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Abstrakt 

Duálně specifické fosfatázy (DUSP) jsou enzymy, které defosforylují 

fosfoserinové/threoninové a fosfotryrozínové zbytky na jednom substrátu. Většina z nich 

specificky defosforyluje rodinu mitogeny-aktivovaných protein kináz (MAPK). Počet 

DUSPů se zvyšuje u složitějších organismů a v lidském genomu je 25 popsaných DUSPů. 

Některé DUSPy mohou defosforylovat pouze jeden protein, zatímco jiné interagují s 

širším spektrem substrátů. S výjimkou substrátové specificity se DUSPy  liší v expresii, 

subcelulární lokalizaci atd. Přestože byly první DUSPy  popsány asi před 20 lety, doposud 

není popsaný žádný zřejmý faktor zodpovědný za jejich substrátovou specifitu. 

Předložená diplomová práce se snaží použitím in silico metod objasnit a popsat společné 

vlastnosti a rozdíly DUSPů, které mohou být důležité pro určování jejich specificity. 

 

Klíčová slova: fosfatázy, kinázy, DUSP, MAPK, substrátová specificita, konzervovanost 

aminokyselinových zbytků, fylogenetický strom, in silico metody 
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Abstract 

Dual specificity phosphatases (DUSP) are enzymes that dephosphorylate both 

phosphoserine/threonine and phosphotyrosine residues on one substrate. Most of them 

specifically dephosphorylate family mitogen-activated protein kinases (MAPK). Number 

of DUSPs increases with complexity of organisms and in human genome there are 25 

DUSPs described. Some DUSPs can dephosphorylate only one protein while other 

interact with wider spectrum of substrates. Except for substrate specificity DUSPs differ 

in expression, subcellular localization etc. Although first DUSPs were described about 20 

years ago, a clear factor responsible for their substrate specificity is not known. This 

works uses in silico methods to discover and describe similarities and differences between 

DUSPs which may be important in determining DUSP specificity. 

 

Key words: phosphatase, kinase, DUSP, MAPK, substrate specificity, conservation of 

residues, phylogenetic tree, in silico methods 
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1. Introduction 

 Cell signal pathways are complex systems of communication. They are composed 

of thousands of molecules that control cells activities, responses to environment and 

coordinate cellular processes. Correct function of these pathways is necessary for cell's 

ability to appropriately respond to extracellular signals and intracellular changes. Cells 

have many different receptors by which they can register signals and different means by 

which they transduce signals. One of the most common mechanism for quick transfer of 

information down a signaling pathway is through series of phosphorylations. 

Phosphorylation is a reversible protein modification where a phosphate group is 

transferred from high energy molecule to protein. Errors in phosphorylation, whether the 

proteins are constantly phosphorylated or not phosphorylated enough, result in disorder 

of signaling pathway and can be cause of many disorders and diseases such as diabetes 

or cancer (Rios et al., 2014; Fukuda et al., 2012). 

 Cells have numerous signaling pathway which are interconnected. One of the 

better described signaling pathway whose mechanism of signal transduction is based on 

phosphorylation is mitogen activated protein kinase (MAPK) pathway. Core of this 

pathway lays in three tiers of kinases which are enzymatically active when 

phosphorylated. Quick phosphorylation and activation of this pathway is necessary for 

signal transduction, but for normal cellular function, its deactivation is equally as 

important. Deactivation is achieved by dephosphorylation on different levels of the 

pathway, which can be performed by number of phosphatases. One such group of 

phosphatases are the dual specificity phosphatases (DUSPs), which dephosphorylate and 

inactivate MAP kinases (summarized by Patterson et al., 2009; Huang and Tan., 2012). 

 In past years, studies of MAPK pathway and its disorders were mostly focused on 

kinases, but recently some attention was paid also to phosphatases, which is illustrated by 

the fact that almost one quarter of all publications made on some DUSPs was published 

in last two years. This is mostly due to the fact, that it was discovered that in many cancer 

cells DUSPs do not perform their function correctly or are expressed differently than in 

healthy cells (Rios et al., 2014; Nunes-Xavier et al., 2013; Hou et al., 2012; Nunes-Xavier 

et al., 2011; Boulding et al., 2016; De Vriendt et al., 2013). Although the specificity and 

biological function of DUSPs is somewhat similar, there are slight differences between 
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them, which are still poorly understood and which are most likely responsible for their 

specificity and importance in MAPK signaling pathway. 

 

2. Phosphorylation 

 Phosphorylation is a reversible process in which phosphoryl group (PO3
2-) is 

added to organic molecules. Together with its counterpart process, dephosphorylation, it 

takes part in many important processes in living cells, like regulations in metabolic 

pathways or signal transduction. Phosphorylation is catalyzed by enzymes kinases and 

dephosphorylation is catalyzed by phosphatases. Phosphoryl group can be added to a 

variety of molecules including sugars and proteins. 

 Protein phosphorylation is one of the most common post-translational 

modification and very important regulatory mechanism mainly in eukaryotes, although it 

is also found in prokaryotic organisms (Cozzone, 1988). Its importance is illustrated by 

estimation, that one third of all human proteins are at some point phosphorylated (Cohen, 

2000). Phosphorylation of enzymes or receptors causes changes in their activity, either 

increasing or decreasing it, depending on the protein in question and the site of 

phosphorylation. Phosphorylation occurs on several amino acids, in eukaryotes 

specifically on serine, threonine, tyrosine and histidine. Serine, threonine and tyrosine 

have a nucleophilic hydroxyl group in their side chain which attacks terminal phosphate 

group on the high-energy donor molecule. This results in the transfer of phosphate group 

to the amino side chain and release of free energy (thermofisher.com). Phosphorylation 

process is illustrated in Figure 1. 
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 Figure 1: Diagram of serine phosphorylation (thermofisher.com; modified). 

 

3. Protein kinases 

 Protein kinases are enzymes that catalyze transfer of phosphate group from a high-

energy molecule such as adenosintriphosphate (ATP) to hydroxyl group of amino acid of 

the substrate in process called phosphorylation. Protein kinases are found in prokaryotic 

organisms (Cozzone et al., 1988), but their number and number of processes in which 

they take part grows in eukaryotes. In yeast there are more than 100 genes for protein 

kinases identified and this number grows to more than 500 in human genome (Manning 

et al., 2002). Protein kinases can be classified based on their structure, cellular process or 

pathway in which they have a major role, amino acid which they phosphorylate etc. 

Protein kinases form one of the largest families of genes in eukaryotes. Classification of 

human kinases by Manning et al., (Manning et al., 2002) divides them into 9 groups, 134 

families and 196 subfamilies. This classification includes groups like AGC which 

includes for example Protein Kinase A, then CMGC group which includes family of 

mitogen activated kinases, etc. (Manning et al., 2002). 

Since phosphorylation and dephosphorylation are one of the most common 

mechanism used to send information down the cell signaling pathway, the activity of 

enzymes that mediate these action is tightly regulated. Kinases catalyze phosphorylation 

but they are themselves usually regulated by phosphorylation by other kinases or by 

autophosphorylation. Depending on type of protein and amino acid residue where 
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phosphate group binds, phosphorylation can render protein active or inactive to perform 

its biological function. One group of proteins who are activated by phosphorylation of 

both tyrosine and threonine and deactivated by dephosphorylation are mitogen activated 

protein kinases. 

 

3.1. Mitogen activated protein kinases 

 Mitogen activated protein kinases (MAPK) belong to CMGC group of protein 

kinases. They are a conserved protein family found in virtually all eukaryotes (Jiang et 

al., 2015; Li et al., 2011; Neupane et al., 2013) and play a major role in many cell 

processes – differentiation, proliferation, apoptosis etc.  (Chang and Karin, 2001). This 

protein family can be further divided into two smaller families – extracellular signal-

regulated kinases (ERK) and stress activated protein kinases (SAPK). The SAPK family 

consist of two protein groups. One is c-Jun N-terminal kinases (JNK) and the other is 

referred to as p38. MAPKs are enzymatically active if they have both threonine and 

tyrosine phosphorylated in TXY motive in activation loop (there are some exemptions to 

this rule such as ERK3 (Seternes et al., 2004) or MAPKs in plants (Mohanta et al., 2015), 

which have different motives), which is located near their catalytic domain and illustrated 

on Figure 2. This phosphorylation is mediated by dual-specificity kinases called MAP2K 

(or MAPKK). MAPKs are inactive when dephosphorylated by tyrosine phosphatases and 

serine/threonine phosphatases (Anderson et al., 1990; Pulido et al., 1998) or by dual-

specificity phosphatases (Patterson et al., 2009). For ERK one dephosphorylation in 

activation loop is sufficient for enzyme to be inactive (Anderson et al., 1990). 

 

 Figure 2: Schematic representation of MAPK phosphorylation by MAP2K (Cui 

and Shao, 2011; modified) 
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 Phosphorylated MAPKs can further phosphorylate their target proteins directly in 

cytoplasm or they can be translocated in to the nucleus where they phosphorylate 

transcription factors such as c-Jun and c-Myc (Alvarez et al., 1991; Pulverer et al., 1991). 

Substrates of MAPKs share some structural similarities. Although all have proline near 

the amino acids residues which are being phosphorylated, ERK1/2 preferentially 

phosphorylates PyS/TP motive, whereas JNK prefers S/TP motive surrounded by acidic 

amino acid residues (Alvarez et al., 1991; Clark-Lewis et al., 1991; Mukhopadhyay et 

al., 1992). Substrates also have so called D-domain, which is the docking site for MAPKs. 

This domain is characterized by (K/R)2-3X1-6(L/I)X(L/I) motive followed by basic amino 

acid residues. Number and composition of these basic residues can play a role in 

determining by which MAPK will substrate be phosphorylated (Baryste-Lovejoy et al., 

2002; Tanoue and Nishida, 2003; Molina et al., 2005). A domain structurally and 

sequentially similar to substrates D-domain is also found in MAP2Ks as well as in 

phosphatases which dephosphorylate MAPKs. Other than that, kinases and phosphatases 

of MAPKs also share common docking domain (CD) and ERK docking site (ED) (Yang 

et al., 2003; Tanoue et al., 2001; Grewal et al., 2006; Seyfried et al., 2005). 

 

3.2. Mitogen activated protein kinase signaling pathway 

 MAPK signaling pathway has a major role in signal transduction induced by 

growth factors, cytokines, hormones, stress etc. (summarized in Avruch, 2007). This 

pathway is composed of many proteins, where proteins are activated by small or large 

number of stimuli, some have a wide spectrum of interaction partners whereas some have 

high specificity. MAPK signaling pathway is evolutionary conserved pathway in all 

eukaryotes (Widmann et al., 1999).  Specific composition of proteins in this pathway may 

vary, but in its core there is a three-tier hierarchy. At the top there are MAPK kinase 

kinases (MAP3K, MAPKKK) which phosphorylate MAP2Ks (2nd tier) and these 

phosphorylate MAPKs (3rd tier). Representation of this cascade is shown on Figure 3. 
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 Figure 3: Schematic representation of MAPK signaling cascade 

 

 ERK1/2 signaling pathway is best described MAPK pathway and used as a 

prototypical pathway. ERK1 and ERK2 are often assimilated and in literature experiments 

are labeled as ERK1/2. These proteins have 84% sequential identity, they are evolutionary 

and functionally very conserved, however they cannot completely substitute each other 

(Yao et al., 2003). Their signaling pathway is activated by binding of extracellular signal 

to transmembrane receptor. This causes autophosphorylation of the receptor, followed by 

phosphorylation of protein Grb-2 and its interaction with proteins SOS (son of sevenless) 

and GEF (guanine exchange factor). These proteins then interact with small GTPases 

from Ras family (summarized by Omerovic et al., 2007; Pylayeva-Gupta et al., 2011). 

Ras proteins then activate MAP3K. In this case the MAP3K are members of MEK 

(MAPK/ERK kinase) protein family. MEKs are dually-specific kinases which 

phosphorylate ERK1/2 (Fukuda et al., 1997). Phosphorylated ERK1/2 can stay in 

cytoplasm and form homodimers which phosphorylate its cytoplasmatic substrates or can 

alternatively be translocated to nucleus where it has monomeric form and phosphorylates 

transcription factors (Khokhlatchev et al., 1998; Chuderland et al., 2008; Ahn et al., 2009; 

Plotnikov et al., 2011; Casar et al., 2008). Example of this signaling pathway is shown in 

Figure 4. 

Signal molecule 

Three tier hierarchy 
of MAPK cascade 
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 Figure 4: Example of ERK1/2 signaling pathway (Zassadowski et al., 2012, 

modified) 

 

4. Protein phosphatases 

 Protein phosphatases are enzymes which catalyze dephosphorylation, that is 

removal of phosphate group from protein by hydrolysis of phosphoric acid monoesters 

into phosphate ion and amino acid with free hydroxyl group. Similarly to phosphorylation 

by kinases, phosphatases can dephosphorylate different types of amino acids and most 

commonly phosphotyrosine, phosphoserine and phosphothreonine. Although kinases and 

phosphatases perform opposite reaction on same substrates, there were many more genes 

potentially coding kinases than phosphatases described in human genome (Manning et 

al., 2002; Alonso et al., 2004). There are 147 different catalytic subunits phosphatases in 

human genome (Moorhead et al., 2007) and more than 500 kinases (Manning et al., 2002) 

described. Since phosphatases make up a large protein group, their classification is ever 

changing and can be done based on different sets of criteria. One of the options is 
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classification based on their structure by Mustelin (Mustelin, 2007) given as an example 

in Table 1. 

