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Abstract 

Natural killer (NK) cells represent indispensable part of the innate immunity as they are 

capable  of  promptly  identifying  virally  infected  or  tumor  cells  and  participating  in  the 

regulation  of  adaptive  immune  responses.  These  functions  are  ensured  by  the  interplay 

between NK receptors, creating a complex regulatory system. Solving the receptors’ structure 

may contribute to an overall understanding of NK cell biology. 

 Presented thesis describes an elucidation of the structure of the inhibitory C-type lectin-

like  receptor  (CTLR)  Nkrp1b  with  an  emphasis  toward  structural  features  (stalk,  loop  and 

oligomerization state) which might affect conformation or interactions of this receptor. The 

interaction of Nkrp1b with its ligand, Clr-b protein, is immunologically significant as it regulates 

NK  cells’  activity  independently  and  monitors  changes  that  are  not  visible  to  cytotoxic  T 

lymphocytes. 

To study individual structural aspects of Nkrp1b, two protein variants were recombinantly 

prepared in bacterial expression system: entire ectodomain and ligand-binding domain lacking 

the  stalk.  Using  a  range  of  mass  spectrometric  techniques  in  combination  with  homology 

modeling and molecular dynamics, we proposed the Nkrp1b structure including its 

monomeric  and  dimeric  arrangements.  In  addition,  the  oligomerization state  of  full-length 

Nkrp1b produced  in  mammalian  cells  was  investigated  using  immunoblotting.  The  Nkrp1b 

proteins prepared in bacteria as well as in mammalian cells showed that the proteins either 

with or without stalk exist as a mix of monomers and homodimers. Finally, biological activity 

of Nkrp1b protein forms differing by the presence of the stalk and by the oligomerization state 

was tested using fluorescence microscopy. It was found that only monomeric forms regardless 

of the stalk were able to interact with a ligand. 

In  conclusion,  these  results  show  that  the  stalk  region  does  not  affect  protein  fold  or 

Nkrp1b dimerization as was assumed for decades, or even its ability to interact with the ligand. 

Only monomeric Nkrp1b forms are biologically active despite Nkrp1b homodimers 

occurrence. This opens the question of homodimers’ possible regulatory function. 

  



Abstrakt 

NK  buňky  jsou  schopné  rychle  rozpoznat  buňky  infikované  virem  nebo  také  nádorové 

buňky a podílí se na regulaci odpovědí adaptivní imunity, proto představují velmi důležitou 

součást přirozené imunity. Funkce NK buněk jsou zajišťovány souhrou mezi jejich receptory, 

které dohromady vytváří složitý regulační systém. Vyřešení struktury jednotlivých receptorů 

by mohlo přispět k porozumění NK-buněčné biologie. 

Předkládaná dizertační práce je věnována řešení struktury inhibičního receptoru  

C-lektinového  typu  (CTLR)  Nkrp1b,  především  je  pak  zaměřena  na  ty  části  jeho  struktury 

(krček, smyčka a oligomerní stav), které mohou ovlivnit celkovou konformaci receptoru a také 

jeho  interakce.  Vazba  receptoru Nkrp1b  s jeho  ligandem,  proteinem  Clr-b,  je imunologicky 

významná,  jelikož  nezávisle  reguluje  aktivitu  NK  buněk  a  monitoruje  změny,  které  nejsou 

detekovatelné cytotoxickými T lymfocyty. 

Aby  mohly  být  studovány  jednotlivé  strukturní  charakteristiky  proteinu  Nkrp1b,  byly 

připraveny dvě jeho varianty: celá ektodoména a ligand-vazebná doména postrádající krček. 

S využitím  několika  různých  technik  hmotnostní  spektrometrie  v kombinaci  s homologním 

modelováním  a  molekulární  dynamikou  byla  navržena  struktura  receptoru  Nkrp1b  včetně 

jeho monomerního a dimerního uspořádání. Dále byl zkoumán oligomerizační stav receptoru 

připraveného v jeho plné délce v savčích buňkách pomocí western blotu. Bylo zjištěno, že jak 

Nkrp1b připravené v bakteriích, tak i v savčích buňkách jsou směsí monomerů a homodimerů. 

Nakonec byla s využitím fluorescenční mikroskopie testována biologická aktivita forem 

proteinu Nkrp1b, kdy se ukázalo, že pouze monomerní varianty proteinu (ať už s krčkem, nebo 

bez) jsou schopny interakce s ligandem. 

Na základě získaných dat je zjevné, že krček nemá vliv na konformaci proteinu Nkrp1b ani 

na jeho dimerizaci, jak se po desetiletí předpokládalo, a stejně tak ani neovlivňuje schopnost 

interakce  receptoru  s ligandem.  Přestože  se  Nkrp1b  vyskytuje  i  ve  formě  homodimeru, 

biologicky aktivní jsou pouze jeho monomerní formy. To by naznačovalo, že homodimery by 

mohly zastávat regulační funkci.  
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BSA   bovine serum albumin 
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CD     circular dichroism 
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1 Introduction 

1.1 The C-type lectin-like receptors: classification and characteristics 

The C-type lectin-like receptors (CTLRs) constitute a broad group of proteins with many 

diverse functions; however, most of invertebrates CTLRs were characterized as humoral sugar-

binding proteins with proven or predicted function in innate immunity. Despite the differences 

in  function  and  sequence,  they  are  structurally  conserved  among  multicellular  eukaryotes 

including insect, mollusks, fish, flat  worms, snakes  or mammals  [1]. The  CTLRs can  also  be 

found in viruses or parasitic bacteria [2–4].  

These proteins containing the C-type lectin-like domain (CTLD) as a common feature were 

originally divided into seven groups (I – VII) according to their complete structure. The CTLRs 

are  composed  of  distinct  types  of  additional  components  such  as  Ig-like  domain,  collagen 

domain or  leucine-rich repeats [1,5], and they share the protein orientation or are soluble as 

shown in Figure 1.1. This grouping also corresponds to the phylogenetic analysis of the CTLD 

sequences and proteins’ functions [5]. Later, the CTLR superfamily was revised and expanded 

with seven novel groups (VIII – XIV) based on complete genome sequencing of different animal 

species.  Groups  were  defined  by  subsequent  prediction  methods  [6].  Similarly,  last  three 

groups (XV – XVII) were added after Fugu genome analysis [7]. Therefore, the newer groups 

(VIII – XVII) lack such extensive functional description similar to the groups I – VII; nevertheless, 

a few protein structures were resolved. To outline the diversity of the CTLRs, short 

characteristics  of  selected  protein  groups  are  stated  below.  The  emphasis  is  placed  on 

receptors’ functions, calcium-dependence during the interactions, type of receptors’ ligands 

and their oligomerization state.   

Group  I  (lecticans)  is  made  up  of  large  extracellular  proteoglycans,  namely  aggrecan, 

brevican, versican and  neurocan in vertebrates, whose function is cell adhesion and tissue 

integration  [1].  All  the  members  were  found  in  the  brain,  aggrecan  is  also  expressed  in 

cartilage  and  versican  in  all  tested  tissues.  Lecticans  create  extracellular  matrix  mainly  by 

aggregation with hyaluronan [8]. They interact in Ca2+-dependent manner even if the 

interaction occurs between proteins [9]. 
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Figure 1.1: Domains organization of proteins containing the CTLD. 

Vertebrates’ CTLDs are divided into 17 groups according to protein domains combination. I – 

lecticans, II – asialoglycoprotein and DC receptors, III – collectins, IV – selectins, V – NK cell receptors, 

VI – multi-CTLD endocytic receptors, VII – the Reg group, VIII – chondrolectin, layilin, IX – tetranectin, 

X – polycistin 1, XI – attractin, XII – eosinophil major basic protein (EMBP), XIII – DGCR2, XIV – 

thrombomodulin, XV – Bimlec, XVI – SEEC, XVII – CBCP [10]. 

 

Group II [(sialoglycoprotein and dendritic cell (DC) receptor] consists of five subgroups of 

type II transmembrane proteins. Most protein members, for example dendritic cell-specific 

ICAM-grabbing non-integrin (DC-SIGN, CD209), are found in many mammals [11,12], but they 

are also present in fish [7].  This group also includes for example macrophage receptors like 

macrophage C-type lectin (MCL) [13], langerin and Kupffer cell receptors [14,15] or scavenger 
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receptor with the CTLD [16]. Group II members bind carbohydrates in the presence of Ca 2+ 

ions and the stalk region participates in protein oligomerization [1].  

Group  III  is  represented  by  collectins,  soluble  Ca2+-dependent  innate  immune  proteins 

containing collagen domain. These proteins usually assemble into trimers or higher oligomers. 

Representatives of this group can be found for example on the surface of lung epithelium [lung 

surfactant  proteins  A  and  D  (SP-A,  -D)],  where  they  protect  mucosa  against  pathogens. 

Mannose-binding proteins (MBP-A, -C) constitute another well-known examples of collectins 

occurring in serum and in the liver [17,18].  

Selectins, Ca2+-dependent type I transmembrane glycoproteins conserved among 

vertebrates [7], constitute group IV. These dimeric molecules [19] mediate leukocyte 

tethering  and  rolling,  and  therefore  facilitate  first  steps  of  cells  adhesion  at  the  site  of 

inflammation [20].  

NK  receptors,  which  belong  to  group  V  will  be  discussed  in  more  detail  in  a  separate 

chapter (1.3). 

Multi-CTLD endocytic receptors such as mannose receptor (MR), which belong to group 

VI, are type I transmembrane proteins mediating endocytosis of various extracellular ligands 

into the cells via specific motifs in their short cytoplasmic tail. Most members of this group do 

not contain principal Ca2+-binding site [21]. However, MR binding activity is Ca 2+-dependent; 

moreover,  presence  of  calcium  ions  promotes  receptor  dimerization  and  an  equilibrium 

between monomeric and homodimeric forms may exist on the cell membrane. The process of 

dimerization seems to be important for high affinity binding of lutropin or thyrotropin [ligands 

with terminal N-acetylgalactosamine-4-sulfate (GalNAc-4-SO4)] [22].      

Members of group VII are extracellular proteins and possess only single domain (CTLD) 

containing Ca2+-binding motif except for Reg4 members. Reg4 along with snake venom CTLDs 

(both  group  VII),  which  are  the  best-studied  non-mammalian  vertebrate  C-type  lectins, 

represent the ancestors of the mono-CTLD proteins [1]. Snake CTLDs are divided into three 

subgroups: (I) the domain-swapped dimeric hemostasis modulators from Viperidae venoms, 

(II) phospholipase A2 inhibitors (PLI) and (III) sugar-binding CTLDs. The first group is the largest 

one with more than 80 members, which are mutually very similar. These proteins influence 
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blood hemostasis and clotting as they interact with platelet membrane receptors and blood 

coagulation  factors. Domain swapping is  the unique dimerization mechanism involving 

conformational change of the internal loop region resulting in overlap of chains A and B and 

concave shape of newly organized dimeric molecule. This shape is important for quaternary 

structure  stability  [23].  Another  intriguing  part  of  group  VII  is  represented  by  antifreeze 

proteins, with the ability to bind to the ice. These molecules are present in polar fish species 

[24] where they ensure ice recrystallization inhibition [25].  

As  was  mentioned  above,  groups  VIII  –  XIV  were  subsequently  defined  after  CTLRs 

classification revision in 2002  [6]. Members of these groups are not as referenced as proteins 

of earlier division, thus only some examples are stated.  

Protein of group X, polycystin 1 (PC1), large multidomain protein that spans the plasma 

membrane  11  times,  is  an  interesting  representative  [1,26].  PC1  forms  dimers  [27]  and 

interacts  with  extracellular  matrix  proteins  in  Ca2+-dependent  manner  [28].  Its  function 

including  the  mechanism  has  been  described  recently,  PC1  inhibits  protein  synthesis  and 

promotes apoptosis [29]. Mutation in the gene coding PC1 (PKD1 or PKD2) causes autosomal 

dominant polycystic kidney disease (ADPKD) [30].  

Another example, the eosinophil major basic protein (EMBP) from group XII, is a monomer 

under physiological conditions that slowly assembles into dimers and polymers [31]. EMBP is 

the most abundant protein in granules of eosinophils where it forms the crystalline core. It is 

toxic to helminths, bacteria or mammalian cells in vitro; moreover, EMBP triggers histamine 

release  or  activates  neutrophils  and  alveolar  macrophages  [32–36].  EMBP  does  not  bind 

calcium ions [32]. 

The last three groups XV – XVII were added based on Fugu whole-genome analysis [7]. 

According to the prediction, molecules of the group XV (Bimlec) are type I transmembrane 

proteins, proteins of groups XVI and XVII are considered to be soluble. In addition, proteins of 

group XVI contain potential Ca 2+-carbohydrate binding motif [7]. Function is known only in 

case  of  the  last  group.  As  these  proteins  are  large  proteoglycans,  they  mediate  basement 

membrane adhesion [37]. Their binding activity is calcium-independent [1].  
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To  briefly  summarize  properties  of  the  CTLR  superfamily,  the  receptors  can  occur  as 

monomers,  dimers  or  even  oligomers.  Their  interactions  are  often  calcium-dependent, 

approximately half of CTLDs contains Ca2+-binding site and the presence of this site was shown 

to be connected mostly with sugar binding [38].  

Despite conserved structure of the CTLD, amino acid sequences of this domain, functions 

and  ligands  of  the  CTLRs  are  highly  divergent.  The  spectrum  of  CTLRs’  ligands  involves 

carbohydrates [39], proteins [40], lipids [41] and several inorganic substances such as calcite 

crystals [42] or ice [43].  

 

1.1.1 Structure of the C-type lectin-like domain 

The highly conserved structure of the CTLD (Figure 1.2) is composed of two α-helices (α1 

and α2), two antiparallel β-sheets (vertical β-sheet is formed by β1, β5 and β1’ strands; the 

slant one is composed of β2, β3 and β4 strands) and a long loop (highlighted in blue). The loop 

is a variable and flexible region and can contain Ca 2+-binding residues [44] or participate in 

dimerization via the so-called domain swapping, where 

the identical interacting molecules use a part of their 

structure  to  entangle  with  each  other.  This  type  of 

dimerization  was  described  in  some  CTLRs  such  as 

Nkrp1a receptor [45], macrophage mannose receptor 

[46] or snake venom bitiscetin [47].  

Cysteines arranged to two or three disulfide bridges 

are  the  most  conserved  residues  of  the  CTLD.  Usual 

connections  involve  Cys1 –  Cys4  and  Cys2  –  Cys3,  

longer variants of CTLDs contain the third disulfide link 

Cys0 – Cys0’ located closer to the N-terminus (Figure 

1.2) [1]. Additionally, some of CTLRs possess one or two 

more cysteines in a stalk. The extra cysteine pair can 

create: I) an intrachain linkage as is the case in NKG2D 

receptor, which therefore forms non-covalent 
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homodimer  [48]  or  II)  each  cysteine  binds  the  corresponding  cysteine  in  an  interacting 

molecule and thus participates in the formation of a covalent dimer, for instance CD94/NKG2 

[49].  

