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Abstract
Enzymes are potentially superior as catalysts for many industrial chemical processes because of
their high specificity, selectivity, minimum energy requirement and environmental friendliness.
However, many challenges remain in order to exploit fully the potential of industrial enzymes. The
qualities which are needed are catalytic proficiency, availability in high quantities, low price, low
product inhibition, and high activity and stability under process conditions. Directed evolution and
rational design are the most common strategies to produce enzymes with the desired properties.
The TIM barrel is the most frequent and most versatile fold among naturally occurring
enzymes. In all known TIM barrel enzymes, the catalytically active residues are located at one end
of the barrel structure, while residues maintaining the stability of the fold are found on the opposite
end of the barrel. This special architecture of the TIM barrel proteins makes it possible to change
catalytic activity of the protein without compromising its stability, which is a perfect start for
protein engineering studies.
In this research project, a monomeric triosephosphate isomerase (TIM) variant with an
engineered binding groove (A-TIM) was created by using a rational design approach. The major
aims of this work were (i) to find novel binders and (ii) characterize the new, bigger binding
groove using X-ray crystallographic methods.
These studies have discovered that monomeric A-TIM can bind compounds completely
different from the natural substrate. Studies on three different classes of binder molecules are
reported: (i) true substrate analogues of wild type TIM, (ii) substrate analogues that have an
extended hydrophobic tail, and (iii) more extended, phosphate containing substrate analogues. In
addition to this, the A-TIM active site was shown to be competent.
In general these studies illustrate the importance of protein crystallography for characterizing
the binding properties of enzyme variants being studied in enzyme discovery projects.

Keywords: enzyme engineering, non-natural enzymes, pentose isomerase, rational
design, TIM barrel proteins, X-ray crystallography
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Tiivistelmä
Entsyymit voivat toimia ylivoimaisina katalyytteinä monissa kemianteollisuuden prosesseissa
johtuen niiden hyvästä spesifisyydestä, valikoimiskyvystä, alhaisesta energiantarpeesta ja ympäristöystävällisyydestä. Näistä ominaisuuksista huolimatta entsyymien kaikkien mahdollisuuksien hyödyntämisen esteenä on monia haasteita. Tarvittavia ominaisuuksia ovat katalyyttinen
tehokkuus, saatavuus suurina määrinä, alhainen hinta, alhainen tuoteinhibitio sekä korkea aktiivisuus ja stabiilisuus prosessiolosuhteissa.
TIM-tynnyrirakenne on yleisin ja monipuolisin proteiinien laskostumisrakenne luonnossa
esiintyvissä entsyymeissä. Tässä rakenteessa katalyyttisesti aktiiviset aminohappotähteet ovat
sijoittuneet tynnyrirakenteen toiselle puolelle, kun taas stabiilisuuden kannalta tärkeät aminohappotähteet ovat sijoittuneet kokonaan toiselle puolelle. Tämä erityinen rakenne antaa mahdollisuuden muokata proteiinin katalyyttistä aktiivisuutta vaikuttamatta haitallisesti sen stabiilisuuteen. Tämä on täydellinen lähtökohta proteiininmuokkaukselle.
Tässä tutkimusprojektissa käytettiin ns. järkiperäistä suunnittelua monomeerisen trioosifosfaatti-isomeraasivariantin (A-TIM) luomisessa. Tämän tutkimustyön pääasialliset tavoitteet olivat (i) uusien sitoutujien löytäminen ja (ii) uuden, suuremman sitoutumistaskun ominaisuuksien
määrittäminen röntgenkristallografisilla menetelmillä.
Tässä tutkimuksessa havaittiin, että A-TIM kykenee sitomaan yhdisteitä, jotka ovat täysin
erilaisia luonnolliseen substraattiin verrattuna. Tässä tutkimuksessa kuvaillaan kolmenlaisia
sitoutujia: (i) todelliset villityypin entsyymin substraattianalogit, (ii) substraattianalogit, joihin
on liitetty hydrofobinen hiilivetyketju ja (iii) villityypin substraattia suuremmat sokerifosfaatit.
Tämän lisäksi A-TIM:n aktiivisen keskuksen todistettiin olevan toimintakykyinen.
Yleisellä tasolla tämä tutkimus osoittaa röntgenkristallografisten menetelmien tärkeyden entsyymienmuokkausprojekteissa, joissa entsyymivarianttien ominaisuuksien määritys on tärkeää.

Asiasanat: entsyyminmuokkaus, järkiperäinen suunnittelu, luonnossa esiintymättömät
entsyymit, pentoosi-isomeraasi, röntgenkristallografia, TIM-tynnyrirakenne
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1

Introduction

Enzymes, catalytically active proteins, are an essential part of every living
organism. They are organic catalysts having the property to enhance reaction rates
of chemical reactions even up to 1017 –fold, at physiological conditions (Radzicka
& Wolfenden 1995). This makes enzymes the most powerful catalysts known, at
the same time possessing high catalytic specificity and substrate selectivity for the
reactants.
Proteins acquire their chemical activity by folding into intricate threedimensional structures, tens of thousands of which are available for inspection in
the Protein Data Bank (PDB, http://www.rcsb.org/pdb/) (Berman et al. 2000).
Simply looking at a structure does not tell us why a given sequence forms one
structure and not another, or why so many seemingly unrelated sequences form
similar structures. Looking at protein structures in great detail, in particular
studying the active sites may tell us why certain reactions take place in certain
active sites. Indeed, the combination of protein engineering and X-ray
crystallography has greatly increased our understanding of how enzymes work.
An ability to tailor catalysts to a desired functionality has been the
philosopher’s stone for chemists for a long time. In the process of time,
biochemists have gained an ability to engineer enzymes. The most common
strategies used to engineer enzyme activities include rational design,
computational design and directed evolution. Indeed, these approaches have
empowered the improvement of enzymes and even the creation of new ones.
The TIM barrel fold is the most common enzyme fold in nature, representing
about 5.6% of all proteins in PDB (Devenish & Gerrard 2009). Its widespread
occurrence has raised much interest in its structural, enzymological and
evolutionary properties. Its unique property of having an active site at one end of
the protein and stability-determining residues at another end provides an excellent
platform for protein engineering studies (Sterner & Hocker 2005, Wierenga 2001).
This thesis work was initiated with an aim to crystallographically characterize
an effect of point mutations at the beginning and at the end of the catalytic loop 6
of wild type triosephosphate isomerase (TIM). This work concerned
crystallography of dimeric chicken TIM, of which the enzymological properties
had already been characterized (Sun & Sampson 1998, Sun & Sampson 1999).
By the end of this work the focus was changed to the characterization of A-TIM,
which is a monomeric variant of wild type trypanosomal TIM and which is now
being used as a starting point for protein engineering efforts.
17
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2

Review of the literature

2.1

Enzyme (re)design

Enzyme discovery, design, and optimization are currently very actively pursued
research challenges in the research fields of biocatalysis and biotransformation.
How can we find or create enzymes that catalyze important synthetic reactions,
even those not existing in nature? Is it possible to optimize these enzymes for
nonbiological target substrates and industrial reaction conditions? How can we
effectively assemble multiple enzymes into multistep pathways? The most
common strategies to find answers to these questions include bioinformatics,
directed evolution, rational design, biocomputational approaches, and a
combination of all of these (Kazlauskas & Lutz 2009).
The enzymes we can see today are the product of biological evolution which
has taken millions of years. These enzymes usually catalyze a given reaction with
high specificity and enantioselectivity. However, despite their perfect adjustment
to their physiological role, their activity and stability are often far away from what
organic chemists or large scale bioprocesses need (Jaeger et al. 2001). Thus,
directed evolution is increasingly used in academic and industrial laboratories to
improve protein stability, activity or the overall performance of enzymes and
organisms, or to alter the enzyme substrate specificity and to design new activities.
As biochemical catalysts, enzymes are superior in many industrial processes
because of their high selectivity and minimum energy requirement. However,
many challenges remain in order to exploit fully the potential of industrial
enzymes. The qualities which are needed are effectiveness, availability in high
quantities, low price, low product inhibition, and high activity and stability under
process conditions. Many examples reported in literature show that directed
evolution offers viable solutions for enzyme optimization and development of
novel specificities (Bershtein & Tawfik 2008, Romero & Arnold 2009, Yuan et al.
2005). For example proteolytic enzymes, cellulolytic enzymes, enzymes for
bioremediation, lipases and esterases, and cytochrome P450 enzymes are well
represented in literature.
In the first part of this review it will be addressed (i) how proteins evolve in
nature, (ii) which rational approaches are used to redesign enzymes and (iii) how
enzyme properties can be improved by directed evolution approaches. In the
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second part of this review the specific aspects of TIM barrel proteins will be
discussed. In all cases the importance of structural data will be highlighted.
2.1.1 How is it done in nature?
If we look around, we can see many examples of what has happened in nature
during millions of years, allowing for a wide range of protein and enzyme
properties to be generated. Development of new research methods provides us
with new insight on the mechanisms of evolution.
During evolution, life forms of increasing complexity have come to existence.
Simultaneously, new proteins have been developed. According to experimental
studies, the dominant mechanisms that produce new proteins in vivo are: the
duplications of the genes of old proteins, development of promiscuous activities
in enzymes, and the divergence of these sequences to produce modified structures
whose usefulness leads to their selection, and, in many cases, their combination
with other genes into multidomain proteins to further modify their properties. In
the following sections important topics related to natural evolution mechanisms
will be discussed.
Gene duplications
The genome projects have produced almost complete or complete descriptions of
the protein repertoires in more than 600 distinct organisms (Chothia & Gough
2009). Our current knowledge of the formation of new proteins in nature is
mostly based on the analysis of this data. In the analyses, the evolutionary
relationships of about half of the proteins can be accurately traced, and the
conclusions are drawn from this pool of proteins and the genes behind them
(Chothia & Gough 2009).
Proteins are made of domains, which are structural units as well as the basic
units of evolution. Normally small proteins contain only one domain whilst large
proteins contain combinations of two or more domains (Murzin et al. 1995).
Domains descended from a common ancestor are clustered into (1) families, (2)
superfamilies and (3) folds. Domains whose sequences have a high similarity are
grouped into families. Superfamilies are formed by those domains whose
common evolutionary origin is indicated by their structure, function and sequence.
Folds are formed by those domains whose overall folds have remained the same
but whose functions and sequences may have diverged (Chothia & Gough 2009).
20

Nowadays, there is much scientific evidence of gene duplications during the
evolutionary process. For example, in human genome, there are around 23000
genes. About 14000 of these have a match with SCOP (Structural Classification
Of Proteins, Murzin et al. 1995) database superfamilies. In those human genes
there are over 30000 domains, and these belong to one of 1020 different
superfamilies. This means that the proportions of domains that are duplicate
members of a superfamily are 97% (Chothia & Gough 2009, Muller et al. 2002).
In different genomes, a high amount of duplicates are found, e.g. in animals (93–
97%), in fungi (85–90%), and in bacteria (50–90%) (Wilson et al. 2009). In other
words, in animals 3–7% of the domains are found only once in their genome,
while in fungi this number is 10–15% and in bacteria 10–50%.
Enzyme promiscuity
Enzyme promiscuity refers to situations where an enzyme is able to catalyze a
second reaction with lower efficiency that is distinct from its natural function
(Turner 2009). Tawfik and Arnold have studied the relationship between enzyme
promiscuity and evolution of function, and introduced the concept of neutral drift,
which means gradual accumulation of neutral mutations under a selection to
maintain a protein’s original function and structure (Aharoni et al. 2005,
Bershtein & Tawfik 2008, Bloom et al. 2007, Gupta & Tawfik 2008, Peisajovich
& Tawfik 2007). In studies where neutral drifts have been demonstrated
experimentally, the results have shown that almost half of the neutral variants
exhibit substantial changes in promiscuous activities (Bloom et al. 2007, Gupta &
Tawfik 2008).
It has long been recognized that the chemical space of possible enzyme active
sites are not fully explored by nature. This observation reflects the fact that in
nature, there are only a limited number of folds and catalytic mechanisms, which
are used by natural enzymes to produce an enormous diversity of biological
compounds (Orengo et al. 1994, Turner 2009, Wolf et al. 2000), being formed
under evolutionary pressure. Despite millions of years of adaptation to catalyse
specific biochemical reactions, some enzymes have been shown to exhibit
promiscuous activities, accepting alternative substrates and catalyzing secondary
reactions (Bornscheuer & Kazlauskas 2004, Khersonsky et al. 2006, O'Brien &
Herschlag 1999).
Promiscuous enzyme activity can be classified in three categories. In the case
of substrate promiscuity, the enzyme accepts structurally distinct substrates but
21

catalyzes the same chemical reaction. The catalytic promiscuity means that the
enzyme accepts different substrates and catalyzes different overall reactions,
while in the product promiscuity the enzyme accepts a single substrate and uses
similar chemical mechanisms to catalyze the formation of different products
(Toscano et al. 2007). These promiscuous activities are considered to be
important for the evolution of natural enzymes (Jensen 1976, Khersonsky et al.
2006).
Divergence
In the situation, in which most of the genes have multiple copies, and/or there is
enzyme promiscuity, divergence is a mechanism that creates more diversity and
complexity. In this context, the most important aspects of divergence concern
sequence divergence, structural divergence and divergence of function.
It has been observed that the sequences of orthologous proteins that form
stable complexes diverge somewhat more slowly than those that form transient
complexes and that these in turn diverge more slowly than proteins not known to
be involved in interactions (Teichmann 2002). These observations suggest that
there is less selection pressure against mutations which occur in monomeric
proteins, which are not involved in interactions.
The early views argued that the major determinants for acceptability of
mutations are the effects on function and stability (Zuckerkandl 1976).
Subsequently, the “in vivo” expression properties including the folding properties
were shown to be a significant factor (Drummond et al. 2006, Rocha & Danchin
2004).
The general effects of mutations on the structure of proteins can be divided
into two kinds of structural changes: those that occur in peripheral regions
(surface loops, small surface helices and strands on the edges of β-sheets) and
those that occur in the core secondary structures (Chothia & Lesk 1986). Because
of fewer restraints, the peripheral regions of the structures are more susceptible to
mutations than buried ones. This allows mutations, insertions and deletions that
can change the local conformation in peripheral regions (Chothia & Gough 2009,
Perutz et al. 1965). However, radical mutations in the interior of proteins are seen
on rare occasions. Nevertheless, studies with the variable domains of antibodies
have shown that if stability is very high and the function is not affected, a
mutation making a large reduction in stability may well be tolerated (Proba et al.
1997).
22

Function divergence studies on E. coli metabolic pathway enzymes have
shown that family members usually conserve their catalytic and/or cofactor
properties, but substrate recognition is rarely conserved. Excluding isoenzymes,
twice as many homologues are distributed across different pathways than within
pathways. Homologues that conserve substrate binding and change catalytic
mechanism are rare: only six cases are found in five of 106 pathways examined
(Teichmann et al. 2001).
Duplication of proteins in general can, however, lead to homologues that
have modified or show very different functions. An initial survey with enzymes
showed that change in function is usually restricted to homologues whose
sequence identities are less than 40% (Wilson et al. 2000). A detailed comparison
of homologous enzymes showed that, if the sequence identity is above 30%, the
first three digits in EC number may be predicted with an accuracy of at least 90%.
For more distantly related proteins sharing less than 30% sequence identity,
functional variation is significant. For homologues with identities of less than
20%, only the first or no EC number is usually conserved (Todd et al. 2001).
Some superfamilies have enzyme and non-enzyme members. The sequence
identities of this kind of pairs are usually less than 20%. According to
phylogenetic data, in two-thirds of the superfamilies, non-enzymes had evolved
from enzymes, and, in one-third, vice versa (Todd et al. 2002).
Protein domains within a superfamily may diverge from each other to the
point where they can be grouped into subfamilies. Formation of new families may
happen in two possible ways: either there is species speciation and the domain
evolves differentially in the two organisms, but keeps the same function
(orthologous) or the domain is duplicated within one organism and the duplicates
subsequently diverge from each other and obtain a new function (paralogous).
Work comparing events across all genomes and superfamilies showed that 80% of
the events leading to a new family are paralogous and 20% are orthologous
(Gough 2006).
Logically, a duplicated domain is under less selective pressure to remain the
same. Examination of the three-dimensional structures of different domains like
the Rossmann NAD binding domain supported further the hypothesis of
independence between natural divergence and the selection process (Bashton &
Chothia 2002). This work showed that the relative order of domains in a sequence
was not related to the three-dimensional orientation of domains.
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Domain combinations
In 1998, the genome of the small bacterium Mycoplasma genitalium was
sequenced. This was the second completed genome project in the world, and
showed the extent of domain combinations in this organism. An examination of
the domain structure of this genome sequence suggested that some two-thirds of
its proteins contained two or more domains (Teichmann et al. 1998). Later on, in
the genomes of more complex organisms, the proportions were found to be even
higher (Basu et al. 2008, Gerstein 1998).
A study by Apic et al. has established certain basic rules of the domain
combination process (Apic et al. 2001). First, it’s common for most superfamily
members to make combinations with the members of only one or two other
superfamilies; only a few superfamilies have members that make combinations
with members of many other superfamilies (domain promiscuity). Secondly, in
the large majority of cases, domain combinations have a unique sequential order.
Thirdly, examining the two-domain proteins formed by superfamilies common to
eukaryotes, bacteria and archaea showed that only 15% of the combinations occur
in all three of these, and 70% are unique of the three. Fourthly, the number of
different combinations found in the matched regions of genomes increases on
going from archaea to bacteria to eukaryotes.
Of particular interest in this context are the functional modifications produced
by domain combinations. In a survey by Bashton and Chothia, a comparison of
one-domain proteins and their homologues found in multidomain proteins was
done (Bashton & Chothia 2007). It was studied how the functions of the
individual domains in the multidomain proteins combine to produce their overall
functions, and the extent to which these functions are similar to those in the onedomain homologs. As a result, functional changes were observed to fall into one
of the different categories below:
1.

2.
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Proteins whose own functions are modified by another domain. This
additional domain can directly modify substrate binding of an enzyme and
vice versa, modify substrate binding through oligomer formation, link
together domains that are functional, regulate enzyme function, or regulate
DNA/RNA binding.
Formation of bi- or multifunctional enzymes.

3.

4.

5.

6.

7.

Transfer of a part of the function found in a one-domain protein to additional
domains. For example the placement of catalysis and substrate recognition on
separate domains.
Combinations that allow a domain to function in a new context. For example,
a one-domain electron-transport protein has a homologue that forms part of
an electron-transport pathway in a multidomain protein.
Change in function in a one-domain homologue of a subunit of an oligomer.
Example: the homologue of a superoxide dismutase subunit that transports
copper to this enzyme.
Gain of a catalytic activity, not present in a one-domain protein, by a
homologue in a domain combination. For example naphthalene 1,2dioxygenase: the catalytic domain is homologous with a transport protein.
The second domain, a homologue of an electron-transport protein, provides a
pathway to the active site.
The substrate, product and reaction of a one-domain protein are quite
different from that of a homologue in a multidomain protein.

In categories 1–4, the function of the domains in the multi-domain protein and
their one-domain homologue has often been conserved, but the overall function of
the multidomain protein has been modified or made more specific than that in the
one-domain homologue (Bashton & Chothia 2007).
Intracellular SMBDs (small molecule binding domains) contain 21 families,
which have interesting regularity roles (Anantharaman et al. 2001). Members of
the 21 families are commonly found in bacteria and archaea, and members of 16
of the families are also commonly found in eukaryotes. These domains bind a
wide variety of small organic molecules or metal ions. They are widely
distributed among different multidomain proteins, which they regulate through
their ligand-binding properties. These multidomain proteins possess activities
varying from small-molecule transport to metabolic enzymes, regulation of
transcription and signal transduction. The regulatory role of the intracellular
SMBDs appears to be greater in prokaryotes than in eukaryotes that have their
own specific SMBDs and extracellular domains that recognize small molecules
(Anantharaman et al. 2001).
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Recombination
Because of the modular nature of many protein folds, it has been proposed that
domains evolved through the assembly and/or the exchange of smaller gene
segments encoding polypeptide segments of sub-domain size (Blake 1978), for
example by exon shuffling (Gilbert 1978) or non-homologous recombination
(Bogarad & Deem 1999), followed by the non-covalent assembly of short
segments into homo- and hetero-oligomers (D'Alessio 1999). Once assembled,
these oligomers could then be converted into proteins by gene duplication, fusion
and recombination. Some support to this hypothesis gives the observation that
over half of the main protein folds contain internal structural symmetry (Grishin
2001, Koonin et al. 2002, Lupas et al. 2001, Ponstingl et al. 2005).
The TIM barrel is an example of a fold with internal symmetry, which
prompted the hypothesis that this fold had indeed emerged from the non-covalent
assembly of smaller structural elements (Goraj et al. 1990, Jawad & Paoli 2002,
Lang et al. 2000). Laboratory reconstructions of this scenario have generated
proteins by fusion of eight identical β/α units (Beauregard et al. 1991), two
different half-barrels (Hocker et al. 2004), as well as the generation of an
idealized de novo TIM barrel structure (Offredi et al. 2003). However, to date, the
non-covalent assembly of β/α units into active homo or hetero-oligomers has not
been demonstrated. However, there is at least one example, in which a functional
β-propeller lectin was reconstructed from shorter fragments, which rearranged
into a large assembly of around 500 amino acids (Yadid & Tawfik 2007).
Alternative processes for the evolution of proteins
By now, gene duplications, enzyme promiscuity, sequence divergence, domain
combinations, and recombination events were mentioned to be the main factors to
produce new enzymes in nature. These phenomena were based on reports of
empirical scientific research, which is able to follow these processes even over
millions of years. Sometimes, though, the process has been so fast that there are
no intermediate structures or homologues to study. There is at least one case
where two proteins have structures that are entirely different, but whose gene
sequence indicates their common origin. In this case, partial gene duplication
produced a novel antifreeze glycoprotein with different but related sequence and
different structure (Chen et al. 1997), being a consequence of the freezing of the
Antarctic Ocean 10–14 millions of years ago.
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It has also been proposed that combinations of non-homologous domain
segments (Blake 1978) or of exons (Gilbert 1978) could produce novel proteins.
By now, there is little evidence for this being a common process in the evolution
of new proteins. However, several in vitro experiments have shown that novel
stable proteins can be produced by combinatorial shuffling of polypeptide
segments (de Bono et al. 2005, Riechmann & Winter 2000, Riechmann et al.
2005).
2.1.2 Rational (re)design of enzymes
One of the primary goals of enzyme (re)design is to generate proteins with new or
improved properties. The ability to generate a desired activity from an existing,
wild type protein or enzyme has significant practical application in the chemical,
agricultural, and pharmaceutical industries. Two strategies are currently being
employed towards this goal. The first is directed evolution, which will be
discussed in the section 2.1.3. The second strategy is rational design, in which the
knowledge of sequence-structure-function relationships are utilized to modify
proteins to get desired properties (Yuan et al. 2005), which is discussed in this
section. Examples of successful engineering will be mentioned.
Evolution-based rational design approaches
The idea of utilising the understanding of natural evolution in the rational design
of enzymes is based on the hypothesis that a wide variety of enzymatic activities
divergently evolved from a small set of primordial enzymes. Subsequently, this
raises a question: if nature did it, is it possible for researchers also? If this is
possible, the comparisons of sequences of members of mechanistically diverse
superfamilies should provide sufficient information to (re)design active sites such
that the new active sites catalyze the same reactions as their homologs. This
hypothesis has actually been tested for designing new functions, and enhancement
of promiscuous functions (Claren et al. 2009, Gerlt & Babbitt 2009).
The most difficult challenge in enzyme design is the introduction of
substitutions that enable a “new” reaction. There are, though, several success
stories. One example comes from a member of the TIM-barrel fold containing
enolase superfamily: a single substitution permits both an L-Ala-D/L-Glu
epimerase (AEE) and a muconate lactonizing enzyme (MLE) to catalyze the o27

