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Abstract

The aim of this PhD-study was to better understand the structure-function relationship of
triosephosphate isomerase (TIM) and to use this expertise to change its substrate specificity. TIM
is an important enzyme of the glycolytic pathway which catalyzes the interconversion of D-
glyceraldehyde phosphate (D-GAP) and dihydroxyacetone phosphate (DHAP). Two main
subjects are discussed: the engineering of monomeric TIM to create new substrate specificity and
the structure-function relationship studies of the catalytically important mobile loop6. 

The starting point for the protein engineering project was the monomeric ml8bTIM, with an
extended binding pocket between loop7 and loop8. Rational protein engineering efforts have
resulted in a new variant called A-TIM that can competently bind wild type transition state
analogues. A-TIM was also able to bind citrate, a compound that the wild type TIM does not bind.
This A-TIM citrate complex structure is a good starting point for future protein engineering
efforts.

Based on the assumption that it would be beneficial for the monomeric forms of TIM to have
loop6 closed permanently to increase the population of competent active sites, two point mutation
variants, A178L and P168A were generated and characterized. The A178L-mutation was made to
favor the closed conformation of loop6 through steric clashes in the open conformation. The
P168A variant was made to stabilize the closed conformation of loop6 by removing strain. The
A178L mutation induced some features of the closed conformation, but did not result in a closed
conformation in the absence of ligands. Our structural studies also show that the P168A mutation
does not favor the closed conformation either. However, the structures of the unliganded and
liganded P168A variant, together with other known TIM structures show that the substrate binding
first induces closure of loop7.  This conformational switch subsequently forces loop6 to adopt its
closed conformation.

The protein engineering project was successful, but the efforts to find variants with a
permanently closed loop6 did not fully succeed. In the context of this thesis a monomeric variant
of TIM, with new binding properties, was created. Nevertheless, A-TIM still competently binds
the inhibitors and transition state analogues of wild type TIM. Also, when combined, results
discussed in the context of this thesis indicate that in wild type TIM the closure of loop7 after
ligand binding is the initial step in the series of conformational changes that lead to the formation
of the competent active site. 

Keywords: flexible loop, hinge, ligand binding, monomeric TIM, protein engineering,
structural plasticity, suicide inhibitor, TIM, transition state analog, triosephosphate
isomerase, X-Ray crystallography
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Tiivistelmä
Tämän väitöskirjatyön tarkoituksena oli oppia paremmin ymmärtämään trioosifosfaatti-isome-
raasin (TIM) toimintamekanismeja sen rakenteen perusteella ja käyttää tätä tietämystä samaisen
proteiinin muokkaamiseen uusiin tarkoituksiin. TIM on keskeinen entsyymi solun energian tuo-
tannossa ja sen toiminta on välttämätöntä kaikille eliöille. Tämän vuoksi on tärkeää oppia
ymmärtämään miten se saavuttaa tehokkaan reaktionopeutensa ja miksi se katalysoi vain D-gly-
seraldehydi-3-fosfaattia (D-GAP) ja dihydroksiasetonifosfaattia (DHAP). 

TIM:n toiminta mekanismien ymmärtämiseksi sen aminohapposekvenssiä muokattiin kah-
desta kohtaa (P168A ja A178L) ja seuraukset todettiin mittaamalla tuotettujen proteiinien stabii-
lisuutta optisesti eri lämpötiloissa ja selvittämällä niiden kolmiulotteinen rakenne käyttäen rönt-
gensädekristallografiaa. Mutaatioita tehtiin dimeeriseen villityypin TIM:in (wtTIM) ja jo aikai-
semmin muokattuun monomeeriseen TIM:in (ml1TIM). Näiden mutaatioiden tarkoituksena oli
suosia entsyymin aktiivista konformaatiota, jossa reaktion kannalta välttämätön vapaasti liikku-
va peptidisilmukka numero 6 on suljetussa konformaatiossa. Monomeerisissä TIM:ssa pepti-
disilmukka numero 6:n ei ole välttämätöntä aueta. 

Tulokset mutaatiokokeista olivat osittain lupaavia. P168A-mutaatio lisäsi D-GAP:in sitoutu-
mista, mutta rikkoi tärkeän mekanismin suljetussa, ligandia sitovassa, konformaatiossa. A178L-
mutaatio aiheutti muutoksia avoimeen konformaatioon ja teki siitä suljettua konformaatiota
muistuttavan jopa ilman ligandia, mutta samalla koko proteiini muuttui epävakaammaksi. Näis-
tä kahdesta mutaatiosta A178L voisi olla hyödyllinen muokattujen TIM-versioiden ominaisuuk-
sien parantamiseksi. Lisäksi yhdessä jo aikaisemmin julkaistujen yksityiskohtien kanssa nämä
tulokset tekevät mahdolliseksi esittää tarkennusta siihen miten TIM toimii kun ligandi saapuu
sen lähettyville. Tämän väitöskirjatyön yksi tavoite oli myös muokata edelleen monomeeristä
TIM versiota (ml8bTIM), joka on suunniteltu siten, että se voi mahdollisesti sitoa uudenlaisia
ligandeja. Tämä projekti vaati onnistuakseen 20 eri versiota ml8bTIM:n sekvenssistä ja noin 30
rakennetta. Uusia ligandeja sitova muoto (A-TIM) sitoi onnistuneesti sitraattia ja villityypin
TIM:n inhibiittoreita. Erityisen lupaavaa oli, että A-TIM sitoi myös bromohydroksiasetonifos-
faattia (BHAP), joka sitoutuu ainoastaan toimivaan aktiiviseen kohtaan. Nämä tulokset osoitta-
vat, että A-TIM kykenee tarvittaessa katalysoimaan isomerisaatio reaktion uudenlaisille mole-
kyyleille. Esimerkiksi katalysoimaan isomerisointireaktiota sokerianalogien tuotannossa.

Asiasanat: biokemia, ligandin sitominen, pistemutaatio, proteiinin muokkaus,
röntgensädekristallografia, trioosifosfaatti-isomeraasi
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Abbreviations 

D-GAP D-glyceraldehyde 3-phosphate 
DHAP Dihydroxyacetone phosphate 
PDB Protein data bank 
TIM  Triosephosphate isomerase 
wtTIM Wild type triosephosphate isomerase 
TbTIM Trypanosoma brucei brucei triosephosphate isomerase 
BHAP Bromohydroxyacetone-phosphate 
GlyP Glycidol phosphate 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
2PG 2-phospho glycollate 
IPP 2-(N-formyl-N-hydroxy)amino-ethylphosphonate 
CA citric acid 
CD Circular dichroism  
G3P Glycerol-3-phosphate 
PfTIM Plasmodium falciparum triosephosphate isomerase  
TcTIM  Trypanosoma cruzi triosephosphate isomerase  
LmTIM Leishmania mexicana mexicana triosephosphate isomerase 
hTIM Human triosephosphate isomerase 
monoTIM Monomeric triosephosphate isomerase with remodeled loop3 
monoSS-TIM MonoTIM with F45S and V45S mutations 
ml1TIM MonoTIM with A100W mutation and one residue (14) deleted 
ml8bTIM ml1TIM with three residues (235, 236 and 237) deleted 
A-TIM ml8bTIM with mutation V233A 
A-TIM-CA A-TIM complexed with citric acid 
A-TIM-2PG A-TIM complexed with 2-phosphoglycollate 
A-TIM-BHAP A-TIM complexed with bromohydroxyacetone phosphate 
A-TIM-G3P A-TIM complexed with glycerol-3-phosphate 
wtA178L TbTIM with mutation A178L 
wtA178L-2PG wtA178L complexed with 2-phosphoglycollate 
ml1A178L ml1TIM with mutation A178L 
ml1A178L-2PG ml1A178L complexed with 2-phosphoglycollate 
wtP168A TbTIM with mutation P168A 
wtP168A-2PG wtP168A complexed with 2-phosphoglycollate 
rmsd Root mean square deviation 
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1 Introduction 

Enzymes are complex evolutionary creations. For a long time it was impossible to 
study their structures as efficient methods were not available and before 1950’s 
scientists were arguing over the basic structure of proteins (Dickerson 2005). Is it 
a chain of amino acids or a colloidal mixture as was the accepted dogma in the 
early 20th century? Information from calculations and regular repeats, observed by 
fiber diffraction, was used to better understand what was happening (Astbury & 
Woods 1934, Pauling & Niemann 1939). Luckily, over time methods improved 
and finally protein structures became a reality.  

Today, we have decades of studies behind us. New methods, especially 
crystallographic ones pioneered by Perutz and colleagues (Dickerson 2005), along 
with detailed understanding of thousands of protein structures have greatly 
improved our understanding of structural molecular biology. Still we struggle to 
understand the precise modes of function of enzymes. What happens to enzymes 
and their substrates during catalysis, and especially at the transition state, is very 
important to know when designing inhibitors that work as new drugs and when 
engineering novel functions for existing enzymes.  

One of the most studied enzymes is triosephosphate isomerase (TIM). This 
enzyme is very efficient, performing its reaction with a rate close to the 
theoretical limit of diffusion (Albery & Knowles 1977, Knowles 1991). This 
powerful rate acceleration alone is a good reason to study this enzyme in detail as 
well as use it as a framework for engineering new substrate specificities. However, 
comparison of the basic framework or fold of this enzyme to others reveals that 
it’s not unique in shape. In fact, the (βα)8 TIM-barrel fold of triosephosphate 
isomerase is very often found in other enzymes, further stressing its significance 
and diversity.  
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2 Review of the literature 

Triosephosphate isomerase is a well studied enzyme – a classical text book 
enzyme. At least 10% of all known three-dimensional structures in the protein 
data bank (PDB) have this (βα)8 TIM-barrel fold (Sterner & Hocker 2005) and 
members of this scaffold catalyze 15 different enzymatic functions (Wierenga 
2001). Much has been published over the years, yet there are still pieces of 
information missing concerning the finer details of the reaction mechanism, such 
as the precise understanding of the fundamental forces causing the remarkable 
rate acceleration. Fortunately, years of research have produced a multitude of 
different approaches to fill in these peaces. For example, detailed X-ray structures 
of TIM from several sources have been available for more than thirty years 
(Banner et al. 1975, Lolis et al. 1990, Wierenga et al. 1991b).  

In this literature review the classical dimeric TIM will be introduced and the 
latest findings concerning the (βα)8 TIM-barrel fold and its function will be 
explained. Also, the generation of the monomeric form of TIM and its unique 
structural features will be reviewed.  

2.1 Triosephosphate isomerase 

The degradation of glucose into two pyruvate molecules is called the glycolytic 
pathway (Figure 1). In this pathway aldolase cleaves fructose 1,6-bisphosphate 
into dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde 3-phosphate (D-
GAP). DHAP needs to be converted into D-GAP before it can be converted into 
pyruvate for the citric acid cycle. This interconversion is done by triosephosphate 
isomerase. (Stryer 1995) 

Mutations in the TIM gene can cause accumulation of DHAP and other 
glycolytic pathway intermediates, which leads to neurological dysfunction and 
early childhood death in humans (Gnerer et al. 2006). Fortunately, this condition 
is extremely rare. One of the most abundant mutations identified is E104D, which 
has been shown to impair TIM by affecting the dimer interface (Orosz et al. 2006) 
(Ralser et al. 2006).  
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Fig. 1. The glycolytic pathway. 
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2.1.1 The (βα)8 TIM-barrel fold 

The TIM-barrel fold (Figure 2) is composed of eight βα-units with a β-strand 
connected by a βα-loop (front loop) to an α-helix. These units are then connected 
to each other by αβ-loops. The eight β-strands form the core of the barrel - a 
curved central parallel β-sheet that is surrounded by α-helixes. (Sterner & Hocker 
2005) 

Fig. 2. The (βα)8 TIM-barrel fold of Leishmania mexicana mexicana TIM (LmTIM) (pdb 
code: 1N55). The βα-loops (front loops) are following the numbering of the β-strands 
preceding the loops.  

