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1. Introduction 

My thesis focuses on the nucleocytoplasmic transport processes of the human dUTPase and 

how these transport processes could be regulated. As a relevant beginning, I would like to 

provide an overview on nucleocytoplasmic trafficking in general, along with the introduction 

of how dUTPase function helps cells in maintaining their genomic integrity. 

  

1.1 Nucleocytoplasmic transport processes 

The greater cellular complexity of eukaryotes, as compared to prokaryotes, enabled them to 

evolve into multicellular organisms. This higher order complexity is partly due to the fact that 

eukaryotes have multiple inner membrane structures that allows them to separate and regulate 

their physiological processes in a spatial and temporal manner. The nucleus, containing the 

genetic material along with the nucleoplasm is sequestered by a double membrane, called the 

nuclear envelope (NE), from the cytoplasm. However, the nucleus is not completely isolated 

from its surroundings, since there are several processes that require the bidirectional transport 

of molecules between the two compartments. Eukaryotes have thus successfully uncoupled 

transcription and translation from each other allowing such regulation strategies to evolve that 

could not be utilized by prokaryotes [1].  

 

1.1.1 Transport through the nuclear pore complexes 

Transport processes between the nucleus and the cytoplasm are mediated through gates in the 

NE, called the nuclear pore complexes (NPCs). These structures grant selective transport 

between the nucleus and the cytoplasm while maintaining the distinctive composition of each. 

NPCs spanning the NE are composed of multiple copies of around 30 types of proteins, called 

the nucleoporins (Nups), exhibiting an octagonal rotational symmetry which results in an 

enormous complex of about 120 MDa [2, 3]. Macromolecules larger than ~ 40 kDa require 

active transport mechanisms to cross the barrier with the help of carrier proteins in a signal and 

energy dependent way. However, smaller molecules (under 40 kDa or 5 nm in diameter) can 

freely diffuse through the NPCs [3-6]. Nevertheless many small proteins, which need to be 

present in the nucleus at high amounts, are imported by active transport mechanisms (like 

histones [7, 8]) despite the fact that they could freely diffuse into the nucleus. The transport 

properties of the NPCs are truly astonishing since they can accommodate cargos up to 39 nm 

in diameter (~ 25 MDa) which enables ribosome subunits and viral capsids to cross the pore 

without disassembly [9]. The flexibility of NPCs thus allow native complexes to enter or exit 
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the nucleus without energy consuming unfolding and refolding events. This is an important 

distinctive feature of the nucleocytoplasmic transport processes compared to import mechanism 

into the mitochondria or the endoplasmic reticulum where proteins enter through pores with the 

help of translocases in an unfolded state [10-12]. This also enables multi component complexes 

to enter the nucleus, with a so called “piggy back” mechanism where only one of the 

components have a dedicated targeting signal and licenses the whole complex for nuclear entry 

[13]. NPCs can also mediate 300-1000 transport events per second with a 100 MDa per second 

mass flow rate [14, 15]. This means an enormous capacity for nucleocytoplasmic shuttling 

especially when taking into account that the average NPC number is around 2000 per nucleus, 

based on a few investigated human cell lines [16]. Thus far researchers did not find indication 

of saturating the import processes by increased cargo concentrations in vivo. Therefore rather 

than by the capacity of NPCs, the overall transport rate seems to be dependent of the 

cargo:carrier complex formation rate in the cytoplasm and their dissociation in the nucleus. 

Models describing import dynamics show that import is limited primarily by the concentrations 

of the transporter molecules and nuclear RanGTP (described in section 1.1.3) [14, 15, 17-19]. 

Considering the effects of the severe competition among the different signal containing cargos 

and their carriers is also important. Carrier proteins also have to sample a large number of 

potential partners within the cell, making non-specific competition with cytoplasmic proteins 

an important limiting factor in nucleocytoplasmic trafficking [15]. How cargo:carrier protein 

complexes cross the NPCs is far from being fully understood. There are several proposed 

mechanisms in the literature. Most of these models agree on that the specific interactions among 

the carrier proteins and a set of NPC proteins, called the FG-nucleoporins, are of key importance 

for proper translocation. These FG-nucleoporins contain 20-30 tandem phenylalanine-glycine 

(FG) repeats, hypothesized to form a molecular brush [20], or a hydrophobic gel [21], in the 

middle of the NPCs acting as a barrier for none nuclear macromolecules.  In these models the 

specific carrier:Nup interactions are responsible for the highly selective transport process, by 

overcoming the limitations of the barrier [3]. 

 

1.1.2 The classical nuclear import pathway 

Facilitated transport is carried out by specific soluble carrier proteins called karyopherins with 

those responsible for import and export processes called importins and exportins respectively. 

The most well established superfamily of the carriers is called the β-karyopherins [22]. The 

structural hallmark of the protein family (counting around about 20 members in humans) are 

the HEAT repeat folds formed by antiparallel helices (Figure 1) [23]. Either they bind the cargos 
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directly, and facilitate their transport across the NPCs, or they bind cargos through an adaptor 

protein, called importin-α (seven of which could be found in humans) [24]. This latter mode of 

transport is considered to be the classical nuclear import pathway [1]. Though there are several 

examples for direct importin-β:cargo binding (like cyclin B [25], parathyroid hormone-related 

protein [26, 27], etc.), most of the known cargos utilize the importin-β:importin-α heterodimer 

driven classical pathway.  

The main determinant of nuclear localization is the presence or absence of the nuclear 

localization signal (NLS). This linear motif is directly recognized by karyopherins which targets 

the signal harboring cargo to the nuclear compartment. Classical NLSs contain one 

(monopartite) or two (bipartite) stretches of basic amino acids. A well-studied monopartite NLS 

is found on the SV40 large T antigen (126PKKKRRV132) and the prototype for bipartite NLS is 

found on the Xenopus nucleoplasmin (155KRPAATKKAGQAKKKK170) [28, 29].  

Importin-α is a banana shaped protein consisting of two functional domains: an N-terminal 

importin-β binding domain (IBB), and a C-terminal domain containing two NLS binding sites 

(Figure 1). The IBB domain is responsible for binding importin-β and it also contains residues 

that resemble a functional NLS which is capable of binding to the NLS binding site in the 

protein. This autoinhibitory role is important in facilitating the cargo release in the nucleus, 

after importin-β dissociates from the complex. NLS containing cargos thus also compete with 

the IBB domain of importin-α which means that the cargos might preferentially bind to 

importin-α:importin-β heterodimers, rather than binding importin-α alone [30]. The C-terminal 

domain is composed of ten Armadillo (ARM) repeats, each of them built up by three α-helices. 

These repeating ARM motifs define the concave surface of the protein containing the two NLS-

binding regions, the major and minor site. Bipartite NLSs span both binding sites, while 

monopartite NLSs usually bind preferentially to the major site (Figure 1). The major site is 

located closer to the N-terminal end while the minor site is found at the C-terminal part of 

importin-α. Individual amino acids of the NLS bind to specific pockets in the NLS-binding sites 

[31]. Conservative tryptophan, asparagine and negatively charged amino acids make up these 

binding pockets forming salt-bridges and hydrogen bonding interactions with the NLS [32-35]. 

Consecutive residues from the N-terminal lysine of the bipartite NLS, referred to as P1’- P2’, 

are binding to the minor site; while the C-terminal basic cluster, corresponding to positions P2 

- P5, binds to the major site. Therefore the main chain of the peptide runs antiparallel to the 

direction of the importin-α superhelix [32, 34, 35]. 

Several types of NLS sequences have been identified in the literature so far, and a strict 

sequence consensus could not be made but key requirements of NLSs were identified by 
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structural and thermodynamic studies. Results argue for a loose consensus sequence for the 

classical monopartite NLS to be: K(K/R)X(K/R), and the consensus sequence of the bipartite 

NLS has been defined as: (K/R)(K/R)X10–12K(K/R)2-3 [36, 37]. Alanine scanning of the cNLSs 

shed light on the contribution of each position to importin-α binding. Based on energy profiles 

the P2 positioned lysine (highlighted with bold in the consensus) has the biggest contribution 

to the binding, while positions P3 and P5 contribute energetically only 2/3rd compared to the 

P2 position with P4 position being the least important [38]. There have been numerous efforts 

to categorize the different NLSs based on their amino acid compositions and binding profiles 

(Table 1).  Experimentally validated NLS sequences that do not match the above mentioned 

consensus were also taken into account [35, 39]. The binding affinity of a cNLS for importin-

α correlates with the steady state nuclear accumulation and import rate of the corresponding 

cNLS cargo [40].  

 

 

 

 

 

 

 

Figure 1. Structures of NLS bound importins 

Mouse importin-α lacking its IBB domain (in grey color on the left) and the human N-terminal fragment (1-

11 HEAT repeats) of importin-β (in salmon color on the right) are shown in ribbon representation, with the 

transparent surface superimposed. Importin-α was crystallized in complex with the bipartite Bimax1 NLS 

(orange), which has optimal binding interactions in both the minor and the major NLS binding grooves, and 

the linker has also several interactions with importin-α (PDB ID: 3UKW [34]). Importin-β was crystallized 

with the non-classical NLS67-94 of PTHrP (cyan) (PDB ID: 1M5N [26]). N- and C-terminal ends of the NLSs 

are indicated with orange and cyan color labels. N- and C-terminals of the importins are indicated in black 

labels. 
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NLS class Consensus 

Monopartite 

class 1 KR(K/R)R, K(K/R)RK 
class 2 (P/R)XXKR(ˆDE)(K/R) 
class 3 KRX(W/F/Y)XXAF 
class 4 (R/P)XXKR(K/R)(ˆDE) 
class 5 LGKR(K/R)(W/F/Y) 

Bipartite 
KRX10–12K(KR)(KR) 
KRX10–12K(KR)X(K/R) 

 

 

 

1.1.3 Directionality of nucleocytoplasmic trafficking 

Ran, a member of the small Ras GTPase family, provides the energy need of the transport 

though the hydrolysis of GTP. Like other members of the protein family, Ran has a GTP and a 

GDP bound state. The nuclear compartment contains 1000 fold more RanGTP compared to the 

cytoplasm. This great difference in the distribution of the GTP/GDP bound Ran drives the 

directionality of nucleocytoplasmic trafficking [41]. Based on single molecule experiments, 

movement through the NPCs is bidirectional and interactions of karyopherins with NPC 

components do not determine directionality [42]. The direction of the transport however could 

be reversed by reversing the RanGTP gradient [43]. The asymmetrical distribution of the two 

Ran forms are maintained by two regulatory proteins. Chromatin bound RanGEF (guanine 

nucleotide exchange factor) catalyzes the GDP-GTP exchange, while the strictly cytoplasmic 

RanGAP (GTPase-activating protein), partially bound to Nups on the cytoplasmic surface of 

NPCs, promotes the GTP-hydrolysis on Ran. Sequestering these two regulatory factors into the 

nuclear and cytoplasmic compartments results in the steep gradient in RanGTP/RanGDP levels. 

The direction of transport is defined by the fact that the importin-β:importin-α:cargo trimeric 

complex disassembles once entering the nucleus because of RanGTP binding. Working just in 

the opposite way, exportins bind cargos in the nucleus in complex with RanGTP and as soon 

Table 1. Types of NLSs specific for importin-α binding 

The table summarizes the different NLS classes that bind to distinct binding pockets of importin-α based on a 

screening of a random peptide library. The two types of classical NLSs (class 1 and 2) bind to the major NLS 

binding site of importin-α. The archetype example of class 1 is the NLS of the SV40 large T-antigen, while for 

class 2 the NLS of c-Myc. The two forms of noncanonical NLS (class 3 and 4) bind to the minor NLS binding 

site of importin-α. (ˆDE) means any amino acid except aspartic acid or glutamic acid. Class 5 type NLSs are 

plant specific. The optimal sequence determinant of the classical bipartite NLS is also included in the table. 

X10–12 means any 10–12 amino acids. The table was adopted from the work of Kosugi and colleagues [39]. 
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as entering the cytoplasm the hydrolysis to GDP triggers their dissociation [36, 37]. In the 

nucleus RanGTP binds importin-β which then releases the importin-α:cargo complex. The IBB 

domain of importin-α, containing the autoinhibitory region, along with other protein factors 

helps cargo:importin-α dissociation [30]. Components have to be recycled for further import 

cycles, thus importin-β:RanGTP complex and importin-α bound to the CAS:RanGTP complex 

is exported to the cytoplasm, where they disassemble, and could participate in a new import 

cycle (Figure 2) [44].  

 

 

 

 

Figure 2. Overview of the classical nuclear import and export mechanism 

NLS-bearing cargos are bound by the adaptor protein importin-α which is already bound to importin-β through 

its IBB domain. After entering the nucleus through the NPCs, binding of RanGTP to importin-β dissociates it 

from the importin-α:cargo complex. The NLS-containing cargo is then displaced from importin-α partly due 

to the competition of the NLS-like segment found in the now unbound IBB domain. Importin-α is recycled by 

its nuclear export factor, CAS, in complex with RanGTP. Importins are released in the cytoplasm for another 

import cycle after the hydrolysis of RanGTP which is stimulated by RanGAP. The steep RanGTP/RanGDP 

gradient is achieved by the nuclear RanGEF and the cytoplasmic RanGAP. RanGTP/GDP also cycles among 

the two compartments: cytoplasmic RanGDP is imported into the nucleus by NTF2 while RanGTP is exported 

to the cytoplasm bound to transport factors, such as importin-β, CAS or other exportins. Exportins mediate 

transport to the cytoplasm in complex with RanGTP, recognizing NES-bearing cargos. Cargos are released in 

the cytoplasm after RanGTP hydrolysis into RanGDP. Key components of the nuclear import pathway are 

represented in the different shades of grey, while the key components of the export machinery are in shades of 

red. Components responsible for the directionality of the transport processes are in blue and yellow.   
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1.1.4 Regulation of nuclear transport 

One of the key features of limiting movement in and out of the nuclear space is that these 

transport processes could be regulated. Nucleocytoplasmic trafficking is regulated on several 

levels with new mechanisms published every day. A summary of these regulatory mechanisms 

will be introduced in this section, following the classification according to the work of David 

A. Jans [45, 46]. Posttranslational modification induced changes are the best described ways of 

modulating transport processes, where phosphorylation plays a center role (summarized in 

Figure 3). There are also growing number of examples for the role of methylation and 

acetylation. The widespread nature of phosphorylation driven regulation links 

nucleocytoplasmic transport to common signaling pathways like cell cycle regulation, immune 

response, DNA damage response, etc.  

 

 

 

 

 

1.1.4.1 Modulating importin:cargo binding affinity  

Binding characteristics and import dynamics are mainly depending on NLS:importin 

interactions. An obvious way to modulate this is to regulate the affinity of these complexes 

through the posttranslational modulation of the components. One well reported example for a 

Figure 3. Overview of some possible modes of nuclear transport regulation 

Figure summarizes some of the possible mechanisms of NLS regulation depending on phosphorylation based 

on the work of David A. Jans [45, 46]. (A) The affinity between cargos and importins could be modulated by 

phosphorylation which could either inhibit or enhance their binding. (B) In case of intramolecular masking, 

phosphorylation induces structural changes in the cargo which results in an NLS that is accessible for importins 

to bind. (C) During intermolecular masking a heterologous protein (usually overlapping the NLS) prevents the 

interaction of the cargos and their carriers (like the phospho-NLS binding BRAP2). 
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negative charge masking the NLS was described in yeast for the transcription factor Pho4. 

Phosphorylation near its NLS disrupts interaction with its dedicated carrier importin [47]. There 

are several other documented examples in the literature [45, 46, 48-50]. A few of these hits, 

focusing on the inhibitory phosphorylation of Cdk1, could be found in Table 2 (and references 

therein), where the introduced negative charge interferes directly with importin binding. 

Despite the several examples, the exact structural basis of how phosphorylation in the vicinity 

of the NLSs disrupts importin binding is not yet known to date. There are also several findings 

where phosphorylation enhances nuclear accumulation, because of increased NLS:importin 

affinity. A well-established example is CK2 mediated phosphorylation of the SV40 large T-

antigen in position S111/112, which enhances affinity to importin-α two fold leading to drastic 

increase in nuclear import rate [51]. Nevertheless the structural reason behind the enhanced 

affinity due to phosphorylation remains unclear [52]. Negative charges in the linker region of 

bipartite cNLSs were shown to have a positive effect on importin-α binding. Generation of 

peptide inhibitors against the classical nuclear transport pathway resulted in bipartite NLSs 

which have several glutamic acid or aspartic acid residues in their linker regions. These help in 

maximizing the possible interactions among the cargo:carrier complex [34, 53]. A systematic 

position specific screening of the effects of phosphorylation in regions upstream and 

downstream of the NLS positive core (P2-P5) would still be feasible.  

 

1.1.4.2 Intramolecular NLS masking 

Regulation based on intramolecular NLS masking also results in the inhibition of cargo:carrier 

complex formation. But in this case the effect is due to phosphorylation induced structural 

changes in the cargo making the NLS inaccessible for importins to bind. The NLS of NF-κB is 

inaccessible for importin-α to bind in its p105 precursor form. After activation during immune 

response its C-terminal is subjected to different posttranslational modifications which results in 

an importin recognizable NLS [54]. In case of the Xenopus b-Myb protein, the C-terminal 

domain simultaneously inhibits DNA binding and NLS function. During embryo development 

b-Myb is subjected to several modifications resulting in accessible NLSs that leads to the 

nuclear accumulation of the protein [55].  

 

1.1.4.3 Intermolecular NLS masking 

Intermolecular masking could occur if the binding of a heterologous protein (usually 

overlapping the NLS) prevents the interaction of the cargos and their carriers. A recently 

described example is the BRCA1-binding protein 2 (BRAP2), an E3 ubiquitin ligase, that binds 
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phospho-NLSs. The protein was shown to reduce the nuclear accumulation of several viral and 

endogenous proteins depending on phosphorylation state. Though it could not completely 

sequester its targets in the cytoplasm, but it definitely fine tunes their localization pattern [56, 

57]. DNA or RNA could also be responsible for intermolecular masking. The DNA binding 

region and the importin-β recognized NLS of the human sex-determining factor SRY are 

overlapping. Thus DNA binding inhibits importin binding, and also once bound to importin, 

SRY cannot bind DNA. This mechanism might also facilitate the release of SRY:importin 

complex, once entering the nucleus [58]. 

 

1.1.4.4 Other factors influencing nucleocytoplasmic trafficking 

Among several possible other ways to regulate nuclear translocation, cytoplasmic anchoring 

and the contribution of the microtubular network is definitely worth mentioning.  

Not only is the microtubular system essential for some viruses to reach the nucleus, but several 

non-viral proteins also use them for efficient nuclear translocation. Nocodazole treatment of 

cells significantly reduce the nuclear accumulation of p53, Rb or the parathyroid hormone 

related protein [59, 60]. Thus not all NLS containing cargos diffuse freely through the 

cytoplasm to enter the nucleus, but are transported actively to sites close to the NPCs, enhancing 

nuclear entry rates. 

It is also important to consider the selective binding properties of the different types of 

importins and their difference is tissue specific expression levels [24, 61]. This also adds 

another level of possible regulation, since the nuclear entry of a subset of cargos could be 

influenced by the modulation of the expression of distinct importin-α isoforms. 

Several steroid receptors, like the glucocorticoid or estrogen receptors are modulated through 

cytoplasmic retention. Without their ligands they are sequestered in the cytoplasm by Hsp90 

through their ligand binding domains (LBD). Upon ligand binding they release Hsp90 and are 

imported into the nucleus licensed by their NLSs [62].  

 

1.2 Synthesis of deoxynucleoside triphosphates, the building blocks of DNA 

During the course of evolution DNA emerged as the preferred macromolecule for encoding the 

blueprint of life on Earth. DNA encodes, stores, and transmits the genetic information 

orchestrating different cellular functions. DNA encoded information is translated into RNA and 

protein level which then could carry out its structural, regulatory and enzymatic functions that 

are required for development, differentiation and normal cellular processes. DNA is synthesized 

by DNA polymerases during replication from its building blocks, the deoxynucleoside 
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triphosphates (dNTPs), within the cells. For correct replication to occur cells have to maintain 

a proper set of available dNTPs, which they also have to synthesize. A key step in synthesizing 

these precursors is the conversion of ribonucleoside-diphosphates (NDPs) into 

deoxyribonucleoside-diphosphates (dNDPs) by ribonucleotide reductase (RNR). Cellular 

dNTP levels allosterically regulate the reactions catalyzed by the enzyme in order to maintain 

proper dNTP levels where dTTP levels play a key role [63]. Nucleoside-diphosphate kinases 

(NDPKs) then convert dNDPs into dNTPs, which are readily incorporated into DNA by 

polymerases during replication or DNA repair. As seen in Figure 4, dATP, dCTP, dGTP and 

dUTP is synthesized this way, but dTTP does not have a ribonucleotide precursor [64]. Figure 

4 aims to summarize the main synthesis pathways of mammals but there are significant 

differences among other organisms. 

 

 

 

Figure 4. Overview of the synthesis of deoxynucleoside triphosphates (dNTPs) in eukaryotes 

The figure summarizes the key steps in dNTP synthesis in mammals focusing on the de novo thymidylate 

biosynthesis (directly involved enzymes underlined). Inhibitors of the pathway is written in red. 5FdUMP the 

metabolite of 5FU and 5FdUR, along with raltitrexed (RTX) inhibit TYMS while methotrexate (MTX) inhibits 

DHFR. Abbreviations are the following: CDA: cytidine deaminase, DCDT: dCMP deaminase, DCTPP1: dCTP 

pyrophosphatase 1, DUT: dUTPase, DHF: dihydrofolate, DHFR: dihydrofolate reductase, MTHF: 5,10-

methylene tetrahydrofolate, NDPK: nucleoside-diphosphate kinase, NK: nucleoside kinase, NMPK: 

nucleoside monophosphate kinase, RNR: ribonucleotide reductase, SHMT: serine hydroxymethyltransferase, 

THF: tetrahydrofolate, TK1: thymidine kinase 1, TYMK: dTMP kinase,  TYMS: thymidylate synthase. 
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1.2.1 De novo thymidylate biosynthesis 

The proper amount of dTTP is the result of the interplay of several enzymes linked together in 

the de novo thymidylate biosynthesis pathway (Figure 4). The key intermediate molecule of the 

pathway is dUMP which is be converted into dTMP by thymidylate synthase (TYMS) further 

processed into dTDP and dTTP by dTMP kinase (TYMK) and NDPKs respectively. The methyl 

group transfer of TYMS is irreversible, and is the rate limiting step of the pathway. The methyl 

group is donated from the cofactor 5,10-methylene tetrahydrofolate (MTHF) while being 

converted into dihydrofolate (DHF). DHF is regenerated into MTHF by the enzymes 

dihydrofolate reductase (DHFR) and serine hydroxymethyltransferase (SHMT) through the 

intermediate tetrahydrofolate (THF) [65, 66]. 

There are two pathways in eukaryotes that generate dUMP: one through the action of dUTPase 

(DUT) by hydrolyzing dUTP into dUMP and pyrophosphate plus a proton; and the other route 

involves dCMP deaminase (DCDT) which produces dUMP from dCMP (see synthesis 

possibilities in Figure 4). dCMP could either be synthesized from dC, dCDP or dCTP by 

deoxynucleoside kinases (NKs), through the reversible action of NMPKs and by the action of 

dCTP pyrophosphatase 1 (DCTPP1) respectively. These reactions are essential for the cells 

since these pathways feed the substrate, dUMP, for TYMS [66]. Eukaryotes also have a 

“backup mechanism”, called the salvage pathway, which can eventually generate dTTP from 

dT (if available for the cells) through the action of thymidine kinase (TK). Mammals possess 

four types of deoxynucleoside kinases (NKs) with overlapping catalytic activity in order to be 

able to utilize all types of deoxyribonucleosides [67].  

 

1.2.1.1 Localization of enzmyes involved in thymidylate biosynthesis 

Despite the fact that dNTPs should be able to freely move among the nuclear and cytoplasmic 

compartments there are several results that point in the direction that intracellular dNTPs are 

not evenly distributed between the nucleus, cytoplasm and the mitochondria [65, 66] and also 

dynamically change during cell cycle and DNA damage [64]. It is possible that the 

compartmentalization of dNTPs could arise from equilibrium concentrations established by the 

activity and interactions of different enzymes that are exclusively localized into one of the 

compartments [66]. Multienzyme channeling of dNTP precursors along with their uneven 

distribution might be essential for the fidelity and function of the replication machinery [64, 

67]. Many of the enzymes needed for proper dNTP synthesis could be found in the cytoplasm 

but the de novo thymidylate biosynthesis pathways are localized to sites of DNA synthesis, 
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namely to the nucleus and the mitochondria [68]. According to literature the nuclear localization 

of the de novo thymidylate biosynthesis pathway is required for the maintenance of genomic 

integrity [69], and the nuclear transport of the enzymes involved in the pathway (thymidylate 

synthase (TYMS), dihydrofolate reductase (DHFR), and serine hydroxymethyltransferase 

(SHMT1 and SHMT2α)) are sumoylation dependent [70, 71]. These proteins have a cell cycle 

dependent distribution pattern since their nuclear translocation takes place at the beginning of 

S-phase, and they remain in the nucleus until M-phase, while being cytoplasmic during G1-

phase. This localization timing enables de novo thymidylate synthesis during DNA replication 

and repair [72]. Although the substrates and the products may freely diffuse between the 

nucleus and the cytoplasm it was suggested that de novo thymidylate biosynthesis does not 

occur in the cytoplasm at rates sufficient to prevent uracil incorporation into DNA [69]. 