Besides different cysteines  arrangements in the stalk,  this protein  part  can  affect CTLD 

orientation and interactions as was described for Ly49L NK cell receptor. The stalk of Ly49L 

keeps the CTLDs back-folded towards the NK cell surface and ensures the trans interaction 

with two molecules of major histocompatibility complex (MHC) class I (present on the second 

interacting  cell).  If  the  CTLDs  of  Ly49L  are  dissociated  from  the  stalk,  they  are  orientated 

reversely to the NK cell surface and the interaction happens in cis position (surface of the same 

cell) with one MHC class I molecule [50].     

 

1.2 NK cells and their functions 

Since this thesis deals with the NK (natural killer) cell receptor Nkrp1b, basic characteristics 

of these cells are provided. As a part of the innate immunity, NK cells do not require previous 

stimulation  for  their  full  activation;  therefore,  they  participate  in  a  first  line  of  organism 

defense. Apart from the ability of NK cells to identify foreign molecules, possibly the most 

important  and  unique  role  of  these  cells  is  the  detection  of  abnormal  expression  of  self-

antigens. NK cells also play a significant role in immune response regulation [51–55].  

NK cells are able to recognize infectious non-self-antigens (microbial molecules) through 

their activating receptors, which trigger cytotoxic reaction leading to apoptosis of a target cell. 

The well-known example of such antigen is an MHC class I-like viral protein m157, which is 

exposed on cells infected by murine cytomegalovirus (MCMV). This protein is recognized by 

NK cell receptor Ly49H which is also responsible for early resistance of C57BL/6 mice to MCMV 

infection [56].  

To detect altered expression of self-molecules, NK cells utilize complex receptor repertoire 

consisting  of  activating  and  inhibitory  receptors.  Many  different  signals  are  transmitted 

simultaneously into the cell via its distinct receptors, integrated, resulting in either cytotoxic 

activity or conversely its inhibition (promoting the tolerance of own tissues). Expression levels 

of such ligands are regulated by the physiological state of a cell. Pathological conditions such 



Introduction 

16 
 

as  viral  infection  or  malignant  transformation  [57]  cause  increased  expression  of  so-called 

stress-inducible ligands, which can bind to activating NK cell receptors. This type of NK cells 

activation is called stress-induced self-recognition of a target cells. The murine UL16-binding 

protein-like transcript 1 (MULT1) is a typical stress-induced molecule, a ligand of the activating 

NK  receptor  NKG2D  [58].  Conversely,  stress  also  induces  downregulation  of  inhibitory  NK 

receptors’ ligands (missing-self recognition of a target cell). In this case, NK cells lack inhibitory 

signals, contributing to the overbalance of activating signals as depicted in Figure 1.3. Ligands 

of inhibitory receptors are represented mainly by MHC class I glycoproteins, but also by non-

MHC ligands (stress-regulated molecules) such as Clr-b protein, ligand of NK cells’ receptor 

Nkrp1b [57].  

 

 

 

Figure 1.3: Missing-self recognition of a target cell.  

Ligands of inhibitory NK cell’s receptors are downregulated as a consequence of a cellular stress. 

Therefore, NK cell lacks the inhibitory signals, which leads to the overbalance of activating signals, 

triggering the cytotoxic reaction against target cell. 

 

In addition, NK cells have immunoregulatory functions as it is shown in Figure 1.4. They 

promote maturation and activation of DCs, macrophages and T lymphocytes by direct contact 

between  cells  and  by  releasing  proinflammatory  cytokines  IFN-γ  and  TNF-α  (red  arrows) 

[51,59]. NK cells represent an essential source of IFN-γ, which inhibits synthesis of viral nucleic 

acids  and  participates  in  polarization  of  immune  response  towards  Th1  (response  against 
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intracellular  parasites  including  viruses)  [60].  Besides  the  stimulation  of  DCs  maturation, 

cytokine TNF-α also possesses anti-tumor activity [61]. 

Conversely, NK cells can produce anti-inflammatory cytokine IL-10, which silences immune 

response,  for  example  against  viruses  [62].  Moreover,  immature  DCs,  activated  CD4 +  T 

lymphocytes or macrophages can be also killed by NK cells (blue arrows in Figure 1.4). 

Green arrows indicate the priming of NK cell by type I IFNs, IL-15, IL-12 and IL-18, which 

are secreted by activated  DCs  and  macrophages  [51,59].  Therefore, macrophages  and  DCs 

together with NK cells create positive feedback and immune response is being enhanced.  

 

 

Figure 1.4: Immunoregulatory functions of NK cells.  

NK cells boost the immune response mediated by dendritic cells (DCs), macrophages and T 

lymphocytes through a cellular contact and cytokines IFN-γ and TNF (red arrows). Conversely, NK cells 

are able to eliminate immature DCs, activated T cells and hyperactivated macrophages (blue arrows). 

Green arrows indicate factors that prime NK cells [51] . 

 

As  the  functions  of  NK  cells  are  dependent  on  self-molecules,  they  play  a  role  in 

alloimmunity  (transplant  rejection).  Recipient’s  NK  cells  cause  damage  to  the  graft  and 

produce  pro-inflammatory  cytokines,  since  it  lacks  ligands  of  inhibitory  receptors,  specific 
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MHC class I alleles possessed only by the recipient [52]. Conversely, the ability of NK cells to 

dampen immune responses is exploited during reproduction, when so-called decidual NK cells 

kill T cells or inhibit their proliferation and cytokines production [55,63]. NK cells’ cytotoxicity 

itself is inhibited by the interaction of inhibitory NKG2A receptor with HLA-E molecules on a 

fetus [64].    

 

1.3 The C-type lectin-like NK cell receptors  

Receptors  of  NK  cells  are  divided  into  two  structural  groups:  the  immunoglobulin-like 

receptors and the CTLRs, which represent a separate group of vertebrates’ CTLRs (group V) as 

was mentioned in the chapter 1.1 [1].  

The CTLRs of NK cells are encoded by the natural killer gene complex (NKC) localized on 

mouse chromosome 6. The NKC involves mainly Nkrp1, Cd94/Nkg2, Ly49 and Cd69 genes [65] 

(Figure 1.5).    

 
 

Figure 1.5: The natural killer cell gene complex (NKC) on mouse chromosome 6. 

The NKC encodes NK receptors Nkrp1, CD94/NKG2 and Ly49 together with Nkrp1’s ligands, Clr 

proteins. [n] symbolizes Ly49 genes polymorphisms [66,67].   

 

These  NK  receptors are type  II  transmembrane proteins  containing one CTLD,  which  is 

separated from a cell surface by the stalk region (Figure 1.1) [1]. Cytoplasmic parts can contain 

immunoreceptor tyrosine-based inhibitory motif (ITIM), which transduces inhibitory signals 

into  a  cell.  Positive  signals  are  transmitted  via  immunoreceptor  tyrosine-based  activating 

motives (ITAMs) present in adaptor molecules associated with activating NK receptors [68].  

The  homo-  and  hetero-oligomerization  of  receptors  is  crucial  for  signaling  pathways 

induction  [69]  as  it  promotes  the  activation  of  downstream  molecules  [70].  For  example, 
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signaling through dectin-1 requires clustering, which leads to activation of Syk kinases [38,71]. 

The crystal structures of different Ly49 receptor members show the proteins fold as 

homodimers connected by a disulfide bridge in the stalk region [50,72–74]. As was mentioned 

above, NKG2D is a non-covalent homodimer and CD94/NKG2 proteins are covalent 

heterodimers, with both structures confirmed by X-ray diffraction [48,49]. The Nkrp1 

receptors are supposed to be disulfide-linked homodimers (via cysteines in their stalk part), 

based only on predictions or immunoprecipitation [75–79]. 

 Concerning functions of Cd94/Nkg2 and Ly49 receptors, their ligands are mostly 

represented by MHC class I molecules – classical MHC I (so called H-2 molecules in mice) and 

non-classical  MHC  I  (Qa-1  molecules),  whose  expression  is  influenced  by  cellular  stress  as 

discussed above. Additionally, Ly49 receptors bind MHC class I-like viral protein m157 [80] and 

activating  Nkg2d  receptor  interacts  with  stress-inducible  molecules,  MHC  class  I-related 

proteins Rae-1, H-60 and MULT1 in mice [81], which are frequently overexpressed on tumor 

cells but not on healthy tissues [40,82]. The Nkrp1 receptor family is described in more detail 

in a following chapter. 

 

1.3.1 The Nkrp1 receptor family 

The Nkrp1 family involves seven members in mice with either activating (Nkrp1a, Nkrp1c, 

Nkrp1f) or inhibitory function (Nkrp1b, Nkrp1d, Nkrp1g) and one pseudogene (Nkrp1e) as is 

shown in Table 1.1. Four Nkrp1 members were identified in rats, one member in cattle and 

one in dogs [83]. Humans possess only one member with inhibitory function (NKRP1A) [78].  

 

Table 1.1: Mouse Nkrp1 receptor family members, their functions and known ligands. 

 
 

 

The Nkrp1 receptors of C57BL/6 mouse strain share ≥ 72 % sequence identity despite their 

divergent functions. The exception is represented by Nkrp1f and Nkrp1g (Table 1.2). These 
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two  receptors  share only  51  –  55  %  of  the  sequence  identity  with  other  family  members. 

Differences  are  localized  throughout  cytoplasmic,  transmembrane  and  even  extracellular 

region,  which  may  lead  to  completely  different  signaling  pathway  [84].  Protein  sequence 

alignment of Nkrp1 proteins (C57BL/6) is shown in Figure 1.6.  

When  activating  Nkrp1a  and  Nkrp1c  are  compared,  they  are  identical  in  87  %  of  the 

sequence  and  inhibitory  Nkrp1b  and  Nkrp1d  in  99  %.  Inhibitory  Nkrp1b  and  activating 

Nkrp1a/c share 73  % and 74  %  sequence  identity  (Table  1.2);  and  79  % /  80 % when only 

ectodomains are compared as is shown in Table 1.3. Therefore, despite different functions 

and different signaling (motives in the cytoplasmic parts), the receptors are highly 

homologous. Interestingly, Nkrp1a, Nkrp1b and Nkrp1c even share a common ligand, 

immunoevasin m12 [85]. Similarly, Nkrp1f and Nkrp1g share Clr-d and Clr-g protein ligands 

(Table 1.1) [79,86]. This suggests that some Nkrp1 receptors of opposite functions bind the 

same ligands in a promiscuous manner.  
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Figure 1.6: Protein alignment of Nkrp1 receptors of the mouse strain C57BL/6. 

(*) asterisk below the protein sequences indicates conserved residues, (:) colon marks amino acids of 

highly similar properties, (.) period indicates amino acids of weakly similar properties and ( ) gap 

expresses no similar properties between amino acids. 

 
Table 1.2: Full-length sequence identity between Nkrp1 receptor family members of the mouse 

strain C57BL/6. 

The activating receptors are highlighted in green, inhibitory in red. Green numbers of identities 

indicate comparison of two activating receptors, red numbers of two inhibitory receptors and black 

color symbolizes comparison of activating and inhibitory receptor. 

Nkrp1 -a -b -c -d -f -g 
-a             
-b 73%           
-c 87% 74%         
-d 72% 99% 73%       
-f 54% 52% 52% 51%     
-g 55% 54% 52% 53% 65%   
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Table 1.3: Sequence identity between the ectodomains of Nkrp1 receptor family members of the 

mouse strain C57BL/6. 

Red and green color of numbers and fields in the table has the same meaning as in the Table 1.2. 

Nkrp1 -a -b -c -d -f -g 
-a             
-b 79%           
-c 85% 80%         
-d 78% 99% 79%       
-f 51% 50% 49% 49%     
-g 57% 55% 53% 54% 73%   

 

The  Nkrp1  receptors  are  generally  expressed  on  NK  cells.  However,  there  are  certain 

differences. Some of the Nkrp1 receptors are expressed in most or all NK cells (Nkrp1a and 

Nkrp1f), while some only in certain NK cell subtypes. For example, Nkrp1d was detected in 

about 55 % of NK cells [84] or Nkrp1b in 60 % of NK cells [87]. The Nkrp1 expression may be 

dependent on a concrete NK cell subtype as is the case of Nkrp1g, which was found only in 

Ly49s3+ NK cells [86]. The Nkrp1 receptors were also found in another cell types, for example 

Nkrp1a and Nkrp1c are expressed by activated T cells or Nkrp1f by bone marrow-derived cells 

[84]. 

Additionally, Nkrp1b and Nkrp1c receptors are expressed only in certain mouse strains and 

the nucleotide sequence of the same Nkrp1 gene can differ between particular mouse strains 

(allelic polymorphism) as Figure 1.9 illustrates together with the homology of Clr genes [87–

89]. For example, Nkrp1b receptor was found to be expressed in BALB/c, C57BL/6, SJL/J, or 

129S6 mice [57,88]. However, when Nkrp1b (BALB/c) and (C57BL/6) are compared, they share 

91 % of sequence identity in the entire protein sequence and only 87 % in the ectodomain (as 

it is shown in Table 1.4 and 1.5). Most importantly, Nkrp1b (C57BL/6) contains two additional 

cysteines  and  a  threonine  instead  of  proline  in its  ectodomain  compared  to  other Nkrp1b 

receptors  of  BALB/c,  129S6  or  SJL/J  mice.  Therefore,  the  overall  structure  and  function  of 

Nkrp1b (C57BL/6) might be different. 
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Table 1.4: Full-length sequence identity between Nkrp1b receptors from different mouse strains. 

Nkrp1b BALB/c C57BL/6 SJL/J 129S6 
BALB/c         
C57BL/6 91%       

SJL/J 99% 91%     
129S6 100% 91% 99%   

 

 

Table 1.5: Sequence identity between the ectodomains of Nkrp1b receptors from different mouse 

strains. 

Nkrp1b BALB/c C57BL/6 SJL/J 129S6 
BALB/c         
C57BL/6 87%       

SJL/J 98% 87%     
129S6 100% 87% 98%   

 

Concerning  the  structural  models  of  Nkrp1  receptors,  crystal  and  nuclear  magnetic 

resonance  (NMR)  structural  models  of  Nkrp1a  (C57BL/6)  are  resolved  (Figure  1.7A  –  C) 

[45,90,91]. In addition, the mass spectrometry (MS)-derived structural model of Nkrp1c [92] 

(Figure 1.7D) and the crystal structural model of Nkrp1b (C57BL/6) in complex with one of its 

ligands, immunoevasin m12 (Figure 1.7E), are available [85].  
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Figure 1.7: Structural models of Nkrp1a, -b and -c (all from C57BL/6 mouse strain). 