 Based on substrate specificity, phosphatases are divided into two large groups – 

phosphoserine/threonine (PPs) and phosphotyrosine specific (PTPs). These two groups 

have different structures and catalytic mechanism which they use for dephosphorylation, 

which contrasts situation in kinases, where both serine/threonine and tyrosine protein 

kinases have common structure (Johnson et al., 1996). PPs have a common motif of 

central β-α-β-α-β scaffold witch contain a di-nuclear metal ion center. There are several 

important residues in loops in this scaffold that coordinate metal ions including histidine, 

aspartic acids and asparagine, as well as catalytically important histidine and aspartic 

acid. PTPs are characterized by sequence HC(X)2G(X)2RS(T) in catalytic domain. In 

comparison to PPs, these phosphatases do not require metal ions for catalysis and other 

structures than their catalytic domains are very diverse. Amino acids in the characteristic 

motif for this group of phosphatases are found between end of β-strand ending with HC 

and α-helix starting with RS. Structure of PPs and PTPs is illustrated on Figure 5. One of 

the subfamilies of PTPs are dual-specificity phosphatases, which have a very similar 

motif of the catalytic domain like other PTPs, although they share less than 5% sequence 

identity with them. Difference in catalytic domain of DUSPs and PTPs is in the insertion 

loops between secondary structural elements. (summarized by Denu et al., 1996). 

 

 Figure 5: A) Structure of PPs illustrated by PP1. Invariant residues found in PPs 

are shown as ball-and-stick drawings. The two metal ions are shown as red spheres and 

catalytically important histidine and aspartic acid are shown in blue and orange 

respectively. B) Structure of PTPs illustrated by PTP1B. The catalytic cysteine (green) 

and arginine (blue) flank the active site domain shown in red (Denu et al., 1996,modified). 
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Phosphatase families 

1. PPM family 

2. FCP family 

3. PPP family 

4. HAD family (Asp-based) 

5. Class I Cys-based PTPs 

    5.1. Classical PTPs 

        5.1.1. Transmembrane PTPs 

        5.1.2. NRPTPs 

    5.2. DSPs or VH1-like PTPs 

        5.2.1. MKPs 

        5.2.2. Atypical DSPs 

        5.2.3. Slingshots 

        5.2.4. PRLs 

        5.2.5. CDC14s 

        5.2.6. PTENs 

        5.2.7. Myotubularins 

6. Class II Cys-based PTPs 

7. Class III Cys-based PTPs 

 Table 1: Phosphatase classification according to Mustelin (Mustelin, 2007, 

modified) 

 

 In classification by Mustelin there is a group labeled as dual-specificity 

phosphatases (DSP). By the definition dual-specificity phosphatases (DUSPs) are 

enzymes that dephosphorylate both phosphoserine/phosphothreonine and 

phosphotyrosine residues of one substrate/protein. But, in this classification not all 

proteins in DSP group are capable of performing this function. For the purpose of this 

diploma work, as dual-specificity phosphatases will be referred to proteins that meet the 

definition and are in current terminology labelled as DUSPs, although in some 

classifications these proteins are not grouped together in phosphatase families. 
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4.1. Dual-specificity phosphatases 

 Humans have 25 different DUSPs. Each DUSP is expressed differently in one 

organism depending on tissue type, but also differently in same tissues among different 

organisms. Their transcription is induced mainly by growth factors, cytokines and stress 

(Keyes and Emslie, 1992; Charles et al., 1992; summarized by Camps et al., 1998). 

Majority of DUSPs are specific only for MAPKs, where some DUSPs are specific only 

to one protein or group of proteins from this family and other DUSPs are capable of 

dephosphorylating proteins belonging to every group in MAPK family. Specificity of 

human DUSPs is shown in Table 2 at the end of this chapter. 

 DUSPs have a characteristic HC(X)5R motive in their catalytic loop (summarized 

by Denu and Dickson, 1998 and Farooq and Zhou, 2004). This loop is located in their 

catalytic DSP domain which is composed of β-sheet sandwich between helices (Farooq 

and Zhou, 2004). The active cleft of DSP domain is shallow which allows the 

dephosphorylation of phosphotyrosine as well as phosphothreonine (Barford et al., 1994). 

 Some DUSPs have a MAPK docking site that consists of two regions of positively 

charged amino acids, which interact with negatively charged amino acids in docking 

domain on MAPKs, and a cluster of hydrophobic amino acids (Tanoue et al., 2002). The 

MAPK-binding (MKB) domain is located in the N-terminal half of the DUSPs and is 

homologous to rhodenase (Keyse and Ginsburg, 1993; Kondoh and Nishida, 2007). 

Existence of these regions suggested that MKB domain and its interactions are 

responsible for substrate specificity of phosphatases. However, this may be the case only 

for a few DUSPs, since it was also shown that some DUSPs like DUSP3 do not have 

MAPK docking site, but still are capable of specific dephosphorylation of MAPK. In 

some DUSPs there were other regions identified, which are potentially important for 

docking and dephosphorylation. Motive FXFP has been described in DUSPs which are 

usually described as ERK specific, cluster of basic amino acids around L/IXL/I motif, 

which is similar to docking site for JNK potentially plays a role in both dephosphorylating 

ERKs and JNKs etc. (Jacobs et al., 1999). 

 DUSPs have the ability to dephosphorylate phosphoserine/threonine and 

phosphotyrosine amino acids, but their affinity to certain residue may be different. For 

example, DUSP2 dephosphorylates pS/T and pY with same affinity (Farooq et al., 2003), 
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while DUSP3 has higher catalytic activity towards pY (Luechapanichkul et al., 2013). 

The difference in DUSPs and PTPs as well as DUSPs preferred residue to 

dephosphorylate may be in the difference of the overall depth of the pocket, where 

shallower pocket can accommodate both pY and pS/T residues while in deeper pocket 

only pY can reach the active center of the phosphatase (Denu et al., 1996). 

 Based on structure of DUSPs, their specificity and localization in cell, they can be 

divided into three or alternatively four groups (Theodosiou and Ashworth, 2002a; Farooq 

and Zhou, 2004; Kondoh and Nishida, 2007). Distribution into three groups according to 

Kondoh and Nishida (Kondoh and Nishida, 2007) is shown in Figure 6. 

 Figure 6: Classification of DUSPs. MAPK biding domain (MKB domain), 

phosphatase domain (DSP domain), nuclear localization signal (NLS), nuclear export 

signal (NES) and so called PEST sequence are shown (Kondoh and Nishida, 2007, 

modified). 

 

4.1.1. Type I DUSPs 

  This group consists of DUSP1, DUSP2, DUSP4 and DUSP5. Genes for 

phosphatases in this group have four exons (Noguchi et al., 1993; Kwak et al., 1994; Yi 

et al., 1995; Zhang et al., 2001), where fourth exon encodes the active site. The encoded 

MKB 
domain 

DSP 
domain 
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protein is about 300-400 amino acid long. Specificity of these proteins is diverse, since 

all of them have different preferences towards MAPK families. They contain a nuclear 

localization signal in N-terminal region, thus suggesting they regulate MAPKs in nucleus. 

Activation of DUSPs in this group is induced by many stimuli such as cytokines or 

oxidative stress (Kondoh and Nishida, 2007). 

 Specificity of DUSP1 was described as very diverse in different cell types. In frog 

oocytes and in COS cell line DUSP1 dephosphorylates ERK1/2 (Alessi et al., 1993; Sun 

et al., 1993), but in human myeloid cell line (U937) DUSP1 dephosphorylates p38 and 

not ERK1/2 (Dorfman et al., 1996; Franklin and Kraft, 1997). On the other hand, in 

mouse embryonic fibroblasts, DUSP1 is associated with dephosphorylation of ERK, p38 

and JNK (Wu et al., 2006a). Regulation and activity of DUSP1 is mostly based on its 

stability. Phosphorylation of DUSP1 (in mouse its Ser359 and Ser364) does not affect its 

conformation or enzymatic activity, but it dramatically slows down its degradation 

(Brondello et al., 1999). This phosphorylation can be performed by different kinases, 

depending on the activated signaling pathway, for example ERK1 in ERK pathway 

(Brondello et al., 1999), MAPKAP2 (MAP kinase-activated protein kinase 2) in p38 

pathway (Hu et al., 2006) CaMKII (Ca2+/calmodulin-dependent protein kinase II) 

(Ciccarelli et al., 2014) etc. Similar effects of phosphorylation by ERK were found in 

DUSP4, where this modification has a stabilizing effect, but does not affect its enzymatic 

activity (Peng et al., 2010). 

 Similarly to DUSP1 and DUSP4, DUSP5 is also phosphorylated by ERK, but no 

correlation between this phosphorylation and stability, conformational changes or 

enzymatic activity has been so far observed (Kucharska et al., 2009). 

 DUSP2 has a MKB domain which is necessary for its correct binding and 

dephosphorylation of ERK. In case of absent MKB domain, active site conformation of 

phosphatase domain prevents formation of stable enzyme-substrate complex, although 

DUSP2 still interacts with ERK but in regions other than the phosphorylation site. The 

phosphatase domain alone is not enough for DUSP2 to be able to dephosphorylate its 

substrates. A full enzymatic activity of DUSP2 only occurs after conformational 

rearrangement of its active site through interaction between phosphatase and MKB 

domain. Fold of DUSP2 is very similar to DUSP6, but upon binding of substrate to 

DUSP2 major conformational changes are observed in α3, α4 and β2-α1 loops rather than 
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in active site between β6-α3. This suggest that the active site of DUSP2 is in a closed 

state and a positively charged cavity binds phosphorylated substrate, which further 

suggest that DUSP2 has equal affinity towards pY and pT residues (Farooq et al., 2003). 

  

4.1.2. Type II DUSPs 

 This group includes DUSP6, DUSP7 and DUSP9. Their genes have three exons 

(Dowd et al., 1998), where similarly to type I DUSPs, last exon encodes the active site. 

Phosphatases in this group have a nuclear exit signal and thus are localized in cytoplasm. 

These phosphatases are specific to ERK. Small exemption may be DUSP7, which in a 

pull down assay binds to JNK as well. This occurs in detectable amount, but at much 

lower concentration compared to binding to ERK, which may indicate that DUSP7 may 

be able to dephosphorylate JNK, but only if some specific circumstances occur (Orlev et 

al., 2004). 

 DUSP6 dephosphorylates ERK1/2 and there are also some contradictory articles 

whether it can dephosphorylate ERK5 or not (Razmara et al., 2012; Arkell et al., 2008). 

DUSP6 is probably most studied DUSP and its importance was analyzed in different 

cancer cell lines and stem cells, but most articles tie its significance to neural tissue. 

DUSP6 has a MKB domain, which binds ERK (Camps et al., 1998). In its substrate-free 

state, DUSP6 has a very low phosphatase activity (Stewart et al., 1999). Upon binding of 

small ligands or unspecific binding, conformation of catalytic loop changes, but the 

change is too small to evoke the enzymatic activity. Only after correct binding of ERK to 

MKB domain a major conformational change of C-terminal phosphatase domain occurs 

which is sufficient enough for DUSP6 to be enzymatically active (Camps et al., 1998; 

Zhao and Zhang, 2001). 

 DUSP10 can be also categorized in type II DUSPs because of its gene structure, 

but its substrate specificity and MKB domain structure are more similar to type III 

DUSPs. Furthermore, it has longer and among DUSPs unique N-terminal region (Tao and 

Tong., 2007), 

 

4.1.3. Type III DUSPs 

 Type III DUSPs are DUSP8, DUSP16 and DUSP10. Genes of DUSP8 and 
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DUSP16 have six exons (Nesbit et al., 1997), where the fifth exon encodes the catalytic 

site. Their sixth exon encodes a longer C-terminus, which is characteristic for these two 

proteins. DUSP8 and DUSP16 have nucleus export as well as import signal in their 

structure. They also have a so called PEST sequence, which is usually found in proteins 

that are quickly degraded (Rechsteiner and Rogers, 1996). This group can 

dephosphorylate only SAPKs. 

 DUSP8 is expressed mostly in brain, heart and skeletal muscles (Martell et al., 

1995). Its importance has been described in relation with neuroprotection (Okami et al., 

2013; Huang et al., 2013) and polymorphisms in this gene have been correlated with 

alcohol dependency (Jink et al., 2003). Although DUSP8 dephosphorylates JNK, it itself 

can be phosphorylated by JNK. There was no difference shown in phosphatase activity, 

substrate specificity or interaction with scaffold proteins between phosphorylated and 

dephosphorylated DUSP8. Based on the time course of JNK phosphorylation and 

activation by arsenite, and its effect on DUSP8 phosphorylation, it was however 

proposed, that the phosphorylation of DUSP8 results in attenuation of phosphatase 

activity and acceleration of JNK activation (Cotsiki et al., 2012). Some compounds like 

arsenic and anisomycin can inactivate or slow down DUSP8 activity (Theodosiou and 

Ashworth, 2002b), but its activity can also be switched off because of dissociation of 

DUSP8 and JNK caused by heat shock (Palacious et al., 2001). 

 DUSP16 is one of regulators of cellular senescence, where it has a protective 

function. It however performs this function in cancerous cells as well (Zhang et al., 2015). 