Interestingly several of the enzymes, which are part of the salvage pathways, were also shown 

to be found in the nuclear compartment. Humans possess two thymidine kinases (TKs) which 

are responsible for dTMP production from thymidine. TK1 is found in the cytoplasm while 

TK2 is mitochondrial. However, upon DNA damage, TK1 partly re-localizes to the nucleus 

[73]. Similarly, the cytoplasmic ribonucleotide reductase was also shown to relocate to the 

nucleus upon genotoxic stress [74]. In summary, the combined nuclear presence of TK1, RNR, 

TYMS, DHFR and SHMT1 might provide an effective way to support proper dTTP supply for 

DNA repair and synthesis. Accompanying these results it was also shown that cytidine 

deaminase (CDA) could also enter the nucleus through the interaction of its bipartite NLS and 

importin-α [75] further supporting nuclear dTTP synthesis. 

 

1.2.1.2 Role of dUTPases in nucleotide metabolism 

As seen from Figure 4, dUTPase has a dual function within the cells. By eliminating dUTP, the 

enzyme maintains low dUTP/dTTP ratios and also supplies dUMP as substrate for TYMS to 

support proper levels of dTTP. The low intracellular levels of dUTP is important for genomic 

stability since this ensures that polymerases do not incorporate dUTP instead of dTTP in 

actively dividing cells and thus prevent genomic uracil accumulation [76]. Altogether dUTPase, 

an essential component of the de novo thymidylate biosynthesis pathway, participates in the 

regulation of the metabolism of two nucleotides (dUTP and dTTP), and consequently keeps 

dUTP/dTTP ratio at low levels [77]. Imbalance in the dTTP pool might also effect the amount 

of other dNTPs through the allosteric regulation of several enzymes involved in the dNTP 

synthesis pathways. Polymerases need a well-defined dNTP ratio to replicate DNA with high 

fidelity which is also effected by the absolute levels of dNTPs besides their ratios [64, 78]. In 
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summary the proper function of all enzymes involved in dTTP synthesis, including dUTPase, 

is required to have optimal dTTP levels in order to maintain the genetic integrity of cells [64, 

79].  

 

1.2.1.3 Targeting de novo thymidylate biosynthesis with chemotherapy 

Lack of proper amount of dNTPs shuts down replication which could eventually lead to cell 

death. Inhibitors of dNTP biosynthesis pathways have a pronounced effect on actively 

replicating cells and are therefore commonly used as part of and anti-cancer treatment therapies.  

Since TYMS is a key component of dTTP synthesis it is targeted by many of the well-known 

chemotherapeutic agents (5FU, 5FdUR, methotrexate and raltitrexed) inhibiting de novo 

thymidylate biosynthesis. 5FdUMP (the metabolite of 5FU and 5FdUR) and raltitrexed both 

target TYMS while the antifolate, methotrexate, inhibits DHFR which eventually also abolishes 

the activity of TYMS (Figure 4) [80-82]. The exact mechanisms how these drugs induce cell 

death are not yet clear but they drastically deplete dTTP levels and elevate the dUTP/dTTP ratio 

leading to high frequency dUTP incorporation by polymerases. Ironically it is the repair 

mechanisms that are partly responsible for the resulting genotoxicity. The repetitive futile 

attempts of the base excision DNA repair pathway (BER) to eliminate genomic uracil results in 

multiple DNA strand breaks and eventually chromosome fragmentation [83]. Significance of 

dUTPase in cancer treatment is demonstrated by the fact that expression level of dUTPase is in 

correlation with response to TYMS targeted chemotherapy [84]. Silencing dUTPase 

significantly sensitized cells to TYMS inhibition and lead to dUTP pool expansion 

demonstrating that the enzyme is a potential target of future cancer treatment [85-88]. 

 

1.2.2 Characteristics of dUTPases 

dUTPase is an ubiquitous enzyme found in almost all living organism and even several types 

viruses (Herpesviridae, Poxviridae és Retroviridae) encode the protein [77, 89]. As detailed 

in section 1.2.1.2 dUTPases catalyse the following reaction: 

dUTP + H2O → dUMP + PPi + nH+, where n depends on the pH of the solution 

The enzyme is proved to be essential in several organism: Escherichia coli [90], Mycobacterium 

tuberculosis [91, 92], Mycobacterium smegmatis [93], Saccharomyces cerevisiae [94, 95], 

Caenorhabditis elegans [96, 97], Trypanosoma brucei [98], Arabidopsis thaliana [99] and is 

required during the development of Drosophila melanogaster [100]. In the listed organisms the 

effect of dUTPase depletion (based on knock-out or RNA silencing) has been characterized, 

which in most cases lead to elevated dUTP levels along with DNA fragmentation. These effects 
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could be rescued in many cases by simultaneously disrupting the BER repair pathway. In 

vertebrates dUTPase depletion was only achieved thus far by RNA silencing, where cells 

(HeLa, HT29, SW620, MCF-7) only showed modest phenotypes, but were more sensitive to 

TYMS inhibition [85-87]. The amount of dUTPase still present in these experiments after 

silencing along with thymidine in the cell culture medium might be responsible for the viability 

of the cells, but this will need to be addressed in the future. 

Most dUTPases are homotrimeric proteins having three active sites for dUTP hydrolysis built 

up by the five evolutionary well-conserved protein family specific motifs (Figure 5) [101].  All 

three sequentially identical subunits contribute to the three active sites which are located at the 

subunit interfaces. The structure of the human nuclear isoform could be seen on Figure 5B. 

 

1.2.2.1 Human dUTPases 

By the usage of alternative promoters along with alternative splicing of the 5’ exons, vertebrates 

encode a nuclear (nDUT) and a mitochondrial dUTPase (mDUT) isoform [102]. The two 

isoforms only differ in their N-terminals, which encode the mitochondrial leader sequence 

(MLS) and the NLS, but both contain the conserved core of dUTPases with the five typical 

motifs (Figure 5). Interestingly the longer mDUT isoform also contains the NLS but is 

functionally overwritten by the MLS signal since it has a strictly mitochondrial localization. 

The nDUT also has a very short five amino acid long specific N-terminal segment [103].  
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The nuclear isoform was reported to be phosphorylated adjacent to its NLS signal. The NLS of 

nDUT was experimentally defined to be the following sequence: 12PSKRARPA19. This 

sequence is essential for nuclear targeting, however total nuclear accumulation was only 

observed if longer segments of the N-terminal is fused to EGFP [104]. Similar targeting 

properties were described for the NLS segment of the nuclear isoform of uracil-DNA 

glycosylase (UNG2), one of the enzymes responsible for the elimination of DNA incorporated 

uracil residues [105]. The NLS of dUTPase corresponds to a class 2 type of cNLS and thus is 

predicted to utilize the classical nuclear import pathway relying on importin-α and importin-β. 

The nuclear dUTPase isoform was also reported to be phosphorylated on its S11 residue in 

actively dividing cells. Interestingly this position is also present in the mitochondrial isoform, 

which was not found to be phosphorylated in vivo. The amino acid context of this site resembles 

the consensus phosphorylation site of the cyclin-dependent protein kinase 1 (Cdk1): [S/T*]-P-

X-[K/R], where S/T* is the phosphorylated serine or threonine residue [106]. Recombinant 

Figure 5. Structural overview of the human dUTPases 

(A) Two dUTPase isoform exists in humans arising form alternative promoter and 5’ exon usage. One localizes 

to the mitochondria (mDUT) while the other one is nuclear (nDUT). After mitochondrial translocation the 

mitochondrial leader sequence (MLS) is cleaved off. The nuclear isoform has a five amino acid long specific 

N-terminal segment, along with a consensus Cdk1 kinase site (S11 – highlighted in red) that is phosphorylated 

in actively replicating cells. Though mDUT also contains this position it is not phosphorylated. The dUTPase 

family specific conserved motifs are shown in white boxes and the consensus sequences are also given. X 

stands for any amino acid and H* represents hydrophobic amino acids. (B) Shows the crystal structure of the 

human nuclear dUTPase isoform bound to the α,β-imido-dUTP (orange) (PDB ID: 3EHW). Subunits are 

colored cyan, green, magenta and N- and C-terminal ends of each subunits are also shown. All three subunits 

contribute to the formation of the active site. 
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nDUT could also be phosphorylated on the S11 position by Cdk1 in vitro. However no effects 

could be associated with this phosphorylation up until now. A non-phosphorylatable alanine 

substitution (S11A) did not have any effects on protein activity, oligomerization or localization 

[104, 107] but it would be also feasible to check the effects of a hyperphosphorlyation 

mimicking mutation. The expression of nDUT has been associated with cell cycle, linked to S-

phase, while mDUT is expressed constitutively regardless of cellular division state [103, 108]. 

Therefore in non-dividing cells (obtained by serum starvation) the nDUT expression was barely 

observable, while the expression profile of mDUT did not change [103]. These results are 

consistent with the hypothesis that dUTPase function is mainly necessary during replication in 

S-phase where proper amount of the protein has to be present to maintain optimal dUTP/dTTP 

levels.  

 

1.2.2.2 Drosophila dUTPases 

Drosophila melanogaster also contains two dUTPase isoforms, which only differ in their N-

terminal segments and are generated through the use of alternative splicing (Figure 25). In 

contrast with human dUTPase isoforms both Drosophila dUTPases are expressed in a cell-cycle 

dependent way [109]. The isoform, having a longer N-terminal segment (Nuc), contains an NLS 

with the following sequence: 10PAAKKMKID18 which also resembles a class 2 type of cNLS 

that could utilize the classical nuclear import pathway. This isoform localizes to the nuclear 

compartment, while the other isoform lacking any known targeting signal on its N-terminal 

(shorter isoform (Cyto)) is cytoplasmic [110, 111]. Both dUTPases have a homotrimeric 

structure with the conserved dUTPase core containing the five typical dUTPase specific motifs. 

They also have a longer species specific C-terminal end which is not found in other organisms. 

The function of this elongated C-terminal end is not yet known [112].  

While almost all Drosophila species encode homotrimeric dUTPases, Drosophila virilis seems 

to be an exception.  Based on genetic annotations the gene encoding dUTPase is present in a 

repetition of three copies in one open reading frame which resulting in a single polypeptide 

chain. Therefore this protein achieves similar structure to the homotrimeric variants but as a 

monomer. Interestingly the dUTPase of Caenorhabditis elegans seems to have a similar 

structural arrangement [101]. The three domains are not sequentially identical having small 

differences among them, resulting in a structure we call a “pseudo-heterotrimer”. It is important 

to notice that the D. virilis dUTPase only has one NLS, located on the N-terminal of the protein, 

while homotrimeric nuclear dUTPases harbor three cognate NLSs (Figure 25). Experimental 
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evidence is still needed to confirm this pseudo-heterotrimeric dUTPase on both mRNA and 

protein level.  

 

1.3 The calpain system 

Calpains are calcium ion activated intracellular cysteine proteases, found in all eukaryotic 

organism [113]. Unlike many other proteases calpains digest their substrates in a limited fashion 

usually only modifying their characteristics, and functions. Calpains cleavage occurs at well-

defined positions however the sequential environment differs among the substrates. Therefore 

calpains are considered to be regulatory proteases involved in different signaling pathways 

effecting many cellular processes. The calpain system plays a role in many distinct cellular 

functions such as the regulation of the cell cycle, differentiation, cell adhesion along with 

motility and apoptosis [113]. Humans have two ubiquitous calpains (with 14 members 

altogether) which have been investigated in detail: the µ- and the m-calpain. These heterodimer 

proteins are composed of a large ~80 kDa subunit responsible for the catalytic functions and a 

~30 kDa regulatory small subunit [114]. Drosophila melanogaster has two typical ubiquitous 

active calpains called calpain A and B with a 94 kDa and 104 kDa molecular weight 

respectively and also has two atypical forms [115, 116]. Currently there are over a hundred 

known in vitro calpain substrates which were only partly validated as in vivo substrates. A 

variety of proteins could be found among these substrates ranging from cytoskeletal and 

membrane proteins, kinases, phosphatases and transcription factors [117]. Recently Drosophila 

dUTPases were shown to be in vivo substrates of calpains linking dTTP pool maintenance to 

calpain signaling pathways. Though the physiological role of this interaction has not yet been 

addressed it would also be feasible to see if it is present in humans. 
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2. Aims 

 

My colleagues, Dr. Gábor Merényi, Dr. Villő Muha and Dr. Agéla Békési, have made 

significant contributions in describing the nuclear transport characteristics of Drosophila 

melanogaster dUTPases [109-111]. Vertebrates also have two dUTPase isoforms, but they are 

strictly localized to compartments where DNA synthesis occurs, namely the nucleus and the 

mitochondria (as detailed in section 1.2.2.1). We wished to broaden our knowledge on how the 

nuclear transport of dUTPase is regulated.  

2.1 Drosophila dUTPase proved to be a calpain substrate [118]. Based on this we wished to 

check if the human dUTPase is also a calpain substrate or not. If so, this might have on 

effect of dUTPase distribution. Calpain driven partial proteolysis might limit dUTPase 

presence leading to altered dNTP homeostasis. 

2.2 The nuclear isoform of the human dUTPase was reported to be phosphorylated in actively 

dividing cells, putatively by Cdk1, in the vicinity of its NLS (on the S11 residue) having no 

known effects [104, 107]. We wished to check the effects of this phosphorylation on 

intracellular localization with a glutamic acid substitution (S11E) combined with an 

isosteric control, a S11Q mutation. Based on NLS composition, dUTPase is expected to 

utilize the classical nuclear import pathway relying on importin-α. We wished to confirm 

this interaction through a variety of biophysical methods and systematically check the 

effects of phosphorylation on this putative interaction. A systematical overview of Cdk1 

regulated nuclear transport processes was previously done in yeast, describing several novel 

proteins having a cell-cycle dependent localization pattern driven by Cdk1. Combining in 

silico screening methods along with high-throughput experimental validation was wished 

to generate similar findings for the human proteome.  

2.3 One of the conserved features of dUTPases is that they are homotrimers. This means that 

the human nuclear isoform has three NLSs. We were also interested how NLS copy number 

influences the transport processes of the enzyme. The unique feature of Drosophila virilis 

dUTPases provided us a good model system for this. D. virilis encodes a dUTPase that 

results in a pseudo-heterotrimer (detailed in section 1.2.2.2), where the covalently linked 

domains are not identical and thus only have one NLS. We wished to compare the nuclear 

transport properties of this unique, endogenous form, with an engineered construct that 

harbors three NLSs. These results might shed light on how NLS copy number regulate 

nuclear transport processes overall.
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3. Materials and methods 

 

3.1 Methods used during characterizing the calpain-catalyzed proteolysis of the human 

dUTPase 

 

3.1.1 Preparation of recombinant proteins 

The large subunit of the human m-calpain (encoded in a pET-24b vector) and the small subunit 

(encoded in a pACpET vector) was a kind gift of Professor J. S. Elce (Queen’s University, 

Kingston, Ontario, Canada). Protein expression was achieved from co-transformed BL21 (DE3) 

pLysS (Novagen, Merck Millipore, Billerica, MA, USA) cells grown in NYZM medium. The 

small subunit could be co-purified with the His-tagged large subunit in a complex using Ni-

NTA affinity resin (Qiagen, Hilden, Germany). 

The human nuclear form of dUTPase (DUT-N) was expressed in BL21 (DE3) pLysS bacteria 

strain form a pET-15b vector grown in Luria broth medium. In case of both protein expressions 

transformed cells were induced at A600nm=0.6 with 0.5 mM IPTG for 4 hours at 30 ºC. Cells 

were harvested and lysed in lysis buffer (50 mM TRIS·HCl, pH=8.0, 300 mM NaCl, 0.5 mM 

EDTA, 0.1% Triton X-100, 10 mM 2-mercaptoethanol, 1 mM PMSF; 5 mM benzamidin and 

cOmplete EDTA free protease inhibitor cocktail tablet (Roche, Mannheim, Germany) was only 

added to the dUTPase lysate) assisted with sonication and cell debris was pelleted by 

centrifugation at 20.000 x g for 30 minutes. Supernatant was applied onto a Ni-NTA column 

and washed with lysis buffer containing 25 mM imidazole. After washing the column with lysis 

buffer, dUTPase was finally eluted with the following: 50 mM HEPES, pH=7.5, 30 mM KCl, 

500 mM imidazole, 10 mM 2-merchaptoethanol and was dialyzed against the following buffer: 

50 mM HEPES, pH=7.5, 100 mM NaCl, 5 mM MgCl2, 10 mM 2-merchaptoethanol.  M-calpain 

was eluted with the following: 50 mM TRIS·HCl pH=7.5, 300 mM NaCl, 5 mM benzamidin; 

0,5 mM PMSF, 250 mM imidazole, 10 mM 2-merchaptoethanol and was dialyzed against: 50 

mM TRIS·HCl pH=7.5, 150 mM NaCl, 5 mM benzamidin; 0,5 mM PMSF, 1 mM EDTA, 10 

mM 2-merchaptoethanol. Protein preparations were checked on SDS-PAGE and showed >95% 

purity. Protein concentrations were determined according to [119] and correspond to monomers 

throughout the study, unless otherwise mentioned. 
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3.1.2 In vitro digestion assays 

Digestion assays were performed in 50 mM TRIS·HCl, pH 7.5 buffer also containing 150 mM 

NaCl; 1 mM EDTA; 1 mM dithiothreitol; 30 μM human dUTPase and 2 μM rat m-calpain. 

Reaction was started by the addition of m-calpain in the presence or absence of 2 mM CaCl2. 

For digestion in the presence of substrate analogue (α,β-imido-dUTP) the same reaction buffer 

was completed with 150 μM α,β-imido-dUTP and 10 mM MgCl2. Reaction was stopped with 

3 mM EGTA after 40 minutes, digestion products were either directly submitted to mass 

spectrometry or separated on SDS-PAGE gels and then analyzed by mass spectrometry. 

 

3.1.3 dUTPase activity measurement 

Calpain digested dUTPase was prepared by the following: 30 µM dUTPase and 1.75 µM m-

calpain was incubated for 40 minutes at room temperature in digestion buffer (50 mM 

TRIS·HCl pH=7.5; 150 mM NaCl; 1 mM EDTA; 5 mM benzamidin; 0.5 mM PMSF; 1 mM 

DTE; 20 mM CaCl2). Reaction was stopped by addition 30 mM EGTA and the mixture was 

applied onto a Ni-NTA affinity resin. Flowthrough contained the cleaved form of dUTPase 

while uncleaved fraction along with m-calpain remained on the column.  

Enzymatic activity of both intact dUTPase and calpain-cleaved dUTPase was determined in 

steady-state pH indicator-based assay. Protons are released during the enzymatic activity of 

dUTPase, which is proportional to the amount of hydrolyzed dUTP: 

dUTP + H2O → dUMP + PPi + nH+, where n depends on the pH of the solution 

The pH change was detected based on the absorbance change of phenol red indicator at 559 

nm. Reaction buffer contained 1 mM HEPES pH 7.50; 150 mM KCl; 40 µM Phenol Red 

indicator; 1 mM MgCl2; 40 μM dUTP and 150 nM dUTPase (from the digestion mixtures 

produced either in the absence or presence of calcium). The reaction was followed in 1 ml 

reaction volume thermostated cuvette (25oC) on a Jasco FP 777 spectrofluorimeter. 

 

3.1.4 Cleavage site identification by mass spectrometry 

Mass spectrometry analysis was carried out by Dr. Éva Klement and Dr. Katalin F. 

Medzihradszky. The calpain proteolysis cleavage products were desalted on C4 ZipTip (Merck 

Millipore, Billerica, MA, USA) and analyzed directly by MS on a Bruker Reflex III MALDI-

TOF mass spectrometer in linear mode. Sinapinic acid was used as the matrix. External 

calibration was performed on the Bruker protein calibration standard I (#206355). Masses were 

determined by averaging seven independent measurements. Alternatively, cleavage products 
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were separated by SDS-PAGE, then gel bands were subjected to tryptic digestion followed by 

MS and MS/MS analysis as described in [118].  

 

3.1.5 Cell culture and Western blotting 

HeLa cells were purchased from ATCC (Manassas, VA, USA) and were cultured in 

DMEM/F12 HAM (Sigma, St. Louis, MO, USA) supplemented with 50 µg/ml Penicillin-

Streptomycin (Gibco, Life Technologies, Carlsbad, CA, USA) and 10% FBS (Gibco) in a 

humidified 37 °C incubator with 5% CO2 atmosphere. Cells were activated with 5 µM 

ionomycin (dissolved in DMSO) and the medium was complemented with CaCl2 to achieve a 

final concentration of 2 mM. Control cells were mock treated with DMSO alone. Cells were 

collected at indicated time points, washed twice with PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 

pH=7.4;  138 mM NaCl; 2.7 mM KCl) and resuspended in lysis buffer (50 mM TRIS·HCl pH 

7.4; 140 mM NaCl; 0,4% NP-40; 2mM DTT; 1 mM EDTA, 1mM PMSF; 5mM benzamidin, 

1x completeTM EDTA free protease inhibitors (Roche)). Cell lysis was assisted with sonication. 

Insoluble fraction was removed by centrifugation (20,000 x g x 15 min at 4 °C). Protein 

concentration was measured with BioRad Protein Assay (BioRad, Hercules, California, USA) 

to ensure equivalent total protein load per lane. Proteins were resolved under denaturing and 

reducing conditions on a 15% polyacrylamide gel and transferred to PDVF membrane 

(Immobilon-P, Merck Millipore, Billerica, MA, USA). Membranes were blocked with 5% 

nonfat dried milk in TBS-T (50 mM TRIS·HCl, pH=7.4; 140 mM NaCl; 2,7 mM KCl; 0,05% 

Tween-20), incubated with primary antibody against dUTPase (1:5000) and actin (1:300, 

Sigma) for 2 hours at room temperature in blocking buffer. After washing the membranes, 

horseradish peroxidase coupled secondary antibody was applied (Amersham Pharmacia 

Biotech, GE Healthcare, Buckinghamshire, UK). Immunoreactive bands were visualized by 

enhanced chemiluminescence reagent (GE Healthcare, Buckinghamshire, UK) and recorded on 

X-ray films (GE Healthcare).  

 

3.1.6 Calpain activity measurement in HeLa cell extract 

To test the active calpain forms in HeLa extract, calpain activity was measured. Cells were 

collected and washed twice with 50 mM TRIS·HCl, pH 7.50; 150 mM NaCl. To lyse the cells, 

they were resuspended in 50 mM TRIS·HCl, pH 7.50 buffer containing 150 mM NaCl, 1 mM 

EDTA, 1 mM PMSF, 5 mM benzamidin and sonicated five times (16 μ; 10 sec). Insoluble 

fraction was removed by centrifugation (20.000 g × 15 min at 4 °C). Before the activity 

measurements, 2 mM 2-mercaptoethanol was added and the extract was incubated for 20 min 
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on ice. Enzyme activity was measured with a modified FRET substrate (DABCYL-

TPLKSPPPSPR-EDANS) as in [117], either in the absence or presence of 2 mM CaCl2. 

Fluorescence intensity was monitored at 640 nm with 320 nm excitation on a Jasco FP 777 

spectrofluorimeter. 

 

3.2 Methods used during studying the effect of phosphorylation adjacent to nuclear 

localization signals on nuclear proteome re-constitution: a case study on dUTPase 

 

3.2.1 Cell culture  

293T cells were kindly provided by Professor Yvonne Jones, while NIH3T3, MCF7 and COS7 

cells were a kind gift from Professor László Buday. Cells were cultured in a humidified 37 °C 

incubator with 5% CO2 atmosphere in DMEM/F12 HAM (Sigma) supplemented with 

Penicillin–Streptomycin solution (50 µg/ml; Gibco) and 10% FBS (Gibco) except for NIH3T3 

cells where 10% NBS (Gibco) was applied.  

