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Abstract
This thesis is separated into two parts. The first part concerns ribonucleotide reductase from Aquifex aeolicus. A. aeolicus 
is a hyperthermophilic bacterium that thrives at extremely high temperatures of 80-95 °C. We present the X-ray crystal 
structures of both the R1 and R2 subunits of this protein, which represents the first structure of a class Ia ribonucleotide 
reductase from a hyperthermophile and the first structure of an R1 from the NrdAh phylogenetic subclass. Several novel 
features were seen in the R1 structure such as the simultaneous binding of two ATP molecules in the ATP-cone domain 
as well as a novel “β-hairpin hook” feature which spans the dimer interface of the R1 protein. The gene encoding the R2 
protein contains a self-cleaving intein domain. We examined two constructs of this protein, one with the sequence of the 
intein removed at the DNA level and the wild-type construct. Both crystal structures were found to be identical, showing 
the efficient cleavage of the intein domain in the wild-type construct.

The second part of this thesis concerns the NUDIX hydrolase NUDT15. The physiological function of NUDT15 is still 
unknown, however certain mutations in this gene are associated with thiopurine intolerance in patients. Thiopurines are 
chemotherapeutic drugs used in the treatment of diseases such as acute lymphoblastic leukemia, the most common type of 
childhood leukemia, and inflammatory bowel disease. Thiopurine drugs are converted by the cell to the active metabolite 
6-thio-dGTP which can then act as a substrate for DNA polymerase. Incorporation of these anti-metabolites into DNA 
produces the desired cytotoxic effects. We show that NUDT15 breaks down the active metabolites of these drugs which 
leads to a lowered effective dose. The absence of a functioning NUDT15 protein in patients that have inactivating mutations 
in the gene coding for NUDT15 results in a drastically increased effective dose of these compounds. A normal dose of 
a thiopurine drug can lead to severe and possibly life-threatening complications in these patients. The role of NUDT15 
in thiopurine metabolism is established by in vitro and cellular data as well as the X-ray crystal structure of NUDT15 in 
complex with 6-thio-GMP. Acyclovir and ganciclovir are two antiviral drugs whose mechanism of action is similar to that 
of thiopurines. These drugs are also metabolized to their tri-phosphorylated forms and are then preferentially incorporated 
into viral DNA. Here again, we use in vitro, cellular and structural data to show that NUDT15 breaks down the active 
metabolites of these drugs. Two separate and structurally distinct lines of potent inhibitors for NUDT15 were developed 
with support of crystallographic studies. We show that cells are sensitized to both thiopurine and antiviral treatments 
in the presence of these inhibitors. Binding of our inhibitors to NUDT15 provided substantial thermal stabilization. The 
stabilizing effect of inhibitor binding enabled us to solve structures of the four most clinically relevant NUDT15 variants, 
thus elucidating the structural basis for the thiopurine sensitivity phenotype.
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Introduction 

Nucleotides  
All of life, at every level, can be conceived of as information processing. A 
central component of every information processing system is the storage of 
information. In living organisms on earth, this is achieved, to a large extent, 
by molecules of DNA. These molecules store the information needed for a cell 
to produce every protein used by a cell throughout its lifecycle.  

The structure of DNA is a double helix comprising two antiparallel poly-
mers of nucleotides. Each of these polymers is a long chain of deoxy-ribose 
molecules in which the 3’ position of one ribose is connected to the 5’ position 
of the next ribose with a phosphate group in between forming a phosphodiester 
bond. Each deoxy-ribose molecule is also connected to one of four possible 
nucleobases through an N-glycosidic bond. 

The four nucleobases found in DNA are adenine, guanine, thymine and 
cytidine (Figure 1). These nucleobases form the center of the DNA double 
helix and each of these nucleobases can form base pairing interactions with 
one specific other complementary nucleobase.  The bulky purines adenine and 
guanine base pair with the smaller pyrimidines cytidine and thymine.  

 

 
Figure 1. Structures of nucleotides. 
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The two proteins studied in this thesis, Ribonucleotide reductase (RNR) and 
NUDT15, are both involved in protecting the integrity of DNA. RNR is re-
sponsible for making deoxy-ribonucleotides and ensuring that there is a bal-
anced supply of nucleotides. The physiological function of NUDT15 is still 
unknown, however this enzyme interferes with the mechanism of action of a 
certain kind of drug. Nucleotide analogs are drugs that do not occur naturally 
but are structurally similar enough to nucleotides for them to be incorporated 
into DNA, where they produce the desired cytotoxic effects. NUDT15 pre-
vents this from happening by breaking down the active metabolites of some 
of these drugs before they can be incorporated into DNA. 
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Experimental methods 

Brief primer on X-ray Crystallography 
Biochemical experiments are not enough to fully understand the detailed 
mechanisms of proteins. To get the full picture one needs a model of the three-
dimensional structure of a protein at an atomic scale. Conventional light mi-
croscopes are limited to a resolution of approximately 0.2 µm. This limitation 
is largely explained by the fact that visible light has a wavelength of 400-700 
nm. Atomic scale models cannot be achieved at this wavelength due to the 
diffraction limit. One can use X-ray beams with wavelengths of around 1 Å, 
however here one encounters a different problem. X-ray beams cannot be fo-
cused by lenses like visible light; therefore, a different technique must be used. 
A given sample is analyzed by placing it in the path of a powerful X-ray beam. 
The electrons in the sample interact with this X-ray beam and scatter photons 
creating a diffraction pattern which one can measure using suitable detectors. 
The scattering from single molecules is much too weak to be analyzed, so 
instead one makes use of the special properties of crystals (Figure 2A). Every 
crystal is made up of a regular pattern of repeating elements forming the crys-
tal lattice. The X-ray beam interacts with all the electrons in the sample crystal 
and scattering photons are emitted in all directions. However, most of these 
cancel each other out by destructive interference. Constructive interference 
that gives rise to an interpretable signal is only possible when the angle be-
tween the incident beam and a given crystal plane meets the Bragg condition 
(𝑛𝜆	 = 2𝑑𝑠𝑖𝑛𝜃). This is only true for a small subset of possible angles which 
means the diffraction pattern that emerges is a series of spots (see Figure 2B).   
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Figure 2. X-ray diffraction from a protein crystal. A) AaR2 crystal. B) Diffraction 
pattern produced by the AaR2 crystal. 

There is a limited set of symmetric arrangements that the individual protein 
molecules can assume for them to produce the indefinitely repeating three-
dimensional pattern of a crystal lattice. These arrangements are categorized 
according to different symmetry operations into space groups and each of 
them produces a unique diffraction pattern. There are 230 different space 
groups in general. However, protein crystals are special in that the enantio-
meric amino acids that make up the protein only exist in one of the two possi-
ble isomeric forms (L-amino acids). This means the mirror and inversion sym-
metry operations are absent in protein crystals and this reduces the number of 
possible space groups down to 65. 

In principle this diffraction pattern is all that is needed to reconstruct a 
model of the protein that forms the repeating unit within the crystal, with one 
exception. We can only measure the intensity of the light that hits the detector 
and any information about the phase of the light waves is lost. There are a 
variety of methods that can be used to obtain the phase information and the 
method used in all structures presented in this thesis is molecular replacement. 
In this case one takes the phase information of an already solved structure 
from a similar protein and combines this information with the experimentally 
determined intensities of the structure on would like to solve. 

In a typical X-ray crystallography project, the major bottleneck is obtaining 
well diffracting crystals. Many conditions must be met before this is possible. 
First one needs a suitable protein sample. This needs to be sufficiently pure, 
monodisperse and of a high enough concentration (often around 10-15 
mg/ml). Many crystallization projects already fail at this step since protein 
purification is not always a trivial task without an already established purifi-
cation protocol. This is especially true for membrane proteins.  

The next and often the biggest stumbling block on the way to obtaining a 
crystal is finding a crystallization condition that works. Crystallization condi-
tions depend on a combination of different factors such as temperature, pH, 
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ionic strength, concentration of the protein and the presence or absence of cer-
tain chemical additives. All the crystals used to produce the data shown in this 
thesis were obtained using vapor diffusion crystallization. In a single trial, a 
reservoir in a sealed volume is filled with a particular mixture of different 
chemicals. Within the same enclosed volume, one places a drop of protein 
solution mixed with a certain ratio of the reservoir solution.    

 
Figure 3. The phase diagram of protein crystallography.  

At the beginning of a crystallization project when the crystallization condition 
is not yet known, one must screen a great number of possible conditions. What 
happens in the drop of protein solution can be nicely visualized using a phase 
diagram shown in Figure 3. The trial starts somewhere in the phase diagram, 
depending on the mixture of chemicals chosen, but typically in the undersat-
uration zone, where there is less protein in solution than can be dissolved. 
Water molecules will diffuse and exchange between the protein solution drop 
and the reservoir solution. Because the reservoir solution has a lower concen-
tration of water, the water molecules tend to move from the protein solution 
into the reservoir solution. This decreases the water concentration in the pro-
tein solution drop over time. In the phase diagram this translates to a simulta-
neous increase of precipitant and protein concentration. Each individual crys-
tallization trial in each screen starts off at a different position in the phase 
diagram but over time that position traverses the phase diagram from the 
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undersaturation zone towards the precipitation zone. If the conditions are just 
right, one hits the nucleation zone where protein crystals start to form. The 
nucleation zone for each protein is different. Some proteins that are too flexi-
ble, do not crystallize at all, so the zone can even be nonexistent. Once protein 
crystals have started to form, they usually grow over time. This reduces the 
protein concentration in the drop but not the precipitant concentration. In the 
right conditions, the crystals will grow large enough for data collection at a 
synchrotron facility. 
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Ribonucleotide Reductase from the 
hyperthermophile Aquifex aeolicus 

Ribonucleotide Reductases 
Ribonucleotide reductases (RNRs) are enzymes that perform the rate-limiting 
step of replacing the 2’-OH group of nucleoside diphosphates (NDPs) directly 
with a hydrogen atom, thereby turning them into deoxy-nucleoside diphos-
phates (dNDPs). These dNDPs can then be ATP-dependently phosphorylated 
by nucleoside diphosphate kinase and can subsequently be used by DNA-pol-
ymerase as building blocks for DNA in replication and repair.  