In conditions of acute oxidative stress DUSP16 is translocated from nucleus to cytoplasm 

and therefore cannot dephosphorylate its substrate which is in nucleus (Berdichevsky et 

al., 2010). Although DUSP16 does not dephosphorylate ERK, it can act as its scaffold 

protein and inactivates ERKs function by blocking its ability to enter nucleus (Masuda et 

al., 2010). On the other hand, ERK also phosphorylates DUSP16, prolonging its half-life 

and enabling it to later dephosphorylate JNK for a longer time (Katagiri et al., 2005). 

Other modification of DUSP16 which activates this phosphatase is acetylation by survival 

protein (Eis) of Mycobacterium tuberculosis (Yoon et al., 2013) – one of the defense 

against immune system mechanism of this pathogen. 
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4.1.4. Atypical DUSPs 

 Atypical DUSPs can be grouped together with type I DUSPs or can form their 

own category of low molecular weight DUSPs. This group includes DUSP3, DUSP13, 

DUSP26, DUSP18, DUSP14, DUSP22, DUSP23, DUSP26 and DUSP28. These 

phosphatases have only small catalytic domain and no docking or any other typical 

sequences. In spite of lacking these domains, they are still able to specifically 

dephosphorylate MAPKs. 

 DUSP13 shares 45% sequence identity with DUSP3 and also lacks MKB domain 

(Nakamura et al., 1999). Gene which encodes this DUSP is located on human 

chromosome 10q22.2 and has two open reading frames which make out two slightly 

different phosphatases. One (13B) is expressed mainly in spermatocytes and the other 

(13A) in postnatal skeletal muscles (Chen et al., 2004). DUSP13A does not show 

phosphatase activity, but regulates ERK signaling pathway by phosphatase independent 

regulation of MAP3K5/ASK1 (apoptosis signal regulating kinase 1) (Katagiri et al., 2011; 

Park et al., 2010). DUSP13B expressed in testis on the other hand interacts and 

dephosphorylates JNK and p38 in cells of COS-7 cell line (Katagiri et al., 2011). 

DUSP13B compared to other DUSPs has a more planar protein surface around its active 

site. Although DUSP13B is quite similar to DUSP3, they have different substrate 

specificity. Like DUSP3, DUSP13 has characteristic α1-β1 loop and α1 helix which are 

absent in other DUSPs such as DUSP6 and DUSP2 (Yuvaniyama et al., 1996), which was 

proposed as its substrate recognition region. This difference is illustrated on Figure 7. 

 

 Figure 7: Structure of DUSP2 (1M3G, blue) and DUSP3 (1VHR, red). Arrow 

indicates to α1 helix proposed as substrate recognition region of DUSP3. Shown in Pymol. 
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Catalytically important structures of DUSP13B and DUSP3 have very similar 

conformations but the conservation of residues near the active site is low. DUSP13B has 

more hydrophobic residues around its active site and in the side chain near the active site, 

which results in a wider entrance to active site than one found in DUSP3. This also 

contributes to fact, that DUSP13B has same preference to dephosphorylation of pT and 

pY (Kim et al., 2007). DUSP13B unlike DUSP6 or DUSP2, has a high activity even in 

substrate-free state, but there is a small possibility that substrate binding can evoke a 

change in loop α1-β1 which can lead to conformation more similar to that of DUSP3 

(Kim et al., 2007). 

 DUSP14 downregulates the JNK signaling pathway through downregulation of 

transforming growth factor β activeted kinase 1 (TAK1), rather than dephosphorylating 

JNK itself in T-cells (Yang et al., 2014). DUSP14 is ubiquitinated in a process mediated 

by TRAF2 (tumor necrosis factor receptor-associated factor 2) in T cells, which in these 

cells is required for its enzymatic activity (Yang et al., 2016). In pancreatic B-cell 

however, DUSP14 regulates ERK activity (Klinger et al., 2008), although there is no 

evidence of direct interaction between these two proteins. 

 DUSP23 is the smallest PTP reported. It was described many times with different 

results. Takagaki et al., proposed that DUSP23 regulates JNK and p38 pathways by 

interacting with unidentified proteins that are upstream of JNK and p38 by unknown 

mechanism (Takagaki et al., 2004). Alonso et al., suggested that based on its structure it 

is unlikely that DUSP23 dephosphorylates MAPKs (Alonso et al., 2004). In contrast Wu 

et al., in the same year published article in which they observed dephosphorylation of 

ERK (Wu et al., 2004). Although it was previously described that it has perforation 

towards dephosphorylating pY (Takagaki et al., 2004) in placenta choriocarcinoma cells 

(BeWo cell line) and human embryonic kidney cells (293T cell line) they dephosphorylate 

pS of glial cell missing homolog 1 (GCM1) which is protein important in placental cell 

fusion (Lin et al., 2011). 

 Although Hu and Mivechi observed that DUSP26 dephosphorylates ERK (Hu and 

Mivechi, 2006) in COS-7 and 293T cell lines and cells of anaplastic thyroid cancer it was 

shown that DUSP26 preferentially dephosphorylates p38 and has low, or in some cases 

no affinity towards ERK (Vasudevan et al., 2005; Yu et al., 2007). Furthermore, it was 

observed that DUSP26 is expressed in higher amounts in neuroblastoma cells. In these 
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cells it dephosphorylates p53 on pS and inhibits its function (Won et al., 2006). Because 

of its importance in cancer there have already been developed inhibitors of DUSP26 that 

could be potentially used in addition with chemotherapy when treating neuroblastomas 

(Shi et al., 2015). 

 

4.1.5. Other atypical DUSPs 

 DUSP11, STYX (Serine/threonine/tyrosine-interacting protein), DUSP12, 

DUSP19. DUSP18, DUSP21 and DUSP27 are not included in this classification, but may 

also be considered as atypical DUSP, since they have unique characteristics. 

 DUSP11 is unique among this group since it has high affinity towards RNA-

ribonucleoprotein complexes (Yuan et al., 1998). It has higher affinity towards 

phosphotyrosine residues (Deshpande et al., 1999). DUSP11 has two regions rich on 

arginine residues and one rich on proline. This type of regions are found on other RNA-

binding proteins. 

 STYX is a pseudophosphatase. It is catalytically inactive since it has glycine 

instead of cysteine in its active center. It has, however other structural and sequential 

similarities to DUSPs, such as structure of pockets which can bind to phosphorylated 

substrates and preclude dephosphorylation of MAPKs by other phosphatases. STYX is 

present in cell nucleus where it competes with DUSP4 and binds ERK and regulates its 

nuclear export. Although STYX itself does not dephosphorylate ERK, it acts as a spatial 

regulator and its absence causes increased activity of ERK (Reiterer et al., 2013). 

 DUSP12 has a unique C-terminal zinc-binding domain, which is responsible for 

DUSP12s ability to modulate cell cycle progeression (Kozarova et al., 2011). In vitro it 

is able to dephosphorylate glucokinase on pY residues but not on pS. Since glucokinase 

is mainly phosphorylated on serine residues, it is probable that other proteins must have 

some input on its dephosphorylation (Muñoz-Alonso et al., 2000). Effects of redox 

regulation was also studied on this phosphatase. Like in other tyrosine phosphatases, 

thiolate ion in active site is important for its enzymatic activity. DUSP12 uses disulfide 

linkages to prevented oxidation cysteine residue in its active site, thanks to its thiol-rich 

zinc-binding domain (Bonham and Vacratsis, 2009;). 
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DUSP19 downregulates the JNK signaling pathway by dephosphorylation JNK in 

chondrocytes as it was most recently published by Wang et al. (Wang et al., 2016). 

However, prior to this publication it was suggested that although DUSP19 is capable of 

dephosphorylating JNK on its own and that in COS cells it is more probable that it acts 

as a scaffold protein and facilitates binding of other proteins to JNK (Zama et al., 2002a; 

Zama et al., 2002b). 

 DUSP18 and does not have MKB domain (Hood et al., 2002) and shows 

specificity for JNK (Wu et al., 2006b). It has unusual optimal temperature for enzymatic 

activity 55°C (Wu et al., 2003). 

 DUSP27 is expressed mainly in cytoplasm of skeletal muscles, liver and fat tissue 

cells, which suggests its role in energy metabolism (Friedberg et al., 2007) and it may 

also contribute to persons inclination to develop heroin addiction (Nielsen et al., 2010). 

DUSP27 has structure similar to DUSP3 and DUSP13, but has opposite charge patterns 

than DUSP3. In comparison to other DUSPs it has more acidic residues on surface 

surrounding catalytic center. Although DUSP27 is capable of dephosphorylating 

phosphothreonin in synthetic peptides, it has greater affinity for phosphotyrosine. It can 

act as a tyrosine phosphatase and has a potential to be a dual-specificity phosphatase for 

substrates in which the phosphorylated residues are separated by two amino acids. Since 

MAPKs have only one residue separating phosphorylated sites, it is more likely that 

DUSP27 in vivo dephosphorylates different substrates than other DUSPs (Friedberg et 

al., 2007). 
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Name of DUSP Specificity Citation 

DUSP1 ERK1/2; JNK; p38 
Slack et al., 2001; Brondello et al., 1999; 

Bandyopadhyay et al., 2010; 

DUSP2 ERK1/2 Chu et al., 1996 

DUSP3 ERK1/2  Schumacher et al., 2002 

DUSP4 ERK1/2 Kim et al., 2015 

DUSP5 ERK1/2 Mandl et al., 2005 

DUSP6 ERK1/2; ERK5 Kamakura et al., 1999; Arkell et al., 2008 

DUSP7 ERK1/2, JNK Orlev et al., 2004 

DUSP8 JNK Okami et al., 2013; Huang et al., 2013 

DUSP9 ERK Muda et al., 1997 

DUSP10 p38 Theodosiou et al., 1999 

DUSP11 RNAP1 Yuan et al., 1998 

DUSP12 Not known  

DUSP13 JNK, p38 Katagiri et al., 2011 

DUSP14 JNK, p38, TAK1 Li et al., 2016 

DUSP15 p38, ATF2, PDGFR-B, SNX6 Schmidt et al., 2012 

DUSP16 JNK, p38 Bose and Janes, 2013 

DUSP18 JNK, SHP2 Wu et al., 2006; Sacco et al., 2014 

DUSP19 JNK Wang et al., 2016; Zama et al., 2002a 

DUSP21 Not known  

DUSP22 JNK, p38 Shen et al., 2001 

DUSP23 ERK, GCM1 Wu et al., 2004; Lin et al., 2011 

DUSP26 ERK, JNK, p38, p53 
Vasudevan et al., 2005; Yu et al., 2006; Hu 

and Mivechi 2006 

DUSP27 Not known  

DUSP28 p38 Wang et al., 2014 

STYX ERK Reiterer et al., 2013 

 Table 2: Specificity of human DUSPs. For DUSP12, DUSP21 and DUSP27 no 

article suggesting their specificity was found. 
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5. Aims 

 In human there have been 25 different DUSPs identified which means that this 

group contains almost 20% of known human phosphatases (Moorhead et al., 2007). 

Scientific interest in phosphatases, especially DUSPs, has intensified in last few years. 

Their importance has been studied in variety of cell and tissue types, but spotlight is 

mainly directed on their role in diseases, particularly in different cancers, for example 

DUSP1 in breast cancer (Hou et al., 2012), DUSP7 in myeloid leukemia (Levy-

Nissenbaum, 2003), DUSP9 in gastric cancer (Wu et al., 2015), DUSP28 in 

hepatocellular carcinoma (Wang et al., 2014) etc.. Although precise biological function 

of some DUSPs is still not understood, they have been proposed by several articles as 

potential cancer drug targets (Lountos et al., 2015; Rios et al., 2014; Nunes-Xavier et al., 

2011). 

 Structure of first DUSPs was described more than 20 years ago. Since then there 

were many articles published on their expression and specificity in particular cell types. 

In these articles identified domains and sequence motives were proposed as determinants 

of DUSP specificity, but since then more DUSPs have been discovered lacking these 

motives and still showing same specificity as DUSPs with given motives. Similar finding 

lead to hypothesis, that the regulation of DUSP specificity may be more complex than 

previously proposed. 

 To try and shed further light on the subject of specificity of DUSPs, in this diploma 

work 25 DUSPs were analyzed by in silico methods. The aims of work were to find: 

1. if and in what number are DUSPs found in other organisms than human  

2. why are there so many DUSPs if there are a very few substrates known 

3. whether evolutionary closely related DUSPs have same specificity 

4. if there are some motives that are conserved in DUSPs with certain specificity, 

but not present or not conserved in other DUSPs 

5. if there is some other factor that could contribute to different specificity of 

DUSPs 

 

  



28 

 

6. Materials and Methods 

 

6.1. Human DUSPs sequence and structure data 

 In this diploma work 25 human DUSPs were used, whose UniProt codes, PDB 

(Protein Data Bank) codes and alternative names are shown in Table 3. 