 

3.2.2 Plasmid constructs and cloning 

dUTPase nuclear isoform was amplified from an expression vector, previously described in 

[120] and cloned into the XhoI/KpnI restriction sites in-frame with DsRed-Monomer (with 

oligos dutN1F and dutN1R) in the pDsRed-M-N1 vector (Clontech, Mountain View, CA, 

USA), yielding the DsR-DUT termed fusion conscruct. DsR-DUT was further cloned into the 

NdeI/XhoI sites of the vector pET-20b (Novagen) for recombinant protein expression (with 

oligos dutpETF and dutpETR). The NLS reporter construct was created by fusing β-

galactosidase with DsRed-Monomer (termed pGal-DsRed). β-galactosidase was amplified 

lacking its start codon from vector pCAUG (with oligos galN1F and galN1R), and was cloned 

it into the KpnI/EcoRI sites of the vector pDsRed-M-N1, thus generating the vector termed 

pGal-DsRed. Single stranded oligonucleotide pairs, listed in Table A7, encoding different NLS 

peptides were cloned into the NheI/EcoRI sites of the pGal-DsRed vector after annealing. In 

addition, the vector pHM830 (Addgene, Cambridge, MA, USA) (AflII/XbaI sites) was also 

used to generate constructs for the NLSs that showed a strong tendency for aggregation when 

used in context of the previously described pGal-DsRed construct [121]. Human tumor protein 

p53 cDNA (NM_000546.2) was purchased from OriGene (Rockville, MD, USA). P53 was 

fused to DsRed-Monomer, by cloning it into the XhoI/BamHI sites of a modified pEGFP-C1 

vector (Clontech) (with primers p53_F and p53_R), where EGFP was replaced by DsRed-

Monomer (within the NheI/XhoI sites of the vector). Ubiquitin-activating enzyme E1 (UBA1) 

26  
    



Materials and methods 
 

cDNA (NM_003334.2) was purchased from OriGene and the fusion construct was made by 

cloning it into the KpnI/BamH1 sites of the pDsRed-Monomer-N1 vector (Clontech) (with 

primers UBA1_F and UBA1_R). Human Uracil-DNA glycosylase 2 (UNG2) cDNA was a 

generous gift of Professor Salvatore Caradonna and was cloned into the XhoI/KpnI sites of the 

pDsRed-Monomer-N1 vector (with primers UNG2_F and UNG2_R). Site-directed 

mutagenesis was performed by the QuickChange method (Stratagene, Santa Clara, CA, USA). 

Primers used for cloning and mutagenesis were synthesized by Eurofins MWG GmbH 

(Ebersberg, Germany) and are summarized in Table A7. All constructs were verified by 

sequencing at Eurofins MWG GmbH. 

 

3.2.3 Fluorescence imaging and analysis of DsRed-tagged constructs 

For DNA transfections LipofectamineTM LTX (Life Technologies, Carlsbad, CA, USA) was 

used according to the manufacturer’s instruction.  Briefly, subconfluent cultures of 293T cells 

grown in 35 mm Petri dishes were incubated with 1-2 µg DNA along with 10 µl LTX reagent 

in serum-free medium, for 16 hours. Protein transfection was performed according to the 

manufacturer’s protocol using Pro-DeliverINTM reagent (OZ Biosciences, Marseille, France). 

In brief, 8-10 µg protein and 15 µl transfection reagent was used to deliver DsRed-tagged 

proteins into the cells for 14-18 hours. Image analysis to quantify relative subcellular 

localization was performed from single-cell measurements using ImageJ 1.46j (NIH, Bethesda, 

USA), where the mean nuclear (Fn) and cytoplasmic (Fc) fluorescence ratio (Fn/c) was measured 

within each cell. Statistical analysis of the relative subcellular localization changes was carried 

out by InStat 3.05 software (GraphPad Software, San Diego California, USA) using the non-

parametric Mann-Whitney test. Differences were considered statistically significant at p<0.05. 

Images were either acquired with a confocal microscope (Zeiss LSM 710) or a widefield 

microscope (Leica DM IL LED Fluo) equipped with a Leica DFC345 FX monochrome camera 

throughout the study. 

 

3.2.4 Live-cell microscopy and evaluation 

Live cell microscopy was carried out by Dr. Zsuzsanna Környei and Máté Neubrandt. Time-

lapse recordings were performed on a Zeiss 200M inverted microscope equipped with an 

AxioCam Mnr camera and controlled by the AxioVision 4.8 software. Cells were cultured in 

Ibidi dishes and kept at 37°C in a humidified 5% CO2 atmosphere within custom-made 

microscope stage incubator (CellMovie Bt., Dept. of Biological Physics, Eötvös Lóránd 

University, Budapest, Hungary). Phase contrast and fluorescent images were acquired every 5 
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minutes for at least 24 hours using a 10X magnification objective. After transfection, the cells 

were washed three times with serum-containing medium. Time-lapse imaging started one hour 

after changing the medium. Addition of serum resulted in the flattening of the cells and 

mitogenic serum factors boosted cell proliferation. 

Plasmid transfection experiments. Kinetic analysis was carried out in Gepasi 3.30 software 

(Virginia Bioinformatics Institute, USA) with the help of Dr. Judit Tóth. The kinetic treatment 

of the imaging data addresses the gross kinetics of nuclear dUTPase accumulation and does not 

aim at carrying out a detailed analysis of the underlying processes. The quantification of 

fluorescence in single cells from each frame was performed using ImageJ 1.46j where the mean 

nuclear (Fn) and cytoplasmic (Fc) fluorescence were measured. Data points represent mean 

values extracted from 16 cells in triplicates. The time axis was defined relative to the visual 

observation of cytokinesis i.e. t = 0 at cytokinesis termination. The observed fluorescence 

intensity increase in the nucleus could be analyzed; as the total fluorescence of the cytoplasmic 

and nuclear compartments (Fn+c) was constant during the time period of the analysis. Single 

exponential kinetics fitted well to the rising phase of the nuclear accumulation curves in both 

the WT and the S11Q mutant cell lines. The considerable lag in nuclear fluorescence 

accumulation in the WT cells was not included in the kinetic analysis due to the lack of 

information on building a comprehensive kinetic model for the whole trafficking process. 

Protein transfection experiments. These image sequences were not subjected to densitometry 

analyses due to lower intensity of the intracellular fluorescent signal as well as to the higher 

background (Figure 14). The time elapsed between the onset of cytokinesis and the appearance 

of fluorescent signal within the nucleus was determined by careful visual observation (Figure 

14C). Considerable nuclear accumulation of fluorescent proteins was declared when the 

fluorescent intensity within the nucleus exceeded that within the cytoplasm. Parallel phase 

contrast images were used to determine the onset of cell cleavage. 

 

3.2.5 Immunofluorescence and immunoblot analysis 

Phosphorylation of the constructs after cellular delivery and its cell cycle dependency were 

investigated with immunoblot and immunofluorescence analysis respectively. Cells were 

grown on glass coverslips, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton 

X-100 in PBS for 10 minutes and blocked with 5% goat serum, 1% BSA in PBS for 2 hours. 

Samples were incubated with primary antibodies overnight at 4°C in blocking buffer. After 

extensive washing steps, cells were incubated with secondary antibodies (1:1000) coupled to 

either Rhodamine Red™-X or Alexa 488 (Molecular Probes, Life Technologies, Carlsbad, CA, 
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USA), stained with 1 µg/ml DAPI and finally embedded in FluorSaveTM Reagent (Calbiochem, 

Merck Millipore, Billerica, MA, USA). Antibodies to detect the following proteins were used 

in immunofluorescence: anti-hDUT (1:2000) [86, 122], histone-H3-phospho-S10 (1:2000, 

Abcam, Cambridge, UK). A polyclonal antibody to the phosphorylated dUTPase NLS 

(EETPAI/pSer/PSKRAC) (anti-P-hDUT) was custom-produced and affinity-purified by 

GenScript Corporation (Piscataway, NJ, USA) and was used in 1:100 dilution. Immunoblot 

analysis was carried out as described in section 3.1.5. Lysis buffer was also supplemented with 

PhosSTOPTM phophatase inhibitor cocktail tablet (Roche) according to the recommendation of 

the manufacturer. Antibodies to detect the following proteins were used during western 

blotting: anti-hDUT (1:5000) [86], anti-P-hDUT (1:200). 

 

3.2.6 Recombinant protein production 

dUTPase constructs (including the DsRed-tagged forms) were expressed and purified as 

detailed in section 3.1.1. N-terminally truncated, His-tagged mouse importin-α2 (NP_034785) 

lacking 69 N-terminal residues (residues 70-529; importin-α ΔIBB) encoded in a pET-30a 

vector was obtained from Dr. Bostjan Kobe and purified on Ni-NTA column. Importin-α ΔIBB 

was expressed in Rosetta BL21 (DE3) pLysS bacteria strain grown in Luria broth medium. 

Cells were induced at A600nm=0.5 with 0.6 mM IPTG for 4 hours at 25 ºC. Cells were harvested 

and lysed in lysis buffer (20 mM HEPES, pH=7.0; 500 mM NaCl; 0.5 mM EDTA; 0.1% Triton 

X-100; 10 mM 2-mercaptoethanol; 1 mM PMSF; 5 mM benzamidin; 1xcOmplete EDTA free 

protease inhibitor cocktail tablet (Roche); 1 mg/ml lysozyme; 5 mM imidazole) for 30 minutes 

on ice. Lysis was assisted by passing through the cell suspension of a 25G hypodermic needle 

40x times. Insoluble fraction was pelleted by centrifugation at 20.000 x g for 30 minutes. 

Supernatant was applied onto a Ni-NTA column. Washing the column was done with following 

buffer: 20 mM HEPES, pH=7.0; 1 M NaCl; 20 mM imidazole; 5 mM 2-mercaptoethanol. 

Importin-α ΔIBB was eluted with the following: 20 mM HEPES, pH=7.0; 500 mM NaCl; 10 

mM 2-merchaptoethanol; 125 mM imidazole and was finally dialyzed against the following 

buffer: 20 mM TRIS·HCl, pH=7.8; 125 mM NaCl; 10 mM 2-merchaptoethanol. Further 

purification of dUTPase constructs and importin-α was achieved by gel filtration on a Superdex 

200HR column (GE Healthcare), in 20 mM TRIS·HCl, pH=7.8; 125 mM NaCl, 1 mM MgCl2; 

2 mM DTT. Protein concentrations were determined by UV spectrophotometry using molar 

absorption coefficients determined by ProtParam (ExPASy) based on the amino acid sequence 

of the constructs.  
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3.2.7 Analytical gel filtration and native-PAGE analysis 

Analytical gel filtration was conducted on Superdex 200HR column (GE Healthcare). Samples 

were applied in a total volume of 500 µl, at a concentration of 25 µM for importin-α and 8.3 

µM dUTPase (1:1 stoichiometry), latter concentration corresponding to monomers. Gel 

filtration of the complexes was carried out after co-incubation at room temperature for 15 

minutes.  Fractionation was started at identical elution volumes for all samples, where 0.5 ml 

fractions were collected, and analyzed on SDS-PAGE. Native-PAGE analysis was performed 

according to the instructions of the manufacturer of Mini-PROTEAN® Tetra Cell system 

(BioRad), using a discontinuous buffer systems; consisting of a 4% stacking gel (pH=7.8) and 

a 10% resolving gel (pH=9.0). 

 

3.2.8 Isothermal titration microcalorimetry (ITC) 

ITC experiments were carried out at 20ºC on a Microcal ITC200 instrument (Malvern 

Instruments Ltd, Malvern, UK) [123]. Proteins were dialyzed into 20 mM HEPES (pH=7.5), 

100 mM NaCl, 5 mM MgCl2, 10 mM 2-mercaptoethanol and were used at 45 µM (importin-α, 

in the cell) and 460 µM (dUTPase, in the syringe) concentration. Protein concentrations 

correspond to monomers (subunits of dUTPase). Aliquots of 2 µl were used for at least 15 

injection steps (except for the first step of 0.5 µl that was not considered in the analysis). As a 

control, dUTPase was also injected into the buffer to allow for considering mixing and dilution 

heat effects, which was subtracted. Data analysis was performed using Origin 7.5 software 

(Microcal Software, Inc.). The binding isotherms were fitted with an independent binding sites 

model ‘One Set of Sites’.  

 

3.2.9 Circular dichroism measurements 

Circular dichroism (CD) spectra were recorded on a JASCO 720 spectropolarimeter using a 1 

mm path length thermostated cuvette. Thermal unfolding measurements were done in 

phosphate buffer (100 mM Na2HPO4, 18 mM KH2PO4, 2 mM MgCl2, pH=7.5) using 5 µM 

importin-α or 5 µM dUTPase or the mixture of these two proteins. Temperature was increased 

by 1°C/minute between 15°C-70°C and the CD signal at 210 nm was monitored. The fraction 

of the folded protein was calculated by the method previously reported [124] and plotted against 

temperature to give unfolding curves. Briefly, data were fitted to the equation fD= (θ-

(θN+sN*T))/((θD+sD*T)-(θN+sN*T)), where fD is denaturated protein fraction, θ is an optical 

property measured at given temperature (T), θD and θN are the intersections of fitted linears of 

totally unfolded or native protein’s measured values respectively, and sD and sN are the slopes 
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of fitted linears of totally unfolded or native protein measured values respectively. Tm was 

determined as the inflection point of the fD(T) function. 

 

3.2.10 Peptide Synthesis 

Peptide synthesis was carried out by Dr. Fruzsina Babos and Dr. Anna Magyar. Peptides 

corresponding to the WT dUTPase NLS (AISPSKRARPAEV) and the S11E dUTPase NLS 

(AIEPSKRARPAEV) were synthesized by solid phase peptide synthesis with Fmoc/tBu 

strategy (SYRO, MultiSyntech automated synthesizer) on Rink-Amide MBHA resin with 

double-coupling protocol using 1,3-diisopropylcarbodiimide (DIC) and 1-

hydroxybenzotriazole (HOBt) as coupling reagents. The crude products were purified by 

semipreparative RP-HPLC and the purified compounds were characterized by analytical HPLC 

(Knauer system using a Phenomenex Jupiter C18 column) and mass spectrometry (Bruker 

Daltonics Esquire 3000+ ion trap mass spectrometer). 

 

3.2.11 Crystallization and X-ray crystallography 

Protein crystallization and data collection was carried out by Dr. Mary Marfori and Dr. Bostjan 

Kobe. Crystals of mouse importin-α ΔIBB:dUTPase NLS peptide complexes were obtained in 

conditions similar to the previously determined importin-α ΔIBB:NLS complexes [32, 33]. 

Peptides AISPSKRARPAEV and AIEPSKRARPAEV were used as wild type and S11E 

(mutation underlined) mutant dUTPase NLS sequences. Importin-α ΔIBB was concentrated to 

15-20 mg/ml using Centricon-30 (Millipore) and stored at −20 °C. The crystals were obtained 

using co-crystallization, by combining 1 μl of protein solution, 0.5 μl of peptide solution 

(peptide/protein molar ratio of 3.5), and 1 μl of reservoir solution on a coverslip and suspending 

over 0.5 ml of reservoir solution. Single crystals were obtained with a reservoir solution 

containing 0.65–0.70 M sodium citrate (pH 6.0) and 10 mM dithiothreitol after 15–20 days. 

Single crystals were cryo-protected in reservoir solution supplemented with 25% glycerol, and 

data were collected at the Australian Synchrotron MX1 beamline using Blu-Ice software [125]. 

Data were processed using XDS [126] and SCALA [127, 128], and molecular replacement was 

performed by PHASER [129] using an importin-α ΔIBB structure (PDB ID 3UKW; NLS 

coordinates removed [34]. Clear difference density was observed in the NLS binding site of 

importin-α ΔIBB, and the dUTPase NLS side-chains could be unambiguously assigned. The 

dUTPase peptide backbone was manually built in COOT [130]. Iterative cycles of refinement 

(PHENIX [131]) and model-building (COOT) gave final models with good geometry (Table 
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A2). Data were deposited to the PDB with the IDs 4FDR and 4FDS for the complexes of 

importin-α ΔIBB with wild-type and mutant dUTPase NLS segments, respectively. 

 

3.2.12 Bioinformatics 

Bioinformatics was done by Dr. Jonathan Ellis, Dr. Ahmed Mehdi and Dr. Mikael Bodén. 

Predikin [132] and NucImport [133] software was used to analyze the human proteome. Protein 

sequences were obtained from UniProt [134] for the complete human proteome including all 

known isoforms, as defined by UniProt complete proteome sets (representing a total of 71,809 

sequences).  

To predict the location of nuclear localization signals we used NucImport [133]. NucImport 

indicates the probability of nuclear import, type of classical NLS (as categorized by [39]) and 

its exact location in any query protein sequence. Apart from sequence properties, the prediction 

is based on known (human) protein interactions that are retrieved from BioGRID [135]. We 

refer to the predicted proteome set as those proteins that were assigned a type-1 classical NLS 

with a probability of 0.95 or greater.  

Cdk1 phosphorylation sites were predicted for all potential sites, i.e., all Ser and Thr residues, 

using Predikin [132]. As we used the Cdk1 matrix to score all potential phosphorylation sites 

in the human proteome, we have the complete distribution of scores associated with Cdk1. 

Converting these to a cumulative density allowed us to (empirically) determine p-values 

associated with each Predikin score (the p-value is the probability of achieving a score at least 

as high as the one observed). 

We looked for enrichment of phosphorylation at the P0 and P-1 sites relative to the (predicted) 

NLS in each protein in the nuclear proteome by counting, for each NLS site, all potential 

phosphorylation sites (i.e., all Ser and Thr sites) that do not occur at NLS site of interest and 

recorded whether they are above or below a threshold (Predikin p-value = 0.1).  From these 

counts, the ratio of phosphorylation sites/potential sites can be calculated for the background, 

P0 and P-1 positions.  We assessed whether observations at P0 and P-1 differed from the 

background by performing a χ² analysis. 

Gene Ontology (GO) term enrichment analysis was performed for identified proteins using 

Fisher's exact test. Specifically, we used all proteins predicted to have a type-1 classical NLS 

and a predicted phosphorylation site at either P0 or P-1 as a foreground, and all “reviewed” 

human proteins in UniProtKB as background. We used the Gene Ontology official release of 

human annotations (as of February 2012). For each biological process GO term, we counted 

the number of proteins in the foreground set and the background set with this term. A one-tailed 
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Fisher’s exact test establishes the p-value of the term: the probability of finding this protein 

count or more extreme (greater proportion in the foreground). The p-value was corrected for 

multiple testing (shown as E-value). A term is thus assigned a small E-value only if proteins 

annotated with that term occur in the foreground set with a higher prevalence than can be 

statistically explained by chance (i.e. proteins picked randomly from the background set). 

 

3.3 NLS copy number variation governs efficiency of nuclear import: case study on 

dUTPases 

 

3.3.1 Cell culture 

Schneider S2 cells (derived from Drosophila melanogaster) were purchased from Gibco. WR-

Dv-1 cell line (derived from Drosophila virilis) was purchased from DGRC (Bloomington, IN, 

USA). Schneider S2 and WR-Dv-1 cells were cultured in Schneider Insect Medium (Sigma) 

supplemented with 10% FBS (Gibco) and 50 µg/ml Penicillin-Streptomycin (Gibco) and kept 

in a 26 °C incubator. Drosophila strains were obtained from Drosophila Species Stock Center 

(La Jolla, CA, USA). 

 

3.3.2 Plasmid constructs and cloning 

For bacterial expression the D. virilis ABC dUTPase (pseudo-heterotrimer) gene was amplified 

from D. virilis genomic DNA, isolated by MasterPure™ DNA Purification Kit (Epicentre, 

Madison, WI, USA), with primers DvirDF and DvirDR3 (Table A7). PCR fragment was cloned 

into the NheI/BglII sites of the vector pET-15b (Novagen). D. virilis homotrimeric AAA 

dUTPase was constructed by amplifying the ‘A’ subunit of the ABC pseudo-heterotrimer from 

genomic DNA with primers DvirDF and DvirDRs1 and cloned into the NheI/BglII sites of the 

vector pET-15b (Novagen). 

For mammalian cell line expression both dUTPases were tagged by EGFP by cloning them into 

the KpnI/SmaI restriction sites of pEGFP-N1 (Clontech) vector after amplification from pET-

15b vectors with A_F, A_R, ABC_R primer sets accordingly (see Table A7). For insect cell 

line expression the EGFP-tagged D. virilis dUTPases (AAA and ABC) were further cloned into 

the KpnI/NotI sites of the vector pIZ/V5-His (Life Technologies). NLS deleted constructs 

(ΔNLS-AAA and ΔNLS-ABC) were created by the QuickChange mutagenesis method 

(Stratagene) using NLSdelF and NLSdelR primers  on AU1 or EGFP tagged and untagged 

constructs (both for AAA and ABC dUTPases) cloned into the insect expression vector (pIZ) 

or the bacterial  expression vector (pET-15b). AU1 tagged dUTPase constructs were generated 
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by annealing a pair of single stranded oligonucleotides encoding the tag (A_Au1_F and 

A_Au1_R) yielding compatible ends to ligate it into the BamHI and KpnI sites of the pIZ-A-

EGFP vector, replacing EGFP with AU1 tag on the C-terminal of the dUTPase. For the AU1 

tagging of ABC dUTPase, the ORF was amplified via PCR (ABC_Au1_F, ABC_Au1_R) 

where the reverse primer encoded the AU1 tag and the product cloned into the KpnI and EcoRI 

sites of an empty pIZ vector. D. melanogaster GFP tagged nuclear and cytoplasmic dUTPase 

isoforms were described previously in [110]. Primers used in this study were synthesized by 

Eurofins MWG GmbH and are summarized in Table A7. All constructs were verified by 

sequencing at Eurofins MWG GmbH. 

 

3.3.3 Plasmid transfection and immunocytochemistry 

The subcellular localization of dUTPase constructs were investigated using different 

mammalian and insect cell lines. DNA transfections were performed according to the 

manufacturer’s recommendations using FuGENE HD reagent (Roche). In case of S2 cells, 

coverslips were coated with concanavalin-A (Sigma) to flatten cells and aid visual inspection. 

Immunocytochemistry was carried out as described in section 3.2.5. Endogenous dUTPase was 

detected using the polyclonal antibody previously described in [109] at 1:10000 dilution and a 

monoclonal antibody specific for lamin Dm0 (ADL67.10 from DSHB, Iowa City, Iowa, USA) 

was used at 1:400 dilution to stain the nuclear membrane. To aid visual inspection of the 

localization pattern, cells were counterstained with 1 µg/ml DAPI (4',6-diamidino-2-

phenylindole, Sigma) and 0.5 µg/ml phalloidin-TRITC (Sigma). Same image acquisition 

settings were applied in each case when comparing different constructs in each cell type. Image 

analysis to quantify relative subcellular localization was performed from single-cell 

measurements as described in section 3.2.3. 

 

3.3.4 Immunohistochemistry and immunoblot analysis 

Localization of endogenous dUTPase was visualized in D. virilis and D. melanogaster tissues 

(data is only shown for larval wing discs but was similar in all inspected tissues). Dissected 

Drosophila organs prepared by Imre Zagyva and Dr. András Horváth. Ovary, testis, larval 

imaginal wing discs, gut and salivary gland samples were collected and were immediately fixed 

in 50% n-Heptane and 50% PEM-formaldehyde (100 mM PIPES, 1 mM MgCl2, 1 mM EGTA, 

2.5% Tween-20, 4% PFA, pH=6.9) for 30 minutes, with vigorous shacking at room temperature 

then washed with inactivating buffer (50 mM TRIS, 150 mM NaCl, 0.5% Tween-20, pH=7.4). 

Blocking was performed in 5% goat serum, 1.5% BSA, 0.1% Tween-20, 1% Triton-X 100, 
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0.001% NaN3, in PBS, pH=7.4 for 4 hours at RT. Tissues were incubated in primary antibodies 

diluted in blocking buffer (anti-dUTPase,1:10000; anti-lamin Dm0, 1:400), at 4 °C for 16 h. 

Samples were further washed with blocking buffer for 8 hours at RT. Secondary antibodies 

were applied in 1:1000 dilution coupled to either Alexa 488 or Alexa 633 (Molecular Probes) 

in blocking buffer for 2 h, RT. Tissues were stained with DAPI and 0.5 µg/ml phalloidin-TRITC 

and embedded in FluorSaveTM (Calbiochem) reagent. Images were acquired with a Zeiss LSCM 

710. 

Subconfluent cells in T25 flasks were transfected with 6.5 µg DNA supplemented with 30 µl 

transfection reagent for 48 h. Immunoblotting was carried out as described in section 3.1.5. 

Antibodies were used in the following dilution: dUTPase (1:50000) and GFP (Sigma, 1:1000).  

 

3.3.5 Recombinant protein production 

dUTPase constructs and importin-α were expressed and purified as described in section 3.1.1 

and 3.2.6 but the expression of dUTPase constructs were carried out at 25°C. 

 

3.3.6 Analytical gel filtration and native-PAGE analysis 

Analytical gel filtration and native-PAGE analysis was conducted as described in section 3.2.7. 

Samples were applied at a concentration of 32.7 μM for importin-α, 10.9 μM for AAA dUTPase 

and 32.7 μM for ABC dUTPase (to achieve 1:1 stoichiometry of NLSs and importins) during 

gel filtration.  