succinyl-benzoate synthase (OSBS) reaction. Neither progenitor is promiscuous
for the OSBS reaction (Schmidt et al. 2003).
There is an early example of cofactor specificity change. In a work by
Scrutton et al., a NADP-dependent E. coli glutathione reductase was converted
into a NAD-dependent enzyme (Scrutton et al. 1990). This was achieved by a
careful comparison of sequences, and a systematic replacement of NADPspecificity determining amino acids. The resulting variant showed unchanged
substrate specificity, but altered coenzyme preference.
An example of changing reaction specificity by rational design was reported
by Xiang and coworkers (Xiang et al. 1999). In this study, the structures of two
members of the 2-enoyl-CoA hydratase/isomerase superfamily enzymes were
examined. The enzymes of this superfamily adopt the crotonase fold. A common
feature of the active site of this fold is the oxyanion hole which stabilizes the
oxyanion of the thioester substrate. The implication of the common structural
features was that the diversity of the chemical reactions catalyzed by these
enzymes comes from the stabilization of the thioester enolate intermediate of the
reaction cycle. This idea was tested by introducing two glutamates, found in
crotonase active site, into the active site of 4-chlorobenzoyl-CoA dehalogenase.
As a result, a reasonable amount of crotonase activity was found in the engineered
dehalogenase.
Concerning the trials of generating a totally new enzymatic activity, another
successful starting point has been to enhance promiscuous activities. Also, in this
approach substitutions are made based on a careful analysis of available structures
and sequences. There are several examples in literature, in which this approach
has been used successfully, often at the expense of the activity of the starting
template. Gerlt and Babbitt have summarized examples of different superfamily
enzymes, of which one comes from terpene synthases and oxidosqualene cyclases
(Gerlt & Babbitt 2009). The members of those two superfamilies involve reactive
carbocation intermediates obtained from allylic (e.g. geranyl, farnesyl, or
geranylgeranyl) pyrophosphates in the terpene synthases, and epoxides in the
oxidosqualene cyclases. The resulting carbocations are allowed to react to
products by an appropriately shaped active site cavity with functional groups to
quench the product cation by proton removal or reaction with water. Sometimes
these enzymes show product promiscuity as the result of rearrangements,
incorrect deprotonation, and/or reaction with water (Lodeiro et al. 2007). If the
structural features that allow these mistakes can be identified, specific and/or
novel synthases can be designed. An example of this kind of terpene synthase
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design is a work, in which a kaurene synthase was converted to a pimaradiene
synthase by the substitution of one amino acid (Xu et al. 2007).
The previous examples were achieved with one or a few mutations.
Hypothetically, the evolution of different functions in mechanistically diverse
superfamilies were initiated by such processes, so these in vitro experiments
provide information about the early stages of natural divergent evolution (O'Brien
& Herschlag 1999). However, very often, sequence alignments reveal many
insertions and deletions in sequences, raising the issue of their importance in
natural design (Tawfik 2006). Also, sequences that support different functions
within mechanistically diverse superfamilies typically share < 40% sequence
identity. This explains why a few point mutations may not produce variants that
catalyze “new” reaction with large values of kcat or kcat/kM. Therefore, to achieve
better kcat and kcat/kM values, more aggressive in vitro mutagenesis strategies may
be required.
One example of an aggressive redesign of a scaffold is a study, in which
glyoxalase II (GlxII) has been converted to IMP-1 (a β-lactamase) by
insertions/deletions and loop swapping (Park et al. 2006). Initially, GlxII and
IMP-1 shared low levels of sequence identity, different metal ligands, and
substrate specificity loops of differing size and sequence. One domain was
deleted, the metal binding site was redesigned, specificity determining loops were
randomized, and directed evolution was performed. The best of the resulting
variants had the targeted lactamase activity (causing antibiotic resistance) and
retained 59% sequence identity to the progenitor and shared 25% identity to the
target, but the kinetic parameters had considerably lower values than those for
IMP-1. Redesign of active site loops is clearly essential for fully exploring
structure-function space (Tawfik 2006).
Computational enzyme design
On the computational side, people have tried to design or redesign “new”
functions for almost two decades. In contrast to evolution-based rational designs,
computational methods have a high potential to obtain catalysts also for unnatural
reactions. In a review by Damborsky and Brezovsky many powerful tools and
methods are reviewed, and the most important ones are discussed below
(Damborsky & Brezovsky 2009). For these computational approaches it is
essential that a structure of the target protein exists.
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Computational tools for de novo design of active sites. The first
computational methods were done to search for catalytic site geometry in one or a
small number of scaffolds, such as ORBIT (Dahiyat & Mayo 1996), and Dezymer
(Hellinga & Richards 1991). Later on there methods appeared that were able to
search through thousands of scaffolds rapidly (Russell 1998), but were based on
known protein structures and known side chain positions. The first purely in silico
test for monomeric protein design was based on the recapitulation of native
protein sequences (Kuhlman & Baker 2000).
In 2006, Zanghellini and coworkers described two de novo methods for
computational enzyme design (Zanghellini et al. 2006). Both methods include the
standard Rosetta design methodology (Kuhlman & Baker 2000). In a benchmark
test, the backbone coordinates of 10 naturally occurring enzymes and a list of the
10 reactions they catalyze were provided, and active sites were designed for each
reaction in each scaffold. The results were ranked, and the best ones were
constructed manually, and tested for the activity. The new methods succeeded in
identifying the native site in the native scaffold and ranking it within the top five
designs for six of the 10 reactions.
More importantly than the benchmark test, in 2008 David Baker and
coworkers reported two of the biggest successes to date in biocatalyst design.
These studies were based on the Zanghellini’s methods referred to above, and in
this work two different classes of enzymes were created. In one of these studies
(Rothlisberger et al. 2008) the group described the computational design of eight
enzymes that used two different catalytic motifs to catalyze the Kemp elimination.
This is a model reaction for the proton abstraction from a carbon, but notably this
reaction is not found in nature. The measured rate enhancements of the obtained
variants were up to 105 and there were multiple turnovers. On top of that, the
designed model matched the crystal structure with atomic accuracy. In this
method, the whole known structural space was investigated, but interestingly a
steady enrichment of the fraction of designs having the TIM barrel scaffold was
observed throughout the enzyme design process. This scaffold represented 25% of
the proteins in the input set, 43% of the initial matches, but even 71% of the lowenergy designs (Rothlisberger et al. 2008). This data suggests that this particular
fold is naturally an excellent platform for new active site designs.
In the second study (Jiang et al. 2008), Baker’s group used the same
approaches as by Röthligsberger et al. (Rothlisberger et al. 2008) for designing de
novo a retro-aldolase enzyme catalyzing a multistep reaction. This enzyme used
four different catalytic motifs to catalyze the breaking of a carbon-carbon bond in
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a non-natural substrate. The active designs occur on five different protein
scaffolds belonging to the TIM barrel (Fig. 1) and jelly-roll folds. The results of
these computational approaches are impressive as non-natural enzymes are
obtained with significant catalytic power. However, it is important to note that the
catalytic power of natural enzymes is far greater, even when considering natural
enzymes of modest enzymatic efficiency.

Fig. 1. A crystal structure of a novel engineered retroaldolase RA-22 described by
Jiang et al. (2008). The structure shows a TIM barrel characteristic, viewing towards
the C-terminal end of the TIM barrel strands. The colouring of the molecule illustrates
the B-factor values of protein atoms, blue showing the lowest and red the highest Bfactors. The active site residues Asp53, Lys159 and His233 are shown.

Despite the remarkable progress in de novo design, developed biocatalysts have
not reached natural catalysts in their efficiency. What is missing in the current
designs? One possible explanation may be that site-directed mutagenesis
experiments do not achieve precise stabilization of the transition states. Sigala and
coworkers demonstrated that packing and binding interactions within the
ketosteroid isomerase active site can constrain local side-chain reorientation and
prevent hydrogen bond shortening by 0.1 Å or less (Sigala et al. 2008). Such
constraints had a large effect on ligand affinity and are predicted to affect also the
stabilization of the transition state. Thus, picometer scale differences in side chain
placements may cause a dramatic drop in enzyme activity. Protein dynamics
(Schwartz & Schramm 2009) can also play a very important role in catalysis and
are not included in current design methods. Existing de novo methods concentrate
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on chemical steps, while exchange of ligands between the active site and the
solvent accompanied by conformational changes in the protein are not considered,
even if they may be rate-determining (Damborsky & Brezovsky 2009). Also, in
many enzyme catalyzed reactions several transition state barriers can be
recognized. The existence of multiple transition states raises questions about how
the enzyme can also bind the transition states to which it is not complementary, as
well as the substrates and intermediates that are bound. A likely explanation
would be that the flexibility allows the active site to adapt to each species along
the reaction coordinate (Lolis & Petsko 1990). Until now, computational
approaches may only optimize the geometry for one transition state, which may
explain the low activity of the current enzyme designs.
Computational tools for design of ligand exchange pathways. The
induced-fit model of enzymes (Koshland 1958) explains well catalysis by a
structurally adaptable enzyme, adapting upon ligand binding. This model
describes enzymes having an easily accessible active site, while it is less
appropriate for the enzymes with an active site buried in the protein core. The
recently proposed keyhole-lock-key model (Damborsky 2006) aims at
determining not only the geometry and properties of the active site but also the
tunnels and pockets (keyholes), which connect the active site with a bulk solvent.
These tunnels can lead to discrimination of potential substrates; they can also
determine kinetics of substrate entry and products exit. This observation has
created a demand for development of new computational tools for the
modification of tunnels rather than the active sites (Chaloupkova et al. 2003).
There are different programs developed for the identification of tunnels in
proteins with buried active sites, for example CAVER (Petrek et al. 2006) (Fig. 2),
MOLE (Petrek et al. 2007), MOLAXIS (Yaffe et al. 2008), HOLLOW (Ho &
Gruswitz 2008), and CHUNNEL (Coleman & Sharp 2009). CAVER, for example,
has been used to provide an interpretation for functionally important mutations
localized on the protein surface of haloalkane dehalogenases (Petrek et al. 2006,
Petrek et al. 2007). An interesting approach was also the work by Guieysse et al.,
in which they implemented an efficient path-planning algorithm (Fig. 2) to guide
lipase engineering (Guieysse et al. 2008). This algorithm was able to reproduce
the effect of substrate access on the binding pocket of lipase from Burkholderia
cepacia and enabled the identification of target residues for engineering
enantioselectivity. This example indicates how powerful strategy it is to mutate
the residues surrounding the mouth openings or bottlenecks of tunnels in enzymes
with buried active sites to make faster enzymes (Hidalgo et al. 2008).
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Fig. 2. Identification of ligand exchange pathways by a computational path-planning
algorithm starting from the enzyme-substrate complex (top figure) and generating an
exit path from the catalytic pocket to the bulk solvent (bottom of the figure). The figure
was redrawn from Damborsky & Brezovsky (2009) by permission of Elsevier.

The major limitation of existing tools dealing with the identification of ligand
exchange pathways is that they cannot efficiently analyze and visualize data
derived from the large ensembles of structures. More research is needed on
tunnels and channels, to increase understanding of mechanisms behind substrate
entry and product release (Damborsky & Brezovsky 2009).
Computational tools for (re)design of protein-protein interfaces.
Computational approaches have also been used to engineer protein-protein
interfaces. Three examples are given below.
Protein-protein interactions are key components of all signal transduction
processes. The methods to alter these interactions represent important tools for
dissecting function of connectivities in signal networks. As an example, the
program ORBIT has been used for the computational redesign of the reporter
protein calmodulin (Yosef et al. 2009). In this work the authors designed a protein
exhibiting a 900-fold increase in binding specificity toward calmodulin-dependent
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protein kinase II and calcineurin, the two binding partners of calmodulin. This is
the highest specificity switch achieved in any protein-protein interface by
computational protein design (Yosef et al. 2009).
In an early study by Borchert et al., the program ICM (www.molsoft.com)
was utilized to disrupt protein-protein interface and stabilize the resulting
monomeric form of trypanosomal TIM (Borchert et al. 1994). In this example, 15
loop residues important for dimerization were deleted, and replaced by another 8residue fragment designed by ICM (Fig. 3). The resulting variant was shown to be
stable and monomeric and also had TIM activity.

Fig. 3. An example of a protein-protein interface redesign. In the figure are
superimposed trypanosomal wt enzyme (5TIM-A, yellow) and monoTIM-variant (1TRI,
grey) crystal structures. The loop 3 region is highlighted, showing the ICM-designed
shorter loop. The replacement of a 15-residue loop with 8-residue segment caused
disruption of dimer interface, resulting in a stable, active monomeric triosephosphate
isomerase (Borchert et al. 1993).
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In another example, the software FOLD-X (Guerois & Serrano 2000), an
algorithm that predicts the effect of point mutations on the crystal structures of
the different complexes, was used for the design of specific heterodimer
interfaces between two meganucleases (Fajardo-Sanchez et al. 2008). The
constructed functional endonucleases cut various non-palindromic DNA
sequences, which is an essential step toward safer targeted genome engineering.
Furthermore, in a recent study, 122 different wild type and mutant complexes of
small guanosine triophosphate-binding proteins Ras and Rap and their effectors
Raf and RalGDS were analysed by comparative binding energy (COMBINE)
model (Tomic et al. 2007). This model decomposed the binding affinities of
interacting partners on a residue-wise basis and revealed three interaction hotspots, three negatively charged residues on the interface of Ras.
The design of protein-protein interfaces currently needs much computing
power. Integration of time-demanding energy-based tools with fast sequence- and
structure-based tools could make the tools more robust (Damborsky & Brezovsky
2009).
Computational tools for the assignment of neutral, advantageous and
deleterious mutations. In directed evolution methods, it is becoming generally
accepted that a blind generation of large libraries and time consuming
screening/selection is not an efficient way for obtaining a good biocatalyst (Jackel
et al. 2008). Structural information or identification of useful mutations by
statistical analysis and their incorporation into the new generation significantly
improves efficiency of directed evolution experiments (Damborsky & Brezovsky
2009). QSAR (Quantitative Structure-Activity Relationships) approaches have
also been tested in this respect. QSAR is a traditional approach used for
establishing quantitative relationships between the structure of small molecules
and their biological activity in e.g. drug design (Kubinyi 1995). QSAR
methodology has also been applied to protein variants of haloalkane dehalogenase,
subtilisin, T4 lysozyme and tryptophan synthase and used for the first time in the
context of protein engineering in so called quantitative structure-function
relationships (QSFR) analysis (Damborsky 1998). This topic is also mentioned in
other recent publications (Barak et al. 2008, Fox et al. 2007, Masso & Vaisman
2007).
Computational tools for design of protein stability. Protein stability has
been of great interest to protein engineers, especially those who are implementing
the use of enzymes in industrial processes. Also, current knowledge suggests that
directed evolution approaches will be more successful when starting from a more
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stable protein (Bloom & Arnold 2009). Furthermore, the instability of enzymes in
reaction media has often prevented or delayed their implementation in industrial
processes, despite their many favourable properties (Polizzi et al. 2007). There
have been several attempts to develop computational tools for optimizing protein
stability.
Schweiker et al. used computational analysis of the distribution of surface
charges to optimize protein stability (Schweiker et al. 2007). The tests with Fyn
SH3 domain showed an increase in melting temperature after four charge
reversals and one newly introduced charge.
In another experiment, Braiuca and coworkers used VOLSURF, a tool for
calculation of 2D molecular descriptors from 3D molecular interaction energy
grid maps, for a quantitative prediction of protein thermostability (Braiuca et al.
2007). The method was developed by gathering data from 22 thermostable and
hyperthermostable organisms, identifying structural requirements correlating with
protein stability. The use of VOLSURF is straightforward and fast, making this
approach generally applicable for protein engineering.
POPMUSIC (Cabrita et al. 2007) is still another tool, estimating changes in
free energies by means of data-base derived potentials. The potentials are derived
from observed frequencies of sequence and structure patterns in a dataset
consisting of 141 nonhomologous protein structures. As an example, TEV
protease mutants with improved stability and solubility were constructed using
POPMUSIC.
The improved configurational entropy (ICE) method uses bioinformatics to
stabilize proteins (Bae et al. 2008). Using this method, the authors were able to
design more stable variants of a mesophilic adenylate kinase using the sequence
information from one psychrophilic homologue as the only input data.
Using a tool predicting mutations on sequence, Montanucci et al. achieved
88% accuracy in enhancing thermostability (Montanucci et al. 2008). Similar
results were achieved by Masso and Vaisman using a slightly different approach
(Masso & Vaisman 2008).
There are a large number of new in silico methods predicting mutations for
stabilization of proteins. This reflects the importance of stability for the
application of biocatalysts to industrial-scale processes. In addition to mutations,
protein stability may be improved by using stabilizing additives. There would still
be a substantial need for the development of methods predicting stabilization of
proteins by various additives (Damborsky & Brezovsky 2009). However, by now,
we are lacking deep understanding of the fundamental principles behind the
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stabilizing and destabilizing effects of different additives on protein structures,
hampering the development of reliable predictive models (Damborsky &
Brezovsky 2009).
2.1.3 Directed enzyme evolution
The directed evolution approach
Directed evolution or in vitro evolution, also referred to as library selection
approaches, has emerged as a highly effective process to engineer enzymes with
new properties. As a general term, directed evolution describes various techniques,
which are used for the generation of desired protein mutants (variants).
Typically, a directed evolution approach starts with the identification of a
target enzyme and the cloning of the corresponding gene (Fig. 5). An efficient
expression system is also needed. Then, to create molecular diversity, the target
gene is subjected to mutagenesis and/or in vitro recombination, also referred to as
DNA-shuffling, and subsequently improved enzyme variants are identified by
screening or selection of the desired property (Fig. 5). The genes encoding the
improved enzymes are then used to parent the next round of directed evolution
(Jaeger & Reetz 2000). Alternatively, the mutations of successful hits are being
combined into a new variant, before further rounds of randomization are being
carried out (Claren et al. 2009). Sometimes the variants are finally backcrossed
(shuffled) with a wild type gene in order to get rid of non-contributing mutations
(Kurtzman et al. 2001).
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Fig. 4. Stages in the modern discovery and development protocol of a non-natural
enzyme for practical applications. The wild type enzyme can be obtained through
existing knowledge or through screening of microbial collections. Reprinted by
permission from Macmillan Publishers Ltd: Nature (Turner 2009), copyright (2009).