(A) NMR model of Nkrp1a monomer (PDB ID: 2MTI), (B) crystal structure of Nkrp1a monomer (PDB 

ID:  3M9Z), (C) crystal structure of Nkrp1a dimer (PDB ID: 3T3A,) (D) MS-derived model of Nkrp1c 

monomer and (E) crystal structure of Nkrp1b (C57BL/6) in the complex with m12 (PDB ID: 5TZN). The 

Nkrp1b/c receptors are grey, dimer of m12 is orange. The loop regions are highlighted in red to 

emphasize its different positions (it is attached to the protein core or it points away from the domain).  

 

Although the oligomerization state may influence receptors’ physiological functions, it has 

not been studied yet on a molecular level, only by immunoprecipitation method [75–79].  

The receptors’ oligomerization is  directly associated  with signaling  process,  as  was 

mentioned  above.  The  only  study  of  Nkrp1  receptors’  [activating  Nkrp1c  (C57BL/6)  and 

inhibitory Nkrp1b (Sw)] signaling assumes that receptors function as disulfide-linked dimers, 

which associate with p56lck kinase via di-cysteine CxCP motif (Figure 1.8). Following the Nkrp1c 
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receptor’s  activation  (ligand  binding),  the  Lck  kinase  associated  with  its  cytoplasmic  part 

phosphorylates tyrosines in the ITAM present in an adaptor protein FcRγ. This leads to the 

recruitment of the Syk kinase, which phosphorylates and activates the downstream-signaling 

molecules (Figure 1.8A). Similarly, following the Nkrp1b receptor ligation, the ITIM is 

phosphorylated by Lck kinase, therefore creating a docking site for the SH2 domain of SHP-1 

phosphatase. This enzyme dephosphorylates the substrates of kinases involved in the 

activating signaling pathway, thus promoting the suppression of NK cell activation [93].      

 

 

 

Figure 1.8: The Nkrp1 receptors’ signaling transduction.  

(A) The activating Nkrp1c receptor associates with the Lck kinase after binding a ligand. Lck 

phosphorylates the ITAM in the adaptor molecule FcγR that leads to Syk kinase recruitment, its 

activation and initiation of the cascade of phosphorylations leading to the NK cell activation. (B) 

Ligand binding of the inhibitory Nkrp1b receptor triggers phosphorylation of the ITIM in the 

cytoplasmic part of the receptor by Lck kinase. Subsequently, the SHP-1 phosphatase is activated and 

dephosphorylates the downstream molecules. Thus, the NK cell  activation is blocked [93].      
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1.3.2 The ligands of Nkrp1 receptors  

Known  ligands  of  Nkrp1  receptors  belong  to  two  different  groups:  the  Clr  proteins 

(proteins of the C-type lectin-like fold) and viral immunoevasins (MHC class I homologues).   

 

The family of Clr proteins 

The Clr genes are encoded by the NKC localized on mouse chromosome 6 as well as the 

Nkrp1 genes and involve 8 members (Clr-a – Clr-h, however Clr-e is a pseudogene) [67,83]. 

Similarly as Nkrp1 genes, Clr genes are mutually homologous as well and nucleotide sequences 

of individual members can differ between mouse strains (Figure 1.9) [87]. Human structural 

homologue of Clr proteins is represented by LLT1, ligand of NKRP1A [94].     

 
Figure 1.9: Sequence homologies between Nkrp1 and Clr genes of three selected mouse strains 

(C57BL/6, BALB/c and 129) [87]. 
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 The expression patterns of Clr proteins differ. For example, expression of Clr-a, -d and -f 

is tissue-restricted. The Clr-a protein was detected in a gut [95], Clr-d specifically in an eye [87] 

and  Clr-f  in  differentiated  intestinal  epithelial  cells  [96].  Some  Clr  protein  family  members 

were  found  to  be  expressed  in  several  distinct  tissues.  Clr-c  was  detected  in  the  tongue, 

spleen,  thymus,  ovaries,  testes,  and  lymph  nodes;  Clr-g  in  the  spleen,  thymus,  and  lymph 

nodes [87]. On the other hand, Clr-b was detected in all tested tissues except for the brain, 

thus,  as  with  MHC  class  I  molecules,  Clr-b  expression  is  widespread.  Finally,  Clr-h  was  not 

detected in any of the tissues tested [87].  

Regulation of expression has been studied for several Clr proteins. Clr-a was strongly and 

rapidly downregulated in mouse intestinal epithelial cells and crypt cells after polyinosinic-

polycytidylic acid [poly(I:C)] exposure [95], which is commonly used as an immunostimulant 

to simulate viral infections [97]. In contrast, upregulation of Clr-f was observed in the same 

study upon poly(I:C) challenge. The Clr-f protein is a ligand of the inhibitory Nkrp1g receptor, 

whereas Clr-a protein’s binding partner remains unknown. Therefore, these results imply that 

the roles of Clr-a and Clr-f are opposite. Nevertheless, the Nkrp1g:Clr-f interaction pair seems 

to inhibit NK cells’ activity under normal conditions. This could contribute to suppressing  the 

immune system in the gut; this is crucial since this environment is rich in foreign antigens from 

food or symbiotic microbiota, and the absence of proper suppression would otherwise lead to 

needless activation of the immune system, damaging the intestinal epithelial barrier [95].  

The regulation of Clr-g expression was investigated by the same research group as Clr-a 

and Clr-f using splenic DCs (plasmacytoid and CD8α+ cells) and toll-like receptor (TLR) agonists 

including poly(I:C). Following the TLR stimulation, the Clr-g expression was greatly upregulated 

in DCs. However, as Clr-g is both the ligand of activating Nkrp1f and inhibitory Nkrp1g, the 

authors conclude that the balance between interactions with Nkrp1f/Nkrp1g remains to be 

determined [98]. 

Clr-b  is  the  best-studied  member  of  Clr  protein  family.  It  serves  as  the  ligand  of  the 

inhibitory  receptor  Nkrp1b/d  [57]  and  its  downregulation  was  described  in  tumorigenic  or 

virally  infected  cells  (poxvirus,  cytomegalovirus)  [57,99,100]  or  as  a  consequence  of  other 

forms of genotoxic and physiologic stress  including  chemotherapeutic  agents.  Importantly, 
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the expression of MHC class I molecules stayed unchanged in the latter case, therefore the 

Nkrp1b:Clr-b system enables the NK cells to monitor physiological alterations independently 

on cytotoxic T lymphocytes [101].  

In  conclusion,  considering  the  expression  patterns  and  the  regulation  of  Clr  proteins’ 

expression, Nkrp1:Clr pairs represent an important part of the immunosurveillance based on 

stress-induced self or missing-self recognition of target cells. However, Clr signaling pathway 

and the exact molecular mechanism of regulation has not been elucidated yet.  

Regarding  Clr  proteins’  structure,  an  X-

ray model of mouse Clr-g CTLD was 

determined (Figure 1.10) [102]. The fold 

follows other CTLRs and the dimeric 

arrangement (including interchain disulfide 

bridge) resembles that of human CD69 [103]. 

However,  electrostatic  profiles  of  Clr-g,  and 

CD69 significantly differs. This fact could 

possibly explain the ability of structurally 

related receptors to bind different ligands 

[102].  

 

The viral immunoevasins  

Proteins encoded by viruses, which interfere with steps of MHC class I-mediated antigen 

presentation, are called immunoevasins [104,105]. The viruses prevent the presentation of 

viral peptides, whereas ligands of NK cell inhibitory receptors are spared.  For example the 

glycoprotein 40 kDa (gp40) of the MCMV blocks the transport of MHC class I in complex with 

a  peptide  to  the  cell  surface,  and  the  complex  is  retained  in  the  early  secretory  pathway 

(endoplasmic  reticulum-Golgi  intermediate  compartment)  [106].  In  addition,  some  viruses 

even encode MHC class I homologues. The structures of selected representatives 

(immunoevasin m157 [107] and m12 [85]) are shown in Figure 1.11.  
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Figure 1.11: The structures of selected immunoevasins.  

(A)  m157 (PDB ID: 2NYK) and (B) m12 (PDB ID: 5TZN), both from the MCMV. 

 

The immunoevasin m157 of the MCMV is well-described from a structural point of view, 

including its interactions. This protein binds to the inhibitory Ly49C receptor, thus restricting 

the NK cells activity. However, m157 also interacts with activating Ly49H [108] leading to a 

more  efficient  control  of  viral  infections  compared  to  mouse  strains  lacking  this  receptor 

[56,109]. It is also important to note that the Ly49 receptors’ stalks play the crucial role in 

these  interactions.  This  immunoevasin  binds  to  the  receptors’  stalks,  while  the  “common” 

ligands (MHC class  I molecules) engage  their  CTLDs  (Figure  1.12).  Thus, immunoevasin can 

interact with Ly49 only when it adopts the extended conformation (the CTLDs are not back-

folded towards a cell surface as was described in the  chapter 1.1.1.) and the interaction is 

always in the trans configuration [108]. 
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Figure 1.12: Distinct variants of Ly49 interaction modes. 

(A) Back-folded and (B) extended conformation of the Ly49 receptor. (C) Trans interaction with MHC 

class I (brown) dimer, (D) cis interaction with MHC class I monomer, (E) interaction with dimeric 

immunoevasin m157 (pink) [108].   

 

The  m12  protein  of  the  MCMV  is  another  example  of  immunoevasin  with  described 

interaction mode on a molecular level. This immunoevasin also binds to an inhibitory and two 

activating receptors (Nkrp1a/b/c). However, the Nkrp1b receptor’s stalk is not needed for the 

interaction in this case, it is not even present in the produced protein. The interaction interface 

is localized in the CTLD (Figure 1.13) [85]. The structure of Nkrp1a/c:m12 complex, however, 

has not yet been solved.  

 

1.4 The structure and interactions of Nkrp1b (C57BL/6) and related proteins 

As  mentioned  above,  both  pathogens  and  tumors  evolved  strategies  allowing  them  to 

escape the immune system. These strategies involve MHC class I dysregulation and expression 

alterations [110], leading to the  cytotoxic T lymphocytes becoming ineffective. In addition, 

viral MHC class I homologues (m157, m12) or even homologues of stress-regulated proteins 

[e.g., the rat C-type lectin like (RCTL) protein is a homologue of non-MHC NK cells’ ligand, Clr-

b protein [100]] can also diminish the activity of NK cells. However, NK cells operate based on 

many different signals coming through many distinct receptors. This permits the cells to avoid 

the particular escape strategy and keep up the immune response. Stress-regulated proteins 
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like Clr-b represent one of the important mechanisms allowing the NK cells to maintain the 

immunosurveillance.  

In order to understand the physiological role of NK receptors, it is important to study their 

structure, dynamics and interactions. To sum up this knowledge concerning Nkrp1 proteins, 

the high-resolution structures (crystal and NMR) of Nkrp1a [45,90] and the MS-derived model 

of  Nkrp1c  [92]  (both  from  the  mouse  strain  C57BL/6)  have  been  published.  In  addition, 

complexes of Nkrp1b (C57BL/6) with immunoevasin m12 [85], and a human homologue of 

Nkrp1b,  NKp65  protein,  with  a  homologue  of  Clr-b,  keratinocyte-associated  C-type  lectin 

(KACL) [111], are known (Figure 1.13) [85,111].  

 

 

 

Figure 1.13: The interaction modes of Nkrp1b (C57BL/6) and its human homologue NKp65. 

(A) The crystal structure of Nkrp1b (grey) in complex with m12 (orange) interacting by “polar claw 

mechanism” (PDB ID: 5TZN) and (B) the crystal structure of NKp65 (violet) in complex with KACL (blue) 

interacting in “bivalent binding mode” (PDB ID: 4IOP). 

 

Concerning a  role  of individual  structural features, which might affect proteins’ fold or 

interactions,  the  loop  position  (if  it  is  attached  to  the  protein  core  or  extended  and  thus 

participating in domain swapping dimerization) was investigated in Nkrp1a/c [91,92]. The role 

of  the  Nkrp1  protein’s  stalk  (which  may  be  crucial  for  protein’s  overall  conformation  and 

interactions as shown in Figure 1.12) and oligomerization state remains to be determined.  
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The complex of Nkrp1b with m12 is composed of dimeric m12 and two Nkrp1b (C57BL/6) 

monomers. This interaction mode was called “polar claw mechanism”, when Nkrp1b 

molecules clench the dimer of m12, while not contacting each other [85]. 

 Concerning the second complex, the ligand (KACL) is a dimer as well and is bound to two 

monomers of NKp65 (NKp65 CTLD is monomeric in solution). However, the NKp65 molecules 

identically contact KACL binding sites in the “bivalent binding mode” and dimerize after ligand 

binding [111]. Therefore, it seems that both Nkrp1b (C57BL/6) and NKp65 enter the 

interaction as monomers. 

   In addition, Nkrp1b (C57BL/6) was described to interact with two structurally different 

ligands. The immunoevasin m12 possesses immunoglobulin-like fold, whereas Clr-b belongs 

to  the  C-type  lectin-like  proteins  (however  the  structure  of  Nkrp1b:Clr-b  has  not  been 

published yet, but presented as a poster at the 42 nd Lorne Conference on Protein Structure 

and Function in 2017 [112]). Therefore, Nkrp1b might have more than one interaction mode 

similarly to Ly49 receptors, which bind immunoevasin m157 or MHC class I molecules [108].  
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2 Aims of the thesis 

The main goal of this thesis is to describe the structural conformation of the Nkrp1b receptor 

in its native state and determine the significance of structural aspects (stalk, loop, 

oligomerization state) that might have an impact on the overall protein conformation and, 

therefore, its interactions. The particular tasks are listed below.  