Name of 

DUSP 

Alternative name(s) UniProt 

code 

PDB code(s) 

DUSP1 hVH1, MKP1, CL100 P28562 Not solved 

DUSP2 PAC1 Q05923 1M3G 

DUSP3 VHR P51452 1J4X, 1VHR, 3F81 

DUSP4 hVH2, MKP2 Q13115 3EZZ 

DUSP5 hVH3 Q16690 2G6Z 

DUSP6 PYST1, MKP3 Q16828 1HZM, 1MKP 

DUSP7 PYST2 Q16829 4Y2E 

DUSP8 hVH5 Q13202 4JMK 

DUSP9 MKP4 Q99956 2HXP, 3LJ8 

DUSP10 MKP5 Q9Y6W6 1ZZW, 2OUC, 2OUD, 3TG1 

DUSP11  O75319 4JMJ, 4MBB, 4NYH 

DUSP12 YVH1 Q9UNI6 4JNB, 4KI9 

DUSP13 SKRP4, TMDP Q9UII6 2GWO, 2PQ5 

DUSP14 MKPL, MKP6 O95147 2WGP 

DUSP15 VHY Q9H1R2 1YZ4 

DUSP16 MKP7 Q9BY84 2VSW, 3TG3 

DUSP18 LMW-DSP20 Q8NEJ0 2ESB 

DUSP19 LMW-DSP3, TS-DSP1, SKRP1 Q8WTR2 3S4E, 4D3P, 4D3Q, 4D3R 

DUSP21 LMW-DSP21 Q9H596 Not solved 

DUSP22 JSP-1, LMW-DSP2, MKPx Q9NRW4 1WRM, 4WOH 

DUSP23 LDP3, VHZ Q9BVJ7 2IMG, 4ERC 

DUSP26 SKRP3, DSP4, LDP4, MKP8 Q9BV47 2E0T, 4B04, 4HFR 

DUSP27 DUPD1 Q68J44 2Y96 

DUSP28  Q4G0W2 Not solved 

STYX  Q8WUJ0 2R0B 

 Table 3: Alternative names, UniProt and PDB codes of DUSPs 
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6.2. Orthologs of DUSPs 

 Orthologs are genes found in different species that have evolved from a single 

gene present in common ancestor by speciation. It is highly probable that these genes 

have retained the same function. There are different methods in detecting orthologs, but 

generally they are divided to methods that use phylogenetic trees and automatic clustering 

methods. In this thesis InParanoid and methaPhOres were used to find orthologs of human 

DUSPs in 49 species. 

 InParanoid is a program which uses automatic clustering methods. It constructs 

orthology groups by usig NCBI-Blast calculated pairwise similarity scores. InParanoid 

creates an orthology group consisting of two proteins which had best score in a reciprocal 

bestmatching analysis. More sequences are added to this group if they are closer to the 

pair of proteins already found, than to any other sequence in the other proteome. This way 

a group of inparalogs is formed, while outparalogs are excluded (Remm et al., 2001; 

Sonnhammer and Ostlund, 2015). The method was used with default settings. This 

method is available at: http://inparanoid.sbc.su.se 

 methaPhOrs is repository of predictions which uses phylogenetic analysis for 

search of orthologs and paralogs. The results shown by metaPhOrs were obtained using 

resources from PhylomeDB, EnsemblCompara, EggNOG, OrthoMCL, COG, Fungal 

Orthogroups and TreeFam (Pryszcz et al., 2011). The method was used with default 

settings. This method is available at: http://orthology.phylomedb.org 

 Orthologs were searched in following organisms: Capsaspora owczarzaki, 

Amphimedon queenslandica, Arabidopsis thaliana, Bos taurus, Branchiostoma floridae, 

Canis familiaris, Caenorhabditis elegans, Ciona intestinalis, Crassostrea gigas, Danio 

rerio, Dictyostelium discoideum, Drosophila melanogaster, Ectocarpus siliculosus, 

Entamoeba histolytica, Fibroporiaradiculosa, Gallus gallus, Giardia intestinalis, 

Heterocephalus glaber, Chlamydomonas reinhardtii, Latimeria chalumnae, Loxodonta 

africana, Monosiga Brevicollis, Mus musculus, Naegleria gruberi, Nematostella 

vectensis, Ornithorhynchus anatinus, Oryctolagus cuniculus, Oryza sativa sub japonica, 

Phaeodactylum tricornutum, Physcomitrella patens subsp. patens, Plasmodium 

falciparum, Pteropus alecto, Rhizopus delemar, Saccharomyces cerevisiae, Sarcophilus 

harrisii, Selaginella moellendorffii, Tetrahymena thermophile, Tetraodon nigroviridis, 

http://inparanoid.sbc.su.se/
http://orthology.phylomedb.org/
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Trichomonas vaginalis, Trypanosoma cruzi and Xenopus tropicalis. 

 Unique codes of proteins found by InParanoid are shown in Table 4, relations 

between human DUSPs and DUSPs in other species are shown in Table S1. Unique codes 

of proteins and their relation found by meptaPhOrs are found in Table S2. 

 Table 4: Codes of proteins used to create data sets used in further experiments. 

 

6.3. Multiple sequence alignment 

 Data obtained from multiple sequence alignment (MSA) are essential for correct 

function of several programs used in this work. MSA were obtained using tool MUSCLE 

A7RGX7 D2UYK9 E9CHY7 F6YLQ5 G1SYA4 G3WR08 H3AGV5 I1G296 L5KKV1 Q17QM8 Q8XVE7

A3KN00 D2V080 E9QD92 F6YM31 G1SZN1 G5AN96 H3AJ14 I1G7N7 L5KRT7 Q1HL35 Q91Z46

A4IHU7 D2V9P4 F1MEZ2 F6ZDP7 G1T4U3 G5APU1 H3AL43 I1GEK3 L5KUR2 Q22707 Q95XK5

A6H7A7 D2V9P5 F1MFJ5 F7ATJ8 G1TAA5 G5ARC5 H3APE5 I1GFX0 L5KZX8 Q240W9 Q99956

A7RLI3 D2VCE9 F1MI99 F7B750 G1TAT4 G5AVJ7 H3ARP7 I1GGB2 L5L2B0 Q247Z7 Q99N11

A7RMT6 D6W6M2 F1MM08 F7BTI8 G1THW9 G5AXH2 H3AUR0 I1GIS4 L5L446 Q28E94 Q9BV47

A7RTA2 D6W7T6 F1MP34 F7BXP1 G1TLC0 G5AXN1 H3B1I0 I1GIY0 L5L4W0 Q28GB2 Q9BVJ7

A7SLH2 D6WN84 F1MPX5 F7C4T4 G1TZC4 G5B9U1 H3B482 I7LVA3 M2ZS09 Q29RA3 Q9BY84

A7SN01 D6WSR9 F1MQM7 F7CQH8 G1U0U8 G5BD33 H3B4D1 I7LX71 M3ZJB9 Q2KJ36 Q9D0T2

A7SPK6 D6WZI5 F1MW70 F7DRY0 G2ANM2 G5BKC0 H3B572 I7M1B3 M3ZVP0 Q2QY35 Q9D700

A7SRS7 D7EK04 F1N842 F7DUF6 G2AV66 G5BKZ3 H3B8B1 I7M3U2 M3ZX08 Q2RAU9 Q9D7X3

A7T302 D7FJF1 F1NG52 F7E2K7 G3MYQ0 G5BN85 H3BGK7 J4H1R7 M3ZXX4 Q2T9T7 Q9DBB1

A8B5J1 D7FLE7 F1NH53 F7F0Y9 G3N1Q8 G5BSE6 H3BHD3 J4H237 M4A5D5 Q4G0W2 Q9ESS0

A8IZX5 D7G0E2 F1NPN1 F7F2Q8 G3SM63 G5BSI5 H3BHH0 J4H4T9 M4ACJ7 Q4REG4 Q9H1R2

A8IZX6 D8LID8 F1NR96 F7GDU1 G3SMG1 G5BWG4 H3BIM1 J4HWA0 M4AF90 Q4RQD3 Q9H596

A8J529 D8RMK4 F1NRZ5 G1FT10 G3SNX9 G5BYF9 H3C5A4 J4I942 M4AKI2 Q4TB32 Q9JLY7

A8J868 D8S7F7 F1NXH3 G1KA87 G3SPP5 G5C7I9 H3CCH0 J4IAN5 M4AKM9 Q54T76 Q9M8K7

A8JUQ2 D8SLN6 F1NYC7 G1KCT0 G3SX72 G5E789 H3CIH6 J9NSI6 M4AM40 Q556Y8 Q9NRW4

A8WGA2 E1BAA9 F1P134 G1KD57 G3T0C6 G6BWM0 H3CMM9 J9NZB8 M4AM45 Q55E39 Q9PW71

A9RFI3 E1BCH4 F1PAI2 G1KEU8 G3T0K0 G6CMU2 H3CUA4 J9NZM1 M4ASH1 Q566R7 Q9QYJ7

A9S271 E1BQ65 F1PEI4 G1KFU8 G3T250 G6CMU3 H3CZ12 J9P2Z8 M4ASM5 Q5BIP9 Q9TY00

A9SCV4 E1BSB5 F1QCJ9 G1KIJ6 G3T9R2 G6D236 H3D0Q9 J9P4K8 M4AT68 Q5E999 Q9UII6

A9SR40 E1BVW4 F1QE17 G1KIR6 G3TB67 G6D787 H3D1A5 J9P4Q2 M4ATY5 Q5VNG7 Q9UNI6

A9SV49 E1BY90 F1QE47 G1KLL4 G3TCL1 G6D7Y0 H3D1X7 J9P5Y9 M4AWC1 Q5XHB2 Q9VAB0

A9TDT1 E1C0V4 F1QIT6 G1KQV7 G3TDY4 G6D9V5 H3D6S2 J9P6D6 M4AWG1 Q5Z4M5 Q9VVW5

A9URR7 E1C2M2 F1QRC7 G1MQ96 G3TFC2 G6DT89 H3D7V2 K1P2U2 M4AXS9 Q60969 Q9VWF4

A9UWS8 E1C2U9 F1QVZ9 G1MS40 G3TGV0 H0YVA0 H3D7W4 K1PA90 M4AZ27 Q68J44 Q9XXK8

A9UZ47 E1C6D9 F1QYI8 G1MTU3 G3TKI0 H0YWV8 H3DBG6 K1PZ87 O09112 Q6DBR5 Q9Y6W6

B0S6R2 E2R4V2 F1RCJ1 G1MWV5 G3TKJ6 H0YXK5 H3DD43 K1Q4M8 O44128 Q6GLD5 Q9ZR37

B7G1E7 E2R6X8 F1RDV6 G1MYX0 G3TP00 H0Z103 H3DF46 K1Q9L6 O75319 Q6NT99

B7ZD10 E2R784 F4WIG2 G1N1K2 G3TQ06 H0Z323 H3DG52 K1QLY7 O95147 Q6NXK5

C3XRK4 E2R7G4 F4WM09 G1N307 G3UAP1 H0Z502 H3DGK3 K1QNW8 P0C591 Q6NYH0

C3Y179 E2R8S3 F4WRD4 G1N309 G3UCL1 H0Z6J8 H9G3W8 K1QUW9 P0C597 Q6PBT4

C3YE10 E2RB57 F4WSV4 G1N8Q9 G3UMY4 H0Z882 H9G486 K1R2M0 P0C598 Q6PCP3

C3YGW8 E2REU1 F6PUA3 G1N9G2 G3VH35 H0Z899 H9G5M6 K1RRP4 P28562 Q6Z648

C3YHD7 E2RI50 F6QA61 G1N9X4 G3VJC8 H0Z8A3 H9G6F0 K4E1S5 P28563 Q7SZF3

C3YTL1 E2RKL4 F6QNB1 G1NEC5 G3VNF8 H0ZCI9 H9G6F8 K7EEP7 P40479 Q7T2L8

C3YV63 E2RSE3 F6RGS1 G1NFD8 G3VPB2 H0ZD46 H9GA80 L3KBQ3 P51452 Q7TNL7

C3Z8W6 E7EXY0 F6RVX7 G1NM65 G3VRZ2 H0ZGN3 H9GBX7 L5JTZ4 Q02256 Q84JU4

C3ZAW9 E9BY34 F6S726 G1NR78 G3VUM2 H0ZK16 H9GDT8 L5JVP0 Q05922 Q8BFV3

C3ZYC6 E9C5D1 F6TMW1 G1NS44 G3VW43 H0ZM22 H9GE64 L5JY01 Q05923 Q8BK84

C4LT35 E9CD56 F6TVM0 G1SCM0 G3W0X4 H0ZR42 H9GFL0 L5JZJ6 Q0DCN6 Q8BTR5

C4LU68 E9G2S1 F6UVL5 G1SIK8 G3W2M6 H0ZS96 H9GKZ7 L5K0W3 Q0IID7 Q8IKS8

C4M0T1 E9GDE4 F6UWB2 G1SK51 G3W688 H1A1H8 H9H110 L5K455 Q10038 Q8K4T5

C4M1Z8 E9GJ24 F6VGE2 G1SK96 G3WAZ2 H1A3W9 H9H2H1 L5K5I7 Q13115 Q8NEJ0

C4M2W8 E9GM58 F6VLQ3 G1ST94 G3WB74 H2Y1V3 I1BHW8 L5KB51 Q13202 Q8SX38

C4M3B6 E9GY66 F6W443 G1SU32 G3WCT3 H2ZYC0 I1BIW9 L5KBA2 Q16690 Q8VE01

C4M7F9 E9H249 F6W928 G1SU91 G3WI08 H3A4U3 I1BKL1 L5KDW2 Q16828 Q8VHV8

D2A0E6 E9H937 F6WGV1 G1SWG9 G3WKG5 H3AF95 I1CT44 L5KFF8 Q16829 Q8WTR2

D2UXH5 E9HW91 F6WN83 G1SY34 G3WN25 H3AFI3 I1EZT0 L5KGS6 Q17QJ3 Q8WUJ0
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(Multiple Sequence Comparison by Log- Expectation). This program uses algorithm 

which includes k-mer counting for estimation of distance, progressive alignment using 

log-expectation score and refinement by tree dependent restricted partitioning (Edgar, 