There are several key aspects that make this enzyme truly remarkable. 
Firstly, it is the only known de novo source of all four dNTPs needed for DNA. 
This fact has led to the hypothesis that this enzyme evolved before, and is a 
prerequisite for the appearance of DNA itself.1 Another aspect is the unusual 
reaction mechanism employed by RNRs. To reduce nucleotides, RNRs make 
use of a free radical. This was the first protein for which it was demonstrated 
that it is capable of stably storing this radical within the protein structure.2,3 
The last important aspect is the complex mechanism of allosteric regulation 
which enables this single enzyme to ensure that the cell has a balanced supply 
of all four dNTPs. 

Even 60 years after their discovery in E. coli,4,5 interesting new discoveries 
in the field of RNRs are still being made to this day. What follows is a brief 
overview of some of the most important aspects of RNRs.  

Structure and mechanism of Class Ia RNRs 

Overall structure and reaction mechanism 
The details of the structure and mechanism of RNRs vary across different or-
ganisms and RNRs are grouped into separate classes based on these details. 
The first RNR to be studied was the class Ia RNR from E. coli and the RNR 
presented in paper I also belongs to the same class. The class Ia RNR is split 
into two subunits a and b. Both of these subunits come together to form ho-
modimers referred to as R1 and R2 respectively. The smaller b-subunit is the 
radical generating subunit. This subunit has a ferritin like fold and houses a µ-
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oxo-bridged di-iron center capable of generating a radical which is then trans-
ferred to a nearby tyrosine residue where it is stored until needed (Figure 4).3,6–

10 

 
Figure 4. The R2 subunit of the RNR from E. coli (PDB ID: 1MXR 11). A) Structure of 
the R2 homodimer. B) Radical generating di-iron center. 

 
The other, larger subunit is the a-subunit which is where the reaction takes 
place. The two dimers can come together to form complexes in a variety of 
different oligomeric states. When the complex is in the active state, a pathway 
opens up which allows for the transfer of the radical from the tyrosyl in the 
R2 subunit all the way to the catalytic site (c-site) of the R1 subunit, a distance 
of over 30 Å.12–14 A structure of the active a2b2 complex showing this pathway 
in its entirety was recently published by Kang et al.12  

Reaction mechanism at the c-site 
Within the c-site there are three important cysteine residues (Figure 5). One 
of them accepts the radical, which is shuttled to it from the radical transport 
pathway.13,15 This generates a transient thiyl radical which is capable of ab-
stracting a hydrogen from the C-3’ position of the ribose moiety of the nucle-
otide substrate thus creating a substrate radical. The remaining two cysteines 
form a pair that is able to reduce the substrate radical, forming a disulfide 
bridge in the process while splitting off the OH group at the C-2’ position.16–

18 The radical is then transferred back to first cysteine restoring the thiyl radi-
cal.1 
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The cysteine pair must be reduced again before the next reaction can occur. 
This is facilitated by either of two protein systems: the thioredoxin system or 
the glutaredoxin system.19,20 

 

 
Figure 5. RNR mechanism (adapted from Greene et al. 2020 21). 

 

Allosteric regulation at the specificity site 
The nucleotide pool in cells is comparably small. Mammalian cells for exam-
ple only have enough nucleotides to sustain S-phase DNA replication for a 
few minutes.1 The supply of nucleotides must not only be continuously re-
plenished but it is also crucially important that the relative abundance of the 
nucleotides must be tightly controlled and kept in balance. Imbalances in the 
nucleotide pool have been shown to lead to increased mutation rates and cell 
death.22–25 This balancing is achieved entirely by the a-subunit where the af-
finity of the c-site is modulated depending on which effector is bound to a 
nearby allosteric site, called the specificity site (s-site).13,26–32 
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Figure 6. Binding sites of the a-subunit of the RNR from E. coli (PDB ID: 4R1R 33). 
One monomer of the E. coli homodimer is shown in orange, the other in light orange. 
C-site is highlighted in pink, s-site in blue and a-site in red. 

The effectors that can bind in the s-site are mainly dNTPs, the end products of 
this metabolic pathway, but also to a lesser extent ATP. The mechanism by 
which effector binding influences the c-site can be explained structurally. Two 
flexible loops (loop 1 and loop 2) are located between the s-site and the c-site. 
Binding of different dNTPs to the s-site directly influences the shape of loop 2, 
with loop 1 acting in a supportive fashion (Figure 7).31 

 
Figure 7. Allosteric regulation. A) close-up view of loop 2 located between the s-site 
and c-site in the a-subunit from the RNR from E. coli (PDB ID: 6W4X 12). B) Sche-
matic overview of the effects of binding of the different allosteric effectors. 
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Since loop 2 also forms part of the c-site, conformational changes in this loop 
directly modulate the affinity of the c-site for the different NDP sub-
strates.27,34,35 A schematic overview of substrate affinity in the presence of dif-
ferent effectors is shown in Figure 7B. An illustrative example of how sub-
strate affinity modulation by the effectors leads to a balanced supply of dNTPs 
is given by the sequence of events that take place in the cell after removal of 
hydroxyurea which inhibits class I RNRs.28 With the dNTP pool depleted after 
RNR inhibition, dTTP is the only dNTP still in relative abundance because it 
can be generated via salvage reactions.28,36 As seen in the schematic, dTTP 
bound to the s-site increases the affinity of the c-site for GDP, stimulating 
dGTP production. Once enough dGTP is in the cytosol, it competes the dTTP 
out of the s-site and in turn increases the affinity of the c-site for ADP. At high 
concentrations the resulting dATP will bind in a separate allosteric site, dis-
cussed below, but at low concentrations dATP will bind in the s-site and pro-
mote CDP binding and dCTP production. This sequence of events restores the 
dNTP levels back to optimal levels for the cell.28 

Allosteric regulation at the activity-site 
In addition to the c-site and s-site, many RNRs also have a third nucleotide 
binding site called the activity-site (a-site). This site is in a separate domain 
(ATP-cone domain) that is typically, but not always, located at the N-terminus 
of the a-subunit.37 As the name implies, this site acts as a general activity 
regulator for the enzyme.29,38,39 Binding of either ATP or dATP in this site 
promotes the assembly of different oligomeric states of the protein. These ol-
igomeric states differ among organisms but in the case of the class Ia RNR 
from E. coli, binding of ATP leads to the formation of the active a2b2 complex, 
while binding of dATP promotes the assembly of the larger, ring-shaped, in-
active a4b4 complex. The a4b4 complex is not simply an assembly of two a2b2 
complexes. The two a and b subunits are arranged differently relative to each 
other in the two complexes. In the a4b4 complex, this shift disrupts the radical 
transfer pathway between the two subunits, causing the inactivation of the en-
zyme.     
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Figure 8. ATP domain and the promotion of different oligomers of the RNR complex 
from E. coli. a-subunits colored in orange and light orange, b-subunits colored in 
marine and slate blue. (PDB ID of active complex: 6W4X 12. PDB ID of inactive com-
plex: 5CNS 40.) 

The recently solved structure of the a2b2 complex confirmed that it was in fact 
asymmetrical and not symmetrical as originally proposed in the docking 
model that had been the working hypothesis for many years (Figure 8).12,13 

Brief overview of other RNR classes 
Up to this point the discussion has been focused on class Ia RNRs as was first 
discovered in E. coli. However, the field of RNRs is large and there are many 
examples of RNRs whose structures and functional mechanisms differ mark-
edly from what has been discussed. RNRs are classified according to their 
relationship with oxygen.8,27,41 Class I RNRs require oxygen for the generation 
of the radical. Class III RNRs however, are found in anaerobic organisms and 
these RNRs are inactivated in the presence of oxygen.42–46 In fact in class III 
RNRs, the glycyl radical is inactivated by oxygen and this leads to the cleav-
age of the a peptide bond within the protein, thereby destroying the protein.47 
Their radical generating mechanism is therefore also very different from what 
is found in class I RNRs and uses an 4Fe-4S cluster and S-adenosyl methio-
nine.1 They also directly reduce NTPs to produce dNTPs.42,48 Many bacteria 
carry genes for multiple classes of RNRs. For example E. coli can express two 
different class I RNRs (class Ia and class Ib, described later) as well as a class 
III RNR. This helps the organism to thrive under many different environmen-
tal conditions.49 

Class II RNRs are different again. They neither require oxygen, nor are 
they inactivated by it. In these enzymes the radical generation and catalytic 
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activity all occurs in the same protein and is not split into two subunits as in 
class I RNRs. In this case the radical site is not a tyrosyl but an adenosyl co-
balamin cofactor.50 Within this class there are also examples of RNRs that use 
NDPs as substrates and others that use NTPs.  