 

3.3.7 Isothermal titration microcalorimetry (ITC) 

ITC experiments were carried out and analyzed as described in section 3.2.8 with some 

modifications. Proteins were dialyzed into 20 mM HEPES (pH=7.5); 100 mM NaCl; 5 mM 

MgCl2; 2 mM Tris(2-carboxyethyl)phosphine; 5% glycerol and were used at the following 

concentrations (these concentrations are given in monomers for the AAA dUTPase and 

correspond to pseudo-heterotrimer for the ABC dUTPase): AAA dUTPase was used at 400 μM 

while ΔNLS-AAA dUTPase was used at 550 μM in the syringe, along with 40 μM and 55 μM 

importin-α in the cell respectively. ABC and ΔNLS-ABC dUTPase were used at 250 μM in the 

syringe, along with 25 μM importin-α in the cell. Aliquots of 1.5 μl were used for at least twenty 

injection steps (the first step of 0.5 μl was not considered in the analysis). 
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3.3.8 5’-Rapid Amplification of cDNA Ends (5’ RACE) 

In order to isolate potential alternative transcripts from D. virilis embryos and ovaries and to 

determine their 5’ ends, 5’ RACE was performed using the 5’/3’ RACE Kit (Roche) according 

to the manufacturer’s instructions. Primers used are summarized in Table A7. 

Briefly, D. virilis embryos and ovaries were harvested and immediately stored in RNAlaterTM 

(Ambion, Life Technologies, Carlsbad, CA, USA), snap-frozen in liquid nitrogen, and stored 

at −80 °C until use. TRIzol reagent was used to isolate total RNA from the homogenized 

samples according to the manufacturer’s recommendation (Life Technologies) and was further 

purified after DNase (Qiagen) treatment with RNA Clean-up Kit (Macherey-Nagel, Düren, 

Germany). The quality of RNA samples were analyzed by gel electrophoresis. Total RNA (1 

μg) was reverse transcribed with a gene specific primer (SP1 green), in a 20 µl reaction volume. 

RNase CocktailTM Mix (Ambion) and RNaseH (NEB, Ipswich, MA, USA) was added and 

incubated at 37 °C for 15 min. The resulting RNA free cDNA preparation was further purified 

using the High Pure PCR Product Purification Kit (Roche). After poly-A tailing, cDNA was 

amplified by RedTaq DNA polymerase (Sigma) using a gene specific primer (SP2) and the 

Oligo dT-anchor primer provided with the kit. A second nested PCR was performed using 

another gene specific primer (SP3) and the PCR anchor primer provided with the kit. Final 

RACE products were cloned into the SalI/EcoRI sites of pBluescript SK+ vector (Stratagene) 

for sequencing. Sequencing was performed by Eurofins MWG GmbH using the M13 uni(-43) 

primer. 

 

3.3.9 In silico splicing site prediction  

DNA sequences of dUTPases and surrounding genomic regions were downloaded from 

FlyBase (D. melanogaster: CG4584 and D. virilis: GJ10455). In silico splice site predictions 

were done with the Human Splicing Finder, Version 2.4.1 (http://www.umd.be/HSF/) with 

conservative settings [136]. 
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4. Results and discussion 

 

4.1 Characterizing the calpain-catalyzed proteolysis of the human dUTPase 

As compared to digestive proteases like trypsin, calpains perform a more fine-tuned role by 

regulating the function of numerous substrates by limited proteolysis [137]. Intracellular 

proteolysis events are key steps in signaling. The identification of substrates of specific 

proteolytic events are indispensable to decipher the cellular network and significance of these 

pathways. This work is particularly complex in the case of calpains that play roles in several 

pathways. A search for in vivo calpain substrates in a Drosophila melanogaster system, 

provided a list of new calpain substrates with hits belonging to several different cellular 

pathways [118]. Our aim was to investigate if human dUTPase may also be susceptible to 

calpain-catalyzed proteolysis, as it was reported in Drosophila melanogaster; and if so, how 

does it influence dUTPase function. During our study we used the rat m-calpain however we 

do not believe this might cause any significant difference since the two proteins share 94 % 

identity and 99 % similarity. 

 

4.1.1 In vitro calcium-dependent proteolysis of human dUTPase by calpain 

We prepared an in vitro digestion assay with the human nuclear dUTPase isoform and rat m-

calpain. We found that dUTPase is digested by m-calpain in a calcium-dependent manner. 

During digestion two distinct dUTPase fragments could be visualized after SDS-PAGE analysis 

(Figure 6). The intensity of the large m-calpain subunit also drops in the presence of calcium 

because of auto-proteolysis. It has been previously shown that the substrate analogue α,β-imido-

dUTP (dUPNPP) provides a partial protection against limited tryptic digestion, due to the 

conformational change it induces at the C-terminal end of dUTPase [120, 138]. However in 

case of m-calpain, the presence of dUPNNP did not have a protective effect, no alteration of 

the proteolytic process could be seen. This suggests that the calpain cleavage sites are not 

located in the vicinity of the substrate binding pocket and that the cleavage probably takes place 

at the flexible N-terminal end. 
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This hypothesis was further addressed by measuring the catalytic activity of the m-calpain 

cleaved fragments and intact dUTPase forms. Trypin cleavage close to the C-terminal disrupts 

catalytic activity of the enzyme [120]. However after m-calpain cleavage no difference in 

catalytic function was observed (Figure 7), indicating that calpain digestion does not alter 

dUTPase activity. 

 

 

Figure 6. Calcium-dependent proteolysis of the human dUTPase by m-calpain 

Left panel: SDS-PAGE analysis of the in vitro digestion of the human dUTPase by m-calpain in the presence 

or absence of substrate analogue. Control experiment was carried out in the absence of calcium. Dotted arrow 

points at the small subunit of m-calpain. Lane 1: m-calpain large subunit, Lane 2: intact dUTPase, Lane 3 and 

4: dUTPase fragments. Reaction was stopped after the indicated incubation times. Right panel: shows calpain 

and dUTPase samples on their own to facilitate clear-cut identification of the bands corresponding to the 

calpain small subunit and intact human dUTPase that run very close to each other on the gel. 

Figure 7. Effect of calpain cleavage on 

dUTPase activity 

dUTPase activity was followed for the intact 

(black solid line) and cleaved (grey dashed line) 

proteins. Catalytic rate constants (kcat) are 

indicated in the graph, which were 3.26 s-1 for the 

intact and 3.20 s-1 for the m-calpain digested 

dUTPase. 
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4.1.2 Mass spectrometry revealing the calpain cleavage sites  

To identify the specific cleavage sites, fragments were analyzed by mass spectrometry. Three 

cleavage sites were identified in the two fragments separable on SDS-PAGE (Figure 8 and 

Table A1).  

 

M1 P C S4 E5 E T7 P8 A I S P12 S K R A R P A19 E V G G M24 Q L R F A R L31 S32 E H  … G K N164 

 

 

 

The first two cleavage sites are found at the very beginning of the flexible N-terminal very close 

to each other (4SE5; 7TP8). The third site (31LS32) can be located in the three-dimensional 

structure of the human dUTPase and cleavage at this site results in a truncated protein that lacks 

the NLS segment (located between residues 12P-A19, [104]).  

Results of in vitro digestion experiments showed that human dUTPase is cleaved by calcium 

activated m-calpain within the flexible N-terminus (Figure 6 and 8). Although catalytic function 

is unperturbed in the N-terminally truncated form (Figure 7), cellular localization is expected 

to be altered, since the truncated dUTPase species does not contain the NLS segment, 

indispensable for nuclear import [104]. Nucleocytoplasmic trafficking of trimeric dUTPases in 

eukaryotic cells depends on its NLS since the 53.25 kDa molecular mass of these proteins 

prevents their passive diffusion into the nucleus. In Drosophila melanogaster the lack of the 

NLS signal of the nuclear isoform was shown to lead to the exclusion of dUTPase from the cell 

nucleus [110].  

 

4.1.3 Degradation of the dUTPase in HeLa cells via calcium-activation 

To test if the in vitro results may also be applied for intact cells, we wished to follow dUTPase 

levels in HeLa cells in the absence or presence of calcium activation. First we wanted to see if 

the HeLa cell line contains a significant calpain pool that could be activated by calcium under 

our experimental conditions. We performed activity measurements with the calpain specific 

substrate and HeLa cell extract in the absence and presence of calcium. Results show that the 

Figure 8. Mapping calpain cleavage sites 

The N-terminal segment of the 164 amino acid long human dUTPase is presented. The three calpain cleavage 

sites are indicated in red (4SE5; 7TP8; 31LS32). The NLS (12P-A19) is indicated with a box, where cleavage at the 

31LS32 position results in the loss of this segment. M24 marks the position from where structural information is 

available of the enzyme (PDB ID: 2HQU). 

NLS 
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presence of calcium led to calpain activation, indicating the presence of an active calpain pool 

(Fig. 3) while without calcium no activity could be observed. 

Treating HeLa cells with ionomycin led to significant dUTPase degradation after 24 h. Some 

decrease in the m-calpain level could also be detected (due to auto-proteolysis), while the 

dUTPase and m-calpain levels in the control samples were unaffected. However we could not 

detect any dUTPase fragments, presumably due to further degradation processes (Figure 9) also 

the antibody used might not recognize the resulting fragments. To monitor equivalent amounts 

of total protein applied per lane, the western blots were also developed against actin. 

 

 

 

 

 

We hypothesize that within the cells, calpain-cleaved dUTPase may be further degraded by 

other proteolytic events. Possible m-calpain mediated proteolysis results in dUTPase fragments 

having an E5 or a S32 residue on their N-terminal, both possibly destabilizing the enzyme, based 

on the N-end rule [139], by making the fragments more susceptible to proteasomal degradation. 

Also degradation of dUTPase in HeLa cells was only observed after 24 hours of calcium-

induction, which we believe might be due to the fact that the cytoplasmic m-calpains may get 

hold of their nuclear substrates mainly during cell division when the nuclear envelope breaks 

Figure 9. Degradation of cellular dUTPase pool upon calcium induction 

Left panel: Calpain activity in HeLa cellular extract was recorded in the absence of calcium (control, black 

squares), or the presence of 2 mM calcium (empty squares). Right panel: dUTPase and m-calpain levels were 

monitored for 24 hours in cells treated (active calpain pool) and not treated (inactive calpain pool) by 

ionomycin. Decrease in dUTPase levels could be observed after 24h in the treated cells. Actin was used as a 

loading control.  
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down. It is widely observed that calpains harbor several nuclear substrates [140, 141], and even 

play role in the regulation of cell division [142-145].  

Based on our results, we propose a hypothesis that calpain activation may control dUTPase 

localization and function through limiting its overall availability. Upon calcium-induction, and 

following mitosis-coupled release of the nuclear dUTPase pool into the cytoplasm during the 

cell cycle, calpain cleaves the N-terminal of dUTPase removing the NLS segment. Truncated 

dUTPase is unable to enter the nucleus; it remains in the cytosol and gets eventually degraded. 

It is still uncertain whether nuclear availability of the enzyme is generally required for 

eukaryotic cells to fulfill its function in genome integrity maintenance (discussed later in section 

4.2.3 in detail), however in eukaryotic cells the usual presence of a nuclear localization signal 

at the N-terminus argue for the imminent nuclear function of dUTPase. Also lack of dUTPase 

results in perturbed dUTP/dTTP ratios and provokes cell death (detailed in section 1.2.1.3). 

This pathway of calpain action may act in parallel with other described roles of calpain in 

apoptosis (e.g. [146, 147]).  
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4.2 Effect of phosphorylation adjacent to nuclear localization signals on nuclear proteome 

re-constitution: a case study on dUTPase 

Besides limited proteolysis, protein localization and availability could be regulated on several 

levels including reversible post-translational modifications such as phosphorylation. Based on 

earlier results the nuclear isoform of the human dUTPase was suggested to be phosphorylated 

by Cdk1 at the Ser11 position, which is just upstream the NLS signal [104, 107]. Possible 

effects were only investigated on a S11A mutant, that could not be phosphorylated (hypo-

phosphorylation mimicking mutant) which showed no difference compared to the WT enzyme 

in respect of activity and subunit association. So we aimed to determine the effect of Cdk1 

phosphorylation on cellular localization of dUTPase by utilizing different point mutations at 

the phosphorylation Ser11 site. Glutamic acid mimics a constitutively phosphorylated serine 

residue (P-mimic, hyper-P mutation) and may be optimally paired with studies of the isosteric 

but not charged non-phosphorylatable (hypo-P mutation) mutant using glutamine [148]. 

 

4.2.1 Effect of NLS phosphorylation on dUTPase localization 

 

4.2.1.1 Localization pattern of WT, S11E (hyper-P) and S11Q (hypo-P) dUTPase-DsRed 

constructs 

The WT (phosphorylatable) DsRed-labeled dUTPase (WT DsR-DUT) is mainly nuclear in 

asynchronous cell populations, whereas the hyper-P S11E mutant is solely cytoplasmic (Figure 

10). The hypo-P S11Q mutant is also nuclear, indicating that the introduced negative charge is 

responsible for the altered localization pattern of the S11E mutant (Figure 10). Localization of 

the different dUTPase constructs were confirmed in a number of cell types (MCF-7, COS7, 

HeLa, NIH-3T3 and 293T cell lines) with diverse genetic backgrounds differing in both origin 

and modes of transformation (Figure 10), showing that the intracellular distribution of the 

constructs are not cell line specific. 
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4.2.1.2 Contribution of active nuclear export processes to the localization pattern 

Leptomycin B, a well-described specific inhibitor of one of the major exportins (CRM1), was 

used in order to check the possible contribution of active nuclear export to the strict nuclear 

exclusion of the S11E mutant [149]. Since leptomycin had no effect on the localization pattern 

we can conclude that the exclusive cytoplasmic localization of the S11E mutant dUTPase 

construct is probably due to perturbation of its nuclear import and not due to accelerated nuclear 

export (Figure 11).  

Figure 10. Localization of different phosphorylation status mimicking dUTPase mutants  

The DsRed-labeled WT human dUTPase (nuclear isoform) and hypophosphorylation mimicking S11Q mutant 

is mainly nuclear in asynchronous cell lines, whereas the hyperphosphorylation mimicking S11E mutant is 

cytoplasmic. Localization pattern is the same in MCF-7, COS7, HeLa, NIH-3T3 and 293T cell lines. N: 

nuclear; C: cytoplasmic. Scale bar represents 20 μm. 

Figure 11. Nuclear export dependency of S11E 

dUTPase localization pattern  

293T cells expressing S11E mutant DsR-DUT were 

subjected to leptomycin B (a selective CMR1 

inhibitor) treatment. No difference was observed in 

intracellular distribution of the protein compared to 

methanol mock-treated cells. Scale bar represents 20 

μm. 
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4.2.1.3 Timing of the S11 position phosphorylation of dUTPase 

Cdk1-cyclin B is activated at the M phase of the cell cycle [150]. Therefore we investigated the 

putative cell-cycle dependency of the phosphorylation of the endogenous dUTPase using an M-

phase marker (histone-H3-phospho-S10 antibody). All cells in an asynchronous cell population 

were stained with the polyclonal anti-hDUT antibody (regardless of phosphorylation status), 

whereas the anti-P-hDUT antibody (generated against the phosphorylated S11 NLS position of 

dUTPase) stains only cells in the M phase (Figure 12). Based on these results we conclude that 

phosphorylation of dUTPase occurs within the nucleus and is scheduled at the M phase of the 

cell cycle. Our results further strengthen data found in the literature proposing potential 

involvement of Cdk1 kinase and its partner, cyclin B, in this process. 

 

 

 

 

 

4.2.1.4 Analysis of dUTPase distribution throughout the cell cycle with video microscopy 

To follow dUTPase localization throughout the cell cycle we followed individual cells after 

transfection with the appropriate fluorescent constructs by video microscopy. The S11E mutant 

remains cytoplasmic during the entire cell cycle (data not shown), so this construct was not 

considered for further analysis. The WT and S11Q dUTPase pool exhibits marked cell cycle-

dependent dynamic behavior (Figure 13A). When the new nuclear envelope appears, dUTPase 

is excluded from the nucleus and it takes a considerable time before the nuclear space is again 

Figure 12. Cell cycle-dependent phosphorylation of dUTPase in asynchronous cells. 

Asynchronous 293T cells were stained with the polyclonal antibody specific for dUTPase (anti-hDUT) or the 

phospho-NLS-dUTPase specific antibody (anti-P-hDUT). Immunofluorescence shows that dUTPase 

phosphorylation coincides with anti-histone H3 (phospho-H3) M-phase marker. Scale bar represents 20 μm. 
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repopulated with WT dUTPase in the daughter cells. Nuclear re-population dynamics is 

markedly different for the S11Q mutant, which gets imported back to the nucleus much faster. 

We were able to measure the apparent rate constant for nuclear re-accumulation of the 

dUTPases constructs. Major difference between the WT and the S11Q mutant is that the WT 

protein starts re-entering the nucleus after a considerable lag (~200 minutes). However the 

apparent rate constants of nuclear accumulation are identical for the WT (kobs = 0.0044 min-1 ± 

7%) and for the S11Q mutant (kobs = 0.0043 min-1 ± 8%) after the lag phase (Figure 13B). The 

observed apparent single exponential kinetics likely represent the result of multiple 

undistinguishable transport events. Importantly, the mean total fluorescence of the cells (Fn+c) 

did not change during our observations (Figure 13B, inset), indicating the steady-state of the 

investigated fluorescent protein pool. Western blot experiments were used to investigate 

whether the transfected constructs used in the video-microscopic experiments can be 

phosphorylated similarly to the endogenous protein (Figure 13C). As we can see in Figure 13C, 

293T cells, transfected with the appropriate fusion protein-encoding plasmids, produce a WT 

DsR-DUT protein pool that can be phosphorylated on the S11 residue. The recognition of 

dUTPase by the anti-S11P-hDUT antibody is observed only if Ser11 can be phosphorylated, 

providing evidence for the specificity of this antibody. The endogenous dUTPase pool is also 

visible at a lower molecular mass position. The anti-hDUT antibody recognizes all dUTPase 

constructs, as well as the endogenous dUTPase pool, independently of the point mutation or 

phosphorylation state (Figure 13C). 
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To directly trace the nucleocytoplasmic trafficking of a given protein pool without continuous 

protein expression from plasmids, we repeated the video-microscopy experiments by 

transfecting the fluorescent proteins themselves. Cells transfected with purified WT and S11Q 

DsR-DUT proteins show the same dynamic events of dUTPase pool distribution as those in the 

Figure 13. Phosphorylation-dependent localization pattern of dUTPase during cell cycle 

(A) Transfected 293T cells were observed for at least one full cell cycle with live-cell imaging. Still images 

were taken of actively dividing cells at the indicated time points. The once-nuclear dUTPase pool gets re-

imported into the nucleus with different characteristics for the WT and the S11Q mutant. 

(B) Kinetic analysis of protein re-import dynamics of the daughter cells indicate similar import kinetics but 

different lag phases for the WT protein and the S11Q mutant (kobs = 0.0044 min-1 ± 7% and 0.0043 min-1 ± 

8%, respectively). Inset shows that mean total fluorescence of the cells (Fn+c) did not change during our 

observations. 

(C) Western blot only shows cognate phosphorylation event on the S11 position of the WT DsRed-tagged 

exogenous dUTPase (DsR-DUT). 
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plasmid transfection experiments (Figure 14A and C). Neither forms of the recombinant 

proteins purified from E. coli are recognized by the anti-P-hDUT antibody, indicating that they 

are not phosphorylated at Ser11. Within the cells transfected with purified DsR-DUT protein 

itself, however, the cognate phosphorylation event targeting Ser11 can take place (Figure 14B).  

 

 

 

 

 

Figure 14. Live cell microscopy after protein transfection. 

(A) Both recombinant DsR-DUT WT and DsR-DUT S11Q localize to the nucleus after protein transfection, 

as in the case of plasmid transfection. Scale bar represents 20 µm. 

(B) Neither forms of recombinant proteins produced in E. coli are recognized by the anti-P-hDUT antibody, 

indicating that they are not phosphorylated at Ser11. Recombinant DsR-DUT can be phosphorylated after 

protein transfection similarly to the endogenous protein. 

(C) Still images taken from live-cell imaging of 293T cells containing WT and S11Q mutant dUTPase. Cells 

were followed during throughout a cell cycle after protein transfection. The differences observed between the 

two forms are similar to the dynamics observed with the plasmid transfection based experiments. The inserted 

table shows the time (minutes) elapsed between the onset of cytokinesis and the appearance of considerable 

fluorescent signal within the nucleus. Data were collected from fluorescent time-lapse image sequences taken 

in 5 min intervals. Parallel phase contrast images were used to determine the onset of daughter cell separation. 
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Both DNA and protein transfection-based experiments gave the same conclusions regarding the 

dynamic distribution pattern of WT and S11Q mutant DsR-DUT. This is potentially due to the 

fact that the DsRed-labeled proteins can only be detected after a considerable delay of the time 

following protein translation, partially because of the time required for maturation of DsRed 

fluorophore and because of the time required for detectable fluorophore accumulation and 

maturation. Furthermore, newly maturing DsRed molecules (which also went through 

phosphorylation in M phase) might be in steady state with a degradation process. Because of 

these effects, the DsR-DUT pool translated during the recording time of video-microscopy used 

for analysis (~12 hours) does not contribute to the fluorescent signal significantly. The 

observable fluorescent signal of the mature folded protein molecules thus necessarily originates 

from the protein pool translated during the cell cycle(s) completed prior to start of the video 

recording. The new de novo synthesized protein pool (after division) will not be readily 

detectable until cells enter the next cell cycle. 

 

In summary, we described the cell cycle-dependent phosphorylation pattern of dUTPase. The 

strict schedule of this event is linked to the M phase, supporting the role of Cdk1 kinase. We 

have also shown that the phosphorylation mimicking mutation leads to exclusion from the 

nucleus. These results indicate that the phosphorylation of dUTPase within the nucleus has 

physiological implications manifested in its retarded re-import in the daughter cells, namely 

nuclei of the daughter cells become re-populated with dUTPase protein only after a significant 

delay. The non-phosphorylatable S11Q construct does not exhibit this behavior. We suggest 

that this mechanism may also operate for a number of similar phosphorylatable NLSs on other 

proteins. Assuming similar nuclear re-import characteristics as that of dUTPase, Cdk1 kinase-

induced phosphorylation at these similar NLS positions would significantly alter the nuclear 

proteome re-establishment in the daughter cells after the M phase which will be discussed in 

detail in section 4.2.4. We first wanted to determine the structural basis of the impeded import 

of the dUTPase that results from the perturbation of importin-α:dUTPase interaction (section 

4.2.2); and second, performing a large-scale study to identify proteins in the human proteome 

that might follow a similar pattern of nucleocytoplasmic trafficking to dUTPase (section 4.2.4). 

 

4.2.2 Molecular details of the interaction between human dUTPase and importin-α 

Several independent biophysical methods were used to evaluate complex formation of WT, 

hypo-P S11Q and hyper-P S11E mutant dUTPases and importin-α. For this latter protein, the 
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construct lacking the autoinhibitory domain (importin-α ΔIBB), was used throughout in our 

study. 

 

4.2.2.1 Analytical gel filtration 

Analytical gel filtration showed that in the mixture of WT dUTPase and importin-α, a molecular 

species with higher molecular mass than either components separately is present (Figure 15). 

This argues for a complex formed between the two proteins. A fraction of the protein still elutes 

at the position corresponding to the free components, potentially representing the protein pool 

that did not form a complex (Figure 15). The chromatogram profile was different when the 

S11E mutant dUTPase was used, still having a peak eluting earlier than any of the components 

alone, but later than the peak associated with the WT dUTPase:importin-α complex (Figure 15). 

Also, the protein fraction eluting at the position corresponding to the free components is larger. 

This behavior might be explained by assuming that the complex formed between S11E 

dUTPase and importin-α is characterized with faster dynamic equilibrium, i.e. it is less stable 

as compared to the WT dUTPase:importin-α complex [151]. The same conclusions could be 

made after analyzing the fractions on SDS-PAGE (Figure 15). 
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4.2.2.2 Native-PAGE 

Native-PAGE results show that WT and S11Q mutant dUTPase forms a complex with importin-

α, showing up at a new position on the gel, whereas the band of uncomplexed importin-α 

disappears (Figure 16). No complex formation could be detected in case of the S11E mutant 

dUTPase. Results indicate that the different nucleocytoplasmic localization patterns of the 

investigated constructs are likely attributed to modulation of the dUTPase:importin-α 

interaction. The WT and the S11Q mutant forms a stable complex with importin-α, whereas the 

S11E mutant does not. 

