation is mostly found in defined secondary structures in the inner core of the enzyme, 
mainly in the central b-sheet. The peripheral regions, and, interestingly, the substrate binding 
sites are much less conserved. The consensus section includes b-strands 1-7 of the central 
b-sheet and a-helices C and E (Figure 1) of the a/b-hydrolase fold proposed by Ollis et al. 
in 1992 [1].

	 b-strand 5 and a-helix C, the so-called catalytic elbow [1], the residues of the 
catalytic triad with the acidic residue I_64 and the catalytic nucleophile I_32 are part of 
the consensus section. The highly conserved catalytic histidine I_87 is present in a loop 
of four amino acids (I_84-88). The residues of the GXSXG consensus motif are highly 
conserved throughout the whole superfamily: Gly I_30 94%, Ser I_32 63%, Gly I_34 

Table 1. Structure of ABHDB. a) Core size. The consensus core contains the structurally most conserved amino 

acids of a group of enzyme structures; b) Variability. Number of mutations within the conserved amino acids; c) 

The residues according to the 3DM numbering are given in bold numbers; % of the amino acid in the active site.
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70%. Residues at positions X were assumed to be variable. For true lipases, a more specified 
consensus pattern [LIV]-X-[LIVFY]-[LIVMST]-G-[HYWV]-S-X-G-[GSTAC] (PROSITE 
pattern PS00120: LIPASE_SER) could be assigned. It should be kept in mind however, 
that the term true lipase refers to a class of functional similar enzymes that have very diverse 
structures. An analysis using 3DM shows that the variable residues X are indeed highly 
conserved in the individual enzyme families of the superfamily (Figure 1), which allows 
a division of the a/b-hydrolase fold enzyme superfamily according to the composition 
of the catalytic elbow into five families: II. GHSXGG, III. GESAGA, IV. GDSAGG, V. 
GNSMGG and VI. GESYAG (Table 2). These findings clearly suggest that these positions 
are involved in determining the specificity of the different hydrolases.

Group GXSXG-lipase consensus motif
G Xa Sb X G G

I Superfamily 30
94% G

31
25%H 
16%E 
12%D

32
87% S
8% D

33
93%G

34
70% G

II GHSXGG 81
83% G

82
54% H

83
63% S 
35% D

84
>90% M or 

hydrophobic residue

85
97% G

86
66% G
22% A

III GESAGA 154
99% G

155
64% E

156 
92% S
6% G

157c

90% A
158

100% G
159

46% A
40% G

IV GDSAGG 94
100% G

95
66% D 
10% E

96
96% S

97c

81% A
98

100% G
99

80% G
20% A

V GNSMGG 65
94% G

66
64% N
22% H

67
96% S

68
>90% M or 

hydrophobic residuec

69
97% G

70
98% G

VI GESYAG 120
95% G

121
90% D
7% E

122 
99% S

123
96% Y

124
77% A
16% G

125
99% G

	

Table 2. The GXSXG-lipase pattern is highly conserved in the individual enzyme families. a) assumed to 

be variable in lipases; b) catalytic nucleophile; c) involved in the stabilization of the oxyanion in the catalytic 

mechanism; The residues according to the 3DM numbering are given in bold numbers.% of the amino acid in 

the active site. sidues according to the 3DM numbering are given in bold numbers; % of the amino acid in the 

active site.
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The composition of the oxyanion hole differs between the enzyme families. It is consequently 
not part of the 88 amino acid core. In many cases it is preceded by the conserved histidine 
I_16. In the oxyanion hole, the consensus motifs II. HGX, III./IV. HGGG(A)X, V. HSG 
and VI. NGGP can be found (table 3). The structure of the oxyanion hole has been associated 
with the rare ability of some esterases and lipases to convert tertiary alcohols [17b], which 
has facilitated the isolation of highly enantioselective enzymes for the synthesis of these 
difficult substrates [41]. The knowledge about conserved structure-function relationships 
can thus be used to guide the search or novel enzymes. 

GHSXGG: Epoxide hydrolases, dehalogenases, perhydrolases and  
GX-esterases

Family II contains 2,811 members of highly diverse functionalities including epoxide hydro-
lases, haloalkane dehalogenases, haloacid dehalogenases, haloperoxidases and GX-esterases. 
The 194 amino acids of the conserved core include the main a/b-hydrolase fold except the 
aD-helix of the main domain and three out of four helices that form the double V-shaped 
cap domain.

 	 As expected, either a serine or an aspartate is situated on the nucleophile position 
II-83 since the serine reflects esterases and haloperoxidases while the aspartate could be 
found mainly in haloalkane dehalogenases, haloacid dehalogenases and epoxide hydrolases 
(table 2). The catalytic nucleophile is most often flanked with a GHNu–XG-motif. Nu– rep-
resents the nucleophile and in most cases X stands for methionine (25%) or a hydrophobic 
residue. The oxyanion hole of class II enzymes is composed of an HGX-motif. Thereby the 
nature of X is relatively diverse, but most often a voluminous residue such as Phe (31%) or 
Trp (20%) is present at this position.

	 Despite the high similarity between the esterases, epoxide hydrolases and 
dehalogenases, conserved key residues determining the chemoselectivity of the enzymes were 
found: C-terminal to the oxyanion hole (pos. II_26) Pro or Gly are highly accumulated 
in the alignment. Interestingly, this proline correlates to almost 100% with aspartate as 
catalytic nucleophile while the position is less conserved when the nucleophile is a serine. It 
can be assumed that this proline has a high importance for specificity of epoxide hydrolases 
and dehalogenases. Furthermore, there is a high correlation between the catalytic aspartate 
and the position II_84. A conserved tryptophane in this position next to the catalytic 
nucleophile is known to be important for the stabilization of the halide in haloalkane 
dehalogenases. A similar observation could be made for epoxide hydrolases: Amino acids on 
position II_128 are predominantly tyrosines if the nucleophile is an aspartate and thus are 
believed to represent the residue involved in the protonation of the epoxide.
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Group H/N G G G(A)/P F/W/Y/L
I Superfamily 16  

65% Hc

13% Y

n.i.a n.i.a n.i.a n.i.a

II GHSXGG 23
94%H

24
95% G

25
31% F
20% W

- 25
31% F
20% T

III GESAGA 81
56% H
30% Y
8% F

82
95% G

83
98% G

84
64% G
21% A
10% S

85
64% F
18% Y
12% L
3% W

IV GDSAGG 31
98% H

32
97% G

33
97% G

34
82% G
10% A
4% S
3% C

35
55% F
23% W
14% Y

V GNSMGG 7
98% H

8
94% G
4.4% T 
(HNLs)b

9
41% S
27% G
13% A

10
71% G
19% C

VI GESYAG 32 65%N 33 99% G 34 99% G 35 97% P 36 96%G

GESAGA-family: Acetylcholine esterases, liver esterases, fungal lipases 
and related enzymes

The 1,350 members of this enzyme family are mostly lipases and esterases from gram 
positive bacteria, fungi and animals, such as acetylcholine esterase or esterases from pig 
liver, from Bacillus subtilis and Candida rugosa lipase. The large consensus core of 325 amino 
acids spans the greatest part of the central b-sheet, the surrounding a-helices, two a-helices 
of the cap region, the catalytic triad and the GGG(A)X motif within the oxyanion hole 
(figure 1) [30]. The core is longer than that of the closely related family IV and contains two 
additional strands at the C-terminus. The active site of family III is rather exposed to the 
solvent. The catalytic elbow bears a highly conserved GESAGA motif (table 2). Family III is 
the only one where the acidic residue of the catalytic triad is glutamate instead of aspartate. 
The C-terminal neighbor of the catalytic III_156 serine is mostly alanine III_157. This 
residue is often involved together with residues from the GGG(A)X-motif in the formation 
of the oxyanion hole [30]. The N-terminal neighbor of the catalytic nucleophile is a highly 

Table 3. The composition of the oxyanion hole in different enzyme families. a) n.i.: not included in the        

consensus fold; b) hydroxynitrile lyases have a highly conserved threonine in this position; c) the residues 

according to the 3DM numbering are given in bold numbers. % of the amino acid in the active site.



186

Chapter 7

conserved (65%) glutamate III_155. This residue has been discussed in the context of the 
ability of the promiscuitiv activity of some esterases of family III towards carboxylic acid 
amides [42] and forms a highly conserved triangle of 5-7 Å with the catalytic glutamate 
III_233 and the acidic residue III_276 (63% E, 34% D). Interestingly, the three charged 
residues are positioned in proximity of the catalytic machinery. They are connected by 
hydrogen bridges via water molecules. The high degree of conservation of this structural 
motif suggests an important function in catalysis. 

GDSAGG: Hormone-sensitive lipase-like

The 1,950 sequences of IV include animal lipases such as the hormone-sensitive lipase, 
enzymes from bacteria and from archea and a high number of enzymes from the metagenome. 
Several proteins without enzymatic activity such as a putative gibberellin receptor GID1L1 
from Arabidopsis thaliana [43] are also included. Interestingly, group IV contains several 
thermophilic esterases.

	 The central b-sheet with the surrounding a-helices is represented in the consensus 
fold of 217 amino acids. Family IV shares with family III the GGG(A)X-motif in the 
oxyanion hole (figure 1). Several structural features distinguish both enzyme families: The 
acidic residue IV_174 of the catalytic triad of family IV is mostly aspartate, not glutamate as 
in III. Also the N-terminal neighbor of the catalytic serine is an aspartate, and the Glu-Glu-
Glu triangle of family III has no equivalent in IV. Interestingly, the N-terminus of family 
IV is part of the cap-region and shields the active site (figure 1).