Fig. 5. A directed evolution approach for generating non-natural enzymes by iterative
cycles of random mutagenesis, protein expression and screening or selection of the
desired activity. The best variants are chosen for the next round, and this iterative
cycle is repeated until the desired trait has been achieved. Typically, the variants are
backcrossed with a wild type gene in order to get rid of non-contributing or
deleterious mutations. Reprinted by permission from Macmillan Publishers Ltd:
Nature (Turner 2009), copyright (2009). The key differences between screening and
selection methods are summarized in Table 2.
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As a concept, directed evolution is not new. Systematic approaches to the directed
evolution of proteins have been documented since the 1970s (Campbell et al.
1973). Since that, directed evolution has emerged as a powerful technology
platform in protein engineering. This development was triggered by rapid and
significant improvements in the available novel random mutagenesis methods to
generate large enzyme libraries, and further fed by progress in high-throughput
screening or selection methods to identify better enzyme variants (Reetz 2002,
Yuan et al. 2005). These developments have simplified the experimental
processes and made the identification of mutants with even small improvements
in desired function possible. Advanced recombinant DNA technologies have
allowed for the efficient transfer of single genes or even genes for an entire
pathway to a suitable host for rapid copying or high-level protein production. It is
now possible to control the rate of mutagenesis in carefully designed error-prone
PCR protocols, and to modify proteins by systematic insertions or deletions. Gene
shuffling methods have made it possible to combine parts of proteins from
different species, and to easily test different combinations of positive hits. In this
way also deletions/insertions can be tested by the directed evolution approach
(Bershtein & Tawfik 2008). Furthermore, site-directed and site-saturation
mutagenesis as well as synthetic oligonucleotides can be used to mutate local
amino acid compositions effectively. In fact the use of synthetic genes,
randomized in a specified way, is of increasing importance (Herman & Tawfik
2007), because such gene libraries are now commercially available. Functional
complementation of mutant strains is still an excellent choice when possible, and
the development of sensitive instrumentation and the ability to miniaturize many
assays allow the high-throughput screening of samples for selection of desired
functions. The rapid DNA sequencing technology facilitates this work and also
enhances our ability to select the best strategy for the evolution of a particular
protein. Thus, directed evolution has expanded from the original in vivo approach
to effectively exploit the in vitro methodology (Yuan et al. 2005).
Measured by the amount of publications, directed evolution is a very well
established approach: by the year 2004 over 1000 scientific articles were
published on directed enzyme evolution (Jaeger & Eggert 2004), and during the
period of 2005–2007 several hundreds of articles relevant to directed evolution
techniques and applications were published (Bershtein & Tawfik 2008). These
reports are based on dozens of different strategies, which are continuously being
developed (reviewed by Arnold & Georgiou 2003a, Arnold & Georgiou 2003b,
Bershtein & Tawfik 2008, Tracewell & Arnold 2009, Yuan et al. 2005).
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DNA mutagenesis strategies in random gene library generation. Despite
the straightforward basic idea of directed evolution, the precise DNA mutagenesis
strategies are still an active area of research. There are large numbers of different
strategies, of which some successfully utilized methods are summarized in Table
1 (Yuan et al. 2005).
Table 1. Some DNA mutagenesis and recombination strategies successfully utilized
for directed evolution. Adapted from Yuan et al. (2005) by permission of American
Society for Microbiology.
Method for mutagenesis and

Target gene

Selection

Reference

β-lactamase

cefotaxime degradation

(Stemmer 1994a,

cephalosporinase

moxalactam degradation

(Crameri et al. 1998)

subtilisin E

protease thermostability

(Zhao et al. 1998)

Green fluorescent

restore fluorescence

(Volkov et al. 1999)

lycopene production

(Wang et al. 2000)

aromatic hydrocarbon

(Abecassis et al. 2000)

recombination
Single-gene DNA shuffling

Stemmer 1994b)
Gene family shuffling
Staggered extension process
In vitro-in vivo DNA
recombination

protein (GFP)

Error-prone PCR

geranylgeranyl
diphosphate
synthase

Combinatorial libraries enha-

cytochrome P450

nced by recombination in yeast
Compartmentalized self-

oxidation
DNA polymerase

replication
Random chimeragenesis on

thermostability, heparin

(Ghadessy et al. 2001)

resistance
monooxygenase

transient templates

reaction rate, altered

(Coco et al. 2001)

substrate specificity

Incremental truncation for the

N terminus of E.

creation of hybrid enzymes

coli PurN and C

PurN-hGART functional (Coco et al. 2001, Lutz et
hybrid enzymes

al. 2001)

Deethylation of 7-

(Sieber et al. 2001)

terminus of hGART
Sequence homology-independ-

cytochrome P450

ent protein recombination

ethoxyresorufin
β-lactamases

functional hybrid

directed chimeragenesis

TEM-1 and PSE-4

enzymes

Nonhomologous random

chorismate mutase

chorismate mutase

and fumarase

activity

Sequence-independent site-

recombination
Synthetic shuffling
Mutagenic and unidirectional

Assembly of designed
oligonucleotide
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(Bittker et al. 2004)

subtilisin

protease thermostability

(Ness et al. 2002)

phopholipase A1

altered substrate

(Song et al. 2002)

GFP

fluorescence

(Kitamura et al. 2002)

lipases

enantioselectivity

(Zha et al. 2003)

reassembly
Y-ligation-based block shuffling

(Hiraga & Arnold 2003)

specificity

Table 1 is not a complete list, as new techniques and strategies of DNA
mutagenesis and recombination for directed evolution constantly emerge
(Bershtein & Tawfik 2008, Romero & Arnold 2009, Turner 2009). It is important
to have a significant amount of mutations in the gene. Too many mutations will
generally destabilize the protein too much; with too few mutations the goal will
not be achieved. In a project by the Sterner group (Claren et al. 2009) the
successful variants had up to four amino acid changes per gene.
Library diversity can be created through mutagenesis or recombinant gene
shuffling. Traditionally, libraries have been generated by random point
mutagenesis or by site-directed mutagenesis. These libraries are screened by
assaying the properties of the expressed protein (in vitro) or by selection (in vivo),
and the best variants are selected for additional mutagenesis. Due to the low
frequency of beneficial mutations related to that of deleterious mutations,
generally only single or few beneficial mutations are added in each cycle of
mutagenesis and screening. Unfortunately, the probability of improvement
decreases rapidly when multiple mutations are made, because of lower stability of
the protein. Thus, these approaches are generally limited to improvements made
in small steps (Yuan et al. 2005).
There are a number of different ways to produce random gene libraries (Table
1), of which error-prone polymerase chain reaction (epPCR) is the most
commonly used random mutagenesis method (Sen et al. 2007). The method is
based on the reduction of DNA polymerase fidelity e.g. by adding manganese or
magnesium ions or by biasing the dNTP concentration of the reaction mixture
(Cadwell & Joyce 1992, Pritchard et al. 2005). Use of the impaired DNA
polymerase causes errors during the PCR reaction, yielding randomly mutated
products. To convert the product to a suitable form for transformation of a host
strain, at least three steps are required: digestion of the product with restriction
enzymes, separation of the fragments by agarose gel electrophoresis and ligation
into a vector.
Error-prone PCR methods are very popular for generating the libraries.
However, most of these methods produce libraries with a bias in the type of
nucleotide mutations (error bias) (Miyazaki & Arnold 1999), a bias in the types of
amino acid changes seen in the protein (codon bias) (Neylon 2004), and a bias in
the distribution of specific sequences in the library (amplification bias) (Muller et
al. 2005). For example, a statistical analysis showed that 5 years ago in existing
gene mutagenesis methods an average amino acid substitution per residue was
only 3.2–7.4, instead of 19 (Wong et al. 2004). Since this time, significant
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progress has been achieved in addressing the main challenges for designing high
quality mutant libraries. Within 2 years, at least 5 site directed and 7 random
mutagenesis methods were significantly improved (Shivange et al. 2009). Two
technically simple and robust epPCR related methods utilized 8-hydroxy-dGTP
(Kamiya et al. 2007), and human X and Y family polymerases (Emond et al.
2008), showing uniform distribution of mutations over the mutated gene. The use
of synthetic genes has also shown to be an important way to avoid the mutation
bias. For example Gene Site Saturation Mutagenesis (GSSM) method (Short 2001)
is a method, in which all 19 mutations are made for all the amino acids in a
synthetic gene, and from this library the best ones are selected/screened, and the
variants are subjected to a recombination. There are many promising results with
this method (Brissos et al. 2008, Dumon et al. 2008, Palackal et al. 2004). Other
improved or novel random mutagenesis methods are TriNex (Baldwin et al. 2008),
TIM (Hoeller et al. 2008), SeSaM-Tv (Wong et al. 2008), and mRNA
mutagenesis by Qβ replicase (Kopsidas et al. 2007, Shivange et al. 2009). These
methods overcome many of the problems observed in older methods (Shivange et
al. 2009).
One of the basic questions in library generation is, whether it is better to do a
few cycles of large libraries with multiple mutations than focusing on more cycles
of smaller libraries with fewer mutations. In the early days, emphasis was placed
on the development of very large libraries of variants (for example 108-1010),
expecting that larger libraries meant a greater chance of finding the desired
improvements in activity or selectivity. After this time more examples were
published of successful improvements with much smaller libraries (for example
103-106), which changed the focus to a generation of smaller, higher quality
libraries (Turner 2009). The review by Tracewell and Arnold also favours smaller
libraries with fewer mutations (Tracewell & Arnold 2009). In their conclusion, in
the best approach beneficial mutations are accumulated one at a time (Fig. 6).
This method is easy to follow, and each single mutation brings the protein closer
to the desired property. This strategy deals efficiently with the ‘number problem’
faced in library screening, but the pitfall in this strategy is that one may get to a
dead end when the protein is not stable enough to accept new mutations (Reetz et
al. 2009).
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Fig. 6. This

figure

visualizes

the

hypothetical

process

of

achieving

small

improvements (“increasing fitness”) due to point mutations. Only mutations with
improved fitness are shown. Dead ends (for example unstable variants) are marked by
filled circles. Taken from Tracewell & Arnold (2009) by permission of Elsevier.

Screening or selection? In an optimal case, a robust and high-throughput method
is available to screen the created libraries against the desired function (Leemhuis
et al. 2009). Before screening the protein should be produced and at least partially
purified, which may sometimes be a limiting factor. Especially when there are
large amounts of mutants to be screened, high-throughput expression and
purification systems, e.g. robotic facilities, are needed (Reetz 2002). In this case,
it is also essential to establish a robust method for screening of the desired
functions. Usually these screened features fall into one or several of the following
categories: (a) catalytic activity, (b) selectivity (including enantioselectivity,
diastereoselectivity and regioselectivity), and (c) stability (e.g. thermal stability,
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stability to organic solvents, and pH stability) (Turner 2009). The key features of
the screening and selection are summarized in Table 2.
Table 2. Key features of the two different directed evolution approaches.
Selection

Screening

Randomized library of the target gene is required

Randomized library of the target gene is required

Knock-out strain is required

A robotic setup is important

Hits are found because the transformed knock-out

Hits are found by individually testing the gene

strain can grow on a medium not supplemented by

product of every gene of the randomized library

the metabolite essential for the knock-out strain to

(Reetz 2002)

grow (Yuan et al. 2005)

There are many examples of different screening strategies in the literature. In an
example of lipase-catalyzed hydrolysis of an ester, a carboxylic acid is produced,
and easily detected by monitoring pH change. In another example, highthroughput screening for epoxide hydrolase activity on a microfluidic chip system
has been reported (Belder et al. 2006). In the case of very large libraries (>108
genes), fluorescence-activated cell sorting (FACS) has been used together with in
vitro compartmentalization (water-in-oil emulsion, transcription-translation in
volumes of 10-15 l) as a very effective high-throughput screening method
(Griffiths & Tawfik 2003, Mastrobattista et al. 2005). Phage display (FernandezGacio et al. 2003) and yeast display (Lipovsek et al. 2007) methods have also
been shown to be effective for evolving enzymes. Furthermore, in the method
called circular permutation, the N and C termini of a protein can be systematically
moved one amino acid a time around the protein of interest. This method has been
used to screen for variants of Candida antarctica lipase B with improved activity
and stability (Qian et al. 2007).
Compared to screening, selection is a much more simple method, if a knockout strain of the host is easily available. The host cells are transformed with
mutated genes from libraries, and grown under desired selection conditions. In
knock-out strain, the ability to grow in the desired conditions is disrupted,
allowing the survival of only those cells which have received a beneficial mutant
gene from the library. This gene is then isolated and subjected to next round of
directed evolution (Mueller-Cajar & Whitney 2008). In the end of this iterative
optimization, the full characterization of the mutant is essential, requiring also an
activity assay.
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Directed evolution and structural studies
In the above described directed evolution approaches non-natural enzymes are
generated with new desired properties. These new enzymes need to be carefully
characterized with respect to their stability, catalytic properties and structural
properties. Protein crystallographic characterization will be an integral component
of such projects. The structural studies will include protein crystallographic
binding studies to verify the mode of binding of the new substrates in the active
sites. With the structural data the directed evolution results can be verified and
also possible new rounds of structure based directed evolution cycles can be
initiated.
2.2

The TIM barrel proteins

The TIM barrel (also referred to as (βα)8-barrel), named after its prototypical
representative triosephosphate isomerase (TIM, Banner et al. 1975), is the most
frequent and most versatile fold among naturally occurring enzymes. According
to the latest SCOP database (version 1.73) (Murzin et al. 1995), 5.6% of all PDB
entries consist of TIM barrel proteins (Devenish & Gerrard 2009). This fold
provides an excellent model to address the function, stability, and evolution of
enzymes (Sterner & Hocker 2005).
2.2.1 The TIM barrel structure
Secondary structure
Typically, the TIM barrel domain itself has around 250 residues, but the smallest
ones have been found to have 200 residues (Traut & Temple 2000). The
secondary structure of the canonical (βα)8-barrel fold consists of 8 repeats of βstrands and α-helices, which in turn are connected by αβ-loops and βα-loops (Fig.
7). The inner core consists of 8 β-strands forming a parallel, cylindrical,
continuous sheet structure, while the helices form an outer circle around the inner
core (Fig. 7).
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Fig. 7. Trypanosoma brucei brucei TIM structure (pdb code 5TIM). The βα loops are
numbered into the figures. Left: top view along the barrel axis, into the active site. The
helix of βα loop 4 positions the catalytic residue His95 and the 310-helix of βα loop 8
anchors the phosphate moiety of the substrate. Right: side view of the 5TIM barrel
structure. The longest loops are respectively βα loop 3 (15 residues, important for
dimerisation (Borchert et al. 1993)), βα loop 4 (12 residues, important for positioning
the catalytic histidine, His95 (Knowles 1991)), and βα loop 6 (13 residues, this loop
closes on binding of substrate (Knowles 1991)). The catalytic residues are located at
the C-terminal ends of β-strands and βα loops, thus the name catalytic end. The
remainder of the fold is believed to be important for stability, thus the name stability
end (Sterner & Hocker 2005). The figure was redrawn and modified from Wierenga
(2001).

In the sheet structure, the key parameters are n (the number of the strands in the
barrel), and S (the shear number) (Fig. 8). For all TIM barrels n = 8, and almost
always S = 8 (Nagano et al. 1999). The inner core strands are tilted by 36° with
respect to the principal barrel axis leading to a staggered β-sheet with a shear
number of 8, which denotes a shift of eight residues when moving around the
barrel by one turn (Fig. 8) (Sterner & Hocker 2005). Within the core of the barrel
structure, side chains form layers that are perpendicular to the principal barrel
axis. Each layer consists of four inward pointing side chains and four outward
pointing side chains (Fig. 8, Fig. 9). For example in Fig. 8, layer 2 residues from
strands 1, 3, 5 and 7 point inwards and the residues from strands 2, 4, 6 and 8
point outwards toward the helices. This alternating pattern causes TIM barrels to
have 4-fold symmetry instead of 8-fold symmetry along the barrel axis (Lesk et al.
1989, Nagano et al. 1999). The symmetry aspect is important because it suggests
that the smallest possible repeating unit is a βαβα unit instead of βα unit
(Wierenga 2001).
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Fig. 8. Some

geometrical

features

of

the

TIM

barrel

fold,

illustrated

using

trypanosomal TIM (pdb code 5TIM) as an example. In the drawing is shown a
schematic picture of the unrolled central β-sheet of the TIM barrel fold. The radius of
the cylindrical structure is about 7 Å. In the shown example the shear number S = 8.
The tilting angle α is around 36° (Sterner & Hocker 2005). The open and closed circles
refer to residues pointing towards the exterior and interior of the barrel, respectively.
The dotted lines are hydrogen-bonding interactions, calculated by DSSP (Kabsch &
Sander 1983). The residues with inwards pointing side chains (black circles) are
hydrogen-bonded with the preceding strand (at the left) and the residues with the
outward pointing side chains (white circles) are hydrogen-bonded to the following
strand (at the right). The three layers (Lesk et al. 1989) highlighted on the left refer to
the main contact layers inside the barrel structure; see also Fig. 9 for another
representation. See text for more details. The figure was adopted from Wierenga
(2001).
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Fig. 9. A schematic picture showing hydrophobic residues in the different layers in the
trypanosomal TIM barrel structure, which are also shown in Fig. 8. The bars illustrate
inwards and outwards pointing residues. For example in the layer 1, A8, I62, V123 and
I208 point outwards in the barrel, while the four other residues point inwards. In this
schematic view the stability end is at the bottom of the figure and the catalytic end is
at the top of the figure (like in Fig. 7).

Loops
In all known (βα)8-barrel enzymes, the catalytically active residues are located at
the C-terminal catalytic end (Sterner & Hocker 2005), while residues maintaining
the stability of the fold (Urfer & Kirschner 1992) are found in the core, and on the
opposite end of the barrel (Fig. 7). This arrangement of loops implies that the
geometry of the active sites is shaped by residues of the eight loops following
after the β-strands (Wierenga 2001). A classical example is loop 6 of
triosephosphate isomerase, which closes over the active site in the presence of a
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bound substrate, as visualized in Fig. 10. Furthermore, the special organization of
loops in TIM barrel proteins makes it possible to change catalytic activity of the
protein without compromising its stability, which is important for natural
evolution as well as for protein engineering trials (Sterner & Hocker 2005).

Fig. 10. A crystal structure of T. brucei brucei TIM (pdb code 5TIM, Wierenga et al.
1991), showing the functional movement of loop 6. In the crystal structure, the
molecule A (yellow) is unliganded and has loop 6 open, and the molecule B (orange)
has sulfate in the active site, and shows closed characteristics.

Sequence
Despite the relatively conserved fold, the TIM barrel proteins have very diverse
sequences. In the pair wise sequence alignments of TIMs from different families,
the sequence similarities are usually below the detection level. In contrast,
structure-based sequence alignments reveal the presence of physico-chemically
similar clusters of residues distributed at topologically equivalent positions. These
are believed to direct and stabilize the TIM barrel folding patterns (Selvaraj &
Gromiha 1998).
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Structural variation in TIM barrel proteins
Besides their common characteristics, TIM barrel structures are geometrically
diverse (Nagano et al. 2002). It has been observed that the loss of hydrogen bonds
between adjacent β-strands can lead to distortions of the barrel structure like in
the case of a bacterial phospholipase C (Moser et al. 1997).
The very first TIM barrel proteins represented (βα)8 characteristics, but
nowadays deviations from the canonical topology are also known. For example
certain cellulases (Rouvinen et al. 1990, Spezio et al. 1993) and flavoprotein 390
(Moore et al. 1993) only contain seven β-strands. One TIM barrel family
(phospholipase C) has 9 β-strands (Nagano et al. 2002). In the enolase family,
ββαα(βα)6-barrel has one helix, which is reversed compared to others, one βstrand runs antiparallel to the other strands, and there is an additional α+β
capping domain (Lebioda et al. 1989). Furthermore, βα-loops sometimes contain
insertions with additional secondary structure elements, like in pyruvate kinase
(Fig. 11). Nagano et al. have listed other examples of TIM barrels with inserted
domains, also after β3 (Nagano et al. 2002).

Fig. 11. A crystal structure of cat muscle (M1) puryvate kinase (pdb code 1PKM, Allen
& Muirhead 1996) shows an example of TIM barrel protein having an insertion in βαloop. The blue molecule in the centre is a domain having TIM barrel fold. The yellow
molecule at the right is an insertion of βα-loop 3, folding into a seven-stranded
predominantly antiparallel β-barrel. The red C-terminal domain at the left is a twisted
predominantly parallel five-stranded sheet.

A very special case of the TIM barrel structure was a TIM barrel domain of a
multifunctional protein, in which the interior of the barrel showed to work as a
channel (Wilmanns et al. 1990). In this study, there was some evidence of an
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ammonium ion or NH3 molecule being delivered through the TIM barrel directly
to the active site of another domain, which used it as a substrate.
Another special case concerns the TIM barrel framework of the enzyme
methylmalonyl CoA mutase. In this enzyme the substrate CoA binds in the inner
part of the TIM barrel (Mancia & Evans 1998).
Quaternary structure
TIM barrel proteins show a diverse range of quaternary structures. An analysis of
TIM barrel structures in ProtBuD (Xu et al. 2006), a database of protein
biological units that can be searched by protein family, reveals that approximately
57% of structures are described as oligomers. Protein Quaternary Structure file
server (Henrick & Thornton 1998), which analyses protein structural data to
predict quaternary structures, calculates this number to be 66% (62% when
heterooligomers are excluded). Analysis of the data shows that TIM barrels show
a predilection for forming dimers and tetramers (Fig. 12). This result is consistent
with previous analyses of human (Marianayagam et al. 2004) and E. coli
(Goodsell & Olson 2000) proteins that have revealed a conspicuous preference
for dimeric and tetrameric association states in general, possibly reflecting the
relative ease of the formation of self-complementary interfaces (Devenish &
Gerrard 2009).

Fig. 12. Oligomeric make-up of homomeric (βα)8-barrel proteins from the PDB as
assigned by Protein Quaternary Structure file server (Henrick & Thornton 1998). Taken
from Devenish & Gerrard (2009) by permission of The Royal Society of Chemistry.
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The quaternary structure of TIM barrel proteins can also affect the loop structures.
In TIM these loops are also involved in dimer-dimer interactions. The studies of
monomeric TIM have shown that loops also display large structural changes on
dimerization (Fig. 13).

Fig. 13. The crystal structures of wt trypanosomal TIM (5TIM, molecule A, (Wierenga et
al. 1991), yellow), and its monoTIM variant (1MSS, (Borchert et al. 1993), green)
superimposed. The superposition highlights the biggest differences in the loop
structures of dimeric (5TIM) and monomeric TIM (1MSS). Catalytic Lys13 is in the
beginning of loop 1, being away from its normal position in monoTIM. Loop 3 is
highlighted, since its modification disrupted the dimeric interface and resulted in the
monoTIM. Loop 8 is important in ligand binding; in this structure (1MSS) also this loop
has shifted. Loop 4 (next to catalytic His95, not highlighted) is in its normal place in
this structure, but in a different position in some other structures of monomeric TIM.
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2.2.2 Functional diversity of the TIM barrel proteins
Almost all the TIM barrel proteins are enzymes. They cover 5 of the 6 Enzyme
Commission (EC) classes, working as oxidoreductases, transferases, lyases,
hydrolases, and isomerases. Hydrolases (and more specifically, glycosidases) are
the dominating class with around 50% proportion of all the known TIM barrel
proteins. TIM barrel proteins catalyze more than 60 different chemical reactions,
of which 85% are involved in energy metabolism, small molecule metabolism, or
macromolecule metabolism (Nagano et al. 2002).
In the TIM barrel proteins, about 50% use divalent metal ions for catalysis
(Vega et al. 2003), and even two-thirds have substrates or co-factors with at least
one phosphate group (Nagano et al. 2002). Overall, TIM barrel proteins have
been observed to prefer negatively charged metabolites (Raychaudhuri et al.
1997). It’s assumed that local microdipoles of individual α-helices (Hol et al.
1978) and global dipolar electrostatic field patterns along the barrel axis created
by the combined contribution of α-helices (Raychaudhuri et al. 1997) create a
positive potential at the catalytic end of TIM barrels (Fig. 7). The role of the side
chains is to enhance the electrostatic field and focus it into a specific area in the
active site (Raychaudhuri et al. 1997). This special electrostatic characteristic is
considered to play a role in the conservation of function in TIM barrel proteins
(Livesay & La 2005).
2.2.3 Stability of the TIM barrel scaffold
A number of studies have been performed in order to identify structural elements
and individual amino acids that determine the stability of TIM barrels. The task is
not easy due to the lack of sequence similarity between family members.
However, in an extensive study, 71 TIM barrel domains were analyzed (Gromiha
et al. 2004). In this study, hydrophobicity, long-range interactions, and sequence
conservation were used to locate the stabilizing elements and amino acids. In total,
almost 1000 stabilizing residues and more than 430 stabilizing elements were
identified. Most of the stabilizing residues were located in the β-sheet; some of
them were in the N- and C-terminal loops, whereas a few appeared in the αhelices. Each TIM barrel domain contained at least 1 or up to ten of these
elements (Fig. 14) (Gromiha et al. 2004).
Silverman and co-workers carried out an experimental search for amino acid
variations that allows one to maintain the stability of the TIM barrel fold
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(Silverman et al. 2001). In this study, 180 out of 250 sequence positions within
yeast TIM were randomized using combinatorial mutagenesis. Catalytically
active mutants were isolated and analyzed. The result showed that a subset of 7
amino acids can replace about 80% of the randomized positions without losing
the stability or catalytic activity. This result suggests that a large fraction of the
residues in α-helices or βα-loops are highly mutable and therefore not crucial for
stability. The result was opposite in the case of β-sheet amino acids.