 

 

 

4.2.2.3 Thermal denaturation experiments 

Complex formation was also confirmed using thermal denaturation experiments of the 

individual components and their mixtures. Heat-induced unfolding was followed by circular 

dichroism spectroscopy at 210 nm. Importin-α is stabilized against heat induced unfolding due 

to the interaction with dUTPase and also renders the thermal unfolding transition more 

cooperative (Figure 17). We observed this stabilizing effect in the mixtures of importin-α with 

either WT (shift from 35.7 °C to 43.6 °C) or S11Q mutant dUTPase (35.7 °C to 44.4 °C), but 

not with S11E mutant dUTPase (shift from 35.7 °C to 36.7 °C). These results again reinforced 

the previous conclusion that the phosphorylation mimicking negative charge (S11E) impedes 

Figure 15. Analysis of dUTPase-importin-α complex formation with size exclusion chromatography  

Upper panel: Chromatograms of size-exclusion chromatography showing complex formation between 

dUTPase and importin-α (IPA), weakened by the S11E mutation. Lower panel: Fractions of the gel filtration 

chromatography were analyzed on SDS-PAGE. The WT dUTPase:importin-α complex elutes at a smaller 

volume compared to the S11E dUTPase:importin-α complex or the components alone. 

Figure 16. Analysis of dUTPase-

importin-α complex formation with 

native-PAGE analysis  

Native gel shows complex formation only 

between the WT / S11Q dUTPase and 

importin-α while no new band emerges in 

case of the S11E mutant. Asterisk shows 

putative complexes.  
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complex formation, whereas the isosteric control glutamine mutant (S11Q) has the same 

capability to bind to importin-α as the WT protein.  

  

 

 

CD measurements *    

 Tm values detected (ºC) 

components DUT DUT-S11E DUT-S11Q 

dUTPase 58.4 ± 1.6 58.3 ± 0.1 57.5 ± 1.3 

importin-α 35.7 ± 1.5 35.7 ± 1.5 35.7 ± 1.5 

dUTPase + importin-α 56.4 ± 0.6 / 43.6 ±  1.6 57.4 ± 2.0 / 36.7 ± 0.2 56.5 ± 0.3 / 44.4 ± 1.1 

* Values extracted from independent experiments (± standard deviation). 

 

 

 

4.2.2.4 Isothermal titration microcalorimetry  

For direct quantitative analysis we performed isothermal titration microcalorimetry (ITC) 

assays (Figure 18). A change of one order of magnitude in the dissociation constant was 

observed for the S11E mutant compared to the WT and S11Q dUTPase (Kd was 0.79 µM, 0.76 

µM and 9.62 µM for WT, S11Q and S11E dUTPases, respectively). The determined 

stoichiometry supports a model where each NLS of the trimeric dUTPase binds an importin-α 

(as the molar binding ratio is ~ 1.0). Thus all NLSs could be bound to importin-α at ideal 

conditions. It is interesting to note that this one order of magnitude difference in the Kd values 

translates into an “all or nothing” phonotype in vivo, meaning the protein is either nuclear or is 

completely excluded from there. 

Figure 17. Analysis of complex formation between dUTPase and importin-α using circular dichroism 

at 210 nm during thermal denaturation 

In the denaturation scans curves are shown for importin-α (black squares), dUTPase (gray squares) and their 

mixtures (empty squares). In case of proteins in complex two transitions were observed, presumably reflecting 

partially separate unfolding events. Data obtained from the curves are presented in the table underneath.  
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ITC measurements *    

 DUT DUT-S11E DUT-S11Q 

N (molar binding ratio) 0.74 ± 0.02 0.73 ± 0.03 0.71 ± 0.01 

Kd (µM) 0.79 ± 0.26 9.62 ± 1.54 0.76 ± 0.15 

ΔH (kcal mol-1) -22.84 ± 0.90 -20.31 ± 1.31 -23.78 ± 0.56 

ΔS (cal mol-1 K-1) -50.0 -46.3 -53.1 

* Reliability of the fittings are shown by the error values. Protein concentrations correspond to subunits. 

 

 

4.2.2.5 X-ray crystallography 

In order to gain more detail of the complex formed by dUTPase and importin-α we aimed to 

determine the 3D structural basis of this interaction with X-ray crystallography. Crystal 

structures of importin-α were determined for the WT and S11E dUTPase NLS peptides (Figure 

19 and 20). Both NLS peptides were clearly present in the major NLS binding site of importin-

α. Crystallographic data and refinements statistics are summarized in Table A2. 

 

Figure 18. Analysis of complex formation between dUTPase and importin-α using isothermal titration 

microcalorimetry 

Top panels present baseline-corrected timeline; bottom panels shows the integrated data (black square) and the 

fit of the binding isotherm by an “independent binding sites” model (solid line). Values extracted are shown in 

the table underneath. 
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The highly conserved Lys14 of the dUTPase peptides (P2 position) form a salt bridge with 

Asp192 of importin-α, analogous to all previously deposited importin-α:NLS 3D structures. 

The S11E phospho-mimic mutation uses a similar coordination environment within the 

complex (especially the C-terminal segment), not leading to major conformational changes in 

the structure. The introduced glutamic acid side-chain is involved with intra-NLS contact with 

the Arg15 position of the NLS. This leads to the alternative positioning of the Arg15 side chain 

in the P3 binding pocket, where it loses the contact with importin-α Asn228 side chain (Figure 

20). This conformational shift is stabilized by a potential salt-bridge interaction between 

dUTPase NLS Arg15 (P3 position) and Asp270 of importin-α with both positions being highly 

conserved. Importin-α side chains Trp231, Trp273, and Arg238 (also highly conserved 

residues) undergo slight conformation changes in their side chain positions to accommodate the 

Arg15:Asp270 interaction. The main-chain of the residues N-terminal to the P2 Lys now 

follows a different trajectory than that of the WT peptide (Figure 20), resulting in a loss of H-

bonds between Pro12 of the phospho-mimic peptide, and the importin-α surface.  

The differently arranged accommodation of the S11E peptide within the NLS binding site 

results in the loss of several interactions between the NLS peptide and the importin-α surface 

leading to the weaker binding properties of the phosphorylation mimicking NLS. 

Figure 19. Structural basis of the 

effect on binding of phosphorylation 

adjacent to NLSs  

Yellow cartoon shows the crystal 

structures of importin-α ΔIBB in complex 

with dUTPase WT NLS peptide (upper 

image, magenta stick) and dUTPase 

S11E phospho-mimic NLS peptide 

(bottom image, blue stick). cNLS stands 

for classical NLS. 
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4.2.3 Possible biological significance of dUTPase cell cycle specific localization pattern 

We have seen that Cdk1 mediated phosphorylation of dUTPase within the nucleus at the G2/M 

phase will have a prominent effect on the localization of the protein pool in the daughter cells. 

dUTPase nuclear import is inhibited until the phosphate moiety is removed from the S11 

position resulting in slow dUTPase nuclear re-population in the daughter cells. Nuclear 

accumulation reaches its maximal extent around the S phase and the protein remains nuclear 

until the onset of mitosis. Localization pattern of the enzymes involved in de novo thymidylate 

biosythesis proteins have a cell cycle dependent distribution pattern very similar to dUTPase 

Figure 20. Close-up views of the interactions for wild-type and mutant NLS segments with importin-α 

(A) Close-ups of the interactions for WT dUTPase NLS and (B) S11E phosphorylation mimicking NLS. The 

dUTPase Arg15 side-chain interaction with the Asn228 side chain of importin-α is disrupted in the case of the 

S11E NLS peptide forming alternative interactions with Asp270. Asn228 and Asp270 are shown in stick 

representation. (C) Superimposition of importin-α:WT dUTPase and importin-α:S11E dUTPase NLS 

complexes, showing different main-chain trajectories of the NLS peptides N-terminal to the P2 position.  
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(detailed in section 1.2.1.1). dUTPase along with its preventive function by maintaining low 

dUTP/dTTP ratios (thus inhibiting uracil incorporation during replication) also plays a key role 

in de novo thymidylate synthesis since it ensures the substrate dUMP for TYMS [77] to 

synthesize dTMP. We hypothesize that dUTPase might also be necessary to accompany this 

enzyme complex into the nucleus for proper genomic DNA maintenance. Thus scheduled 

nuclear availability of de novo thymidylate biosynthesis enzymes, along with dUTPase, may 

ensure strictly regulated dNTP pool composition for DNA polymerases.   

 

4.2.4 General implications of the effect of phosphorylation on nucleocytoplasmic protein 

distribution during the cell cycle 

Nuclear transport processes regulated by phosphorylation events have several know examples 

in the literature, so we tried to look up known cases where phosphorylation in the vicinity of 

NLSs have an inhibitory effect on nuclear transport. The NLS sequences of the found hits were 

aligned as predicted to bind to the NLS-binding pockets of importin-α [34, 35] (Table 2). 

Phosphorylation sites were immediately N-terminal to the basic cluster of the NLS segment 

either located at the P0 or the P-1 positions of the NLS. In most cases the phosphorylation was 

attributed to the yeast Cdc28 kinase or its human orthologue, Cdk1 (Table 2 and references 

therein), giving the substrates cell-cycle specific localization pattern. It must be noted though 

that especially in the case of the closed mitosis of yeast, phosphorylation regulated active 

nuclear export processes also fine tune the localization pattern. These results argue for the 

importance of Cdc28-kinase-regulated nuclear transport for several yeast proteins involved in 

the regulation of cell cycle progression, DNA replication, transcriptional programs, DNA 

damage recognition and repair. It is tempting to hypothesize that the localization of several 

human proteins might also fall under the regulation of Cdk1. 
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Table 2. List of known proteins where phosphorylation inhibit nuclear transport 

Predicted binding to the major binding site of importin-α by proteins reported in the literature to be phosphorylated 

in the vicinity of their NLSs (phosphorylated residues are in italics) 

 

 NLS binding to major binding site of importin-α Kinase Ref. 

 P-2 P-1 P0 P1 P2 P3 P4 P5 P6   

SV40 TAg S123 T P K K K R K V 

Cdk1 / 

Cdc28 

[152, 153] 

Swi6 G159 S P L K K L K I [152, 154-156] 

Swi5 R645 S P R K R G R P [156-158] 

Cdh1 S42 S P S R R S R P [156, 159] 

Fzr1 R162 S P R K P T R K [160, 161] 

Mcm3 K764 S P K K R Q K V [162] 

Acm1 R30 S P S K R R S Q [156, 163] 

Msa1 P53 S P N K R R L S [156] 

Psy4 E319 T P R K R K P T [156] 

Pds1 V70 S P T K R L H T [156] 

Yen1 I678 S P I K K S R T [156] 

Lmnb2 S411 S R G K R R R I 

PKC 

[164] 

AhR Y10 A S R K R R K P [165] 

v-jun S246 K S R K R K L R [166] 

 

 

4.2.4.1 In silico screening using integrated bioinformatics tools 

Since we mainly found evidence in yeast that phosphorylation in the vicinity of NLSs has an 

important role in the regulation of overall nuclear import processes, we aimed to perform a 

human proteome-wide bioinformatics screen to identify human proteins possessing a Cdk1 

phosphorylation site at either the P0 or P-1 positions of their NLSs. A combination of two 

bioinformatics tools were used, one for cNLS prediction (NucImport) and one for 

phosphorylation site prediction (Predikin). The background frequency of phosphorylation was 

determined to be 0.136 by Predikin, showing how often a Ser or Thr residue is predicted to be 

phosphorylated not taking into account the presence of NLS. Then NucImport was applied to 

predict the position of classical NLSs. The frequency of predicted phosphorylation of the P0 

position was 0.393 (p = 2.348e-30) and for the P-1 position is was 0.234 (p = 9.530e-05) 

meaning both positions are significantly enriched for phosphorylation. 

 

We found 92 proteins with a phosphorylation site at the P0 position and 44 proteins for the P-1 

position with a conservative setting of both predictors. If considering only parent proteins (not 
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all isoforms), this corresponds to 50 and 22, respectively (Table A3). Among the hits, there 

were numerous findings for which, to our knowledge, no previous experimental data have been 

reported on phosphorylation-dependent nuclear translocation. Based on Gene Ontology (GO) 

terms annotations, we found proteins involved in DNA damage recognition and repair, gene 

expression, epigenetics, RNA-editing and several transcription factors (Table A4). Regulated 

scheduling of nuclear availability has a clear significance for any of these functions. We 

therefore selected several hits for experimental validation. 

 

4.2.4.2 Establishing an NLS reporter construct to evaluate NLS function 

To validate our hits efficiently, we needed a sensitive model system to test the effect of 

phosphorylation on nuclear transport. Although several such systems are claimed to exist in the 

literature, we found that these previously reported constructs lack the efficiency and sensitivity 

required for in depth investigations. Hence we designed the DsRed-labeled β-galactosidase 

reporter construct, which is an inert fluorescent cargo core upon which different NLSs can be 

loaded. Phenotypes obtained this way were used to characterize NLS strength throughout the 

study. The construct is strictly cytoplasmic, unless fused to a functional NLS, such as the SV40 

large T-antigen NLS (Figure 21).  

 

 

 

 

 

We tested the system on the well described NLS of Swi6 which is already known to be regulated 

by an inhibitory phosphorylation on its P-1 position by Cdc28 (see references in Table 2). 

Figure 21. Representation of relative NLS activity 

(A) The β-galactosidase-DsRed (pGal-DsRed) reporter construct is strictly cytoplasmic, unless fused to a 

functional NLS, such as the SV40 large T-antigen NLS. Scale bar represents 20 µm. 

(B) The reporter construct was fused to different NLSs resulting in constructs having different degree of 

nuclear accumulation capabilities. Localization was categorized into five types: N (nuclear), Nc (mainly 

nuclear), NC (even distribution between the nucleus and cytoplasm), nC (mainly cytoplasmic), C 

(cytoplasmic). This nomenclature is used throughout the study. Scale bar represents 20 µm. 
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Mutations were introduced in a way that the phosphorylation mimicking negative charge was 

placed either at the P-2, P-1 or P0 positions, while the structurally important proline residue 

was not perturbed (Figure 22). The results argue that the exact position of the phosphorylated 

residue is a crucial defining factor of the localization of the NLS-containing cargo. This is in 

good agreement with previous work proposing that phosphorylation at upstream positions 

enhance nuclear import while phosphorylation at P0 or P-1 positions impedes it [53]. 

 

 

 

 

 

4.2.4.3 Validation of the selected hits with the NLS reporter construct 

We subjected a selection of proteins involved in a variety of cellular functions found in the 

initial bioinformatics screening. Six proteins with predicted Cdk1 phosphorylation sites at the 

P0 position, and seven proteins with predicted Cdk1 phosphorylation sites at the P-1 position 

(Table 3) were selected.  

 

 

 

 

Figure 22. Position-specific effect of phosphorylation on NLSs 

(A) Images show the NLS reporter system, pGal-DsRed, fused to the WT and mutant NLSs of Swi6. Fn/c 

ratios (± standard error of the mean) were determined in the indicated amount of cells (n). Significant alteration 

in nuclear accumulation could be observed among the different constructs. Scale bar represents 20 µm. 

(B) Glutamic acid at P-2 or P0 was introduced by insertion of Ala in P0 or deletion of Leu in P1. Sequences 

were aligned as predicted to bind to the NLS-binding pockets of importin-α. 
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Table 3. List of the selected proteins that were validated by the NLS reporter system 

Proteins for which the phosphorylation of the particular NLS adjacent residues were experimentally confirmed, 

according to the Phosida database (http://www.phosida.com/) [167, 168] are indicated in italics. 

 

Function Protein name Abbreviation NLS sequence Ref. 

DNA damage 
recognition and 

repair 

Ataxia telangiectasia and Rad3-

related protein 
ATR SPKRRRLS [169] 

BRCA1-A complex subunit RAP80 UIMC1 SVKRKRRL 
[170, 
171] 

Cullin-4B CUL4B TSAKKRKL [172] 
Transcription factor AP-4 TFAP4 SPKRRRAE [173] 

Histone acetyltransferase p300 EP300 SAKRPKLS [174] 
Ras-responsive element-binding 

protein 1 
RREB1 SPLKRRRL [175] 

Regulation of 
gene expression 

Ras-responsive element-binding 
protein 1 

RREB1 SPLKRRRL [176] 

Histone acetyltransferase p300 EP300 SAKRPKLS [177] 

Transcription factor AP-4 TFAP4 SPKRRRAE 
[173, 
178, 
179] 

Epigenetics 

Histone acetyltransferase p300 EP300 SAKRPKLS [180] 
Bromodomain adjacent to zinc 

finger domain protein 2A 
BAZ2A SPSKRRRL 

[181, 
182] 

Cullin-4B CUL4B TSAKKRKL [183] 
RNA 

editing/splicing 
Ser-Arg repetitive matrix protein 2 SRRM2 TPAKRKRR [184] 

Cyclin-L2 CCNL2 SPKRRKSD [185] 

Cell cycle 
regulation 

Cullin-4B CUL4B TSAKKRKL 
[186-
188] 

Cyclin-L2 CCNL2 SPKRRKSD 
[185, 
189] 

Development 
T-cell leukemia homeobox protein 3 TLX3 TPPKRKKP [190] 

Transcription factor AP-4 TFAP4 SPKRRRAE [173] 
Nuclear 
skeleton 

Lamin A LMNA SVTKKRKL 
[191, 
192] 

 

The efficiency of nuclear targeting differed among the different NLSs (Figure 23). Because the 

permeability of our reporter construct is the same (depending on size and molecular shape), the 

steady-state Fn/c ratios can be used as a measure of the import rate itself. However the resulting 

localization data show that in each case, replacement of the appropriate Ser or Thr residues (in 

P-1 or P0 position), predicted to be phosphorylated by Cdk1, by Glu in the NLSs always leads 

to significantly weaker nuclear accumulation or even to complete nuclear exclusion, compared 

to the WT. These results confirmed the validity of the in silico analysis and strengthened the 

observation that the P-1 and P0 position specific phosphorylations have an inhibitory effect on 

nuclear translocation also in a human model system.   
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Figure 23. Evaluation of the proteins identified by computational analysis: cellular screens for NLS 

activity 

Validation of the localization pattern of the selected hits. NLSs were loaded into the pGal-DsRed reporter 

system, and localization was adressed in 293T cells. Graphs show Fn/c ratios for the indicated constructs 

determined in the indicated amount of cells (n). Phosphorylation mimicking mutations at the appropriate 

Ser/Thr position significantly reduced nuclear accumulation. Table summarizes localization pattern of the 

different constructs and their mutants. Scale bar represents 20 µm. 
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4.2.4.4 Possible biological significance of the cell cycle specific localization pattern 

Our screening has identified a number of human proteins potentially sharing a similar Cdk1-

driven regulatory pattern (Table 3 and Table A3) as dUTPase, which are involved in a variety 

of cellular functions such as DNA damage recognition and repair, transcriptional regulation, 

cell cycle control, epigenetics and RNA editing. Clearly, for proteins involved in such 

functions, the fine-tuned regulation of nuclear availability is of high significance. Regulation 

of cell cycle by cullin-4B along with cyclin-L2 could be an example for this, which latter is also 

a hub among pre-mRNA splicing, apoptosis induction and cell-cycle arrest pathways in cancer 

cells. Many of our hits act in an interconnected manner; for example, during DNA damage, the 

protein kinase ATR phosphorylates BAZ2A, UIMC1, RREB1, and SRRM2 [193]. For proteins 

involved in DNA repair (ATR, CUL4B, UIMC1, TFAP4, EP300), the tight connection between 

cell-cycle checkpoints and DNA damage recognition and repair may be the underlying reason 

for their scheduled absence or presence within the nucleus [194]. We found two examples 

where an SNP might overwrite the Cdk1 driven regulation, however, no data for either 

frequency or physiological relevance of these SNPs has been reported to date (Table A3). 

 

4.2.4.5 Other known Cdk1 substrates having phospho-NLSs with no known effect 

There are some examples in the literature where NLS-adjacent Cdk1-driven phosphorylation 

has been reported previously but its actual effects were only addressed by using hypo-P 

mimicking mutants. Therefore, we checked the effect of phosphorylation mimicking mutations 

at the previously established Cdk1 sites of UNG2 (S14) [195, 196], UBA1 (S4) [197] and p53 

(S315 and S312 in human and in mouse, respectively) [198] (Figure 24). These phosphorylation 

sites are predicted to be located in the P-2 position. For localization studies the NLSs were 

checked in our pGal-DsRed NLS reporter construct while the full length ORFs were fused with 

DsRed-monomer. As expected based on our previous findings, a negative charge introduced at 

this position did not abolish the nuclear localization of either of these constructs (both with the 

NLS reporter and the full length proteins). However, if we moved this negative charge to the 

P-1 position with mutagenesis, the perturbation of nuclear import is clearly observable in case 

of UBA1 and UNG2 (Figure 24) with the NLS reporter constructs. With UNG2 it is clearly 

visible that the nuclear localization is enhanced with the S14E mutant (in P-2 position). So 

phosphorylation of the P-2 positions of these proteins might enhance nuclear accumulation after 

mitosis. The nuclear transport of UNG2 does not solely rely on its NLS (S14PARKRHA) as 

other sequence motifs also have a role in proper localization of UNG2 [105]. This might be the 

reason why the full length UNG2 does not have the same localization pattern as its NLS reporter 
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construct. p53, which harbors a bipartite NLS sequence, might have the flexibility to 

compensate these negative effects by the additional binding to the minor NLS-binding site. 

 

 

 

 

 

These results also draw our attention to the fact that the full-length protein context may 

modulate the basic effects of NLS phosphorylation, and should be addressed for each of our 

findings individually. The cell cycle-dependent changes in the nuclear proteome have an 

important role in selecting the correct set of proteins to be present in the nucleus during the 

different stages of the cell cycle. We hypothesize that Cdk1 has an important role in regulating 

nuclear proteome re-establishment after cell division through inhibitory phosphorylation of P-

Figure 24. Effect of Cdk1 phosphorylation on UNG2, UBA1 and p53 localization 

UNG2 (residue S14), UBA1 (residue S4) and p53 (residue S315) phosphorylation at the P-2 positions of their 

NLSs were mimicked by Glu substitution in the pGal-DsRed reporter system or were mutated in full length 

proteins fused to DsRed-monomer. Additional mutations were carried out to move the negative charge 

introduced by Glu to the P-1 position. Localization was tested in 293T cells. Scale bar represents 20 µm. 
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1 and P0 positions in NLSs or through enhancing nuclear transport by P-2 position 

phosphorylation. Several proteins will only appear in the nucleus of the daughter cells after a 

significant delay following dephosphorylation or de novo protein synthesis. Dephosphorylation 

in the cytoplasm may require some time and might be under yet another level of regulation, 

giving cells further plasticity in setting up their nuclear proteome composition. The exact 

purpose of this regulation might differ for each protein, and should be checked individually in 

detail. 
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4.3 NLS copy number variation governs efficiency of nuclear import: case study on 

dUTPases 

Intracellular localization of the nuclear isoform of the human dUTPase seems to be regulated 

by several different ways. We have seen thus far that calpain activation dependent proteolysis 

along with cell cycle dependent phosphorylation by Cdk1 limits dUTPase presence in the 

nucleus. Most dUTPases are homotrimeric enzymes, having one NLS on each subunit. This 

arrangement might give an opportunity to fine tune the already established ways of nuclear 

transport regulation. Namely each NLS could be altered individually meaning each could be 

inactivated through phosphorylation by Cdk1 or cleaved off by calpains. It is interesting to 

speculate whether dUTPases with different NLS copy number might have different efficiency 

in nuclear targeting. Having this interesting question in mind, here we focus on the peculiar 

occurrence of a pseudo-heterotrimeric dUTPase in Drosophila virilis that contains only one 

NLS and investigate its localization pattern as compared to the homotrimeric dUTPase isoforms 

of Drosophila melanogaster.  Although the interaction of individual NLSs with importin-α has 

been well characterized, the question how multiple NLSs of oligomeric cargo proteins could 

affect their trafficking has been less frequently addressed in adequate detail. We tried to exploit 

the exceptional characteristics of Drosophila dUTPases to evaluate the regulatory potential of 

NLS copy number in nuclear import.  