Most TIM-barrel proteins with known structures have single domains like 
dihydropteroate synthase and tRNA-guanine transglycosylase. In few cases, an 
additional domain is inserted at the site of one of the connecting loops as in 
pyruvate kinase and α-amylase. These domains are inserted after the third β-
strand. Many TIM-barrel proteins are homo dimers like Trypanosoma brucei 
brucei TIM (TbTIM). (Nagano et al. 2002) 
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The dimer interface of TbTIM is formed by βα-loops 1 to 4 (Wierenga et al. 
1991b, Wierenga et al. 1992b). The importance of these contacts was highlighted 
by the discovery that half of the activity of each monomer in Trypanosoma cruzi 
TIM (TcTIM) depends on the integrity of the dimer interface (Zomosa-Signoret et 
al. 2007).  

In all TIM-barrel proteins the active site is located near the C-terminal ends 
of the β-strands and the catalytic residues come from different parts of the barrel 
(Nagano et al. 2002). For example, the catalytic residues of TIM are Asn11, 
Lys13, His95 and Glu167 coming from loop1, loop4 and loop6 (Figure 1).  

2.1.2 The interconversion of DHAP and D-GAP 

The reversible isomerization of DHAP to D-GAP by TIM has been extensively 
studied (Figure 3). The classical catalytic residues of TIM are Lys13, His95 and 
Glu167 (Knowles 1991). Early pH-dependence measurements of TIM favored a 
mechanism where a single base provides the proton shuttling mechanism (Plaut & 
Knowles 1972). Glu167 was identified as the most important catalytic residue by 
active site labeling studies using bromohydroxy acetone phosphate (BHAP) 
(Mare De la et al. 1972) and glycidol phosphate (GlyP) (Rose & O'Connell 1969). 
BHAP irreversibly binds specifically to the catalytic glutamate residue of TIM. 
The role of His95 was comprehensively studied using mutational and NMR 
titration studies where it was found out to be hydrogen bonded to the enediolate 
intermediate and possibly participating in the protonation of the enediolate 
(Nickbarg et al. 1988, Lodi & Knowles 1991).  

Fig. 3. Interconversion of DHAP and D-GAP. The C2-atom is a chiral center in D-GAP.  
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In this reaction Glu167 transfers the proton from C1 of DHAP to the C2 of D-
GAP and His95 stabilizes the enediolate intermediate (Lodi & Knowles 1991). 
Later structural studies of TIM complexed with transition state analogues, 
redefined the stabilization of the enediolate intermediate (Lolis & Petsko 1990, 
Davenport et al. 1991, Noble et al. 1993, Zhang et al. 1994). Two oxyanion holes 
were described (Kursula et al. 2001). Oxyanion hole 1 is defined by NZ of Lys13 
and NE2 of His95 and stabilizes a negative charge on O2 of DHAP. Oxyanion 
hole 2 is defined by NE2 of His95 and ND2 of Asn11 and in the second half of 
the reaction stabilizes the negative charge as it develops in O1 of D-GAP. The 
theory of two oxyanion holes and the different arrangement of hydrogen bonds 
and orientations of catalytic residues is also supported by the conclusions of the 
NMR experiments by O'Donoghue and coworkers (2005b) where they suggested 
that the interconversion between DHAP and D-GAP did not proceed through one 
common transition state.  

The rate limiting step of this reaction and the exact source of the proton have 
been studied extensively and finding these details would help to understand the 
very fast reaction rate of TIM. Results have accumulated slowly, but eventually 
two mechanisms, “classical” (Figure 4) and “criss-cross” (Figure 5), are believed 
to happen in TIM (Harris et al. 1998).  

The details of an enzymatic reaction can be studied using isotope effects. 
Also, the usage of NMR has increased the accuracy of such measurements. Either 
substrate (kinetic isotope effect), solvent (solvent isotope effect) or both can be 
labeled with tritium or deuterium to study the movement of protons (Albery & 
Knowles 1976a).  



 22 

Fig. 4. The “classical” reaction mechanism of TIM (modified from Harris and 
coworkers (1998)). The “HR” labels the proton originating from the ligand.  

Fig. 5. The “criss-cross” reaction mechanism of TIM (modified from Harris and 
coworkers (1998)). The “HR” labels the proton originating from the ligand. 
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Experiments starting the reaction with DHAP in tritiated water revealed that 
both the substrate and product become labeled with 3H coming from 3H2O 
(Maister et al. 1976). During this reaction a gradual rise in the specific 
radioactivity of the remaining substrate could be seen. From this, Maister and 
coworkers (1976) could conclude that the reaction intermediate returns to DHAP 
about one third as often as it is converted to D-GAP. More recent experiments 
using NMR and deuterated water have established accurate product distributions 
and sources of proton for starting the reaction either from D-GAP or DHAP 
(O'Donoghue et al. 2005a, O'Donoghue et al. 2005b). In both cases three products 
were observed (Figure 6). O'Donoghue and coworkers (2005b) reported that 40% 
of DHAP reacts back as C1 deuterated DHAP, which is in reasonable agreement 
with the “about one third” result of Maister and coworkers (1976).  
 

Fig. 6. Product distribution starting from either D-GAP or DHAP in deuterated water 
(modified from O'Donoghue and coworkers (2005b)).  

These NMR and isotope labeling measurements tell us where the proton is 
coming from and what the product distribution of the reaction is. The rate limiting 
step of the chemical base catalyzed reaction in neutral solutions is the proton 
abstraction from DHAP (Hall & Knowles 1975, Rozovsky & McDermott 2007). 
Earlier results indicated that the isotope intermediates (Maister et al. 1976) and 
the abstracted proton (Fisher et al. 1976) are in fast equilibrium with the solvent, 
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leading to a conclusion that in TIM the proton abstraction can not fully be the rate 
limiting step (Albery & Knowles 1976b). This was later proven not to be correct 
by an NMR study of O'Donoghue and coworkers (2005a and 2005b) which 
showed that the carboxylate side chain of Glu167 is not in chemical equilibrium 
with the bulk solvent. As much as 49% of the transfer of proton from D-GAP to 
DHAP and 18% from DHAP to D-GAP is intramolecular (Figure 6). The recent 
results from Rozovsky & McDermott (2007) found that the initial proton 
abstraction from DHAP is significantly slower than the following chemical steps 
making it the possible rate limiting step. They propose that the reprotonation 
could occur simultaneously with the active site loop opening to release the 
product. This could mean that, when the kinetic landscape of the isomerization 
reaction is studied, we should take into account the mechanisms of protein motion 
to be able to form a comprehensive description of the catalytic system of TIM. 

2.1.3 Opening/closing mechanism of TIM and the catalytically 
important loop6 

The catalytic cycle of TIM requires large structural changes between the open and 
the closed conformation (Alber et al. 1981, Noble et al. 1991). These coordinated 
movements mainly happen in loop6 (residues 167-180), loop5 (residues 129-135) 
and loop7 (residues 210-214) (Noble et al. 1993). The most visible change is the 
closure of flexible loop6 during ligand binding (Figure 7) (Sampson & Knowles 
1992a, Sampson & Knowles 1992b). This movement is needed to bring the 
catalytic glutamate 167 to the right position for proton abstraction and to limit the 
formation of a toxic side product, methylglyoxal (Lolis & Petsko 1990, 
Pompliano et al. 1990). The magnitude of this movement is emphasized by the 7 
Å movement of the Cα-atom of Thr174 at the tip of the loop (Noble et al. 1993).  

Loop6 fluctuates between the open and the closed conformation even in the 
absence of ligands (Williams & McDermott 1995, Derreumaux & Schlick 1998). 
The tip of the loop (residues 172-175) moves as a rigid body away from loop5, 
towards loop7, and closes the pocket from bulk solvent to protect the reaction 
intermediates from diffusing away (Joseph et al. 1990, Wierenga et al. 1991a). 
Actually, this movement is accompanied by the conformational change of loop7 
in a concerted fashion (Kursula et al. 2004). This correlated movement also 
happens in the absence of ligand (Aparicio et al. 2003). 
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Fig. 7. Open and closed conformations of loop6. The superimposed structures are 
TbTIM (pdb code 5TIM, magenta) open conformation and LmTIM (pdb code 1N55. 
green) closed conformation. Note the two conformations of the ligand of LmTIM. 

The role of hinges in loop6 

The flexibility of loop6 is defined by the hinge regions at the beginning and end 
of the loop (Joseph et al. 1990, Kishan et al. 1994, Kempf et al. 2007). The N- 
and C-terminal hinges of trypanosomal TIM are Pro168-Val169-Trp170 and 
Lys176-Val177-Ala178, respectively. Directed evolution experiments have shown 
that the N-terminal hinge tripeptide is highly conserved, but the C-terminal hinge 
tolerates certain sequence combinations (Sun & Sampson 1999, Xiang et al. 
2004). 

Structural studies of different C-terminal hinge mutants have identified the 
Ala178 residue as especially important for catalysis. In the open unliganded 
conformation this residue seems to be buried while bulky side chains at this 
position cause structural changes. In fact, sequence comparisons show that a 
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tryptophan residue in position 3 (residue 170) of the N-terminal hinge is always 
accompanied by a small side chain in position 3 of the C-terminal hinge to avoid 
clashes between the side chains of these two residues. In the closed conformation 
the Ala178 side chain points further away from Trp170. According to Kursula and 
coworkers (2004) substituting Ala178 with a bigger residue would favor the 
closed conformation even in the absence of ligand. (Kursula et al. 2004) 

An interesting feature of the conserved N-terminal hinge of loop6 is planar 
Pro168 in the closed conformation of TIM (Kursula & Wierenga 2003). This 
proline is at the N-terminus of the hinge region, immediately after the catalytic 
Glu167, and would normally be in a puckered low energy conformation. 
Computational studies have shown that the reason for this is the strict steric 
interactions around the proline ring (Donnini S et al. 2006). On one side Tyr166 
prevents the up puckered conformation and on the other side Ala171 blocks the 
down puckered one. In the open conformation of loop6 the side chain of this 
proline is in the down puckered conformation. The studies done by Donnini and 
coworkers (2006) also show that the steric strain of a planar proline is about 12 
kJ/mole, which is comparable to the eclipsed conformation of a C-C bond 
(Morrison & Boyd 1966). Observation of this strain has led to a theory that the 
planar Pro168 works as an energy reservoir that becomes available upon loop 
opening and consequently facilitates product release (Kursula & Wierenga 2003, 
Donnini S et al. 2006).  