Fig. 14. Distribution of stabilizing segments in TIM barrel proteins. The figure was
adopted from Gromiha et al. (2004) by permission of John Wiley and Sons.

Knowledge-based potentials make use of experimentally determined protein
structures to extract information on the forces and energies in native proteins. In a
survey by Wiederstein and Sippl this method was used to analyze the stability of
the loops of the TIM barrel using high-resolution X-ray structures as a source of
information (Wiederstein & Sippl 2005). Virtual mutagenesis was carried out, and
the fit of the mutant to the scaffold was calculated. The findings suggest that αβloops are more important for the stability of the fold than βα-loops, although
some loops are affected more than others (Table 3). Experimental protein
engineering efforts with for example TrpA and artificial TrpF protein support
these findings (Sterner & Hocker 2005).
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Table 3. Randomizability of TIM barrel loops using computational approaches.
Entamoeba histolytica TIM was used for these studies. Reproduced from Wiederstein
& Sippl (2005), with permission from Elsevier.
Name of loop

Residues

Length (residues)

Fraction of

Solvent-accessible

stabilized mutant

surface area (Å2)

(%)
βα1

13-16

4

78

71

βα2

46-49

4

13

2

βα3

72-85

14

30

280

βα4

101-111

11

48

347

βα5

135-144

10

38

529

βα6

174-185

12

11

495

βα7

218-224

7

12

264

241-245

5

64

133

All βα-loops

67

8

2123

αβ1

32-40

9

0

512

αβ2

61-67

7

15

331

βα8
βα-loops

αβ3

94-95

2

1

164

αβ4

127-128

2

1

43

αβ5

162-169

8

0

479

αβ6

206-213

8

0

402

232-235

4

35

132

All αβ-loops

40

0

2064

αβ7
αβ-loops

Comparisons of proteins from mesophilic and hyperthermophilic strains provide
important insights into the structural basis of the stability of TIM barrel structure.
In general, the necessary differences between mesophilic and hyperthermophilic
proteins are subtle, because homologous proteins from mesophilic, thermophilic
and hyperthermophilic organisms have nearly identical sequences and overall
structures (Jaenicke & Bohm 1998, Luke et al. 2007). Different studies with
many proteins have shown that there are many strategies to achieve higher
thermostability: increased number of ionic interactions, increased extent of
hydrophobic surface burial, increased number of prolines, decreased number of
glutamines, improved core packing, greater rigidity, extended secondary structure,
shorter surface loops, higher states of oligomerization, and slow protein unfolding
(Cambillau & Claverie 2000, Das & Gerstein 2000, Jaenicke & Bohm 1998, Luke
et al. 2007, Mukaiyama & Takano 2009, Wallon et al. 1997). Interestingly,
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surface disulfide bridges have not generally been selected during the evolution of
thermophilic proteins, perhaps because of the chemically reducing environment of
the cytoplasm (Sterner & Liebl 2001). Despite this, correctly designed disulfide
bridges, which form after release from the cytoplasm, are of specific interest for
biotechnological applications (Ivens et al. 2002).
In
TIM
barrel
proteins,
some
well-studied
examples
are
phosphoribosylanthranilate isomerase (TrpF), TIM and indoleglycerol phosphate
synthase (TrpC), in which some of these strategies can be seen (Sterner & Hocker
2005). Salt bridges are seen as a stabilizing strategy in TrpC proteins from
Sulfolobus solfataricus and Thermotoga maritima. Both proteins are monomers
having 17 salt bridges instead of 10 found in thermolabile E. coli TrpC domain
(Hennig et al. 1995, Knochel et al. 2002, Wilmanns et al. 1992). Interestingly, S.
solfataricus and T. maritima TrpCs shared only 3 common salt bridges. This
observation suggests that the total stabilizing effect is a sum of individual
contributions, while the locations of the salt bridges are not as important (Sterner
& Hocker 2005).
Higher state oligomerisation is another stabilization strategy seen in TIM
barrel proteins and other proteins. Usually TrpF is seen either as a monomer or
together with TrpC domain (Luger et al. 1989, Wilmanns et al. 1992). In T.
maritima, TrpF is an extremely thermostable homodimer, in which the contact
interface between the two subunits is formed by two αβ-loops that push their way
into cavities of the neighbouring β-barrel (Sterner et al. 1996). Mutagenesis of the
dimer interface and shortening of the αβ-loops resulted in a monomeric TrpF
variant with wild-type catalytic activity but dramatically reduced thermostability
(Thoma et al. 2000). This result supports the hypothesized crucial role of αβloops for the integrity of TIM barrels (Urfer & Kirschner 1992), and shows that
an increased oligomerization is one possible strategy that allows proteins from
hyperthermophiles to fold and function at temperatures around the boiling point
of water (Jaenicke & Bohm 1998, Sterner & Liebl 2001). The same strategy of
developing better thermostability by obtaining a higher oligomerization state is
seen in hyperthermophilic archaea, which have homotetrameric TIM unlike
eucarya, bacteria, and mesophilic archaea, which have homodimeric TIM
(Kohlhoff et al. 1996, Schramm et al. 2001, Schramm 2005, Walden et al. 2001).
The knowledge of different stabilizing strategies has also been utilized in
protein engineering trials of TIM. In a study with Leishmania mexicana TIM, it
was recognized that this particular TIM was lacking a characteristic buried
hydrogen-bonding network, which is seen in most other known TIMs. In a study
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by Williams and co-workers one mutation was performed, leading to a dramatic
raise in thermostability of the Leishmania mexicana TIM, caused by a
stabilization of dimeric interface (Williams et al. 1999). The E65Q mutant
resulted in a 16 °C raise in melting temperature, with practically unchanged
catalytic activity (Lambeir et al. 2000). In this case the mutation stabilizes the
dimer but not the monomer.
Sometimes improvement in protein stability may lead to a decrease in its
catalytic activity. Ivens and co-workers designed a stabilizing disulfide bond in
the labile TrpC domain of the TrpC-TrpF fusion protein from E. coli. Fixing of
the N-terminal extension to the core of the TIM barrel lead to 13-fold slower
thermal inactivation compared to the parental protein. However, the rigidified
protein structure resulted in 4-fold decrease in its turnover number (Ivens et al.
2002). However, in other cases disulfide bridges have been shown to stabilize
TIM barrel structure without affecting much the activity (e.g. Xie et al. 2006).
2.2.4 The TIM barrel folding
A key step towards rationally engineering TIM barrel proteins is to understand
their underlying structural organization and folding energetics (Silverman &
Harbury 2002). Thus this folding has been studied both experimentally and
computationally. In one example, the folding of triosephosphate isomerases from
Trypanosoma cruzi and Trypanosoma brucei were studied (Zomosa-Signoret et al.
2003). The folding pathway of these enzymes is believed to consist of three steps:
folding of monomers, association to inactive dimers, and activation of dimers to
catalytically active enzyme. The different rate of association and activation
between those two enzymes allowed researchers to study the effect of
dimerization on the activity of the proteins. The interpretation of the results was
that dimerization may be needed for correct orientation of residues in the active
site for catalysis.
Experimental fragmentation studies have suggested the existence of distinct
folding intermediates of TIM barrel enzymes. In vitro studies with yeast TrpF
suggest a 6 + 2 –folding mechanism, where the prefolded (βα)1-6 module serves as
a template for the association and folding of the unstructured (βα)7-8 module
(Eder & Kirschner 1992). The same results are obtained from kinetic unfolding
studies of E. coli TrpF (Jasanoff et al. 1994), while coexpression studies in vivo
with the same protein suggested 4 + 4 folding model (Soberon et al. 2004). The
same model was supported by in vitro studies of T. maritima HisF (Hocker et al.
57

2001) and chicken TIM (Bertolaet & Knowles 1995), as well as hydrogen
exchange studies of rabbit TIM (Pan et al. 2004). Still different, the 3 + 3 + 2 –
folding model was constructed from unfolding studies of yeast TIM, with an
assumption that folding and unfolding follow the same pathway, but vice versa
(Silverman & Harbury 2002).
On the computational side, studies have illustrated the importance of clusters
of hydrophobic residues acting as folding initiation sites (Mirny & Shakhnovich
1999), as well as hydrogen bonds and salt bridges do (Kannan et al. 2001).
Interestingly, the latter study suggested that the regions acting as folding nuclei
may also act as stabilizing regions, proposing them to be important spots for
protein engineering studies. In a study by Patel and Finke some kinetic
simulations of the folding and unfolding of yeast TIM were carried out (Patel &
Finke 2007). The calculations suggested that dimer binding may occur early in
the folding process. Additionally, excellent agreement was found between these
simulations and MPAX (misincorporation proton alkyl exchange) experiments
with yeast TIM (Silverman & Harbury 2002), suggesting the 3 + 3 + 2 –folding
model.
It is not clear whether it is possible to combine the suggested 6 + 2 -, 3 + 3 +
2 -, and 4 + 4 -folding models into a general model of TIM barrel proteins. In
reality, the folding process may be much more complex and protein dependent.
For example, studies with TrpA from E. coli suggest that the folding process
involves four parallel pathways with on- and off-pathway sets of intermediates
(Rojsajjakul et al. 2004, Wintrode et al. 2005, Zitzewitz & Matthews 1999).
Other studies show the significance of slow cis/trans prolyl isomerization in
determining the complexity of the TrpA folding (Finke & Onuchic 2005, Wu &
Matthews 2003). Thus, a slow step in protein folding may increase the complexity
of the folding process, suggesting existence of many different folding processes in
TIM barrels.
2.2.5 Design of TIM barrels
In this section, redesign and de novo design of TIM barrels are discussed. Some
attempts were inspired by the high symmetry and regular structure of TIM barrels,
like a study in which reshuffling of individual βα)-units produced almost as stable
(2-4-6-8-1-3-5-7)-variant as native TIM (1-2-3-4-5-6-7-8) (Shukla & Guptasarma
2004), possibly indicating a formation of regular TIM barrel structure.
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According to one proposed theory, a TIM barrel structure is the result of
duplication and fusion of two half barrel genes, as was suggested for example by
a striking 2-fold sequence and structural symmetry of the TIM barrel enzymes
HisA and HisF (Lang et al. 2000). This theory was tested in practice by fusing
two identical copies of HisF-C, which is the C-terminal half-barrel of HisF
protein, and by stabilizing the resulting construct HisF-CC stepwise to HisF-C*C
and HisF-C**C, using rational design and library selection (Hocker et al. 2004,
Seitz et al. 2007). Furthermore, two additional residue exchanges were introduced,
thus generating HisF-C***C (Hocker et al. 2009). The analyses showed that the
HisF-C***C protein was better than the previous mutants in terms of solubility
and stability, if only the HisF-C***C mutant was slightly less stable than wild
type HisF, and showed no wild type catalytic activity.
An interesting attempt to test our understanding of structural determinants of
TIM barrels was a successful de novo design of an idealized TIM barrel protein
(Offredi et al. 2003). First, geometrically idealized central β-sheet structure was
designed, followed by a submission of α-helices and loops (Fig. 15). An
automated sequence selection algorithm (Dahiyat & Mayo 1996) was used to find
an optimal amino acid sequence fitting the target structure. The designed protein
was expressed in bacteria, using a synthetic gene, and characterized, showing a
native, folded protein.

Fig. 15. A drawing summarizing the steps of a de novo-design protocol for generating
an idealized backbone (A, B, C) and side chain ensemble (D) of a TIM barrel. Backbone
was constructed with idealized geometric parameters and connected by short
structural motifs. An automated sequence selection algorithm was used to find the
best side chain rotamers. The figure was adopted from Offredi et al. (2003) by
permission of Elsevier.
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2.2.6 Natural evolution of TIM barrels
The pairwise amino acid sequence similarity of the TIM barrel folds in nonhomologous enzyme families is generally below the detectable level (Wierenga
2001). This piece of information has intrigued scientist a long time, and it has
been stated that this kind of functionally and sequentially diverse class of
enzymes may have evolved either by convergent evolution from many unrelated
ancestors, or by divergent evolution from one very distant ancestor (Janecek &
Bateman 1996). However, the conserved location of the active site at the Cterminal end of the central β-barrel within all known TIM barrel enzymes (Fig. 7)
and similarities of three-dimensional structures and binding motifs suggest that a
large fraction of the TIM barrel enzymes have divergently evolved from a
common ancestor by gene duplication and diversification (Babbitt & Gerlt 2000,
Copley & Bork 2000, Farber & Petsko 1990, Henn-Sax et al. 2001).
CATH (http://www.biochem.ucl.ac.uk/bsm/cath/) classification (Orengo et al.
1997) is a database in which structures are grouped by class, architecture,
topology and homologous family. In the analysis of CATH (version 1.7) by
Nagano et al., sequence, structure and function of 21 homologous superfamilies
having the TIM barrel fold were analyzed together (Nagano et al. 2002). These 21
homologous superfamilies included 76 different sequence families (>35%
sequence identity), and total 889 domains (Nagano et al. 2002). For comparison,
in the current 3.2.0-version of CATH there are 28 homologous superfamilies,
belonging to 311 sequence families, with total 4790 TIM barrel domains.
Interestingly, in the current SCOP-database (structural classification of proteins)
version 1.73 (http://scop.mrc-lmb.cam.ac.uk/scop/), there are 33 TIM barrel
superfamilies including almost 600 sequence families.
In the analysis of Nagano and co-workers, if only significant sequence
similarities were considered, six of the 21 superfamilies were linked in one cluster
and two families in another (Nagano et al. 2002). In the most speculative
interpretation, however, which considers all detected similarities of sequences,
structures, phosphate binding motifs, and location of catalytic and metal-binding
residues, 17 superfamilies were linked in one large cluster. The highest
similarities were detected between TIM barrels that catalyze phosphatecontaining substrates. Members from four different superfamilies contain a
similar phosphate binding motif. The residues taking part into formation of this
binding motif superimpose very well. Also, members of 7 other superfamilies
seem to bind the phosphate moieties of their substrates at the same site or with
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similar geometry at another site, which suggests that all phosphate-binding TIM
barrels might be evolutionarily related (Nagano et al. 2002). This conclusion is in
line with another study, in which comprehensive sequence comparisons of many
TIM barrel proteins with phosphorylated substrates lead to a similar conclusion
(Copley & Bork 2000). Also reports by Wilmanns et al. (Wilmanns et al. 1991)
and Bränden (Branden 1991) are consistent with the results obtained by Nagano
et al. (Nagano et al. 2002), unlike the analysis by Reardon and Farber (Reardon &
Farber 1995), which divided the TIM barrels into six different groups on the bases
of barrel shape, domain composition, insertions and chemical mechanisms. More
detailed insights into the evolution of TIM barrel proteins need intense
comparisons between numerous families sharing the same fold, showing also
partially contradictory results (Nagano et al. 2002), thus not being discussed here.
2.2.7 Directed evolution of TIM barrel proteins
The concept of directed evolution has been discussed in the section 2.1.3. In this
section, directed evolution of TIM barrel proteins is discussed. As we have
discussed above, the TIM barrel is a very stable fold that carries highly efficient
and versatile active sites. As a consequence, it has been selected by nature to
catalyze an impressive set of diverse reaction mechanisms, and provides an ideal
scaffold for directed evolution experiments (Sterner & Hocker 2005).
The stability and folding of TIM barrels and its substructures have been
extensively studied by fragment complementation (Bertolaet & Knowles 1995,
Eder & Kirschner 1992), circular permutation (Luger et al. 1989), and by
reshuffling experiments (Shukla & Guptasarma 2004). These studies confirmed
the high stability of the TIM barrel structure, tolerating most of the modifications.
The sequence-stability relationship was described in details by Silverman et al.
(Silverman et al. 2001, discussed in the section 2.3.3), whose combinatorial
mutagenesis studies showed that residues at the interface between β-sheets and αhelices, turn sequences, α-helix capping and α-helix stop motifs were extremely
mutatable. In contrast, residues forming the central core of the β-barrel, as well as
a buried salt bridge, and β-strand stop motifs were sensitive to substitution.
There has been a great interest in increasing the catalytic power of enzymes
using directed evolution. Already 20 years ago, Knowles and co-workers created
a Glu165Asp variant of chicken TIM and did random mutagenesis to it in order to
see how easy it would be to improve the catalytic potency of an enzyme (Hermes
et al. 1989). Ten libraries were produced, and a TIM-deficient strain was used for
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the selection. In six variants the catalytic glutamate was not back-mutated but
other point mutations were found in highly conserved sequence areas, showing
that it is possible to improve enzymes in many different ways.
Another directed evolution study on TIM barrel proteins was a work by Sun
and Sampson (Sun & Sampson 1998). In this work the effect of C-terminal hinge
of loop 6 of chicken triosephosphate isomerase on catalytic activity was studied.
All 8000 possible combinations of this 3-amino acid hinge region were generated
using combinatorial libraries, and the active variants were selected using the TIM
deficient E. coli strain. This study showed very clearly the relationship between
hinge sequence and TIM activity.
In a work by Saab-Rincon et al. (Saab-Rincon et al. 2001), a monomeric
variant of T. brucei TIM was subjected to directed evolution in order to recover its
catalytic activity. Two different strategies, loop 2 randomization and whole gene
randomization, led to the same solution, A43P T44A/S –mutant, showing 11-fold
increase in kcat and a 4-fold decrease in KM.
Directed evolution has also been used in increasing cold adaptation or
thermostability of TIM barrel enzymes. Enzymes from hyperthermophilic
organisms often have low activity at mesophilic temperatures, possibly due to
their conformational rigidity at the mesophilic temperatures (Jaenicke 2000).
There was an attempt to increase cold adaptation of Thermus thermophilus xylose
isomerase (XylA), for industrial purposes (Lonn et al. 2002). A random
mutagenesis library was generated, and the activity of variants was screened with
an assay based on pH measurement. The results showed activity over a broader
pH-range compared to the wild type enzyme. At 30°C the activity was too low for
measurements, which were then carried out at 60°C. For the substrate xylose, the
turnover number but not the catalytic efficiency was increased while for the
substrate glucose, an increase in both kcat and kcat/KM were found.
Another application of protein engineering with industrial relevance is the
alteration of enzyme specificity, especially enantioselectivity (Reetz 2004). There
are a number of examples in which directed evolution has been used to improve
the substrate specificity or stereo-selectivity of TIM barrel proteins. In one
example, the E. coli KDPG aldolase was subjected to multiple rounds of random
mutagenesis and DNA-shuffling, and the resulting libraries were screened for
variants that were more efficient in accepting non-phosphorylated substrates as
well as for the variants with altered enentioselectivities regarding D- and L-sugars
(Fong et al. 2000). Interestingly, the effective mutation sites were in nonconserved regions far from the active site, leaving the structural basis for the
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observed functional changes unclear. This example nicely demonstrates the power
of directed evolution as it shows that region far away from the catalytic site do
influence the catalytic properties.
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3

Aims of the present study

Triosephosphate isomerase (TIM), a prototypical TIM barrel enzyme, catalyzes
the interconversion of dihydroxyacetone phosphate (DHAP) and Dglyceraldehyde phosphate (DGAP). The structural basis of its catalytic efficiency,
has intrigued scientists for a long time. Although the catalytic mechanism of TIM
is well understood, specific structural and evolutionary details are still under
investigation. For example, what is the rate limiting step of the forward and
backward reaction: is it the chemical conversion step or the conformational
changes involved in substrate binding and product release? TIM is a highly
evolved and very efficient biocatalyst (Knowles 1991). The topic of this thesis
concerns studies ultimately aimed at using the TIM catalytic power for reactions
with non-natural substrates.
The first part of this thesis started with the aim to characterize
crystallographically the most important C-terminal hinge variants of the active
site loop 6 of chicken TIM (see also Table 8), generated and characterized by Sun
& Sampson (1999), as well as to study the sequence conservation of loop 6 motifs.
The results of these studies have been published in paper I.
Most of the efforts of this PhD-project have been focused on the
crystallographic binding studies with A-TIM. In this project, a monomeric
trypanosomal TIM variant with an engineered binding groove (A-TIM) was
created by a rational design approach. The major aim was to characterize the ATIM active site by crystallographic binding studies. The initial results have been
published in the second part of this thesis (paper II), and the follow-up studies
have been described in the third section (paper III). In the follow-up studies, the
aim was to perform proof-of-principle studies of A-TIM. The aim of these studies
was to show that the objective of creating a larger binding pocket was successful,
and to characterize the spatial dimensions and local affinities of the new active
site by crystallographic ligand binding studies, as well as to show ligand binding
with physico-chemical studies. As explained in more detail in the following pages,
most of these follow-up studies have been focused on two classes of compounds,
being (i) compounds synthesized at the Department of Chemistry by Matti
Vaismaa in the group of Prof. Marja Lajunen and (ii) compounds which are
analogues of C3-, C4- and C5-sugars.
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These compounds were made to test the binding properties of the extended
binding pocket of A-TIM for anchoring substrate like molecules. The
representative compounds of this class of molecules are 3SP and P3SP, as
described in Fig. 16.
These compounds were mostly commercially available, but 4PEH (Fig. 16)
was a kind gift of Dr. Laurent Salmon (University of Paris). TIM is a highly
specific sugarphosphate isomerase, interconverting the C3-sugarphosphates
DHAP and DGAP, which are important in the glycolytic pathway. In order to
test if larger sugarphosphate molecules bind to the extended binding pocket
of A-TIM several compounds were tested, and binding was observed for
3PGA and 4PEH (Fig. 16). 3PGA is a carboxylate transition state analogue of
a C4-sugarphosphate and 4PEH is a hydroxamate analogue of the C5sugarphosphate D-ribose 5-phosphate.