 

• Produce and refold the Nkrp1b ectodomain variants efficiently  

 

• Design  low-resolution  Nkrp1b  protein  structure  and  dynamics  in  solution  using 

different MS techniques and focus mainly on the stalk, loop and oligomerization 

state of Nkrp1b 

 

• Determine a role of particular structural features of Nkrp1b on its biological activity 

(capability of interaction with a ligand) 

 
• Propose the representative structural models of Nkrp1b CTLD, entire ectodomain 

and their dimeric variants using the combination of homology modeling and results 

of  MS  experiments  and  investigate  proteins’  stability  and  movements  of  their 

stalks in solution by molecular dynamics simulations 
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3 Materials 

3.1 Equipment 

700 MHz Bruker Avance III spectrometer: Bruker Daltonics, Billerica, MA, USA 

BBD 6220 CO2 incubator: Thermo Fisher Scientific, Waltham, MA, USA 

Concentrator plus: Eppendorf, Hamburg, Germany 

Confocal laser scanning microscope FluoView 1000: Olympus, Tokyo, Japan 

Crystal Gryphon LCP: Art Robins Instruments, Sunnyvale, CA, USA 

HPLC instrument NGC QuestTM: Bio-Rad, Hercules, CA, USA 

Mass spectrometer solariX XR: Bruker Daltonics, Billerica, MA, USA 

Mini-PROTEAN® tetra vertical electrophoresis cell: Bio-Rad, Hercules, CA, USA  

MSC-advantage biological safety cabinet: Thermo Fisher Scientific, Waltham, MA, USA   

Olympus ScanR system: Olympus, Tokyo, Japan 

Spectrometer  ChirascanTM-plus  (circular  dichroism):  Applied  Photophysics,  Leatherhead, 

United Kingdom 

Spectrophotometer DeNovix DS-11 FX+: DeNovix, Wilmington, DE, USA  

Synapt G2Si quadrupole-time-of-flight mass spectrometer: Waters, Milford, MA, USA 

Trans-Blot SD Semi-Dry: Bio-Rad, Hercules, CA, USA 

Ultracentrifuge Optima LE-80K: Beckman Co 

ulter, Brea, CA, USA 

 

3.2 Columns 

ENrichTM SEC 70 10 × 300 column: Bio-Rad, Hercules, CA, USA 

MicroBio-Spin P-6 columns: Bio-Rad, Hercules, CA, USA 

MicroTrap C4 column: Michrom BioResources, Auburn, CA, USA 

Zorbax 300SB-C18 3.5 μm, 0.3 × 150 mm/5 μm, 0.3 × 5 mm columns: Agilent Technologies, 

Santa Clara, CA, USA  
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3.3 Chemicals 

Alexa Fluor® 568: Thermo Fisher Scientific, Waltham, MA, USA 

Amonium-15N chloride (15NH4Cl): Cambridge Isotope Laboratories, Tewksbury, MA, USA 

Cystamine: Sigma-Aldrich, St. Louis, MO, USA 

Cysteamine: Sigma-Aldrich, St. Louis, MO, USA 

DSG/DSS: ProteoChem, Hurricane, UT, USA 

Ethylmorpholine: Sigma-Aldrich, St. Louis, MO, USA 

Fluorescent dye ATTO-590: ATTO-TEC, Siegen, Germany 

FluoroshieldTM with DAPI: Sigma-Aldrich, St. Louis, MO, USA 

Iodoacetamide: Sigma-Aldrich, St. Louis, MO, USA 

IPTG: Sigma-Aldrich, St. Louis, MO, USA 

L-Arg·HCl: Serva, Heidelberg, Germany 

Lipofectamine LTX: Life Technologies, Carlsbad, CA, USA 

NHS-acetate: TCI America, Portland, OR, USA 

Opti-MEM medium: Life Technologies, Carlsbad, CA, USA 

Protein marker: PierceTM unstained protein MW marker, Thermo Fisher Scientific, Waltham, 

MA, USA 

TCEP: Sigma-Aldrich, St. Louis, MO, USA 

 

All the other common chemicals were obtained from Sigma-Aldrich or Serva and were of the 

highest available purity. 

 

3.4 Enzymes 

Alkaline phosphatase, calf intestinal (CIP): New England Biolabs, Ipswich, MA, USA 

Endoproteinase Asp-N: Roche, Basel, Switzerland 

BamHI: New England Biolabs, Ipswich, MA, USA 

DNase I: Sigma-Aldrich, St. Louis, MO, USA 

EcoRI: New England Biolabs, Ipswich, MA, USA 
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Endoproteinase Glu-C: Roche, Basel, Switzerland 

HindIII: New England Biolabs, Ipswich, MA, USA 

NdeI: New England Biolabs, Ipswich, MA, USA 

RNase I: Sigma-Aldrich, St. Louis, MO, USA 

T4 DNA ligase 1 Weiss: Fermentas, Waltham, MA, USA 

Trypsin: Promega, Fitchburg, WI, USA 

XbaI: New England Biolabs, Ipswich, MA, USA 

 

3.5 Antibodies 

Anti-GFP monoclonal antibody: Exbio, Vestec, Czech Republic 

Anti-β-actin antibody: Santa Cruz, Dallas, TX, USA 

 

3.6 Protease inhibitors 

Leupeptin: Sigma-Aldrich, St. Louis, MO, USA 

PSMF: Sigma-Aldrich, St. Louis, MO, USA 

 

3.7 Buffers 

Buffer with detergent: 50mM Tris-HCl, 100mM NaCl, 1mM 2-mercaptoethanol, 0.5% Triton 

X-100, 1mM NaN3, pH 7.4 

Denaturing buffer: 6M guanidine-HCl, 50mM Tris-HCl, 10mM DTT, pH 8  

Destaining solution: 35% ethanol, 10% acetic acid 

Dialysis buffer: 15mM Tris-HCl, 150mM NaCl, 1mM NaN3, pH 8.5 

Digestion  buffer:  50mM  ethylmorpholine,  10%  AcN  (300µM  cystamine in  case  of  disulfide 

bonds mapping), pH 8.4  

Elution buffer for size-exclusion chromatography: 10mM HEPES, 150mM NaCl, 1mM NaN 3, 

pH 7.5 
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Lysis buffer: 20 mM  Tris-HCl (pH  8.2),  100 mM  NaCl, 10 mM EDTA, 1% n-decyl-β-D-

maltopyranoside, 50 mM NaF, 1mM orthovanadate, 20 mM iodoacetamide, protease 

inhibitor mixture 

Mobile phase for MS: AcN gradient (5% – 40%), 0.1% formic acidPhosphate buffered saline 

(PBS): 10mM Na2HPO4, 2mM KH2PO4, 2.7mM KCl, 150mM NaCl,  

pH 7.5   

Refolding  buffer:  50mM  Tris-HCl,  1M  L-Arg·HCl,  100mM  CaCl 2,  9mM  cysteamine,  3mM 

cystamine, 1mM NaN3, 1mM PMSF, pH 8.5 

Running buffer: 10mM Tris-HCl, 250mM glycine, 0.1% SDS, pH 8.3 

Saccharose  buffer:  50mM  Tris-HCl,  25%  saccharose,  1mM  ethylenediaminetetraacetic  acid 

(EDTA), 1mM NaN3, pH 7.4 

Sample buffer: 50mM Tris-HCl, 12% glycerol, 4% SDS, 0.1% bromphenol blue (100mM DTT in 

case of reducing buffer), pH 6.8 

Staining solution: 45% methanol, 10% acetic acid, 0.25% Coomassie Brilliant Blue R-250 

Washing buffer: 50mM Tris-HCl, 100mM NaCl, 1mM 2-mercaptoethanol, 1mM NaN3, pH 7.4 

 

3.8 Media and sera 

DMEM medium: Sigma-Aldrich, St. Louis, MO, USA 

Fetal bovine serum: Gibco, Dublin, Ireland 

Fetal calf serum: Life Technologies, Carlsbad, CA, USA 

LB medium: 10% tryptone, 5% yeast extract, 10% NaCl, pH 7.4  

M9  minimal  medium:  36mM Na2HPO4,  22mM  KH2PO4, 9mM NaCl, 19mM 15NH4Cl,  100µM 

CaCl2, 1mM MgSO4, 1mM thiamine hydrochloride, 3g/l glucose, pH 7.4   

RPMI 1640 medium: Lonza, Basel, Switzerland 

 

3.9 Kits 

High-speed plasmid mini kit: Geneaid, New Taipei, Taiwan  

TOPO TA cloning kit: Life Technologies, Carlsbad, CA, USA 
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Gel/PCR DNA fragments extraction kit: Geneaid, New Taipei, Taiwan 

 

3.10 Crystallization screens 

Crystal Screens 1 and 2: Hampton Research, Aliso Viejo, CA, USA 

Index screen: Hampton Research, Aliso Viejo, CA, USA 

JCSG++ screens: Jena Bioscience, Jena, Germany 
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4 Methods 

Besides description of used methods, this chapter also briefly explains their purpose in the 

context of whole thesis to ease the orientation in the topic.  

   

4.1 Protein expression and purification 

The Nkrp1b proteins were recombinantly prepared using bacterial expression system and 

one-step purification as this process is relatively fast and cheap and provides sufficient protein 

yields. 

 

4.1.1 Recombinant protein expression  

Two  variants  of  Nkrp1b  (BALB/c)  protein  were  prepared  and  used  for  all  experiments: 

whole  ectodomain  (residues  Val63  –  Ser223)  and  ligand-binding  domain  lacking  the  stalk 

(residues  Ser89  –  Ser223).  Protein  sequence  numbering  corresponds  to  the  entire  protein 

sequence. In addition, to track Nkrp1b dimerization interface, the protein was also produced 

in M9 minimal medium with 15NH4Cl as the only source of nitrogen to prepare isotopically 

labeled proteins.  

Escherichia coli BL21 (DE3) (Stratagene San  Diego, CA, USA) competent cells were 

transformed with pET-30a(+) expression vector carrying the relevant portion of the Nkrp1b 

gene using heat shock method. Subsequent proteins productions were carried out in 500 ml 

of  two  different  media:  Luria-Bertani  (LB)  medium  with  kanamycin  (50  µg/ml)  and  the 

standard M9 minimal medium with 1mM thyamine hydrochloride, 50 µg/ml kanamycin and 

19mM 15NH4Cl. 

Transformed cells were cultivated at 37 °C and 200 rpm in 2l Erlenmayer flasks and after 

reaching the optical density of 0.6 (λ=550 nm), recombinant proteins expression was induced 

by isopropyl-β-D-thiogalactopyranoside (IPTG) of the final concentration of 0.1mM. Following 

4h production, cell cultures were centrifuged at 5000×g and 4 °C for 3 min. Cellular sediments 
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were  used  for  isolation  of  inclusion  bodies  (protein  aggregates  in  cytoplasm),  where  the 

recombinant proteins are localized.   

      

4.1.2 Isolation and solubilization of inclusion bodies 

Cells  were  resuspended  in  a  saccharose  buffer  (20  ml  of  buffer/cell  sediments  from  

500 ml of media) with the addition of protease inhibitors [1µM leupeptin and 1mM 

phenylmethylsulfonyl fluoride (PMSF)]. Then, the cells suspensions were frozen (-80 °C) and 

thawed three times and sonicated (30 s) in between to disrupt the cell membranes. In the next 

step, MgCl2 (to a final concentration of 20 mM), DNase (150 U/20 ml of saccharose buffer) and 

RNase (25 µg/20 ml of buffer) were added, the solutions were incubated for 30 min at room 

temperature (r.t.) and centrifuged at 15 000×g and 4 °C for 10 min. 

Pellets were then resuspended in buffer with detergent (20 ml of buffer/cell sediments 

from  500  ml  of  media)  with  the  same  protease  inhibitors  of  the  same  concentration  as 

previously and spun in centrifuge under the same conditions.  

The final pellets were resuspended in washing buffer (10 ml of buffer/cell sediments from 

500  ml  of  media)  with  protease  inhibitors  and  sediments  containing  mainly  aggregates  of 

recombinant proteins were used for proteins solubilization or were stored at -80 °C. 

Proteins  aggregates  were  solubilized  in  denaturing  buffer  (8  ml  of  buffer/1  g  of  wet 

inclusion bodies) with 1µM leupeptin. During the following incubation (1 h, 40 °C), aggregates 

were  sonicated  five  times  (30  s)  and  then  the  suspension  was  spun  using  ultracentrifuge  

(82 500×g and 20 °C for 30 min). The final supernatants containing denatured proteins were 

immediately used for refolding.           

 

4.1.3 Protein refolding and purification 

Nkrp1b protein variants were refolded using rapid dilution method, when protein 

supernatants  from  previous  step  were  slowly  dripped  to  the  refolding  buffer  (the  buffer 

volume was 100× higher than the volume of supernatant). Protein solutions were then stirred 
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for 1 h at 4 °C. The refolding buffer contained 1M L-Arg hydrochloride as a chemical chaperone 

and redox system composed of cystamine and its reduced form cysteamine.    

To obtain homodimers composed of one “non-labeled” and one isotopically labeled (15N) 

chain, the equimolar amount of light- and heavy-labeled protein was mixed before refolding.  

To exchange the buffers after refolding, proteins solutions were transferred into dialysis 

tubes, which were plunged into 8 l of a dialysis buffer. The first round of dialysis lasted for 4 h 

(at 4 °C) and the process was repeated again with new dialysis buffer (16 h, 4 °C).  

Before purification step, proteins solutions were concentrated using an ultrafiltration cell 

with  cellulose  membrane  and  centrifugal filter units,  both  from  Millipore  (Burlington,  MA, 

USA) and with 10kDa molecular weight cut-off.  

Proteins were purified by size-exclusion chromatography using ENrich TM SEC 70 10 × 300 

column and high-performance liquid chromatography (HPLC) instrument NGC Quest TM from 

Bio-Rad (Hercules, CA, USA). Flow rate of elution buffer was set to 0.4 ml/min.  

Proteins fractions acquired by size-exclusion chromatography were analyzed by SDS-PAGE 

under reducing and nonreducing conditions. Finally, proteins concentration was determined 

by spectrophotometer DeNovix DS-11 FX+ from DeNovix (Wilmington, DE, USA).  

 

4.2 Nkrp1b characterization using mass spectrometric techniques 

Several mass spectrometric techniques were combined to describe structure and 

dynamics of Nkrp1b in its native state. The accurate mass of the intact protein reveals how 

many cysteines are involved in disulfide bridges formation and the disulfide bonds mapping 

allows  to  directly  assess  the  linkages.  Chemical  cross-linking  was  performed  to  determine  

(I) distance restraints within one Nkrp1b molecule including position of the stalk in solution, 

(II) interaction interface of Nkrp1b dimer using isotopically labeled protein variants (mixture 

of light- and heavy-labeled chains of Nkrp1b creating a homodimer). Finally, ion mobility-mass 

spectrometry characterizes collision cross section (CCS) constraints of different Nkrp1b native 

protein variants, which is possible to compare to calculated CCS values of Nkrp1b structural 

models.    
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4.2.1 Molecular mass of the intact protein 

Nkrp1b  protein  variants  (200  pmol)  were  desalted  using  a  MicroTrap  C4  column  by 

Michrom BioResources (Auburn, CA, USA). Following proteins elution with 80% acetonitrile 

(AcN)  containing  0.5%  formic  acid,  Nkrp1b  variants  were  measured  using  an  electrospray 

ionization Fourier transform ion cyclotron resonance (ESI FT-ICR) mass spectrometer solariX 

XR  equipped  with  a  15T  superconducting  magnet  (Bruker  Daltonics,  Billerica,  MA,  USA). 

Obtained data were processed by DataAnalysis 4.1 software from the same manufacturer.  

 

4.2.2 Disulfide bonds mapping 

To analyze disulfide bonds in Nkrp1b, SDS-PAGE under nonreducing conditions (with the 

addition of cystamine to a final concentration of 100µM to the sample buffer and running 

buffer) was performed. After the proteins separation and gel staining, the bands containing 

proteins  were  excised,  cut  into  small  pieces  and  destained  in  solution  containing  50mM 

ethylmorpholine buffer (pH 8.4) and AcN (1:1) with 300µM cystamine. 

To wash the gel contaminants, AcN was added, the gel was sonicated and AcN was then 

replaced with ethylmorpholine buffer and sonicated again. This process was repeated three 

times  and  finally,  the  gel  was  dried  using  speed-vac  concentrator  (Eppendorf,  Hamburg, 

Germany). 