Observations of loop6 in unusual conformations and electrostatic steering 
of the substrates 

Numerous structural studies of TIM eventually identified the rare conformations 
of loop6. These results have broadened our understanding of the enzyme and its 
function. Plasmodium falciparum TIM (PfTIM) is an exception to the main 
stream TIMs by having phenylalanine residue at position 96 instead of serine 
(Parthasarathy et al. 2002b). This bulky residue interferes with the movement of 
loop6 and commonly results in liganded open conformations of TIM 
(Parthasarathy et al. 2003). The opposite is also possible for TIM. Aparicio and 
coworkers (2003) have determined the crystal structure of rabbit muscle TIM 
from a crystal form in which loop6 and loop7 are in the closed conformation in 
the absence of substrate. Here it was apparent that the closed conformation is 
trapped by this crystal form even in the absence of ligand (Aparicio et al. 2003).  
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It is obvious that the conformational flexibility of loop6 plays a big role in the 
attraction and release of substrate from the active site. The phosphate moiety of 
TIM substrates is important for the right orientation of the molecule in the active 
site. Structures of TIM complexed with sulphate molecules in different crystal 
forms and concentrations have resulted in intermediate (between open and closed) 
conformations of loop6 and in new binding positions for sulphate molecules 
(Noble et al. 1993, Kishan et al. 1994). These new binding sites for sulphate may 
well be “approach” positions for the substrate phosphate moieties when loop6 is 
not yet closed. Such intermediate modes of binding have been referred to as 
“encounter” complexes (Desamero et al. 2003). This theory is supported by 
computational studies showing that the electrostatic potentials around the TIM 
active site are conserved (Wade et al. 1998a, Wade et al. 1998b).  

2.1.4 The importance of phosphate and electrostatic steering of the 
substrate 

About two-thirds of all TIM-barrel enzymes have a phosphate binding site, 
usually in the vicinity of loop7 and loop8 (Nagano et al. 2002, Sterner & Hocker 
2005). The contacts around the phosphate moiety define the position and 
orientation of substrate in the active site. In TIM, complexed with the transition 
state analogue 2PG, there are 4 water molecules and 4 main chain nitrogens from 
loop6, loop7 and loop8 hydrogen bonded to the phosphate moiety (Kursula & 
Wierenga 2003). 

NMR studies have shown that 80% of the rate acceleration of TIM comes 
from the binding of phosphodianion group of D-GAP (Amyes et al. 2001, Amyes 
& Richard 2007). Furthermore, Amyes and Richard (2007) obtained proof that the 
covalent bond between the phosphodianion and triose sugar portions of D-GAP is 
not an absolute requirement for the rate acceleration. By using exogenous 
phosphite dianion they could increase the catalytic activity for glycolaldehyde 
700-fold. This led them to propose that the intrinsic binding energy of the 
substrate phosphodianion group is used to close the mobile loop6 and drive other 
conformational changes leading to the formation of a competent active site.  

2.2 Creation of monomeric TbTIM 

There are many reasons why wild type TIM is a dimer and it is known that only 
the dimeric form is fully active (Waley 1973). However, the monomers of TIM 
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are observed to have some activity left (Schliebs et al. 1997). One of the key 
reasons for low activity is due to the loss of rigidity from the dimer interface, 
which leads to less rigid conformations for some of the active site residues 
(Wierenga et al. 1992a). This means that in folded monomeric forms of TIM the 
population of competent active sites is very small.  

The dimer interface is defined by loops 1 to 4 as is shown in Figure 8 
(Wierenga et al. 1991b, Wierenga et al. 1992b). Loop3 is the most important one 
regarding dimerization. Eighty percent of all intersubunit atom-atom contacts 
involve atoms of loop3 (Wierenga et al. 1992b), as it protrudes out of the 
monomer and docks into a deep pocket near the active site of the other monomer 
between loop1 and loop4 (Borchert et al. 1994).  

The dimer interface area is about 1600 Å2 per subunit and is expected to be 
important for stability (Janin et al. 1988, Wierenga et al. 1991b). Active site 
modification experiments have shown that the catalytic site of one monomer is 
fully active when it is coupled to another monomer with a nonfunctional catalytic 
site (Sun et al. 1992a, Sun et al. 1992b). Recent mutational experiments using 
TcTIM and TbTIM hetero dimers show that about half of the activity of one 
monomer depends on the integrity of the Cys15 (from monomer 1) - loop3 (from 
monomer 2) interaction between the molecules (Zomosa-Signoret et al. 2007). 
The importance of a fully functional TIM dimer is emphasized by a human 
disease mutation E104D. This mutation impairs the dimer interface and as a result 
causes TIM deficiency leading to neurological dysfunction (Ralser et al. 2006).  



 29 

Fig. 8.  The mutations of the dimer interface (loops 1-4) that have been characterized 
for the formation of monomeric TIMs. The active site of the A-subunit is marked with a 
red circle. Loop1 is colored red/light red (A/B), loop2 blue/light blue (A/B), loop3 
magenta/light magenta (A/B) and loop4 green/light green (A/B). The dimer interface 
mutation areas of the A molecule (in loops 1-3) are indicated by colored balls. The 
H47N mutation is colored in cyan, C14F in orange and the remodeled 15 residue 
peptide of loop3 in yellow. 

The net production of ATP from glycolysis relies on TIM. This makes it a 
promising drug target against pathogens that use glycolysis as their main source 
of energy. The high structural similarity of TIM active sites between different 
species makes designing selective inhibitors, which could be used as drugs, 
almost impossible. This has led to an increased interest in molecules that break 
the dimer interface (Hol et al. 1991, Velanker et al. 1997, Ostoa-Saloma et al. 
1997, Singh et al. 2001, Tellez-Valencia et al. 2002, Rodriguez-Romero et al. 
2002, Tellez-Valencia et al. 2004).  

Studying the role of the dimer interface is an important aspect of 
understanding how TIM works. To accomplish this, one needs to find out the 
residues and areas important for dimerization. Loop3 is an obvious choice, 
because it protrudes out of one monomer into the neighboring one. H47N in 
loop2 (Figure 8) was the first point mutation that was aimed at making a 
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monomeric TIM (Borchert et al. 1993b, Borchert et al. 1995b). This mutation 
resulted in a predominantly monomeric form that is compactly folded, less stable 
and less active than the wild type. However, at high protein concentrations it still 
formed dimers. Point mutations in loop3 gave similar results. T75R-G76E double 
mutation (Figure 8) produced a monomer in solution, but was less stable and less 
active as the earlier H47N variant (Schliebs et al. 1997). 

2.2.1 monoTIM and ml1TIM 

All of the monomeric TIMs created by point mutations still had loop3 freely in 
the solution while the hydrophobic area of the dimer interface was exposed to the 
solvent. A comprehensive effort to create a stable monomeric TIM by complete 
remodeling of loop3 was initiated (Borchert et al. 1993a, Borchert et al. 1994). 
Computer modeling suggested that by replacing 15 residues of loop3 (residues 
68-82, Figure 8) with an 8 residue fragment would result in a stable monomeric 
variant of TIM. This new enzyme, called monoTIM, was shown to be a stable 
monomeric protein with kcat 1000 fold lower and Km 20 fold higher than wild type.  

Structural and mutational studies showed that the catalytically important 
loops, loop1 and loop4 with catalytic residues Lys13 and His95, had different 
structural properties compared to wild type (Borchert et al. 1993a, Borchert et al. 
1995a). Lys13 and His95 were still needed for the activity of monoTIM, as was 
shown by the loss of activity after mutating them into alanines (Schliebs et al. 
1996). Especially mutation of Lys13 into alanine in loop1 resulted in complete 
loss of activity. Loop1 of monoTIM was shown to be particularly disordered and 
flexible compared to the wild type structure (Borchert et al. 1995a). Rigidifying 
this loop would restrict the conformational freedom of Lys13 as in the wild type 
dimer. Modeling studies suggested that loop1 should be made one residue shorter 
by deleting residue 14 (Thanki et al. 1997). The structure of the new engineered 
loop1 was well defined and in good agreement with the predicted one. This new 
variant, called ml1TIM has similar stability and catalytic activity as monoTIM.  

The Cys14 residue of TbTIM is of special importance for activity, stability 
and dimerization. Comprehensive mutation studies, where it was mutated into all 
possible amino acids, showed that only cysteine, alanine, serine, proline, 
threonine and valine yielded full activity and stability at this position (Hernandez-
Alcantara et al. 2002). Mutants with asparagine, arginine, and glycine have low 
activities and stabilities and the rest have less than 1% of the activity of wild type 
TbTIM. Of the latter group, C14F variant (Figure 8) was characterized further and 
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found to be a monomer. It has similar properties as monoTIM, with a kcat 1000 
times lower and a Km 6 times higher than those of wild type TbTIM. Also, 
carboxyl methylation of this same cysteine residue in PfTIM creates a monomeric 
variant, confirming the importance of this position for dimerization of TIM 
(Maithal et al. 2002).  

Directed evolution experiments with monoTIM identified two mutations in 
loop2 that both showed an 11 fold increase for kcat and a reduction of 4 fold for 
Km (Saab-Rincon et al. 2001). These mutations were Ala43 to proline and Thr44 
to alanine, serine or arginine. There are no structures available for these variants, 
but it is probable that these mutations stabilize loop2. Perhaps, these mutations 
could be combined with the previously studied point mutation of ml1TIM 
(Thanki et al. 1997) and followed by further directed evolution experiments to 
partly regain the catalytic properties of the wild type TIM.  

2.2.2 Monomeric variants of TIM from other species and the 
importance for drug design 

As was previously discussed, the dimer interface of TIM is a good drug target 
against pathogens that use glycolysis as their main source of energy. Because of 
this, it is important to characterize the dimerization properties of TIM from 
different species. A cysteine residue at position 14 is important for dimerization of 
both TbTIM and PfTIM (Hernandez-Alcantara et al. 2002, Maithal et al. 2002), 
but in human TIM (hTIM) this residue is a methionine. This difference presents 
us with a possible target area for drugs specific for TbTIM and PfTIM in these 
disease causing pathogens.  

Site directed mutagenesis studies of hTIM aimed at creating monomeric 
forms have shown that M14Q and R98Q variants are monomeric in solution 
(Mainfroid et al. 1996). Further R98Q is inactive, but M14Q retains some activity. 
The activity of the M14Q variant is concentration dependent, which implies that it 
dimerizes at a certain concentration and that the monomer is inactive. When both 
mutations are combined, a variant that behaves like a true monomer is created. 
Still, its stability is even lower than that of TbTIM monomeric variants.  

2.2.3 A monomeric variant of TIM with a modified binding pocket 

The only known substrates for TIM are D-GAP and DHAP and it is known to 
have a very high sequence similarity between different species (Wierenga 2001). 
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These are not very encouraging features for an enzyme to be modified to accept 
new substrates. However, based on the fact that the (βα)8 TIM-barrel fold is very 
common among proteins, one can assume that it can be easily tailored to fit 
different needs. In fact, there are examples of this, as is demonstrated by the 
interconversion of activities between two (βα)8 TIM-barrel enzymes by 
Leopoldseder and coworkers (2004).  

The active site in all known TIM-barrel enzymes is located at the C-terminal 
ends of the β-strands and in the βα-loops and is often called the “catalytic face”. 
The αβ-loops on the other side of the barrel are important for stability and this 
side is subsequently called the “stability face”. This difference between the two 
sides of the molecule allows for modifying the catalytic face with mutations 
without affecting the stability of the enzyme. (Hocker et al. 2001) 

The binding pocket of TIM extends from the catalytic residues Asn11, Lys13, 
His95 and Glu167 to loop8. The phosphate group of the substrates sits near loop8, 
which limits the size of the molecules that can bind TIM. This phosphate group is 
in contact with loop6, loop7 and loop8 in the closed conformation of TIM 
(Kursula & Wierenga 2003).  