4

Materials and methods

The materials and methods have been described in greater detail in the original
articles referred to by their Roman numerals (I-III). The methods described here
illustrate my principal contribution in each article. The crystallographic
experiments with the hinge variants of chicken TIM were done with protein
samples provided by Nicole Sampson (Suny, Stoney Brook). The nomenclature of
these variants is explained in Table 8.
4.1

Sequence alignments (I)

The 133 TIM sequences in the Swiss-Prot database (version 43) were aligned
using the program ClustalX (Thompson et al. 1997). Only full-length sequences
were included, and it was checked that each of these sequences had the catalytic
residues in loop 1 (asparagine, lysine), loop 4 (histidine), as well as a glutamate
just before loop 6.
4.2

Protein expression and purification (II-III)

4.2.1 A-TIM expression (II-III)
A-TIM gene, ultimately a mutant of T. brucei TIM, has been inserted into the
pET-3a plasmid (Novagen, Madison, WI, USA). The plasmids were used to
transform E. coli BL21 pLysS cells (Invitrogen, Carlsbad, CA, USA), which
served as expression hosts. The protein production was carried out in a M9ZBmedium, at 18 °C, for 4 hours.
4.2.2 A-TIM purification (II)
The protein purification was done as previously described (Casteleijn et al. 2006),
using ammonium sulfate precipitation, dialysis, and cation exchange
chromatography. A-TIM was additionally purified by size-exclusion
chromatography. The quality of the protein samples was defined by crystallization
tests; only the highest quality protein samples were able to form crystals.
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4.2.3 A-TIM purification (III)
The pure protein was obtained as described previously (Casteleijn et al. 2006),
with the following modifications. The ammonium sulfate precipitation was not
done, the dialysis step was performed in three steps (the first dialysis was
performed in 1 l, for 2 hours, the second dialysis in 2 liters, for 2 hours, and
finally the third dialysis in 2 l over night), and additionally, A-TIM was purified
by size-exclusion chromatography. Only the peak fractions were used for the
crystallization. The protein samples (14 mg/ml) were flash-frozen in liquid
nitrogen in 60 μl aliquots (in a buffer containing 0.1 M TEA, 1 mM DTT, 1 mM
EDTA, 1 mM NaN3, pH 8), and stored at -75 °C. The protein samples that were
able to be crystallized were considered to be of desired quality.
4.3

Thermal stability

The stability measurements of A-TIM were carried out with a Jasco J-715
spectropolarimeter, by recording CD melting curves. In the measurements, the
path length of the cuvette was 2 mm and the wavelength was 222 nm. A rate of 1
o
C/min, from 25 oC to 60 oC, was used to measure ellipticity of the sample as a
function of temperature. The protein concentration was 0.3 mg/ml in 1 mM TEA
buffer, pH 7.5. The pH of the buffer solution was monitored when adding the
ligand, and adjusted to pH 7.5 with diluted NaOH whenever required before
adding the protein.
4.4

Crystallization (I-III)

4.4.1 Crystallization of unliganded chicken TIM LWA-mutant (I)
My contribution in the crystallization of mutants presented in paper I was the
crystallization of unliganded K174L T175W mutant, from this on referred to as
unliganded LWA-mutant. The crystallization conditions were initially screened
using the Factorial screen (Zeelen et al. 1994), and optimized further to get
diffraction quality crystals. The vapour diffusion hanging drop method with 2+2
μl drops was used, the crystallization temperature being +22 °C. The final
crystallization conditions were 19% PEG 6000, 0.1 M citrate pH 5.2, and 3% tbutanol.
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4.4.2 Crystallization of A-TIM (II-III)
The initial crystallization conditions were found by using Factorial screening
(Zeelen et al. 1994) at +22 oC with the hanging drop method. The drops were
made by mixing 2 μl of 14 mg/ml protein solution in a storage buffer, and 2 μl of
well solution, being 20% PEG6000, 100 mM citrate pH 5.5, and 2.5% t-butanol.
These conditions were used to grow crystals with sitting drop method (II). With
this method, 0.4 mm x 0.4 mm x 0.1 mm crystals were obtained.
In order to improve the quality of the crystals, we switched back to the
hanging drop method, and t-butanol was left out of the crystallization solutions. In
order to get bigger crystals microseeding protocols were developed, using small
seed crystals that were obtained by the standard procedure. Microseeding, using a
human hair for the transfer, was performed at +4 oC, because seeds were found to
be unstable at room temperature. At this temperature nucleation was also
observed. In order to avoid an excess amount of nucleation, the crystals were
transferred to +15 oC after 5 minutes. The crystals were found to be stable at this
temperature allowing the crystals to grow. After 3 days or after crystal growth
stopped, a temperature gradient from +15 oC to 0 oC was performed in order to
extend the crystal growth time. This temperature served two functions: (i) the
protein solution was more stable at lower temperatures, and (ii) the solubility of
the protein was lower at lower temperature.
Next the temperature was set to +4 oC, and 2 μl of the protein solution was
added to the drop. Following the protein addition the crystals continued to grow.
The last step was repeated when the crystals didn't grow any more. That was
repeated until the crystals were considered to be large enough. With this method,
crystal sizes of 1.5mm x 0.4 mm x 0.4 mm were achieved.
4.5

Soaking experiments (II-III)

The crystallization experiments described above produced a crystal form in which
the citric acid molecule was found to bind tightly to the A-TIM active site
(Alahuhta et al. 2008b). A massive amount of cocrystallization trials with
different ligands were conducted without success. Therefore, specific protocols
were developed in order to remove or exchange the citrate molecule.
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4.5.1 Soaking experiments with 2PG, BHAP and G3P (II)
2PG (Fig. 16), BHAP and G3P are close analogues of the wild type substrate
molecules, as discussed in more details in paper II. In the case of these molecules,
the following protocol was used, and repeated 7 times, in order to get rid of the
citrate molecule. First, the crystallization drop was covered with 20 μl of 100%
paraffin oil. Then, each crystal was transferred into a new 5 μl drop of the well
solution in which 0.1 M citrate had been replaced by 0.1 M MES, pH 5.5, and 10
mM of a freshly prepared ligand had been added. In the third step, this drop was
sealed to a hanging drop setup for 4-12 h having 1 ml of the same solution (but
without ligand) in the well.
4.5.2 Soaking experiments with unliganded A-TIM, and sulfate-, 3SP-,
P3SP-, 3PGA-, and 4PEH-complexed A-TIM (III)
The experiments with 3SP and P3SP were aimed at probing the new binding
pocket of A-TIM (paper III). 3PGA is an extended homologue of 2PG. 4PEH is a
transition state homologue of D-ribose 5-phosphate (DR5P) (Roos et al. 2005).
The Fischer projections of some of the compounds used in the soaking
experiments, published in the papers II and III, are shown in Fig. 16.

Fig. 16. The Fischer projection of some of the compounds used in the soaking
experiments.
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Unliganded A-TIM (A-TIM-apo)
Unliganded A-TIM structure, which will be discussed in the results section, was
obtained by a specific protocol. By using this protocol citric acid was removed
from the active site of A-TIM. A single crystal was transferred from the original
crystallization drop to a 5 μl washing solution drop (20% PEG 6000, 100 mM
MES, 100 mM DR5P, pH 5.5, +4 oC). This step was repeated 4 times; there was
always at least 30 minutes of time in between the transfers, and the total washing
time was 1 day. Subsequently, the crystal was transferred to 20% PEG 6000, 100
mM MES, pH 5.5, +4 oC, for one day.
A-TIM complexed with sulfate (A-TIM-SO4)
Sulfate liganded A-TIM crystals were obtained via a cross-linking protocol. The
cross-linking started with the removal of a skin around the drop. Subsequently, 5
μl of 25% glutaraldehyde was added into a dialysis button, floating in the well
solution. The system was sealed and transferred to room temperature for 1 h 40
min. The cover glass was opened and the crystals were transferred to soaking
solution (1.75 M ammonium sulfate, pH 5.7), for 24 hours.
A-TIM complexed with 3SP (A-TIM-3SP)
First, the citric acid molecule was removed from the active site of A-TIM by
following the washing protocol described above (A-TIM-apo). After 1 day
washing, the crystal was soaked in 20% PEG 6000, 100 mM MES, 25 mM 3SP
(Fig. 16), pH 5.5, for one hour.
A-TIM complexed with P3SP (A-TIM-P3SP)
The citrate molecule was replaced by a P3SP molecule in the active site of A-TIM
by soaking the crystal in the following solution: 20% PEG 6000, 100 mM MES,
50 mM P3SP (Fig. 16), pH 5.5, +4 oC, 4 μl. The soak was repeated 3 times, and
the time in between the soaks was 2–18 hours. The total soaking time was 2 days.
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A-TIM complexed with 3PGA (A-TIM-3PGA)
The citric acid molecule was removed from the active site of A-TIM by following
the washing protocol described above (A-TIM-apo). The soaking was carried out
by transferring the crystal to a soaking solution (20% PEG6000, 100 mM MES,
25% ethylene glycol, 5 mM 3PGA (Fig. 16), pH 5.5). This transfer was repeated 2
times, the last transfer being just before freezing, and the total soaking time was 1
day.
A-TIM complexed with 4PEH (A-TIM-4PEH)
The citric acid molecule was removed from the active site of A-TIM by the
standard washing protocol described above (A-TIM-apo). The soaking solution
was 20% PEG6000, 100 mM Na-acetate, 20 mM 4PEH (Fig. 16), pH 5.5. The
crystal was soaked 3 times in this solution. The last soak was performed just
before freezing, and the total soaking time was 3 days.
4.5.3 Soaking experiments with other compounds
In the A-TIM project lots of soaking experiments were carried out, and around
200 data sets were collected (Appendix I, Table 9). These experiments were done
with 73 different compounds, of which 62 produced at least one processable
dataset. Many times it was necessary to repeat the experiment or modify the
binding conditions in order to confirm the result. Thus, on average, there are 3
data sets with each compound.
There were two main versions of the soaking protocols. In the first method,
the citrate buffer was changed to MES buffer plus ligand in order to replace the
citrate in the active sites by other compounds. This method is called “soak” in
Table 9. This method was also used for example with the ligands 2PG, BHAP and
G3P, and is described in section 4.5.1.
In the other version, it was first tried to get rid of the citrate by an extensive
washing in 20% PEG 6000, 100 mM MES, and 100 mM DR5P, pH 5.5, in the
absence of new ligand. After 3–10 washes (one washing means a transfer to a 5 μl
washing drop for a desired time), the washed crystal was transferred to a soaking
solution, which contained 5 μl of a ligand solution. This method was developed
because the first method was not fully reproducible for some ligands. With this
method the active sites were first emptied, and then the apo crystals were soaked
72

with new ligands. This method was used for example with the ligands 3PGA and
4PEH, as described in section 4.5.2. The term washing in Table 9 refers to this
protocol aimed at emptying the active site of A-TIM.
4.6

Data collection, processing, model building, refinement and
validation (I-III)

4.6.1 Unliganded LWA- and YSL- mutants, and liganded YSL- and
NPN-mutants (I)
The unliganded LWA-mutant crystals were shortly soaked in a cryoprotectant
solution (100 mM citrate pH 5.2, 40% PEG 400, 3% t-butanol, 1.6% PEG 6000)
and flash-frozen in a liquid nitrogen stream (100K). The data was collected on the
EMBL beamline X13 at DESY, Hamburg. Some data collection statistics are
shown in 0. More detailed information can be found in the original publication.
In addition to the LWA-mutant, crystallography of both liganded and
unliganded K174Y, T175S, A176L-mutant (YSL-mutant) as well as liganded
K174N, T175P, A176N-mutant (NPN-mutant) was my responsibility. For these
three data sets, the data was collected and kindly provided by Inari Kursula.
In the case of the LWA-mutant, the data was processed and scaled with XDS
(Kabsch 1993). For the other three data sets Denzo/Scalepack (Otwinowski &
Minor 1997) programs were used. For all the data, further data reduction was
done with programs from the CCP4 package (Collaborative Computational
Project Number 4 1994), and the structures were solved by molecular replacement
program AMoRe (Navaza 1994). Refmac5 (Murshudov et al. 1997) with TLS
parameters (Schomaker & Trueblood 1968, Winn et al. 2001) was used for the
refinement of the structures. Manual improvement of the models was done with
the program O (Jones et al. 1991). The validations of the models were evaluated
using Procheck (Laskowski et al. 1993). The most essential refinement statistics
are shown in 0. More detailed information can be found in the original publication.
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Table 4. The most essential data processing and refinement statistics of some Cterminal hinge mutants of TIM (paper I).
Parameter
Resolution range

LWA

YSL

YSL

NPN

(unliganded)

(unliganded)

(2PG-liganded)

(2PG-liganded)

28.9-2.9

19.7-2.9

20.0-2.9

17.8-2.7

94.3 (82.4)

98.8 (99.4)

99.7 (97.4)

99.0 (97.5)

8.3 (11.7)

10.5 (29.8)

8.9 (60.0)

10.9 (39.2)

(refinement) (Å)
Completeness (highest
resolution shell) (%)
Rmerge (highest
resolution shell) (%)
R-factor (%)

20.2

15.6

20.5

18.5

Free R-factor (%)

25.2

19.3

24.4

23.6

R.m.s.d. bond length

0.010

0.010

0.012

0.012

0.13

0.22

0.15

0.13

100

100

99.5

100

1SQ7

1SSD

1SSG

1SU5

(Å)
R.m.s.d. for Cα-atoms
of subunits A and B (Å)
Ramachandran plot,
allowed region (%)
PDB entry code

4.6.2 Citrate-liganded A-TIM and A-TIM soaked with 2PG, BHAP and
G3P (II)
The citrate-liganded A-TIM (to be referred to as A-TIM-CA), and the crystals
soaked with BHAP (A-TIM-BHAP) and G3P (A-TIM-G3P) were cryoprotected
with 100% paraffin oil. The cryosolution for 2PG-liganded A-TIM (A-TIM-2PG)
crystal was 20% PEG 6000, 100 mM MES pH 5.5, and 20% ethylene glycol. All
these crystals were flash-frozen in a liquid nitrogen stream (100 K) for data
collection. Some data collection statistics are shown in Table 5. More detailed
information can be found in the original publication.
The synchrotron data sets were collected at EMBL/DESY, Hamburg,
Germany on the beamline X13 (A-TIM-2PG, A-TIM-BHAP, and A-TIM-G3P),
and at ESRF, Grenoble, France on the beamline ID 23-2 (A-TIM-CA). All data
sets were processed with the program XDS (Kabsch 1993), using the XDSi
interface (Kursula 2004). CCP4 package (Collaborative Computational Project,
Number 4 1994) programs were used for further data handling, and the structures
were solved by a molecular replacement program MOLREP (Vagin & Teplyakov
1997). For refinement of the structures, Refmac5 (Murshudov et al. 1997) with
TLS parameters (Schomaker & Trueblood 1968, Winn et al. 2001) was used.
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Improvement of the models, and model validation, were done with the program
Coot (Emsley & Cowtan 2004). The Ramachandran analysis of the models was
done with the Molprobity program (Lovell et al. 2003). Some refinement
statistics are shown in Table 5. More detailed information can be found in the
original publication.
Table 5. The most essential data processing and refinement statistics of some
liganded A-TIM structures (paper II).
Parameter
Resolution range

A-TIM-CA

A-TIM-2PG

A-TIM-BHAP

A-TIM-G3P

25-1.6

25-2.3

25-2.2

25-2.0

97.6 (96.9)

99.7 (100)

99.8 (100)

98.8 (98.4)

12.3 (41.3)

14.8 (54.4)

14.3 (62.2)

17.1 (63.8)

(refinement) (Å)
Completeness (highest
resolution shell) (%)
Rmerge (highest
resolution shell) (%)
R-factor (%)

16.6

18.0

19.3

18.6

Free R-factor (%)

19.3

25.7

24.7

23.7

R.m.s.d. bond length (Å)

0.015

0.012

0.013

0.015

100

100

100

100

2VEK

2VEL

2VEM

2VEN

Ramachandran plot,
allowed region (%)
PDB entry code

4.6.3 A-TIM-apo, A-TIM-SO4, A-TIM-3SP, A-TIM-P3SP, A-TIM-3PGA,
and A-TIM-4PEH
After ligand soaks the crystals were cryoprotected, and flash-frozen in liquid
nitrogen stream (100K). In all cases, the cryoprotectant solutions contained 25%
ethylene glycol in the soaking solution. Exceptionally, in the case of A-TIM-P3SP,
100% mineral oil served as a cryoprotectant.
The data from the crystals were collected at various beamlines at the EMBL,
as well as with the Nonius FR591 home source equipped with Montel mirrors and
a MAR345.
All the data was processed with the program XDS (Kabsch 1993) with the
interface XDSi (Kursula 2004). Some of the data collection statistics are
summarized in Table 6; more detailed information can be found in the original
publication. 5% of the observed structure factors were flagged and used for the
calculations of the free R-factor, using the CCP4 package (Collaborative
Computational Project Number 4 1994) programs F2MTZ and CAD. Program
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MOLREP (Vagin & Teplyakov 1997) was used for molecular replacement and
REFMAC5 (Murshudov et al. 1997) for the initial refinement. The final steps of
refinement were carried out by the phenix-refine package (Adams et al. 2002).
The COOT program (Emsley & Cowtan 2004) was used for model improvement,
adding water molecules, and for checking the quality of the structures. SMILES
option, built inside the COOT, was used to generate the models and the geometry
libraries of the ligands. The final quality of the models was checked with
PROCHECK (Laskowski et al. 1993), and Molprobity (Lovell et al. 2003) was
used to analyze the Ramachandran plot. Some refinement statistics are shown in
Table 6, and more detailed information can be found in the original publication.
Table 6. The most essential data processing and refinement statistics of some
liganded A-TIM structures (paper III).
Parameter

A-TIM-apo A-TIM-3SP A-TIM-P3SP A-TIM-3PGA A-TIM-4PEH A-TIM-SO4

Resolution range in

44.98-2.13 15.00-1.93

14.92-1.98

14.72-1.90

43.43-1.83

8.22-1.84

refinement (highest

(2.21-2.13) (1.96-1.93)

(2.05-1.98)

(1.97-1.90)

(1.90-1.83)

(1.91-1.84)

98.4 (97.6) 99.7 (97.6)

90.6 (85.1)

99.0 (98.9)

99.7 (99.6)

resolution shell) (Å)
Completeness (highest
resolution shell) (%)
Rmerge (highest

98.8
(100.0)

6.9 (47.2)

9.7 (39.2)

8.8 (28.1)

6.6 (46.5)

6.1 (45.6)

2.8 (33.6)

resolution shell) (%)
R-factor (%)

18.0

16.0

16.1

16.8

17.2

18.3

Free R-factor (%)

26.1

20.0

22.6

22.4

22.0

23.7

R.m.s.d. bond length

0.007

0.006

0.007

0.007

0.007

0.007

100

100

100

100

100

100

2X16

2X1S

2X1R

2X2G

2X1T

2X1U

(Å)
Ramachandran plot,
allowed region (%)
PDB entry code

4.6.4 A-TIM soaked with additional compounds
In the case of other compounds used to soak A-TIM crystals, the cryoprotectant
was always 100% paraffin oil. In the cryocooling method, the soaked crystal was
drawn through an oil droplet and flash-frozen in a liquid nitrogen stream. The
data collections were performed at various beamlines at the EMBL/DESY,
Hamburg, Germany, at the ESRF Grenoble, at the MAX-lab Lund, as well as with
the Nonius FR591 home source equipped with Montel mirrors and a MAR345.
The data processing, model building and refinement were always done the same
way as described in the section 4.6.3 above. Statistics are shown only for the
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selected examples of A-TIM complexed with D-ribose 5-phosphate (A-TIMDR5P), L-malate (A-TIM-L-malate), D-malate (A-TIM-D-malate) and succinate
(A-TIM-succinate) (Table 7). DR5P is the substrate of D-ribose 5-phosphate
isomerase (Roos et al. 2005). L-malate, D-malate and succinate are homologues
of 2PG. The basic information from all the soaking experiments can be found in
Table 9 (Appendix I).
Table 7. The most essential data processing and refinement statistics of additional
liganded A-TIM structures (section 5.4.2).
Parameter
Resolution range

A-TIM-DR5P

A-TIM-L-malate

A-TIM-D-malate

A-TIM-succinate

46.66-1.90

46.91-2.32

28.50-2.29

19.67-1.80

99.4 (98.2)

93.2 (93.0)

95.2 (95.1)

96.2 (88.2)

4.1 (41.6)

20.3 (62.4)

16.5 (46.9)

11.2 (53.6)

(refinement) (Å)
Completeness
(highest resolution
shell) (%)
Rmerge (highest
resolution shell) (%)
R-factor (%)

17.6

20.1

19.4

19.4

Free R-factor (%)

23.4

25.5

26.4

23.8

R.m.s.d. bond

0.007

0.018

0.017

0.011

100

99.4

99.4

99.8

length (Å)
Ramachandran plot,
allowed region (%)

4.7

Structural analysis (I-III)

4.7.1 Unliganded LWA- and YSL- mutants, and liganded YSL- and
NPN-mutants (I)
These mutants are derived from chicken TIM, thus the chicken TIM numbering
scheme was adopted. In this scheme, the catalytic residues are Asn11, Lys13,
His95 and Glu165. The loop 6 includes residues from 166 to 176
(PVWAIGTGKTA), the C-terminal hinge consisting of residues 174-176. The
loop 7 involves residues 208-211 (YGGS).
In all structures, there is a dimer in the asymmetric unit and in all these cases
the two subunits are almost identical. In all structures, the conformations of the
mutated regions are well defined in the electron density maps. The reference
structures used in the structural alignments were wild type trypanosomal TIM
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(pdb code 5TIM, A-subunit, unliganded; (Wierenga et al. 1991)), and leishmania
TIM (1N55, 2PG-liganded; (Kursula & Wierenga 2003)). For the superpositions,
the Cα-atoms of the eight β-strands were used.
4.7.2 A-TIM-CA, A-TIM-2PG, A-TIM-BHAP and A-TIM-G3P (II)
In the A-TIM crystals, there are two molecules per asymmetric unit. In the ATIM-CA structure, molecule A is used to show the structural features (Fig. 18). In
the A-TIM-G3P structure, the citrate molecule has been diffused out of the active
site of A, illustrating features of an unliganded active site, while the active site B
has a citrate molecule bound to it (data not shown). A-TIM-2PG (Fig. 19) and ATIM-BHAP (Fig. 20) are examples, in which the citrate molecule was exchanged
to another ligand. In these cases the active site B is used to show the structural
features, as it is more tightly packed than molecule A, and the ligand is more
tightly bound to molecule B. The structures were analysed with Coot (Emsley &
Cowtan 2004), and images of the figures were made with PyMOL (DeLano 2002).
4.7.3 A-TIM-apo, A-TIM-SO4, A-TIM-3SP, A-TIM-P3SP, A-TIM-3PGA,
and A-TIM-4PEH (III)
In the structure analyses of A-TIM-apo, A-TIM-SO4, A-TIM-3SP, A-TIM-P3SP,
A-TIM-3PGA and A-TIM-4PEH molecule B are used. In the structural analyses,
the reference molecules were 5TIM (A-subunit, unliganded trypanosomal wtTIM),
2VEL (A-TIM-2PG), 2VEK (A-TIM-CA), 1TPH (chicken TIM complexed with
PGH). The structures were analysed with Coot (Emsley & Cowtan 2004). The
images of the figures were made with PyMOL (DeLano 2002).
4.7.4 Additional compounds: A-TIM-DR5P, A-TIM-L-malate, A-TIM-Dmalate and A-TIM-succinate
In the structure analyses of these complexes molecule B is used. The structures
were analysed with Coot (Emsley & Cowtan 2004) and the images of the figures
were made with PyMOL (DeLano 2002).