2004). This webserver was used with default settings and is available at: 

http://www.ebi.ac.uk/Tools/msa/mview 

 

6.4. ConSurf 

 ConSurf is a web server for calculating conserved and biologically important 

amino acid residues in proteins (Landau et al., 2005; Glaser et al., 2003). Evolutionarily 

conservation can be very important in determining importance of certain amino acid 

residues. Very often, conserved residues on protein surface have a functional role in ligand 

binding and protein-protein interaction, while conserved amino acids in proteins core 

most likely play a role in maintenance of proteins fold. ConSurf can calculate 

evolutionary conservation based on one amino acid sequence alone, but user can also 

input 3D structure of the query protein as well as custom prepared MSA. In the former 

case, ConSurf searches for close homologous using BLAST, but for this diploma work, 

the latter option was used. Calculated conservation scores using a specific MSA are 

normalized and are a relative measure of evolutionary conservation of each amino acid, 

where the lowest score represents the most conserved position in query protein. For 

visualization and more transparent and user-friendly analysis ConSurf uses a coloring 

scheme and divides scores into 9 bins and assigns them 9 colors, where in the 9th are most 

conserved and in the 1st least conserved residues. Calculation can be carried out using 

Bayesian or Maximum Likelihood paradigms. Since the Bayesian method shows more 

accurate results (Mayrose et al., 2004) in estimating conservation when using a smaller 

number of sequences, this calculation method was used for further analysis. Bayesian 

method also allows ConSurf to calculate confidence intervals for each score. To each high 

and low values of interval coloring scheme is also assigned and if this interval spans 4 or 

more color grades, the score is considered as unreliable. These amino acids then have a 

10th color assigned to them (Celniker et al., 2013; Ashjenazy et al., 2010; Mayrose et al., 

2004).  The method was used with default settings. This method is available at: 

http://consurf.tau.ac.il 

http://www.ebi.ac.uk/Tools/msa/mview
http://consurf.tau.ac.il/
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 In first set of experiments evolutionary conservation was calculated using a MSA 

data of only one human DUSPs (data set S3, S4 and S5) with specificity for certain 

MAPKs was used and  in the second set MSA data of human DUSPs and their orthologs 

(data sets S6, S7, S8 and S9) with specificity for certain MAPKs was used. 

 

6.5. Phylogenetic tree 

 Phylogenetic tree (evolutionary tree) is a graphical representation which shows 

evolutionary relationships among species or certain genes/proteins. There is a great 

number of methods, web servers and programs which can construct phylogenetic trees. 

In this diploma work, CIPRES Science Gateway and tool RAxML-HPC2 on XSEDE 

were used (Miller et al., 2010). RAxML (Randomized Axelerated Maximum Likelihood) 

is a method for phylogenetic analysis of large data sets. It uses fast maximum likelihood 

algorithm. It uses standard non-parametric bootstrap and rapid bootstrap to obtain support 

values (Stamatakis 2014). Proteins of species from different parts of eukaryotic 

phylogenetic tree were chosen. The MSA of those proteins (see S10 and S11) for a certain 

phylogenetic tree were submitted in phylip format. Parameters of RaxML-HPC2 were left 

on default except for: 

 Data Type was changed from Nucleotide to Protein 

 In Protein Analysis Options a Protein GAMMA model was checked 

 Protein Substitution Matrix was set to LG4X and 

 Bootstrap iterations were set to 500 

Acquired phylogenetic trees were visualized in programs MEGA7 (Molecular 

Evolutionary Genetics Analysis) (Kumar et al., 2016) and FigTree (not published), 

graphical viewers of phylogenetic trees. 

CIPRES Science Gateway is available at: https://www.phylo.org 

MEGA7 is available at: http://www.megasoftware.net 

FigTree is available at: http://tree.bio.ed.ac.uk/software/figtree 

 

6.6. DSSP 

 DSSP (hydrogen bond estimation algorithm) is a program used to calculate most 

likely secondary structure assignment based on 3D structure by calculating H-bond 

https://www.phylo.org/
http://www.megasoftware.net/
http://tree.bio.ed.ac.uk/software/figtree
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energy between all atoms. DSSP can also be used to predict solvent accessibility and sites 

of deleterious mutations (Chen and Zhou, 2005). Solvent accessibility prediction can be 

helpful in determining some characteristic of proteins, such as relationship between 

sequence and structure, subcellular localization, sites of hydration, prediction of which 

amino acids will change their solvent accessibility after binding etc. Solvent accessibility 

of a residue is its area in Ångstroms, which is accessed by water molecules (Kabsch and 

Sander, 1983). The method was used with default settings. If residues had more than 

relative solvent accessible area more than 40% they were considered as exposed. This 

method is available at: http://www.cmbi.ru.nl/dssp.html 

 

6.7. PISA 

 PISA stands for Proteins, Interferences, Structures and Assemblies. It is a service 

which is provided by EMBL-EBI and it is used for study of macromolecular interferences. 

It uses results from X-ray diffraction experiments and employs basic physical-chemical 

principles and chemical thermodynamics to calculate formation of stable macromolecular 

complexes. These complexes often are biologically active units. The calculation results 

include structural and chemical properties of surface and interface of studied molecules 

and their probable quaternary structures. (Krissinel and Henrick, 2007). The method was 

used with default settings. If there was more than one structure solved for certain DUSP, 

structure with highest resolution was used. The service is available at: 

http://www.ebi.ac.uk/pdbe/pisa/ 

 

6.8. Protein disorder prediction 

 Short disordered regions in protein can have an important role in protein function. 

Protein disorder is indirectly observed in proteins by various experimental methods like 

X-ray crystallography, CD-spectroscopy, hydrodynamic measurements and also it is 

observed in vivo by NMR. Since it has been experimentally shown that some DUSPs 

have disordered regions whose organization changes upon binding with substrates, 

DisEMBL computional method was used to predict disordered/unstructured regions in 

other DUSPs. DisEMBL is method based on artificial neural networks trained for 

http://www.cmbi.ru.nl/dssp.html
http://www.ebi.ac.uk/pdbe/pisa/
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predicting several definitions of disorder, based on proteins amino acid sequence. This 

method uses three different criteria for assigning disorder – loops defined by DSSP, hot 

loops and missing coordinates in X-ray structure defined by remark465 entries in PDB. 

(Linding et al., 2003). The method was used with default settings. This method is 

available at: http://dis.embl.de 

6.9. APBS 

Structure of proteins was visualized by program PyMOL (The PyMOL Molecular 

Graphics System, Version 1.1eval Schrödinger, LLC). For visualization of electrostatic 

potential of surface of proteins APBS (Adaptive Poisson-Boltzmann Solver) and 

PDB2PQR tools in PyMOL were used. APBS is software package that uses Poisson-

Boltzmann equation to describe electrostatic interactions between solutes in salty, 

aqueous medium (Baker et al., 2001). The method requires accurate structural data and 

force field parameters that are provided by PDB2PQR.  PDB2PQR prepares a structure 

for continuum electrostatic calculation which includes assigning to it charge and radius 

parameters and creating PQR file that is used in calculations performed by APBS 

(Dolinsky et al., 2007). 

  

http://dis.embl.de/
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7. Results 

 

7.1. Phylogenetic analysis 

 

7.1.1. Orthologs and data sets 

 To estimate why there are 25 human DUSPs, information about their evolution 

history was sought. Firstly orthologs to 25 human DUSPs were searched for using 

programs InParanoid and in 17 species. InParanoid and metPhOrs use different 

approaches (see chapter 6.2.) to identify protein orthologs. For this reason both methods 

were used to rise the probability of finding ortholog to human DUSP in other species. 

Seventeen species were chosen so, that they would represent the main groups of 

eukaryotic organisms. They include model organisms and organisms from different big 

and significant branches of eukaryotic phylogenetic tree. The Results of search is 

displayed in Table 5. 

  

InParanoid metaPhOrs 

No. of 
DUSPs in 
organism 

No. of 
corresponding 

human orthologs 

No. of 
DUSPs in 
organism 

No. of 
corresponding 

human orthologs 

Plasmodium falciparum 0 0 1 1 

Trypanosoma cruzi 1 1 1 2 

Giardia intestinalis / lamblia 1 2 3 5 

Monosiga brevicollis 3 8 3 3 

Dictyostelium discoideum 3 10 5 8 

Rhizopus delemar / oryzae 4 5 2 8 

Saccharomyces cerevisiae 2 6 4 10 

Arabidopsis thaliana 3 9 4 8 

Oryza sativa sub japonica 6 11 2 3 

Ciona intestinalis 6 13 7 12 

Nematostella vectensis 9 16 7 7 

Caenorhabditis elegans 8 13 7 11 

Drosophila melanogaster 6 13 11 22 

Danio rerio 21 21 21 21 

Xenopus tropicalis 18 19 20 21 

Gallus gallus 19 20 21 22 

Mus musculus 23 23 23 23 

 Table 5: Identified orthologs of 25 human DUSPs by InParanoid and methaPhOrs 

methods. 
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 Number of DUSPs of an organism and number of human DUSPs to which a 

orthologs was found is different, since some of proteins were found to be orthologs to 

more than one human DUSP. Protein codes and relations between the human and other 

DUSPs are displayed in Table S1. Found proteins were then manually examined in the 

UniProt database. If the methods found different number of orthologs or under different 

codes they were manually checked or checked using BLAST method if the entry is not 

obsolete, if they are not in fact identical proteins or fragments of a single protein. 

MetaPhOrs found more hits, but excess proteins found in regards to InParanoid method, 

either share very low identity with human DUSPs or were in fact only protein fragments, 

and therefore could not be further used. For these reasons, InParanoid was used to find 

orthologs in additional 22 species. These species were chosen from different parts of 

eukaryotic phylogenetic tree for better overview of presence of DUSP orthologs in 

different species. This list of species also includes more vertebrates since in the first 

search these organisms were found to have more unique proteins as DUSP orthologs. The 

result of this search is shown in Table 6 and S1. Number of organisms in which orthologs 

to certain DUSP were found is shown in Table 7. If one or more proteins of an organism 

were found to be orthologs to more than one DUSP, only the best hit was considered to 

be an ortholog. 
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No. of DUSPs in 
organism 

No. of 
corresponding 

human orthologs 

Trichomonas vaginalis 0 0 

Entamoeba histolytica 4 13 

Capsaspora owczarzaki 4 10 

Naegleria gruberi 5 11 

Tetrahymena thermophila 2 2 

Fibroporia radiculosa 6 17 

Amphimedon queenslandica 9 19 

Phaeodactylum tricornutum  1 1 

Chlamydomonas reinhardtii 3 5 

Ectocarpus siliculosus 5 14 

Physcomitrella patens 3 11 

Selaginella moellendorffii 3 2 

Crassostrea gigas 9 15 

Daphnia pulex 9 7 

Acromyrmex echinatior 7 4 

Danaus plexippus 12 6 

Tribolium castaneum 11 7 

Branchiostoma floridae 11 16 

Latimeria chalumnae 19 19 

Xiphophorus maculatus 20 20 

Tetraodon nigroviridis 20 19 

Anolis carolinensis 22 21 

Taeniopygia guttata 19 19 

Meleagris gallopavo 20 19 

Heterocephalus glaber 20 20 

Ornithorhynchus anatinus 15 15 

Sarcophilus harrisii 16 16 

Canis familiaris 19 19 

Pteropus alecto 20 20 

Oryctolagus cuniculus 20 20 

Bos taurus 20 20 

Loxodonta africana 22 22 

Table 6: Identified orthologs of 25 human DUSPs by InParanoid 

  

Proteins found in this search are shown in table 4 and were used to create data sets 

used in further analyses. 
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  No. of organisms 

DUSP1 25 

DUSP2 13 

DUSP3 25 

DUSP4 19 

DUSP5 19 

DUSP6 22 

DUSP7 23 

DUSP8 17 

DUSP9 10 

DUSP10 26 

DUSP11 24 

DUSP12 32 

DUSP13 19 

DUSP14 28 

DUSP15 5 

DUSP16 18 

DUSP18 14 

DUSP19 37 

DUSP21 4 

DUSP22 28 

DUSP23 22 

DUSP26 21 

DUSP27 17 

DUSP28 13 

STYX 23 

Table 7: Number of organisms in which orthologs to certain DUSP were found. 

Least frequent are DUSP21 and DUSP15, while DUSP19 and DUSP12 are found in 

highest number of examined species. 

 

7.1.2. Construction of phylogenetic trees 

 For phylogenetic tree construction, RAxML method was used as described in 

section 6.5. Firstly data set 1 consisting of 230 proteins (see Table S10) was used to create 

a tree based on whole protein sequence. For clarity reason, Figure 8 show a schematic 

representation of the tree, while full tree is found on Figure S12. Except 228 DUSP 

orthologs, 2 proteins which were previously described as similar to DUSPs were used. 