The original reason for creating monomeric TIM by Borchert coworkers 
(1994) was to design new activities on the (βα)8 fold. The first step in engineering 
new activities was to start modifying the binding pocket and especially loop8 to 
see if the isomerization could be catalyzed for different kinds of compounds. 
Loop8 is a good target because it is in the back of the pocket and limits the length 
of the substrate. Loop modeling studies were carried out with various different 
loop8 sequences containing mutations and deletions. (Norledge et al. 2001) 

The first expressed variant (ml8TIM) had residues 234 and 237 deleted, while 
Gly235 was mutated into a serine and Ala236 into a valine. In the structure of 
ml8TIM, loop8 overlapped the phosphate binding pocket and differed 
substantially from the predicted structure. Further modeling suggested that 
residues 235, 236 and 237 should be deleted and the side chain of Leu238 should 
be used as an anchor like in a variant of monoTIM, called monoSS-TIM 
(Borchert et al. 1995a). This new variant called ml8bTIM, was produced and 
crystallized. It was shown to be stable and comparison of its structure with the 
predicted one showed a high degree of similarity. (Norledge et al. 2001) 

Ml8bTIM had lost all of its activity for wild type substrates and it no longer 
had affinity for transition state analog 2PG. Loop8 of ml8bTIM (pdb code: 
1DKW) is well defined and the biggest difference compared to wtTIM is the 
larger binding pocket and the swapping of places between side chains of Leu238 
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and Trp12 as was predicted. Leu238 is a fully conserved residue that is solvent 
exposed in wtTIM and ml1TIM. The new buried environment of its side chain is 
very hydrophobic and apparently enables it to work as an anchor for the new 
loop8. A similar switch between Leu238 and Trp12 side chains have been 
observed before in unliganded monoSS-TIM structure (Borchert et al. 1995a). In 
monoSS-TIM the side chains of Trp12 and Leu238 would change back to their 
normal positions upon ligand binding suggesting that this buried conformation is 
needed to stabilize the monomeric folding intermediates of wtTIM. (Norledge et 
al. 2001) 

The new binding pocket of ml8bTIM is larger than in wtTIM (Figure 9). The 
catalytic residues adopt the same conformations as in wtTIM and loop6 and loop7 
conformations follow the wild type open conformation. This suggests that the 
opening/closing mechanisms as well as the catalytic machinery of TIM are intact. 
A possible reason for the lack of activity seems to be coming from the loss of 
binding. (Norledge et al. 2001) 

Fig. 9. The new and larger ml8bTIM binding pocket (pdb code 1DKW, green) 
superimposed with wtTIM (pdb code: 5TIM, magenta). Notice the bigger binding 
pocked created between loop7 and loop8 in the ml8bTIM structure (marked by a *). 
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3 Aims of the present study 

The overall goal of this study was to gain a better understanding of the structure-
function relationship of TIM and to use this expertise to change its substrate 
specificity. This task is divided into three projects: 

1. The engineering of monomeric TIM to create new substrate specificity. 

ml8bTIM of Norledge and coworkers (2001) with an extended binding 
pocket was our starting point. Our immediate task was to find a compound 
that binds the new pocket and to improve the ml8bTIM variant if necessary. 
An additional task was to study why ml8bTIM has no activity and to modify 
it to regain enzymatic activity. Eventually, this new enzyme was planned to 
be able to make chiral α-hydroxy aldehydes, like ribose analogs 
(Mikhailopulo 2007). These reactive chiral compounds are hard to make 
using standard organic chemistry protocols (Waszkuc et al. 1984, Kern & 
Spiteller 1996). The progress of this project is summarized in paper III. 

In dimeric wtTIM the active site is protected from the bulk solvent by the closure 
of loop6 and the close proximity of the other subunit. A loop opening is needed 
for the product release in the wild type TIM. In monomeric forms, loop opening is 
not explicitly needed because the active site is more accessible. This has lead to a 
suggestion that it might be beneficial for the monomeric forms to have loop6 
closed at all times to increase the population of competent active sites. For this 
purpose two point mutation variants, A178L and P168A, were generated and 
characterized. 

2. The A178L mutation to disfavor the open conformation. 

It is known from previous studies that the side chain of Ala178, at the open 
conformation of loop6, points into a hydrophobic pocket inside TIM (Kursula 
et al. 2004). A bigger side chain at this position would clash with Trp170 in 
the open form. This mutation could therefore favor the closed conformation 
of loop6. The results of this project are published in paper II. 

3. The role of the conserved Pro168 residue at the N-terminal hinge of TIM. 

The conserved Proline ring of residue 168 has been shown to be in a strained 
planar conformation when loop6 is closed (Kursula & Wierenga 2003, 
Donnini S et al. 2006). It is proposed that it acts like a spring that works as an 
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energy reservoir that helps loop6 opening. Mutating this residue into an 
alanine would make the closed conformation of loop6 possibly energetically 
more favorable. The outcome of this experiment is described in paper I. 
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4 Materials and methods 

A detailed description of the methods used in this thesis can be found in the 
original articles cited with Roman numerals. 

In these publications my main contribution was in performing crystallization, 
data collection, structure determination and analysis of the results. For publication 
III I have purified, crystallized and done the crystallography of ml8bTIM and I 
have done the CD-measurements for each of the variants. I did not participate in 
the crystallization and data collection of the A-TIMs in publication III, but did 
conduct the analysis of the structures. 

4.1 Protein expression and purification (I-III) 

Plasmid pET3a (Novagen, Madison, WI, USA), containing the mutated TIM 
genes, was used for protein expression. These plasmids were used to transform E. 
coli BL21 pLysS (Invitrogen, Carlsbad, CA, USA) for protein production.  

Pure protein was obtained using ammonium sulphate precipitation, dialysis 
and cation exchange chromatography. The quality of the purified protein was 
checked by using sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) (Laemmli 1970) and Coomassie Blue staining (Ausubel et al. 1989). 

4.2 Enzymatic essays (I-III) 

Triosephosphate isomerase activity was assayed at 25°C as previously described 
(Sun & Sampson 1999). The initial rates were measured at each substrate 
concentration from the change in NADH absorbance at 340 nm with a 
Powerwave X microtiterplate reader (Bio-tek Instruments, Vermont, USA). The 
kcat and Km values were obtained after data fitting to the Michaelis-Menten 
(Michaelis & Menten 1913) equation using GraFit program (Erithacus Software, 
Stains, U.K.). Ki values for arsenate and 2-phosphoglycollate (2PG) were 
determined assuming a competitive inhibition model (Sun & Sampson 1999). 

4.3 Thermal stability (I-III) 

The stability of all variants was studied using temperature induced denaturation. 
Jasco J-715 spectropolarimeter (JASCO Corporation, Tokyo, Japan) with a path 
length of 1 mm at 25°C was used to measure the circular dichroism spectrum (CD) 
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before the denaturation studies. Temperature induced denaturation was carried out 
by monitoring the ellipticity from 20°C to 60°C at 222 nm with a rate of 30°C per 
hour. The thermal stability of all variants was measured with and without the 
transition state analog 2PG to detect the stabilization effect of this ligand.  

4.4 Crystallography and data collection (I-III) 

Crystallization conditions for all three projects were initially screened using the 
Factorial screen (Zeelen et al. 1994). The hanging drop method with 2+2 μl drops 
(I-III) or the sitting drop method with 1+1 μl drops for A-TIM crystals (III) was 
used at +22°C. Further optimizations were done when necessary. The protein 
solution used for the crystallization experiments was 11 mg/ml protein, 20 mM 
Tris/HCl pH 7, 100 mM NaCl, 1mM DTT, 1mM EDTA and 1mM NaN3. In case 
of A178L (I), 0.2 mM Triton X-100 was added to the protein solution. For 
ml8bTIM (III) 12 mg/ml protein, 20 mM TEA/HCl pH 8, 1mM DTT, 1mM 
EDTA and 1mM NaN3 was used as the protein solution. The liganded crystals of 
P168A and A178L variants (I-II) were grown by adding 10mM 2PG to the protein 
solution. The well solutions used in the crystallization experiments and the 
essential data collection parameters and conditions for obtaining the structures are 
presented in Table 1. 

The crystal form of ml8bTIM with mutation V233A (A-TIM), complexed 
with a citrate molecule (A-TIM-CA), was used as the starting point for soaking 
experiments. Three additional datasets, A-TIM-2PG, A-TIM-BHAP and A-TIM-
G3P, were obtained by soaking with three different substrate analogues, 2PG, 
BHAP and glycerol-3-phosphate (G3P). To achieve this, the following protocol 
was repeated seven times:  

1. Drop was covered by 20 μl of 100% paraffin oil. 
2. Crystal was transferred into a new 5 μl drop of well solution with citric acid 

replaced by 0.1 M MES pH 5.5 and with 10 mM freshly prepared ligand. 
3. Incubation in a hanging drop setup for 4-12 hours with 1 ml of solution from 

step 2 without ligand in the well.  

When necessary, crystals were briefly transferred to cryosolution (Table 1) before 
they were flash-frozen with a cold nitrogen stream at 100 K. Just before 
harvesting each crystal 2 μl of 50% paraffin oil in silicone oil solution (v/v) added 
on top of the crystallization drop to prevent crystals from drying out.  
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Table 1.  Crystallization conditions and data collection parameters. More detailed 
information can be found from the original articles. 

Structure Crystallization 

well solution 

Cryoprotectant  Space 

group 

Resolution 

(Å) 

Ligand PDB entry 

code 

Publication I 

wtP168A A* none P1 2.1 none 2j24 

wtP168A-2PG B* none P212121 1.15 2PG 2j27 

Publication II 

wtA178L C* none P21 2.2 none 2v0t 

wtA178L-2PG D* 25% ethylene glycol P21212 1.89 2PG 2v2c 

ml1A178L E* 15% ethylene glycol P63 2.3 none 2v2d 

ml1A178L-2PG F* 20% ethylene glycol C2 1.18 2PG 2v2h 

Publication III 

Ml8bTIM G* 5% glycerol P21 1.89 none 2vei 

A-TIM-CA H* 100% paraffin oil soak P21 1.6 Citric acid 2vek 

A-TIM-2PG H* 20% ethylene glycol P21 2.3 2PG 2vel 

A-TIM-BHAP H* 100% paraffin oil soak P21 2.2 BHAP 2vem 

A-TIM-G3P H* 100% paraffin oil soak P21 2.0 None/citric 

acid 

2ven 

* The following well solutions were used: 

A: 0.1 M TEA, pH 7.0, 27% PEG2000-MME, and 200 mM KSCN 

B: 0.1 M CHES, pH 9.5, 25% PEG1500, and 200 mM MgSO4 

C: 0.1 M HEPES pH 7.5, 8% ethylene glycol and 10% PEG8000 

D: 0.1 M TEA pH 7.5, 2% PEG400 and 2.0 M (NH4)2SO4 

E: 1.75 M (NH4)3PO4 pH 8.2 

F: 0.1 M citrate pH 5.5, 20% PEG 6000 and 3% tertiary butanol 

G: 0.1 M Tris/HCl pH 8.5, 1.9 M MgSO4 

H: 20% PEG6000, 2.5% t-butanol, 0.1 M citric acid pH 5,5 

4.5 Data processing and model building (I-III) 

All data were processed using program XDS (Kabsch 1993) with the interface 
XDSi (Kursula 2004). Programs F2MTZ and CAD from the CCP4 package 
(CCP4 1994) were used to flag 5% of the observed structure factors for the free 
R-factor calculations. The structures were solved using molecular replacement 
with program MOLREP (Vagin & Teplyakov 1997) using wild type trypanosomal 
TIM (PDB entry 5TIM (Wierenga et al. 1991a)) as a search model for the wtTIM 
structures and engineered monomeric TIM (PDB entry 1ML1 (Thanki et al. 1997)) 
for the monomeric variants. In all structure determinations, weakly defined loop 
residues were deleted from the search model and rebuilt in the new electron 
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density maps if possible. Waters, ligands and other solvent molecules were also 
built from scratch in the respective electron density maps. All structures were 
initially refined with REFMAC5 (Murshudov et al. 1997). The atomic resolution 
structures of ml1A178L-2PG and wtP168A-2PG were refined using SHELXH 
(Sheldrick 2008). The program Coot (Emsley & Cowtan 2004) was used for the 
manual rebuilding of the structures, for adding waters and for checking the 
quality of the structures. The Molprobity method (Lovell et al. 2003) was used to 
analyze the Ramachandran plot. 