78

5

Results

5.1

The roles of the hinges of the catalytic loop 6 of TIM (I)

In TIM, the catalytic loop 6 is an 11-residue loop, which opens and closes as a
rigid body. In the presence of ligand it is preferably closed; in the absence of
ligand it is preferably open. The conformational switch concerns a rigid
movement of the tip of the loop (5 residues) by approximately 7Å. Small
conformational changes at the N-terminal hinge (3 residues) and C-terminal hinge
(3 residues, Table 8) allow for the movement of the tip of loop 6 (Joseph et al.
1990). Fig. 17 nicely documents these residues for chicken TIM. The studies of
the roles of the N-terminal and C-terminal hinges were started by Nicole Sampson
and co-workers, who generated all 8000 mutants of the C-terminal hinge using a
directed evolution approach, and characterized the most active variants (Sun &
Sampson 1998, Sun & Sampson 1999). Those variants were classified into six
classes, and from each of them a representative variant was chosen for
crystallographic characterization. This work describes those representative
variants, and shows a comprehensive sequence analysis of both TIM hinges.
Altogether 6 variants were studied by protein crystallographic methods (Table 8).
My contribution in these results was the characterization of the structures of
unliganded LWA- and YSL-mutants, and liganded YSL- and NPN-mutants (Table
8), as well as to make the sequence alignment, which is shown in Fig. 17. This
sequence alignment revealed that two classes of TIM can be recognized: TIM
from eukaryote and eubacteria, and TIM from archaea. Actually, this discovery
has been followed up by NMR studies of the loop 6 and loop 7 dynamics (Loria
et al. 2008, Wang et al. 2009), testing the importance of the YGGS-motif of loop
7.
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Fig. 17. Sequence variation of loops 6 and 7, illustrated by aligning 133 TIM sequences
of the SWISSPROT database, version 43. Only full-length sequences have been
included. Each of these sequences has the catalytic residues in loop 1 (Asn, Lys),
loop 4 (His), as well as glutamate just before loop 6. Each type of N-hinge or C-hinge
(highlighted in grey and light grey, respectively) is listed separately. The numbers in
parentheses refer to the number of sequences found. In the case of multiple
observations, only one example species is mentioned in the first column. Below the
line, the eight sequences are listed which do not have a tryptophan in the N-hinge
position 3. In these, the YGGS motif of loop 7 doesn’t occur either and is replaced by
other sequences. Such sequences are found only in archaebacteria. The sequences
above the line represent the TIMs in eukaryote and eubacteria.
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Table 8. The C-terminal hinge variants presented in paper I.
C-hinge variant
NSS

Mutations a

Class b

K174N, T175S,

1

Unliganded

Liganded
*c

A176S
KVA
LWA

T175V
K174L, T175W

*c

2
*

c

*c

3

*

c

*c

*c

2

YSL

K174Y, T175S,

KTK

A176K

4

NPN

K174N, T175P,

5

A176L
*c

A176N
a

The numbering scheme presented here belongs to chicken TIM

b

The sequence classes and more detailed description of them is presented in Sun & Sampson (1998)

c

The star means that an X-ray structure has been determined and reported in paper I

5.1.1 The unliganded LWA-variant
The enzymological characterization illustrates that the kinetics of the LWAvariant is slightly different from wild-type (Sun & Sampson 1998). The biggest
difference to the wild-type is the bulky tryptophan side chain of the LWA-motif
(Table 8). However, this side chain points towards loop 7, and doesn’t show any
significant structural differences compared to the wild type, as doesn’t the
liganded one (data not shown). Interestingly, a tryptophan side chain is never
observed in this position in the known wild-type sequences (Fig. 17).
5.1.2 The NPN- and YSL-variants
The crystallographic data shows that substantial structural adaptations are seen for
NPN- and YSL-variants. In both cases, there is a bulky residue at the third Chinge position (Fig. 17, 176 in chicken), which is never observed in wild-type
sequences having a tryptophan in the N-hinge position 3 (Fig. 17, 168 in chicken).
From the same figure, it is also seen that in wild-type sequences, a small residue
(alanine, serine, cysteine or proline) is always observed at the third C-hinge
position. The explanation for that is the spatially close localization of the side
chains of N-hinge position 3 (168) and C-hinge position 3 (176), especially when
the loop 6 is open. Therefore, bulky side chains at both positions cause the
structural adaptation of loop 6 to avoid side chain clashes. This is most clearly
seen in the unliganded structure of the YSL-variant, where loops 6 and 7 have
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adopted a closed conformation (Fig. 6 C in paper II). In the case of liganded YSLand NPN-variants, loop 6 has adopted the same closed conformation as wild type.
The active site geometry in these two mutants is also altered, as is visible in
the liganded structures (Fig. 6 A and 6 B in paper I). This is true particularly for
the ligand and catalytic glutamate; YSL and NPN are different from the wild-type
and from each other. The small structural differences in these two mutants are
also related to small rearrangements in the N-hinge region, caused by the bulky
side chains in C-hinge position 3. These observations may very well explain the
3-fold decrease in catalytic rate (kcat/KM), and decreased stability, determined by
Sun and Sampson (Sun & Sampson 1999).
5.1.3 Follow-up studies of variants with a point mutation in the Cterminal hinge
The studies of these hinge mutants suggested that a bulkier residue in the Cterminal hinge region favours a closed loop 6. This hypothesis was extensively
tested in follow-up studies on dimeric and monomeric TIMs of the point mutation
A178L (Alahuhta et al. 2008a). These studies confirmed that this mutation
favours the closed conformation of loop 6. However, it was also found, in
particular in the monomeric variant, that this point mutation lowers the catalytic
proficiency and destabilizes the protein significantly (Alahuhta et al. 2008a).
It is interesting to note that the A178L mutation is tolerated in the wtTIM
background, but it is problematic in the less stable monomeric variant. This
correlates with the current opinion that it is better to start directed evolution
approaches from the most stable reference molecule, as desired mutations might
also be destabilizing (Bloom et al. 2006).
5.2

Characterization of A-TIM (II)

A-TIM is a variant of T. brucei brucei TIM. Its history goes back to 1990’s, when
Borchert et al. created monomeric TIM (monoTIM) (Borchert et al. 1993). Later
on the properties of the variant were improved, leading to ml1TIM (Thanki et al.
1997), ml8bTIM (Norledge et al. 2001), and ml8bTIM-V233A (A-TIM)
(Alahuhta et al. 2008b). In this project, my contribution was to characterize the ATIM active site properties primarily by crystallographic binding studies, as
described in the next sesctions.
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5.2.1 A-TIM-CA, A-TIM-2PG, A-TIM-BHAP, and A-TIM-G3P
The mode of binding of citrate
A-TIM was crystallized in the presence of citrate (CA), which is also bound at the
active site of A-TIM. A-TIM-CA structure (pdb code 2VEK) contains two
molecules per asymmetric unit, both molecules being very similar to each other.
The molecules are very well ordered, and were refined at 1.6 Å resolution. Both
loops 6 and 7 are in closed conformation, Glu167 is in swung-in conformation,
and citrate is found at the active site in both molecules. Analysis of crystal
contacts show that active site A is much less involved in crystal contacts
compared to active site B. Similarly, the Cα-traces of loops 1 are very different,
and loops 2 are a bit different between molecules A and B. The mode of binding
of citrate is very similar in both molecules. Fig. 18 shows the mode of binding of
citrate. The figure clearly shows that the citrate oxygens are hydrogen bonded
very well to the protein. Hydrogen bonding and distances with catalytic residues
Glu167, His95, Lys13 and Asn11 are quite similar to the wt transition state
analogue 2PG, as are the anchoring hydrogen bonding interactions of the
phosphate oxygen atom of 2PG with loops 6 and 7 (data not shown). In the
description of the mode of binding of the phosphate moiety to wtTIM two
important waters have been identified as W1 and W2 in our PEDS-paper
(Alahuhta et al. 2008b).
Both W1 and W2 are hydrogen bonded to the phosphate moiety. W1 is
between O (Leu232, loop 8) and N (Ser213, loop 7), and W2 is between N
(Gly234, loop 8) and O (Val214, loop 7). These two water molecules are also
observed in the liganded A-TIM structures. W1 and W2 are indeed also present in
the citrate structure as visualized in Fig. 18 and also showed to be hydrogen
bonded to citrate. As discussed later on, W2 was shown to be an important factor,
as it stays in the opening of the widened binding pocket blocking the entry to the
bottom of the pocket.
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Fig. 18. The mode of binding of citrate. Note the extensive hydrogen bonding between
the protein and ligand. All the catalytic residues (Asn11, Lys13, His95 and Glu167) are
hydrogen bonded to the ligand. Loops 6 and 7 are closed. N (Gly173) (loop 6) and N
(Ser213) (loop 7) are hydrogen bonded to the ligand oxygen (indicated by black arrow).
Another arrow indicates the ligand oxygen interacting with Glu167 and His95. Note
also the existence of conserved waters W1 and W2. The short carboxylate moiety of
the citrate occupies the engineered binding pocket between loop 7 and loop 8, which
continues to the left. Only hydrogen bonds shorter than 3.5 Å are shown.

The mode of binding of 2-phosphoglycollate (2PG)
Following the protocol described in the methods section, a 2.3 Å 2PG-liganded
A-TIM structure was obtained (pdb code 2VEL). This ligand has replaced citrate
in the both active sites, illustrating tight binding. Superposition of A-TIM-2PG
with wtTIM-2PG (data not shown) shows that the active site geometry and the
mode of binding of 2PG in both cases are very similar but not identical. For
example in the A-TIM-2PG structure, the ligand has shifted 0.9 Å outwards
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compared to wt ligand. Additionally, there is one hydrogen bond less in A-TIM2PG compared to wtTIM-2PG, which is due to the loop 8 deletion in A-TIM.
Fig. 19 shows the mode of binding of 2PG. Loops 6 and 7 have adopted the
closed conformations, and catalytic Glu167 is in a catalytically competent swungin conformation. Conserved waters W1 and W2 are present.

Fig. 19. The mode of binding of 2PG. The carboxylate end of the ligand is hydrogen
bonded to Glu167 and His95 as usual. Loops 6 and 7 are closed. N (Gly173) (loop 6)
and N (Ser213) (loop 7) are hydrogen bonded to the phosphate moiety. One hydrogen
bond to loop 8 is lost due to the deletion in loop 8. Conserved waters W1 and W2 are
present. The arrows refer to the hydrogen bonds of the two ligand oxygens discussed
in Fig. 18. All the shown hydrogen bonds are shorter than 3.5 Å.

The mode of binding of bromohydroxyacetone phosphate (BHAP)
BHAP, a suicide inhibitor of TIM (Coulson et al. 1970), has been used in studies
aimed at identifying the TIM catalytic base, Glu167. Soaking with this compound
resulted in a 2.2 Å structure (pdb code 2VEM). The structure analysis suggests
that the glutamate in active site B has fully reacted with BHAP, in contrast to the
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active site A glutamate, which has probably reacted only partially with BHAP, and
is still having some residual citrate in the active site. The mode of binding of
BHAP in the active site B is shown in Fig. 20, showing the ester formation
between BHAP and Glu167 (De la Mare et al. 1972). Structural analysis of this
structure with wt one is impossible since a wt structure complexed with BHAP
has not yet been reported. In any case, Glu167 is the only glutamate reacted with
BHAP, indicating that Glu167 is the most reactive glutamate in A-TIM. The
binding studies with 2PG and BHAP show that the active site of A-TIM is
competent (Paper II).

Fig. 20. The mode of binding of BHAP. BHAP has formed a covalent ester bond with
the catalytic base Glu167. One oxygen is still interacting with the catalytic residues
Lys13 and His95. Loops 6 and 7 are closed, and N Gly173) loop 6) and N Ser213) (loop
7) are hydrogen bonded to the phosphate moiety. Conserved waters W1 and W2 are
present. In this case W2 has moved towards the solvent, losing its normal hydrogen
bond to loop 7. The arrow refers to the hydrogen bonds of the ligand oxygen,
discussed in Fig. 18. All the hydrogen bonds shown here are shorter than 3.5 Å.

86

A-TIM-G3P
The crystal soaked with G3P (glycerol 3-phosphate), as described in the methods
section, produced a crystal structure at 2.0 Å resolution (pdb code 2VEN). In this
case, this ligand didn’t bind A-TIM. Rather than this occurring, active site A is
empty, loops 6 and 7 adopt open conformations, and Glu167 is in the swung-out
conformation. Although this, a citrate molecule is still bound in the active site B.
This result indicates a much lower binding affinity for G3P compared to 2PG, as
seen also in wtTIM, which has about 20 times lower affinity for G3P than for
2PG (Lambeir et al. 1987). This result also indicates that citrate is a tight binder,
which doesn’t diffuse out even with an extensive washing. This is also seen in
soaking experiments with other compounds. The interpretation of these results is
that in order to get rid of the citrate one must provide something which has some
affinity towards A-TIM active site. In the washing protocol discussed in sections
4.5.2 and 4.5.3, DR5P is used as this kind of compound.
5.3

Proof-of-principle studies with A-TIM (III)

5.3.1 A-TIM-apo, A-TIM-SO4, A-TIM-3SP, A-TIM-P3SP, A-TIM-3PGA,
and A-TIM-4PEH
The crystal form used in these studies was the same as in previous studies, having
two molecules per asymmetric unit. Molecule B is always more tightly packed
and has lower B-factors on average. Thus molecule B is usually used in structural
alignments. Moreover, the crystal soaking experiments indicated that the cocrystallized citrate is tightly bound to molecule B, whereas the citrate molecule
bound to molecule A is easily removed (Alahuhta et al. 2008b). This observation
is most probably due to the crystal packing: loop 6 region is heavily involved in
crystal contacts in molecule B, while in molecule A the active site is almost free
of crystal contacts. In this section we describe the interactions of sulfate, 3SP,
P3SP, 3PGA and 4PEH with the protein. Further details are given in paper III.
A-TIM-apo
The crystal structure of A-TIM-apo shows that it is possible to remove the ligand
from both active sites using the protocols described in the section 4.5.2. In this
structure, both loops 6 and 7 have adopted the open conformation, similar to wt
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TIM, in both molecules. The highest B-factors are found in loop 6 and loop 1
regions. Glu167 has adopted the swung-out conformation in both active sites.
The mode of binding of sulfate
At the beginning of this work, it was recognized that A-TIM-CA crystals are very
sensitive to fluctuation in the experimental conditions like temperature, ionic
strength, mechanical stress etc. Because of this, a cross-linking protocol was
developed as proposed by (Lusty 1999), and tested with sulfate. The cross-linked
crystals were found to be very stable, as they diffracted at 1.84 Å resolution
(home source) after transferring a crystal directly to 1.75 M ammonium sulfate
solution, resulting in a sulfate-complexed structure (A-TIM-SO4). The position of
the bound sulfate was easily identified in an anomalous difference map (Fig. 21).
The highest peaks are at the sulphurs of Cys126 (6.9 σ and 5.5 σ, respectively, for
molecules A and B). The peaks for the sulphurs of the sulfates in the active sites
of molecule A and molecule B are 5.1 σ and 4.5 σ, respectively. Loops 6 and 7
have adopted the closed conformation in both molecules (Fig. 22). The position of
sulfate is 0.6 Å towards catalytic centre compared to the phosphate moiety of ATIM-2PG (Fig. 19).
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Fig. 21. Anomalous difference map of A-TIM-SO4 molecule B. All the sulphur atoms are
clearly visible. The highest peaks are at the sulphurs of Cys126 (6.9 σ and 5.5 σ,
respectively, for molecules A and B). The peaks for the sulphurs of the sulfates in the
active sites of molecule A and molecule B are 5.1 σ and 4.5 σ, respectively.
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Fig. 22. The mode of binding of sulfate. The sulfate moiety has occupied the classical
phosphate binding site, and has formed many hydrogen bonds to the protein and
water molecules. Loops 6 and 7 are closed, and N (Gly173) (loop 6) and N (Ser213)
(loop 7) are hydrogen bonded to the sulfate moiety. The arrow refers to the hydrogen
bonds of the ligand oxygen discussed in Fig. 18. All the shown hydrogen bonds are
shorter than 3.6 Å.

The mode of binding of 3-sulphopropionic acid (3SP)
A 2.30 Å structure was obtained from a crystal soaked with 3SP (A-TIM-3SP)
following the protocol described in the methods section. In both molecules the
active site loops (loops 6 and 7) are in the closed conformation and Glu167 is in
swung-in conformation. 3SP molecule is bound in both active sites. The mode of
binding of 3SP (Fig. 23) is almost identical to 2PG (Fig. 19), and the sulfonate
moiety binds in the original phosphate binding site. In paper III the structure of
3SP is also described. This structure is identical to the structure described in Fig.
23, however the soaking protocol used has been slightly different, being identical
to the soaking protocol used for P3SP.

90

Fig. 23. The mode of binding of 3SP. The position and mode of binding is almost
identical to the position and mode of binding of 2PG (Fig. 19). The differences
between 3SP and 2PG molecules are shown in Fig. 16. Loops 6 and 7 are closed. N
(Gly173) (loop 6) and N (Ser213) (loop 7) are hydrogen bonded to the sulfonate moiety
of 3SP. Conserved water W1 is present, but W2 was so weak that it was not modelled.
The arrows refer to the hydrogen bonds of the two ligand oxygens discussed in Fig.
18. All the shown hydrogen bonds are shorter than 3.5 Å.

The mode of binding of 3-(propylsulphonyl)propionic acid (P3SP)
A 1.97 Å structure was obtained from a crystal soaked with P3SP (A-TIM-P3SP)
following the protocol described in the methods section. The P3SP molecule is
bound in both active sites, in which the active site loops are in the closed
conformation and Glu167 is in swung-in conformation. The P3SP and 3SP
molecules superimpose perfectly; thus P3SP mode of binding is also almost
identical to 2PG (Fig. 19), and the sulfonate moiety binds in the original
phosphate binding site (Fig. 24). The hydrophobic tail of the P3SP points into the
solvent, not into the hydrophobic pocket between loops 7 and 8 (Fig. 24). The
reason can be seen e.g. in A-TIM-CA hydrogen bonding scheme (Fig. 18): the
entry into this pocket is rather polar, favouring a bound water molecule (referred
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to as W2 throughout this thesis) with hydrogen bonds to O (Val214) and N
(Gly234). According to these results, the properties of the extended binding
pocket do not favour binding of sulfonate molecules with hydrophobic tails.

Fig. 24. The mode of binding of P3SP. The hydrogen bonding scheme illustrates the
same key interactions that are found in A-TIM-3SP (Fig. 23) and A-TIM-2PG (Fig. 19).
Both conserved waters (W1 and W2) are present, although W2 has moved a bit and
lost its hydrogen bond to loop 7. Loops 6 and 7 are closed. N (Gly173) (loop 6) and N
(Ser213) (loop 7) are hydrogen bonded to the sulfonate moiety. The hydrophobic tail of
the ligand points to the solution, not to the extended binding pocket between loop 7
and loop 8. The arrows refer to the hydrogen bonds of the two ligand oxygens
discussed in Fig. 18. All the shown hydrogen bonds are shorter than 3.5 Å.
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The mode of binding of 3-phosphoglyceric acid (3PGA)
Following the protocol described in the methods section, a 1.90 Å structure was
obtained. Subunit A is empty and active site loops are open, but in active site B
there is a 3PGA molecule bound, and the active site loops are closed. The
phosphate moiety binds 1.2 Å away from the classical phosphate binding site. The
protein-ligand interactions of A-TIM-3PGA (Fig. 25) are essentially the same as
in A-TIM-2PG (Fig. 19). This is true both for phosphate and carboxylate moieties,
as well as for the water structure.

Fig. 25. The mode of binding of 3PGA. The carboxylate group is extensively hydrogen
bonded to Glu167, His95 and Asn11. Also the hydroxyl group is well bonded to protein.
Phosphate moiety has moved 1.2 Å away from the classical phosphate binding site,
and has lost its contact to loop 8. Conserved waters W1 and W2 are in place. Loops 6
and 7 are in the closed conformation, and Glu167 is in swung-in conformation. N
(Gly173) (loop 6) and N (Ser213) (loop 7) are hydrogen bonded to the phosphate
moiety. The arrows refer to the hydrogen bonds of the two ligand oxygens discussed
in Fig. 18. All the shown hydrogen bonds are shorter than 3.5 Å.
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The mode of binding of 4-phospho-D-erythronohydroxamic acid (4PEH)
A 1.83 Å dataset was collected from a 4PEH-soaked crystal. Active site loops are
open both in molecule A and B. The active site of molecule A is empty, 4PEH is
bound in the active site of molecule B. Compared to the classical phosphate
binding site, the phosphate moiety of the 4PEH molecule has moved 1.8 Å away
towards the new binding pocket. There is no room for this mode of binding in wt
TIM. The hydrogen bonding pattern of the phosphate moiety (Fig. 26) is different
from the one of 2PG. The phosphate oxygens are hydrogen bonded to a water
molecule, as well as to OG (Ser213), NZ (Lys13), NZ (Lys239) and N (Gly234).
Ser213 in loop 7 has adopted a new conformation to gain a hydrogen bond to the
phosphate moiety (Fig. 26).