Another important classification in RNRs is the mechanism of radical gen-
eration and storage. Many different strategies have been found, particularly 
within class I RNRs. As already mentioned, class Ia utilizes a di-ferric oxygen 
center (Fe-O-Fe) to generate a radical and a nearby tyrosine residue to store 
it.1,9 In class Ib it is not a di-ferric oxygen center but a di-manganese cofactor 
that is used to generate the radical.51,52 The class Ib RNR operon encodes a 
separate protein called NrdI that is not found in the other classes of RNRs. 
NrdI is a flavoprotein that uses flavin mononucleotide (FMN) as a cofactor to 
produce superoxide from molecular oxygen, which then activates the di-man-
ganese cofactor and enables the generation of the tyrosyl radical needed for 
the reduction reaction.9,52,53 In class Ic the radical is not stored in a tyrosine. 
The tyrosine close to the metal center is replaced by a phenylalanine in these 
proteins and the radical is stored in the metal center directly, which in this case 
is a heteronuclear manganese-iron cofactor.54,55 Class Id RNRs preferentially 
incorporate manganese to form a di-manganese center. Other than class Ib 
RNRs this center is not activated by a separate NrdI protein, but it appears to 
be activated directly by superoxide/hydrogen peroxide. The tyrosine residue 
is located slightly too far away for it to interact with the metal center and so 
the radical is not stored as a tyrosyl radical but on the metal center itself similar 
to class Ic RNR.56–58 Finally, there is the recently discovered metal-free class 
Ie RNR. In this case the tyrosine residue that usually stores the radical is co-
valently modified into a DOPA residue capable of storing the radical. No met-
als are seen in the active site of the b-subunit in this class of RNRs.59 
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Ribonucleotide reductase from the hyperthermophile 
Aquifex aeolicus 
Aquifex aeolicus is a hyperthermophilic bacterium that is typically found in 
hot springs and close to underwater volcanoes. With an optimal growth tem-
perature of 85-95° C, this organism is one of the most thermophilic bacteria 
known.60,61 For this species to survive at such extreme temperatures, it must 
have evolved special features and adaptations that increase the thermal stabil-
ity of the proteins expressed within the cell. One of the reasons why we be-
came interested in solving the structure of the RNR from this organism is that 
we wanted to see how this organism solved the problem of keeping an RNR 
stable at extreme temperatures. Another aspect that led us to be interested in 
this protein is that the gene for the b-subunit contains a region coding for an 
intein (intervening protein) within its iron binding site. 

Inteins 
Inteins are regions of DNA embedded within a gene which codes for a protein. 
This DNA region is translated along with the rest of the gene and the resulting 
protein domain is then able to carry out an auto-catalytic processing step, 
known as protein splicing, in which it cleaves itself out from the precursor 
protein post-translationally. In the same step it fuses together the two extein 
(external protein) segments of the host protein in which it was embedded.62 
This process produces two proteins: the functioning product of the host gene 
as well as the excised intein (Figure 9). 63 

 

 
Figure 9. Intein schematic mechanism. 
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No energy source or external factors are needed for the mechanism of protein 
splicing to take place. It relies exclusively on the conservation of certain key 
residues and the correct folding of the intein domain.64 The most important 
residues are two cysteine residues, one of them is located at the N-terminus of 
the intein segment and the other (which can also be a serine/threonine) is lo-
cated at the first N-terminal position of the C-extein. Through a series of acyl-
transfer reactions involving these residues as well as other conserved motifs 
within the intein segment, the two peptide bonds flanking the intein are 
cleaved and a new peptide bond is formed between the two exteins. 

It is not obvious what the evolutionary advantage is for the host to harbor 
such inteins within its genome. They are thought to be parasitic DNA elements 
with no discernable benefit for the host.63 Two factors are important for the 
conservation of inteins in their host genome. Firstly, they are often located 
precisely in conserved regions of proteins that are critical for host survival. 
This makes the removal of the intein DNA sequence from the host very chal-
lenging because imprecise excision would lead to inactivation of the host pro-
tein as well. Another factor is that many inteins contain a homing endonucle-
ase domain. When the intein is spliced out of the host protein and this domain 
is properly folded, it can cause a double strand break at a specific recognition 
site. This recognition site is usually only found in a version of its own host 
gene that does not already contain a copy of the intein coding DNA segment. 

Occurrence of inteins in viral DNA seems to support the hypothesis that 
these are parasitic elements. If this were the case, one would expect inteins to 
be mostly evenly distributed among highly conserved gene regions. However, 
intein locations are significantly biased to being within genes that code for 
proteins of specific functions, mainly DNA replication and repair. Even more 
puzzling is that this is true even among proteins that have a similar function 
but are non-orthologous and genetically divergent.65 The protein splicing re-
action of some inteins has been shown to be dependent on environmental fac-
tors such as pH and temperature and others. It is an interesting hypothesis that 
inteins could serve as a switch that could turn on proteins in response to certain 
stimuli. Since these proteins are already expressed and possibly even partially 
folded, this could be a much more rapid way to activate proteins rather than 
initiating transcription through a promotor for example. However direct evi-
dence that these inteins benefit the host is lacking.64 In this context it is also 
notable that inteins are primarily found in bacteria and archaea and less so in 
eukaryotes and they are not found in multicellular organisms.64 It seems that 
more complex organisms are better able to purge these elements from their 
genome. 
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The topic of paper I is the structural and biochemical analysis of the RNR 
from Aquifex aeolicus. Phylogenetically, this RNR belongs to the 
NrdAh/NrdBh* subclass. A structure of the R2 from Clostridium botulinum 
was recently published.66 This R2 also belongs to the NrdBh subclass. How-
ever, no structure had yet been solved of a corresponding R1 belonging to the 
NrdAh subclass.  

In the paper we present a 2.7 Å resolution crystal structure of the R1 from 
A. aeolicus (AaR1) in complex with ATP. As the first structure from the 
NrdAh subclass, a novel structural feature was observed that is present in all 
members of the NrdAh subclass but absent from all other R1 proteins. This 
feature is a stretch of approximately 20 amino acids that form a b-hairpin 
‘hook’ that is located at the dimer interface. The b-hairpin ‘hook’ from one 
monomer interacts with the other b-hairpin ‘hook’ on the second monomer 
within the homodimer to create a four stranded anti-parallel b-sheet across the 
dimer interface (Figure 10). 

 

 
* The naming convention of these phylogenetic subclasses follows that of the genes coding for 
these proteins. The genes coding for the a- and b-subunits of class I RNRs are named nrdA and 
nrdB, with the exceptions of class Ib RNRs, where these genes are named nrdE and nrdF re-
spectively. Class II RNR genes are named nrdJ and class III genes are named nrdD. In the 
literature, the proteins themselves can be referred to by these names instead of a/b or R1/R2. 
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Figure 10. AaR1 crystal structure with novel ‘b-hairpin hook’ highlighted. One mon-
omer shown in red the second in blue. (Figure adapted from paper I.)  

While this structural feature is common to all members of the NrdAh phylo-
genetic subclass, there is one aspect that is unique to AaR1 in particular. A 
tyrosine residue (Tyr511) located at the center of the b-sheet on one monomer 
forms a pi-stacking interaction with the same tyrosine residue on the second 
monomer. Sequence analysis revealed that this tyrosine is unique to AaR1, 
and the pi-stacking interaction cannot take place in other NrdAh proteins. It 
seems plausible that this tyrosine residue might be important for the extreme 
thermal stability of this protein. 

Another interesting aspect of this structure is that there are two ATP mole-
cules bound in the a-site (Figure 11). Normally only one nucleotide is bound 
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in the ATP-cone domain of most RNRs and ATP-cone domains that bind more 
than one nucleotide are rare. Two structures have been published that show 
two nucleotides bound in the ATP-cone domain. These two structures are the 
R1 from Pseudomonas aeruginosa (PDB ID: 5IM3)67 and the R2 from Leeu-
wenhoekiella blandensis (PDB ID: 5OLK).57 In both cases the nucleotide 
bound is dATP and the AaR1 structure therefore represents the first example 
of an ATP-cone domain shown to bind two ATP molecules. 

 

 
Figure 11. ATP-cone domain of AaR1 showing the binding of two ATP molecules. A) 
Overview of the ATP-cone domain. B) Binding interactions of the ATP1 molecule. C) 
Binding interactions of the ATP2 molecule. (Figure adapted from paper I.) 

The binding mode of these nucleotides is also interesting. One of the two ATP 
molecules binds in a similar fashion as seen in other RNRs. The position and 
conformation of this molecule overlaps well with that seen in other structures, 
both those structures that bind one nucleotide and the two structures men-
tioned that bind two dATPs. The residues binding this molecule are also 
highly conserved between AaR1 and other RNRs. However, the second ATP 
molecule binds in a very different way. In both structures that bind two 
dATPs, the two dATPs are in a symmetrical arrangement around the central 
magnesium ion that coordinates the phosphate groups. In the case of AaR1 the 
second ATP molecule is arranged asymmetrically with the plane of the 
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phosphate groups being perpendicular to that of the nucleotide bases. Interest-
ingly, some of the residues that coordinate the second ATP molecule (Tyr105 
and Arg99) are actually not part of the ATP-cone domain but belong to the 
loop that connects the ATP-cone domain to the rest of the protein. Both the s- 
and c-sites are empty in the AaR1 structure. Because of this, loops 1 and 2 are 
also disordered in the structure. 

We also examined the R2 subunit from A. aeolicus (AaR2). As previously 
mentioned, the DNA sequence for this subunit contains an intein. The intein 
is located between the critical residues Glu228 and His231 which take part in 
the coordination of the di-iron center. To examine the cleavage of the intein, 
we engineered a construct of AaR2 where the intein was removed at the DNA 
level. We then solved crystal structures of this construct and the WT AaR2 
which still had the intein DNA sequence in the plasmid DNA. The intein 
cleaved itself out successfully in the WT structure. Figure 12 shows the pep-
tide bond between Cys230 and Leu229. In the WT protein, this bond was 
formed not at the ribosome but in the process of intein mediated protein splic-
ing. No difference is seen between the two structures, indicating that the intein 
cleaved itself out successfully and it had no effect on the protein folding of 
AaR2.  