The next step involved in-gel digestion (overnight, 37 °C) using 5ng/µl trypsin by Promega 

(Fitchburg, WI, USA), 4ng/µl Asp-N and/or 1.7ng/µl Glu-C, both from Roche (Basel, 

Switzerland), in a digestion buffer. Peptides released into solution were collected to clean vials 

and peptides still trapped in a gel were extracted by 5min sonication in AcN and then in 0.5% 

formic acid. Then the liquid was transferred to the appropriate vial. Before MS measurement, 

the liquid was dried and extracted peptides were then dissolved in 0.5% formic acid to a final 

concentration of 5 ng/µl. Five picomoles of peptides were analyzed on reversed phase column 

(Zorbax 300SB-C18 3.5 μm, 0.3 × 150 mm from Agilent Technologies, Santa Clara, CA, USA) 

with  a trap  pre-column (Zorbax 300SB-C18 5  μm,  0.3 × 5 mm), which were  coupled to ESI 

source  of  an  FT-ICR  mass  spectrometer  solariX  XR  (Bruker  Daltonics,  Billerica,  MA,  USA). 
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Peptides were separated by water/AcN gradient (5 – 40 %) with the addition of 0.1% formic 

acid  lasting  for  35  min.  Acquired  data  were  processed  using  DataAnalysis  4.1  software 

(provided by the same manufacturer) and in-house-developed software Links [113]. 

                   

4.2.3 Chemical cross-linking 

Non-deuterated and deuterated cross-linkers disuccinimidyl glutarate (DSG) and 

disuccinimidyl suberate (DSS), both from ProteoChem (Hurricane, UT, USA), in a molar ratio 

1:1 were used to determine the distance restraints between primary amines present within 

the Nkrp1b molecule. In addition, Nkrp1b homodimers composed of light- and heavy-labeled 

chains were used in these cross-linking experiments to determine the dimerization interface. 

The  Nkrp1b  protein  variants  were  incubated  with  20×  or  50×  molar  excess  of  the  

cross-linking agents in 10mM HEPES (pH 7.4) with 150mM NaCl for 2 h. After quenching the 

cross-linking  reaction  with two-molar  excess of ethanolamine,  proteins were  separated  by 

SDS-PAGE under reducing conditions. Excised protein bands (corresponding to Nkrp1b 

monomers  and  dimers)  were  destained  as  described  in  the  previous  chapter  4.2.2  and 

proteins in gel were reduced using 30mM tris(2-carboxyethyl)phosphine (TCEP) for 5 min at 

60 °C. To prevent re-oxidation of thiol groups, cysteines were alkylated with 40mM 

iodoacetamide for 30 min at r.t. and in the dark. In-gel digestion was performed using 5ng/µl 

trypsin by Promega (Fitchburg, WI, USA), extraction of peptides from the gel, MS 

measurement and data processing were performed as described in the chapter 4.2.2.         

 

4.2.4 Ion mobility-mass spectrometry 

The Nkrp1b protein variants were transferred to 200mM ammonium acetate solution (pH 

7.4) by gel filtration columns MicroBio-Spin P-6 from Bio-Rad (Hercules, CA, USA). The samples 

of the final protein concentration of 10 µM were then analyzed using Synapt G2Si quadrupole-

time-of-flight  mass  spectrometer  from Waters  (Milford,  MA,  USA)  by  nanoelectrospray 

ionization from in-house-prepared gold-coated glass capillaries. Capillary, sampling cone, trap 

collisional energy, and trap DC bias voltages were set to 1.0 kV, 10 V, 2 V, and 22 V; source 
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temperature  was  set  at  20  °C,  gas  flow  rate  was  6  ml/min  for  argon  in  the  collision  cell,  

180 ml/min for helium (cooling gas), and 60 ml/min for nitrogen in the mobility cell. The height 

of  the  travelling  potential  wave  was  fixed  (25  V),  whereas  its  velocity  varied  between  

250 – 850 m/s in 100 m/s increments.  

To  calibrate  ion  mobility,  ions  of  known HeCCS  were  used  (bovine  ubiquitin,  equine 

cytochrome c, and monomer/homodimer of bovine beta-lactoglobulin). Arrival time 

distributions  of Nkrp1b  protein  variants,  which  later  served to  calculate  the  collision  cross 

section in helium (HeCCS), were extracted by MassLynx 4.1 software from Watres (Milford, MA, 

USA).  

 

4.3 Biological activity of Nkrp1b 

To investigate biological activity of particular Nkrp1b protein variants, they were labeled 

with  fluorescence  dye  and  incubated  with  mouse  bone  marrow-derived  cells  expressing 

Nkrp1b’s  ligand.  Interactions  of  Nkrp1b  variants  were  evaluated  by  scanning  fluorescence 

microscopy. 

 

4.3.1 Protein covalent labeling 

Recombinantly prepared variants of Nkrp1b protein were buffer exchanged into 200mM 

sodium  bicarbonate  buffer  (pH  8.2)  using  MicroBio-Spin  P-6  (Bio-Rad,  Hercules,  CA,  USA). 

Protein solutions were then mixed with amine-reactive dye ATTO 590 by ATTO-TEC (Siegen, 

Germany), which was dissolved in dimethylsulfoxide (DMSO), in molar ration 1:5 

(protein:dye). The mixture was incubated for 1 h at r.t. in the dark. To eliminate unbound dye, 

ethanolamine  in  two-molar  excess  compared  to  the  dye  was  added  to  the  samples.  Next, 

excessive dye and ethanolamine were removed using MicroBio-Spin P-6 (Bio-Rad, Hercules, 

CA,  USA),  which  were  concurrently  utilized  to  transfer  labeled  proteins  to  a  phosphate 

buffered saline (PBS).  
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4.3.2 Mouse bone marrow cells cultivation and interactions with Nkrp1b 

Cells  were  isolated  from  femur  of  eight-week-old  male  mice  of  two  different  strains 

[C57BL/6 and MHC II-EGFP knock-in mice (originally derived from a 129/Sv mouse by replacing 

the MHC class II gene for the β-chain gene version tagged with enhanced green fluorescent 

protein and backcrossed with C57BL/6)]. These cells were then cultivated in 24-well plates on 

coverslips, which were placed on a bottom of wells, for 5 days in a humidified atmosphere  

(37 °C with 5% CO2) in RPMI 1640 medium without phenol red, supplemented with  

L-glutamine by Lonza (Basel, Switzerland), 10% fetal bovine serum by Gibco (Dublin, Ireland), 

100  U/ml  penicillin,  and  100  µg/ml  streptomycin  by  PAA  Laboratories  (Pasching,  Austria). 

During  the  second  day  of  cultivation,  mouse  granulocyte-macrophage  colony-stimulating 

factor (GM-CSF) was added to the cell cultures to stimulate differentiation of bone marrow 

cells (GM-CSF was isolated from media of Ag8653 myeloma cells, which were transfected with 

murine GM-CSF cDNA).  

The  experiment  itself  started  after  5  days  of  cultivation,  when  the  differentiated  cell 

reached  approximately  50%  density.  The  cells  were  washed  with  PBS  and  fixed  with  3.7% 

paraformaldehyde in PBS (20 min, r.t.). The next steps involved incubation with 15mM NH4Cl 

in PBS for 10 min at r.t. (to reduce the unspecific antibody binding caused by 

paraformaldehyde), blocking with 1% bovine serum albumin (BSA) in PBS (10 min, r.t.) and 

cells staining with Nkrp1b-ATTO 590 protein variants (1 h, r.t.).  

Prior  to  incubation  with  cells,  labeled  Nkrp1b  protein  variants  were  diluted  to  three 

different concentrations (0.1, 0.5, and 1 µg/ml) in PBS. The lectin peanut agglutinin (PNA) from 

Arachis  hypogaea  (peanut)  conjugated  with  Alexa  Fluor®  568  by  Thermo  Fisher  Scientific 

(Waltham, MA, USA), which was diluted to the same concentrations as Nkrp1b, served as a 

positive control; unstained cells served as a negative control.  

Following  the  cells  incubation  with  labeled  proteins,  cells  were  washed  5×  with  PBS, 

transferred onto microscope slides and mounted in FluoroshieldTM with DAPI by Sigma-Aldrich 

(St. Louis, MO, USA).         
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4.3.3 Scanning fluorescence microscopy 

The  Olympus  ScanR  system  with  Hammatsu  ORCA  C4742-80-12AG  camera  with  three 

channels by Olympus (Tokyo, Japan) was employed to perform analysis of Nkrp1b variants 

interactions. Three used multi-band DAFITR emission filter sets included: set with excitation 

wavelength of 300 – 400 nm and emission wavelength of 435 – 479 nm for DAPI staining,  

549 – 559 nm/600 – 656 nm for red Nkrp1b-ATTO 590 or Alexa Fluor® 568 fluorescence, and 

short-pass  emission  filter  460  –  490  nm/510  –  550  nm  for  MHC  II-EGFP.  Scanning  was 

performed using Olympus UPLSAPO 20×/0.75 NA objective with short working distance.  

Slides were prepared in duplicates and each one was analyzed in 36 fields of view, in total, 

hundreds of cells were processed (using the Olympus soft imaging solutions 3.0.1. build 6074 

software). Only segmented particles smaller than 120 µm2 containing the nucleus were taken 

into  account.  Quantitative  analysis  displaying  the  dependence  of  the  mean  fluorescence 

intensity on the protein concentration was the final output of this analysis. In addition, the 

mean value, standard deviation, and standard error of the mean were determined. 

 

4.4 Nkrp1b localization and oligomerization state in mammalian cells 

The Nkrp1b localization and its oligomerization state in vivo was checked in mammalian 

cells. The full-length protein tagged with monomeric superfolder (msf) GFP was expressed in 

the  mammalian  COS-7  cell  line.  Its  localization was  determined by  confocal  laser  scanning 

microscopy (CLSM) and oligomerization by immunoblotting.    

 

4.4.1 DNA cloning of msfGFP-tagged Nkrp1b 

The entire Nkrp1b (BALB/c) gene in pEGFPN1 vector was prepared by Shanghai Generay 

Biotech Co. (Shanghai, China). Then the insert was ligated into pXJ41 vector using EcoRI and 

BamHI (both by New England Biolabs, Ipswich, MA, USA) restriction sites. Another 

combination of restriction sites, BamHI and XbaI, was utilized to prepare appropriate msfGFP 

(forward primer 5′-TCTGGATCCAATGGTGAGCAAGGGC-3′ and the reverse primer 5′-

GGTCTAGATTACTTGTACAGCTCGTCCA-3′).  This  segment  was  subsequently  subcloned  into 
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pXJ41-Nkrp1b vector using relevant restriction sites (BamHI and XbaI), and the final pXJ41-

Nkrp1-msfGFP vector was transfected into COS-7 cells.  

4.4.2 Cell cultures and transfection with pXJ41-Nkrp1b-msfGFP 

COS-7  cells  were  cultivated  in  DMEM  medium  by  Sigma-Aldrich  (St.  Louis,  MO,  USA) 

supplemented with L-glutamine and 10% fetal calf serum by Life Technologies (Carlsbad, CA, 

USA) in a humidified atmosphere (37 °C with 5% CO 2). Transfection of two million cells was 

performed using 21 µl Lipofectamine LTX in 3 ml Opti-MEM medium (both by Life 

Technologies, Carlsbad, CA, USA), when cells were 60 – 70% confluent. The Lipofectamine LTX 

complexes were incubated for 30 min at r.t. and then added to cultured cells in 100mm cell 

culture dishes.   

4.4.3  Live cell imaging 

COS-7  cells  were  immobilized  on  coverslips  coated  with  poly-L-lysine  and  placed  to  a 

perfusion chamber FCS3 by Bioptechs (Butler, PA, USA) at 37 °C. The confocal laser scanning 

microscope FluoView 1000 with 60× water immersion, 1.2 NA objective UPLSAPO (both by 

Olympus, Tokyo, Japan), the steady-state semiconductor laser for excitation (488 nm) and the 

560nm long-pass and 460–520nm band-pass filters for fluorescence collecting were used. 

 

4.4.4 Nkrp1b-msfGFP immunoblotting 

Transfected COS-7 cells were washed with PBS and lysed on ice in 100 µl lysis buffer for  

40 min. Dithiothreitol (DTT) was added  to  a  half of  the  samples to  examine Nkrp1b under 

reducing conditions. Proteins in cell lysates were separated by SDS-PAGE in a 10% 

polyacrylamide gel and then transferred onto a nitrocellulose membrane from Pall 

Corporation (Port Washington, NY, USA) using Trans-Blot SD Semi-Dry by Bio-Rad (Hercules, 

CA, USA) set to 0.8 mA/cm 2. Anti-GFP monoclonal antibody (Exbio, Vestec, Czech Republic) 

was used to detect Nkrp1b-msfGFP and anti-β-actin antibody (Santa Cruz, Dallas, TX, USA) to 

detect β-actin (loading control).       
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4.5 Other methods 

4.5.1 Multiple protein sequence alignment 

Clustal Omega multiple sequence alignment tool implemented by EMBL-EBI was utilized 

to compare sequences of Nkrp1b CTLDs (corresponding to the residues Ser89 – Ser223) from 

several mouse  strains (C57BL/6,  BALB/c,  129S6  and SJL/J). The  aim  was to  identify mutual 

sequence differences and, based on  those, to derive the most representative  Nkrp1b 

structure. 

    

4.5.2 One-dimensional 1H NMR spectroscopy 

To investigate proper protein folding, 1H NMR spectroscopy using 700 MHz Bruker Avance 

III  spectrometer  equipped  with  TCI  cryoprobe  (Bruker  Daltonics,  Billerica,  MA,  USA)  was 

performed  at  25  °C.  Prior  to  measurement,  protein  dissolved  in  elution  buffer  was  only 

supplemented with D2O to a final quantity of 10%. 

 

4.5.3 Nkrp1b homology modeling and molecular dynamics 

In order to create models of Nkrp1b protein variants, homology modeling was combined 

with experimental constraints derived by disulfide bonds mapping and (intra- and interchain) 

chemical  cross-linking.  In  order  to  validate  these  protein  models,  their  CCSs  were  then 

compared to experimental CCSs acquired by ion mobility-mass spectrometry (chapter 4.2.4). 

In addition, ab initio modeling of protein stalk followed by molecular dynamics was performed 

to determine the possible conformation and stability of the stalk as no template for modeling 

this region is available.  