Fig. 26. The mode of binding of 4PEH. The ligand is strongly hydrogen-bonded to the
protein. The protein exhibits open characteristics: loops 6 and 7 are open, and Glu167
is in swung-out conformation. Due to the open characteristics the conserved W1 is
not present, but W2 is in place and well hydrogen bonded to the ligand and the protein.
Note also the placement of the OG-atom of Ser213. The main chain of Ser213 has
slightly shifted and the side chain is rotated in order to make an additional hydrogen
bond to the ligand. All the hydrogen bonding distances shown are shorter than 3.5 Å.
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5.4

Further binding studies with A-TIM

5.4.1 Stability measurements
As the screening of different ligands with crystallographic methods is timeconsuming, and the interpretation of electron density maps of some ligands was
sometimes difficult, stability measurements were thought to help in these tasks.
Thermal stability measurements were initially carried out with 18 different
compounds. Fig. 27 shows the melting curves with the most interesting
compounds. The concentrations were chosen to be close to the concentrations
used in soaking experiments. According to these results citrate was thought to be
the best binder, then 3SP, P3SP, 3PGA, DR5P and 4PEH, respectively.

Fig. 27. CD-melting curves of A-TIM with some interesting compounds. Y-axis shows
the relative unfolding of the protein, and X-axis shows the temperature. The Tm-values
of the compounds: blank 48.9 °C, 4PEH 49.3 °C, 3PGA 49.9 °C, 3SP 50.4 °C, P3SP
49.9 °C, DR5P 49.4 °C, citrate 51.4 °C. The buffer in these experiments was 1 mM TEA,
pH 7.5.

Later on some experiments were carried out in 25 mM TEA-buffer instead of 1
mM TEA. The results were significantly different from the ones shown in Fig. 27.
Fig. 28 shows the control experiment, in which the only difference is the
concentration of the buffer component. As seen, the Tm is shifted about 4 °C by
only increasing the buffer concentration from 1 mM to 25 mM. Follow-up studies
were conducted with 25 mM ligand solutions. The results are shown in Fig. 29.
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Fig. 28. CD-melting curves of A-TIM with 1 mM TEA (blank), and with 25 mM TEA. The
Tm-values: blank 49.1 °C, 25 mM TEA 53.0 °C.

Fig. 29. CD-melting curves of A-TIM with some known binders. The Tm-values of the
compounds: blank 49.1 °C, phosphate 53.0 °C, sulfate 52.5 °C, 3PGA 52.4 °C, 2PG
51.9 °C, citrate 52.7 °C. All the measurements are done in 1 mM TEA. All the ligand
concentrations are 25 mM.

As seen in the Fig. 29, all the Tm:s are within one degree, between 52 °C and
53 °C. The interpretation of these CD-melting experiments is that the measured
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stabilizing effects may mainly come from the stabilizing effect of higher ionic
strength of the solution. Therefore such heat stability measurements do not
provide good information on affinity when the ligand has low affinity. It is
relevant to note that trials for getting affinity data with other methods, for
example fluorescence methods, calorimetry and surface plasmon resonance, also
didn’t work.
5.4.2 A-TIM soaked with additional compounds
The results of the soaking experiments tabulated in Table 9 showed two critical
points in the studies. Firstly, it’s critical to be able to empty the active site before
starting the soaking experiment. This makes it possible to objectively compare the
effect of different soaking conditions on the ligand binding. Also, if it is known
that the citrate has fully diffused out from the crystal, the interpretation of
electron densities becomes much more straightforward. Secondly, the absolute
purity of the soaking solution was needed in many cases. As seen in Table 9, it
occurred numerous times that a minor impurity (usually <5%, sometimes <1%) in
the soaking solution bound the active site of A-TIM. This made the interpretation
of the maps more difficult and the repeating of the experiments was needed to
confirm the results.
Table 9 shows that there were many compounds having sulfonate group.
These compounds were synthesized and kindly provided by Matti Vaismaa. They
have different tails, which are usually hydrophobic. One class of these has an acid
end. P3SP, which was discussed in section 5.3.1, is one representative of these
compounds. The common problem in these compounds was 3SP as an impurity.
All the synthesized compounds were > 95% pure, but in such cases it can not be
excluded that the small amount of 3SP is bound to the active site. Thus some of
the compounds were purified close to absolute purity (e.g. P3SP), after which the
binding mode of P3SP could be studied.
Another group of sulfonate-containing molecules contain a keto group
instead of an acid group. Such molecules are potential substrate candidates for ATIM. As also seen in Table 9, many of these compounds were tried, but none of
them were found in the active site of A-TIM. Interestingly, in most cases both
molecule A and B active sites were empty, which suggests that these compounds
have some affinity towards an A-TIM active site, assuming that the citrate has
been pushed out by the compound. This suggestion comes from the observation
that citrate is very tight binder, and can only be displaced by another compound
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having some affinity towards the active site. In any case none of these keto
compounds were found in the A-TIM active site, and because an enzymatic assay
is lacking, speculation of any possible reaction is pointless.
The third group of sulfonate-containing molecules contained aldehyde end
instead of acid or keto group. Two of these compounds were synthesized by
chemists. In any case, these compounds are quite unstable in the soaking
conditions. As a result, interpretation of electron-density maps was impossible.
The fourth group of compounds were commercially available pentose sugars
and pentose phosphate sugars. All the available compounds were tried. A common
problem in these compounds was impurities, albeit the compounds were always
of > 99% purity, except in the case of D-ribulose-phosphate, which was of 96%
purity. In many cases something was really clearly bound, but since the molecule
was not the expected one, judged by the size of the bound molecule, the result
was unreliable. One representative binder of sugarphosphate compounds was Dribose 5-phosphate (DR5P), which will be discussed in this section.
The fifth group of compounds introduced in Table 9 is true transition state
analogues of wtTIM. In this work PGH and 2GP were tried, of which 2PG was
shown to bind, and is discussed in section 5.2.1.
The sixth group of compounds consists of only one compound. STOCK3S40647 is a commercially available citrate analogue having a 6-carbon tail instead
of one carboxylate moiety of citrate (Fig. 30). This compound was considered to
be a very good candidate to test whether this kind of tail can go inside the
engineered pocket. The A-TIM-CA structure (Fig. 18) shows that the short
carboxylate moiety goes towards the extended binding pocket and the other two
carboxylate groups are strongly hydrogen-bonded to the protein. The hypothesis
was that replacement of this short carboxylate moiety would force the
hydrocarbon tail to go into the extended binding pocket, if possible. The soaking
trials with this compound killed the diffraction of the crystals completely
although the crystals looked perfect after soaking. This experiment suggests that it
is not possible to have a hydrophobic tail in the pocket without harming the
protein. This result supports the conclusion drawn from P3SP-example:
hydrophobic tail binding is not favoured because of the polar environment of the
entrance of the pocket.
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Fig. 30. STOCK3S-40647 is a citrate analogue.

The seventh group of molecules introduced in Table 9 are buffer compounds.
Many of the compounds have buffering capacity, but MES and acetate (and citrate)
are commonly used buffer components, and were also used in soaking buffers in
these soaking experiments. Both of these molecules were shown not to bind ATIM active site. Additionally it was often seen that MES alone can’t displace
citrate in the active site. This observation was important in developing the
protocol for emptying the active site (section 4.5.2).
The eighth group of compounds were the suicide inhibitors. These include
BHAP (discussed in section 5.2.1), R-glycidol phosphate and S-glycidol
phosphate. BHAP, which is the most reactive of these compounds, was shown to
react with active site glutamate, but glycidol phosphates didn’t react under the
tested conditions. These experiments revealed signs of the A-TIM active site
being competent, but Glu167 being less reactive than in wtTIM.
The ninth and last group of Table 9 compounds include potential transitions
state analogues or inhibitors, also those which may be too bulky to fit in wtTIM
active site. In this category of ligands many tight binders were found. Later on in
this section the mode of binding of L-malate, D-malate and succinate will be
described.
The mode of binding of D-ribose 5-phosphate (DR5P)
The conclusion of DR5P binding the active site is based on 24 data sets collected
of A-TIM crystals soaked with DR5P. The interpretation of the maps was not easy
in most cases, but the best representative, a 1.90 Å DR5P-complexed structure,
shows the mode of binding of DR5P. DR5P, which is a potential substrate of ATIM, has similar features in the mode of binding compared to 4PEH (discussed in
section 5.3.1). Active site A is empty and the active site loops are open, while the
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active site B has a bound DR5P molecule, loops 6 and 7 being in the open
conformation and the catalytic glutamate being in swung-out conformation. DR5P
is in its linear form, the occupancy being less than 100%, as judged from the
electron density maps (Fig. 31) and the relatively high B-factor (data not shown).
Comparison of hydrogen bonding patterns between A-TIM-4PEH and A-TIMDR5P (Fig. 26 and Fig. 32, respectively) reveal that the mode of binding is
similar: the phosphate moiety makes the same interactions, including with the
Ser214 side chain, which has adopted a new, slightly shifted conformation in both
cases.

Fig. 31. Omit map of DR5P after omit refinement. The blue mesh shows the (Fo-Fc)αc
electron density map contoured at 1.5 σ.
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Fig. 32. The mode of binding of DR5P. The ligand is weakly hydrogen-bonded to the
protein, but there are many hydrophobic interactions between the protein and ligand.
The mode of binding is similar to 4PEH (Fig. 26). Glu167 is in swung-out position and
loops 6 and 7 are open. Thus this binding, as it is in crystal, is not catalytically
competent. All the hydrogen-bonds shown are shorter than 3.5 Å.

The mode of binding of L-malate
A 2.32 Å structure was obtained by following the protocol described in Table 9
(DESY, Hamburg 29.11.2006, L-malate). Active site A is empty and the active
site loops are open, and Glu167 is in swung-out conformation. Active site B has a
bound L-malate molecule (Fig. 33), loops 6 and 7 being in the closed
conformation and the catalytic glutamate being in swung-in conformation. The
hydrogen-bonding scheme (Fig. 34) shows that the ligand is extensively
hydrogen-bonded to the protein. One carboxylate end is forming hydrogen bonds
to the Glu167 and His95 as transition state analogues usually do. Another
carboxylate group oxygen is interacting with the active site loops, specifically
with N (Gly173) (loop 6) and N (Ser213) (loop 7). This particular hydrogenbonding scheme has been observed in all cases in which ligand is bound and the
active site loops are closed. Both conserved waters are in place. The mode of
binding is very similar to the one of 2PG (Fig. 19). No structural data is available
from this compound complexed with wtTIM.
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Fig. 33. Omit map of L-malate after omit refinement. The blue mesh shows the (Fo-Fc)αc
electron density map contoured at 3.0 σ.

Fig. 34. The mode of binding of L-malate. Note the extensive hydrogen-bonding to the
protein. The mode of binding of L-malate closely resembles the one of 2PG (Fig. 19).
Active site loops have adopted closed conformation, and Glu167 is in swung-in
conformation. Conserved waters W1 and W2 are present. Note the hydrogen bonds
with N (Gly173) (loop 6) and N (Ser213) (loop 7). The arrows refer to the hydrogen
bonds of the two ligand oxygens discussed in Fig. 18. All the hydrogen-bonding
distances are shorter than 3.5 Å.
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The mode of binding of D-malate
A 2.29 Å structure was obtained by following the protocol described in Table 9
(MAX-Lab, Lund 1.3.-3.3.2007, D-malate). Active site of molecule A as well as
molecule B have bound D-malate molecule (Fig. 35), loops 6 and 7 being in the
closed conformation and the catalytic glutamate being in swung-in conformation.
Fig. 36 shows that the D-malate mode of binding is different from the L-malate
one (Fig. 34) despite the fact that the crystal handling protocols were almost
identical. Both molecules have the loop-interaction oxygen in the same place, but
the rest of D-malate is rotated about 50° compared to L-malate, causing a loss of
several hydrogen bonds. The much better hydrogen-bonding pattern of L-malate
tells that D-malate mode of binding has compensated its hydrogen-bonding in
order to maintain the loop-interaction oxygen in optimal place. In this structure
only W1 is visible. The mode of binding is very similar to the one of 2PG (Fig.
19). Structural data is not available from this compound complexed with wtTIM.

Fig. 35. Omit map of D-malate after omit refinement. The blue mesh shows the (FoFc)αc electron density map contoured at 2.0 σ.
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Fig. 36. The mode of binding of D-malate. Note the position of loop-interaction oxygen,
which occupies the same space as L-malate oxygen (Fig. 34). The mode of binding of
D-malate closely resembles the one of 2PG (Fig. 19). Active site loops have adopted
closed conformation, and Glu167 is in a swung-in conformation. Conserved water W1
is present unlike W2. Note the hydrogen bonds with N (Gly173) (loop 6) and N (Ser213)
(loop 7). The arrows refer to the hydrogen bonds of the two ligand oxygens discussed
in Fig. 18. All the hydrogen-bonding distances shown here are less than 3.5 Å.

The mode of binding of succinate
By following the soaking protocol described in Table 9 (home source, succinate
230708), a 1.80 Å structure with succinate was obtained. The succinate molecule
can be seen both in molecule A and molecule B active sites (Fig. 37). The mode
of binding is similar in both cases. This molecule is also an inhibitor of wtTIM
having Ki-value of around 1 mM, as determined by Wolfenden (Wolfenden 1969).
No structural data of this compound with wtTIM is available. Succinate closely
resembles 2PG, and in fact the mode of binding is very similar in both cases (Fig.
38 and Fig. 19, respectively). This is also true for L-malate (Fig. 34), which is
also very similar to succinate. The oxygen interacting with active site loops is in
place, and conserved W1 is visible.
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Fig. 37. Omit map of succinate after omit refinement. The blue mesh shows the (FoFc)αc electron density map contoured at 2.5 σ.

Fig. 38. The mode of binding of succinate. Note the similar mode of binding compared
to 2PG (Fig. 19) and L-malate (Fig. 34). Active site loops are closed and Glu167 is in
swung-in conformation. Conserved W1 is in its normal place, but W2 is not visible.
Note the hydrogen bonds with N (Gly173) (loop 6) and N (Ser213) (loop 7). The arrows
refer to the hydrogen bonds of the two ligand oxygens discussed in Fig. 18. All the
hydrogen-bonding distances shown here are shorter than 3.5 Å.
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6

Discussion and Conclusions

These studies have discovered a monomeric TIM variant (A-TIM), which can
bind compounds completely different from the natural substrate. The best
characterized ligand in this respect is the citrate molecule, which does not have a
phosphate or sulfate moiety. Interestingly, its mode of binding, nevertheless,
shows common interactions with the catalytic residues, as well as with the
phosphate binding loops (loops 6 and 7). The structure analysis also shows that
the citrate mode of binding is only possible in A-TIM, and not in wtTIM, due to
clashes with the wtTIM loop 8.
In these studies careful crystallization procedures were developed to grow
high quality A-TIM crystals, and these crystals have been used as a tool to find
several molecules that bind to the A-TIM active site. In the crystal structure of ATIM there are two molecules, molecule A and molecule B, which have different
crystal packing. In the course of these studies it was noticed that the citrate
molecule is rather difficult to diffuse out of the crystals, in particular it is rather
tightly bound to molecule B. Therefore it was of major importance to find a
crystal handling protocol by which the citrate could be replaced in both active
sites. The apo structure showed that this is possible and in this case, both
molecules adopt the open conformation. In general, these studies also highlight
the importance of the precise details of the crystal handling protocols on the
results of these crystallographic binding experiments.
The actual structural differences between the closed active sites of molecules
A and B are very subtle and not readily detectable at this resolution. Subtle
structural differences can have a large effect on the affinity of ligands for proteins
(Sigala et al. 2008, Sigala et al. 2009) and this explains also why it is so difficult
to deduce from crystallographic binding studies information on the affinity in
solution. The importance of subtle structural differences may also cause that Lmalate binds only to the B-active site, whereas D-malate binds to the active sites
of both molecules. It should also be appreciated that for the relative affinity of
related compounds for a binding pocket also the solution properties of these
related compounds are important (Donnini et al. 2009).
The binding properties of several classes of compounds were tested. Firstly,
true substrate analogues (paper II). Secondly, substrate analogues that have an
extended hydrophobic tail and were therefore predicted to bind in the new
hydrophobic binding pocket (paper III). And thirdly, more extended, phosphate
containing substrate analogues were tested (paper III).
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The experiments with the true substrate analogues (paper II) indicated that the
active site is still competent. The subsequent studies showed that the hydrophobic
pocket is not an efficient binding site for extended hydrophobic tails (paper III).
However, more extended sugarphosphate molecules, like 3PGA and 4PEH, do
bind. 4PEH is the hydroxamate homologue of D-ribose 5-phosphate. This
molecule is bound to A-TIM with the loops in their open conformation and with
the catalytic glutamate in its non-competent swung-out conformation. The
phosphate moiety of 4PEH interacts with the truncated loop 8 and the observed
mode of binding is not possible in wild type TIM.
The binding of citrate to A-TIM shows in an obvious way the different
binding properties of A-TIM and wild type TIM (Fig. 4 in Alahuhta et al. 2008b).
Also in a more subtle way the binding properties of A-TIM and wild type TIM are
different, which is best appreciated by comparing the covalent structures of 2PG
and 3SP (Fig. 16). Concerning 2PG, the phosphate moiety is known to bind to
wild type TIM with the phosphate group in its dianionic state (Campbell et al.
1978, Campbell et al. 1979, Kursula & Wierenga 2003), but the sulphonate
moiety of 3SP is monoanionic. Belasco et al. (1978) have discussed that the
monoanionic sulphate analogue of the substrate, dihydroxyacetone sulphate, has
very low affinity (at least 100 fold lower affinity as compared to DHAP) to wild
type TIM. The crystal structures of the TIM complexes show that 2PG binds to
the phosphate binding pocket via four –NH groups of the three loops, loops 6, 7
and 8 (Kursula & Wierenga 2003, Kursula et al. 2004). This geometry generates a
good phosphodianion binding pocket, which apparently discriminates against the
binding of the monoanion (Belasco et al. 1978). In A-TIM one of the contributing
–NH groups has been deleted, because of the loop 8 shortening, thereby
facilitating the binding of the monoanionic 3SP.
This project suggests that our rationally designed modifications of the
substrate specificity were successful. The importance of water structure and
charges in enzyme active sites is also emphasized. After comprehensive binding
studies it’s also clear that subtle changes in protein and ligand structures may
make big effect on binding affinity, and therefore on the catalytic activity of the
enzyme. Therefore, the use of directed evolution in combination with rational
design is highly appreciated, as is also suggested elsewhere (Leisola & Turunen
2007).
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7

Perspective

TIM interconverts dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde-3phosphate (DGAP) during glycolysis. It is therefore a sugarphosphate isomerase,
which exclusively catalyzes the interconversion of the C3-sugarphosphates
DHAP and DGAP. It belongs to the class of isomerases, which does not require
metal dications, and its isomerization mechanism is achieved by proton transfer
steps, in contrast to the metal ion dependent isomerases, which catalyze the
isomerization via a hydride transfer mechanism (Nagorski & Richard 2001).
The binding studies described here have shown that the sugarphosphate
analogues 3PGA and 4PEH also bind to the active site of A-TIM. It is interesting
to point out that 3PGA is the carboxylate transition state analogue of a C4sugarphosphate molecule (like 2PG is the carboxylate transition state analogue of
the C3-sugarphosphate DHAP (Lolis & Petsko 1990)). 4PEH is the hydroxamate
transition state analogue of the C5-sugarphosphate D-ribose 5-phosphate, which
is the substrate of D-ribose 5-phosphate isomerase (Roos et al. 2005). Therefore
the studies reported here do suggest that C4-sugarphosphates and C5sugarphosphates are possible binders and substrates for A-TIM.
These studies therefore provide a rationale for extensive structure based
directed evolution searches for new variants with either pentose isomerase
activity (D-xylose isomerase, L-arabinose isomerase) or pentose-phosphate
isomerase activity (D-ribose 5-phosphate isomerase). If successful, the results of
such directed evolution experiments will be very interesting as they will improve
our understanding of the reaction mechanism: which mutations will increase the
respective desired catalytic activities and how is this achieved? Pentose isomerase
activity as well as pentose phosphate isomerase activity could also be practically
useful. For example, one research area is the search for enzymes, which can be
used in metabolic engineering experiments to produce bioethanol from D-xylose
and L-arabinose (Aristidou & Penttila 2000). Therefore, creating nonnatural
enzymes, which would improve this biotransformation, might be useful. Another
example concerns modified ribose moieties, which are important components of
antiviral drugs, derived from modified nucleosides (Barchi et al. 2008). If variants
of A-TIM can be obtained with D-ribose 5-phosphate isomerase activity, then one
could consider modifying their substrate specificity by further mutagenesis, such
that these variants would become useful for the synthesis of these interesting
modified pentose phosphate building blocks.
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It will be fascinating to see if non-natural enzymes can be obtained via these
modern, challenging approaches. In any case, crystallographic studies, combined
with enzymology, will remain an important tool for characterising the new
variants. Such crystallographic studies will reveal more surprises and will
therefore be crucial for understanding the properties of the new variants.
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Appendix I Crystal handling table
Table 9. A-TIM crystals soaked with compounds not published in (II-III). See also
section 4.5.3 and 5.4.2.
Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

place
MV-Ac21 1

Home source

5 soaks 30 min each, 100

2.60

mM

3SP/3SP. Impurity from
ligand solution bound the
active sites.

D-ribose 310308 4

Home source 3 washes, 1 day soak, 100

2.40

mM

-*/something bound. Most
probably there is still citrate
in active site B.

L-arabinose
090508

Home source 5 washes, 1 soak, 100 mM

1.66

-/citrate

Home source

1.78

-/citrate

1.99

3SP/3SP. Impurity from the

4

L-arabinose
130508 4

10 washes, 4 soaks, 100
mM

MV-Ac04 (230508) Home source 5 washes, 1 d soak, 25 mM
1

ligand solution bound the
actives.

D-glucose 260508 Home source

5 washes, 1 day soak, 100

1.78

mM

4

-/something

bound.

The

bound ligand has a high
(phosphate) peak between
2PG and 3PGA phosphate
binding

sites.

Most

probably glucose solution
contains

phosphate

containing impurity.
MV-Ke04 270508 2 Home source

10 washes, 12 h soak, 10

1.85

-/citrate

mM
E017 290508

3

Home source

10 washes, 3 d soak, 5%

1.78

-/sulfate ion. This ion is
frequently seen in active
site even if it was not
included in the soaking
solution.