 

 
Figure 12. Structure of the AaR2 homodimer. Insert: Alignment of the two AaR2 struc-
tures. The genomic AaR2 is shown in blue and the AaR2 construct lacking the intein 
DNA sequence is shown in grey. (Figure adapted from paper I.) 

The metal site is poorly occupied in both structures. This is also reflected in 
the EPR analysis which shows that only approximately 5% of the protein sam-
ple contains a radical. A reason for this could be the recombinant expression 
in E. coli. However even with such a small fraction of the protein in the sample 
being functional, we were still able to carry out activity measurements suc-
cessfully. These measurements revealed that the protein is inactive at temper-
atures below 50° C and that the temperature optimum for catalysis was 79° C, 
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which is to be expected since the protein is from a hyperthermophilic organ-
ism.  

Finally, we also looked at the specificity regulation and the oligomerization 
states of this RNR. The specificity regulation for the A. aeolicus RNR is sim-
ilar to that found in other RNRs, such as E. coli. This is also to be expected 
since s-site regulation is highly conserved across RNRs from different spe-
cies.28 The oligomerization studies show that the RNR forms an a2b2 active 
heterotetramer in the absence of any effectors as well as in the presence of 
ATP. The inactive a4b4 complex was also formed in the presence of dATP; 
however this required a higher protein concentration. 
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NUDT15 

NUDIX Hydrolases 
NUDT15 is a member of the NUDIX (Nucleoside diphosphate linked to moi-
ety x) hydrolase family of proteins.68 These proteins are housekeeping en-
zymes with important functions in nucleotide metabolism because they are 
typically involved in hydrolyzing a variety of different phosphorylated nucle-
osides. By breaking down harmful oxidized or otherwise modified nucleotides 
before these can be incorporated into DNA, these proteins help to maintain 
the integrity of the genome.69   

The first member of the NUDIX family of proteins to be discovered and 
studied in detail was the nucleoside-triphosphate pyrophosphohydrolase MutT 
from E. coli.70–72 The protein was originally discovered because a mutation in 
the gene coding for this protein caused a phenotype characterized by a 100-
10000 fold increased mutation rate.73  

NUDIX enzymes are found in all domains of life including viruses.74 Many 
organisms have a collection of different proteins from this family. For bacteria 
it has been shown that the number of NUDIX genes and the genome size of 
an organism is linearly correlated.75 Humans have 24 genes coding for 
NUDIX hydrolases, all carrying out slightly different functions. The main sub-
strates of NUDIX hydrolases are the already mentioned phosphorylated nu-
cleosides (canonical as well as modified), however some NUDIX enzymes 
can also use other substrates such as capped RNA, nucleotide sugars, diphos-
phoinositol polyphosphates and dinucleotide coenzymes and polyphos-
phates.75 

These enzymes are small proteins, typically less than 20 kDa in size and 
are characterized by a sequence motif spanning 23 amino acids forming a 
loop-helix-loop feature called the NUDIX box motif 
(Gx5Ex5[UA]xREx2EExGU; x: any residue; U, aliphatic or hydrophobic resi-
due)75,76. Among the most important residues within this motif are the glu-
tamic acids in the REx2EE sequence which are responsible for the binding of 
divalent cations (Mg2+ in most cases). In the case of MutT there are two im-
portant Mg2+ ions involved in the catalysis reaction, both of which are located 
close to the phosphate groups of the substrate. One of them directly interacts 
with the b- and g-phosphates of the substrate. The other is located further away 
from the substrate phosphates, leaving enough space for water molecules to 
coordinate the Mg2+ ion. One of these water molecules bound to the Mg2+ ion 
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is able to perform a nucleophilic attack on the b-phosphate of the substrate. 
This leads to the breakage of the phosphodiester bond linking the a- and b-
phosphates. The reaction then yields the monophosphate nucleotide and pyro-
phosphate.77 

 
Reaction mechanism of MutT: 

8-oxo-dGTP + H$O	 → 8-oxo-dGMP + PP% + H&	 
 

8-oxo-dGTP is a dangerous oxidized nucleotide species that can be incorpo-
rated into DNA. Incorporation of 8-oxo-dGTP into DNA leads to a drastic 
increase in AT -> GC transversion mutations78 and ultimately resulting in cell 
death. This explains the MutT mutator phenotype already mentioned. If MutT 
breaks down 8-oxo-dGTP before it can be used as a substrate by DNA-poly-
merase, then loss of MutT increases the amount of 8-oxo-dG being incorpo-
rated into DNA, causing excess mutations.79 

NUDT15 and MTH1 

MTH1 
NUDIX hydrolases have recently risen to prominence with the discovery that 
MTH1, a homolog of MutT in humans, is a promising anticancer drug tar-
get.80,81 This enzyme was shown to carry out the same reaction in humans as 
MutT in E. coli. In addition to 8-oxo-dGTP it can also use other substrates 
such as 8-oxo-GTP, 2-OH-(d)ATP, 8-oxo-(d)ATP, O6-methyl(d)GTP and 
N6-methyl-dATP.82–88 

The idea behind choosing MTH1 as a drug target was that increased levels 
of reactive oxygen species (ROS), due to malfunctioning redox regulation, is 
a phenotype common to many different forms of cancer.89,90 Since DNA is 
somewhat protected by the tight packing around the nucleosomes, it is the 
dNTP pool that is especially vulnerable to the elevated levels of ROS.91 This 
leads to increases in oxidized nucleotides which, as discussed, can then be 
incorporated into DNA, causing increased mutations and eventually cell 
death. Cancer cells have an increased need for dNTPs due to their rapid growth 
and they rely on proteins such as MTH1 for their survival because of their role 
as sanitizers of the oxidized nucleotide pool. At the same time, knockdown of 
MTH1 in normal cells has been shown not to be particularly toxic.80,92–94 

NUDT15 
As a homologue of MTH1, NUDT15 was initially named MTH2 (Figure 13). 
It was at first reported that mouse NUDT15 also had 8-oxo-dGTPase activ-
ity.95,96 After the initial results showing the potential for MTH1 inhibition in 
cancer treatment, NUDT15 was investigated because of the possibility that it 
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might compensate for the loss of MTH1. It was shown that NUDT15 knock-
down has little to no effect on the survival of cancer cells, that the activity of 
NUDT15 towards 8-oxo-dGTP was much lower than towards the canonical 
dGTP, and that NUDT15 did not show any influence on the amount of 8-oxo-
dG incorporation into DNA.92 NUDT15 was also screened for a variety of 
different oxidized nucleotides and no significant activity was observed. 
NUDT15 must have a different function in the cell. To this day the true func-
tion of this enzyme remains unknown, however NUDT15 has come to atten-
tion in another context, which is also related to cancer and that is thiopurine 
therapy. 

 

 
Figure 13. Structure of the NUDT15 homodimer. One monomer shown in marine blue, 
the other in light blue. NUDIX box residues are highlighted in salmon and raspberry 
red. Mg2+ ions are colored in grey and water molecules in red.(PDB ID: 5BON 92) 

Thiopurine anticancer drugs 
Thiopurine drugs were first developed by the pioneers of rational drug design 
Gertrude Elion and George H. Hitchings in the 1950s.97 Elion and Hitchings 
would later share the Nobel Prize in Physiology or Medicine with Sir James 
W. Black in 1988 for their “discoveries of important principles for drug treat-
ment”.98 Thiopurines are derivatives of the purine guanine. These drugs are 
very effective in the treatment of acute lymphoblastic leukemia (ALL), which 
is the most prevalent form of childhood leukemia. ALL alone accounts for 
approximately 25% of all cancer diagnoses and of those, 60% occur in chil-
dren.99 To this day, nearly 70 years after the first thiopurine drug was ap-
proved, thiopurines are still among the most important treatment options for 
ALL.100 These drugs are also powerful immunosuppressants which makes 
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them useful in the treatment of diseases such as Inflammatory bowel disease 
(IBS) and Crohn’s disease.101 

There are three thiopurine drugs currently used in the clinic: 6-mercapto-
purine (6-MP), 6-thioguanine (6-TG) and azathioprine (AZA-T), all of which, 
through many intermediate steps, are ultimately converted into the active me-
tabolites 6-ThioGTP and 6-Thio-dGTP (Figure 14).102 

 
Figure 14. Structures of 6-MP, 6-TG and AZA-T. 

6-Thio-dGTP is a highly toxic substance that is used by DNA polymerase as 
a substrate and is incorporated into DNA leading to cell death.103–106 One issue 
that arises in the treatment of patients with these drugs is that the effects are 
not immediate. After these antimetabolites are incorporated into DNA, they 
first have to be methylated107 and only after a second round of replication does 
this process lead to a Me-6-thio-dG:T mispair which cannot be repaired by the 
cells mismatch repair (MMR) machinery.108 

Some patients are extremely sensitive to thiopurines and experience severe 
and potentially life-threatening side-effects such as bone marrow suppression 
and subsequent decrease of the white blood cell count in the blood. An added 
complication arises because these side effects appear with a marked delay 
from the onset of thiopurine therapy.109 

One sensitivity factor is the protein thiopurine methyltransferase (TPMT). 
In normal patients, TPMT methylates thiopurines before they can be metabo-
lized into the therapeutically active 6-thio-dGTP.110–113 In some patients this 
protein is inactivated by a mutation and these patients experience increased 
toxicity from thiopurine treatment. Recommendations for pre-emptive geno-
typing of TPMT prior to thiopurine therapy have been in place for some 
years.114–116 This actually represents one of the first examples of precision 
medicine based on genomics.117–119  

TPMT genotype is not the only predictor of thiopurine sensitivity.120,121 
Only 25% of patients that are thiopurine sensitive have abnormal TPMT ac-
tivity.122–124 Inactivating TPMT variants are also rare in people of east Asian 
descent,125 however thiopurine toxicity is still observed in these patients. In 
fact, the frequency of cases of thiopurine intolerance is even higher in east 
Asians than in patients of European descent.122 To discover other thiopurine 
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sensitivity factors, genome wide association studies for the thiopurine intoler-
ance phenotype were carried out. It is in this context that the connection to 
NUDT15 was discovered. 