These were CDC14A (Q9UNH5) and CDC14B (O60729). These proteins were used as 

an outgroup to better define branching of phylogenetic tree. 
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 Unfortunately DUSPs differ in size and are quite small proteins raging in size 

between 130 and 830 amino acids and in case of phosphatase domains between 50 and 

250 amino acids. From these sequences only around 120-150 amino acids can be used in 

alignment. For these reasons, some parts of the sequence that were present in one or less 

than about 40% proteins were manually deleted. This deletion did not affect the overall 

look of phylogenetic tree, but it improved the bootstrap values. These however remain 

still very low especially in the branches closer to the root of the tree. All data therefor 

only show some trends in DUSP diversification. Nevertheless given the sequence length, 

it will be difficult to obtain better bootstrap values even if more sequence would be used.  
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 Figure 8: Phylogenetic tree of DUSPs. Shown numbers represent which human 

DUSP and its orthologs are found in a particular branch. No vertebrates 19 shows a group 

of non-vertebrata proteins which were determined as orthologs to DUSP19. No 

vertebrates label shows groups of different DUSPs but none belonging to vertebrates. The 

No human label shows group of proteins where no ortholog of a human DUSP was found. 

 

3 /13 /26 /27 
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 Figure 8 suggests that DUSP23 and DUSP11 are more closely related to each other 

than to other DUSPs and that they make out their own group. Some DUSPs like DUSP1, 

2, 4 and 5 are very closely related and all branch out from one point. Detail of this branch 

is shown on Figure 9. However there are some groups that do not contain any human 

DUPS, in fact except for DUSP16 from Xenopus tropicalis, there is no DUSP of any other 

vertebrate present in them. This may suggest that some phosphatases are present only in 

lower eukaryotes and in vertebrates were lost or they changed more dramatically in 

comparison to other studied proteins and created separate group. 

 

 Figure 9: Detail of phylogenetic tree shown on Figure 8. First 10 characters show 

protein codes, next two characters refer to code in the legend table and indicate in which 

organism the protein is found. Lastly, numbers indicate which DUSP or ortholog of which 

DUSP is shown. 
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 As discussed previously, search by InParanoid determined that some proteins are 

orthologs to more than one human DUSP. Figure 9 shows that in all of these proteins and 

their orthologs in vertebrate were grouped together in a phylogenetic analysis. It is 

therefore possible that DUSPs in this group had a common ancestor and later diversified 

into four different DUSPs. Figure 9 shows DUSP1, 2, 4 and 5 in one group, but similar 

branches are found for DUSP 6, 7 and 9 and DUSP14, 18 and 21. 

 Branching of DUSPs however does not correlates with their different specificity. 

Human DUSPs shown in Figure 9 specifically dephosphorylate either ERK (like DUSP2) 

or can dephosphorylate all MAPKs (like DUSP1). Their specificity may have evolved 

later and is one of the reasons for the DUSP diversification, but since the specificity of 

other than DUSPs of vertebrate was not studied in length it is difficult to support by 

further facts. 

 To further study relation between different DUSPs, another phylogenetic three 

was created using only phosphatase domain of proteins listed S11. The following tree is 

shown in Figure 10. Similarly to the first tree, the Figure 10 only shows a schematic 

representation of the phylogenetic tree, the full tree with proper protein codes is shown 

in Figure S13. Figure 10 shows very similar relations between DUSPs as were displayed 

in Figure 8. 
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 Figure 10: Phylogenetic tree of DUSPs created using only phosphatase domain 

of these proteins. Shown numbers represent which human DUSP and its orthologs are 

found in a particular branch. No vertebrates indicates that there are no proteins of 

vertebrates present in a particular branch. 
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7.2. Conservation of amino acid residue 

 To examine the conservation of amino acid residue and their relevance to substrate 

specificity proteins were analyzed by ConSurf. Firstly, three data sets of human DUSPs 

(S3, S4 and S5) were created based on their specificity towards MAPKs – ERKs, SAPKs 

and all of all human DUSPs. Sequences of DUSPs that do not have defined specificity 

were excluded. The conservation patterns were then compared. Because ConSurf needs 

more data, more proteins in alignment to be able to determine with some confidence if a 

residues is conserved, the data sets were supplemented with orthologs. Three data sets 

S6, S7 and S8 were created, again based on specificity of DUSPs and analyzed by 

ConSurf. Another data set S9 composed of all DUSP sequences was created and analyzed 

by ConSurf. Example of ConSurf alignment file output is shown in Figure 11. The results 

of data sets based on specificity were then compared with the results from data set S9 as 

well as between each other. The aim was to search if there are differences in conservation 

between differently specific DUSPs. For example if there is a region of amino acid 

residues that is highly conserved in ERK specific DUSPs, but the same region is 

diversified in JNK/p38 specific DUSPs. Since ConSurf assigns amino acids into 10 

categories, there were some differences in conservation of individual amino acids, but 

mostly did not differ more than by two categories. To simplify and make more transparent, 

the 9 categories were reduced to 3 categories (0-3 ConSurf category =variable category, 

4-6 = moderately variable category and 7-9= conserved category). Figures 12 and 13 

show examples of this analysis. Since there is a slight difference in output based on which 

protein is indicated as query protein when running ConSurf, the data set S9 was run 

analyzed multiple times, each time indicating different human DUSP as query sequence. 

The differences were very subtle, so as the query proteins for the analysis of S6, S7 and 

S8, proteins from species which have the smallest number of DUSPs – T. cruzi, 

G.intestinalis, S. cerevisae and D. discoideum were used. 
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Figure 11. Output from Consurf showing conserved region, highlighted in green 

rectangle. 

 

As Figures 12 and 13 show, in some cases a small difference in conservation 

between DUSPs can be found, however this difference usually refers only to a single 

amino acid residue and is very small. 
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Figure 12: Comparison of ConSurf results for DUSPs with different specificity. 

Proteins from T. cruzi and G. intestinalis are both orthologs to JNK specific DUSPs, 

protein from D. discoideum is an ortholog to ERK specific DUSP. Letters represent most 

common amino acid in that position. Residues with Consurf category 0-3 are shown in 

yellow, residues from categories 4-6 are shown in blue and residues from categories 7-9 

are shown in green. Sequence of very conserved domain surrounding the catalytic center 

is shown. 

 

 

 

 

 

 

 

ERK       JNK 
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Figure 13: Comparison of ConSurf results for DUSPs with different specificity. 

Proteins from T .cruzi and G .intestinalis are both orthologs to JNK specific DUSPs, 

protein from D. discoideum is an otholog to ERK specific DUSP. Letters represent most 

common amino acid in that position. Residues with Consurf category 0-3 are shown in 

yellow, residues from categories 4-6 are shown in blue and residues from categories 7-9 

are shown in green. Sequence from the T.cruzi and G.intestinalis protein tails is displayed. 

 

 Analysis in ConSurf also showed that the most conserved amino acids are found 

surrounding the catalytic center and on the inside of the molecule, while the surface is 

more variable and does not show any obviously differently conserved domains on the 

surface between differently specific DUSPs as shown in Figure 14 and 15. Exception is 

DUSP26 which shows a conserved structure different from other shown DUSPs, but this 

structure represents helix unique only for DUSP26. 

ERK       JNK 
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Figure 14: ConSurf results for surface of DUSP6 (ERK specific), DUSP16 (JNK, 

p38 specific), DUSP26 (ERK, JNK, p38 specific) and DUSP11 (RNAP1 specific). 

  

 To analyze whether there is a particular difference in conservation patterns, 

conservation results for one DUSP created using data set S6, S7 or S8 were compared to 

results for the same DUSP created using data set S9. These data show that there is no 

significant difference in conservation patterns, as illustrated on Figure 15. 
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Figure 15: A) ConSurf results for 3D structure of DUSP6 calculated from data set 

of sequences of DUSPs specific for ERK B) ConSurf results for 3D structure of DUSP6 

calculated from data set of sequences of all DUSPs 

 

7.3. Cysteine solvent accessibility 

Visual inspection of known DUSPs structures suggested that these proteins have 

many cysteine residues in their structure and that many of these residues are accessible to 

solvent. To explore whether these observations are real and could influence activity or 

stability of DUSPs, frequency of cysteines in proteins was calculated and DSSP tool was 

used to calculate their solvent accessibility. Average amount of cysteines in human 

proteome in Swissprot and 90% sequence identity of all eukaryote sequences in UniProt 

(release 2016_4) was calculated. The average amount of cysteine in eukaryotic proteins 

is about 1.8% and in humans 2.3%. Thiol groups of cysteines are hydrophobic and 

therefore are hidden from the surface. Average relative solvent accessible are of cysteines 

is about 15% (Nagano and Nishikawa, 1999). The results of this calculations are displayed 

in Table 8. DSSP calculates the absolute accessibility of solvent to a certain amino acid 

residue. To gain a better perspective if the residue is on the surface of the protein or not, 

the figure given by the DSSP was divided by the the total surface of the residue, in 

cysteine’s case 135. 40% solvent accessibility was chosen as a cut of value whether the 

cysteine is exposed to the surface. These cysteines were then also analyzed by ConSurf 

and were divided by their conservation into three categories (0-3 = variable, 4-6 = 

moderately variable and 7-9 = conserved). This data is shown in Table 8. 



50 

 

  

No of 
AA 

No of cys 
No of cys 

(%) 

Surface 
(40%) / 

total 

Conservation 
group of all 
cys (1-2-3) 

Conservation 
group of cys 
on surface 

(1-2-3) 

DUSP1 367 12 3,27 / 3 - 6 - 3   

DUSP2 314 13 4,14 4/6 5 - 5 - 3 1 - 3- 0 

DUSP3 185 4 2,16 1/4 1 - 2 - 1 1 - 0 - 0 

DUSP4 394 15 3,81 1/5 5 - 7 - 3 1 - 0 - 0 

DUSP5 384 14 3,65 1/5 4 - 7 - 3 0 - 1 - 0 

DUSP6 381 9 2,36 0/7 4 - 2 - 3   

DUSP7 419 10 2,39 0/2 3 - 4 - 3   

DUSP8 625 14 2,24 1/ 4 5 - 5 - 4 1 - 0 - 0 

DUSP9 384 9 2,34 0/2 2 - 5 - 2   

DUSP10 482 14 2,90 3/10 3 - 9 - 2 2 - 1 - 0 

DUSP11 330 5 1,52 1/5 0 - 1 - 4 0 - 0 - 1 

DUSP12 340 11 3,24 / 4 - 5 - 2   

DUSP13 188 5 2,66 2/3 1 - 2 - 2 2 - 0 - 0 

DUSP14 198 4 2,02 0/4 1 - 2 - 2   

DUSP15 295 14 4,75 0/4 5 - 4 - 5   

DUSP16 662 17 2,57 2/5 5 - 7 - 5 2 - 0 - 0 

DUSP18 188 5 2,66 0/4 1 - 2 - 2   

DUSP19 217 6 2,76 1/3 3 - 0 - 3 0 - 0 - 1 

DUSP21 190 2 1,05 / 0 - 0 - 2   

DUSP22 184 5 2,72 0/5 0 - 2 - 3   

DUSP23 150 4 2,67 0/4 2 - 0 - 2   

DUSP26 211 3 1,42 0/1 1 - 1 - 1   

DUSP27 220 3 1,36 1/3 1 - 1 - 1 1 - 0 - 0 

DUSP28 176 6 3,4 / 1 - 2 - 3   

STYX 223 3 1,35 0/2 1 - 0 - 2   

 Table 8: Cysteine residues calculations in DSSP. Table shows total number of 

amino acids, total number of cysteines in sequence, their % content in sequence, ratio of 

number of cysteines on the surface to total number of cysteines shown in structure, 

conservation score of all cysteines and conservation score of cysteines on the surface. 

Numbers in 3rd and 5th column may differ because 3rd column shows total number of 

cysteines in sequence and 5th column number of cysteines in part of the protein for which 

structure was solved. 

 

 Number of total number of cysteines in the 3rd column and the number of cysteines 

in column 5th of the Table 8 differs, because the structure for DUSPs is most often not 

solved for the whole sequence of the protein, but only for a fragment which usually does 

not include terminal regions. These results indicate that most DUSPs have more than 

usual number of cysteine residues. In some cases like in DUSP2 most of the cysteines are 

on the surface, whereas others, like DUSP6 have all of their cysteine residues buried. It 
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seem that there is no correlation between number of cysteines or their position and the 

specificity of DUSPs. However some atypical DUSPs, like STYX, DUSP11 or DUSP27 

have half the number of cysteines in comparison to DUSPs specific to MAPKs (relative 

to their length). In case of DUSPs where there was solved structure for more than one 

chain, these cysteines do not seem to feature in creating disulfidic bonds between the 

chains. 