PGH 040608

5

Home source

10 washes, 2 soaks, 100
mM

1.60

-/2PG. PGH solution
contains very low amount
of 2PG, which binds the
active site.
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.60

-/citrate

1.87

-/citrate

2.40

succinate/succinate

place
MV-Ac43 180608 1 Home source

10 washes, 3 d soak, 50
mM

MMS 170708 2

Home source

10 washes, 30 s soak,
powder

Succinate 180708

Home source

9

5 washes, 2 min soak,
powder

MV-Ke04 210708 2 Home source 5 washes, 1 h soak, 10 mM

1.66

-/citrate

MV-Ac04 230708 1 Home source

1.90

-/3SP. Impurity from the

5 washes, 36 h soak rt, 25
mM

ligand solution bound the
active site B.

Succinate 230708

Home source 5 washes, 5 h soak, 10 mM

1.80

Home source

3.15

succinate/succinate

9

MMS 250708 2

5 washes, 9 h soak rt, 10
mM

Something
bound/something bound.
Not clear.

D-xylose 280708

4

Home source

5 washes, 3 h rt, 100 mM

2.00

-/something bound.

Home source

5 washes, 4 h rt, 100 mM

2.39

Something bound/DR5P

Xylose?
D-ribose 5P
300708

4

3SP 060808 1

Home source 5 washes, 1 h soak, 25 mM

2.30

3SP/3SP

Cross-linked

Home source

2.25

-/citrate

1.79

-/citrate

2.10

-/citrate

1.84

Sulfate/sulfate

1.89

-/sulfate

1.93

-/sulfate

2.40

-/-

120808

1h 40 min cross-linking, 3
water washes

Cross-linked

Home source

270808

10 washes, 1h 40 min
cross-linking, 3 washes

Cross-linked

Home source

280808

1h 40 min cross-linking,
washing in 100 mM TEA pH
7.6

Ammonium sulfate Home source
100908

1h 40 min cross-linking, 1
day ammonium sulfate
soak, 1.75 M

L-arabinose

4

Home source

1h 40 min cross-linking, 1
day ammonium sulfate
soak, 1.75 M, 1 day Larabinose soak, 100 mM

P3SP 240908 1

Home source

1h 40 min cross-linking, 1
day ammonium sulfate
soak, 1.75 M, 1 day Larabinose soak, 100 mM, 1
day Ac01 soak, 100 mM

DR5P 301008 4
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Home source 5 washes, 3s soak, 100 mM

Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

place
MV-Ac01 071108 1 Home source 5 washes, 1 d soak, 10 mM

1.78

-/-

MV-Ac02 081108 1 Home source 5 washes, 1 d soak, 10 mM

1.78

-/citrate

MV-Ac01 141108 1 Home source 5 washes, 1 d soak, 10 mM

2.30

-/MV-Ac01

MV-Ac02 191108 1 Home source 5 washes, 1 d soak, 40 mM

2.79

-/citrate

MV-Ac01 171108 1 Home source 5 washes, 1 d soak, 40 mM

2.20

MV-Ac01/MV-Ac01

2PG cocrystallized Home source

1.93

2PG/2PG. Identical to

031208 5

20% PEG 6k, 2 mM 2PG,

2VEL structure.

100 mM MES, pH 5.5,
microseeding with A-TIMCA crystals

DR5P 041208 4

Home source

5 washes, 20 h soak, 100

1.67

mM

Pentose sugarphosphate
bound in molecule A,
different mode of binding
compared to published
DR5P, protein part the
same except Ser213 OG
different. B contains citrate.

PGH 061208

5

Home source

5 washes, 20 h soak, 100

1.72

mM

-/2PG. PGH solution
contains very low amount
of 2PG, which binds the
active site.

DR5P

Home source

20% PEG 6k, 100 mM

2.30

Good spots. Not enough

cocrystallized

DR5P, 100 mM MES, pH

data for processing. Tiny

091208 4

5.5, microseeding with A-

crystal with bad centering?

TIM-CA crystals
PGH 111208

5

Home source

5 washes, 6 min soak, 10

1.75

mM

2PG/citrate. PGH solution
contains very low amount
of 2PG, which binds the
active site.

DR5P 121208 4

Home source

5 washes, 7 d soak, 100

1.90

-/DR5P

2.02

-/citrate

mM
DA5P 191208

4

Home source

5 washes, 3 d soak, 100
mM

STOCK3S-40647
211208

6

Home source

5 washes, 2 d soak, 100

2.61

mM

Citrate/citrate. Most of the
crystals didn’t diffract at all
any more. The diffracting
ones still contain citrate.

DR5P 020109 4

Home source 5 soaks, last 10 d soak, 100
mM

1.68

-/DR5P. Double
conformation
(empty/DR5P) in B.
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.86

-/citrate

2.07

Citrate/citrate. Most of the

place
DA5P 080109

4

Home source

5 washes, 6 d soak, 100
mM

STOCK3S-40647

Home source 5 washes, 1 min soak, 100

100109 6

mM

crystals didn’t diffract any
more. The diffracting ones
still contain citrate.

DR5P 120109 4

Home source

DR5P 160209 4

Home source 5 washes, 30 min soak, 100

6 soaks, 5 min each, 100

1.90

-/-. Closed characteristics in

1.89

-/something bound. Seems

mM

molecule B.

mM

like a mixture of 2PG and
3PGA.

DR5P 170209 4

Home source 5 washes, 12 min soak, 100

2.00

mM

-/something bound. Seems
like a mixture of 2PG and
3PGA.

MES 190209 7

Home source 5 washes, 5 min soak, 100

MES 200209 7

Home source 5 washes, 10 min soak, 100

1.80

Citrate/citrate

2.30

-/something bound. A high

mM MES
mM MES

peak in 3PGA phosphate
region.

DESY, Hamburg
29.11.2006
D-ribose 4

DESY X11

5 soaks, 4-24 h each, 100

3.30

mM
D-xylose 4

DESY X11

5 soaks, 4-24 h each, 100

-/something bound. Not
clear.

2.10

-/-

2.64

-/citrate

3.07

-/something bound. A high

mM
L-arabinose

4

DESY X11

3 soaks, 4-19 h each, 100
mM

D-ribulose 5phosphate

DESY X11

4

5 soaks, 4-24 h each, 100
mM

peak in 3PGA phosphate
region.

G3P 5

DESY X11

5 soaks, 4-24 h each, 100

1.79

-/-

2.32

-/L-malate

mM
L-malate 9

DESY X11

5 soaks, 4-24 h each, 10
mM

PGH 5

DESY X11

5 soaks, 4-24 h each, 100

2.63

mM

-/2PG. PGH solution
contains very low amount
of 2PG, which binds the
active site.

S-glycidol
phosphate 8
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DESY X11

3 soaks, 4-19 h each, 100
mM

2.56

-/-

Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

3.23

-/-

3.50

Bad data

place
R-glycidol

DESY X11

phosphate 8
MV-Ac20 1

3 soaks, 4-19 h each, 100
mM

DESY X11

3 soaks, 4-19 h each, 10
mM

MV-Ac08 1

DESY X11

4 soaks, 4-19 h each, 100

2.64

mM

MV-Ac08/MV-Ac08.
Identical to MV-Ac01
structures.

MV-Ac11 1

DESY X11

3 soaks, 4-19 h each, 25

3.10

mM

3SP/3SP. Impurity from
ligand solution bound the
active sites.

MV-Ac03 1

DESY X11

3 soaks, 4-19 h each, 25

1.68

mM

-/3SP. Impurity from ligand
solution bound the active
site.

MV-Ac01 1

DESY X11

5 soaks, 4-24 h each, 50

1.97

MV-Ac01/MV-Ac01

3.16

-/DR5P

2.10

-/citrate

mM
MAX-Lab, Lund
1.3.-3.3.2007
D-ribose 5-

MAX-lab

5 soaks, 5-36 h each, 25

phosphate 4

I911-2

mM

MAX-lab

2 soaks, 12-24 h each, 50

I911-2

mM

MAX-lab

1 soak, 12 h, 50 mM

2.00

-/citrate

MAX-lab

5 soaks, 5-36 h each, 50

2.90

-/-

I911-2

mM

MAX-lab

5 soaks, 5-36 h each, 5 mM

2.80

Citrate/citrate

MAX-lab

5 soaks, 5-36 h each, 25

2.10

-/citrate

I911-3

mM

MAX-lab

4 soaks, 20-36 h each, 20

2.00

-/citrate

I911-3

mM

MAX-lab

5 soaks, 5-36 h each, 5 mM

2.10

Citrate/citrate

MAX-lab

4 soaks, 20-36 h each, 25

2.00

-/something bound. A high

I911-3

mM
5 soaks, 5-36 h each, 100

L-xylose 4
D-lyxose

4

I911-2
D-ribulose

4

DL-glyceraldehyde
phosphate

4

D-arabinose 4
D-arabinose 5phosphate

4

DL-glyceraldehyde
phosphate

4

D-xylulose 4

I911-2

I911-3
peak in 2PG phosphate
region.

L-xylulose

4

MAX-lab
I911-3

mM

L-xylulose

4

MAX-lab

5 soaks, 5-36 h each, 100

I911-3

mM

2.35

-/something bound. 2PG-

2.70

-/something bound. 2PG-

like density.
like density.
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

2.29

D-malate/D-malate
Citrate/citrate

place
D-malate 9
MV-Ac10 1

MAX-lab

5 soaks, 5-36 h each, 10

I911-3

mM

MAX-lab

5 soaks, 5-36 h each, 5 mM

2.30

MAX-lab

5 soaks, 5-36 h each, 50

1.85

I911-5

mM

I911-3
D-ribose 4

-/sulfate ion. This ion is
frequently seen in active
site even if it was not
included in the soaking
solution.

L-arabinose

4

D-arabinose 5phosphate 4
L-lyxose

4

MV-Ac11 1

MAX-lab

5 soaks, 5-36 h each, 50

I911-5

mM

MAX-lab

4 soaks, 20-36 h each, 20

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 50

I911-5

mM

MAX-lab

3 soaks, 20-36 h each, 5

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 25

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 25

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 12.5

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 1.8

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 6.3

I911-5

mM

MAX-lab

5 soaks, 5-36 h each, 3 mM

2.45

-/citrate

1.95

-/citrate

1.90

-/citrate

1.90

3SP/3SP. An impurity from
the ligand solution has
bound the active sites.

MV-Ke11 2
MV-Ke11 2
MV-Ke10 2
MV-Ke07 2
MV-Ke30 2
MV-Ke03 2

2.82

-/-

2.76

-/citrate

2.83

-/citrate

3.20

-/citrate

2.07

-/-

1.95

I911-5

-/sulfate ion. This ion is
frequently seen in active
site even if it was not
included in the soaking
solution.

MV-Ke03 2

MAX-lab

5 soaks, 5-36 h each, 3 mM

2.12

-/citrate

5 soaks, 5-36 h each, 3 mM

2.20

-/citrate

MAX-lab

5 soaks, 5-36 h each, 1.5

2.95

-/citrate

I911-5

mM

I911-5
MV-Ke03 2

MAX-lab
I911-5

MV-Ke01 2
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

place
MV-Ke12 2

MAX-lab

5 soaks, 5-36 h each, 3.6

I911-5

mM

2.41

-/sulfate ion. This ion is
frequently seen in active
site even if it was not
included in the soaking
solution.

MV-Ke12 2

MAX-lab

5 soaks, 5-36 h each, 3.6

I911-5

mM

DESY X12

6 soaks, 6-14 h each, 50

2.12

Citrate/citrate

1.90

-/-

1.80

-/-

1.94

-/-

1.98

-/-

1.50

-/citrate

3.30

-/something bound. Not

1.95

-/something bound. 2PG-

Hamburg X12 21.22.6.2007
L-ribose 4

mM
D-ribose 5-

DESY X12

phosphate 4
D-arabinose

6 soaks, 6-14 h each, 25
mM

4

DESY X12

6 soaks, 6-14 h each, 33
mM

D-arabinose 5-

DESY X12

phosphate 4
L-xylose 4

6 soaks, 6-14 h each, 20
mM

DESY X12

6 soaks, 6-14 h each, 50
mM

D-lyxose

4

DESY X12

6 soaks, 6-14 h each, 33
mM

D-ribulose 5-

DESY X12

6 soaks, 6-14 h each, 25

DESY X12

6 soaks, 6-14 h each, 12.5

phosphate 4
MV-Ke02 2

clear.

mM

like density.
2.29

-/-

2.22

-/-

1.80

-/3SP. An impurity from the

mM
MV-Ac12 1

DESY X12

6 soaks, 6-14 h each, 10
mM

MS-Ac22 1

DESY X12

6 soaks, 6-14 h each, 25
mM

ligand solution has bound
the active site.

MS-Ac23 1

DESY X12

6 soaks, 6-14 h each, 25

1.79

mM

-/3SP. An impurity from the
ligand solution has bound
the active site.

MS-Ac24 1

DESY X12

6 soaks, 6-14 h each, 25

1.98

mM

-/3SP. An impurity from the
ligand solution has bound
the active site.

MV-Ac25 1

DESY X12

6 soaks, 6-14 h each, 25
mM

1.89

-/3SP. An impurity from the
ligand solution has bound
the active site.
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.89

Citrate/citrate

place
Hamburg X11 &
X12 13.15.11.2007
L-arabinose

4

DESY X11

6 washes, 64 h soak,
powder added to the last
washing solution

L-xylulose

4

DESY X11

6 washes, 64 h soak, syrup

2.70

Something

added to the last washing

bound/something bound.

solution

2PG-like density in both
cases.

D-ribulose 5phosphate

DESY X11

4

PGH 5

DESY X11

6 washes, 64 h soak,

1.81

3PGA/3PGA. Apparently

powder added to the last

this molecule exists as an

washing solution

impurity in ligand solution.

6 washes, 64 h soak,

2.04

-/2PG. PGH solution

powder added to the last

contains very low amount

washing solution

of 2PG, which binds the
active site.

MV-Ac04 1

DESY X11

6 washes, 64 h soak,

2.29

ligand solution has bound

powder added to the last

the active site.

washing solution
MV-Ac05 1

DESY X11

6 washes, 64 h soak,

1.80

the active site.

washing solution
DESY X11

5 washes, 64 h soak, 35

-/3SP. An impurity from the
ligand solution has bound

powder added to the last
MS-Ac21 1

-/3SP. An impurity from the

1.75

-/citrate

2.50

-/2PG-like density. This

mM
MVL-38 3

DESY X11

5 washes, 10 min soak, 56
mM

ligand solution was not
pure in analyses.

PGH 5

DESY X12

6 washes, 64 h soak,

2.23

-/2PG. PGH solution

powder added to the last

contains very low amount

washing solution

of 2PG, which binds the
active site.

MVL-38 3

DESY X12

5 washes, 1 min soak, 112

1.97

-/citrate

1.28

-/something bound.

1.40

-/something bound.

mM
Grenoble ID 14-1
29.1.2009
DR5P 12h 4

ESRF ID14-1

5 washes, 12 h soak, 100
mM

DR5P 1d 4

ESRF ID14-1

5 washes, 1 d soak, 100
mM
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Unknown binder.
Unknown binder.

Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.37

-/something bound.

1.46

-/something bound.

place
DR5P 4d 4

ESRF ID14-1

5 washes, 4 d soak, 100
mM

Unknown binder.

DR5P 4d 4

ESRF ID14-1

5 washes, 4 d soak, 100
mM

Unknown binder.

DR5P 6d 4

ESRF ID14-1

5 washes, 6 d soak, 100

Bad data

mM
DA5P 12h 4

ESRF ID14-1

5 washes, 12 h soak, 100

1.38

-/something bound.

1.32

-/something bound.

1.47

-/something bound.

1.22

-/something bound.

mM
DA5P 2d 4

ESRF ID14-1

5 washes, 2 d soak, 100

DA5P 4d 4

ESRF ID14-1

5 washes, 4 d soak, 100

DA5P 6d 4

ESRF ID14-1

5 washes, 6 d soak, 100

Unknown binder.

mM

Unknown binder.

mM

Unknown binder.

mM

Unknown binder.

Hamburg X11,
X12 & BW7A
10.3.2009
DR5P 1 min 4

DESY X12

1 h 40 min cross-linking,

2.63

-/-

1.58

-/-

1.45

-/-

1.73

-/-

1.54

-/-

washing, 5 washing steps, 1
min soak, 100 mM
DR5P 10 min 4

DESY X12

1 h 40 min cross-linking,
washing, 5 washing steps,
10 min soak, 100 mM

DR5P 1 h 4

DESY X12

1 h 40 min cross-linking,
washing, 5 washing steps, 1
h soak, 100 mM

Xylose +
phosphate 1h

DESY X12
4

1 h 40 min cross-linking,
washing, 5 washing steps, 1
h soak, 100 mM

Xylose +
phosphate 10 min

DESY X12
4

1 h 40 min cross-linking,
washing, 5 washing steps,
10 min soak, 100 mM

Xylose +

DESY X12

phosphate 10 min

washing, 5 washing steps,

anom 4
DR5P 10 min
anom 4

-/-

1 h 40 min cross-linking,
10 min soak, 100 mM

DESY X12

1 h 40 min cross-linking,

2.63

-/-

washing, 5 washing steps,
10 min soak, 100 mM
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Compound

Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

2.00

-/-

1.72

-/-

2.13

-/-

1.85

-/-

2.05

-/-

place
DR5P 10 min 4

DESY X12

1 h 40 min cross-linking,
washing, 5 washing steps,
10 min soak, 100 mM

Xylose 1 min 4

DESY X11

1 h 40 min cross-linking,
washing, 5 washing steps, 1
min soak, 100 mM

Xylose 10 min

4

DESY X11

1 h 40 min cross-linking,
washing, 5 washing steps,
10 min soak, 100 mM

Xylose 1 h 4

DESY X11

1 h 40 min cross-linking,
washing, 5 washing steps, 1
h soak, 100 mM

MES 1 d 7

DESY X11

1 h 40 min cross-linking,
washing, 5 washing steps, 1
d soak, 100 mM

Phosphate 1 d

DESY X11

1 h 40 min cross-linking,

1.78

-/phosphate. The
phosphate is not in the

washing, 5 washing steps, 1

classical site. The cross-

d soak, 100 mM

linking interfered with the
results.
Acetate 1 d 7

DESY BW7A

1 h 40 min cross-linking,

1.67

-/-

1.45

-/-

1.73

-/-

2.58

-/-

2.03

-/3PGA

1.46

-/-

washing, 5 washing steps, 1
d soak, 100 mM
Xylose +
phosphate 1 h

DESY BW7A
4

1 h 40 min cross-linking,
washing, 5 washing steps, 1
h soak, 100 mM

Xylose +
phosphate 1 h

DESY X12
4

1 h 40 min cross-linking,
washing, 5 washing steps, 1
h soak, 100 mM

MES 1 d 7

DESY X12

1 h 40 min cross-linking,
washing, 5 washing steps, 1
d soak, 100 mM

Hamburg X11,
X12 & BW7A
16.4.2009
5PRA

DESY BW7A

cocrystallized 9

20% PEG 6k, 100 mM
5PRA, 100 mM MES, pH
5.5

5PRA 6d 9

DESY BW7A

5 washes, 6 d soak, 100
mM
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Data

Crystal handling

collection

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.98

-/-

1.99

-/4PEH

1.69

-/4PEH

1.85

-/3PGA

2.88

-/CA

1.77

-/3PGA

1.90

-/CA

1.95

-/4PEH

1.52

-/DR5P

place
4PEH pH 5.5 1d 9

DESY BW7A

5 washes, 1 d soak, 100
mM

4PEH pH 8 1d 9

DESY BW7A

5 washes, 1 d soak, 100
mM

4PEH 3d 9

DESY BW7A

5 washes, 3 d soak, 100
mM

5PRA 6d 9

DESY BW7A

5 washes, 6 d soak, 100
mM

MES pure 1d 7

DESY BW7A

5 washes, 1 d soak, 100
mM

5PRA 3d 9

DESY BW7A

5 washes, 3 d soak, 100
mM

MES pure 6d 7

DESY BW7A

5 washes, 6 d soak, 100
mM

9

4PEH ph 5.5 6d

DESY X11

5 washes, 6 d soak, 100
mM

DR5P/MES RT 4h

DESY X11

4/7

5 washes, 4 h soak, 100
mM

control 2

DESY X11

5 washes, 100 mM

2.13

-/-

DR5P pure 1d 4

DESY X11

5 washes, 1 d soak, 100

1.90

-/DR5P

5PRA 1d 9

DESY X11

5 washes, 1 d soak, 100

1.65

-/3PGA

mM
mM
control 1

DESY X11

5 washes, 100 mM

2.27

-/-

4PEH 6d 9

DESY X11

5 washes, 6 d soak, 100

2.72

-/4PEH

MES pure 65 d 7

DESY X12

5 washes, 65 d soak, 100

1.16

Citrate/citrate

2.17

-/4PEH

1.62

-/-

1.57

-/-

1.85

-/-

1.86

-/DR5P

1.83

-/4PEH

mM
mM
4PEH 6d 9

DESY X12

5 washes, 6 d soak, 100
mM

5PRH 6d anom

9

DESY X12

5 washes, 6 d soak, 100
mM

5PRH 3d

9

DESY X12

5 washes, 3 d soak, 100
mM

5PRH 6d

9

DESY X12

5 washes, 6 d soak, 100
mM

DR5P/MES 1d 2/7

DESY X12

5 washes, 1 d soak, 100
mM

4PEH 1d 9

DESY X12

5 washes, 1 d soak, 100
mM

141

Compound

Crystal handling

Data

Resolution

Notes (binding in molecule

(Å)

A / molecule B)

1.54

-/-

1.87

-/-

1.84

-/DR5P

collection
place
5PRH 1d

9

DESY X12

5 washes, 1 d soak, 100
mM

MES pure 3d 7

DESY X12

5 washes, 3 d soak, 100
mM

DR5P pure 6d 4

DESY X12

5 washes, 6 d soak, 100
mM

* The marking “-“ refers to a structure, in which the active site is empty, loops 6 and 7 are closed, and the
active site Glu167 is in swung-out position.
1

A compound with sulfonate moiety, acid

2

A compound with sulfonate moiety, ketone

3

A compound with sulfonate moiety, aldehyde

4

A commercially available sugar or sugarphosphate

5

A true wtTIM transition state analogue

6

A citrate analogue, 6-carbon tail instead of “short carboxylate arm”

7

A commonly used buffer molecule

8

A wtTIM suicide inhibitor

9

A potential transition state analogue, no structural data or other proof of binding to wtTIM
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