A missense variant in NUDT15 c.415C>T (rs116855232) was discovered 
by several groups.126 This single nucleotide polymorphism (SNP) causes the 
arginine at position 139 to be replaced by a cysteine residue (Arg139Cys). 
This mutation is significantly correlated with thiopurine sensitivity in patients 
being treated for ALL and inflammatory bowel disease (IBD).100,101,127–131 This 
mutation is common in patients of Asian (>10% of East Asian patients, 6.7% 
of South Asian patients) and Hispanic descent (6%), but is less frequent in 
Europeans (0.35%) and Africans (0.1%).122,132  
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NUDT15 breaks down thiopurine metabolites 
After it was established that NUDT15 is a thiopurine sensitivity factor, a sub-
strate screen identified 6-thio-dGTP and 6-thio-GTP as substrates for 
NUDT15.92 In paper II we conducted a study to further characterize this re-
lationship. We showed that the activity for the thionylated substrates was 
much higher than for the canonical dGTP and GTP. In fact, the catalytic effi-
ciency (kcat/Km) was 13-15x higher for 6-thio-dGTP over dGTP and as high as 
243-290x higher for 6-thio-GTP over GTP. This was primarily due to 
NUDT15 having a much higher affinity for these compounds.  

The fact that NUDT15 breaks down these metabolites explains why dele-
terious NUDT15 variants cause thiopurine sensitivity. The situation is much 
the same as with TPMT, if NUDT15 activity is reduced because of an inacti-
vating mutation, then a normal dose of thiopurines will lead to a greatly in-
creased effective dose of 6-thio-dG being incorporated into DNA (Figure 15).  

 

 
Figure 15. Schematic illustration of the role of NUDT15 in thiopurine metabolism. 
(Figure adapted from paper II.) 

We expected to see that the R139C mutation would inactivate the protein. 
However, our in vitro data showed that this was not the case. Not only was the 
mutant still active in vitro, but it even showed a slightly higher activity to-
wards 6-thio-dGTP than the WT enzyme. However, the thermal stability of 
this mutant is severely decreased with a DT of approximately −10° C relative 
to the WT enzyme and our in-cell data shows this mutant is rapidly degraded 
in cells. 
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We also co-crystallized NUDT15 together with 6-thio-GTP and solved a 1.7 
Å X-ray crystal structure of NUDT15 with the hydrolysis product 6-thio-GMP 
bound in one of the two monomers in the homodimer (Figure 16).  

 

 
Figure 16. Crystal structure of NUDT15 in complex with 6-thio-GMP. A) Closeup 
view of the binding site of NUDT15 B) Zoom in on Arg139. (Figure adapted from 
paper II.)  

Our structure revealed several important residues that are involved in the bind-
ing of the substrate. The ligand binds to the protein via direct hydrogen bonds 
to the residues Leu45, Gly137 and His49. Perhaps the most important interac-
tion is the tight fit of the sulfur atom within the hydrophobic pocket, which is 
formed by Leu138, Phe135 and Leu45. It is this interaction that causes 
NUDT15 to have a higher affinity for the thionylated compounds than GTP 
or dGTP. Arg139, the mutation site associated with thiopurine intolerance, is 
far enough away from the substrate binding site that a mutation at this site 
would not cause significant distortions to the binding site itself. However, this 
arginine residue forms important stabilizing interactions between two helical 
segments (helix a2 and the short 310 helical segment h3). Presumably loss of 
these interactions destabilizes the protein enough to be marked for pro-
teasomal degradation.133 The amino acid at position 140, directly adjacent to 
Arg139 happens to be a cysteine as well. Therefore, it is possible that in the 
R139C mutant these two residues, which both reside on helix a2, could form 
a disulphide bridge, which could disrupt the folding of this helix. 

Finally, we showed that silencing of NUDT15 mRNA by NUDT15-spe-
cific shRNA (shNUDT15) made the human colon cancer cells HCT116 and 
HCT116 3-6 more sensitive to treatment with 6-TG. HCT116 is an MMR de-
ficient cell line and HCT116 3-6 is MMR proficient. The NUDT15 dependent 
thiopurine sensitivity phenotype was much more pronounced in the MMR pro-
ficient cell line. This is expected since the DNA lesions caused by thiopurine 
treatment cannot be repaired by MMR, leading to futile repair attempts and 
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cell death.107,109,134–136 Certain cancers can develop MMR deficiency which 
leads these cancers to be resistant to thiopurine therapy.137  
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The first inhibitor for NUDT15 
Paper III describes the development of the first inhibitor for NUDT15. The 
study began with a small molecule screening campaign monitored by a mala-
chite green assay92 where each screening condition contained an individual 
potential inhibitor, NUDT15, dGTP and pyrophosphatase (PPase). As 
NUDT15 hydrolyzes dGTP to dGMP, pyrophosphate (PPi) is produced and 
broken down by PPase into inorganic phosphate, which can then be detected 
by malachite green reagent. 17946 compounds were screened and 37 of these 
were identified as having enough of an inhibitory effect to be examined more 
in detail. Finally, the compound TH884, which had an IC50 of 7 µM, was cho-
sen as starting point for further development. Structure activity relationship 
(SAR) studies, in which modifications of structural features of the inhibitor 
were again examined using a malachite green assay, quickly identified the 
fluorophenyl functional group as a suitable target for modification. After 
many cycles of iterative improvement, the lead compound TH1760 was de-
veloped, whose IC50 of 25 nM was more than 200x lower than that of TH884. 
An increase in the melting temperature of NUDT15 in the presence of the 
inhibitor also confirmed in vitro binding. 

We also solved a 1.6 Å resolution X-ray crystal structure of TH1760 in 
complex with NUDT15. The structure showed that the inhibitor bound in a 
similar fashion as 6-thio-GMP (Figure 17). The benzoxazolone moiety of the 
inhibitor is positioned deep in the binding site, similar to the guanine of 6-
thio-GMP. This part of the inhibitor also makes the same hydrogen bond to 
Gly137, however the hydrogen bond to Leu45 in the 6-thio-GMP structure is 
replaced by a hydrogen bond to Leu138. Additionally, the interaction between 
the ligand and Thr94 is stronger in the case of the inhibitor due to it forming 
a direct hydrogen bond to the sulfonamide group, compared to the interaction 
mediated by a coordinated water molecule between Thr94 and 6-thio-GMP. 
The structural data explained the tighter binding of the inhibitor and having 
this data made it easy to identify which position of the inhibitor would need 
to be modified to make binding to NUDT15 impossible. A molecule suitable 
as a negative control was synthesized by N-methylating the benzoxazolone 
moiety of TH1760. 
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Figure 17. Development of TH1760. A) Structures of TH884 and TH1760. B) Close-
up view of TH1760 binding to NUDT15. The protein is colored blue and TH1760 is 
colored red. The structure of NUDT15 in complex with 6-thio-GMP is aligned and 
shown in transparent grey. (Figure adapted from paper III.) 

The inhibitor was then further examined and was shown to be highly selective 
with little off-target effects in a screen of other NUDIX proteins and kinases 
performing similar functions. Cellular target engagement was confirmed by 
Cellular thermal shift assay (CETSA).138 In this assay cells expressing 
NUDT15 are heated to specific temperatures. The cells are then broken and 
spun down and the amount of NUDT15 still present in the soluble fraction is 
measured via western blot. In this way, the aggregation temperature Tagg can 
be determined in the presence and absence of the inhibitor. For NUDT15 in 
the presence of TH1760, the DTagg relative to NUDT15 without any inhibitor 
was measured at 6.5° C. A variation of the experiment called Isothermal dose-
response fingerprint (ITDRF) CETSA was also performed. In this case a 
screening temperature is determined at which roughly 80% of soluble 
NUDT15 is aggregated. A screen is then performed where it is not the tem-
perature but the inhibitor concentration that is varied. In the presence of 
TH1760, the fraction of soluble NUDT15 started to increase substantially 
above a 10 µM concentration of TH1760. The third assay used for examining 
cellular target engagement was Drug affinity responsive target stability 
(DARTS).139 This assay exploits the tendency of enzymes to be more resistant 
to protease digestion when tightly bound to and stabilized by a ligand. All 
these assays confirmed that TH1760 was able to bind NUDT15 in the cell. 

Finally, it was also shown in the paper that TH1760 inhibits NUDT15 
in vivo and it is capable of potentiating thiopurine drugs. The EC50 of 6-TG 
was decreased ten-fold in the presence of TH1760. An assay using 14C-labeled 
6-MP and later measuring the radioactivity of DNA and RNA showed that the 
increased toxicity of the TH1760/thiopurine synergy was due to increased ac-
cumulation of 6-thio-(d)G in DNA/RNA. Interestingly, the thiopurine 
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potentiating effect was sufficient to resensitize HCT 166 cells, which are re-
sistant to thiopurine therapy due to their MMR deficiency. 
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Further development of inhibitors for NUDT15 
A second line of inhibitors was also explored. In this case a more targeted 
search was performed and the structure of the substrate 6-thio-dGTP was used 
as a starting point for the screening of 62 structurally similar compounds. The 
best hit was NSC56456 (IC50 619.5 nM), a patented inhibitor of the transcrip-
tion factor NF-E2-related factor 2 (NRF2).  