 

4.3.1 D. virilis has a single dUTPase isoform, corresponding to a pseudo-heterotrimer 

termed ‘ABC’ 

In D. virilis, genome annotations (Gene symbol: Dvir_GJ10455, Gene ID: 6627974) indicated 

the presence of a unique dUTPase where three copies of the dUTPase subunits are covalently 

linked in one continuous polypeptide (termed ABC pseudo-heterotrimer) with only one NLS 

on the N-terminal. Figure 25 shows the comparison of domain arrangement of the dUTPases 

from D. melanogaster and D. virilis, indicating the (potential) NLS segment (verified for D. 

melanogaster dUTPase in [110]), as well as the five characteristic conserved motifs of 

dUTPases (marked with roman numbers in the schematics).  
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Figure 25. Schematic representation of the dUTPase constructs used in this study 

Two homotrimeric dUTPase isoforms are present in D. melanogaster: a cytoplasmic isoform (termed “Cyto”) 

lacking the NLS signal, and a nuclear isoform (“Nuc”) containing NLSs on all three subunits. D. virilis is 

predicted to possess a unique dUTPase, consisting of three covalently linked dUTPase domains, forming a 

pseudo-heterotrimer (termed “ABC”) harboring only one NLS located at the N-terminus, as an extension to 

the “A” dUTPase domain. An artificial dUTPase construct (expected to form a homotrimer, termed “AAA”) 

was engineered, having three NLS signals. Schematics also show the position and the sequence of the NLSs 

along with the five characteristic conserved motifs of dUTPases (white boxes and roman numbers 

respectively). The specific C-terminal segment is also highlighted present only in Drosophila dUTPases. The 

linker region connecting the ABC pseudo-heterotrimer is labeled with an ‘L’. 
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To check the validity of the annotation, we looked at the mRNA and protein levels of D. virilis 

dUTPase. In silico prediction of splice sites with the Human Splicing Finder (Version 2.4.1) 

for the dUTPase gene in D. melanogaster (Gene symbol: Dmel_CG4584) gives a high 

probability hit for a splice site at the 5’ end. This is in accordance with currently available data 

regarding D. melanogaster transcript variants, with a nuclear (NM_135635.3) and a 

cytoplasmic (NM_001273442.1) isoform (Table A5). We have also found potential splice sites 

with lower probability in the D. virilis dUTPase gene, which could result in alternative splice 

variants, one lacking while the other having a single NLS (Table A5). We checked this 

possibility at both mRNA and protein level. The 5’ RACE (used to detect possible 5’ end 

splicing variants) products in Figure 26 show that both D. virilis embryos and ovary contain 

only one detectable dUTPase band, suggesting the presence of only one isoform. 5’ RACE 

products were subcloned and analyzed by sequencing. Based on the sequencing results we could 

conclude that only one isoform is expressed D. virilis which harbors the single NLS sequence 

on its N-terminal (Table A6). This was also confirmed at protein level since the D. virilis cell 

line (WR-Dv-1) contains only one dUTPase isoform, which we term ABC dUTPase, in contrast 

to the two isoforms of D. melanogaster. The single isoform present in D. virilis is associated 

with an apparent molecular mass of 59 kDa (Figure 26), in good agreement with the calculated 

molecular mass of the pseudo-heterotrimeric ABC dUTPase (55.7 kDa). D. virilis dUTPase 

detection was achieved by using the polyclonal antibody raised against D. melanogaster 

dUTPase [109] which is possible presumably due to the very close similarity of these two 

proteins (identity 73.82%, similarity 93.08%). Antibody specificity was confirmed by using 

purified recombinant D. virilis dUTPase constructs (Figure 26).  
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In order to address the effect of NLS copy number on dUTPase localization we designed 

dUTPase constructs which mainly differed only in the number of NLSs they possessed (Figure 

25). The ‘A’ subunit of the ABC pseudo-heterotrimer was cloned separately, which is expected 

to form the characteristic dUTPase homotrimer (AAA homotrimer, not present physiologically) 

possessing three NLSs. For comparison we used the two physiologically present isoforms of D. 

melanogaster dUTPase, corresponding to the NLS-lacking cytoplasmic and the NLS-

containing nuclear isoforms, and the physiologically relevant ABC pseudo-heterotrimer of D. 

virilis. These D. melanogaster isoforms also form homotrimers, as shown previously [109, 112, 

199, 200]. 

 

4.3.2 Nuclear targeting capability of dUTPases depend on the number of NLSs possessed 

 

Figure 26. Detection of possible D. virilis dUTPase isoforms with 5’ RACE and at protein levels  

(A) In embryos and ovaries, 5’ RACE results show a single dUTPase mRNA variant present. This corresponds 

to the pseudo-heterotrimer (ABC) sequence containing one NLS verified by sequencing (Figure S3). (B) 

Western blot analysis of D. melanogaster Schneider S2 and D. virilis WR-Dv-1 cell line. In S2 cells contain 

the nuclear [~23 kDa] and cytoplasmic [~21 kDa] dUTPase isoforms. WR-Dv-1 cells only have one band 

corresponding to an apparent molecular mass of 59 kDa as expected for the pseudo-heterotrimeric ABC 

dUTPase. Loading control of actin is also shown. (C) Polyclonal antibody raised against D. melanogaster 

dUTPase also reacts with the D. virilis dUTPase. The antibody specifically recognizes the endogenous ABC 

pseudo-heterotrimer in the WR-Dv-1 lysate since the recombinant protein gives a signal in the same height. 

Also the engineered AAA form (disintegrated into monomers in the gel) has a similar mass as the nuclear 

isoform of D. melanogaster. 
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4.3.2.1 dUTPase localization pattern in WR-Dv-1 cell line 

Localization studies were performed in a D. virilis derived cell line, WR-Dv-1 image where the 

same acquisition settings were applied for each construct. EGFP-labeled dUTPase constructs 

were transfected into cells and assayed for localization pattern (Figure 27). EGFP was applied 

as a control for homogenous cellular distribution, since its molecular mass of 26.94 kDa permits 

passive diffusion through the nuclear pore complex. The EGFP-labeled D. melanogaster 

isoforms, however, show organelle-specific distribution, either strictly in the cytoplasm or in 

the nucleus. The three NLS containing D. melanogaster isoform is exclusively nuclear. Similar 

strict nuclear localization could be observed for the homotrimeric D. virilis AAA dUTPase (also 

containing three NLSs). However, the one NLS containing D. virilis ABC pseudo-heterotrimer, 

is present in both compartments. Quantitative organellar distribution of the respective proteins 

were also determined by measuring the ratio of the relative amount of EGFP fluorescence 

present in the nucleus and the cytoplasm (Figure 27B). If there is no direct preference for the 

nuclear or the cytoplasmic compartment (homogenous distribution), the Fn/c ratio is around 1, 

as seen for EGFP (Fn/c ratio: 1.23) when expressed alone. The exclusive distribution of the D. 

melanogaster isoforms is also very well reflected in the Fn/c ratios of around 5.10 and 0.81 for 

the nuclear and cytoplasmic dUTPases, respectively. AAA construct with three NLSs is more 

predominant in the nucleus (Fn/c ratio: 3.58), while the ABC protein with only one NLS shows 

considerable presence in the cytoplasm (Fn/c ratio: 2.03) having statistically significant 

difference in the cellular distribution among the two. As controls we have also made NLS-

lacking constructs (ΔNLS-AAA and ΔNLS-ABC). This shows that the indicated segments 

(identified from sequence similarities) are functional NLSs, since these constructs are less 

nuclear compared to their pairs with not having the deletion. Compared to the nuclear D. 

melanogaster dUTPase isoform, the AAA construct has a smaller Fn/c ratio. D. virilis lacks the 

N-terminal proline residue as well as the C-terminal isoleucine-aspartate dipeptide at the two 

ends of its NLS which were shown previously to have great contribution to effective nuclear 

targeting in D. melanogaster [110]. Figure 27C shows that the protein level of AAA and ABC 

constructs were similar in the imaged samples. 

AAA and ABC proteins were also tagged with AU1 (sequence: DTYRYI), which is much 

smaller compared to EGFP, to exclude potential perturbing effects of the size of the tag used 

(Figure 28A). We saw no difference in the localization pattern of the constructs when 

comparing to the EGFP-tagged versions. This is also reflected in the almost same Fn/c ratios 

for AAA-AU1 and ABC-AU1 proteins (3.61 and 2.02 respectively) as the GFP tagged 

constructs (Figure 28B).  
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Figure 27. NLS copy number dependent localization pattern of EGFP-tagged Drosophila dUTPase 

constructs 

(A) Images were taken of WR-Dv-1 cells. D. melanogaster isoforms are strictly nuclear (N) or cytoplasmic 

(C). In the case of D. virilis, the engineered “AAA” homotrimer with three NLS sequences is exclusively 

nuclear (N) while the “ABC” pseudo-heterotrimer with only one NLS is mainly present in the nucleus but is 

also observable in the cytoplasm (Nc). Construct lacking the NLS are less nuclear or fail to enter the nucleus. 

DNA was stained with DAPI and the nuclear envelope was visualized by lamin Dm0 staining. Scale bar 

represents 20 µm. (B) Relative subcellular localization of the constructs are given in the graph showing the 

Fn/c ratios (± standard error of the mean), where ‘n’ gives the number of analyzed cells. (C) Western blot 

showing similar total level of the AAA and ABC constructs used during imaging. Membrane was also 

developed against tubulin as loading control. Asterisks indicate the specific band (identified by the correct 

molecular masses).  
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4.3.2.2 Localization studies in mammalian cell lines 

The cellular distribution patterns observed in insect cell lines were also investigated in three 

different mammalian cell lines (Figure 29). The high conservation of the nuclear import 

machinery [201, 202] allows us to investigate the cellular distribution patterns observed in 

insect cells also in mammalian cells. There is a clear advantage of using epithelial or fibroblast 

like mammalian cells since they have more easily observable nuclear and cytoplasmic 

compartments. Also we wished to address the question whether NLS copy number differences 

have a significant effect on nuclear targeting potency in mammals. When comparing the EGFP 

labeled AAA and ABC D. virilis constructs the same localization pattern can be seen as 

observed in the WR-Dv-1 cell line. This also indicates the universal character of the effect of 

NLS copy number variation on nuclear targeting efficiency. 

 

Figure 28. NLS copy number dependent localization pattern of AU1-tagged Drosophila dUTPase 

constructs 

(A) The intracellular distribution of AU1-tagged D. virilis and D. melanogaster dUTPase constructs were 

visualized in WR-Dv-1 cells. To aid visual inspection of the localization pattern, DNA was stained with DAPI 

and the nuclear envelope was visualized by lamin Dm0 staining. Scale bar represents 20 µm.  

(B) Image analysis to quantify relative subcellular localization of AU1-tagged constructs were also performed. 

Fn/c ratios (± standard error of the mean) are shown in the graph, where ‘n’ gives the number of analyzed cells. 
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4.3.2.3 Localization of endogenous proteins 

D. virilis ABC, AAA constructs and the D. melanogaster dUTPase isoforms showed discrete 

characteristics regarding their localization pattern in cell lines overexpressing these constructs. 

However, we also wished to compare the localization of the physiologically occurring 

endogenous dUTPases (Figure 30) among D. melanogaster and D. virilis cell lines and tissues. 

To aid visual inspection DNA was stained with DAPI, to outline the nucleus, along with lamin 

(Dm0) staining, to highlight the nuclear envelope, and F-actin staining to outline the cell 

membrane and the cellular cytoskeleton. dUTPase is present in both the cytoplasmic and 

nuclear compartment with the latter being more pronounced both in tissues and cell lines. This 

observation is consistent among the two species however it is achieved by different 

mechanisms. In D. melanogaster two isoforms, that are strictly dedicated to the respective 

compartments, are required to maintain the balanced presence of dUTPase in the nucleus and 

the cytoplasm. In D. virilis, however, the single ABC dUTPase can provide enzyme presence 

Figure 29. NLS copy number dependent localization pattern of EGFP-tagged Drosophila dUTPase 

constructs in mammalian cells 

Distribution of the EGFP-tagged Drosophila dUTPase constructs were addressed in 293T-HEK, HeLa and 

COS7 cell lines. AAA dUTPase construct is solely nuclear (N), while the ABC pseudo-heterotrimeric construct 

is predominantly nucleular but is also observable in the cytoplasm (Nc). The control EGFP is evenly distributed 

between the nucleus the. Scale bar represents 20 µm. 
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in both compartments. The weakened specificity of cellular distribution for the ABC dUTPase 

may be considered to be an advantage allowing nucleocytoplasmic distribution with just one 

protein isoform. 

 

 

 

 

 

4.3.3 NLS copy number dictates stoichiometry in importin-α:dUTPase complexes 

In case of the nuclear isoform of the human dUTPase we have seen that each NLS is capable 

of importin-α simultaneously. However was not evident since earlier publications based on 

small angle X-ray scattering measurements suggest that the three N-terminal flexible segment 

Figure 30. Comparison of localization pattern of endogenous dUTPases in D. melanogaster and D. 

virilis cell lines and tissues 

Endogenous dUTPase isoforms were stained in both D. melanogaster (S2) and D. virilis (WR-Dv-1) derived 

cell lines as well as in D. melanogaster and D. virilis larval wing discs. To aid visual inspection, DNA was 

stained with DAPI, the nuclear envelope was visualized by lamin Dm0 staining, and cell boundaries are 

highlighted by phalloidin-TRITC staining for F-actin. Image analysis to quantify relative subcellular 

localization in the cell lines were also performed. Fn/c ratios (± standard error of the mean) are shown in the 

graph, ‘n’ denotes the number of cells analyzed. Scale bar represents 20 µm. 
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of the subunits (each containing the NLS) seems to be protruding in one direction [199]. So it 

could be possible that not all NLSs are accessible for importins at the same time. We used 

different biophysical methods to characterize the interaction of AAA and ABC dUTPases with 

importin-α, a major karyopherin protein responsible for nuclear import of classical NLS-

containing cargo proteins. 

 

4.3.3.1 Analytical gel filtration and native-PAGE 

The AAA construct indeed forms a homotrimer based on the data from size-exclusion 

chromatography experiments. It elutes at a similar position to ABC dUTPase and importin-α 

(which almost has an identical molecular weight as the trimeric dUTPases) (Figure 31A and 

B). A molecular species with higher molecular mass arises when AAA or ABC dUTPases and 

importin-α are mixed, suggesting complex formation. The chromatography profile of the two 

putative complexes markedly differ proposing alterations in the complex composition (Figure 

31A and B). The AAA dUTPase:importin-α complex has a slightly earlier elution peak, 

indication of having a higher molecular mass. In addition, the chromatography profile for the 

AAA dUTPase:importin-α complex is highly asymmetric, hinting the possibility of formation 

of multiple species with different molecular masses. Observations made based on the 

chromatograms are also evident when looking at the SDS-PAGE analysis of the fractions 

(Figure 31B). When applying the protein mixtures the elution peaks contain both dUTPase and 

importin-α, reinforcing the suggestion for complex formation. 

 

 

 

 

Figure 31. Size-exclusion chromatography analysis of complex formation between dUTPase constructs 

and importin-α 

(A). Size-exclusion chromatograms of D. virilis AAA dUTPase, ABC dUTPase, importin-α alone and their 

mixtures. (B) Fractions of the size-exclusion chromatography were analyzed on SDS-PAGE.  
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The capability of AAA to form multiple species of possible complexes with importin-α were 

also investigated in native gel electrophoresis experiments. Figure 32A and B shows that 

multiple oligomeric forms are present in the AAA dUTPase:importin-α mixtures while only 

one species can be distinguished in the ABC dUTPase:importin-α mixtures. 

 

 

 

 

4.3.3.2 Isothermal titration microcalorimetry 

Isothermal titration microcalorimetry was applied to get quantitative thermodynamic insights 

about the complex formation between the D. virilis dUTPase constructs and importin-α (Figure 

33A). Dissociation constant, molar enthalpy as well as the entropy of the interactions are very 

similar for both AAA dUTPase:importin-α and ABC dUTPase:importin-α complexes (Figure 

33C). The molecular binding ratio (‘n’ values) indicating the stoichiometry of the complexation, 

is the same for the two construct, showing that each NLS could be occupied by importin-α 

(Figure 33C) under ideal conditions. Similarly to dUTPase all five NLSs of nucleoaplasmin 

could to be bound by importins [203]. The interaction between importin-α and the NLS deleted 

constructs (ΔNLS-AAA and ΔNLS-ABC) were fully abolished under the used conditions 

(Figure 33B). We could conclude that the NLS is responsible for the interaction with importin-

α of these constructs, hence the most plausible explanation for the stoichiometry data is that the 

ABC pseudo-heterotrimeric dUTPase binds one importin-α molecule with its single NLS 

whereas the AAA homotrimeric dUTPase binds three importin-α molecules with the three 

NLSs. 

 

Figure 32. Native-PAGE analysis of complex formation between dUTPase constructs and importin-α 

(A) AAA dUTPase or (B) ABC dUTPase constructs and importin-α were subjected to native gel 

electrophoresis either alone or in mixtures, as indicated. Note the appearance of new bands when the proteins 

are applied in mixtures, indicating complex formation. 
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 C 

ITC measurements *   

 AAA ABC 

N (molar binding ratio) 0.49 ± 0.01 0.44 ± 0.01 

Kd (µM) 2.2 ± 0.3 1.8 ± 0.4 

ΔH (kcal mol-1) -15.6 ± 0.5 -11.1 ± 0.5 

ΔS (cal mol-1 K-1) -27.0 -11.6 

* Reliability of the fittings are shown by the error values. Protein concentrations 

correspond to monomers. 

 

 
Taking into account the similar Kd values, the difference in the cellular localization pattern 

between the two construct thus most likely come from the fact that the AAA construct, having 

three NLSs, can compete more efficiently for importin-α in the intracellular environment. We, 

therefore, directly show that NLS copy number in oligomers (avidity) [204] may contribute to 

the regulation of nucleocytoplasmic trafficking along with the affinity of the NLSs [40]. Thus 

NLS copy number variation can have a significant effect on nuclear transport efficiency and 

could provide an additional level of regulation which eukaryotes could utilize in fine tuning 

their transport processes.

Figure 33.Thermodynamic analysis of complex formation between dUTPase constructs and importin-α 

(A) shows titration data for AAA dUTPase:importin-α and ABC dUTPase:importin-α. (B) shows titration data 

for ΔNLS AAA dUTPase:importin-α and ΔNLS ABC dUTPase:importin-α. Top graphs present baseline-

corrected timeline; bottom graphs show the integrated data (black square) and where binding data are observed, 

the fit of the binding isotherm by an “independent binding sites” model is also shown (solid line). (C) Values 

extracted are shown in the table. Note that for these calculations, the AAA concentration given corresponds to 

the concentration of AAA monomers. 
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5. Conclusion 

 

Eukaryotes have achieved a great new potential in regulating their biochemical processes by 

establishing a new subcellular compartment, the nucleus.  By separating their genome, 

replication, transcription and related processes into a newly defined compartment lead to the 

possibility of using means of spatial regulation not available to prokaryotes. The nuclear 

envelope, the barrier that separates the distinctive composition of the nucleus and the 

cytoplasm, is selectively permeable to macromolecules of the cell. Proteins greater than ~40 

kDa can only pass through the nuclear pore complex (NPC) with active transport processes, 

while molecules that are smaller could theoretically enter the nucleus by passive diffusion. This 

selective regulation on bidirectional transport rely on active transport processes carried out by 

transport proteins (like the karyopherin protein family) which recognize the appropriate 

targeting signals on the cargo protein called the nuclear localization signal (NLS). dUTPases 

are no exception since their usual molecular weight (~55 kDa for the homotrimer) suggest the 

need of active transport mechanism to enter the nucleus. This was demonstrated in previous 

works addressing the sequence requirements for dUTPase nuclear transport in Drosophila [110] 

or in humans [104]. As described in section 1.2.2 in detail, vertebrates have a dedicated 

dUTPase isoform present in all compartments where DNA synthesis occurs, namely in the 

nucleus and in the mitochondria. There is no clear evidence to date that dUTPase has to be 

present in these dedicated compartments in order to maintain genomic integrity, however the 

conserved nature of the localization pattern argues for the fact that dUTPase has to be properly 

localized for adequate function. In this work we have seen that the nuclear localization of the 

human dUTPase is regulated through several aspects from limited proteolytic digestion to Cdk1 

mediated phosphorylation. 

The human dUTPase is a substrate of m-calpain based on in vitro digestion assays. The discrete 

cleavage sites were identified by mass spectrometry and are restricted to three positions on the 

N-terminal end of dUTPase which is characterized by high degree of conformational freedom. 

Due to this proteolytic event dUTPase might lose its NLS signal which would lead to the 

cytoplasmic retention of the enzyme. Cells activated by calcium have reduced dUTPase pools 

after 24 hours, possibly because m-calpain can only get access to the nuclear proteome during 

cell division. We were unable to detect fragments perhaps due to the destabilization of the 

enzyme and further proteolytic events as detailed in section 4.1.3, though this hypothesis needs 

further experimental confirmation. Our current results argue for the fact that calpain activation 
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might limit dUTPase nuclear availability, linking dUTPase levels to the several cellular 

pathways in which calpain signaling is involved. 

 

Proteolytic activity is not the only mechanism which limits dUTPase presence in the nucleus. 

As we have shown Cdk1 phosphorylation, linked to the M-phase of the cell cycle, disrupts the 

nuclear accumulation of dUTPase. A mutant with glutamic acid substitution, mimicking the 

phosphorylated serine residue (S11E) in the vicinity of the NLS, is solely cytoplasmic and never 

enters the nucleus. Video microcopy revealed that this phosphorylation has an effect on the 

nuclear dUTPase pool of the daughter cells. In G1-phase dUTPase gets re-imported into the 

nucleus only after a significant delay compared to the non-phosphorylatable mutant (S11Q), 

which immediately accumulates in the nucleus once the new nuclear envelope is formed. 

However, the nuclear import rate for the WT is similar to the S11Q mutant dUTPase once it is 

licensed to enter the nucleus. Further work is needed to be done to understand the exact role 

why dUTPase levels are limited in the nucleus in the beginning of G1-phase by Cdk1 and to 

find the putative phosphatase that licenses dUTPase nuclear re-entry. We hypothesize that even 

though the substrate (dUTP) and products (dUMP + PPi) can freely shuttle among the 

compartments, dUTPase needs to maintain low levels of dUTP/dTTP ratio locally, at sites of 

DNA synthesis during replication and repair. It has been shown that the enzymes involved in 

de novo thymidylate biosynthesis (TYMS, DHFR, SHMT1 and SHMT2α) also have to 

translocate to the nucleus to prevent uracil incorporation into DNA during S-phase (as detailed 

in section 1.2.1.1). This might also apply for dUTPase, but this needs further experimental 

evidence. To investigate this issue, a dUTPase conditional knock-out cell line might be used to 

be rescued by dUTPase constructs differing in nuclear translocation capability. Such 

experiments are currently being conducted. 

Phosphorylation at the S11 residue by Cdk1 inhibits nuclear accumulation because it disrupts 

the interaction between dUTPase and importin-α, the adaptor karyopherin protein responsible 

for classical NLS dependent nuclear entry. The characteristics of the complex have been 

investigated with various biophysical methods as detailed in section 4.2.2. Most importantly, 

based on ITC measurements, there is only one order of magnitude difference between the Kd 

value of the WT and S11E dUTPase:importin-α complex, resulting in such drastic effects in the 

cell. Functional NLSs have dissociation constants for importin-α binding in the range of 10 nM 

to 1-3 µM based on the work of Hodel and his colleagues [38, 40]. If the affinity of a certain 

cargo:importin-α interaction is close to the minimal affinity limit for a functional NLS, a 

mutation or posttranslational modification resulting in a small difference can have a 
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considerable effect. On the other hand, if the Kd value is close to the high affinity limit, a much 

more drastic alteration of the NLS would be required to make it non-functional. The ~ 0.8 µM 

Kd value of the WT and the S11Q compared to the ~ 10 µM Kd value of the S11E mutant 

dUTPase supports this explanation. It is also worth to notice that the Kd value of the D. virilis 

ABC dUTPase and the AAA dUTPase with importin-α in around ~ 2 µM and are less nuclear 

compared to the human WT dUTPase, which is especially evident in case of the ABC protein 

having only one NLS. The amount of NLSs a macromolecule harbors is also a key feature and 

will be addressed later. 

The structure of phosphorylation mimicking (S11E) and WT-NLS peptides derived from 

human dUTPase in complex with importin-α, sheds light on the molecular detail how the 

complex is weakened by a P-1 position phosphorylation. The S11E mutation altered the 

conformation of the highly conserved R15 in the P2 position of the NLS, leading to a change 

in the binding arrangement of the peptide in the importin-α NLS binding groove and to a loss 

of interaction between the P12 and R15 NLS residues and the importin-α surface (detailed in 

section 4.2.2.5). 

Recent publications also showed that cytoplasmic retention factors (such as BRAP2), 

specifically recognizing phospho-NLSs, contributing to the fine-tuning of the localization of 

several known proteins [56, 57]. Whether dUTPase might also fall under such additional mode 

of regulation will have to be investigated in the future. 

The universal nature of phosphorylation regulated nuclear transport motivated us to search for 

other putative human proteins which might have Cdk1 regulated cell-cycle specific localization 

pattern similar to dUTPase. Kushogi and his colleagues have found several yeast protein 

candidates, where nuclear import was inhibited by Cdc28 dependent phosphorylation [156]. So 

we aimed to find human proteins with our own screening method. By applying an in silico 

screening, searching for proteins with NLSs having a Cdk1 consensus phosphorylation site in 

their P0 and P-1 position, we have found 92 candidates (Table A3) falling under the criteria. 

Eleven of these were experimentally validated by our NLS reporter assay, all showing 

significantly altered nuclear accumulation if the predicted phosphorylation was mimicked by 

glutamic acid substitution. The selected hits vary in cellular function, ranging from transcription 

and cell cycle regulation, DNA damage response pathway proteins to RNA editing, showing 

the widespread nature of this regulation. In summary cell cycle-dependent changes in the 

nuclear proteome are of utmost importance in the prompt regulation of cellular events, and 

kinases like Cdk1 cooperate to control the cell cycle dynamics. After cell mitosis, daughter cells 

form their own nuclear envelope and start off with a limited set of proteins that remain strictly 
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adherent to the chromosomes during cytokinesis [205]. Cells with open mitosis thus have the 

unique opportunity of re-setting the protein composition within the nucleus of daughter cells. 