4.6 Structure analysis (I-III) 

Several structures of homologous TIMs and their variants were used for structure 
comparisons. Only the ones with significant differences compared to our new 
structures are discussed. The following crystal structures were used: trypanosomal 
TIM (1.83 Å, PDB entry 5TIM (Wierenga et al. 1991a)), LmTIM, complexed 
with 2PG (0.83 Å, PDB entry 1N55 (Kursula & Wierenga 2003)), plasmodium 
TIM, unliganded (2.2 Å, PDB entry 1YDV), yeast TIM, unliganded (1.9 Å, PDB 
entry 1YPI (Lolis et al. 1990)), chicken TIM, complexed with the transition state 
analogue phosphoglycolohydroxamate (PGH) (1.8 Å, PDB entry 1TPH), yeast 
TIM, complexed with DHAP (1.2 Å, PDB entry 1NEY (Jogl et al. 2003)), 
trypanosomal TIM complexed with sulphate (2.4 Å, PDB entry 2V5L (Noble et al. 
1993)), ml1TIM, complexed with 2PG (2.6 Å, PDB entry 1ML1 (Thanki et al. 
1997)), malaria TIM, complexed with 2PG (2.8 Å, PDB entry 1LZO 
(Parthasarathy et al. 2002b)), unliganded YSL-chicken (loop6 hinge mutant) TIM 
(2.9 Å, PDB entry 1SSD (Kursula et al. 2004)), YSL-chicken TIM complexed 
with 2PG (2.9 Å, PDB entry 1SSG (Kursula et al. 2004)) and ml8bTIM, 
unliganded (2.7 Å, PDB entry 1DKW (Norledge et al. 2001)). The 5TIM A-
subunit was used as the reference structure of the wtTIM unliganded/open 
conformation and the atomic resolution structure of 1N55 was used as the 
reference structure of the wtTIM liganded/closed. The reference structure used for 
comparisons with the monomeric forms of TIM is ml1TIM.  

In this thesis the trypanosomal TIM numbering scheme was used, in which 
the catalytic glutamate is Glu167. The superpositions of the various structures on 
each other were done using the 36 Cα-atoms of the β-sheet residues numbered: 7-
11, 38-42, 61-64, 90-93, 122-127, 163-166, 207-210 and 230-233.  

The structures used in this thesis were analyzed with programs O (Jones et al. 
1991), Coot (Emsley & Cowtan 2004) and ICM (Molsoft L.L.C., La Jolla, CA, 
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USA). Program Chemtool (Martin Kroeker, University of Freiburg, Freiburg, 
Germany) was used to generate the schematic figures of substrates and ligands. 
Pymol (DeLano Scientific, Palo Alto, CA, USA) was used to make the other 
figures. The GNU Image Manipulation Program (GIMP, http://www.gimp.org) 
was used to edit and label figures.  
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5 Results 

Several crystal structures of different variants of TIM have been determined in the 
context of this thesis. In each case these structures were carefully analyzed and 
the structural data was extensively compared with enzymological data. My main 
contribution to the original articles has been in the area of crystallization, data 
collection, structure determination and analysis of the results. Accordingly, I will 
mainly concentrate on explaining the structural results in detail. In the first 
section of each topic I will briefly compare the structural data with the 
enzymological results.  

5.1 The role of the conserved Pro168 residue at the N-terminal 
hinge of TIM (I) 

To better understand the importance of the conserved Pro168 residue of TIM we 
have created a P168A variant of wild type TbTIM (wtP168A). The enzymological 
properties of this variant have been characterized with CD-measurements and 
enzyme essays.  

The CD measurements showed a melting temperature of 51oC, which is 
similar to earlier experiments with wtTIM (Schliebs et al. 1996). The P168A 
mutation did not seem to effect the thermal stability of this enzyme. Steady-state 
kinetics measurements resulted in a 50 fold lower turnover number and a 40% 
lower Km-value compared to TbTIM (Lambeir et al. 1987). The Ki value for 2PG 
is 5 times higher. It seems that this variant has lower activity, but higher affinity 
for D-GAP and it has lost some affinity for the transition state analogue 2PG.  

5.1.1 The crystal structures of liganded and unliganded wtP168A 

A crystal structure diffracting to 2.1Å was collected for the unliganded wtP168A 
(wtP168A) and the liganded structure complexed with 2PG (wtP168A-2PG) was 
solved at 1.15 Å resolution. Both structures have TIM dimers in the asymmetric 
unit and are well defined in the electron density maps. The structure of the 
Glu167-Ala168 dipeptide can be clearly seen in the electron density map and the 
atoms in these residues have low B-factors. The essential data collection and 
refinement statistics of these structures are shown in Tables 2 and 3.  
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The superimposition of the liganded and unliganded wtP168A structures with 
the corresponding wtTIM structures shows interesting differences. The 
unliganded structure is very similar to wtTIM, but interesting changes have 
occurred in the liganded mutant structure.  

The biggest difference in the open conformation seems to be the much more 
flexible tip of loop6 together with small changes in loop5. This mutation adds 
variability for the open conformation of loop6 and loop5, but loop7 stays the 
same as in wild type. Only small changes in the main chain are seen around the 
mutated Ala168 residue.  

The structure of the Glu167-Ala168 dipeptide is essentially the same for the 
liganded and unliganded mutant structures, which is not true for the wtTIM. The 
peptide nitrogen of Ala168 in the liganded structure is hydrogen bonded to the 
Gly211 main chain oxygen in loop7. In the unliganded structure this oxygen has 
rotated away as part of the opening/closing movement of loop7 and can not make 
such a hydrogen bond. This hydrogen bond is not possible in liganded wtTIM, 
because the proline ring is connected to the main chain nitrogen of Pro168. Also, 
superimpositions show that in the closed conformation of loop7 the Gly211 main 
chain oxygen would come too close to the carbon atoms of the proline ring of 
Pro168 if it would not move away to its strained planar conformation during 
ligand binding (Figure 10). 

The structural comparisons clearly show that the Glu167-Ala168 region of 
the P168A variant does not move on ligand binding. The main chain movement of 
Glu167 must take place for the glutamate side to reach the catalytically competent 
swung-in position (Figure 10, Wierenga et al. 1991b, Kursula et al. 2004). In the 
liganded wtP168A structure the side chain of Glu167 remains in the swung-out 
position and remains hydrogen bonded to Ser96. This also explains the 
differences observed in the tip of loop6 of liganded wtP168A, because the Ser96 
side chain does not rotate away from its open conformation to its closed 
conformation. This causes the normal closed position of Ile172 to be prevented by 
a steric clash with Ser96 leading to a new conformation of Ile172 and the tip of 
loop6.  

The swung-out position of the Glu167 side chain and the slightly different 
conformation of the tip of loop6 have also affected the interactions with 2PG. The 
phosphate part of this ligand is in its normal position, hydrogen bonded to loop6, 
loop7 and loop8, but the carboxylate head group has moved up to compensate for 
the loss of the strong hydrogen bonds to Glu167 (Kursula & Wierenga 2003) that 
are not formed anymore (Figure 10).  
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Fig. 10.  The mode of binding of 2PG in wtP168A-2PG (pdb code 2J27, brown) 
compared to wtTIM (pdb code 1N55, green). The atoms participating in the hydrogen 
bond between Gly211 and Ala168 are marked with a *. 

5.2 The A178L mutation to disfavor the open conformation (II) 

The A178L mutation was made to both wtTIM (wtA178L) and to ml1TIM 
(ml1A178L) to see its effect on dimeric and monomeric TIMs. Both variants were 
characterized by measuring enzyme kinetics and CD-melting curves. In wtA178L 
the mutation does not cause significant changes in kcat, but Km is two times higher. 
The ml1A178L variant has a ten fold lower kcat, but Km does not change compared 
to ml1TIM. Both variants lose some affinity for the transition state analogue 2PG. 
The CD-melting curves show much more variability for the unliganded forms 
than for the liganded forms. The ml1A178L variant shows partial unfolding even 
at 25oC and is approximately 25% unfolded already at 35oC. Both unliganded 
forms of wtA178L and ml1A178L have lower melting temperatures than the 
corresponding wtTIM and ml1TIM. 
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5.2.1 The crystal structures of liganded and unliganded dimeric 
A178L variants 

The unliganded A178L (wtA178L) was crystallized and diffracted to 2.2Å 
resolution in a crystal form with 8 subunits per asymmetric unit. The liganded 
crystal form, complexed with 2PG (wtA178L-2PG), diffracted to 1.89Å with one 
subunit per asymmetric unit. The essential data collection and refinement 
statistics of these structures are shown in Tables 2 and 3.  

The liganded structure turned out to be very similar to the wtTIM structure, 
but the 8 unliganded subunits of the unliganded form showed large structural 
variability not seen before. The biggest changes occur in the loop6 region, but 
small concerted shifts are also seen for the helical region of loop-5. Loop5 is 
hydrogen bonded to loop6 with Glu129 in wtTIM and rearranges slightly upon 
ligand binding. In all of the eight subunits of unliganded A178L the side chain of 
the catalytic Glu167 adopts the unliganded swung-out conformation and loop7 is 
in the open conformation. Also, the Leu178 side chain is well defined in all 
molecules in the asymmetric unit and the C-terminal hinge region has adopted a 
conformation different from wtTIM.  

In seven out of eight subunits the C-terminal hinge, and to a lesser degree 
loop6, has moved closer to the closed conformation to avoid the clash of the 
Leu178 side chain with that of Trp170 (Figure 11). In one subunit, the C-terminal 
hinge had moved somewhat towards the bulk solvent to avoid the clash with the 
Trp170 side chain. In this subunit the conformations of the N-terminal hinge 
residues Pro168-Val169-Trp170 are the same as in wild type TIM.  

The tip of loop6 in five subunits can not be seen in electron density maps. In 
two subunits loop6 conformation is intermediate between the open and closed, 
and in one subunit it is completely different from the open or closed conformation. 
In this conformation loop6 is completely different from anything seen before 
(Figure 12). The Ile172-Gly173-Thr174-Gly175 peptide forms a turn at the tip of 
the loop and Trp170 has flipped away from its normal position and is in close 
contact with loop4.  
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Fig. 11. Loop6 of wtA178L subunit B (pdb code 2V0T, brown) superimposed with 
wtTIM liganded (pdb code 1N55, green) and unliganded (pdb code 5TIM, magenta). 