The 1.8 Å resolution crystal structure of NUDT15 in complex with 
NSC56456 is to be published in additional paper 1. The position of the in-
hibitor is highly similar to that of 6-thio-GMP, with the thio-guanine moiety 
occupying the same space in both structures and the cyclohexane ring of 
NSC56456 being in the same position as the ribose of 6-thio-GMP (Figure 
18). 

 

 
Figure 18. Structure of the 6-thioG analog NSC56456 in complex with NUDT15. A) 
Structure of NSC56456. B) Close-up view of the binding pocket of NUDT15 in com-
plex with NSC56456. NSC56456 is shown in magenta and NUDT15 in blue. The struc-
ture of NUDT15 in complex with 6-thio-GMP is aligned and shown in transparent 
grey. (Figure adapted from additional publication 1.)    

Interestingly, the NSC56456 bound structure shows significant rearrange-
ments of bulky aromatic residues in the binding pocket, not seen in other 
NUDT15 structures (shown in Figure 18). The lack of hydroxyl groups on the 
cyclohexane ring allows for Trp136 to move in closer to the inhibitor thereby 
pushing out Tyr90. 
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NSC56456 was then iteratively improved, resulting in the lead compound 
TH8321 which is presented in paper V. This compound differs from 
NSC56456 structurally by the addition of an anisole ring at the 8’ position of 
the guanine moiety, leading to a 20x improved potency of this inhibitor 
(IC50 35.2 nM) versus NSC56456. 

The 2.35 Å crystal structure shows similar rearrangements of the aforemen-
tioned aromatic residues, with Tyr90 oriented in a similar fashion as seen in 
the NSC56456 structure. However, the aromatic ring system of Trp136 is 
flipped 180° in the opposite direction due to the anisole ring system of 
TH8321 (Figure 19). 

 
Figure 19. Structure of NUDT15 in complex with TH8321. A) Structure of TH8321. 
B) Close-up view of the binding pocket of NUDT15 in complex with TH8321 with the 
structure of NUDT15 in complex with 6-thio-GMP aligned. TH8321 is shown in grey, 
NUDT15 in blue. The structure of NUDT15 in complex with 6-thio-GMP shown in 
transparent grey. (Figure adapted from paper V.) 

Even though the IC50 of this 6-thio-guanine analog inhibitor is slightly 
worse than that of the lead compound of the first line of inhibitors TH1760, 
we show the cellular target engagement of TH8321 is markedly improved over 
TH1760. ITDRF CETSA data shows significant stabilization occurring at a 
concentration of 0.8 µM versus 20 µM in the case of TH1760. The inhibitor 
was also shown to be sufficiently selective, as well as non-toxic to cells in 
vitro by itself. More significantly, the in-cell potentiation of the toxic effects 
of thiopurine was far superior to that of TH1760, as confirmed by the Resaz-
urin viability assay. 
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Further work was also carried out on TH1760, the initial lead compound of 
the first line of inhibitors. The compound was improved by addition of two 
methyl groups, one to the piperazine ring system and the other to the nitrogen 
of the indole group. This resulted in the new inhibitor TH7755, which is pre-
sented in paper VI. 

TH7755 has a slightly worse IC50 compared to TH1760, however the com-
pound has drastically improved in cell NUDT15 binding characteristics com-
pared to TH1760, presumably because of the increased lipophilicity conferred 
by the additional methyl groups. CETSA data showed that NUDT15 in the 
presence of 10 µM TH7755 had a DTagg of » +4° C relative to NUDT15 with-
out inhibitor. TH1760 at the same concentration only produced 1° C of cellular 
thermal stabilization. Similarly, ITDRF CETSA showed a 10x improvement 
in cellular target engagement by TH7755 over TH1760. The 1.6 Å resolution 
crystal structure of NUDT15 in complex with TH7755 shows that this struc-
ture is very similar to that of NUDT15 in complex with TH1760 presented in 
paper III, with a low RMSD value of 0.51 Å. The two ligands make the same 
interactions with the protein and the position and conformation of the ligand 
within the binding pocket is very similar between the two structures. A key 
difference however, is the indole ring system of TH7755, which is flipped 
180° compared to that of TH1760, presumably due to the added methyl group 
on the indole group of TH7755 (Figure 20). 

 
Figure 20. NUDT15 in complex with TH7755. A) Structure of TH7755. B) Close-up 
view of the binding pocket of NUDT15 in complex with TH7755. TH7755 shown in 
orange and NUDT15 shown in blue. The structure of NUDT15 in complex with 6-
thio-GMP is aligned and shown in transparent grey. (Figure adapted from paper VI.)   
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The antiviral drugs acyclovir and ganciclovir 
Similar to thiopurines, the antiviral drugs acyclovir and ganciclovir are both 
analogs of the nucleoside guanosine. Like thiopurines, acyclovir was also the 
result of the work of Gertrude Elion.140 This compound actually was the first 
successful small molecule antiviral drug ever discovered.141 Ganciclovir is an 
analog of acyclovir,142 the only structural difference between the two mole-
cules is a primary alcohol shown in Figure 21. 

 

 
Figure 21. Structures of acyclovir triphosphate and ganciclovir triphosphate, the ac-
tive metabolites of acyclovir and ganciclovir. 

These drugs are used to treat infections of various members of the herpes fam-
ily of viruses. Chief among them is cytomegalovirus (CMV), a particularly 
prevalent virus that affects 60-90% of the worldwide population that can cause 
severe complications in immunocompromised patients. This viral infection is 
also especially relevant for hematopoietic stem cell transplantation.143 Acy-
clovir is also effective against the varicella-zoster and Epstein-Barr viruses 
among others.98 

The mechanism of action is similar for both of these compounds. They are 
both non-toxic to normal cells in their unphosphorylated prodrug form. Cer-
tain viral thymidine kinases (TK) however are capable of performing the first 
phosphorylation step to convert these compounds into their monophosphate 
form.144 Once they are phosphorylated, cellular kinases can take over and con-
vert the prodrugs into their active tri-phosphorylated form.145 Ganciclovir/acy-
clovir-TP are then used preferentially as a substrate by viral DNA polymerase 
and are incorporated into viral DNA, thereby disrupting virion production.146 
However, these compounds are also cytotoxic. This is due the fact that in their 
tri-phosphorylated form, they can be incorporated into cellular DNA, disrupt-
ing cell division.147,148 

The unique mechanism of action of these drugs also makes them useful for 
suicide gene therapy. In fact, the herpes simplex virus thymidine kinase (HSV-
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TK)/ganciclovir system is one of the prime examples of suicide gene therapy. 
The main idea here is that the HSV-TK gene can be modified in such a way 
that it is only expressed in the presence of a tumor specific promotor. It is then 
administered via a viral or non-viral vector. Ideally this causes the HSV-TK 
protein to only be expressed in the targeted cancer cells and not in normal 
cells, thereby making only the cancer cells susceptible to ganciclovir.149,150 
 

NUDT15 breaks down antiviral drug metabolites 
Papers IV and V are about the connection between NUDT15 and the two 
antiviral drugs acyclovir and ganciclovir. Among all the nucleobase and nu-
cleoside analog (NNA) drugs, currently used in the clinic to treat various can-
cers and viral infections, there are 12 compounds that are only active in their 
triphosphorylated form. All of these 12 compounds were screened, and we 
show that the active metabolites of the drugs acyclovir triphosphate and 
ganciclovir triphosphate are also high affinity substrates for NUDT15. In this 
case again, NUDT15 hydrolyzes the triphosphate forms of these compounds 
to the corresponding monophosphates, thereby releasing pyrophosphate. 

Structures of NUDT15 in complex with acyclovir and ganciclovir were 
solved to resolutions of 1.6 Å and 1.95 Å respectively.  

 

 
Figure 22. Structures of NUDT15 in complex with acyclovir and ganciclovir. Closeup 
view of the binding pocket of NUDT15 shown in blue in complex with (A) acyclovir, 
shown in orange and (B) ganciclovir, shown in green. The aligned structure of 
NUDT15 in complex with 6-thio-GMP is shown in grey. (Panel A adapted from pa-
per IV and panel B adapted from paper V.) 
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The acyclovir structure (Figure 22A) shows the same rearrangement of the 
aromatic residues Trp 136 and Tyr90 as discussed in the NSC56456 complex 
(Figure 18). However, the same is not true in the case of ganciclovir. The polar 
primary alcohol of ganciclovir, which occupies the same space as the ribose 
moiety in the 6-thio-GMP structure, appears to stabilize Tyr90 in the same 
position as seen in the 6-thio-GMP structure (Figure 22B). It appears the rear-
rangements of these residues are likely significant for NUDT15 to be able to 
bind both of these compounds with similar affinity. 

In these two publications, we go on to show that these anti-viral drugs are 
potentiated in the absence of NUDT15, as one would expect. The mouse bone 
marrow stroma cell line M2-10B4 was gene edited using CRISPR-Cas9, to 
remove the NUDT15 gene, and then infected with murine CMV. Both acyclo-
vir and ganciclovir showed increased anti-viral effectivity in NUDT15-/- cells 
compared to WT, as measured by virus copy number quantification by imme-
diate-early protein (IE1) staining. The same thing was also shown for the cy-
totoxic effects of the acyclovir and ganciclovir triphosphates in the presence 
of viral TK. NUDT15-/- and NUDT15+/+ versions of the human hematopoietic 
cell line Nalm6 were engineered. As expected, these cells were all resistant to 
acyclovir and ganciclovir, however upon introduction of the HSV-TK gene, 
these compounds became toxic and the NUDT15-/- cells were more sensitive 
to both acyclovir and ganciclovir. 