We conclude that Cdk1-driven phosphorylation at P-1 or P0 positions of the NLSs makes a 

significant contribution to this re-shaping process of the nuclear proteome after M-phase, by 

potentially inhibiting the transport of several substrates, while phosphorylation in the P-2 

position enhances nuclear re-import. 

dUTPases form homotrimers, as it is the characteristic and evolutionary conserved structure of 

this proten family in most organisms (detailed in section 1.2.2). This means that in case of the 

nuclear isoforms each subunit has an NLS. It is interesting to speculate that by modulating each 

of these NLSs individually, either by phosphorylation or by proteolytic cleavage, cells can fine 

tune the efficiency of the nuclear accumulation of the enzyme. We have used Drosophila 

dUTPases, having unique features, to try to address these questions. We have shown that the 

number of NLSs present on different Drosophila dUTPases is in correlation with the efficiency 

of nuclear accumulation of the different proteins. Isoforms not having NLSs could not enter the 

nucleus (cytoplasmic D. melanogaster dUTPase) since their size (~ 60 kDa) does not permit 

passive diffusion through the NPCs. The three NLSs containing homotrimeric dUTPases (D. 

melanogaster nuclear dUTPase isoform and the engineered D. virilis AAA dUTPase), are 

exclusively nuclear. However, the D. virilis ABC dUTPase (the endogenous form) harboring 

only one NLS, is found in both the nuclear and the cytoplasmic compartment. This feature 

provides dUTPase availability in the nucleus as well as in the cytoplasm relying on the single 

D. virilis isoform, whereas in D. melanogaster, two isoforms are present to perform this task. 

In the future it would be interesting to address the question how this interesting genomic 

arrangement of the dUTPase gene have formed during evolution.  

It seems that each of the three NLSs of the D. virilis AAA homotrimer is capable of binding 

one importin-α molecule (detailed in section 4.3.3) showing that the NLS copy number dictates 

the stoichiometry of the dUTPase:importin-α complex formation. Previous results in the 

literature show that import characteristics of the cargo are mainly regulated through the affinity 

and the concentration of the cargo and importins [15, 18, 40]. So enhanced nuclear 

accumulation might be achieved because a protein with three NLSs may capture an importin-α 

molecule more efficiently and spend a greater fraction of time bound to it. This increases the 

probability of recruiting importin-β and of being delivered across the nuclear pore complex, 

compared to a protein having only one NLS with the same affinity. These results could apply 

for most know nuclear oligomers and should be taken into account when investigating their 

nuclear transport processes.
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6. Summary 

Maintaining genomic integrity relies on the precise control of intracellular dNTP levels during 

replication and DNA repair. dUTPases have a major role in this process by maintaining low 

dUTP/dTTP levels, preventing genomic uracil incorporation. Thus dUTPase function is 

strongly linked to sites where DNA synthesis occurs, as could be also seen for the enzymes 

involved in de novo thymidine biosynthesis. Accordingly two distinct dUTPase isoforms exists 

in higher order eukaryotes, one localized in the nucleus and the other usually in the 

mitochondria. Transport into both compartments is highly regulated for macromolecules 

exceeding a size limit which also applies for dUTPase. We have been investigating the 

nucleocytoplasmic trafficking of dUTPases. Our results show that the human nuclear isoform 

is phosphorylated by Cdk1 in the vicinity of the NLS in G2/M-phase. After division this leads 

to the delayed nuclear re-entry of dUTPase in the daughter cells in G1-phase, reaching 

maximum nuclear accumulation rates at S-phase when replication is initiated. Phosphorylation 

perturbs the complex formation among dUTPase and importin-α. We have described the 

molecular details of this interaction by several biophysical methods and we also managed to 

solve the crystal structure of the dUTPase NLS peptide:importin-α complex, showing how 

phosphorylation in the P-1 position disrupts complex formation. In case of dUTPase it is 

important to consider the fact that the protein has three NLSs due to its homotrimeric structure. 

Using the adequate physiological models constituted by Drosophila dUTPases we have shown 

that this significantly enhances its nuclear import due to the fact that it could compete for free 

importin-α more efficiently with other proteins in the cellular environment. Generally we could 

conclude that besides affinity among components of the transport mechanism, and their relative 

concentrations, NLS copy number also has an important role in the regulation of nuclear 

transport regulation. The nuclear presence of dUTPase might also be regulated through 

proteolytic events mediated by m-calpain, which cleaves off the NLS, probably initiating the 

degradation of the protein later on. We have also tried to generalize or findings by using an in 

silico screening to find novel Cdk1 substrates where a phosphorylation in the appropriate 

position (P0 and P-1) inhibits nuclear translocation. Our findings include several hits which 

have a major role in the regulation of cell cycle, DNA damage response and transcription. Thus 

Cdk1 has a general role in influencing the nuclear proteome composition of the daughter cells 

after division, giving cells an additional level of plasticity to re-construct their nuclear 

environment depending on their momentary needs. 
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7. Összefoglalás 

A genomi integritás megőrzéséhez elengedhetetlen a nukleotid készlet helyes arányának 

fenntartása a replikáció és DNS hibajavítás alatt. Ebben kiemelt jelentősége van a dUTPáznak, 

azáltal, hogy alacsony szinten tartja a dUTP/dTTP arányt, meggátolva ezzel a genomi uracil 

beépülést. Funkciójánál fogva erősen köthető azokhoz a kompartmentumokhoz, ahol DNS 

szintézis történik. Általánosságban a magasabb rendű eukariótáknak egy magi és egy 

mitokondriális dUTPáz formája van. Mindkét kompartmentumba szabályozott keretek között 

juthatnak be a makromolekulák, ami alól a dUTPáz sem kivétel. Munkánk során a humán 

dUTPáz magi transzportjának szabályozását igyekeztünk feltárni. Eredményeink azt mutatják, 

hogy a magi izoformát az S11-es pozícióban, ami az NLS közvetlen környezetében található, a 

Cdk1 kináz specifikusan foszforilálja a sejtciklus G2/M-fázisában. Ennek hatására, a dUTPáz, 

osztódást követően időben késleltetve lesz képes újra feltölteni a sejtmagot a leánysejtek a G1-

fázisában, és csupán az S-fázisra, a replikáció idejére, éri el a magi felhalmozódás a maximális 

értéket. A foszforiláció az importin-α-val való kölcsönhatás gyengítése révén fejti ki hatását. A 

kölcsönhatás molekuláris részleteit számos biofizikai módszerrel jellemeztük. Sikerült 

megoldanunk a dUTPáz NLS peptid:importin-α kristályszerkezetét, ami betekintést ad arra, 

hogy egy P-1 pozícióban lévő foszforiláció miként teszi tönkre a komplex formálódását. A 

dUTPáz esetén fontos figyelembe venni, hogy a fehérjecsaládra jellemző homotrimer 

szerkezete miatt három NLS-el rendelkezik. Ez elősegíti a hatékony magi transzportját, hiszen 

feltételezhetően így nagyobb hatékonysággal verseng a többi fehérjével szabad importin-α-ért 

a zsúfolt celluláris környezetben, amit Drosophila dUTPázok segítségével bizonyítottunk. 

Általánosan elmondható, hogy az NLS affinitás, és a transzportban résztvevő komponensek 

koncetrációja mellett, az NLS kópiaszámnak is kiemelt szerepe van a magi 

transzportfolyamatok szabályozásában. A humán dUTPáz magi jelenlétét az m-kalpain általi 

limitált proteolízis is befolyásolhatja, ami a dUTPáz NLS-ét eltávolítja, és feltehetőleg 

későbbiekben az egész fehérje degradálódik. A dUTPáz példájából kiindulva a 

megfigyeléseinket megpróbáltuk általánosítani is. In silico szűréssel számos új humán Cdk1 

szubsztrátot találtunk, melyek megfelelő pozíciójában (P-1 és P0) a foszforiláció gyengíti vagy 

tönkreteszi azok magba jutását, melyeket laboratóriumi kísérletekben is igazoltunk. A talált 

fehérjék kiemelt fontossággal bírnak a sejtciklus, DNS hibajavítás és egyéb folyamatok 

szabályozásban. A Cdk1 ezáltal befolyásolhatja az osztódást követően a leánysejtek magi 

proteom összetételét, egy sejtciklushoz köthető dinamizmust biztosítva a rendszernek, hogy a 

sejtek a mindenkori igényeknek megfelelően építhessék újra a magi fehérjekészletüket.
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10. Appendix 

 

Table A1. List of peptides identified by mass spectrometry of calpain digested dUTPase from gel bands 3 

and 4 of Figure 6. 

 

Peptides with non-tryptic cleavage sites, generated by calpain digestion, are shown in bold on light grey 

background. Start and end positions are numbered according to the human dUTPase sequence. Residues in 

parentheses are the N- and C-terminal neighboring residues of the protein (not present in the peptides). Error 

indicates the difference between the measured and calculated peptide masses. Modifications are also noted. z, 

charge, m/z, mass normalized to charge. 

 

m/z  z  Error/Da Peptide  Start End 

529.8700 2 0.098 (S)EETPAISPSK(R) 5 14 

607.9600 2 0.14 (S)EETPAISPSKR(A) 5 15 

428.3200 2 0.064 (T)PAISPSKR(A) 8 15 

434.3700 3 0.14 (R)ARPAEVGGM(Oxidation)QLR(F) 16 27 

642.9900 2 0.14 (R)ARPAEVGGMQLR(F) 16 27 

537.3800 2 0.11 (R)PAEVGGM(Oxidation)QLR(F) 18 27 

529.3600 2 0.083 (R)PAEVGGMQLR(F) 18 27 

361.6500 3 0.13 (R)LSEHATAPTR(G) 31 40 

485.3300 2 0.089 (L)SEHATAPTR(G) 32 40 

1092.6900 2 0.19 (R)AAGYDLYSAYDYTIPPM(Oxidation)EK(A) 45 63 

723.5100 3 0.18 (R)AAGYDLYSAYDYTIPPMEK(A) 45 63 

776.1300 2 0.24 (K)TDIQIALPSGC(Carbamidomethyl)YGR(V) 68 81 

853.6000 2 0.19 (K)HFIDVGAGVIDEDYR(G) 92 106 

626.0900 2 0.24 (R)GNVGVVLFNFGK(E) 107 118 

502.0000 2 0.23 (R)IAQLIC(Carbamidomethyl)ER(I) 129 136 

1034.2900 2 0.29 (R)IFYPEIEEVQALDDTER(G) 137 153 
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Table A2. Crystallographic data collection and refinement statistics 

 

 dUTPase NLS WT dUTPase S11E mutant 
PDB ID 4FDR 4FDS 
Data Collection   
Space group P212121 P212121 
Unit cell parameters   
    a, b, c (Å) 77.88, 89.99, 99.73 78.03, 89.95, 99.44 
Resolution (Å) 99.73- 2.10 (2.21-2.10) a 99.44-1.88 (1.98-1.88) a 
Total No. of reflections 238847 (34586) a 421273 (61134) a 
No. of unique reflections 41431 (5965) a 57564 (8321) a 
Redundancy 5.8 (5.8) a 7.3 (7.3) a 
Completeness (%) 99.4 (100.0) a 99.9 (100.0) a 
<I/σ(I)> 10.8 (2.3) a a 25.8 (2.4) a 
Rmerge b 0.101 (0.794) 0.049 (0.806) a 
Refinement   
No. of Impα/ peptide molecules 
in the asymmetric unit 

1/ 2 1/ 2 

No. of protein atoms 3244 3252 
No. of dUTPase peptide atoms/ 
water 

150/ 220 141/ 378 

Rcryst/Rfree (%) c 19.9/ 23.4 17.4/ 19.4 
Luzzati plot coordinate error  (Å) 0.286 0.221 
Average B factors (Å2)   
Wilson B factor  (Å2) 34.48 31.53 
Protein/ peptide/ water 49.05/ 58.13/ 48.35 38.84/ 49.28/ 45.2 
R.m.s deviations from ideal 
values 

  

   Bond lengths (Å) 0.007 0.014 
   Bond angles (°) 1.049 1.376 
Ramachandaran plot (%) d   
   Favoured region 99.3 99.09 
   Allowed region 0.7 0.91 
   Disallowed region 0.0 0.0 

 
a Values in parenthesis are for the highest resolution shell. 

b Rmerge = ∑hkl(∑i(|Ihkl,i-<Ihkl>|))/∑hkl,i <Ihkl>, where Ihkl,i is the intensity of an individual measurement of the reflection 

with Miller indices h, k and l, and <Ihkl> is the mean intensity of that reflection. Calculated for I > -3σ(I). 
c Rwork =  ∑hkl(||Fobshkl|-|Fcalchkl||)/|Fobshkl|, where |Fobshkl| and |Fcalchkl| are the observed and calculated structure 

factor amplitudes. Rfree is equivalent to Rwork but calculated with reflections (5 %) omitted from the refinement 

process. 

d Calculated by the program Molprobity [206].  
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Table A3. List of all the hits from the screening with proteins harboring a predicted cNLS and a predicted 

Cdk1 phosphorylation site at the P0 position or P-1 position. 

The table excludes isoforms. Proteins for which the indicated phosphorylation site was experimentally confirmed 

according to the Phosida database (http://www.phosida.com/) are indicated in italics.  

 

P0 position 

Uniprot 
Phosphorylation 

position 
NLS 

sequence 
Protein name Gene name 

SNPs at P0 
position 

Q9H9L7 22 SPKRRRCA Akirin-1 AKIRIN1 C1orf108   

Q53H80 21 SPKRRRCA Akirin-2 AKIRIN2 C6orf166   

Q15699 129 SSKKRRHR ALX homeobox protein 1 ALX1 CART1   

Q13535 428 SPKRRRLS 
Serine/threonine-protein kinase 

ATR 
ATR FRP1   

Q9NYF8 114 SPKRRSVS 
Bcl-2-associated transcription 

factor 1 
BCLAF1 BTF KIAA0164   

Q9H0E9 77 TPKRKRGE 
Bromodomain-containing 

protein 8 
BRD8 SMAP SMAP2   

Q96S94 400 SPKRRKSD Cyclin-L2 CCNL2 SB138   

O14646 1328 SSKRRKAR 
Chromodomain-helicase-DNA-

binding protein 1 
CHD1   

P49759 27 SHKRRKRS 
Dual specificity protein kinase 

CLK1 
CLK1 CLK    

Q8N684 417 SRKRHRSR 
Cleavage and polyadenylation 

specificity factor 
CPSF7   

Q13620 53 SAKKRKLN Cullin-4B CUL4B KIAA0695   

Q09472 12 SAKRPKLS Histone acetyltransferase p300 EP300 P300   

P17096 53 TPKRPRGR 
High mobility group protein 

HMG-I/HMG-Y 
HMGA1 HMGIY   

P52926 44 SPKRPRGR 
High mobility group protein 

HMGI-C 
HMGA2 HMGIC   

Q9NV88 564 SGKKRKRV Integrator complex subunit 9 INTS9 RC74   

O43679 254 TTKRRKRK LIM domain-binding protein 2 LDB2 CLIM1   

P43364 16 SIKRKKKR 
Melanoma-associated antigen 

11 
MAGEA11 MAGE11   

Q02078 496 SVKRMRMD 
Myocyte-specific enhancer 

factor 2A 
MEF2A MEF2   

Q06413 461 SVKRMRLS 
Myocyte-specific enhancer 

factor 2C 
MEF2C   

Q8N5Y2 334 TPKRRKAE Male-specific lethal 3 homolog MSL3 MSL3L1   

Q659A1 757 SKKRKKIR 
NMDA receptor-regulated 

protein 2 
NARG2 BRCC1 

UNQ3101/PRO10100 
  

O00712 268 SSKRPKTI Nuclear factor 1 B-type NFIB rs146765479 

O00567 556 SKKKRKFS Nucleolar protein 56 NOP56 NOL5A   

Q14207 1366 TTKKRKIE Protein NPAT NPAT CAND3 E14   
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Q7Z417 220 TPKKRKAR 
Nuclear fragile X mental 

retardation-interacting protein 2 
NUFIP2 KIAA1321 PIG1   

Q96QT6 240 SSKRRRKE PHD finger protein 12 PHF12 KIAA1523   

Q8TF01 551 SPKRKKRH 
Arginine/serine-rich protein 

PNISR 

PNISR C6orf111 SFRS18 
SRRP130 HSPC261 

HSPC306 
  

Q8NAV1 245 SPKRRSPS Pre-mRNA-splicing factor 38A PRPF38A   

Q13523 349 SPKRRSLS 
Serine/threonine-protein kinase 

PRP4 homolog 
PRPF4B KIAA0536 PRP4 

PRP4H PRP4K 
  

Q8NDT2 19 SAKRPRER 
Putative RNA-binding protein 

15B 
RBM15B OTT3   

Q96LT9 115 SEKKKRSD RNA-binding protein 40 
RNPC3 KIAA1839 RBM40 

RNP 
  

Q13127 541 TKKKKKVE 
RE1-silencing transcription 

factor 
REST NRSF XBR   

O15446 459 STKKRKKQ 
DNA-directed RNA polymerase 

I subunit RPA34 
CD3EAP ASE1 CAST 

PAF49 
  

Q14690 41 STKRKKSQ Protein RRP5 homolog PDCD11 KIAA0185   

Q9Y6X0 620 TKKRKRRR SET-binding protein SETBP1 KIAA0437   

O95104 442 SPKRRRSR 
 Arginine/serine-rich splicing 

factor 15 
SCAF4 KIAA1172 SFRS15   

O15042 991 TPKRSRRS 
U2 snRNP-associated SURP 

motif- containing protein 
U2SURP KIAA0332 SR140   

Q08170 391 SKKKKKED 
Serine/arginine-rich splicing 

factor 4 
SRSF4 SFRS4 SRP75   

Q16629 217 SPKRSRSP 
Serine/arginine-rich splicing 

factor 7 
SRSF7 SFRS7   

Q8IWZ8 378 TVKRKRKS 
SURP and G-patch domain-

containing protein 1 
SUGP1 SF4   

P54274 347 STKKKKES 
Telomeric repeat-binding factor 

1 
TERF1 PIN2 TRBF1 TRF 

TRF1 
  

Q12789 1214 SQKRKRLK 
General transcription factor 3C 

polypeptide 1 
GTF3C1   

Q01664 124 SPKRRRAE Transcription factor AP-4 TFAP4 BHLHC41   

Q15583 162 SGKRRRRG Homeobox protein TGIF1 TGIF1 TGIF   

Q13769 5 SSKKRKPK 
THO complex subunit 5 

homolog 
THOC5 C22orf19 

KIAA0983 
  

O15405 243 TPKKKKKK 
TOX high mobility group box 

family member 3 
TOX3 CAGF9 TNRC9   

Q9NPG3 187 SPKKRKLK Ubinuclein-1 UBN1   

Q5T4S7 3366 STKKSKKE 
E3 ubiquitin-protein ligase 

UBR4 
UBR4 KIAA0462 KIAA1307 

RBAF600 ZUBR1 
  

Q96RL1 29 SVKRKRRL 
BRCA1-A complex subunit 

RAP80 
UIMC1 RAP80 RXRIP110   

Q96JG9 3786 STKRKKGQ Zinc finger protein 469 ZNF469 KIAA1858   

P-1 positions 

Uniprot 
Phosphorylation 

position 
NLS 

sequence 
Protein name Gene names 

SNPs at P-1 
position 

Q9UIF9 1783 SPSKRRRL 
Bromodomain adjacent to zinc 

finger domain protein 2A 
BAZ2A KIAA0314 TIP5   

Q9NSI6 905 SPPKRRRK 
Bromodomain and WD repeat-

containing protein 
BRWD1 C21orf107 WDR9   
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Q8N684 416 SSRKRHRS 
Cleavage and polyadenylation 

specificity factor 
CPSF7   

Q13620 52 TSAKKRKL Cullin-4B CUL4B KIAA0695   

O75618 175 SQRKRRKS 
Death effector domain-

containing protein 
DEDD DEDPRO1 DEFT 

KE05 
  

Q9NPF5 459 SSVKKAKK 
DNA methyltransferase 1-

associated protein 1 
DMAP1 KIAA1425   

Q03001 1382 SPVKRRRM Dystonin 
DST BP230 BP240 BPAG1 

DMH DT KIAA0728 
  

Q92522 31 SPSKKRKN Histone H1x H1FX   

P02545 414 SVTKKRKL Prelamin-A/C LMNA LMN1   

Q15788 30 STEKRRRE Nuclear receptor coactivator 1 NCOA1 BHLHE74 SRC1   

Q14207 1365 STTKKRKI Protein NPAT NPAT CAND3 E14   

O94913 475 STRKRSRS 
Pre-mRNA cleavage complex 2 

protein Pcf11 
PCF11 KIAA0824   

Q8TF01 550 SSPKRKKR 
Arginine/serine-rich protein 

PNISR 

PNISR C6orf111 SFRS18 
SRRP130 HSPC261 

HSPC306 
  

Q8NDT2 18 SSAKRPRE 
Putative RNA-binding protein 

15B 
RBM15B OTT3   

Q13127 540 STKKKKKV 
RE1-silencing transcription 

factor 
REST NRSF XBR   

Q92766 161 SPLKRRRL 
Ras-responsive element-

binding protein 1 
RREB1 FINB   

Q9UQ35 2599 TPAKRKRR 
Serine/arginine repetitive matrix 

protein 2 
SRRM2 KIAA0324 SRL300 

SRM300 HSPC075 
  

Q08170 390 SSKKKKKE 
Serine/arginine-rich splicing 

factor 4 
SRSF4 SFRS4 SRP75   

Q01664 123 SSPKRRRA Transcription factor AP-4 TFAP4 BHLHC41   

O43763 153 TPPKRKKP 
T-cell leukemia homeobox 

protein 2 
TLX2 HOX11L1 NCX   

O43711 162 TPPKRKKP 
T-cell leukemia homeobox 

protein 3 
TLX3 HOX11L2 rs139496015 

Q5T4S7 3365 SSTKKSKK 
E3 ubiquitin-protein ligase 

UBR4 
UBR4 KIAA0462 KIAA1307 

RBAF600 ZUBR1 
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Table A4. Gene Ontology term enrichment report for hits from the screening with proteins harboring a 

predicted cNLS and a predicted Cdk1 phosphorylation site at the P0 position or P-1 position. 

The table shows the output of a GO enrichment analysis of proteins with predicted cNLSs and phosphorylation 

sites (72 proteins (isoforms excluded) from UniProtKB with 1310 unique biological process terms) relative to the 

complete human proteome (20246 proteins retrieved from UniProtKB with 10726 unique biological process terms) 

using Fisher’s exact test. The E-value is a Bonferroni corrected p-value. We only list GO terms with E-value < 

0.01. For each significant term, we also specify the number of assigned “hit” proteins vs. the “total” number found 

in the complete background set. 