GNSMGG: Hydroxynitrile lyases and related enzymes

Enzymes present in this family are mainly hydroxynitrile lyases (HNLs), esterases (salicylic 
acid-binding proteins) and C-C bond hydrolases, while the first two are plant enzymes; 
the latter are from bacterial sources. The catalytic triad is highly conserved in this family V 
(Table 1). The HNLs use two additional amino acids Thr V_8 and Lys V_161 for catalysis, 
which are conserved among only the HNL subfamily, Thr V_8 (100%) and Lys V_161 
(92%). Their consensus is, however, low in the GNXMG-family (only 4.4% and 3.5% 
respectively), which clearly differentiates the diverse function of HNLs in the family. Five 
of seven subfamilies of the GNSMGG-family are C-C bond hydrolases, belonging to the 
group of hydrolases of meta-fission products (MFP) also referred to as meta-cleavage product 
hydrolases. These enzymes share the ability to hydrolyse products of the degradation of 
aromatic compounds such as catechols [6,44].  Interestingly, most of the sequences of MFP 
hydrolases appear in family V and II, which is also demonstrated in figure 1. The catalytic 
motif GXSXG, in C-C bond hydrolases is GNSM(F)GG where the methionine stabilizes 
the oxyanion substrate in the catalytic site. Interestingly, the motif in the esterase- (II) and 
HNL- (IV) subfamilies is GHSLGG and GESCG(A)G, respectively, which proves that 
a difference in structure/sequence relates to the function of the enzyme. Another highly 
conserved motif V_7-10 (Table 2) important for catalysis despite of the dissimilar functions 
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of the family is observed throughout the family. It constitutes (a) a part of the oxyanion 
hole in case of SABP2 esterase (main chain of Ala, V_9) and in case of C-C bond hydrolysis 
reaction catalyzed by BphD [45], (b) a main catalytic residue for HNL activity, V_8 (Thr) 
which stabilizes the hydroxy group of cyanohydrins by H-bonding. Like the role of the 
catalytic motif in other enzymes, Glu V_66 and Cys V_68, the adjacent residues of catalytic 
nucleophile Ser V_67 are important for HNL activity as their replacement with A drastically 
reduced the HNL activity mainly in Hevea brasiliensis HNL [46]. The cap domain of HNLs 
consists of three α-helices and two β-sheets. Like most other α/β-hydrolase fold enzymes the 
cap domain of HNLs lies in-between the nucleophile Ser and the acid Asp, but the β-sheets 
are not common in the superfamily.

GESYAG: Carboxypeptidases and related enzymes

Family VI contains carboxypeptidases and a high number of uncharacterized proteins, mainly 
from yeast, but also from animals and plants. Family III with 325 amino acids and VI with 
324 are by far the largest ones of the a/b-hydrolase fold enzyme superfamily. The consensus 
core with nine a-helices and 12 b-strands is well conserved. The carboxypeptidases have an 
insertion of two conserved b-strands between a-helix A and b-strand 4. Interestingly, the 
connections of the conserved C-terminal a-helices and 12 b-strands differ from all other 
enzyme families. Family VI shows some similarity to families III and IV. In the oxyanion 
hole a conserved GGP-motif with some similarity to the GGG(A)X-motif can be found. The 
different structure of the C-terminus of family VI distinguishes it from the other families 
within the a/b-hydrolase fold superfamily.

Enzymes not covered by the classification

Several sequences and structures could not be classified into any of the homogenous enzyme 
families II-VI. A prominent member of these enzymes is lipase A from Candida antarctica 
[47]. This lipase is distinguished by several unique catalytic properties such as the ability 
to convert tertiary alcohols and a preference towards the trans-isomers of unsaturated fatty 
acids [48]. Its recently resolved structure cannot be grouped into the GX- or the GGG(A)
X-classes [47]. This presumably also holds true for related lipases from Ustilago maydis [49] 
and Kurtzmanomyces sp. I-11 [50]. Several other bacterial and fungal lipases differ to a high 
degree from the other known a/b-hydrolase fold enzymes and cannot yet be classified by the 
structural alignment using 3DM.

ABHDB as a tool for protein engineering

The classification of esterases and lipases according to the composition of their oxyanion hole 
distinguishes enzymes bearing one glycine (GX) followed by a voluminous amino acid (X) 
from enzymes bearing three glycines or two glycines followed by an alanine (GGG(A)X, table 
2) [30]. These enzymes can be found in families III and IV of the ABHDB. The consensus 
pattern has been related to the activity of a/b-hydrolase fold enzymes towards tertiary 
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alcohols [17b]. Recently, it was found that esterase EstA from Paenibacillus barcinonensis has 
a very low activity towards tertiary alcohols. It belongs to class III and has a serine III_84 
in the third position of the consensus motif. Serine in this position has an abundance of 
only 10% according to 3DM. A back mutation to the highly conserved glycine yielded an 
enzyme variant with strongly increased activity towards tertiary alcohols [51]. Furthermore, 
the position III_82 had been shown previously to be a determinant of the enantioselectivity 
as a sixfold increased enantioselectivity was observed when the mutation Gly III_82 to Ala 
was introduced into esterase BS2 from B. subtilis [41a]. Interestingly, the analog mutant 
III_82A of EstA also had a strongly increased enantioselectivity in the kinetic resolution of 
tertiary alcohols. This example underlines the value of homology-based analyses of structure-
function relationships for the engineering of catalytic properties of enzymes.

	 The vast protein data set that is ordered and stored by 3DM is of high value for 
the guidance of directed evolution experiments. Due to the procedure of 3DM to create 
structure-based multiple sequence alignments, all amino acids in a given sequence within 
the 3DM core can be assumed to be on the same structural position in every enzyme that 
is included in the alignment. Thus, the program allows the determination of the amino 
acid distributions at these positions. Those distributions can be effectively used to generate 
‘smart’ mutant libraries for a saturation mutagenesis. We have already successfully applied 
this approach to improve the enantioselectivity of an esterase from Pseudomonas fluorescens 
by variation of four residues in the acyl-binding pocket [52], resulting in the identification 
of variants with substantially increased enantioselectivity [53] within a set of only 500 
variants screened. This success was attributed to the high quality of the libraries designed 
using ABHDB analysis reducing the theoretical screening effort from 3 million [54] to just 
10,000 clones to cover 95% of all possible combinations. In a similar approach three surface 
residues of the same enzyme were targeted to increase the thermostability (unpublished). 

Outlook

The vast amount of sequential and structural data on a/b-hydrolase fold enzymes is difficult 
to assess by standard bioinformatic methods and databases. To our knowledge, ABHDB is 
the first structural alignment of all known enzymes of this superfamily, which is a key feature 
distinguishing it from sequence-based approaches [27-30]. It represents a very helpful tool 
for the analysis of structure-function relationships and the mechanistic determinants of 
substrate specificity, even if not all known sequences could be incorporated. Despite the 
diverse nature of a/b-hydrolase fold enzymes it is striking that the central core of the fold 
and the catalytic triad is well-conserved throughout the 12,431 sequences of the database. 
The residues contributing to the stabilization of the oxyanion, however, differ considerably, 
but are itself highly conserved in different subgroups. They can be related to the functionality 
of the enzyme, making them useful fingerprint motifs for the classification and discovery of 
novel biocatalysts.
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Literature search in organic chemistry is considerably easier than in protein engineering. It 
is very easy to confirm the state of the art on a given organic compound. A simple search 
for structure, sum formula or systematic name in databases like CrossFire Beilstein gives 
comprehensive information on synthesis, structural data and applications. This is vital to 
confirm the novelty of results. In contrast, there is no such a tool for mutagenesis and the 
scientist has to rely on his or her literature knowledge. Also a systematic nomenclature of 
amino acid residues in consensus scaffolds is missing. Besides qualitative designations such 
as ‘catalytic nucleophile’ or ‘histidine of the catalytic triad’ keyword searches in databases 
will not reveal specific amino acid exchanges in analog positions of different enzymes. This 
may lead to cases were a given amino acid exchange in an enzyme scaffold may have been 
investigated independently in different laboratories several times. The scientists would 
perhaps not be aware of each other’s work due to the use of different key words or because 
the exchange was performed in analogue enzymes such as, for instance, a GX-esterase and 
a haloalkane dehalogenase. Herein we present with the 3DM numbering a systematic 
nomenclature for the five enzyme groups of the a/b-hydrolase fold enzymes. Usage of this 
system may facilitate the future tracking of mutations in these enzymes. In addition, the tool 
mutator of ABHDB connects amino acids of a/b-hydrolase fold enzymes to literature data 
on their mutagenesis. Despite the limitations – only conserved amino acids are analyzed and 
the search is confined to scientific publications but not patents – this tool would offer the 
technology for the future systematic assessment of mutagenesis. Such a tool would enable 
access to all mutagenesis done to a certain position in a scaffold. It might attain a similar 
significance as Scifinder and Pubmed [55] already have in the every-day life of scientists in 
life sciences and biotechnology.