Fig. 12. Loop6 of wtA178L subunit G (pdb code 2V0T, brown) superimposed with 
wtTIM liganded (pdb code 1N55, green) and unliganded (pdb code 5TIM, magenta). 
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5.2.2 The crystal structures of the liganded and unliganded 
monomeric A178L variants 

The unliganded ml1A178L (ml1A178L) variant was crystallized with 1 molecule 
per asymmetric unit at 2.3Å resolution and the liganded ml1A178L complexed 
with transition state analogue 2PG (ml1A178L-2PG) had three molecules per 
asymmetric unit at 1.18Å resolution. The most essential data collection and 
refinement statistics are summarized in Tables 2 and 3.  

As seen in the wtA178L unliganded structure, the unliganded ml1A178L has 
a more closed conformation at the C-terminal hinge region of loop6. However, 
unlike in dimeric forms, the greater instability of monomeric TIMs together with 
the A178L mutation have caused several changes in the open form of ml1A178L 
structure. The bulky Leu178 side chain has pushed Trp170, which in turn has 
moved Val169 causing a translation of the whole loop4 through interactions with 
Trp100 which in turn has found a new hydrophobic pocket in contact with Val169. 
The translated conformation of loop4 has the catalytic His95 in two different 
(flipped) alternative side chain conformations and Ser96 has moved, preserving 
its hydrogen bond with Glu167, which is also not in its normal conformation. The 
alternative conformation of His95 has induced a conformational change in Gln65, 
which is in contact with Asn11. The small change of Asn11 has caused a minor 
rotation in the main chain also causing Lys 13 to adopt a somewhat different 
conformation. Together with the much increased structural plasticity of 
monomeric TIMs the A178L mutation has induced a series of changes that 
resonate through significant parts of the protein and affects all four catalytic 
residues of the ml1A178L variant.  
Although, the unliganded ml1A178L was grown in the presence of 1.85M 
phosphate, it is not bound at the phosphate binding site near loop8 like in other 
TIM structures grown in the presence of sulphate or phosphate. Structural 
comparisons show that the reason for this is a switch of the peptide plane after 
Gly234 in loop8. The main chain region of loop8 has moved slightly towards the 
phosphate binding pocket. A hydrogen bond to the phosphate Gly235 main chain 
nitrogen is lost and instead the Gly234 main chain oxygen points into the wild 
type phosphate binding site, disfavoring binding of the phosphate. This can not be 
found in available structures of dimeric TIMs, but in two other unliganded 
monomeric TIM variant structures the main chain oxygen of Gly234 is flipped 
out (Borchert et al. 1995a, Norledge et al. 2001). 
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The atomic resolution structure of the liganded ml1A178L is very similar to 
ml1TIM complexed with the transition state analogue 2PG. It seems that the 
kinetic differences between ml1TIM and ml1A178L are correlated with the 
properties of its unliganded form like with the dimeric wtA178L variant.  

5.3 The engineering of monomeric TIM to create new substrate 
specificity (III) 

5.3.1 The new high resolution ml8bTIM structure 

The first ml8bTIM crystal structure (pdb code: 1DKW) of Norledge and 
coworkers (2001) showed that a new more extensive binding pocket could be 
created in the framework of monomeric TIM. ml8bTIM was inactive and no 
affinity for 2PG could be found. The available crystals of ml8bTIM diffracted to 
only 2.7 Å resolution preventing a detailed structural analysis.  

Further crystallization experiments, performed in the context of this thesis, 
have resulted in a new crystal form of ml8bTIM. This crystal form has three 
molecules per asymmetric unit and diffracts to a resolution of 1.9 Å. All of the 
molecules adopt the open/unliganded conformation. The essential data collection 
and refinement statistics of this structure are shown in Tables 2 and 3. 

Structural comparisons against wild type TIM unliganded/open conformation 
(pdb code: 5TIM, subunit A) showed significant deviations as a consequence of 
deleting residues 235, 236 and 237 in loop8. Leu238, a fully conserved residue 
that is solvent exposed in wtTIM, has moved to a new buried position replacing 
the side chain of Trp12. This rearrangement caused changes from Leu238 until 
Glu241, and a rotation of the main chains of Asn11, Trp12 and Lys13. Also, 
Loop7 has moved away from loop8 starting from residue 213 until residue 217. 
These changes were already noted in the previous ml8bTIM structure discussed 
by Norledge and coworkers (2001). In addition, the buried conformation of 
Leu238 was used as an anchor for the new shorter loop8 during modeling and was 
not believed to affect activity.  

Now, with better electron density maps, we can clearly see more details. The 
rotation of the Val233 side chain towards the bulk solvent was not discussed 
earlier. The consequence is that Val214 of loop7 is pushed away causing a 
rearrangement of the whole catalytically important loop7.  
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Closer inspection of the new Val233 side chain environment reveals two other 
major consequences. Comparison with liganded and unliganded wild type TIM 
structures shows that one of the two methyl groups of the valine side chain in this 
new conformation would clash with a conserved water molecule (water 1 
according to the numbering of Kursula and coworkers (2003)) which in fact is not 
visible in the current structures of ml8bTIM (Figure 13). Another consequence of 
this conformational change is that this methyl group would be in too close contact 
with the phosphate oxygen of the TIM substrates (Figure 13). This would strongly 
discourage substrate binding. In fact, a transition state analogue IPP (2-(N-formyl-
N-hydroxy)amino-ethylphosphonate) was soaked in the crystal of ml8bTIM 
before data collection, but no electron density for its presence could be seen.  

Fig. 13.  Comparison of the active sites of ml8bTIM (pdb code 2VEI, brown), wtTIM 
unliganded (pdb code 5TIM, magenta) and wtTIM complexed with 2PG (pdb code 1N55, 
green). Areas with significant differences are marked with a *. Note the different 
conformations of the Val233 side chains. 
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5.3.2 Characterization of A-TIM: the V233A variant of ml8bTIM 

A new variant of monomeric TIM with a modified binding pocket was created 
after gaining insight from the high resolution structure of ml8bTIM. This point 
mutation variant of ml8bTIM was called A-TIM in reference to the alanine 
mutation of Val233, and was subsequently purified and characterized. However, 
in reality the road to A-TIM was not so simple. Before this variant was reached 
several other point mutation variants of ml8bTIM were characterized and 
crystallized (Figure 14). With the help of these unpublished structures we finally 
understood the importance of V233A mutation. The other mutations (W100A, 
I245A/V) were not found to be beneficial. For example, the W100A mutation 
caused loop4 to adopt a non wild type conformation where His95 was flipped out 
like in monoTIM (Borchert et al. 1993a). Also, the I245A and I245V mutations 
made the protein less stable. Nonetheless, to get to this point 17 point mutation 
variants of ml8bTIM were created and about 30 structures, with and without 
ligand, were determined.  

Fig. 14. Not all roads lead to A-TIM. Variants with structures available are marked with 
a *. 
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The melting temperature of A-TIM calculated from CD measurements is 
44oC, which is lower than the 49oC of other monomeric TIMs (Schliebs et al. 
1996, Thanki et al. 1997). In the presence of 2mM 2PG the melting curve of A-
TIM shifts about 4oC to 48oC, indicating that 2PG binds. This change is in the 
same range as observed for other variants of monomeric TIM (Schliebs et al. 
1996, Thanki et al. 1997). Previously, the corresponding CD-experiments with 
ml8bTIM (Norledge et al. 2001) could not detect any binding of 2PG. Despite the 
fact that A-TIM gained the ability to bind 2PG, further enzymological 
characterization showed no detectable catalytic activity with D-GAP as a 
substrate.  

The A-TIM citric acid structure (A-TIM-CA) 

The A-TIM crystals diffracted to a resolution of 1.6 Å, with two molecules per 
asymmetric. Both molecules are well defined in the electron density maps and 
both loop6 and loop7 are in the closed conformation with a citrate molecule 
bound at the active site. The citric acid (CA) molecule comes from the buffer used 
in the crystallization solution. The essential data collection and refinement 
statistics of this structure are shown in Tables 2 and 3. 

The eight β-strands of the A and B molecules of the asymmetric unit are 
practically identical with an rmsd value of 0.2 Å. The A molecule is loosely 
involved in crystal contacts, but molecule B has extensive crystal contacts. This 
has caused a large rearrangement in loop1 and smaller differences in the Cα-trace 
of loop2. The citrate molecule is well defined in both molecules (Figure 15) and 
the active sites of molecules A and B have the same mode of binding.  

Superpositioning of A-TIM-CA with ml1TIM in Figure 16 shows that the 
conformations of loop6 and loop7 are similar. It is also seen that loop7 adopts a 
conformation similar to wtTIM unlike in ml8bTIM. Water 1 is now in its normal 
position and hydrogen bonded to loop7 and loop8.  
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Fig. 15. The mode of binding of citric acid complexed with A-TIM (pdb code 2VEK). The 
blue mesh shows the omit (Fo-Fc)αc electron density map of citric acid contoured at 
2.5 sigma, calculated after omit refinement where it was left out of the model. 

Fig. 16. Comparison of the mode of binding of citrate (A-TIM-CA, pdb code 2VEK, 
brown) with the mode of binding of the transition state analogue 2PG of ml1TIM (pdb 
code 1ML1, green). Notice the almost identical position of water 1 in these two 
structures. 
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Citrate has a very different overall structure when compared to 2PG, but 
similarities can also be found. The citrate molecule has a central carbon atom, 
which has two acetylate groups, one carboxylate group and one hydroxyl group. 
One of the acetylate groups corresponds to the acetylate group of the transition 
state analogue 2PG and the other acetylate group forms hydrogen bonds to loop6 
and loop7 like the phosphatedianion group of 2PG. The third carboxylate group 
points to the binding groove of A-TIM. This mode of binding of citrate is not 
possible in wtTIM.  
Citrate is observed to have the same key interactions as 2PG (Figure 16). The 
carboxylate moiety bound in the catalytic site superimposes close to the 
carboxylate moiety of 2PG while the anchoring hydrogen bonding interactions of 
the phosphate oxygen atom of 2PG with loop6 and loop7 is preserved in the 
citrate mode of binding.  

The liganded structure of A-TIM-CA is in the closed conformation, but 
Leu238 remains in its buried position. This is different from monoSS-TIM where 
Leu238 moves into a water exposed position similar to wild type upon ligand 
binding (Borchert et al. 1995a). Figure 17 shows that the side chain of Leu238 
stays in the same conformation with or without ligand and stabilizes the new 
conformation of loop8. 

Fig. 17. The hydrophobic environment of Leu238 of ml8bTIM (pdb code 2VEI, grey), A-
TIM-CA (pdb code 2VEK, brown) and ml1TIM (pdb code 1ML1, green). Shown are 
residues from loop1 and loop8. 
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A-TIM binding studies with 2PG, G3P and BHAP 

The binding studies of A-TIM were done with the transition state analogue 2PG, 
the suicide inhibitor BHAP and the substrate analogue G3P (Figure 18). In all 
cases, the citric acid of the crystallization solution was replaced using a soaking 
solution which included the new binder.  

Fig. 18. A schematic picture of compounds used for the A-TIM soaking experiments 
together with citric acid. 