Homology models were created using Modeller 9.19 software [114]. Three high-resolution 

structures of Nkrp1a from the mouse strain C57BL/6 (PDB IDs: 2MTI, 3M9Z, 3T3A) and crystal 

structures of human LLT1 (PDB ID: 4QKH) and CLEC5A (PDB ID: 2YHF) served as templates for 

homology  modeling.  MS-derived  distance  constrains  were  defined  according  to  disulfide 

bonds pattern and chemical cross-linking. The upper limit of distances between C α of cross-
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linked amino acids was set to 20.5 Å ± 3 Å for the DSG and 24.2 Å ± 3 Å for the DSS. Next, 50 

models  were  generated  for  each  Nkrp1b  protein  variant  and  assessed  by  the  Modeller 

objective function [115], Discrete Optimized Protein Energy profiles, and global distance test 

[116,117].  

In  order  to  calculate  theoretical HeCCS  of  the  best  10  models  for  each  protein  variant, 

projection approximation (PA) method implemented in the IMPACT program was employed 

together with factor compensating underestimation of scattering and long-range interactions 

caused by PA. Finally, these CCSs were compared to experimental CCS values and the one best 

model  for  each  protein  variant  was  subjected  to  molecular  dynamics  simulations  using 

Gromacs 5.1.4 software [118]. 

Models were centered in the cubix box (at least 1 nm from its edge) containing TIP3 water 

molecules and 4 Na+ ions (8 ions in case of dimeric protein variants) to neutralize the charge 

of the system in the AMBER99SB-ILDN force field. Each model was then relaxed by 160,000 – 

190,000  step-long  energy  minimization  with  steep  descent  algorithm.  The  solution  of  the 

system was equilibrated by 400 ps constant volume simulation at the temperature of 30 K, 

200 ps constant pressure simulation at 300 K, and finally, 200 ps constant volume simulation 

at  300  K.  Molecular  dynamics  simulation  of  minimized  and  equilibrated  system  with  a 

temperature of 300 K lasted for 50 ns. 

The Rosetta package version 2017.08.59291 with the scoring function talaris 2014 [119] 

was used for ab initio modeling of the stalk region (residues Ser69 – Gln79), whose sequence 

was then submitted to Fragment Libraries service of Robetta server [120]. Based on acquired 

fragment files, 2000 models were generated and analyzed by principal component analysis in 

the Rosetta software.  

 

4.6 Unpublished methods 

This chapter states methods, which were carried out during the Ph.D. study; however, they 

are not published as it was not necessary, or they did not lead to the result in the end.     
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4.6.1 Nkrp1b protein crystallization 

Two protein variants of the concentration of 10 g/l were used in the crystallization trials: 

Nkrp1b  (JSL/J)  and  Nkrp1b  (BALB/c).  Both  proteins  were  transferred  to  buffer  containing 

10mM HEPES (pH 7.5) and 50mM NaCl. Crystallization experiments were performed using the 

sitting-drop vapor-diffusion method at 301 K.  

Initial screening was carried out with the Crystal Screens (1 and 2) and Index screen, both 

from Hampton Research (Aliso Viejo, CA, USA), and JCSG++ screens by Jena Bioscience (Jena, 

Germany).  Crystallization  was  then  set  up  using  Crystal  Gryphon  LCP  instrument  from  Art 

Robins Instruments (Sunnyvale, CA, USA) and three protein:precipitant ratios were analyzed 

(1:1, 2:1, 2:1). The most promising crystals grew in these conditions using Crystal Screen 1: 

100mM sodium acetate trihydrate (pH 4.6), 20mM CaCl2, 30% 2-methyl-2,4-pentanediol. 

 

4.6.2 Circular dichroism 

Circular dichroism (CD) was performed in order to mutually compare changes of secondary 

structure of all four Nkrp1b protein forms (Nkrp1b with/without stalk and their 

monomeric/dimeric variants) and also the experimental values with the theoretical values of 

designed Nkrp1b homology models.   

CD spectra were recorded using Chirascan TM-plus spectrometer by Applied Photophysics 

(Leatherhead, United Kingdom) at room temperature in a quartz cell with path length of 0.1 

cm in steps of 1 nm over the wavelength range of 190 – 260 nm.  The spectral bandwidth was 

1  nm;  averaging  time  was  2  s. Protein  solutions,  which  were  acquired  by  size-exclusion 

chromatography, were diluted with water to the concentration of 0.1 mg/ml.  

 

4.6.3 Cloning of Clr-b 

Since we also intended to study the interactions of Nkrp1b with its binding partner, Clr-b 

protein, on a molecular level, we tried to prepare constructs coding the entire ectodomain 

and ligand-binding domain (lacking the stalk) of Clr-b – analogically to our Nkrp1b constructs.  
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The full-length Clr-b in pCR2.1-TOPO vector prepared by Shanghai Generay Biotech Co. 

(Shanghai, China) was used as a template for subsequent polymerase chain reaction (PCR) to 

obtain desired Clr-b gene fragments. Appropriate primers containing selected restriction sites, 

which are shown in Figure 4.1, were designed (KRD, Prague, Czech Republic).  

 

 

Figure 4.1: Primers used for the amplification of Clr-b gene fragments corresponding to the entire 

ectodomain and ligand-binding domain lacking the stalk. 

Highlighted nucleotides represent the restriction sites of NdeI or HindIII endonucleases. 

 

In the next step, fresh PCR products were subcloned into pCR2.1-TOPO cloning vector using 

TOPO TA cloning kit by Life Technologies (Carlsbad, CA, USA). Following the cloning reactions, 

DH5α cells (designed for cloning) from Stratagene (San Diego, CA, USA) were transformed with 

obtained  DNA  constructs  by the  heat  shock method  and grown on LB agar  with ampicillin  

(150  µg/ml)  overnight  at  37  °C.  Selected  bacterial  colonies  were  then  transferred  into  LB 

medium  with  ampicillin  (150  µg/ml)  and  cultivated  overnight  at  37  °C.  Cell  cultures  were 

utilized to isolate the plasmid DNA by High-speed plasmid mini kit from Geneaid (New Taipei, 

Taiwan), and the isolated DNA was tested for the presence of Clr-b fragments by restriction 

analysis. Plasmid DNA was digested by NdeI and HindIII endonucleases in NEB2 buffer (New 

England Biolabs, Ipswich, MA, USA) for 2 h at 37 °C, then the mixture was separated in 1% 

agarose  gel.  Samples,  which  clearly  showed  the  bands  corresponding  to  the  pCR2.1-TOPO 

vector and Clr-b fragment, were subjected to DNA sequencing. 

 Clr-b fragments were then subcloned into pET-30a(+) vector, which is suitable for protein 

production,  using  previously  prepared  pCR2.1-TOPO-Clr-b  DNA  constructs.  The  first  steps 

included cleavage of these constructs using NdeI and HindIII endonucleases, DNA separation 
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in  1%  agarose  gel  and  isolation  of  desired  Clr-b  fragments  using  Gel/PCR  DNA  fragments 

extraction kit from Geneaid. To prepare the expression vector for ligation reaction, pET-30a(+) 

was linearized by the same endonucleases (NdeI, HindIII) and dephosphorylated by alkaline 

phosphatase,  calf  intestinal  (CIP)  form  New  England  Biolabs  (Ipswich,  MA,  USA)  for  1  h  at  

37 °C. Finally, linearized and dephosphorylated vector was subjected to DNA electrophoresis 

and isolated from gel using Gel/PCR DNA fragments extraction kit from Geneaid again.  

The ligation of Clr-b fragments and vector was performed using T4 DNA ligase 1 Weiss U/µl 

in T4 DNA ligase buffer supplemented with 20mM ATP (everything by Fermentas, Waltham, 

MA, USA). The reaction mixture was incubated for 1 h at 37 °C, then the plasmid DNA was 

subjected to the process of multiplication in DH5α cells, plasmid DNA isolation from cells, DNA 

testing by restriction analysis and sequencing as was described above. 
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6 Results 

This chapter provides an overview of relevant papers together with their short summary, 

unpublished experiments and their discussion.  

 

6.1 Nkrp1 family, from lectins to protein interacting molecules 

 

This publication describes the paradigm of Nkrp1 sugar-binding properties and its gradual 

development. Nkrp1 receptors were originally reported to bind monosaccharides (N-

acetylgalactosamine, N-acetylglucosamine, fucose, galactose and mannose) in calcium-

dependent manner and, despite several contradictions, this assumption lasted for about two 

decades. Meanwhile, another research studies were based on this information and new high-

affinity saccharide ligands were synthetized in order to use them in anticancer therapies.  

However, calcium-independent interactions of Nkrp1 with protein ligands (Clr proteins) 

were  later  discovered  and  their  biological  relevance  was  studied  including  the  antitumor 

activity. Therefore, besides the saccharide story, NK cells functions, Nkrp1 receptors 

characteristics, their structure and signaling, this review also covers the topic of Clr proteins.      

 

My  contribution  to  the  publication:  chapters  concerning  NK  cells,  Nkrp1  receptor  family 

characteristics and signaling 
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6.2 Recombinant expression, in vitro refolding and characterizing disulfide bonds 

of a mouse inhibitory C-type lectin-like receptor Nkrp1b 

 

This article summarizes the first and rapid preparation procedure of recombinant protein 

Nkrp1b of sufficient purity and yield for prospective structural studies. Presented protocol is 

suitable for protein crystallization, NMR or structural MS. 

 The CTLD of Nkrp1b (SJL/J) protein was expressed in Escherichia coli BL21 (DE3) 

competent cells allowing highly effective protein production. The Nkrp1b protein was 

produced to inclusion bodies, thus, their solubilization and then protein refolding followed.  

The Nkrp1b identity and folding was examined by MS and one-dimensional NMR 

spectroscopy. The accurate mass of the intact protein confirmed that the purified protein is 

indeed Nkrp1b and that all cysteines present in the protein are involved in disulfide bonds 

formation; therefore, the protein is confirmed to be folded. This was also confirmed by 1H 

NMR  spectroscopy.  Finally,  disulfide  bonds  mapping  showed  concrete  linkages  between 

cysteines in Nkrp1b and demonstrated the accordance between our experimental results and 

common disulfide bonds pattern of the CTLRs. 

Presented  protocol  provides  protein  yield  around  5  mg  from  0.5  l  of  LB  medium  of 

adequate purity achieved only by one-step purification. Compared to the original protocol, 

the additional step, ion-exchange chromatography, was omitted as lower concentration of salt 

in purification buffer lead to protein aggregation and decreased yields. In addition, results of 

size-exclusion chromatography implied that Nkrp1b folds as monomer and also homodimer, 

which was later involved to our subsequent research. 

     

My contribution to the publication: the Nkrp1b protein production including its expression, 

refolding and purification; samples preparation for MS measurements (accurate mass of the 

intact protein, disulfide bonds mapping) and data analysis; manuscript writing 
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Unpublished related experiments and results 

 

As the main purpose of Nkrp1b preparation was to perform structural studies, this protein 

from two mouse strains (SJL/J and BALB/c) was subjected to crystallization process. However, 

despite  an  extensive  effort  (more  than  400  manual  trials)  and  optimization  of  promising 

conditions, screening failed. Several crystals of Nkrp1b from SJL/J mouse strain (Figure 6.1) 

were tested using synchrotron sources but none of them diffracted to a reasonable resolution. 

Nkrp1b (BALB/c) failed to crystallize altogether. 

 

 

    

Figure 6.1: Protein crystals of Nkrp1b (SJL/J).   

 

This protocol on Nkpr1b preparation was also utilized and adapted to production of doubly 

labeled protein Nkrp1b (BALB/c), which was then used for NMR structural analysis. Signals 

corresponding to polypeptide backbone atoms and Cβ of amino acid side chains were assigned 

(diploma  thesis  “NMR  study of  the  extracellular part  of the  mouse  Nkr-p1b  receptor  from 

natural  killer  cells”  by  Mgr.  Kristián  Skála).  However,  to  obtain  the  final  NMR  structure  of 

Nkrp1b, signals of remaining atoms present in amino acid side chains need to be assigned.  
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6.3 The C-type lectin-like receptor Nkrp1b: structural proteomics reveals features 

affecting protein conformation and interactions  

 

Besides  the  Nkrp1b  (BALB/c)  ectodomain  structure,  the  paper  focuses  on  structural 

features which might affect protein conformation and interactions: stalk, loop and 

oligomerization state. Nkrp1 receptors have been considered to be homodimers linked via 

disulfide  bonds  in  the  stalk  region  for  almost  three  decades.  As  the  oligomerization  can 

influence the signaling and, therefore, the physiological function of a cell and as it has been 

investigated only by immunoprecipitation, we studied Nkrp1b monomers and homodimers on 

a molecular level including their ability to interact with a ligand. In addition, our attention was 

also devoted to the loop position since it is a flexible part of the CTLD, which might participate 

in domain swapping dimerization and interactions with binding partner. 

A wide range of different methods was employed including mass spectrometric techniques 

(disulfide  bonds  mapping,  intra-  and  interchain  chemical  cross-linking,  ion  mobility-mass 

spectrometry), computational methods (homology modeling, molecular dynamics) or 

microscopy techniques (live cell imaging, scanning fluorescence microscopy). 

Surprisingly, the purification of Nkrp1b protein variants by size-exclusion chromatography 

has already revealed that even Nkrp1b lacking the stalk creates monomers and also 

homodimers  as  well  as  Nkrp1b  with  the  stalk.  Thus,  the  stalk  is  not  crucial  for  protein 

dimerization.  As  disulfide  bonds  mapping  proved  directly,  two  cysteines  present  in  the 

protein’s stalk part can be linked together within one molecule or they are connected to a 

corresponding  cysteine  in  the  second  Nkrp1b  molecule.  In  summary,  Nkrp1b  is  present  in 

solution as a mixture of non-covalent monomers and covalent and non-covalent homodimers.  

To investigate the dimerization interface, interchain chemical cross-linking with 

isotopically labeled homodimers was performed. Cross-links were found only between CTLDs, 

not in the stalk parts. In addition, intrachain cross-linking showed that the stalk is flexible, 

moves  in  the  solution  and  interacts  with  several  different  lysines  present  in  the  CTLD.  To 

summarize this part of research, Nkrp1b seems to be a mixture of monomers and covalent 

and non-covalent homodimers. 
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Intrachain cross-linking together with CCSs determined by ion mobility-mass spectrometry 

also demonstrated that the loop is attached to the protein core, domain-swapping 

dimerization  therefore  would  not  be  feasible.  Additionally,  domain-swapped  dimers  were 

rejected anyway based on experimental CCS and homology modeling of Nkrp1b homodimers. 

Since all the above-mentioned experiments were performed with recombinantly prepared 

proteins in bacteria, also localization and oligomerization of full-length Nkrp1b tagged with 

GFP were studied in mammalian cells (COS-7). Live cell imaging revealed that the protein is 

present on a cell surface and the immunoblotting of cell lysates confirmed that Nkrp1b is a 

mixture of monomers and homodimers.   

Since we discovered that Nkrp1b can form monomers and homodimers, their ability to 

bind  the  ligand  was  tested.  In  addition,  the  role  of  the  stalk  was  examined  as  well  (the 

experiments  were  performed  using  Nkrp1b  variant  with  or  without  stalk).  Fluorescently 

labeled Nkrp1b variants of three different concentrations were incubated with mouse bone 

marrow-derived cells expressing Nkrp1b’s ligand (Clr-b) and the interactions were assessed by 

scanning  fluorescence  microscopy.  Only  monomeric  protein  variants  bound  to  the  cells, 

regardless of the presence of the stalk; therefore, the stalk does not play a role in interaction. 