	 Directed evolution has been described as finding the needle in the haystack. We 
believe that the ABHDB contributes considerably to ordering the vast and complex data 
of the a/b-hydrolase fold enzyme superfamily. This is particularly important in view of 
the future incorporation of vast numbers of sequences and structures from genomic and 
metagenomic sources that can be expected from the recent progress in sequencing techniques. 
The possibility of an automatic update perhaps is not the last useful tool of 3DM, as it allows 
keeping pace with the progress. ABHDB can be used together with molecular modelling 
and other computational tools to guide rational protein design. A particular interesting 
application of ABHDB is the generation of smart libraries of small size for directed evolution 
experiments – the haystack can easily be aligned before the needle gets explored.
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Abstract
Sucrose phosphorylase is a promising biocatalyst for the glycosylation of a wide variety 
of acceptor molecules, but its low thermostability is a serious drawback for industrial 
applications. In this work, the stability of the enzyme from Bifidobacterium adolescentis 
has been significantly improved by a combination of smart and rational mutagenesis. The 
former consists of substituting the most flexible residues with amino acids that occur more 
frequently at the corresponding positions in related sequences, while the latter is based on a 
careful inspection of the enzyme’s crystal structure to promote electrostatic interactions. In 
that way, a variant enzyme could be created that contains 6 mutations and whose half-life 
at the industrially relevant temperature of 60 °C has more than doubled compared to the 
wild-type enzyme. An increased stability in the presence of organic co-solvents could also be 
observed, although these effects were most noticeable at low temperatures. 
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Introduction

Sucrose phosphorylase (SP) catalyzes the reversible phosphorolysis of sucrose into 
α-D-glucose-1-phosphate and fructose. Although it is formally classified as a glycosyl 
transferase (EC 2.4.1.7), the enzyme belongs to glycoside hydrolase family 13 and follows 
the typical double displacement mechanism of retaining glycosidases [1]. Thanks to its 
broad acceptor specificity, SP can be employed for the transfer of glucose to a wide variety 
of carbohydrates as well as non-carbohydrate molecules [2]. For example, an exceptionally 
efficient process for the regioselective glucosylation of glycerol has recently been developed 
[3]. The product is a moisturizing agent for cosmetics and is commercially available under 
the tradename Glycoin.

	 For industrial application, carbohydrate conversions are preferably performed 
at 60 °C or higher, mainly to avoid microbial contamination [4]. Unfortunately, SP 
has so far been identified only in a relatively small number of micro-organisms, none of 
which are thermophilic [2]. The low thermostability of available SP enzymes thus forms 
a serious limitation for their commercial exploitation. We have recently shown that the 
thermostability of the SP from Bifidobacterium adolescentis can be dramatically improved by 
immobilization, either by covalent coupling to a Sepabeads enzyme carrier or in the form 
of a cross-linked enzyme aggregate [5,6]. Although immobilization is often employed in 
industrial processes to enable recovery of enzymes, the procedure can be time-consuming 
and expensive, especially when carriers are involved. The creation of stable enzyme variants 
thus still is an attractive alternative. Furthermore, the resulting proteins could serve as robust 
templates for the engineering of the specificity of SP, as stable enzymes have been shown to 
be more tolerant towards the introduction of amino acid substitutions [7,8]. 

	 The thermostability of a protein can be increased by either random or site-specific 
mutagenesis [9]. The SP from Streptococcus mutans, for example, has been stabilized by the 
introduction of 8 random mutations, identified through error-prone PCR [10]. However, 
the resulting enzyme variant retains only 60% of its activity after 20 minutes incubation 
at 60 °C, which is not enough for industrial applications. The crystal structure of the SP 
from B. adolescentis has been determined [11] and can be used to select specific sites for 
mutagenesis in this particular enzyme. Although no general rules for the rational engineering 
of thermostability have yet been formulated, some trends have emerged [12]. These include 
introducing Pro residues [13], removing Gly, Asn and Gln residues [14], extending the 
electrostatic interactions at the protein surface [15], and stabilizing the dipole moment of 
α-helices [16].

	 Semi-rational approaches to the engineering of thermostability have also been 
developed. For example, in the so-called B-Factor Iterative Test (B-FIT) positions that 
display the highest flexibility (highest B-factor) in an enzyme’s crystal structure are submitted 
to site-saturation mutagenesis [17]. The best hit obtained at one site is subsequently used 
as a template for randomization at another site and the process is repeated iteratively until 
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the desired improvement is achieved. In this way, the T50 of the lipase from Bacillus subtilis 
could be increased from 48 °C to 93 °C by the substitution of only 7 amino acid residues 
[17]. To reduce the size of the libraries and thus the screening effort, an extension of the 
B-FIT procedure has recently been proposed, in which the randomization at each site is 
limited to amino acids that are frequently present in an alignment of related sequences [18]. 
These residues are assumed to be more favorable for the enzyme’s stability and/or activity, as 
they have been propagated through natural selection. This ‘smart library’ approach has been 
successfully applied to the engineering of the esterase from Pseudomonas fluorescens, in which 
the number of colonies that needed to be screened could be reduced with a factor 300 [18].

	 Limiting the number of variants is especially convenient for SP, because the 
thermostability of this enzyme depends strongly on the protein concentration [6]. The 
high-throughput screening of mutant libraries is, therefore, not an attractive option, 
as this would be complicated by the detection of false positives whose thermostability 
is overestimated due to their low concentration. Indeed, variant enzymes are frequently 
expressed at a lower level than the wild-type enzyme, even when just a single amino acid 
has been mutated [19]. This problem can be circumvented by creating a small number 
of site-directed variants that can be processed manually to eliminate the effect of protein 
concentration. In that respect, the proposed strategy somewhat resembles the consensus 
approach [20], although more than one amino acid can still be introduced at any given 
position. 

	 Here, we present the engineering of the SP from B. adolescentis by a combination of 
smart and purely rational mutagenesis for increased thermostability. In addition, the solvent 
stability of the enzyme variants has also been determined, as this feature is often correlated 
with thermal stability [21,22]. From a practical perspective, the addition of organic 
co-solvents to the reaction mixture should enable the use of hydrophobic molecules as 
acceptors in the glycosylation reaction catalyzed by SP.

Materials and Methods

Design and analysis of mutations

The B-factors of all the amino acids in the crystal structure of the SP from B. adolescentis 
were extracted from PDB-file 1r7a [11] with the computer program B-FITTER (Reetz et 
al., 2006). The effect of introduced mutations was simulated by generating a homology 
model of each variant with the program YASARA [23], using AMBER03 as force field for 
energy minimizations [24].

Site-directed mutagenesis

The gene coding for the SP from B. adolescentis was cloned into the constitutive expression 
vector pCXP14h as described previously [25]. Site-directed mutations were then introduced 
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with a two-step PCR protocol, using the mutagenic primers listed in the supplementary 
data (Table S1). PCR cycling conditions were as follows: 95 °C (3 min); 30 cycles of 95 
°C (1 min), 55 °C (1 min) and 65 °C (9 min). Each reaction contained 75 ng of plasmid 
DNA, 2.5 U PfuUltra DNA polymerase (Stratagene), 10x PfuUltra HF AD buffer, 0.2 mM 
of dNTP mix (Westburg) and 0.4 µM of mutagenic primer (Sigma) in a total volume of 
25 µl. After the reaction, template DNA was digested with 10 U of DpnI (New England 
Biolabs) at 37 °C for 6 h. The PCR mixture was transformed into electrocompetent E. coli 
BL21(DE3) cells (Novagen) and the transformation mixture was plated on LB medium 
supplemented with ampicillin. The presence of mutations was confirmed by sequencing 
(LGC Genomics) of plasmids isolated with a Miniprep Spin kit (Qiagen). 

Enzyme production and purification

All enzymes were produced in 1l shake flasks containing 200 mL LB medium supplemented 
with 0.1 g/l ampicillin. Cultures were grown at 37 °C and 200 rpm for 8 hours, after 
which the cells were harvested by centrifugation (6,000 rcf, 4 °C, 20 min). The obtained 
pellets were frozen at -20 °C until further use. The recombinant enzyme was extracted 
by suspending the pellet in lysis solution (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, 1 mg/ml lysozyme and 0.1 mM PMSF, pH 8) at 4 °C for 30 min, followed by 
sonication for 2 x 2 min (Branson 250 Sonifier, level 3, 50 % duty cycle). Cell debris was 
removed by centrifugation (18,000 rcf, 4 °C, 30 min). The His6-tagged protein was purified 
by Ni-NTA chromatography as described by the supplier (Qiagen), after which the buffer 
was exchanged to 100 mM phosphate pH 7 in a Centricon YM-30 (Millipore). Protein 
concentrations were measured according to the Lowry method [26] using BSA as standard. 

Activity assays

The phosphorolysis of sucrose was measured continuously with an enzymatic assay, in 
which the production of α-D-glucose-1-phosphate is coupled to the reduction of NAD+ 
in the presence of phosphoglucomutase (PGM) and glucose-6-phosphate dehydrogenase 
(G6P-DH) [27,28]. The assay solution consisted of 2 mM EDTA, 10 mM MgSO4, 2 mM 
β-NAD, 10 µM glucose-1,6-diphosphate, 1.2 U PGM, 1.2 U G6P-DH and 100 mM 
sucrose in 100 mM phosphate buffer at pH 7 and 37 °C. The absorbance was measured at 
340 nm in a microplate reader 680XR (Bio-Rad). One unit (U) of SP activity corresponds to 
the release of 1 µmole product per minute under these conditions. All assays were performed 
in triplicate and had a CV of less than 10 %. The kinetic parameters were determined at pH 
7 and 60 °C by measuring the initial rate of fructose release with the BCA assay [6], and 
were calculated by non-linear regression of the Michaelis-Menten curve with the program 
SigmaPlot.
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Stability assays

The thermostability of the variants containing a single mutation was evaluated by incubating 
eppendorfs containing 100 µl of purified enzyme (diluted to 8.5 µg/ml in 100 mM 
phosphate buffer pH 7) for 24 hours in a water bath at 60 °C. Their residual activity was 
then measured and compared to the activity of the untreated enzymes. Subsequently, the 
beneficial mutations were combined and the resulting enzyme variants examined in more 
detail. Their half-life at 60 °C was determined by sampling at regular intervals until the 
residual activity had dropped to 50 %. The corresponding t50-values were calculated from a 
first-order fit of the stability curves. In addition, the thermodynamic stability of the variants 
was determined by incubating PCR tubes containing 100 µl of purified enzyme (diluted 
to 5 µg/ml in 100 mM phosphate buffer pH 7) for one hour in a Gradient Thermocycler 
(Biometra) at 58-70 °C. Their residual activity was then measured and compared to the 
activity of the untreated enzymes. The T50-values were calculated by fitting of the linear part 
of the stability curves.