It was also studied whether inhibiting NUDT15 with one of our inhibitors 
would potentiate anti-viral treatment in the same way that it potentiates thio-
purines. The presence of 5 µM of the inhibitor TH8321 in the infectivity assay 
was shown to improve the EC50 of ganciclovir by » 0.5 log. 

Lastly the influence of NUDT15 diplotypes on clinical outcomes of hema-
topoietic stem cell transplantation were studied in vivo in a cohort of 248 pa-
tients. CMV infection prevention through treatment with acyclovir was more 
effective in patients whose NUDT15 diplotype identified them as having low 
NUDT15 activity. Unlike thiopurine potentiation by NUDT15 depletion, in 
the case of the antivirals, the effects of the different NUDT15 risk alleles are 
not additive. When only one risk allele was present, the effectiveness of Acy-
clovir/ganciclovir was similar to that of the WT. Acyclovir/ganciclovir poten-
tiation only occurred when NUDT15 activity was completely lost. NUDT15 
diplotype was also a good predictor of graft failures. The probability of graft 
failure was highest when the stem cell donor was seropositive for CMV and 
when they had a NUDT15 diplotype associated with low activity. These find-
ings represent the first report of pharmacogenetic factors associated with these 
drugs. It might prove beneficial to adjust acyclovir and ganciclovir dosing 
based on NUDT15 pre-emptive genotyping, as is already implemented for thi-
opurines, however this issue requires more in-depth study with increased sam-
ple sizes.  
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NUDT15 inhibition in combination with acyclovir/ganciclovir treatment also 
warrants further study. It seems plausible that NUDT15 inhibitors could ex-
pand the therapeutic window of these drugs. NUDT15 inhibition might also 
prove useful in the context of suicide gene therapy by potentiating the effects 
of ganciclovir.  
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Examining the structural basis of thiopurine intolerance 
After the NUDT15 Arg139Cys variant had been discovered to be a determin-
ing factor in thiopurine sensitivity, more work was carried out to find other 
potentially sensitizing NUDT15 variants. In 2016, in a trial involving 270 chil-
dren being treated for ALL, three new NUDT15 variants were discovered.151 
These variants are c.416G>A (Arg139His), c.52G>A (Val18Ile) and 
c.36_37insGGAGTC (Val18_Val19insGlyVal).  

 
Figure 23. NUDT15 variant locations. A) Locations of NUDT15 variants highlighted 
in the protein sequence. The locations of variants with a frequency >1% are high-
lighted in red, locations of less frequently encountered NUDT15 variants are high-
lighted in yellow.122 (B) Mutation sites of the four most clinically relevant NUDT15 
variants (Arg139C, Arg139His, Val18Ile and Val18_Val19insGlyVal) highlighted in 
the NUDT15 crystal structure (PDB ID: 5LPG). NUDT15 is shown in marine blue, 
6-thio-GMP is shown in orange and relevant mutation sites are highlighted in red. 
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Several other NUDT15 variants have since been discovered in the clinic 
(shown in Figure 23A)122,152–154 and in a recent study a massively parallel assay 
examined nearly every possible amino acid substitution of the 163 residues 
that make up NUDT15, which identified 1152 deleterious variants.155 How-
ever, the four mutations mentioned earlier (highlighted in Figure 23B) are still 
the most clinically relevant NUDT15 variants with a minor allele frequency 
of >1%.122 

It was a longstanding goal of ours to obtain any structural data on the clin-
ically relevant NUDT15 variants. However, the destabilization of the protein 
due to these mutations was enough to hamper our attempts to crystallize these 
variants.  

We later realized we could use the significant thermal stabilization of 
NUDT15 upon inhibitor binding to our advantage. 

 

 
Figure 24. Thermal stability assay of wildtype and mutant NUDT15 in the presence 
of different ligands. (Figure adapted from paper VI.) 

As shown in Figure 24, binding of the inhibitors TH1760 or TH7755 increased 
the melting temperatures of the NUDT15 variants by an average of + 11° C. 
The thermal stability of the NUDT15 variants in the presence of the inhibitors 
was even superior to that of WT NUDT15 by itself. We were able to use this 
stabilization effect of the inhibitor to our advantage and proceeded to success-
fully crystallize and solve high resolution structures of all the four clinically 
relevant NUDT15 variants. 
The differences between the mutant structures and WT NUDT15 are quite 
subtle. The mutated cysteine in the R139C structure (Figure 25A), shows that 
this cysteine is in a dual conformation and the hypothesized disulphide bond 
between Cys140 and the mutated Cys139 is not seen in the structure. The sta-
bilizing interactions, between the a-helix a2 and the adjacent 310 helix h3, are 
not completely disrupted in either of the two mutant variants R139C and 
R139H. The cysteine in the R139C structure is still partially capable of inter-
acting with residues on and close to h3 (Leu131 and Leu134). The same is 
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true for the histidine in the R139H structure (Figure 25B). Here the interaction 
is mediated by a coordinated water molecule. In both cases the h3 segment is 
shifted further away from the a2 helix than is seen in the WT structure. 

 
Figure 25. Arg139 mutation site of NUDT15. A) NUDT15 Arg139Cys mutant struc-
ture. B) NUDT15 Arg139His mutant structure. (Figure adapted from paper VI.) 

 
The V18I mutant structure is remarkably similar to the WT structure (Fig-

ure 26A). The only difference between valine and isoleucine is one additional 
methyl group on isoleucine. In the mutant structure this methyl group appears 
to be well accommodated in the immediate surroundings, causing little distor-
tions in the residues in the vicinity of Ile18. It appears the additional methyl 
group of the isoleucine, which is situated on the b-strand b1 and directly un-
derneath the NUDIX box motif, puts the structure under enough strain to re-
duce the melting temperature of the mutant by 4° C. 

Lastly, we solved the V18_V19insGV mutant (Figure 26B and Figure 
26C). This variant has an insertion of the residues glycine and valine in a re-
gion of the protein that already contains a glycine-valine triple repeat. The 
insertion extends this segment by one more repetition (Figure 26B). This 
leaves most of the region structurally unchanged, however the N-terminal re-
gion of the protein is effectively pushed out, away from the core of the protein, 
by two residues (Figure 26C).  
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Figure 26. Val18 mutation site of NUDT15. A) Val18Ile mutant structure. B) Com-
parison between the sequences of the V18_V19insGV mutant and WT NUDT15. C) 
V18_V19insGV mutant structure shown in blue, the N-terminal region is highlighted 
in red. The aligned WT NUDT15 structure is shown in transparent grey. (Figure 
adapted from paper VI.) 

A detailed structural analysis in the N-terminal region is made difficult by 
poor resolution due to the inherent flexibility of this region. However, the 
point of divergence between the WT and the V18_V19insGV mutant can 
clearly be seen. In the mutant structure Val14 is in the same position as Pro12 
is in the WT structure and Pro12 is shifted out further in the direction of the 
N-terminus. This disrupts important stabilizing interactions that Pro12 makes 
in the WT structure, such as the CH/p interaction with His91 and the hydro-
phobic interaction with Phe52.  

Taken together, these four crystal structures of clinically relevant NUDT15 
variants provide valuable insights into the structural basis for the observed 
thiopurine and ACV/GCV sensitivity phenotypes. 
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Summary and conclusions 

In paper I, we examined RNR from A. aeolicus and solved the first structures 
of the R1 and R2 subunits of a class Ia RNR from a hyperthermophilic organ-
ism. The AaR1 structure is particularly interesting because of a novel struc-
tural feature, a ‘b-hairpin hook’ located at the dimer interface, that is a defin-
ing feature of the NrdAh phylogenetic subclass. Additionally, the ATP-cone 
domain of AaR1 is shown to bind two ATP molecules simultaneously. This is 
unusual because RNR structures with more than one nucleotide bound in the 
ATP-cone domain are rare. The AaR1 structure is not only the first example 
of an R1 with two ATPs bound, but one of the two ATP molecules also has a 
unique binding mode not seen before in other structures. It is currently not 
known what the evolutionary advantage could be for the organism to bind two 
molecules in the a-site. The R1 and R2 structures of this RNR from the hyper-
thermophilic bacterium A. aeolicus represent an interesting new addition to 
the growing number of RNR structures from different organisms. 

Paper II examines the connection between NUDT15 and thiopurines. Af-
ter work by ourselves and others it has now been firmly established that 
NUDT15 sequence information is an important factor predicting thiopurine 
intolerance; pre-emptive genotyping prior to thiopurine therapy is now recom-
mended and implemented in the clinic.110 

The development of two separate lines of structurally dissimilar inhibitors 
for NUDT15, which was supported by X-ray crystallographic data, is de-
scribed in papers III, V and VI. We show that NUDT15 inactivation by inhi-
bition potentiates thiopurine therapy. These inhibitors are a very useful addi-
tion to the available toolkit for the study of NUDT15, whose physiological 
function is still unknown. They might even prove useful in the treatment of 
certain cancers that are resistant to thiopurines due to their MMR-deficiency. 