 

7.4. Estimation of quaternary structure 

 Quaternary structure could be another feature that could explain the difference in 

specificity of DUSPs or why there are more DUSPs with the same specificity. Structure 

of DUSPs was solved for 22 human phosphatases. These were deposited in various 

quaternary structure raging from monomers to hexamers. Biologically active unit 

however does not necessarily have the same structure as deposited. For this reason PISA 

service was used for estimation of prefered structure of DUSPs. The PDB codes from 

Table 3 were used as input for this calculations. If there was more than one structure 

solved for certain DUSP, structure with highest resolution was used. The results are 

displayed in Table 9. 
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prefered 
structure other possible structures Deposited structure Specificity 

DUSP2 monomer     monomer ERK1/2 

DUSP3 monomer dimer   dimer ERK1/2 

DUSP4 24-mer     hexamer ERK1/2 

DUSP5 trimer dimer   trimer ERK1/2 

DUSP6 monomer     monomer ERK1/2; ERK5 

DUSP7 monomer tetramer   tetramer ERK1/2; JNK 

DUSP8 monomer tetramer   dimer JNK 

DUSP9 monomer     monomer ERK 

DUSP10 monomer dimer   dimer p38 

DUSP11 monomer     monomer RNAP1 

DUSP12 monomer     monomer Not known 

DUSP13 dimer monomer tetramer tetramer JNK; p38 

DUSP14 oktamer     dimer JNK; p38 

DUSP15 dimer monomer   dimer JNK; p38 

DUSP16 dimer tetramer   tetramer JNK; p38 

DUSP18 monomer     dimer JNK 

DUSP19 monomer     monomer JNK 

DUSP22 monomer     monomer  JNK,p38 

DUSP23 monomer     dimer JNK; p38 

DUSP26 dimer     dimer ERK; JNK; p38 

DUSP27 oktamer tetramer   dimer Not known 

STYX monomer     monomer ERK 

  Table 9: Estimated quaternary structure of DUSPs. Specificity is added for clarity. 

 

 These results indicate that most DUSPs prefer monomeric state. Approximately 

one third prefer other assembly. There is no correlations between preferred quaternary 

structure and substrate specificity, cell localization or classification in 4 DUSP types. 

 

7.5. Protein disorder prediction 

 In some DUSPs, like DUSP6 and DUSP2 disordered regions were described 

(Zhao and Zhang, 2001; Farooq et al., 2003) and linked to their ability to 

dephosphorylate, while in others, like DUSP13 these disordered regions are absent 

(Yuvaniyama et al., 1996). Because of this, DUSPs were examined by the DisEmble, a 

method for prediction of protein disorder. 

 As seen on Figure 16 and 17, the regions described in literature as disordered do 

not coincide with the prediction of DisEmble, especially in case of DUSP2. When these 

Figures are compared to analysis of DUSP13 or DUSP3 (shown in Figure 18), it may 

seem that the patterns are different, but when the size of the protein is taken into account, 

they are very similar. 
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 Figure 16: DisEmbled asnalysis of DUSP2. White arrows indicate residues where 

changes in conformation upon substrate binding was observed. 

 Figure 17:  DisEmbled analysis of DUSP6. White arrows indicate residues where 

changes in conformation upon substrate binding was observed. 
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 Figure 18: DisEmbled analysis of DUSP13 

 

 Although results from DisEmbl shown in Figures 16 and 17 do not coincide with 

literature, they suggest that the MKB domain is more distorted compared to the rest of 

the protein. 

If we compare DUSPs that do not have MKB domain, have similarly long 

sequence, but different substrate specificity, like DUSP3 (ERK), DUSP13 (SAPKs) and 

DUSP26 (MAPKs) as shown in Figure 19, there seem to be some differences. DUSP3 

seem to have more Hot Loops predicted in the second half of the sequence whereas 

DUSP13 in the first half and vice versa in case of Loops or coils prediction. On the other 

hand, analysis of DUSP26 looks combination of the DUSP3 and DUSP13 analysis. 
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 Figure 19: A) DisEmbled analysis of DUSP3; B) DisEmbled analysis of DUSP13; 

C) DisEmbled analysis of DUSP13 

 

7.6. Analysis of electrostatic potential of surface 

 Negatively charged residues of MAPKs were previously described to interact with 

positively charged residues of MAP2Ks and DUSPs (Tanoue et al., 2002; Farooq et al., 

2003). For this reason electrostatic potential of surface of DUSPs was examined in Pymol 

to find if there is difference between DUSPs with different specificity. 

 Most DUSPs have very distinctive positively and negatively charged residues on 

opposite poles of the protein. In some like DUSP16 or DUSP12 there are more negatively 

charged residues, while in other like DUSP14 or DUSP22 have predominantly positively 

charged residues. Intensity of positively charged residues is different among DUSPs. The 

lowest intensity is found in DUSP2, DUSP23 and DUSP22, where it is more dispersed. 

In DUSPs 16, 6, 9, 12, 28, 2 the positive charge is more concentrated around certain cleft. 

STYX, DUSP3, 14, 22, 26, 18, 22 and 23 have their positive charged dispersed on larger 

A

B

C
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surface of protein, more accessible. Examples of differences between these DUSPs is 

shown in Figure 20. 

  

 Figure 20: Electrostatic potential on surface of DUSPs. 
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 DUSP4 and STYX are both located in cell nucleus and both interact with ERK. 

DUSP4 dephosphorylates ERK (Kim et al., 2015). STYX on the other hand is a 

pseudophosphatase and cannot dephosphorylate ERK, but it it binds this protein and 

regulates its export from nucleus (Reiterer et al., 2013). STYX and DUSP4 therefore 

compete for ERK. Both of these proteins have regions of positive electrostatic potential 

on surface which has been suggested as important factor in ERK binding, but in STYX it 

is more dominant, as shown on Figure 21. 

 

      

                              

Figure 21: Electrostatic potential on surface of STYX and DUSP4. STYX shows 

bigger cluster of positive electrostatic potential than DUSP4. 

  

STYX DUSP4 
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8. Discussion 

 Dual-specificity phosphatases dephosphorylate phosphoserine/threonine and 

phosphotyrosine amino acid residues. There are 25 human DUSPs described so far and 

most of them dephosphorylate proteins which belong to MAPK family of kinases. Some 

DUSPs only dephosphorylate small number of proteins that belong to MAPK family 

while others are less substrate specific and dephosphorylate proteins which belong to all 

subfamilies of MAPKs. Individual DUSPs and their specificity was described during the 

years and some structures or residues for particular proteins were proposed as important 

for their substrate specificity, but did not prove to be more universal and even some 

published data was contradictory (summarized by Patterson et al., 2009). Even though 

structures of first DUSPs were solved about 20 years ago, there were only a few articles 

published that would focus their attention to whole group of DUSPs and their structure 

and regulations. The aim of this diploma work was to analyze and compare DUSPs and 

based on their similarities and differences try to further explain variations in their 

specificity. 

 To find out whether there are DUSPs or related phosphatases in organisms other 

than human and mouse, InParanoid and metaPhOrs methods were employed to find 

DUSP orthologs. Since after examining orthologs in 17 species, metaPhOrs had more 

false negative hits, InParanoid method was used to find orthologs in 49 species chosen to 

cover eukaryotic diversity. Data from this search are summarized in Tables 5,6 and 7 of 

result section and show, that some orthologs to DUSPs are present in almost all eukaryotic 

organism, from single cell organisms to mammals. Organism that do not have any DUSPs 

are Plasmodium falciparum and Trichomonas vaginalis, which are both protozoan 

parasitic organisms. This is especially interesting in case of T. vaginalis who has bigger 

genome size (about 175Mb) in comparison to other single cell organism or even some 

multicellular organism that were used in this search. It seems that the number of DUSPs 

in organisms grows in correlation with genome size as demonstrated in Table 10. Of 

course there are exceptions to this trend. Most notably T. nigroviridis has smaller genom, 

only about 350Mb but has 20 DUSPs. Opposite to it, O. anatinus has big genome but has 

the least number of DUSPs among analyzed vertebrates and S. harsrisii has the second 

biggest analyzed genome but only has 16 DUSPs. Plants regardless of their genome size 
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have only small number of DUSPs. This may be because plants although have 

phosphorylation on tyrosine, lack classical tyrosine kinases found in animals. They have 

dual-specificity kinases and tyrosine kinase like proteins (Lehti-Shiu and Shiu, 2012; 

Sinha et al., 2011; de la Feunte van Bentem and Hirt, 2008). Vertebrates on the other hand 

have many DUSPs. This increase in number of phosphatases seems to be in correlation 

with increase in number of kinases (Manning et al., 2002). The fact that DUSPs appear 

in most eukaryotic lineages although tyrosine kinases are rare among them, indicate that 

their primary function did not have to include tyrosine, dephosphorylation. 
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No. of 
DUSPs in 
organism 

No. of 
corresponding 

human orthologs Genome 
size (Mb) 

Giardia intestinalis / lamblia 1 2 11,0015 

Saccharomyces cerevisiae 2 6 12,5085 

Entamoeba histolytica 4 13 15,2721 

Plasmodium falciparum 0 0 20,8756 

Phaeodactylum tricornutum  1 1 27,4507 

Capsaspora owczarzaki 4 10 27,9678 

Fibroporia radiculosa 6 17 28,378 

Dictyostelium discoideum 3 10 34,205 

Naegleria gruberi 5 11 40,9641 

Monosiga brevicollis 3 8 41,7009 

Rhizopus delemar / oryzae 4 5 46,1489 

Trypanosoma cruzi 1 1 89,9375 

Caenorhabditis elegans 8 13 100,286 

Tetrahymena thermophila 2 2 103,014 

Ciona intestinalis 6 13 115,227 

Drosophila melanogaster 6 13 117,811 

Arabidopsis thaliana 3 9 119,668 

Chlamydomonas reinhardtii 3 5 120,405 

Tribolium castaneum 11 7 165,944 

Amphimedon queenslandica 9 19 166,7 

Trichomonas vaginalis 0 0 176,42 

Ectocarpus siliculosus 5 14 195,811 

Daphnia pulex 9 7 197,206 

Selaginella moellendorffii 3 2 212,502 

Danaus plexippus 12 6 272,853 

Acromyrmex echinatior 7 4 295,945 

Tetraodon nigroviridis 20 19 342,403 

Nematostella vectensis 9 16 356,614 

Oryza sativa sub japonica 6 11 386,627 

Physcomitrella patens 3 11 477,948 

Branchiostoma floridae 11 16 521,895 

Crassostrea gigas 9 15 557,657 

Xiphophorus maculatus 20 20 733,802 

Meleagris gallopavo 20 19 1128,34 

Gallus gallus 19 20 1230,26 

Taeniopygia guttata 19 19 1232,14 

Danio rerio 21 21 1371,72 

Xenopus tropicalis 18 19 1437,53 

Anolis carolinensis 22 21 1799,14 

Pteropus alecto 20 20 1985,98 

Ornithorhynchus anatinus 15 15 1995,61 

Canis familiaris 19 19 2410,98 

Heterocephalus glaber 20 20 2618,2 

Bos taurus 20 20 2670,14 

Oryctolagus cuniculus 20 20 2737,46 

Mus musculus 23 23 2803,57 

Latimeria chalumnae 19 19 2860,59 

Sarcophilus harrisii 16 16 3174,69 

Loxodonta africana 22 22 3196,74 

 Table 10: Correlation between number of DUSPs found in organism and its 

genome size. 
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 Phylogenetic trees were created from sequences of human DUSPs and its 

orthologs found by InParanoid method. Trees include proteins from 35 organisms since 

most of the vertebrate DUSPs were discarded because they share high sequence identity 

amongst themselves and would therefore negatively influence the resulting tree.  Two 

trees were created, first for the whole sequence of the proteins and the second one only 

for their phosphatase domain. The resulting trees have low support in bootstrapping, but 

the fact that both trees have similar topology gives us a confidence that the presented 

topology is meaningful. The second tree was created to see if there will be some difference 

between two trees which would indicate importance of some other sequence than the 

sequence of phosphatase domain. Both trees have identical grouping of some DUSPs (for 

example DUSP6, 7 and 9) and these groups have same relation to each other, which may 

indicate that there is no other big, different, particular sequence shared between these 

proteins. Similar tree of human DUSPs was published by Jeong et al., (Jeong et al., 2014), 

where they created phylogenetic tree using catalytic domain only of human DUSPs and 

DUSPs were divided into 6 groups. These groups correlate with the secondary-structure 

characteristics of DUSPs, even reflect that one group undergoes conformational change 

after binding to ERK (Jeomg et al., 2014). Different cladogram was published by Zhao 

et al., (Zhao et al., 2015). In their study, several recombinant DUSPs were prepared and 

used to determine their specificity by microarray. They discovered high number of 

phosphatase recognition sites and based on consensus sequence motifs recognized, 

DUSPs were clustered into groups. These clusters are almost identical to the grouping of 

DUSPs in the phylogenetic tree which they created using sequence of 10 DUSPs. 

However, this tree shows different relations between DUSPs than shown by Jeong et al., 

2014, and to those shown in this diploma work. Detail of the tree shown in Figure 9 

indicates that some DUSPs are found as different proteins in vertebrates but only as one 

protein in other animals, which may suggest that they evolved from one protein and their 

specificity and function later diversified. Figures 8 and 10 indicate that there are some 

proteins which are not found in vertebrates. Possible explanation of this fact is that 

vertebrates have lost these proteins during the evolution. One group in Figure 8 does not 

include any phosphatase form vertebrates except for DUSP16 from X. tropicalis. This 

may be due to bad alignment of this protein or errors in sequence. None of the constructed 

trees shows any clustering of DUSPs which would correlate with their unique specificity 
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described previously in literature. 

 To study if there is some motif conserved in DUSPs with specificity towards only 

smaller group of proteins, that would be absent or less conserved in DUSPs specific to 

another group of proteins, human DUSPs and their orthologs were analyzed by ConSurf. 