	 The solvent stability of the enzymes was determined by measuring their activity in 
0-55 % (v/v) dimethylsulfoxide (DMSO). Enzyme reactions were performed at 37, 60 and 
65 °C in eppendorfs containing 200 µl of purified enzyme (diluted to 0.5 µg/ml in 150 mM 
phosphate buffer pH 7) and 400 µl of a water/DMSO mixture containing 75 mM sucrose. 
The SP activity was determined with the BCA assay and the C50-values were calculated by 
fitting of the linear part of the stability curves. 

	 The difference in residual activity between the wild-type enzyme and the final 
variant at the t50, T50 and C50 values were shown to be significant by means of an unpaired, 
two-sided t-test (p < 0.01).

Results and Discussion

Increasing the thermostability by ‘smart’ mutations

The residues with the highest flexibility in the SP from B. adolescentis have been identified 
based on their B-factor in the enzyme’s crystal structure [11]. Since SP forms a homodimer, 
the average B-factor of both chains was used as parameter to select the target residues 
(Supplementary data, Table S2). Although some variation in B-factors could be observed 
between the monomers, the top 6 positions consistently ranked among the most flexible 
residues. Interestingly, the bias towards arginine and lysine residues reported in previous 
studies [18,29] was hardly observed in our case, and a cluster of three aspartate residues at 
positions 445-447 was found to be the most flexible region. This cluster is located in a loop 
segment of the C-terminal domain, far away from both the active site and dimer interface.

	 The top 10 positions were then examined in the 3DM-database [30], which contains 
a structure-based alignment of all sequences (~ 5,092) in glycosidase family 13, also known as 
the α-amylase family. Only 2 of the target positions turned out to be structurally conserved 
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and thus to be represented in the alignment, i.e. D445 and D446. At those 2 positions, 
the amino acid distribution was determined within the group of SP enzymes (subfamily 
GH13_18), which comprises 149 sequences with an identity of at least 30 % [31]. At the 
former position, Pro (22.8 %) occurs more frequently than Asp (20.8 %), while both Gly 
(23.5 %) and Thr (17.4 %) are more abundant than Asp (16.8 %) at the latter. Pro also 
occurs at the latter position (4.7 %) and has been included in our library because this amino 
acid is known to be important for protein stability. Combinations of all the corresponding 
substitutions were introduced in the SP from B. adolescentis by site-directed mutagenesis 
(Table 1). The resulting enzyme variants were purified by His-tag chromatography and 
diluted to the same protein concentration to determine their thermostability. 

Enzyme Mutations Specific Activity Residual Activity Thermostability
(U/mg)a (%)b (%)c

wild-type - 213.0 ± 1.9 30.0 ± 1.7 100
Variant A D445P 204.3 ± 2.1 31.5 ± 1.2 105
Variant B D446G 214.9 ± 3.6 29.4 ± 1.6 98
Variant C D446T 174.0 ± 4.5 29.1 ± 1.1 97
Variant D D446P 218.4 ± 1.4 30.0 ± 1.2 100
Variant E D445P/D446G 202.8 ± 1.9 41.1 ± 2.0 137
Variant F D445P/D446T 197.1 ± 4.6 41.7 ± 1.8 139
Variant G D445P/D446P 202.5 ± 2.7 30.0 ± 1.7 100
Variant H L306H 215.6 ± 3.1 30.3 ± 1.4 101
Variant I Q331E 208.7 ± 4.6 42.9 ± 2.5 143
Variant J N414D 198.6 ± 2.8 15.3 ± 1.5 51
Variant K A498H 188.6 ± 5.2 26.7 ± 1.3 89
Variant L Q460E/E485H 192.7 ± 3.4 42.3 ± 1.9 141
Variant M N325D/V473H 189.2 ± 2.2 24.3 ± 1.3 81
Variant N R393N 207.8 ± 2.7 40.8 ± 2.1 136

Two SP variants showed a significantly increased activity after one day incubation at 60 
°C. Indeed, the substitution of the DD-motif with either PT or PG resulted in a relative 
thermostability of 137 % and 139 %, respectively, compared to the wild-type enzyme 
(Table 1). A proline at position 445 thus seems to be crucial for thermostability, at least in 
combination with a threonine or glycine at position 446. In accordance with its lower amino 
acid occurrence, a proline at position 446 does not have a significant effect on stability. In 

Table 1: Thermostability of the variants create by (semi-)rational design. a) At pH 7 and 37°C. b) After 24h 

incubation at 60°C. c) Relative to the wild-type.
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fact, the stabilized variants contain the most frequent residues at both positions, exactly as 
would be predicted by the consensus concept [20]. None of the individual substitutions are 
able to increase the stability of SP when the neighbouring residue is not mutated, which 
points towards a synergistic effect between positions 445 and 446. 

Increasing the thermostability by rational design

In parallel with the ‘smart’ mutagenesis, additional targets for mutagenesis have been selected 
on a purely rational basis. To that end, the enzyme’s crystal structure has been carefully 
inspected for amino acid substitutions that could extend the network of electrostatic 
interactions on its surface (variants H-M, Table 1). In addition, one mutation (variant N) 
has been included that could possibly increase the interaction between the enzyme’s subunits. 
The corresponding variants were then created by site-directed mutagenesis, purified by 
His-tag chromatography and diluted to the same protein concentration to determine their 
thermostability.

 	 Three out of the seven variants showed a significantly increased residual activity 
after one day incubation at 60 °C (Table 1). Two of these were designed to introduce 
additional salt bridges, i.e. Q331E and Q460E/E485H. The substitution of Q331 by a 
glutamate was envisaged to promote an interaction with 
H323, which indeed seems very plausible based on the 
modelled structure of the resulting enzyme variant (Figure 
1A). In contrast, variant L was constructed to influence 
more than one interaction. Residue Q460 is located close 
to R455, with which a negatively charged residue should 
be able to interact more favourably (Figure 1B). However, 
the glutamate at position 485 could then perhaps cause 
electrostatic repulsion of E460 as well as of D490. It has, 
therefore, been substituted by a histidine to create a network 
of ion pairs. Finally, variant N was created to promote the 
interaction between the enzyme’s subunits. Indeed, residue 
R393 is located at the enzyme’s dimer interface and was 
believed to induce electrostatic repulsion by interacting 
with the same residue from the other monomer (Figure 1C). 
Replacing it with an asparagine seems to have alleviated this 
problem.
	

Figure 1. The rational mutations that increase the stability of SP. (A) 
variant I, (B) variant L, and (C) variant N. The mutations (in yellow) 
have been simulated in a homology model, which was superposed on the 
wild-type structure (in grey).



203

Thermostability of an alpha-amylase

In contrast, the other four variants created by rational design did not display an increased 
thermostability (Table 1). These negative results are difficult to interpret, although some 
suggestions can be formulated based on an investigation of the variants’ structural models 
(supplementary data, Figure S1). In variant H, for example, the substitution of L306 by 
a histidine was expected to introduce a salt bridge with D303. The latter might, however, 
already be involved in a hydrogen bond with S305 and thus not carry the required charge. 
In turn, the asparagine at position 414 might be crucial for the stability of SP because of 
its interaction with a backbone carbonyl group. This could explain why its substitution by 
Asp lowers the stability of variant J, although a salt bridge with R417 should have been 
created. Finally, the histidine residue introduced at position 498 and 473 of variant K and 
M, respectively, does not seem to adopt the required orientation to form a salt bridge with 
the neighbouring carboxylic group (D495 and D325, respectively).  

Enzyme t50 (h)a T50 (°C)b C50 (%)c KM (mM)d kcat (s
-1)d

wild-type 24 64 34 6.5 201
variant LNFI 62 67 41 6.7 204

Combining the beneficial mutations

In a next step, the different mutations were combined to examine whether they have an 
additive effect on thermostability. To that end, the half-life (t50) of the combined variants 
was determined at the industrially relevant temperature of 60 °C (Figure 2). A stepwise 
increase in stability could be observed, resulting in a final variant (LNFI) with a half-life 
that has more than doubled compared to the wild-type enzyme (Table 2). Furthermore, it 
was found that the increased stability does not come at the expense of activity, since the kcat 

Figure 2. The kinetic stability of the 
improved SP variants. The enzymes 
were incubated at 60 °C for various 
times, after which their residual activity 
was compared with that of the untreated 
enzymes. All assays were performed in 
triplicate and had a CV of less than 10 
%.

Table 2. Stability and activity of the optimized SP variant. a) At 60°C. b) After 1h incubation. c) Of DMSO 

at 37°C. d) At 60°C and pH 7.
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has remained constant at a value of about 200 s-1 (Table 2). In fact, none of the introduced 
mutations have a dramatic impact on the enzyme’s activity, probably because the selected 
positions are located far away from the active site (Table 1). These results demonstrate the 
practical usefulness of our engineering efforts, which should stimulate the development of 
the various glycosylation reactions catalyzed by SP into commercial processes.