 

My contribution to the publication: Nkrp1b protein sequence alignment; protein production 

including  isotopically  labeled  protein  variants;  samples  preparation  for  MS  measurements 

(molecular mass of the intact protein, disulfide bonds mapping, intra- and interchain chemical 

cross-linking) and data analyses; experiments concerning biological activity of Nkrp1b (protein 

covalent labeling, interactions of labeled Nkrp1b protein variants with bone marrow-derived 

cells, participation  in  fluorescence  microscopy); participation  in  experimental  design  of 

homology modeling and molecular dynamics; structural alignment of homology models; data 

analysis and interpretation of ion mobility-mass spectrometry data;  manuscript writing 
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Unpublished related experiments and results 

 

Unpublished  experiments  involve  analysis  of  secondary  structures  content  in  Nkrp1b 

protein variants using CD and cloning of Nkrp1b ligand, Clr-b. 

 

Proportion of secondary structures in Nkrp1b using CD 

While the CD spectra of Nkrp1b protein variants have similar peak shapes (Figure 6.2), 

these results were not used for publication as this method can generate inaccuracies [122]. 

No significant differences are present between experimental CD values of all protein variants 

(Figure 6.2). However, these values do not correspond to secondary structure proportions in 

homology  models,  which  were  modelled  based  on  high  resolution  structures  of  related 

proteins in combination with our experimental data (disulfide bonds mapping, chemical cross-

linking), and validated by ion mobility-mass spectrometry.   

 

 

 

Figure 6.2: CD spectra of (A) Nkrp1b with stalk and (B) without stalk and comparison of secondary 

structures proportions (expressed as a percentage) in measured proteins and structural models. 
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Clr-b cloning 

Desired Clr-b fragments (corresponding to the protein part with and without stalk) were 

obtained by PCR (Figure 6.3A) using appropriate primers and template containing full-length 

Clr-b. The length of Clr-b fragment with stalk is 440 base pairs (bp) and Clr-b without stalk 400 

bp (restriction sites not included). 

Acquired Clr-b fragments were subcloned to the pCR2.1-TOPO vector (3931 bp) and the 

success  of  the  reaction  was  verified  by  restriction  analysis  (Figure  6.3B),  when  the  DNA 

constructs  were  digested  using  NdeI  and  HindIII  endonucleases.  The  sequence  of  Clr-b 

fragments was subsequently checked by DNA sequencing.   

The  final  step  involved  ligation  of Clr-b fragments  to  expression  vector  pET-30a(+)  

(5422  bp)  using  specific  restriction  sites  (NdeI,  HindIII).  However,  despite  the  long-term 

troubleshooting, only the ligation of Clr-b without stalk was successful (restriction analysis in 

Figure 6.3C) as was also verified by DNA sequencing. 

However,  our  aim  to  study  the  Nkrp1b:Clr-b  interaction  was  later  accomplished  by 

Gautham  Balaji  from  the  group  of  James  Carlyle,  who  presented  the  crystal  structure  of 

Nkrp1b in complex  with Clr-b on the 42nd Lorne Conference on Protein Structure and Function 

in February 2017 [112].   
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Figure 6.3: Process of cloning of Clr-b fragments corresponding to the protein part with and 

without stalk. 

(A) Clr-b fragments obtained by PCR, (B) restriction analysis of fragments subcloned to pCR2.1-TOPO 

cloning vector and (C) restriction analysis of Clr-b without stalk ligated into pET-30a(+) expression 

vector. Length of Clr-b with stalk is 440 bp, Clr-b without stalk 400 bp, pCR2.1-TOPO vector 3931 bp 

and pET-30a(+) vector 5422 bp.   
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7 General discussion 

Broad superfamily of the CTLRs, which share the CTLD as a common feature, involve 17 

protein  groups  of  many  different  binding  partners  or  interaction  manners.  Their  ligands 

include  carbohydrates  [39], proteins  [40], lipids  [41], inorganic substances  [42] or  ice  [43]. 

CTLRs can function as oligomers (group II) [1], trimers (group III) [17,18], dimers (group IV) 

[19],  monomers  (some  members  of  group  V  like  dectin-1  [1])  or  equilibrium  between 

monomeric and homodimeric forms is established (group VI) [22]. Some of these receptors 

are  monomers  that  assemble  into  dimers  and  polymers  (e.g.,  EMBP  from  group  XII)  [31]. 

Therefore, CTLRs are found in very different arrangements that influence their function. 

Concerning CTLRs composed of only one domain, which is the CTLD (groups II, V, VII, VIII, 

IX, XII), the long loop region is usually the main source of variability and also flexibility [44], 

because it can play a role in domain swapping (group VII) [23] or Ca2+ binding (group II or VII) 

[1]. Otherwise, structure of the CTLD is conserved among multicellular organisms, but amino 

acid  sequences  of  domains  differ  [1].  Interactions  are  also  influenced  by  protein  stalks  as 

described  in  the  chapter  1.1.1.  on  example  of  cis  and  trans  interactions  of  Ly49  receptors 

(group V) [50]. 

Members of mouse Nkrp1 family (group V) are highly similar in protein sequence. Ligands 

of these receptors (Clr proteins) are encoded by the same gene complex, which suggests a 

common mechanism of expression regulation, they also possess the C-type lectin-like fold and 

are  similar  in  their  protein  sequence  as  well.  Therefore,  it  may  not  seem  surprising  that 

interactions of Nkrp1 and Clr proteins are promiscuous, where one receptor can bind different 

ligands and vice versa. However, Nkrp1 receptors interacting with same Clr ligands have in 

fact opposite functions (activating/inhibitory). The mechanism regulating the interactions of 

concrete binding partners remains to be clarified, however, according to current knowledge 

it could be assumed that the regulation is associated with tissue-specific Clr expression and 

NK cells localization in organism. Nevertheless, the starting and basic point is to study proteins’ 

structure, dynamics and then their functionality. 

Nkrp1  receptors  have  been  considered  to  be  disulfide-linked  homodimers  (based  on 

immunoprecipitation  results  [75–79]),  but  protein  oligomerization  on  a  molecular  level, 
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activity of Nkrp1 dimers or the role of the stalk in interactions have not been investigated so 

far. However, crystal structures of two related complexes have been solved: mouse 

Nkrp1b:m12 and human NKp65:KACL. The first complex describes the “polar claw” interaction 

of  Nkrp1b  CTLD  (without  stalk)  from  C57BL/6  mouse  strain  (this  protein  differ  by  two 

additional Cys and Pro->Thr compared to Nkrp1b from other strains) with immunoglobulin-

like viral immunoevasin [85]. Interaction of Nkrp1b with its host ligand, C-type lectin-like Clr-

b, might be arranged differently (similarly as in case of Ly49 receptors, which interact with 

immunoevasin m157 or MHC class I molecules [108]). Second complex (NKp65:KACL) is the 

only  one  characterizing  interaction  of  two  CTLDs  [111].  In  both  resolved  complexes,  two 

monomers of a receptor and a dimer of ligand take part in the interaction. 

Although  the  structure of Nkrp1b (C57BL/6) CTLD  has been solved, we studied  Nkrp1b 

(BALB/c)  which  is  more  representative  among  different  mouse  strains  (based  on  protein 

sequence alignment). In addition, we intended to clarify the role and importance of protein’s 

stalk, loop and oligomerization state in the context of protein structure and interactions with 

its binding partner.       

To  produce  Nkrp1b  protein  (beginning  with  its  CTLD)  suitable  for  structural  studies, 

modified  protocol [124] was developed. The process included high-level expression in 

bacterial system, isolation of recombinant protein from bacteria, in vitro refolding and one-

step  purification.  Protein  identity  and  proper  folding  was  confirmed  by  measuring  the 

molecular mass of the intact protein (ultra-high resolution MS) and 1H NMR spectrum. The 

protocol usually provides yield >5 mg of protein (from 0.5 l of LB medium) of sufficient purity 

for structural studies. As all the cysteines were shown to be involved in disulfide bonds, their 

mapping was performed. Identified connections are consistent with typical disulfide pattern 

of  other  CTLRs  [1].  In  addition,  it  was  observed  that  Nkrp1b  CTLD  folds  as  monomer  and 

homodimer during the size-exclusion chromatography and the analysis of acquired fractions 

by SDS-PAGE (only protein bands corresponding to monomeric Nkrp1b forms were present 

under reducing conditions, while a mixture of monomers, homodimers or aggregates, 

respectively, was observed under nonreducing conditions).  
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In  order  to  investigate  this  observation  further  and  determine  the  role  of  the  stalk  in 

dimerization and ligand binding, two Nkrp1b variants differing by the presence of the stalk 

were prepared [125]. Since both protein variants create monomers and homodimers (as was 

shown  both  by  size-exclusion  chromatography  and  SDS-PAGE),  four  Nkrp1b  forms  were 

utilized for subsequent experiments. Protein quality was assessed by determining the 

accurate molecular mass of the intact protein using ultra high-resolution MS. The measured 

molecular  mass  of  the  Nkrp1b  ectodomain  was  18 353.78 Da  compared  to  the  theoretical 

value of the native protein 18 353.77 Da (measurement error 0.5 ppm). Similarly, 

experimental mass of Nkrp1b CTLD was 15 453.41 Da and theoretical mass of native protein 

15 453.38 Da  (error  1.9 ppm). This  measurement  clearly  showed  that  all  cysteines  in  both 

protein  variants  are  involved  in  disulfide  bridges  formation.  Subsequent  disulfide  bonds 

mapping confirmed the typical disulfide bonds pattern in the CTLD  as well. Two additional 

cysteines present in the protein stalk were found to be connected in two different ways, either 

creating one intrachain linkage mutually or each cysteine binding the corresponding cysteine 

in the second Nkrp1b molecule, creating two interchain linkages. Therefore, Nkrp1b variant 

with stalk forms monomers or non-covalent and covalent homodimers. 

To examine whether the recombinant expression of protein does not generate artifact, 

the  oligomerization  state  and  localization  of  full-length  Nkrp1b  tagged  with  msfGFP  were 

determined in mammalian cells (COS-7). Confocal laser scanning microscopy detected Nkrp1b 

on  the  cell  surface  and  immunoblotting of  cell  lysate  corroborated  previous  findings.  Only 

monomeric Nkrp1b-msfGFP was detected under reducing conditions  and a mixture of 

monomers and homodimers under nonreducing conditions. 

As the presence of Nkrp1b monomers and homodimers was confirmed, their capability to 

bind a ligand was tested. In addition, we focused on the role of the stalk. Experiments were 

repeated several times and analyzed by (scanning) fluorescence microscopy.  

Four protein variants (of three different concentrations) labeled with fluorescent dye were 

incubated with bone marrow-derived cells expressing Clr-b. Scanning fluorescent microscopy 

allowed us to observe hundreds of cells and to quantify the signal intensity of labeled proteins. 

Finally, the dependence of the mean intensity of fluorescent signal on the protein 
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concentration was plotted and it was revealed that only Nkrp1b monomers, regardless of the 

stalk,  are  able  of  interacting,  while  dimers  are  not  active.  These  results  correspond  with 

Nkrp1b (C57BL/6):m12 and NKp65:KACL interaction mode, when receptors enter the 

interaction as  monomers  [85,111]. Therefore,  in  our  case, two  Nkrp1b  (BALB/c)  molecules 

may separately participate in the interaction or the interaction may promote induced Nkrp1b 

dimerization. 

Furthermore, all Nkrp1b variants in their native state were further characterized. Their 

low-resolution structure and dynamics were investigated using the method of chemical cross-

linking, namely amine-reactive agents DSG and DSS. Distance restraints within one Nkrp1b 

molecule were determined as well as between two molecules of homodimer composed of 

light (14N) and heavy-labeled (15N) chain.      

Cross-linking reactions were repeated many times and different conditions were tested. 

Finally, all primary amines except for Lys166 were cross-linked within both Nkrp1b monomeric 

variants.  Importantly,  intrachain  chemical  cross-linking  revealed  that  the  loop  region  is 

attached to the CTLD and that the stalk moves freely in solution as several linkages between 

N-terminus  and  different  lysines  in  the  protein  core  were  identified.  Acquired  distance 

restraints together with disulfide connections also served as valuable input for the homology 

modeling.  Similarly,  interchain  cross-links  were  used for homodimers  modeling  as  well  for 

defining the dimerization interface. 

The dimerization interface was found to be present between the CTLDs when both Nkrp1b 

molecules  are  mirror-orientated  towards the  imaginary  cell  surface  by  their  N-termini.  No 

cross-links were identified between the stalk parts. This confirms two previous observations: 

the stalk part is not crucial for protein dimerization and it moves freely around the protein 

core in solution. In addition, it is also in accordance with tests of Nkrp1b variants biological 

activity, where the stalk was shown to be unimportant for ligand binding. 

As  several  Nkrp1a  (C57BL/6)  CTLDs  high  resolution  structures  are  available,  they  were 

used as templates for homology modeling of Nkrp1b (BALB/c) as a representative model of 

this  protein  from  different  mouse  strains.  In  addition,  distance  restraints  obtained  by  MS 

served  as  an  experimental  input  for  modeling.  To  model  the  stalk,  ab  initio  modeling  was 
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performed, since no template exists for this part of the protein. The modeling suggested that 

the presence of α-helix at the residues of the stalk Val63 – Asp87 is likely. 

The  molecular  dynamics  simulations  (50  ns)  of  selected  models  were  subsequently 

performed to examine the protein stability and the  movement of the stalk  part. The root-

mean-square  deviation  (RMSD)  analyses  of  trajectories  showed  that  the  CTLDs  of  Nkrp1b 

variants  are  stable  and  that  the  stalks  slightly  move,  sometimes  with  weak  non-covalent 

interactions with other protein residues. The RMSD analyses also confirmed that the stalk can 

move around the CTLD. 

  Finally,  ion  mobility-mass  spectrometry  of  native  Nkrp1b  protein  variants  served  to 

validate the Nkrp1b models as this method proved to be gentle enough to retain a folded 

protein  structure.  Experimental  CCS  values  were  compared  to  CCSs  of  computed  Nkrp1b 

models, where the best 10 structural models of each protein variant were selected based on 

minimal energy.  