The A-TIM-G3P structure – the open conformation of A-TIM 

Soaking experiments with the substrate analogue G3P produced a structure at a 
resolution of 2.0Å (Tables 2 and 3). In this structure the active site of molecule A 
is unliganded and the active site of molecule B still has the citrate molecule bound. 
This indicates that the A-TIM affinity for G3P is much weaker than for 2PG, 
which agrees with the approximately 20 fold lower G3P-versus-2PG affinity seen 
for wtTIM (Lambeir et al. 1987). Superimposition of the structures of the 
unliganded active site of molecule A of A-TIM-G3P and unliganded wtTIM 
shows that loop6 and loop7 are in the open conformation. 
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The A-TIM-2PG structure 

A 2.3Å resolution structure of A-TIM complexed with the transition state 
analogue 2PG was solved. 2PG has replaced the bound citric acid molecule in 
both molecules of the asymmetric unit and was well defined (Figure 19). The 
essential data collection and refinement statistics of this structure are shown in 
Tables 2 and 3. 

The structure of ml1TIM complexed with 2PG is compared with our A-TIM-
2PG structure in Figure 20. The active site geometries and the modes of binding 
of 2PG are similar in all three TIM complexes. The catalytic glutamate adopts the 
competent swung-in conformation and loop6 and loop7 are in the closed 
conformation. The most notable difference is the shift of the phosphate moiety 
outwards by approximately 0.9Å (Figure 20). 
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Fig. 19. The mode of binding of 2PG complexed with A-TIM (A-TIM-2PG, pdb code 
2VEL). The blue mesh shows the omit (Fo-Fc)αc electron density map of 2PG 
contoured at 3.0 sigma, calculated after omit refinement where it was left out of the 
model. 

Fig. 20. Comparison of the mode of binding of the transition state analogue 2PG 
between A-TIM (pdb code 2VEL, brown) and ml1TIM (pdb code 1ML1, green). The 
distance between the compared phosphate atoms of the 2PG molecules is 0.9 Å. 
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The A-TIM-BHAP structure 

Glu167 of wtTIM has special properties. BHAP (Coulson et al. 1970, Mare De la 
et al. 1972, Norton & Hartman 1972) and glycidol phosphate (Rose & O'Connell 
1969, Schray et al. 1973, Waley 1973) are special suicide inhibitors of TIM that 
specifically only bind the Glu167 side chain carboxylate group. These covalent 
binders have been used in classical studies aimed at identifying the catalytic base 
responsible for the catalytic function of TIM. By soaking A-TIM crystals with 
BHAP we can see if Glu167 of A-TIM still has special properties. These soaking 
experiments resulted in a dataset with a resolution of 2.2Å. The essential data 
collection and refinement statistics of this structure are shown in Tables 2 and 3.  

The refined structure shows that in the active sites of both molecules BHAP 
has reacted with the Glu167 side chain carboxylate group. Molecule B has fully 
reacted with BHAP (Figure 21), but in molecule A a mixture of a BHAP and 
possibly citrate can be seen. No traces of BHAP or parts of it can be seen 
elsewhere on the protein surface. Glu167 is the only residue modified by BHAP. 
The structural comparison of A-TIM-BHAP with ml1TIM complexed with 2PG 
shows only minor adjustments of the side chain of the catalytic glutamate (Figure 
22). 
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Fig. 21. The mode of binding of BHAP complexed with A-TIM (A-TIM-BHAP, pdb code 
2VEM). The blue mesh shows the omit (Fo-Fc)αc electron density map of BHAP linked 
to Glu167 contoured at 3.0 sigma, calculated after omit refinement where the area 
shown in electron density was left out of the model. 

Fig. 22. The mode of binding of BHAP to A-TIM (pdb code 2VEM, brown) compared to 
that of ml1TIM complexed to 2PG (pdb code 1ML1, green). The distance between the 
compared phosphate atoms of the 2PG and BHAP molecules is 0.5 Å. 
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6 Discussion 

6.1 The role of the conserved Pro168 residue at the N-terminal 
hinge of TIM (I) 

We started to study the conserved loop6 N-terminal hinge residue Pro168 on the 
assumption that by mutating it into alanine we would make the closed 
conformation energetically more favorable. This resulted in a 50 times less active 
enzyme with two times lower Km for the substrate D-GAP and with 5-fold less 
affinity for the transition state analogue 2PG. The loss of activity is not something 
we are looking for, but since the original goal of this particular project was to 
favor the closed conformation of loop6 in the monomeric form of TIM, it is not 
too much of a problem. However, the two times lower Km for the substrate might 
be very important for countering a part of the 20-fold loss seen in ml1TIM 
(Borchert et al. 1994).  

Apart from the Glu167-Ala168 dipeptide area the loop6 of wtP168A is 
capable to adopt the open and closed conformation. The lower catalytic efficiency 
clearly confirms that Pro168 is important for the function of TIM and explains its 
conserved status.  

The kinetic properties wtP168A can be explained by the structures. The low 
activity can be explained by the lack of change in the main chain area of Glu167-
Ala168 dipeptide during ligand binding. The main chain oxygen of Glu167 can 
not be seen in its closed conformation and consequently the catalytically 
important glutamate side chain does not adopt the swung-in conformation (Figure 
10). This leads to a different binding mode for the transition state analog 2PG. In 
practice the active site of wtP168A is less often in the catalytically active 
competent conformation than in wtTIM.  

Interestingly, the main chain nitrogen of Ala168 is hydrogen bonded to the 
Gly211 main chain oxygen of loop 7, which is not possible in wtTIM. This 
interaction stabilizes the closed conformation of loop7 and loop6. This can be 
seen as an energetically favorable interaction for the closed conformation of 
wtP168A variant. Consequently, the interactions between the phosphate of the 
substrate and loop7 are more often available explaining the two times lower Km 
for substrate D-GAP. The loss of affinity for the transition state analogue 2PG is 
explained by the special (low barrier hydrogen bond like) interactions between its 
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carboxylate oxygen and the side chain of Glu167 (Kursula & Wierenga 2003), 
which are not in position to interact in this variant. 

Structural comparisons show that the 90O rotation of the Gly211 main chain 
oxygen of loop7 has significant consequences in wtTIM. This oxygen comes too 
close to the side chain carbon atoms of the Pro168 ring forcing it to adopt the 
strained planar conformation during ligand binding as described by Kursula and 
coworkers (2003). In the wtP168A variant these proline ring carbons are absent 
and the conformational switch of loop6, induced by the movement Gly211 main 
chain oxygen, is not triggered. Therefore an inactive swung-out conformation of 
Glu167 remains in the presence of ligands. The consequence for the loss of this 
event in our variant offers very important insight for the catalytic mechanism of 
TIM. 

NMR studies of loop6 dynamics have shown that loop6 samples both the 
closed and open conformations in the unliganded state and in the presence of 
ligand (Rozovsky et al. 2001, Rozovsky & McDermott 2001). On the other hand, 
experiments on the sequential events associated with ligand binding have shown 
that the first step is an initial liganded, but open “encounter” complex, followed 
by a structural change resulting in the closed structure (Desamero et al. 2003). 
Structures of liganded open forms of wild type TIM have been observed 
(Parthasarathy et al. 2002a, Parthasarathy et al. 2002b). In these structures the 
ligand does not interact with loop6, but with loop7. This strongly suggests that the 
first effect of ligand binding to wild-type TIM is the conformational switch of 
loop7. If this is the case, then the conformational change of loop6 could be 
triggered by the movement of Gly211 main chain oxygen in loop7, as it pushes 
the ring of Pro168. Subsequently, the residue 168 of wtTIM must move.  

The proline side chain of residue 168 is needed to couple the ligand binding 
and loop6/loop7 closure to the small main chain rearrangement of Glu167, which 
leads to the activation of this catalytic side chain. The sequential timing of the 
conformational changes started by ligand binding suggests that the loop7 
conformational switch is the first step and the closing of loop6 is a consequence 
of that. Once loop7 has adopted its closed conformation the most stable 
conformation of loop6 is its closed conformation. The 90° rotation of the Gly211-
Gly212 peptide plane of loop7 is the key step in the concerted movements needed 
for obtaining the catalytically active closed conformation of TIM. 
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6.2 The A178L mutation to disfavor the open conformation (II) 

In this project we predicted that the A178L mutation would disfavor the open 
conformation of loop6 and in that way favor the closed conformation. In 
monomeric TIMs this could be beneficial, because the loop6 opening is not 
needed for the substrate to reach the catalytically competent binding position. Our 
structures show that the unliganded dimeric and monomeric forms of A178L 
variant do form conformations in which the C-terminal hinge is closed, but loop6 
as a whole becomes partly disordered. The high degree of structural similarity of 
the liganded forms clearly indicates that the differences in the kinetic properties 
are caused by the changed properties of the unliganded forms.  

The catalytic efficiency of wtA178L is lower than that of wtTIM, which 
correlates with structural differences seen in the disordered loop6 structures of 
some of the molecules in the asymmetric unit. The lower kcat value of ml1A178L 
can be explained by the partially unfolded state of the unliganded variant as is 
demonstrated by the partial unfolding already at 25oC. The fact that this mutation 
in monomeric TIM causes far reaching changes and indirectly touches all four 
catalytic residues, Asn11, Lys13, His95 and Glu167, is a striking example of 
structural plasticity.  

Our ml1A178L unliganded structure is not only highlighting the differences 
caused by the leucine mutation, but it clearly emphasizes how easily parts of the 
protein start to resonate between different conformations, as is shown by the 
chain of different conformations. We even see partial unfolding in the outward 
movement of loop8 and disordered conformations of loop6 in the monomeric and 
dimeric forms. 

A more general conclusion of the studies with the wtA178L variant is that 
this mutation does not switch the loop6 conformation from unliganded/open to 
unliganded/closed, as was originally predicted. In fact, this observation fits well 
with the conclusions from the wtP168A studies. The key conclusion arising from 
the wtP168A study is that the ligand induces the conformational switch of loop7, 
which in turn causes loop6 to close. Our wtA178L study shows that even though 
loop6 of the A178L variant causes an unliganded, but partially closed 
conformation, it does not induce the closed conformation of loop7. It seems that 
loop6 is just a flexible loop whose actual conformation depends on the 
conformation of loop7.  
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6.3 The engineering of monomeric TIM to create new substrate 
specificity (III) 

6.3.1 The structure-based protein engineering efforts with ml8bTIM  

Our engineering efforts with monomeric TIMs started with trying to understand 
why the ml8bTIM of Norledge and coworkers (2001) does not bind the transition 
state analogue 2PG. A high resolution structure of ml8bTIM revealed the reasons 
for this.  

The rearrangement of loop7, due to the outward movement of the side chain 
of Val233 in loop8 (Figure 13), was found to clash with the wtTIM position of the 
side chain of Val214 of loop7. This clash forces Val214 to a new position, causing 
a rearrangement of loop7, which is a key component of the catalytic machinery of 
TIM (I). This movement of the Val233 side chain towards the bulk solvent is also 
present in the earlier low resolution structure of ml8bTIM (PDB code: 1DKW). 
Normally, the side chain of Val214 has an anchoring role for the C-terminal end 
of loop7 and its repositioning in ml8bTIM interferes with the catalytic function of 
loop7. 

Figure 13 clearly illustrates the problems caused by the new position of 
Val233 in ml8bTIM. The conserved binding site of water 1 is overlapped by the 
Val233 side chain. A water molecule is bound at this site in the unliganded as well 
as the liganded structure of wtTIM (Kursula & Wierenga 2003, Kursula et al. 
2004). This water is in hydrogen bonding contact with loop7 and loop8 and 
appears to be an important part of the active site of TIM.  