	 Further proof of the increased thermostability of the SP variants was obtained by 
determining their T50-value, which is the temperature required to reduce the initial activity 
by 50 % after one hour incubation. This parameter reflects an enzyme’s thermodynamic 
stability, as opposed to the kinetic stability described by its half-life [17]. The introduction 
of each additional mutation increased the T50 with nearly 1 °C (Figure 3), and the variant 
that contains all of the beneficial mutations displayed a T50 that is 3 °C higher than that of 
the wild-type enzyme (Table 2). This feature would probably allow the use of the SP variant 

Figure 3. The thermodynamic 
stability of the improved SP 
variants. The enzymes were 
incubated for one hour at 
various temperatures, after 
which their residual activity 
was compared with that of the 
untreated enzymes. All assays 
were performed in triplicate 
and had a CV of less than 10 
%.

Figure 4. The solvent 
stability of the improved SP 
variants.  Relative activities at 
37 °C were determined in the 
presence of various amounts 
of DMSO as co-solvent. All 
assays were performed in 
triplicate and had a CV of less 
than 10 %.
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at temperatures higher than 60 °C, although that was not the goal of the current research 
project. 

Stability against the presence of organic co-solvents

When SP is to be applied for the glycosylation of hydrophobic molecules, organic co-
solvents will need to be added to the reaction medium to increase the solubility of the 
acceptors. As thermostable enzymes often display a high tolerance towards other denaturing 
factors [21,22], the stability of the variant enzymes against the presence of DMSO as organic         
co-solvent has also been examined. For practical reasons, the tests were first performed at 
37 °C. At that temperature, a significant improvement in solvent stability could be observed 
(Figure 4). Indeed, the C50-value, which is the solvent concentration at which the enzyme 
retains half of its initial activity, has shifted from 34 % for the wild-type enzyme to 41 % 
for variant LNFI (Table 2). 

	 Remarkably, an increased SP activity was observed at a DMSO concentration of 
about 20 %, which became even more pronounced in the stabilized variants (Figure 4). The 
assay temperature of 37 °C is, however, far below the optimum of 58 °C for the wild-type 
SP [6]. This could mean that the enzymes are too rigid for optimal functioning, a problem 
that might be compensated for by the addition of a low concentration of solvent. To test 
this hypothesis, the experiments have been repeated at higher temperatures. The ‘bump’ in 
activity was found to slowly disappear in function of temperature, being all but gone at 65 °C 
(Figure 5). Unfortunately, the difference in stability between the variant and wild-type SP is 
no longer apparent in that case, as the C50-value has dropped to about 23 % for all enzymes 
(not shown). The thermodynamic stability of SP can thus be evidenced either by increasing 
the temperature or by the addition of co-solvents, but not by a combination of both.

Figure 5. The influence of 
temperature on the solvent 
stability of variant LNFI. 
The activity of the enzyme 
was determined at various 
temperatures in the presence 
of various amounts of DMSO 
as co-solvent. All assays were 
performed in triplicate and had 
a CV of less than 10 %.
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Conclusions

Sucrose phosphorylase is a promising biocatalyst for the glycosylation of a wide variety 
of acceptor molecules, but its use in industrial processes has been hampered by the low 
thermostability of the available enzymes. We have shown here that the stability of the SP 
from B. adolescentis at the process temperature of 60 °C can be efficiently improved by 
a combination of smart (sequence-based) and rational (structure-based) mutagenesis. In 
total, fourteen enzyme variants have been created, of which five displayed a considerable 
increase in thermostability. As expected, the introduction of consensus residues at the most 
flexible positions (445-446) had a positive effect on stability, although a pairwise mutation 
was required to achieve a synergistic effect. The rational design of thermostable variants, 
in contrast, proved to be a more challenging task, mainly because the interactions of the 
introduced amino acids with their neighbouring residues are difficult to predict. Nevertheless, 
creating additional salt bridges at the protein surface was found to be a successful strategy in 
about half of the cases.

	 Combining all of the beneficial mutations in a single sequence generated a 
biocatalyst with a half-life at 60 °C of 62 h, which is more than twice as long as the wild-
type enzyme. Furthermore, the thermodynamic stability of the improved variant was also 
markedly enhanced, as illustrated by an increase in T50 from 64 to 67 °C. The addition 
of low concentrations (~20 %) of organic co-solvent was found to mimic the increased 
temperature optimum of the enzymes, but an improved solvent stability could only be 
observed at low temperatures. Overall, these new properties can be expected to stimulate the 
industrial exploitation of the various glycosylation reactions catalyzed by SP. 

Acknowledgments

This work was supported by the Institute for the Promotion of Innovation through Science 
and Technology in Flanders (IWT-Vlaanderen) [grant number 50191].



207

Thermostability of an alpha-amylase

References
1.	 Goedl, C., Schwarz, A., Mueller, M., Brecker, L. and Nidetzky, B. (2008b) Carbohydr. Res., 

343, 2032-40.
2.	 Goedl, C., Sawangwan, T., Wildberger, P. and Nidetzky, B. (2010) Biocatal. Biotransformation, 

28, 10-21.
3.	 Goedl, C., Sawangwan, T., Mueller, M., Schwarz, A. and Nidetzky, B. (2008a) Angew. Chem. 

Int. Ed., 47, 10086-10089.
4.	 Haki, G.D. and Rakshit, S.K. (2003) Bioresource Technol., 89, 17-34.
5.	 Cerdobbel, A., De Winter, K., Desmet, T. and Soetaert, W. (2010a) Biotechnol. J., 5, 1192-

1197.
6.	 Cerdobbel, A., Desmet, T., De Winter, K., Maertens, J. and Soetaert, W. (2010b) J. Biotechnol., 

150, 125-130.
7.	 Bloom, J.D. and Arnold, F.H. (2009) P. Natl. Acad. Sci. USA, 106, 9995-10000.
8.	 Tokuriki, N. and Tawfik, D.S. (2009b) Curr. Opin. Struc. Biol., 19, 596-604.
9	 Lehmann, M. and Wyss, M. (2001) Curr. Opin. Biotechnol., 12, 371-375.
10.	 Fujii, K., Liboshi, M., Yanase, M., Takaha, T. and Kuriki, T. (2006) J. Appl. Glycosci., 53, 

91-97.
11.	 Sprogoe, D., van den Broek, L.A.M., Mirza, O., Kastrup, J.S., Voragen, A.G.J., Gajhede, M. 

and Skov, L.K. (2004) Biochemistry, 43, 1156-1162.
12.	 Eijsink, V.G.H., Bjork, A., Gaseidnes, S., Sirevag, R., Synstad, B., van den Burg, B. and 

Vriend, G. (2004) J. Biotechnol., 113, 105-120.
13.	 Matthews, B.W., Nicholson, H. and Becktel, W.J. (1987) P. Natl. Acad. Sci. USA, 84, 6663-

6667.
14.	 Kaneko, H., Minagawa, H. and Shimada, J. (2005) Biotechnol. Lett., 27, 1777-1784.
15.	 Serrano, L., Horovitz, A., Avron, B., Bycroft, M. and Fersht, A.R. (1990) Biochemistry, 29, 

9343-9352.
16.	 Nicholson, H., Becktel, W.J. and Matthews, B.W. (1988) Nature, 336, 651-656.
17.	 Reetz, M.T., D Carballeira, J. and Vogel, A. (2006) Angew. Chem. Int. Ed., 45, 7745-7751.
18.	 Jochens, H., Aerts, D. and Bornscheuer, U.T. (2010) Protein Eng. Des. Sel., 23, 903-909.
19.	 Tokuriki, N. and Tawfik, D.S. (2009a) Nature, 459, 668-U71.
20.	 Lehmann, M., Pasamontes, L., Lassen, S.F. and Wyss, M. (2000) Biochim. Bioph. Acta, 1543, 

408-415.
21.	 Cowan, D.A. (1997) Comp. Biochem. Phys. A, 118, 429-438.
22.	 Vazquez-Figueroa, E., Yeh, V., Broering, J.M., Chaparro-Riggers, J.F. and Bommarius, A.S. 

(2008) Protein Eng. Des. Sel., 21, 673-680.
23.	 Krieger, E., Koraimann, G. and Vriend, G. (2002) Proteins, 47, 393-402.
24.	 Wang, J.M., Cieplak, P. and Kollman, P.A. (2000) J. Comput. Chem., 21, 1049-1074.
25.	 Aerts, D., Verhaeghe, T., De Mey, M., Desmet, T. and Soetaert, W. (2010) Eng. Life Sci., 11, 

10-19.
26.	 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem., 193, 265-

275.
27.	 Silverstein, R., Voet, J., Reed, D. and Abeles, R.H. (1967) J. Biol. Chem., 242, 1338-1346.
28.	 Weinhausel, A., Griessler, R., Krebs, A., Zipper, P., Haltrich, D., Kulbe, K.D. and Nidetzky, 

B. (1997) Biochem. J., 326, 773-783.
29.	 Reetz, M.T., Kahakeaw, D. and Lohmer, R. (2008) Chembiochem, 9, 1797-1804.



208

Chapter 8

30.	 Kuipers, R.K., Joosten, H.J., van Berkel, W.J.H., Leferink, N.G.H., Rooijen, E., Ittmann, E., 
van Zimmeren, F., Jochens, H., Bornscheuer, U., Vriend, G., dos Santos, V. and Schaap, P.J. 
(2010) Proteins: Struct. Funct. Bioinf., 78, 2101-2113.