 

E-value p-value GO term 
Hits/Total 

(with GO term) 
GO term description 

1.50E-17 1.40E-21 GO:0090304 39/1924 Nucleic acid metabolic process 

8.40E-14 7.83E-18 GO:0006139 39/2453 
Nucleobase-containing compound metabolic 
process 

1.50E-13 1.40E-17 GO:0016070 30/1298 RNA metabolic process 

7.50E-12 6.99E-16 GO:0045934 24/847 
Negative regulation of nucleobase-containing 
compound metabolic process 

9.30E-12 8.67E-16 GO:0051172 24/855 
Negative regulation of nitrogen compound 
metabolic process 

1.50E-11 1.40E-15 GO:0010467 30/1538 Gene expression 

1.90E-11 1.77E-15 GO:0034641 39/2871 Cellular nitrogen compound metabolic process 

3.20E-11 2.98E-15 GO:0051252 39/2916 Regulation of RNA metabolic process 

6.20E-11 5.78E-15 GO:0051253 22/741 Negative regulation of RNA metabolic process 

7.20E-11 6.71E-15 GO:0006807 39/2986 Nitrogen compound metabolic process 

2.30E-10 2.14E-14 GO:0044260 44/4028 Cellular macromolecule metabolic process 

3.90E-10 3.64E-14 GO:0006396 20/630 RNA processing 

4.80E-10 4.48E-14 GO:0019219 40/3341 
Regulation of nucleobase-containing compound 
metabolic process 

9.10E-10 8.48E-14 GO:0010468 39/3221 Regulation of gene expression 

1.10E-09 1.03E-13 GO:0051171 40/3422 
Regulation of nitrogen compound metabolic 
process 

2.30E-09 2.14E-13 GO:0010605 24/1098 
Negative regulation of macromolecule metabolic 
process 

3.40E-09 3.17E-13 GO:2000113 21/802 
Negative regulation of cellular macromolecule 
biosynthetic process 

3.70E-09 3.45E-13 GO:0031324 24/1123 Negative regulation of cellular metabolic process 

3.70E-09 3.45E-13 GO:0006397 16/386 mRNA processing 

6.50E-09 6.06E-13 GO:0010558 21/830 
Negative regulation of macromolecule 
biosynthetic process 

2.10E-08 1.96E-12 GO:0009892 24/1217 Negative regulation of metabolic process 

2.70E-08 2.52E-12 GO:0008380 14/300 RNA splicing 

3.60E-08 3.36E-12 GO:0031327 21/908 
Negative regulation of cellular biosynthetic 
process 

4.20E-08 3.92E-12 GO:0060255 41/4013 Regulation of macromolecule metabolic process 

4.40E-08 4.10E-12 GO:0045892 19/715 
Negative regulation of transcription, DNA-
dependent 

4.90E-08 4.57E-12 GO:0009890 21/923 Negative regulation of biosynthetic process 

7.30E-08 6.81E-12 GO:0006351 16/470 Transcription, DNA-dependent 

9.80E-08 9.14E-12 GO:0043170 44/4749 Macromolecule metabolic process 
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2.10E-07 1.96E-11 GO:0080090 41/4214 Regulation of primary metabolic process 

2.50E-07 2.33E-11 GO:0010629 19/790 Negative regulation of gene expression 

4.30E-07 4.01E-11 GO:0031323 41/4302 Regulation of cellular metabolic process 

7.10E-07 6.62E-11 GO:0006355 33/2829 Regulation of transcription, DNA-dependent 

8.40E-07 7.83E-11 GO:2001141 33/2846 Regulation of RNA biosynthetic process 

9.10E-07 8.48E-11 GO:0052472 6/21 Modulation by host of symbiont transcription 

9.10E-07 8.48E-11 GO:0043921 6/21 Modulation by host of viral transcription 

9.20E-07 8.58E-11 GO:0032774 16/557 RNA biosynthetic process 

1.10E-06 1.03E-10 GO:2000112 34/3051 
Regulation of cellular macromolecule biosynthetic 
process 

1.20E-06 1.12E-10 GO:0052312 6/22 
Modulation of transcription in other organism 
involved in symbiotic interaction 

1.80E-06 1.68E-10 GO:0010556 34/3111 
Regulation of macromolecule biosynthetic 
process 

2.10E-06 1.96E-10 GO:0045893 19/896 
Positive regulation of transcription, DNA-
dependent 

3.20E-06 2.98E-10 GO:0016071 16/606 mRNA metabolic process 

3.50E-06 3.26E-10 GO:0048523 30/2478 Negative regulation of cellular process 

5.40E-06 5.03E-10 GO:0051254 19/947 Positive regulation of RNA metabolic process 

6.20E-06 5.78E-10 GO:0051851 6/28 
Modification by host of symbiont morphology or 
physiology 

6.70E-06 6.25E-10 GO:0010628 19/960 Positive regulation of gene expression 

7.20E-06 6.71E-10 GO:0045935 20/1083 
Positive regulation of nucleobase-containing 
compound metabolic process 

8.60E-06 8.02E-10 GO:0031326 34/3291 Regulation of cellular biosynthetic process 

9.50E-06 8.86E-10 GO:0019222 41/4731 Regulation of metabolic process 

1.00E-05 9.32E-10 GO:0043922 5/14 Negative regulation by host of viral transcription 

1.00E-05 9.32E-10 GO:0051173 20/1106 
Positive regulation of nitrogen compound 
metabolic process 

1.10E-05 1.03E-09 GO:0009889 34/3319 Regulation of biosynthetic process 

1.20E-05 1.12E-09 GO:0016568 13/392 Chromatin modification 

1.20E-05 1.12E-09 GO:0051702 6/31 Interaction with symbiont 

1.70E-05 1.58E-09 GO:0006325 14/489 Chromatin organization 

1.90E-05 1.77E-09 GO:0010557 19/1023 
Positive regulation of macromolecule biosynthetic 
process 

2.00E-05 1.86E-09 GO:0006366 12/330 Transcription from RNA polymerase II promoter 

2.20E-05 2.05E-09 GO:0032897 5/16 Negative regulation of viral transcription 

2.30E-05 2.14E-09 GO:0006357 19/1034 
Regulation of transcription from RNA polymerase 
II promoter 

3.20E-05 2.98E-09 GO:0048519 30/2715 Negative regulation of biological process 

4.30E-05 4.01E-09 GO:0044419 13/436 Interspecies interaction between organisms 

1.50E-04 1.40E-08 GO:0006369 6/46 Termination of RNA polymerase II transcription 

1.50E-04 1.40E-08 GO:0031328 19/1160 Positive regulation of cellular biosynthetic process 

1.70E-04 1.58E-08 GO:0044237 44/5889 Cellular metabolic process 

1.90E-04 1.77E-08 GO:0051817 6/48 
Modification of morphology or physiology of other 
organism involved in symbiotic interaction 

1.90E-04 1.77E-08 GO:0035821 6/48 
Modification of morphology or physiology of other 
organism 

2.00E-04 1.86E-08 GO:0009891 19/1179 Positive regulation of biosynthetic process 

3.10E-04 2.89E-08 GO:0000377 9/194 
RNA splicing, via transesterification reactions with 
bulged adenosine as nucleophile 

3.10E-04 2.89E-08 GO:0000398 9/194 Nuclear mRNA splicing, via spliceosome 
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3.10E-04 2.89E-08 GO:0044403 7/89 
Symbiosis, encompassing mutualism through 
parasitism 

3.80E-04 3.54E-08 GO:0000375 9/199 RNA splicing, via transesterification reactions 

4.90E-04 4.57E-08 GO:0043484 6/56 Regulation of RNA splicing 

5.10E-04 4.75E-08 GO:0051276 14/640 Chromosome organization 

7.00E-04 6.53E-08 GO:0048024 5/30 
Regulation of nuclear mRNA splicing, via 
spliceosome 

7.30E-04 6.81E-08 GO:0034645 19/1281 Cellular macromolecule biosynthetic process 

8.00E-04 7.46E-08 GO:0044238 44/6177 Primary metabolic process 

8.70E-04 8.11E-08 GO:0016570 9/219 Histone modification 

9.70E-04 9.04E-08 GO:0016569 9/222 Covalent chromatin modification 

9.80E-04 9.14E-08 GO:0009059 19/1305 Macromolecule biosynthetic process 

1.00E-03 9.32E-08 GO:0010604 20/1454 
Positive regulation of macromolecule metabolic 
process 

1.80E-03 1.68E-07 GO:0046782 6/69 Regulation of viral transcription 

2.30E-03 2.14E-07 GO:0031124 6/72 mRNA 3'-end processing 

2.60E-03 2.42E-07 GO:0031325 20/1536 Positive regulation of cellular metabolic process 

2.80E-03 2.61E-07 GO:0050684 5/39 Regulation of mRNA processing 

3.40E-03 3.17E-07 GO:0048524 6/77 Positive regulation of viral reproduction 

5.30E-03 4.94E-07 GO:0006353 6/83 Transcription termination, DNA-dependent 

5.60E-03 5.22E-07 GO:0009893 20/1613 Positive regulation of metabolic process 

6.60E-03 6.15E-07 GO:0031123 6/86 RNA 3'-end processing 

8.90E-03 8.30E-07 GO:2000242 5/49 Negative regulation of reproductive process 

9.20E-03 8.58E-07 GO:0090343 3/6 Positive regulation of cell aging 
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Table A5. In silico splice site prediction for D. melanogaster and D. virilis dUTPase 

Intronic sequences are in lower case and exonic sequences are in upper case in the ’new potential splice site’ table 

column. Donor and acceptor site pairs with highest consensus values are highlighted in grey and magenta 

respectively. NLS sequences are underlined in the N-terminal of the dUTPases. Splicing at the second acceptor 

site would result in a second dUTPase isoform in D. virilis, lacking its N-terminal NLS sequence. 
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Table A6. 5’ RACE sequencing results from embryos 

Final RACE products were cloned into the SalI/EcoRI sites of pBluescript SK+ vector. Sequencing was performed 

using the M13 uni(-43) primer. Table shows the sequencing result of 20 clones from the SalI restriction site to the 

first ATG codon (highlighted in bold and colored gray). Although clones somewhat differ in their 5’ ends, 

translation starts from the same position from all of them, resulting in only one isoform in D. virilis, which contains 

an NLS signal. Splicing did not occur at either in silico predicted splice sites in D. virilis. 
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Table A7. Oligonucleotides used in the study  
Aim Phospho Oligo name Oligonucleotides 5’-3’ 

C
lo

n
in

g
 i
n

to
 p

G
a
l-

D
s
R

e
d

 r
e
p

o
rt

e
r 

testing NLS 
function on 

pGal-
DsRed 

SV40_WT_F CTAGCATGGGAGCTTCACCCAAGAAGAAGAGAAAGGTGGG 

SV40_WT_R AATTCCCACCTTTCTCTTCTTCTTGGGTGAAGCTCCCATG 

S160 

Swi6_WT_F CTAGCATGGGAGCTTCACCCCTGAAGAAGCTGAAGATCGACGG 

Swi6_WT_R AATTCCGTCGATCTTCAGCTTCTTCAGGGGTGAAGCTCCCATG 

Swi6_P-1E_F CTAGCATGGGAGCTGAACCCCTGAAGAAGCTGAAGATCGACGG 

Swi6_P-1E_R AATTCCGTCGATCTTCAGCTTCTTCAGGGGTTCAGCTCCCATG 

Swi6_P-2E_F CTAGCATGGGAGCTGAACCCGCCCTGAAGAAGCTGAAGATCGACGG 

Swi6_P-2E_R AATTCCGTCGATCTTCAGCTTCTTCAGGGCGGGTTCAGCTCCCATG 

Swi6_P0_F CTAGCATGGGAGCTGAACCCAAGAAGCTGAAGATCGACGG 

Swi6_P0_R AATTCCGTCGATCTTCAGCTTCTTGGGTTCAGCTCCCATG 

S428 

ATR_WT_F CTAGCATGGGAGCTATCAGCCCCAAGAGAAGAAGACTGGG 

ATR_WT_R AATTCCCAGTCTTCTTCTCTTGGGGCTGATAGCTCCCATG 

ATR_E_F CTAGCATGGGAGCTATCGAACCCAAGAGAAGAAGACTGGG 

ATR_E_R AATTCCCAGTCTTCTTCTCTTGGGTTCGATAGCTCCCATG 

S400 

CCLN2_WT_F CTAGCATGGGAGCTGCCAGCCCCAAGAGAAGAAAGAGCGG 

CCLN2_WT_R AATTCCGCTCTTTCTTCTCTTGGGGCTGGCAGCTCCCATG 

CCLN2_E_F CTAGCATGGGAGCTGCCGAACCCAAGAGAAGAAAGAGCGG 

CCLN2_E_R AATTCCGCTCTTTCTTCTCTTGGGTTCGGCAGCTCCCATG 

S124 (P0) 
S123 (P-

1) 

TFAP4_WT_F CTAGCATGGGAGCTAGCAGCCCCAAGAGAAGAAGAGCCGG 

TFAP4_WT_R AATTCCGGCTCTTCTTCTCTTGGGGCTGCTAGCTCCCATG 

TFAP4_EP0_F CTAGCATGGGAGCTAGCGAGCCCAAGAGAAGAAGAGCCGG 

TFAP4_EP0_R AATTCCGGCTCTTCTTCTCTTGGGCTCGCTAGCTCCCATG 

TFAP4_EP-1_F CTAGCATGGGAGCTGAGAGCCCCAAGAGAAGAAGAGCCGG 

TFAP4_EP-1_R AATTCCGGCTCTTCTTCTCTTGGGGCTCTCAGCTCCCATG 

S53 (P0)    
T52 (P-1) 

CUL4B_WT_F CTAGCATGGGAGCTACCAGCGCCAAGAAGAGAAAGCTGGG 

CUL4B_WT_R AATTCCCAGCTTTCTCTTCTTGGCGCTGGTAGCTCCCATG 

CUL4B_EP0_F CTAGCATGGGAGCTACCGAGGCCAAGAAGAGAAAGCTGGG 

CUL4B_EP0_R AATTCCCAGCTTTCTCTTCTTGGCCTCGGTAGCTCCCATG 

CUL4B_EP-1_F CTAGCATGGGAGCTGAGAGCGCCAAGAAGAGAAAGCTGGG 

CUL4B_EP-1_R AATTCCCAGCTTTCTCTTCTTGGCGCTCTCAGCTCCCATG 

S12 

EP300_WT_F CTAGCATGGGAGCTCCCAGCGCCAAGAGACCCAAGCTGGG 

EP300_WT_R AATTCCCAGCTTGGGTCTCTTGGCGCTGGGAGCTCCCATG 

EP300_E_F CTAGCATGGGAGCTCCCGAAGCCAAGAGACCCAAGCTGGG 

EP300_E_R AATTCCCAGCTTGGGTCTCTTGGCTTCGGGAGCTCCCATG 

S29 

UIMC1_WT_F CTAGCATGGGAGCTGTGAGCGTGAAGAGAAAGAGAAGAGG 

UIMC1_WT_R AATTCCTCTTCTCTTTCTCTTCACGCTCACAGCTCCCATG 

UIMC1_E_F CTAGCATGGGAGCTGTGGAAGTGAAGAGAAAGAGAAGAGG 

UIMC1_E_R AATTCCTCTTCTCTTTCTCTTCACTTCCACAGCTCCCATG 

S161 

RREB1_WT_F CTAGCATGGGAGCTAGCCCCCTGAAGAGAAGAAGACTGGG 

RREB1_WT_R AATTCCCAGTCTTCTTCTCTTCAGGGGGCTAGCTCCCATG 

RREB1_E_F CTAGCATGGGAGCTGAACCCCTGAAGAGAAGAAGACTGGG 

RREB1_E_R AATTCCCAGTCTTCTTCTCTTCAGGGGTTCAGCTCCCATG 

S162 TLX3_WT_F CTAGCATGGGAGCTACCCCCCCCAAGAGAAAGAAGCCCGG 
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TLX3_WT_R AATTCCGGGCTTCTTTCTCTTGGGGGGGGTAGCTCCCATG 

TLX3_E_F CTAGCATGGGAGCTGAGCCCCCCAAGAGAAAGAAGCCCGG 

TLX3_E_R AATTCCGGGCTTCTTTCTCTTGGGGGGCTCAGCTCCCATG 

S2599 

SRRM2_WT_F CTAGCATGGGAGCTACCCCCGCCAAGAGAAAGAGAAGAGG 

SRRM2_WT_R AATTCCTCTTCTCTTTCTCTTGGCGGGGGTAGCTCCCATG 

SRRM2_E_F CTAGCATGGGAGCTGAGCCCGCCAAGAGAAAGAGAAGAGG 

SRRM2_E_R AATTCCTCTTCTCTTTCTCTTGGCGGGCTCAGCTCCCATG 

S4 

UBA E1_WT_F CTAGCATGGGAGCTTCGCCGCTGTCCAAGAAACGTCGCGTGGG 

UBA E1_WT_R AATTCCCACGCGACGTTTCTTGGACAGCGGCGAAGCTCCCATG 

UBA E1_EP-2_F CTAGCATGGGAGCTGAACCGCTGTCCAAGAAACGTCGCGTGGG 

UBA E1_EP-2_R AATTCCCACGCGACGTTTCTTGGACAGCGGTTCAGCTCCCATG 

UBA E1_EP-1_F CTAGCATGGGAGCTGAACCGTCCAAGAAACGTCGCGTGGG 

UBA E1_EP-1_R AATTCCCACGCGACGTTTCTTGGACGGTTCAGCTCCCATG 

S14 

UNG_WT_F CTAGCATGGGAGCTTCACCCGCCAGGAAGCGACACGCCCCCGG 

UNG_WT_R AATTCCGGGGGCGTGTCGCTTCCTGGCGGGTGAAGCTCCCATG 

UNG_EP-2_F CTAGCATGGGAGCTGAACCCGCCAGGAAGCGACACGCCCCCGG 

UNG_EP-2_R AATTCCGGGGGCGTGTCGCTTCCTGGCGGGTTCAGCTCCCATG 

UNG_EP-1_F CTAGCATGGGAGCTGAACCCAGGAAGCGACACGCCCCCGG 

UNG_EP-1_R AATTCCGGGGGCGTGTCGCTTCCTGGGTTCAGCTCCCATG 

K18N 
UNG_K18N_F CTAGCATGGGAGCTAGCCCCGCCAGGAACCGACACGCCCCCGG 

UNG_K18N_R AATTCCGGGGGCGTGTCGGTTCCTGGCGGGGCTAGCTCCCATG 

S315 

p53_WT_F 
CTAGCATGGGAGCTAAGCGAGCACTGCCCAACAACACCAGCTCCTCTCCCCAGCCAAA
GAAGAAACCACTGGG 

p53_WT_E 
AATTCCCAGTGGTTTCTTCTTTGGCTGGGGAGAGGAGCTGGTGTTGTTGGGCAGTGCTC
GCTTAGCTCCCATG 

p53_EP-2_F 
CTAGCATGGGAGCTAAGCGAGCACTGCCCAACAACACCAGCTCCGAACCCCAGCCAAA
GAAGAAACCACTGGG 

p53_EP-2_R 
AATTCCCAGTGGTTTCTTCTTTGGCTGGGGTTCGGAGCTGGTGTTGTTGGGCAGTGCTC
GCTTAGCTCCCATG 

p53_EP-1_F 
CTAGCATGGGAGCTAAGCGAGCACTGCCCAACAACACCAGCTCCGAACCCCCAAAGAA
GAAACCACTGGG 

p53_EP-1_R 
AATTCCCAGTGGTTTCTTCTTTGGGGGTTCGGAGCTGGTGTTGTTGGGCAGTGCTCGCT
TAGCTCCCATG 

C
lo

n
in

g
 i
n

to
 p

H
M

8
3
0
 r

e
p

o
rt

e
r 

S11 

DUT_WT_F TTAAGGGCCTTGCCTCACCCAGTAAGCGGGCCCGGCCTGCGT 

DUT_WT_R CTAGACGCAGGCCGGGCCCGCTTACTGGGTGAGGCAAGGCCC 

DUT_E_F TTAAGGGCCTTGCCGAACCCAGTAAGCGGGCCCGGCCTGCGT 

DUT_E_F CTAGACGCAGGCCGGGCCCGCTTACTGGGTTCGGCAAGGCCC 

S414 

LMNA_WT_F TTAAGGGCCTTGCCAGCGTGACCAAGAAGAGAAAGCTGT 

LMNA_WT_R CTAGACAGCTTTCTCTTCTTGGTCACGCTGGCAAGGCCC 

LMNA_E_F TTAAGGGCCTTGCCGAAGTGACCAAGAAGAGAAAGCTGT 

LMNA_E_R CTAGACAGCTTTCTCTTCTTGGTCACTTCGGCAAGGCCC 

S1783 

BAZ2A_WT_F TTAAGGGCCTTGCCAGCCCCAGCAAGAGAAGAAGACTGT 

BAZ2A_WT_R CTAGACAGTCTTCTTCTCTTGCTGGGGCTGGCAAGGCCC 

BAZ2A_E_F TTAAGGGCCTTGCCGAACCCAGCAAGAGAAGAAGACTGT 

BAZ2A_WT_R CTAGACAGTCTTCTTCTCTTGCTGGGTTCGGCAAGGCCC  

Cloning dUTPase into 
pDsRed-Monomer-N1 

dutN1F GATCTCGAGATGCCCTGCTCTGAAGAGAC 

dutN1R ACGGTACCGCATTCTTTCCAGTGGAACCAAAAC 

Cloning β-gal into  
pDsRed-Monomer-N1   

galN1F GCAAGAATTCCAGCATCGTTTACTTTGACCAACAAGAACG 

galN1R AATTGGTACCGCTTTTTGACACCAGACCAACTGGTAATGG 

xii  
    



Appendix 
 

Cloning dUTPase into 
pET20b  

dutpETF GGAATTCCATATGCCCTGCTCTGAAGAGACAC 

dutpETR CCGCTCGAGCTGGGAGCCGGAGTGG 

Cloning p53 into    
pDsRed-Monomer-C1 

p53_F AGCTCTCGAGATGGAGGAGCCGCAGTCAGATC 

p53_R CACTGGATCCTCAGTCTGAGTCAGGCCCTTCTG 

Cloning UBA1 into 
pDsRed-Monomer-N1 

UBA1_F CAGCTGGTACCATGTCCAGCTCGCCGCTGTCC 

UBA1_R AGATGGATCCGCTCCGCGGATGGTGTATCGGACATAGG 

Cloning UNG2 into 
pDsRed-Monomer-N1 

UNG2_F CGATCTCGAGATGATCGGCCAGAAGACGC 

UNG2_R ACGGTACCGCGATGTACCTGTAGGTGTCCAGC 

M
u

ta
g

e
n

e
s
is

 o
li
g

o
s
 o

n
 f

u
ll
 l
e
n

g
th

 p
ro

te
in

s
 

dUTPase 

S11E_F GAGACACCCGCCATTGAACCCAGTAAGCGGGC 

S11E_R GCCCGCTTACTGGGTTCAATGGCGGGTGTCTC 

S11Q_F GAGACACCCGCCATTCAACCCAGTAAGCGGGC 

S11Q_R GCCCGCTTACTGGGTTGAATGGCGGGTGTCTC 

p53 

S315E_F (P-2) CCCAACAACACCAGCTCCGAACCCCAGCCAAAGAAGAAACC 

S315E_R (P-2) GGTTTCTTCTTTGGCTGGGGTTCGGAGCTGGTGTTGTTGGG 

Q317Δ_F (P-1) ACACCAGCTCCGAACCCCCAAAGAAGAAACCACTGGATG 

Q317Δ_F (P-1) CATCCAGTGGTTTCTTCTTTGGGGGTTCGGAGCTGGTGT 

UBA1 

S4E_F (P-2) CGACGGTACCATGTCCAGCGAACCGCTGTCCAAGAAACGTC 

S4E_R (P-2) GACGTTTCTTGGACAGCGGTTCGCTGGACATGGTACCGTCG 

L6Δ_F (P-1) GTACCATGTCCAGCGAACCGTCCAAGAAACGTCGCGTGTC 

L6Δ_R (P-1) GACACGCGACGTTTCTTGGACGGTTCGCTGGACATGGTAC 

UNG2 

S14E_F (P-2) CTACTCCTTTTTCTCCCCCGAACCCGCCAGGAAGCGAC 

S14E_R (P-2) GTCGCTTCCTGGCGGGTTCGGGGGAGAAAAAGGAGTAG 

A16Δ_F (P-1) CCTTTTTCTCCCCCGAACCCAGGAAGCGACACGCCCC 

A16Δ_R (P-1) GGGGCGTGTCGCTTCCTGGGTTCGGGGGAGAAAAAGG 

Cloning into pEGFP-N1 
(Drosophila DUT) 

ABC_R AATTCCCGGGCTGTGGAAATGGGTGTAGCATCATTTTCG 

A_F AATTGGTACCATGGCCTCGCCTGTTATTGACG 

A_R AATTCCCGGGCAGTTACAATCTGCTGCTTGTCTCCTGG 

Cloning into pET15b 
(Drosophila DUT) 

DvirDF GGAATTCCATATGGCCTCGCCTGTTATTGACG 

DvirDR3 CGAAGATCTCTATGTGGAAATGGGTGTAGCATCATTTTC 

DvirDRs1 CGAAGATCTAAGTTACAATCTGCTGCTTGTCTCCTGG 

5'Race 
(Drosophila DUT) 

SP1 green CGACCTGTTCCAGCTCCGG 

Oligo dT-anchor 
primer 

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV 

SP2 CGATGGATTCCCAGCTCCGGAATGGATATGC 

PCR anchor 
primer 

GACCACGCGTATCGATGTCGAC 

SP3 GGTAGAATTCGCGATCACCGCGCTTGACC 

M13 uni(-43) AGGGTTTTCCCA GTCACGACGTT 

NLS deletion 
(Drosophila DUT) 

NLSdelF CCTCGCCTGTTATTGACGATATTGATAAGAAATGCGTTTTGCGTTATG 

NLSdelR CATAACGCAAAACGCATTTCTTATCAATATCGTCAATAACAGGCGAGG 

Au1 tagging 
(Drosophila DUT) 

A_Au1_F 
GATCCAGGCGCTAGCCCGGTCGCCACCGACACCTACCGCTACATCGGCGC
TTAAGC 

A_Au1_R 
GGCCGCTTAAGCGCCGATGTAGCGGTAGGTGTCGGTGGCGACCGGGCTA
GCGCCTG 

ABC_Au1_F AATTGGTACCATGGCCTCGCCTGTTATTGACG 

ABC_Au1_R 
ATGAATTCTTAAGCGCCGATGTAGCGGTAGGTGTCGGTGGCGACCGGGCT
AGCGCCTGGATCCCGGGCTGTGG 
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