This method showed that catalytic domain and buried amino acids are highly conserved 

in all of analyzed proteins. Catalytic domain of all PTPs shares conserved motif similar 

to catalytic motif of DUSPs (summarized by Denu et al., 1996). Less conserved were the 

residues on proteins surface and residues at the beginning and end of the protein. However 

there was no conservational pattern observed that would be different and unique between 

ERK, SAPK or all MAPK specific DUSPs. There were several cases of isolated amino 

acids that had different conservational score, but these differences were very low, ranging 

between 2 categories assigned by ConSurf or were found in amino acids for which there 

was not sufficient data and their confidence score was very low. These result may suggest 

that there is no shared conserved sequence specific for DUSPs based on difference in their 

specificity. On the other hand, these result may be due to incorrect distribution of DUSPs 

based on their specificity. DUSPs were divided into groups based on their specificity that 

was supported by the data found in literature. However, there data are not necessary 

complete. Articles that were the basis for DUSP distribution used different methods and 

different cell types to determine DUSPs specificity, and even then some discuss ability of 

DUSP to dephosphorylate one protein, but do not pay attention to other proteins, possible 

substrates. Some articles, mainly on subject of DUSP1, have contradictory data, where 

some argue its ability to dephosphorylate ERK (Alessi et al., 1993; Sun et al., 1993) while 

others did not observe this activity, but instead observed only dephosphorylation of p38 

(Dorfman et al., 1996; Franklin and Kraft, 1997), or observed dephosphorylation in both 

ERK, JNK and p38 (Wu et al., 2006a). Groups of DUSPs may have also been done based 

on too wide parameters and some differences may appear in case of grouping of DUSPs 

based on main branching of phylogenetic tree. 

 Cysteine is amino acid which carries a reactive sulfhydryl group. Some DUSPs 

like DUSP1, 2, 15 or 16 have higher than average number of cysteines in their structure. 

Since cysteine content in proteins increases with the complexity of organisms, trend not 

observed in other amino acids (Miseta and Csutora, 2000) it may be expected that 

cysteines found in human DUSPs will not be conserved. This is true for most of DUSPs 
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and cysteines as shown in Table 8. Exception are cysteines in the active site, which are 

conserved since they are necessary for the function of these phosphatases. Cysteine can 

directly react with reactive oxygen species (ROS) and cysteines exposed on the surface 

of proteins were proposed to play important role in intracellular protection against 

oxidative damage (summarized by Schafer and Buettner, 2001; Requejo et al., 2000). 

Furthermore redox modification of cysteine can affect protein structure and function as 

well as their ability of spatio-temporal control of signaling (summarized by Wani et al., 

2014). Redox modification of thiol side chain of cysteine may therefore play some role 

in DUSPs regulation in oxidative stress, especially in DUSPs which have more cysteines 

exposed on surface. For example, DUSP1 was determined as important in prevention of 

pulmonary hypertension in response to chronic hypoxia (Jin et al., 2010) and is necessary 

for triggering apoptosis induced by nitric oxide in breast cancer (Pervin et al., 2003). 

Cultivation of mouse embryonic stem cells in hypoxia also outlined the possibility that 

DUSP6 in these conditions changes location and is more concentrated around the cell 

nucleus (Sladeček, 2015). Interesting is also DUSP16 which has two out of five cysteines 

in solved structure exposed on the surface. This may be linked to fact that DUSP16 in 

conditions of acute oxidative stress translocates from nucleus to cytoplasm and hence 

cannot dephosphorylate its substrate in nucleus (Berdichevsky et al., 2010). DUSP1,2,4 

and 5 form a group in phylogenetic tree, but they have different amount of cysteines in 

their sequence. DUSP1 and 2 have the highest number of cysteines, but unfortunately 

structure of DUSP1 has not been solved so the number of exposed cysteines could not be 

calculated. DUSP2 has 4 out of 6 cysteines in structure exposed on the surface which is 

significantly higher than DUSP4 and 5 who have only 1 out of 5 cysteines in structure 

exposed. Although DUSP2,4 and 5 have same substrate specificity number of cysteines 

may cause different regulations of these phosphatases and that their importance and 

activity is different in different conditions and cell types. This result may suggest why 

there are so many DUSPs that dephosphorylate one substrate. Also, interestingly 

DUSP6,7 and 9 have no cysteines exposed on the surface of solved structure, in spite that 

DUSP6 for example has 7 cysteine identified in the solved structure. All three of these 

phosphatases are located in the cytoplasm, which together may indicate that there is 

difference in regulation of these phosphatases and their role in some conditions, compared 

to other DUSPs. 
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 Some DUSPs change their dramatically structure after specific binding with their 

substrate. This binding in DUSP6 and DUSP2 is responsible for change in their 

conformation to enzymatically active state (Zhao and Zhang, 2001; Farooq et al., 2003).  

To test whether this change is clear in the sequence or if it can be predicted for other 

DUSPs, human DUSPs were analyzed by DisEmbl. Results from this method coincide 

whit the articles. Sections of DUSP that were described as disordered in DisEmbl 

prediction do not seem disordered as illustrated by Figures 110 and 111. That said, there 

are regions around experimentally solved disordered regions that show on results from 

DisEmbl. But some disordered sequences are shown by DisEmbl in DUSPs whose 

conformation does not change after interaction with substrate, like DUSP13 (Kim et al., 

2007). DisEmbl predicts disordered regions based on their amino acid sequence. It was 

observed that if when determining DUSP structure, ionic strength in buffers changed, 

there were different resonance changes and alteration in structure of protein (Farooq et 

al., 2003). Therefore it is possible that change of pH, ionic strength etc. may affect range 

of conformational changes and may found in regions smaller or larger than those 

predicted in DisEmbl. In case of DUSPs that have MKB domain, most predicted disorder 

regions are located in this domain. 

 Structures for human DUSPs was solved raging form monomers to hexamers, but 

most of them in spite of deposited structures, preferentially function as monomers. Their 

substrates, MAKs can function as monomers or dimers. Phosphorylated ERK is in 

cytoplasm form of homodimers and in nucleus in monomeric form (Khokhlatchev et al., 

1998; Chuderland et al., 2008; Ahn et al., 2009; Plotnikov, et al., 2011; Casar et al., 2008). 

JNK is active in nucleus in dimeric form (Nitta et al., 2008) and p38 dimers are more 

active than its monomers (Mittelstadt et al., 2005). This may suggest that quaternary 

structure and localization of DUSPs may also play role in their activity and interaction 

with substrates. Information about subcellular localization was acquired from UniProt 

and is shown in Table 11. As shown on Tables 9 and 11, there is no clear correlation 

between the DUSPs subcellular localization, its preferred structure or substrate 

specificity. However, similarly to observation in cysteine residues, there are some 

differences between DUSP1,2,4 and 5. All of these DUSPs are localized in nucleus, but 

each of them prefers different quaternary structure, which may again be linked to their 

regulation and importance in different conditions. 
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 localization 
prefered 
structure 

Specificity 

DUSP1 nucleus  ERK, JNK, p38 

DUSP2 nucleus monomer ERK1/2 

DUSP3 nucleus monomer ERK1/2 

DUSP4 nucleus 24-mer ERK1/2 

DUSP5 nucleus trimer ERK1/2 

DUSP6 cytoplasm monomer ERK1/2; ERK5 

DUSP7 cytoplasm monomer ERK1/2; JNK 

DUSP8 cytoplasm monomer JNK 

DUSP9 cytoplasm monomer ERK 

DUSP10 cytoplasm monomer p38 

DUSP11 nucleus monomer RNAP1 

DUSP12 nucleus monomer Not known 

DUSP13 cytoplasm dimer JNK; p38 

DUSP14 nucleus oktamer JNK; p38 

DUSP15 nucleus dimer JNK; p38 

DUSP16 nucleus dimer JNK; p38 

DUSP18 nucleus monomer JNK 

DUSP19 cytoplasm monomer JNK 

DUSP21 nucleus  Not known 

DUSP22 cytoplasm monomer JNK, p38 

DUSP23 cytoplasm monomer JNK; p38 

DUSP26 cytoplasm dimer ERK; JNK; p38 

DUSP27 cytoplasm oktamer Not known 

DUSP28 cytoplasm  p38 

STYX nucleus monomer ERK 

 Table 11: Subcellular localization of DUSP, its prefered structure and substrate 

specificity show no correlation. 

  

 MAPKs share a common docking domain which is characterized by negatively 

charged amino acids which affects binding of MAP2K and phosphatases to MAPKs 

(Tanoue et al., 2002). Results shown in Figure 20 and 21 show that DUSPs have regions 

of positively charged residues on the surface near the active site. Intensity or surface of 

the positive electrostatic potential does not seem to be the sole determinant of specificity 
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of these DUSPs, since similar patterns are observed on ERK specific (DUSP6) and JNK 

specific (DUSP18) phosphatases. Interesting distribution of positive charge is seen on 

DUSP4 and STYX who have similar structure, but in case of STYX the positive charge 

is more intensive and spreads through larger surface area, which could potentially enable 

STYX to perform its role and negatively regulate DUSP4 activity by binding its substrates 

and transporting them from nucleus to cytoplasm, away from DUSP4. 

 DUSPs whose specificity was not found in literature include DUSP12, 21 and 27. 

Based on data presented in this work it is hard to predict their specificity with significant 

certainty. Different similar analyzes as presented in this work on differently groped 

DUSPs, homology modeling of DUSPs that have unknown structure, use of other 

methods for prediction of conservation of residue etc. are some of steps that can be further 

made to predict specificity in some DUSPs and better determine why are there so many 

DUSPs in human proteome. 
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9. Conclusion 

 Dual-specificity phosphatases are enzymes that dephosphorylate phosphotyrosine 

and phosphoserine/threonine residues on one substrate. Humans have 25 DUSPs that 

dephosphorylate mostly members of mitogen-activated protein kinase family. There are 

some differences between specificity of DUSPs, but reason and mechanisms underlining 

these differences are still poorly understood. 

Aims of this diploma work were to analyze dual-specificity phosphatases and try 

to determine why are there so many DUSPs, if there is some structural difference between 

them that could explain their different specificity and describe and discuss similarities 

and differences between them that could contribute to their specificity or regulations. 

 In this work we have identified orthologs of human DUSPs in 49 eukaryotic 

species using automatic clustering method InParanoid. Results from this analysis suggest 

that number of DUSPs increases in higher eukaryotes and highest number of DUSPs is 

found in vertebrates and small number in plants, which may coincide with number of 

kinases and the frequency of tyrosine phosphorylation found in these organisms. 

 Next we constructed phylogenetic trees using full sequences and sequences of 

phosphatase domain of DUSPs. Except for DUSPs and its orthologs, human CDC14 

proteins, which have been described as closely related to DUSPs, were used as an 

outgroup to better determine relation between different DUSPs. Surprisingly, these trees 

indicate that DUSP23 and DUSP11 are closely related despite them having very different 

substrate specificity. Also, surprisingly there are some branches that do not include human 

or vertebrate DUSPs which could suggest that some phosphatases are not present in 

human proteome while they can be found in other eukaryotes. 

 Next we tried to identify conserved regions of amino acids using method ConSurf. 

Human DUSPs and their orthologs were grouped based on their specificity, analyzed by 

ConSurf and results were compared. Unfortunately, we were not able to identify any 

significant differences in conservation patterns. Use of differently grouped DUSPs (for 

example based on groups seen in phylogenetic trees) as datasets for analysis by ConSurf 

may be one of the next steps that can be undertaken for further analysis of conservational 

patterns between DUSPs. 
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Since we noticed that in some DUSPs there is a difference in number of cysteines 

on surface, we analyzed number, conservation and solvent accessibility of cysteines in 

DUSPs. Results show that some DUSPs have more cysteine than average human protein. 

Although we did not see any clear connection between number of cysteines and their 

specificity, we see that DUSPs located in cytoplasm tend to have cysteines exposed on 

the surface in comparison to DUSPs in nucleus. We also identified that there is some 

difference in number and exposure of cysteine residues in DUSPs that are grouped 

together in phylogenetic tree, which may suggest different regulations of these DUSPs in 

for example oxidative stress, and indicate a reason why have DUSPs diversified in some 

many phosphatases in vertebrates. Oxidative stress may well be important regulator of 

DUSPs that have more cysteines on surface as suggested by DUSP16 which has two out 

of five cysteines in solved structure exposed on the surface and translocates from nucleus 

to cytoplasm in conditions of oxidative stress (Berdichevsky et al., 2010). 

 To investigate other properties of DUSPs we analyzed their quaternary structure, 

where we observed that most DUSPs prefer monomeric structure, and although again we 

did not see any differences in preferred quaternary structure and substrate specificity, 

there are differences among DUSPs grouped together in phylogenetic tree suggesting 

differences in their function during various conditions. We also analyzed electrostatic 

potential of surface and used tools for prediction of disordered sequences, but we have 

not found any correlation between these results and difference in substrate specificity of 

DUSPs. 

 All results taken together suggest that there is a difference in DUSPs, which is 

probably based more on subtle differences and their regulations than by big structural 

differences. These data suggest that subcellular localization, quaternary structure and 

frequency and solvent accessibility of cysteine residues may have an important role why 

DUSPs have diversified into 25 different phosphatases and that in different stress 

conditions, similar DUSPs with same substrate specificity are differently regulated and 

have different role in cells. 
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