31.	 Stam, M.R., Danchin, E.G.J., Rancurel, C., Coutinho, P.M. and Henrissat, B. (2006) Protein 
Eng. Des. Sel., 19, 555-562.







General Discussion



212

Chapter 9

Background

Detailed knowledge of all aspects of protein structure, function, and dynamics are important 
for many, often commercially interesting, research areas in the life sciences. In protein 
engineering this knowledge is applied in, for example, food and feed optimization [1], 
improvements of laundry detergents [2], and antibody humanization [3]. DNA diagnostics 
projects focus on using mutations in proteins to diagnose patients, and drug design projects 
study the mechanisms of proteins to create new drugs. Traditionally, these projects focused 
on the role of one component in one system eg. the characterization of one protein in one 
organism. In many such projects however, the focus is shifting to a more holistic approach 
by studying many proteins with similar functionality in many systems. Such systems 
biology like projects are however hardly possible without high-quality data sets and the 
proper bioinformatics tools to handle these data sets. With the ongoing advancement of 
high throughput acquisition technologies more and more of these data sets are becoming 
freely available online as producing these sets becomes both cheaper and easier. These data 
sets are produced using different equipment, standards, and methodologies and published 
using different methods and data formats. Obtaining and integrating the data required to 
study complex system in the life-sciences thus remains a challenge. The 3DM platform was 
specifically designed to retrieve and interlink available data sets in various formats for a 
protein superfamily and to make these data sets easily accessible for the user.

Extracting data from literature

One of the main focal points of this thesis is the application of 3DM systems in the fields of 
DNA diagnostics and protein engineering. In these fields a large amount of published data 
is available because no matter how niche the topic may be, chances are that more articles 
have been published about it than can be read in a lifetime. In some fields even the number 
of reviews is too large to keep up with. Additionally, the holistic protein superfamily based 
approach used by 3DM means that data obtained for related proteins are just as valuable 
as data obtained for the protein of interest itself. Lots of articles might therefore contain 
data relevant for a given study. Text mining [6] is the obvious solution to find these relevant 
articles and extract data from them. Many text-mining tools are available for one or more 
parts of the retrieval process. Projects like Open PHACTS [7] aims to use these tools to for 
a specific field automatically extract knowledge from the literature. 

	 Extracting knowledge from articles is however still hampered by many challenges. 
The main problem is the widely varying and sometimes obfuscated language used to describe 
concepts and results. For Mutator, the 3DM mutation extraction tool described in chapter 
5, we have therefore initially focused on retrieving only mutations from articles. There are 
two main reasons for selecting mutations as target. Firstly, mutations are often written 
relatively concise. The most common format is <wildtype><position><mutant> eg. A23W. 
Small variations in the way an amino acid is described and whether spaces, dashes, or other 
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characters are used to separate the amino acids from the position can be relatively easily 
included in the parser. Secondly, mutations specifically described in the text are mentioned 
for a reason and as such are an important source of information that can be directly used for 
various analyses. For example, if a mutation is retrieved from literature that has a detrimental 
effect on the structure or function of a non-human protein the same mutation for the human 
variant can most likely be classified as pathogenic.

	 Even such a simple format as a mutation presents various problems when extracting 
data from the literature. Instead of the short form a longer form may be used such as ‘the 
alanine on position 23 was mutated to a cysteine’. Variation in such sentences is much more 
diverse and much harder to capture using bioinformatics tools. Another problem results 
from ambiguous strings such as molecular formula, gene abbreviations, or even bookmarks 
that might match the mutation format. This inability to reliably extract knowledge stored 
in articles means that much data, once published, is essentially lost. Finding all articles 
containing relevant data for a topic is a nontrivial task, retrieving these articles and extracting 
knowledge from them is even harder. Much effort is therefore duplicated and money is 
wasted simply because the article containing data of interest was not found or the specific 
data could not be automatically extracted from it. In the future we however want to expand 
the range of data extracted from articles beyond mutations. Due to the enormous diversity 
in language and writing styles found in articles it is however extremely difficult to extract 
specific data using software tools. There are two possible solutions for this problem. On the 
one hand we can continue to attempt to create more advanced and more robust text-mining 
tools that are capable of retrieving ever more complicated data and knowledge from articles. 
The alternative approach is to change the publication process itself. Guidelines already 
exist for sequences and structures in publications. These data types are required to have 
been deposited in a public database in a specific format before the publication is accepted. 
Articles describing structures or sequences without a PDB identifier or UniProt/GenBank 
accession code will simply be rejected. If similar guidelines are adopted for mutations, an 
extremely valuable data set will become available. Concepts like RDF triplets [8] and nano-
publications [9] are currently popular candidates for an ontology based publication method. 
Eventually, these guidelines will have to be extended to the publication of more complex 
data such as km and kcat values for reactions, protein-protein interactions, etc. Systems like 
3DM offer a glimpse of how much more efficient and productive the life sciences could 
become when data is generated, stored, and published using rigid standards. Future systems 
biology tools will benefit enormously from these structured knowledge bases, as much more 
data will be directly available instead of hidden away in articles.

Synthesis of Biochemicals

One of the main branches of protein engineering is the production of chemicals through 
the modification of existing enzymes. This is especially interesting for end products that are 
difficult, expensive or environment unfriendly to produce using non-biological processes.
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The result of billions of years of evolution is a large number of proteins with a wide diversity 
in function. The ideal enzyme to produce a given chemical in an industrial setting is however 
seldom found. Even if such an enzyme is available other factors might prevent successful 
commercial application such as slow reaction speed, low affinity for the substrate, or host 
requirements unsuitable for large scale application. 3DM systems focus on the study of 
a super-family containing many related proteins with similar functionalities. Super-
family data can be used by 3DM to quickly pinpoint functionally important amino acid 
positions for properties of interest. 3DM systems are therefore currently most productively 
used in protein engineering studies to improve the industrial usability of proteins. It is 
rewarding from a scientific point of view that 3DM systems have been shown to be capable 
of predicting amino acids positions that when mutated increase activity (chapter 3, [11]), 
tune substrate specificity (chapter 3, [12]), increase thermostability (chapter 7), and change 
enantio specificity (chapter 8, [13]). 

DNA Diagnostics

In DNA diagnostics one tries to find the causal link between gene(s) and disorder. For 
monogenetic disorders this relationship can relatively easily be established using, for 
example, genome wide association studies. In a sense, the chance that a given mutation is 
causal for a genetic disorder is proportional to the product of three terms: the role of the 
residue in the protein, the role of the protein in the affected pathway, and the role of the 
pathway in the genetic disorder. In this thesis the focus has been mainly on the functional 
role of the amino acid position for the structure and for the function of the protein, and to 
a smaller extent on the role of the protein in its pathway. A non-synonymous ‘mutation’ in 
a disorder related gene is however not sufficient evidence to diagnose a patient for having 
the disorder. Differences between a sequenced gene from a patient and the ‘reference’ gene 
might simply be due to natural variation rather than a pathogenic mutation. Additionally, 
the phenotypes of many diseases overlap making it difficult to sort the ‘pathogenic’ from the 
‘benign’ mutations. In chapters 4 and 6 for monogenetic disorders different methods are 
shown to distinguish natural variants from pathogenic mutations using the available data. 

	 Many diseases however, are not directly related to a single gene but result from 
interactions between numerous proteins and metabolites in a complex system that operates 
on the same task or are part of the same pathway [14]. For polygenetic disorders, therefore, 
a systems biology approach is important to understand the biology of all aspects of the 
system, rather than the effects of mutations in the individual proteins. A full systems biology 
approach to study polygenetic diseases is not yet possible with current 3DM technology but 
combining 3DM systems for interacting proteins obviously would be the next logical step. A 
start to a more holistic approach has already been made. 3DM for example now can visualize 
data on external contacts such as protein-DNA or protein-ion contacts (chapter 2.3.11). 
In addition to these contacts, analysis of a mutation using HOPE (chapter 4) can detect 
whether a mutation might affect the regulatory domains of a protein. These heuristics are the 
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starting point for a systems biology approach to study polygenetic diseases on a higher level. 
Given enough time, we hope to be able to support such studies with 3DM like systems.

Drug Design

The third main field of interest for 3DM like systems is drug design. Drug design combines 
everything known about molecules to study and improve drugs but the process still relies 
very much on trial and error [4]. Several 3DM systems were made in collaboration with 
a pharmaceutical company (Organon now MSD) to study protein families of interest to 
pharma such as the Nuclear Receptor family. Unfortunately, research in pharma is seldom 
published, nevertheless the automatic data collection and integration in 3DM systems were 
able to significantly reduce the time required for certain projects [15].

Correlated Mutation Analyses

Generally literature provides only little information for a specific residue. In such cases one 
can check if any facts from literature are known about ‘correlating’ residues. Correlated 
residue positions co-evolve during evolution, that is when they mutate, they mutate together. 
In such cases one can assume that the residues are functionally linked and knowledge 
about the one residue can normally be directly transferred to the other residue. Trivially, if 
mutation of an arginine in a salt bridge causes a certain phenotypic effect, then the same 
effect will be expected on mutations of its partner. This is one of the reasons why Comulator 
(chapter 5) was developed. Examples of the usage of the Comulator tool are shown in 
chapters 3, 5, 7 and 8 where we show, for example, the use of correlated mutation analyses 
to improve substrate specificity and/or enzyme activity. 