The Val233 side chain is seen to come too close to the phosphate moiety of 
the substrate (Figure 13). This seems to be the reason why ml8bTIM does not 
have affinity for 2PG (Norledge et al. 2001). Also, the high resolution structure of 
ml8bTIM does not have electron density for the IPP molecule that was soaked in 
the crystal before data collection.  

Mutating Val233 of ml8bTIM into an alanine would generate an active site 
where water 1 could be present and nothing would block the phosphate moiety of 
the substrates and transition state analogues like 2PG. The mutation of valine into 
an alanine only removes two methyl groups from the side chain. Since part of the 
side chain of Val233 was already positioned towards bulk solvent (Figure 13), this 
would not cause big changes on the volume of the side chain buried in the protein 
nor significantly chance the contact area between the side chain and the protein 
surface. 
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6.3.2 A-TIM: the V233A variant of ml8bTIM with improved properties 

Structural comparisons show that the V233A variant of ml8bTIM (A-TIM) can 
adopt the open and closed conformations of loop6 and loop7 and does bind 
substrate analogues of wtTIM. Several important properties of wtTIM have been 
restored. Loop7 is now in the right conformation in both the open and the closed 
state. The extra methyl groups of Val233 have now been deleted and the new side 
chain no longer blocks the binding of a conserved water molecule (water 1) 
between loop7 and loop8. Also, A-TIM can now competently bind the phosphate 
moiety of substrates and inhibitors as well as wild type TIM transition state 
analogues and suicide inhibitors.  

A-TIM also binds compounds, which do not bind wild type TIM and are 
completely different from the normal TIM substrate. The binding of the citrate 
molecule was a positive surprise. It even seems to have the same key interactions 
known to be needed for the isomerization reaction as transition state analogue 
2PG. The hydrogen bonds to loops 6 and 7 and the mode of binding of the 
carboxylate moiety near the side chain of the catalytic Glu167 are preserved. One 
carboxylate group of citrate points to the new binding groove, which makes it a 
possible candidate for modifications to create a lead compound that binds in the 
new engineered groove of A-TIM. 

The catalytic competence of A-TIM 

A-TIM is still inactive towards the wtTIM substrates. The active site Glu167 
reacts with BHAP, showing that it still has the same properties as the wild type 
enzyme. One reason for the complete lack of detectable activity seems to be the 
changed phosphate binding pocket due to the deletions in loop8. Most 
interestingly, the phosphate of transition state analogue 2PG has moved outwards 
compared to the wtTIM position (Figure 20).  

Our results show that the Leu238 area of loop8 does not change back to its 
normal position during ligand binding and, thus causes small differences in loop1 
and catalytic residues Asn11 and Lys13. In other words, this switch present in 
monoSS-TIM and proposed by Norledge and coworkers (2001) does not work 
anymore in the ml8bTIM or A-TIM variants. In unliganded monoSS-TIM Leu238 
is in the buried conformation, but it changes back to the normal solvent exposed 
conformation upon ligand binding (Borchert et al. 1995a). Norledge and 
coworkers (2001) also discuss the possibility that Leu238 is important for 
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stabilizing the monomeric folding intermediates of wtTIM. The buried 
conformation of Leu238 is seen in the unliganded monoSS-TIM, ml8bTIM and in 
both liganded and unliganded A-TIM. In light of these results it would seem that 
ml8bTIM and A-TIM have been locked in a conformation that is similar to a 
transient monomeric folding intermediate of wtTIM. 

Our results have shown that the structure of A-TIM near the active site is not 
identical to wtTIM, but the catalytic residues Asn11, Lys13, His95 and Glu167 all 
have competent conformations. In wtTIM loop8 pushes the phosphate moiety of 
the substrate, and subsequently the rest of the molecule, towards the catalytic 
residues. This does not happen in A-TIM causing a slightly translated binding 
mode of the phosphate moiety of the transition state analogue 2PG. However, the 
special properties of the most important catalytic residue Glu167 have been 
confirmed by the specific binding of BHAP. This also means that the other parts 
of the active site are reasonably correct, despite the small translation of the 
phosphate. The non wild type conformation of Leu238 and the compensating 
movements of loop1 could have destabilized A-TIM, but since similar changes 
have already been observed in active monomeric variants of TIM (Borchert et al. 
1993a), it seems to be of minor importance. 

The enzymological characteristics indicate that A-TIM does not show activity 
detectable by the methods we have been using. This is in agreement with previous 
experiments where the tip of loop6 was deleted (Pompliano et al. 1990). This 
deletion of 4 residues from the tip of loop6 would remove only one out of four 
main chain hydrogen bonds available for the phosphate moiety of the ligands 
(Kursula & Wierenga 2003). The result of this is a 100000 fold loss of activity. 
Surprisingly, Km for the substrates D-GAP and DHAP increases less that 10-fold 
and for transition state analogue phosphoglycolohydroxamate over 200-fold. 
These results indicate that the stabilization of the transition state is of utmost 
importance for TIM. The right coordination of the phosphate part is needed for 
that.  

This conclusion highlights the possible consequences caused by the wrong 
coordination of the phosphate moiety. In the case of A-TIM also one out of four 
hydrogen bonds has been lost compared to wtTIM. If similar loss of activity 
compared to wtTIM or ml1TIM is assumed in A-TIM, it clearly can not be 
measured by the activity assay we have been using. As a consequence, new ways 
of measuring the possible catalytic activity of A-TIM using NMR have been 
planned. 
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7 Concluding remarks and perspectives 

The aim of this PhD project has been to better understand the structure-function 
relationship of TIM. The insight gained from these experiments are planned to be 
used to improve our protein engineering efforts.  

The studies summarized in paper I capitalize on previous work discussing the 
strained planar conformation of Pro168 (Kursula & Wierenga 2003, Donnini et al. 
2006). It was proposed that this planar conformation helps in the opening of loop6. 
This lead us to mutate it into an alanine to see if this would make the closed 
conformation energetically more favorable. The results of these experiments were 
mixed. In dimeric TIM this mutation caused 50-fold loss of activity, but the Km 
for substrate D-GAP was 2-fold lower. The slightly higher affinity towards D-
GAP might be beneficial for monomeric TIMs where a 20-fold increase in Km is 
observed. Closer inspection of the structures revealed that a new hydrogen bond 
is formed between the main chain nitrogen of Ala168 and main chain oxygen of 
Gly211 in the closed conformation. This interaction would favor the closed 
conformation and possibly explains the higher affinity towards substrate D-GAP.  

Further structural studies with the P168A variant also show that the side chain 
of the catalytically important Glu167 is in a different conformation in the 
liganded complex compared to wild type. Our results indicate that the Gly211 
main chain oxygen of loop7 pushes the ring of Pro168 of wild type and 
consequently forces it to rotate and adopt a strained planar conformation. This 
leads to the closure of loop6 and a main chain rotation of the neighboring Glu167 
followed by a translation of its side chain to its catalytically competent 
conformation. Together with the results from the earlier studies, this indicates that 
the first step after substrate diffuses to the proximity of TIM, is the closure of 
loop7, which in turn forces loop6 and Glu167 in to their closed conformations.  

Paper II discusses the consequences of mutating Ala178 into a leucine. 
Earlier studies suggest that in the open conformation of loop6 the alanine side 
chain points into a tight hydrophobic pocked inside the protein (Kursula et al. 
2004). A bigger side chain like leucine at this position would clash with other 
residues and disfavor the open conformation. This seems to be partially true with 
both dimeric and monomeric A178L mutants since the unliganded structures have 
some features of the closed conformation. The drawback of this is that especially 
in the monomeric form, this mutation seems to decrease stability. 

The results of the studies summarized in paper I and paper II indicate that 
these mutations did not clearly favor loop6 closure as originally postulated. These 
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studies however did provide new insights into the loop6 properties. We now know 
that when ligand approaches TIM it first induces the closure of loop7 which in 
turn forces loop6 to close into its catalytically competent closed conformation.  

In paper III we explain the creation of A-TIM from ml8bTIM. The goal of 
this project was to modify ml8bTIM so that it binds new ligands and possibly 
isomerizes them. After 20 variants and about 30 structures later we finally 
succeeded in creating A-TIM that binds wild type inhibitors and citrate, a 
promising lead compound for further studies. Most interestingly A-TIM also 
binds BHAP, which is a special inhibitor of wtTIM that covalently binds only the 
catalytic Glu167 (Mare De la et al. 1972). This proves that the active site of A-
TIM is still competent.  

The results obtained in the context of this thesis have advanced our 
knowledge about the structure-function relationship of TIM and have provided a 
good starting point for further protein engineering efforts of A-TIM. Many of the 
conclusions of this thesis can also be used to improve our protein engineering 
efforts as well as help us to understand the finer details of the TIM function.  

The following three points summarize the main results from this thesis: 

1. Binding of phosphate to loop7 is the initial step.  

We have proposed that the closure of loop7 is the initial step in the series of 
conformational changes that lead to the competent conformation of TIM. 
Loop6 seems to be a flexible loop whose conformation is decided by loop7.  

2. Competent A-TIM binds new and old ligands.  

We have created a monomeric variant with new binding properties that still 
competently binds the inhibitors and transition state analogues of wtTIM. 

3. Details count in protein engineering and X-ray structures. 

Even very small structural details are important for the binding specificity of 
proteins as was the case with our V233A mutation. The significance of this 
mutation was found only after we obtained a new higher resolution structure 
of ml8bTIM. It is important to have many crystal structures from similar 
conditions and/or significantly higher resolution to find these details reliably. 
Accurate structural information is crucial for successful rational protein 
design. 
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Perspectives: Colors of science 

The protein engineering project of ml8bTIM/A-TIM is currently in an interesting 
phase. We know that the active site is functional, but we have no detectable 
activity. Most importantly, now we have a lead compound - citric acid. The next 
step in this project needs to be centered on introduction of tailor made compounds 
to A-TIM, detection and improvement of the catalytic activity of A-TIM and 
generation of activity towards new compounds of scientific or industrial 
significance.  

Work on introducing newly synthesized compounds to A-TIM is already 
nearing publication. The bigger binding pocket of A-TIM has opened new 
possibilities. Still more could be done by developing efficient screening methods 
to find potential binders from newly synthesized and commercially available 
sources. In silico screening would now be a possible solution using citric acid, 
BHAP and 2PG as starting models.  

The most important thing to do next is to implement directed evolution to 
improve the catalytic properties of A-TIM as well as fine tune it in binding and 
isomerization of novel compounds. Many of the original properties of TIM were 
lost when monoTIM was created. Monomeric TIM variants are less stable, have 
higher Km and are 1000-fold less active. Ml8bTIM was inactive and did not bind 
any ligands. Much was regained with the V233A-mutation, but rational design 
and point mutations cannot do much more to improve A-TIM. Directed evolution 
is needed to restore those broken features of A-TIM that we cannot detect by 
methods available for us, while still keeping the modified binding pocket intact.  

This kind of basic research will have great opportunities and importance in 
the near future. Enzymes are completely harmless and work in mild conditions. 
Eventually, we will be able to engineer artificial enzymes for various needs. 
Tailor made biocatalysts can be linked together or on surfaces in a controlled 
manner to enhance their useful catalytic properties and make them better suitable 
for industry.  

Basic science might seem a bit grey, but it is needed for the advancement of 
more concrete ideas. In practice the future tools being developed in context of this 
thesis fall in the categories of white biotechnology, green chemistry and 
nanotechnology. 
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