Papers IV and V show, for the first time, that NUDT15 also breaks down 
the active metabolites of the antiviral drugs acyclovir and ganciclovir. This is 
especially relevant in the treatment of immunocompromised patients and in 
the context of hematopoietic stem cell therapy. Cytotoxicity and stem cell 
graft failure can now be explained in cases where the patient’s NUDT15 dip-
lotype categorizes them as being poor metabolisers. NUDT15 genotyping 
could prove to be useful in these treatments, similar to what is already imple-
mented in thiopurine treatment. Here we also show that ganciclovir treatment 
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is potentiated in the presence of TH8321, the lead inhibitor in the 6-thioG an-
alog inhibitor series. 

Finally in paper VI, we use the stabilizing effect of the already mentioned 
inhibitors to our advantage because they allowed us to crystallize the four most 
clinically relevant NUDT15 variants. We present a detailed description of the 
effects of all of the four mutations on the NUDT15 protein structure and how 
they could lead to the thiopurine intolerance phenotype.  
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Popular science summary 

At the heart of life on earth lies the so-called central dogma. That is the prin-
ciple that the blueprint for all the machinery that the cell needs is stored in 
molecules of DNA. DNA is simply a long chain of four different molecules 
called deoxyribonucleotides, the building blocks of DNA. Short relevant seg-
ments of the DNA are copied as needed into another similar molecule called 
mRNA which is made up of slightly different building blocks called ribonu-
cleotides. This mRNA is then used as a template in a process called transla-
tion, where proteins are produced. Proteins can be thought of as molecular 
machines that carry out all the necessary functions within the cell. For one cell 
to make another copy of itself, it also needs to make another copy of the DNA. 
DNA can also be damaged, and the cell is able to repair some forms of DNA 
damage. This means there always needs to be a supply of DNA and RNA 
building blocks ready to use. 

The first protein we discuss in this thesis is Ribonucleotide reductase 
(RNR), a protein that turns RNA building blocks into DNA building blocks, a 
crucially important step for all life on earth. There already is a large body of 
work studying this protein. Paper I examines the RNR from Aquifex aeolicus, 
a bacterium that lives at extremely high temperatures of 85-95° C. We exam-
ine this protein for structural modifications that could explain its extreme ther-
mal stability.  

The second protein we examine is NUDT15. There are certain drugs that 
are so similar to normal DNA building blocks that they make their way into 
DNA. This is what makes these drugs toxic to the cell, however sometimes 
this toxic effect is exactly what one wants to achieve in medical treatment and 
NUDT15 interferes with this goal. One example of this is thiopurine treat-
ment. Thiopurines are chemotherapeutic drugs used in the treatment of certain 
cancers such as acute lymphoblastic leukemia (ALL), the most prevalent 
childhood leukemia. We show in paper II that NUDT15 breaks down these 
drugs before they can have their desired effect. There are people that have an 
inactivating mutation in their NUDT15 gene. In these patients a normal dose 
of thiopurine treatment is effectively much too high and leads to potentially 
life-threatening complications. A big problem here is that the effects of thio-
purines only show up after a long delay. This makes treatment especially dif-
ficult. After these discoveries have been made, it is now recommended to per-
form genotyping on patients before they are treated with thiopurines, to find 
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out beforehand whether their NUDT15 protein functions normally or not. In 
papers III, V and VI we describe the development of two separate (and struc-
turally dissimilar) series of inhibitors; molecules that bind to NUDT15 and 
prevent anything else from binding, thereby inactivating the protein. We also 
show that the effects of thiopurine treatment are drastically increased in the 
presence of these inhibitors. In papers IV and V, we show that NUDT15 not 
only interferes with thiopurine treatment but that this is also the case with the 
anti-viral drugs acyclovir and ganciclovir, which are somewhat similar to thi-
opurines, and whose mechanism of action are also comparable because they 
are also incorporated into DNA, although preferentially into viral DNA. These 
drugs are particularly important in bone marrow transplantation where the vi-
rus cytomegalovirus (CMV) can cause severe problems. We show that 
NUDT15 breaks down these drugs before they can be incorporated into DNA, 
similar to thiopurines and also show that the effect of these drugs is enhanced 
by NUDT15 inhibitors. In all these studies atomic resolution models deter-
mined by X-ray crystallography provided important insights into how these 
drugs interact with the protein at atomic scale. It had long been attempted to 
obtain any structural information for clinically relevant NUDT15 variants. 
However, they were not stable enough to crystallize, which is a necessary step 
in X-ray crystallography. After seeing that the protein was much more stable 
when it had bound one of our inhibitors, we were able to use this to our ad-
vantage and obtained high resolution structures of four clinically relevant 
NUDT15 variants. We were able to show how the protein is affected by these 
mutations and how these changes cause some patients to be extremely sensi-
tive to certain drugs such as thiopurines and the antiviral drugs acyclovir and 
ganciclovir. 
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Populärvetenskaplig sammanfattning 

Den så kallade centrala dogmen – principen att ritningarna för cellens maski-
neri är lagrad i DNA-molekyler – är central för allt liv på jorden. DNA-mole-
kylen är en lång kedja uppbyggd av fyra mindre molekyler som kallas deoxyri-
bonukleotider. 
Kortare segment av DNA-molekylerna kopieras vid behov till en snarlik mo-
lekyl – mRNA – som består av andra, liknande byggstenar; ribonukleotider. 
mRNA-molekylen används sedan som mall vid translationen; produktions-
processen för proteiner. Proteiner är i princip molekylära maskiner, och dessa 
utför nästan alla uppgifter som behövs för att cellen ska fungera. 
När en cell ska delas, och göra en ny kopia av sig själv, måste den också göra 
en ny kopia av sitt DNA. DNA-molekyen kan också bli skadad, och cellen har 
ett maskineri för att reparera vissa former av sådana DNA-skador. Allt detta 
innebär att det ständigt måste finnas ett lager av DNA- och RNA-byggstenar 
redo att användas i dessa processer. 
Det första proteinet vi diskuterar i denna avhandling är Ribonukleotidreduktas 
(RNR); ett protein som förvandlar RNA-byggstenar till DNA-byggstenar. 
Detta omvandlingssteg är viktigt för allt liv på jorden, och det har därför länge 
forskats mycket kring hur detta protein fungerar. 
I Artikel I denna avhandling undersöker vi RNR från Aquifex aeolicus, en 
bakterie som lever vid extremt höga temperaturer (85-95 °C), och försöker 
hitta strukturella modifieringar som kan förklara dess extrema värmestabilitet.  
Det andra proteinet vi undersöker är NUDT15. Det finns vissa läkemedel som 
är så lika de vanliga DNA-byggstenarna att de kan byggas in i DNA-moleky-
len, och dessa läkemedel är därför giftiga för cellen. Ibland är detta exakt vad 
man vill uppnå vid en medicinsk behandling, men NUDT15 kan förhindra att 
sådan inbyggnad av ”felaktiga” byggstenar sker. 
Ett exempel på detta är tiopurinbehandling. Tiopuriner är kemoterapeutiska 
läkemedel som används vid behandling av vissa cancerformer, som akut 
lymfoblastisk leukemi (ALL); den vanligaste formen av barnleukemi, och vi 
visar i artikel II att NUDT15 bryter ner dessa läkemedel innan de får sin öns-
kade effekt. 
En del människor har dock en inaktiverande mutation i sin NUDT15-gen. Hos 
dessa patienter är en normal dos av tiopurin alldeles för hög och leder till po-
tentiellt livshotande komplikationer. Ett stort problem för dessa patienter är 
att effekterna av tiopurinerna syns efter en längre tid, och sedan upptäckten av 
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denna mutation rekommenderas genotypning av patienter innan de behandlas 
med tiopuriner, för att redan i förväg känna till om deras NUDT15-protein 
fungerar normalt eller inte. I artiklarna III, V och VI beskriver vi utveckl-
ingen av två separata (och strukturellt olika) serier av inhibitorer; molekyler 
som binder till NUDT15 och inaktiverar proteinet genom att förhindra tiopuri-
nerna att binda till det. Vi visar också att effekterna av tiopurinbehandling ökar 
kraftigt i närvaro av dessa inhibitorer. 
I artiklarna IV och V visar vi att NUDT15 inte bara påverkar behandling 
med tiopurin, utan att det även påverkar behandling med de antivirala läkeme-
delen acyklovir och ganciklovir. Dessa liknar tiopurinerna och har snarlik 
funktion eftersom de också byggs in i DNA-molekylen; men de byggs före-
trädesvis in i virus-DNA. Dessa läkemedel är bland annat viktiga vid ben-
märgstransplantation, där cytomegaloviruset (CMV) ofta orsakar problem. 
Precis som för tipourinerna visar vi att NUDT15 bryter ner dessa läkemedel 
innan de kan byggas in i DNA-molekylen och att effekten av dessa läkemedel 
förstärks av NUDT15-inhibitorer. 
I alla dessa studier gav modeller av proteinstrukturer, bestämda med röntgen-
kristallografi, viktig insikt i hur dessa läkemedel interagerar med proteinet på 
atomnivå. Forskare har under lång tid arbetat med att försöka få strukturin-
formation för kliniskt relevanta NUDT15-varianter. De var dock inte tillräck-
ligt stabila för att kristallisera, vilket är ett nödvändigt steg i strukturbestäm-
ningsprocessen. Efter att vi noterat att proteinet var mycket mer stabilt med 
en av våra inhibitorer bunden, kunde vi använda detta protein-inhibitorkom-
plex till att bestämma högupplösta strukturer för fyra kliniskt relevanta 
NUDT15-varianter. Vi kunde även visa hur proteinet påverkas av de kända 
mutationerna, och hur detta gör att vissa patienter är extremt känsliga för vissa 
läkemedel; som tiopuriner och de antivirala läkemedlen acyklovir och ganci-
klovir. 
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