Outlook

One of the major tasks in the near future is to overcome some of the most important 
limitations we run into in both DNA diagnostics and protein engineering: the study of 
protein complexes. While working on the determination of the mode of interaction of Class 
B GPCRs with their endogenous ligands Florence Horn [16] showed the importance of 
synchronizing two MCSIS systems. The goal is thus to create 3DM systems for the individual 
parts of a pathway or protein factory, and organize the data in these 3DM systems so flexibly 
that we can interlink these systems and thereby facilitate studies such as the Class B GPCR 
ligand study. A chain of 3DM systems for proteins that are part of a pathway for example, 
might be used to determine if consecutively functioning enzymes need to physically interact 
or that each enzyme can just take the product of the previous step as its substrate. Inter-
protein correlated mutation analyses could for example be used to highlight binding or 
protein interaction sites. In DNA diagnostics, such systems might be used for the study 
of polygenetic diseases to link multi-factorial causes to certain phenotypes. Eventually, we 
might even provide powerful inference engines for systems biology.
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	 3DM was designed and built on the experiences gathered over many years in 
developing and using various MCSIS systems. Several publications have shown successful 
applications of 3DM systems in various enzyme engineering and DNA diagnostics projects. 
It is hoped that in the future 3DM systems can be used to easily and automatically extract, 
store and combine data and knowledge for complex pathways. With such powerful systems 
ever more complicated research projects can be facilitated.
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As the active component of many biological systems, proteins are of great interest to life 
scientists. Proteins are used in a large number of different applications such as the production 
of precursors and compounds, for bioremediation, as drug targets, to diagnose patients 
suffering from genetic disorders, etc. Many research  projects have therefore focussed on 
the characterization  of proteins and on improving the understanding of the functional and 
mechanistic properties of proteins. Studies have examined folding mechanisms, reaction 
mechanisms, stability under stress, effects of mutations, etc. All these research projects have 
resulted in an enormous amount of available data in lots of different formats that are difficult 
to retrieve, combine, and use efficiently.

	 The main topic of this thesis is the 3DM platform that was developed to generate 
Molecular Class Specific Information Systems (3DM systems) for protein superfamilies. 
These superfamily systems can be used to collect and interlink heterogeneous data sets based 
on structure based multiple sequence alignments. 3DM systems can be used to integrate 
protein, structure, mutation, reaction, conservation, correlation, contact, and many other 
types of data. Data is visualized using websites, directly in protein structures using YASARA, 
and in literature using Utopia Documents. 3DM systems contain a number of modules 
that can be used to analyze superfamily characteristics namely Comulator for correlated 
mutation analyses, Mutator for mutation retrieval, and Validator for mutant pathogenicity 
prediction. To be able to determine the characteristics of subsets of proteins and to be able to 
compare the characteristics of different subsets a powerful filtering mechanism is available. 
3DM systems can be used as a central knowledge base for projects in protein engineering, 
DNA diagnostics, and drug design.

	 The scientific and technical background of the 3DM platform is described in the 
first two chapters. Chapter 1 describes the scientific background, starting with an overview 
of the foundations of the 3DM platform. Alignment methods and tools for both structure 
and sequence alignments, and the techniques used in the 3DM modules are described in 
detail.  Alternative methods are also described with the advantages and disadvantages of the 
various strategies. Chapter 2 contains a technical description of the implementation of the 
3DM platform and the 3DM modules. A schematic overview of the database used to store 
the data is provided together with a description of the various tables and the steps required 
to create new 3DM systems. The techniques used in the Comulator, Mutator and Validator 
modules of the 3DM platforms are discussed in more detail. 

	 Chapter 3 contains a concise overview of the 3DM platform, its capabilities, and 
the results of protein engineering projects using 3DM systems. Thirteen 3DM systems were 
generated for superfamilies such as the PEPM/ICL and Nuclear Receptors. These systems 
are available online for further examination. Protein engineering studies aimed at optimizing 
substrate specificity, enzyme activity, or thermostability were designed targeting proteins 
from these superfamilies. Preliminary results of drug design and DNA diagnostics projects 



221

Summary

are also included to highlight the diversity of projects 3DM systems can be applied to. 

	 Project HOPE: a biomedical tool to predict the effect of a mutation on the 
structure of a protein is described in chapter 4. Project HOPE is developed at the Radboud 
University Nijmegen Medical Center under supervision of H. Venselaar. Project HOPE 
employs webservices to optimally reuse existing databases and computing facilities. After 
selection of a mutant in a protein, data is collected from various sources such as UniProt and 
PISA. A homology model is created to determine features such as contacts and side-chain 
accessibility directly in the structure. Using a decision tree, the available data is evaluated to 
predict the effects of the mutation on the protein. 

	 Chapter 5 describes Comulator: the 3DM module for correlated mutation 
analyses. Two positions in an alignment correlate when they co-evolve, that is they mutate 
simultaneously or not at all. Comulator uses a statistical coupling algorithm to calculate 
correlated mutation analyses. Correlated mutations are visualized using heatmaps, or 
directly in protein structures using YASARA. Analyses of correlated mutations in various 
superfamilies showed that positions that correlate are often found in networks and that the 
positions in these networks often share a common function. Using these networks, mutants 
were predicted to increase  the specificity or activity of proteins. Mutational studies confirmed 
that correlated mutation analyses are a valuable tool for rational design of proteins. 

	 Mutator, the text mining tool used to incorporate mutations into 3DM systems 
is described in chapter 6. Mutator was designed to automatically retrieve mutations from 
literature and store these mutations in a 3DM system. A PubMed search using keywords 
from the 3DM system is used to preselect articles of interest. These articles are retrieved 
from the internet, converted to text, and parsed for mutations. Mutations are then grounded 
to proteins and stored in a 3DM database. Mutation retrieval was tested on the alpha-
amylase superfamily as this superfamily contains the enzyme involved in Fabry’s disease: 
an x linked lysosomal storage disease. Compared to existing mutant databases, such as the 
HGMD and SwissProt, Mutator retrieved 30% more mutations from literature. A major 
problem in  DNA diagnostics is the differentiation between natural variants and pathogenic 
mutations.To distinguish between pathogenic mutations and natural variation in proteins 
the Validator modules was added to 3DM. Validator uses the data available in a 3DM 
system to predict the pathogenicity of a mutant using, for example, the residue conservation 
of the mutants alignment position, side-chain accessibility of the mutant in the structure, 
and the number of mutations found in literature for the alignment position. Mutator and 
Validator can be used to study mutants found in disorder related genes. Although these tools 
are not the definitive solution for DNA diagnostics they can hopefully be used to increase 
our understanding of the molecular basis of disorders.

	 Chapter 7 and 8 describe applied research projects using 3DM systems containg 
proteins of potential commercial interest. A 3DM system for the α/β-beta hydrolases 
superfamily is described in chapter 7. This superfamily consists of almost 20,000 proteins 
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with a diverse range of functions. Superfamily alignments were generated for the common 
beta-barrel fold shared by all superfamily members, and for five distinct subtypes within 
the superfamily. Due to the size and functional diversity of the superfamily, there is a lot 
of potential for industrial application of superfamily members. Chapter 8 describes a study 
focussing on a sucrose phosphorylase enzyme from the α-amylase superfamily. This enzyme 
can be potentially used in an industrial setting for the transfer of glucose to a wide variety 
of molecules. The aim of the study was to increase the stability of the protein at higher 
temperatures. A combination of rational design using a 3DM system, and in-depth study 
of the protein structure, led to a series of mutations that resulted in more then doubling the 
half-life of the protein at 60°C.

	 3DM systems have been successfully applied in a wide range of protein engineering 
and DNA diagnostics studies. Currently, 3DM systems are applied most successfully in 
project studying a single protein family or monogenetic disorder. In the future, we hope to 
be able to apply 3DM to more complex scenarios such as enzyme factories and polygenetic 
disorders by combining multiple 3DM systems for interacting proteins.
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De centrale plaats die eiwitten in veel biologische systemen innemen maakt hen van groot 
belang voor de levenswetenschappen. Eiwitten worden gebruikt in een groot aantal zeer 
diverse toepassingen zoals waterstof productie, opschonen van vervuilde grond, als medicijn, 
voor het diagnosticeren van patiënten, etc. Er is daarom veel onderzoek gedaan om eiwitten 
te karakteriseren en om de functionele en mechanistische eigenschappen beter te kunnen 
begrijpen. Onderzoekers hebben zich onder andere gericht op de opvouwing van eiwitten, 
reactie mechanismen, stress tolerantie, het effect van mutaties, etc. Al dit onderzoek heeft 
geresulteerd in een enorme hoeveelheid beschikbare data die aangeboden wordt door veel 
verschillende partijen en in veel verschillende formaten. Door deze enorme diversiteit is 
het lastig om de data automatisch te verzamelen, te combineren en te gebruiken in nieuwe 
projecten.

	 Hoofdonderwerp van dit proefschrift is het 3DM platform dat is ontwikkeld om 
automatisch databases voor eiwit families (Molecular Class Specific Information Systems, 
MCSIS/3DM systems) te kunnen genereren. Deze superfamilie systemen kunnen gebruikt 
worden om data te verzamelen en aan elkaar te koppelen middels op eiwit structuren 
gebaseerde sequentie-alignments. 3DM systemen bevatten onder andere eiwit, structuur, 
mutatie, reactie, conservering, correlatie, contact en vele andere soorten data. Al deze data 
wordt automatisch opgehaald, geconverteerd, aan elkaar gelinked en in een 3DM database 
opgeslagen. De data in een 3DM system wordt gevisualiseerd middels webpagina’s, maar kan 
ook direct in eiwit structuren of artikelen getoond worden middels plugins voor YASARA 
en Utopia Documents. 3DM systemen bevatten een aantal tools zoals gecorreleerde mutatie 
analyses die gebruikt kunnen worden om de eigenschappen van de gehele familie of 
individuele positites en residuen te bestuderen. Om de eigenschappen van groepen eiwitten 
binnen de families te kunnen bestuderen en om groepen eiwitten met elkaar te kunnen 
vergelijken beschikt 3DM over de mogelijkheid om dynamische subsets aan te maken. 
Deze subsets bestaan uit een deel van de eiwitten in het systeem en kunnen op een aantal 
verschillende manieren gedefinieerd worden zoals op basis van de aanwezigheid van residuen 
op bepaalde posities, soort organisme, annotatie in structuur files, etc. 3DM systemen 
zijn daarom uitstekend geschikt om gebruikt te worden als centrale database voor protein 
engineering, DNA diagnostiek en drug design projecten.

	 De wetenschappelijke en technische achtergrond van het 3DM platform wordt 
beschreven in de eerste twee hoofdstukken. Hoofdstuk 1 beschrijft de wetenschappelijke 
achtergrond, beginnend met een overzicht van de basis principes van 3DM en daarna  volgen 
beschrijvingen van hoofdmodules van het 3DM platform. De basis van elk 3DM systeem 
zijn de op structuren gebaseerde sequentie-alignments. Verschillende alignment methodes 
voor zowel structuur- als sequentie-alignments worden beschreven in combinatie met hun 
toepassingen en voor- en nadelen. Het 3DM platform bevat modules voor gecorreleerde 
mutatie analyses, mutatie extractie uit de wetenschappelijke literatuur en een pathogeniciteits 
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voorspeller voor onbekende varianten in genen die aan menselijke ziektes gekoppeld zijn. 
De achtergrond van gecorreleerde mutaties wordt behandeld aan de hand van verschillende 
implementaties. Problemen bij het automatisch verzamelen en opslaan van mutaties uit de 
literatuur worden behandeld. Hoofdstuk 2 beschrijft de architectuur van het 3DM platform 
vanuit een technisch perspectief. De 3DM database wordt beschreven aan de hand van een 
schematisch overzicht en een beschrijving van de inhoud van de belangrijkste tabellen. De 
benodigde stappen om een 3DM systeem op te zetten voor een superfamilie worden een voor 
een beschreven. 3DM modules voor gecorreleerde mutatie analyses (Comulator), mutatie 
extractie uit wetenschappelijke literatuur (Mutator) en het bepalen van de pathogeniciteit 
van mutanten (Validator) worden uitgebreid beschreven.

	 Hoofdstuk 3 bevat een beknopt overzicht van het 3DM platform, de verschillende 
modules binnen het platform en de resultaten van projecten gericht op het verbeteren van 
eiwitten. Dertien 3DM systemen zijn gegenereerd waaronder de PEPM/ICL en Nuclear 
Receptor superfamilies. Deze systemen zijn online beschikbaar en publiek toegankelijk voor 
vervolgonderzoek. Verschillende protein engineering studies zijn ondernomen aan de hand 
van deze 3DM systemen en zijn gericht op de optimalisatie van substraat specificiteit, het 
verhogen van enzym activiteit en het verbeteren van de stabiliteit bij hogere temperaturen.

	 Project HOPE, een tool voor het voorspellen van de effecten van een mutatie 
in een menselijk gen op de 3D structuur van het eiwit, wordt beschreven in hoofdstuk 
4. Project HOPE wordt ontwikkeld aan de Radboud Universteit Nijmegen, Medical 
Center, onder supervisie van H. Venselaar. Een van de hoofddoelen van Project HOPE 
was het zoveel mogelijk hergebruiken van bestaande faciliteiten en databases middels het 
gebruik van webservices. Webservices maken het onder andere mogelijk om middels een 
gestandaardiseerde methode data op te halen en analyses elders uit te laten voeren. Dit 
vermindert de noodzaak voor krachtige lokale machines en databases. Na selectie van een 
mutant wordt data uit een aantal bronnen zoals UniProt en PISA verzameld. Een homology 
model wordt gegenereerd om de eigenschappen van residuen in de structuur te kunnen 
beoordelen. Effecten van de mutant op de structuur en op de functie van het eiwit worden 
beoordeeld met behulp van een beslissingsboom. Het resultaat is een overzichtelijk rapport 
waarin de effecten van de mutant worden beschreven. 

	  Hoofdstuk 5 beschrijft Comulator: de 3DM module voor gecorreleerde mutatie 
analyse. Twee posities in een alignment correleren als deze ofwel allebei veranderen, oftewel 
geen van beide. Comulator berekent de correlatie tussen alignment posities binnen 3DM 
aan de hand van een statistical coupling algoritme. Statistical coupling is een techniek die  
frequentie van amino zuren op alignment posities analyseert en met elkaar vergelijkt om een 
gecorreleerde mutatie analyses score (CMA score) te berekenen. Correlaties worden in 3DM 
gevisualiseerd door middel van heatmaps en grafieken en kunnen in een eiwitstructuur 
getoond worden middels een plugin voor YASARA. Analyse van gecorreleerde mutaties 
in verschillende superfamilies toont aan dat sterk correlerende posities vaak in netwerken 
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voorkomen en dat de posities binnen deze netwerken vaak een gezamenlijke functie of 
eigenschap verzorgen. Aan de hand van deze karakteristieken zijn verschillende mutanten 
voorspeld om de specificiteit en activiteit van eiwitten te veranderen. Deze mutatiestudies 
bevestigen de voorspelde functies van de posities en tonen het nut van gecorreleerde mutaties 
aan voor rationeel eiwit design.

 	 Mutator, de 3DM module voor text mining die gebruikt wordt om mutaties uit de 
wetenschappelijke literatuur te extraheren en in 3DM systemen op te slaan wordt besproken 
in hoofdstuk 6. Potentieel interessante artikelen worden geselecteerd via zoekqueries in 
PubMed. Deze artikelen worden gedownload, omgezet naar platte tekst en doorzocht op 
mutaties. De mutaties worden vervolgens gelinked aan eiwitten in een proces dat grounding 
wordt genoemd en opgeslagen in een 3DM database. Mutator is getest middels een 3DM 
systeem voor de alpha-amylase familie. Deze familie bevat het GLA eiwit waarvan bekend is 
dat mutaties leiden tot de ziekte van Fabry. In vergelijking met bestaande mutant databases 
zoals de HGMD en Swiss-Prot, bleek Mutator in staat om 30% meer mutaties uit de 
literatuur te verzamelen. Een veelvoorkomend probleem bij het voorspellen van de effecten 
van mutaties zijn de vele natuurlijke varianten die in een gen kunnen optreden zonder 
groot effect op de functie van het eiwit. Om pathogene mutanten van natuurlijke variatie 
te kunnen onderscheiden is daarom de Validator module aan 3DM toegevoegd. Validator 
gebruikt superfamilie data uit 3DM systemen om de pathogeniciteit van onbekende 
varianten te voorspellen. Onder andere conserveringsdata, toegankelijkheid van de zijketen 
in de structuur en het aantal mutanten dat voor een positie uit de literatuur is gehaald,  
kunnen gebruikt worden voor pathogeniciteits voorspellingen. Mutator en Validator bieden 
niet de definitieve oplossing voor het karakteriseren van onbekende varianten, maar zij 
kunnen hopelijk gebruikt worden om de moleculaire oorzaak van ziekte in beeld te brengen 
en de kennis over pathogene mutanten te vergroten.

	 De hoofdstukken 7 en 8 beschrijven 3DM systemen voor eiwitten met mogelijke 
commerciële en industriële toepassingen. Hoofdstuk 7 beschrijft het alpha-beta hydrolases 
3DM systeem dat bestaat uit ruim 20.000 eiwitten met een grote diversiteit aan functies. Naast 
de structuur alignment voor de beta-barrel die alle eiwitten gemeenschappelijk hebben zijn er 
ook structuur alignments gemaakt voor 4 andere subtypes binnen de hydrolase familie. Elk 
van deze subgroepen heeft een unieke eigen conformatie naast de gezamenlijke beta-barrel. 
Het aantal eiwitten binnen deze superfamilie en de diversiteit aan functies van deze eiwitten 
resulteert in een groot aantal potentiële targets voor eiwit engineering projecten. Verschillende 
vervolgstudies die gebruik hebben gemaakt van het 3DM systeem hebben dit ook aangetoond. 
Tot slot beschrijft hoofdstuk 8 een project gericht op sucrose phosphorylase uit de alpha-
amylase superfamilie. Dit eiwit kan potentieel op industriële schaal gebruikt worden om 
glucose moleculen te koppelen aan diverse andere moleculen. Doel van het onderzoek was 
het verbeteren van de stabiliteit van het eiwit bij temperaturen zoals deze vaak in industriele 
processen gebruikt worden. Middels een combinatie van rationeel eiwit design en structuur 
studies bleek het mogelijk om de halveringstijd van het eiwit op 60°C meer dan te verdubbelen.
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3DM systemen zijn succesvol toegepast in een groot aantal verschillende protein engineering 
en DNA diagnostiek projecten. 3DM systemen zijn uitstekend geschikt gebleken voor 
gebruik in karakterisering en optimalisatie studies voor eiwit families en monogenetische 
ziektes. In de toekomst hopen we 3DM uit te breiden, zodat ook complexere systemen zoals 
enzyme factories en polygenetische ziektes middels geschakelde 3DM systemen onderzocht 
kunnen worden.
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