The experimental and theoretical CCS values generally correlated very well. Importantly, 

we also focused on the loop position and the presence of α-helix in the stalk. Theoretical CCS 

of Nkrp1b monomer without stalk with the loop in extended position was 1829 Å 2; with the 

loop attached to the protein core was 1535 Å2. Experimental CCS of this native protein variant 

was 1469 ± 36 Å 2, which corresponds better to the second option, with the loop attached to 

the CTLD. Similarly, the possibility of extended loops in Nkrp1b homodimer (without stalk) was 

rejected  as  theoretical  CCS  was  2662  Å2.  CCS  of  our  selected  Nkrp1b  dimeric  model  was  

2336 Å 2, which correlates better to the experimental value of 2311 ± 74 Å 2. In case of the 

presence of α-helix in the stalk, the CCS of our homology models was considerably higher than 

our experimental values. Moreover, results of ion mobility-mass spectrometry fit in nicely with 

the  data  from  chemical  cross-linking,  which  also  showed  the  same  loop  orientation  and 

flexibility of the stalk. 

In conclusion, besides Nkrp1b ectodomain structure including its dimeric conformation, 

we demonstrated the significance of the protein loop, stalk and oligomerization. The loop is 

attached to the compact core of the receptor and it does not participate in domain swapping 

in contrast to the activating Nkrp1a receptor [45]. We showed that the stalk does not affect 
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the CTLD fold, protein’s ability to interact with its ligand or that it is not even necessary for 

Nkrp1b dimerization as was believed for decades. Finally, since the Nkrp1b homodimers form 

but remain inactive, the possibility of their regulatory function arises. 
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8 Conclusions 

The aim of this thesis was to determine the native Nkrp1b ectodomain structure and to 

focus  on  the  structural  features,  which  might  affect  protein  conformation  or  interactions. 

These structural parts include the stalk, the loop and the oligomerization state.  

 

• The protocol describing Nkrp1b production regularly provides protein yield 

around 5 mg from 0.5 l of LB media. Protein obtained by fast one-step purification 

is of sufficient purity for subsequent structural studies.  

 

• MS techniques were employed to investigate Nkrp1b protein variants low-

resolution structure and dynamics. Disulfide bonds mapping corroborated typical 

pattern of the CTLDs. Two additional cysteines in the stalk part were found to be 

connected in two different ways: they either created intramolecular bridge, or two 

intermolecular bridges were observed.  Chemical cross-linking revealed that the 

loop is attached to the protein core and that the stalk moves freely in the solution. 

Moreover,  no  intermolecular  cross-links  were  observed  in  Nkrp1b  homodimer 

between  the  stalks,  only  between  the  CTLDs.  Ion  mobility-mass  spectrometry 

confirmed these results. Therefore, Nkrp1b is a mixture of monomers and 

covalent and non-covalent homodimers, which dimerize primarily via non-

covalent bonds between the CTLDs without domain swapping effect. 

 
• As Nkrp1b creates monomers and homodimers irrespective of the stalk, biological 

activity of all four Nkrp1b variants was tested. It was revealed that only Nkrp1b 

monomers are able to interact, while dimers are not active, regardless of the stalk. 

 

• Combination of homology modeling and MS data (distance restraints obtained by 

chemical cross-linking and  disulfide bonds mapping)  allowed us  to propose 

structural  models  of  Nkrp1b  (BALB/c)  CTLD  and  the  entire  ectodomain  in  their 

monomeric  and  dimeric  arrangement.  Using  molecular  dynamics  of  selected 
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models, protein stability was confirmed, also showing the slight movement of the 

stalks.   

 

• CCSs  of  the  best  10  homology  models  of  each  Nkrp1b  protein  variant  were 

compared to CCSs of native proteins (obtained by ion mobility-mass 

spectrometry).  Structural  models  best  corresponding  to  the  experimental  data 

were selected as the final representative native structures of Nkrp1b variants. 
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Abstract: The C-type lectin-like receptors include the Nkrp1 protein family that regulates 

the activity of natural killer (NK) cells. Rat Nkrp1a was reported to bind monosaccharide 

moieties in a Ca 2+-dependent manner in preference order of GalNac > GlcNAc >> Fuc >> 

Gal > Man. These findings established for rat Nkrp1a have been extrapolated to all additional 

Nkrp1 receptors and have been supported by numerous studies over the past two decades. 

However,  since  1996  there  has  been  controversy  and  another  article  showed  lack  of 

interactions with saccharides in 1999. Nevertheless, several high affinity saccharide ligands 

were  synthesized  in  order  to  utilize  their  potential  in  antitumor  therapy.  Subsequently, 

protein ligands were introduced as specific binders for Nkrp1 proteins and three dimensional 

models  of  receptor/protein  ligand  interaction  were  derived  from  crystallographic  data. 

Finally, for at least some members of the NK cell C-type lectin-like proteins, the “sweet 

story” was impaired by two reports in recent years. It has been shown that the rat Nkrp1a 

and  CD69  do  not  bind  saccharide  ligands  such  as  GlcNAc,  GalNAc,  chitotetraose  and 

saccharide derivatives (GlcNAc-PAMAM) do not directly and specifically influence 

cytotoxic activity of NK cells as it was previously described. 
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1. Introduction 

Natural killer (NK) cells are an essential component of the innate immunity system that play a key 

role against virally infected or tumor cells. The specificity of NK cells for target cells is determined by 

a sophisticated repertoire of activating and inhibitory receptors expressed on the surface of NK cells [1]. 

Besides the eradication of a variety of different pathological cells, NK cells produce several classes of 

immunoregulatory  cytokines,  which  help  to  shape  the  immune  response.  Interactions  between  these 

molecules are involved in maintaining homeostasis within the immune system [2]. Furthermore, NK 

cells  are  also  involved  in  transplantation  immunity  [3],  autoimmunity  [4],  allergic  diseases  [5]  or 

reproduction [6]. 

The  cytolytic  activity  of  NK  cells  is  determined  by  a  dynamic  interplay  between  activating  and 

inhibitory signals [7–9]. According to the missing self-recognition, the inhibitory receptors recognize 

ligands, such as MHC I molecules, which are broadly expressed by healthy cells but their expression is 

significantly  downregulated  during  pathological  circumstances.  On  the  other  hand,  according  to  the 

induced  self-recognition,  activating  receptors  recognize  ligands,  such  as  MICA  [10],  which  are 

minimally expressed by healthy cells but their expression is strongly upregulated during cellular stress, 

and infectious or tumorigenic processes. 

NK receptors belong to two distinct structural classes: the immunoglobulin-like receptors and the  

C-type lectin-like receptors. The first group includes Killer Cell Immunoglobulin-Like Receptors (KIR), 

Leukocyte Immunoglobulin-Like Receptors (LILR) and Natural Cytotoxicity Receptors (NCR) protein 

families, the second one Ly49, NKG2D, CD94/NKG2 and Nkrp1 protein families. 

The  Nkrp1  protein  family  contains  an  important  set  of  both  activating  and  inhibitory  receptors.  

The first identified Nkrp1 receptors were originally classified as members of the C-type animal lectin 

family [11,12]. Moreover, the ability to bind saccharides was extended to other Nkrp1 receptors and 

several  high  affinity  saccharide  ligands  with  antitumor  potential  were  synthesized.  However,  due  to 

irreproducibility of binding experiments the saccharide binding activity of Nkrp1 receptors became a 

matter  of  controversy  and  most  of  the  NK  receptor  research  field  dismissed  the  saccharide  binding 

properties of Nkrp1. This review is focused on Nkrp1 protein family and their biological functions. 

Particularly, we discuss discrepancies concerning Nkrp1 ligand binding specificity accumulated during 

20 years of the research in the field. 

2. Nkrp1 Family 

The first cell-surface antigen specific for mouse NK cells was described in 1977 [13]. Later, it was 

named NK1.1 and classified as a member of the Nkrp1 family [14], Nkrp1c [12,15]. Since then several 

other Nkrp1 (Klrb1) genes have been identified. 

In the mouse genome, members of the Klrb1 family (Klrb1a, b/d, c, e, f and g [12,16–18] encoding 

Nkrp1a, b/d, c, f and g proteins) are located in the Natural Killer Cell (NKC) gene complex and map to 

the chromosome 6 [19]. Klrb1b and d genes represent two divergent alleles of the same locus and Klrb1e 
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is a pseudogene [16]. Four Klrb1 genes located on chromosome 4 [20] were defined in rat: Klrb1a [21,22], 

b/c [20,23], f [24] and g [17] (Klrb1b and c are also divergent alleles [17]) encoding Nkrp1a, b/c, f and 

g proteins. There is only one KLRB1 gene encoding NKRP1A in the human genome, which is located 

on chromosome 12 [15]. Besides NK cells, Nkrp1 receptors are also expressed on the surface of NKT 

cells, T lymphocytes and dendritic cells [24,25]. 

3. Structure of Nkrp1 Receptors 

From a structural point of view, Nkrp1 receptors are type II transmembrane proteins containing an 

N-terminal cytoplasmic domain, a transmembrane region, and an ectodomain with the C-type lectin-like 

domain (CTLD), which is connected by a stalk region to the transmembrane segment. Several members 

of the Nkrp1 family have been demonstrated to exist as disulfide linked homodimers [11,12,26], in which 

cysteines  in  the  stalk  region  mediate  intermolecular  disulfide  bonds.  Nevertheless,  the  existence  of 

Nkrp1 proteins as disulfide linked homodimers requires further investigation as some members of the 

Nkrp1 family show variability in the number of cysteines in the stalk region [27]. 

In addition, the CTLD shares structural homology with the C-type lectin domain, but contrary to the 

C-type lectin domain, CTLD lacks the residues involved in calcium binding and recognizes other ligands 

than saccharides. The CTLD consists of two α-helices (α1 and α2) and two antiparallel β-sheets (Figure 1A). 

Numbering of secondary structural elements is usually based on rat MBP-A [28]. In most of the known 

three-dimensional structures of CTLD, the two β-sheets are formed by β0, β1 and β5 strands, and β2, 

β2’, β3 and β4 strands, respectively. Four cysteine residues, which are the most conserved residues in 

CTLD, adopt a disulfide pattern of C1-C4 and C2-C3. On the other hand, arrangement of the loops 

connecting the secondary structural elements differs to a large extent between the particular CTLDs [29]. 

In terms of Nkrp1 receptors, initial work on their structure demonstrated that Nkrp1 receptors adopt 

the fold typical for the CTLD with increased flexibility of a long loop region, which corresponds to the 

region between strands β2 and β3. Moreover, the sequence differences in the loop suggested that the 

long loop region might encode the ligand specificity [30]. Indeed, the crystal structure of mouse Nkrp1a, 

which is the only known structure among Nkrp1 receptors so far, revealed that Nkrp1a adopts a fold 

similar to the CTLD with the exception of the extended long loop region pointing away from the CTLD 

(Figure  1B).  In  the  crystal,  the  extended  loop  tightly  interacted  with  a  neighboring  loop  of  another 

molecule using a domain swapping effect [31]. The position of the extended loop pointing away from 

the CTLD has not been described in any NK receptors. However, this conformation has been observed 

in other C-type lectin-like proteins important in the immune system such as the macrophage mannose 

receptor [32] and in snake venoms [33]. On the other hand, structural analysis of mouse Nkrp1a and 

Nkrp1c in solution using mass spectrometric techniques unveiled that the loop region was not extended 

in solution, but instead collapsed and closely interacted with the core of the molecule [34,35]. Moreover, 

the recently determined structure of NKp65 in complex with its ligand KACL, which is the first report 

of CTLD recognition by another CTLD, suggests that the extended loop of Nkrp1a is sterically incompatible 

with the NKp65 mode of ligand binding and probably represents a crystallization artifact [36]. 
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Figure 1. (A) Ribbon diagram of a typical CTLD. Secondary structure elements are labeled. 

α-helices are cyan, β-strands red and loops are gray; (B) Structure of the mouse Nkrp1a with 

a loop region pointing away from the central core. 

4. Signaling 

Signals from many different NK receptors enter the cell simultaneously and need to be integrated. 

Through the inhibitory receptors, signaling is commonly mediated via tyrosine phosphorylation of an 

Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM), which is present in the cytoplasmic part of the 

NK receptor and is a component of mouse and rat Nkrp1b/d [37,38] or Nkrp1g receptors [18]. 

Phosphorylation of Immunoreceptor Tyrosine-based Activation Motifs (ITAM), typically in adaptor 

proteins (e.g., FcRγ or CD3ζ) is crucial for signal transduction of activating receptors. Receptors usually 

contain  positively  charged  amino  acids  in  their  transmembrane  region  interacting  with  negatively 

charged amino acids in associated adaptors [39,40]. The most important motif for a subsequent signaling 

cascade in the cytoplasmic domain of all murine NK receptors, except the Nkrp1g isoform, is CxCP 

(Cys-X-Cys-Pro),  which  represents  a  binding  site  for  a  kinase  of  the  Src  family,  Lck  [41].  Lck 

phosphorylates tyrosines in ITAM/ITIM sequences as was described for mouse Nkrp1c and Nkrp1b [40]. In 

case of an activating receptor, phosphorylation leads to recruitment of the Syk kinase [42], that triggers 

a  downstream  cascade.  Conversely,  phosphorylation  of  ITIM  creates  a  docking  template  for  the 

phosphatase  SHP-1  [43,44],  which  dephosphorylates  substrates  of  kinases  functioning  in  activating 

pathways [45]. 

Human NKRP1A represents an exception in such signaling. Although the receptor has an inhibitory 

function, it does not possess an ITIM sequence or Lck binding motif in its cytoplasmic domain. Signaling 

via  human  NKRP1A  involves  association  with  acid  sphingomyelinase,  production  of  ceramide,  and 

PI3K-dependent activation of the Akt and ERK pathways [46]. 
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5. Saccharide Ligands of Nkrp1—20 Years of Controversy 

The ligands for rat Nkrp1 have been a matter of controversy for 20 years. The first report showing 

Nkrp1 as a lectin binding monosaccharides was published by Bezouska et al., in 1994. The binding of 

monosaccharides was reported to be strongly Ca2+-dependent in preference order of GalNac > GlcNAc >> 

Fuc >> Gal > Man [47]. These results were extended by the identification of high affinity 

oligosaccharides of the blood group family, the ganglio family and glycosaminoglycans with IC50 in the 

range 10 −9–10−12 M. These high affinity oligosaccharide ligands localized at the cell membrane were 

reported  to  lead  to  cytolysis  of  tumor  cells  suggesting  a  new  and  particularly  promising  antitumor  

therapy [48]. 

However, a correction was published in 1996 by six out of the ten original authors, who wished to 

retract that article owing to their inability to reproduce the results [49]. Furthermore, Nkrp1 

monosaccharide binding activity was re-evaluated in 1999 as well, showing no data indicating specific 

binding to any of the monosaccharides as described in the previous report [50]. 

Despite  all  the  controversies  and  contradictions,  many  studies  have  been  accumulated  using  the 

binding  paradigm  from  1994  in  data  interpretations.  Simultaneously,  other  ligands  for  Nkrp1  were 

described. New glycomimetics (saccharide molecules with some variations in the structure, modifying 

biological properties) on GlcNAc basis were synthesized since GlcNAc had been shown in previous 

articles to be the best ligand among the monosaccharides tested [47]. Very high affinity was observed 

for a number of chitooligomers, particularly chitotetraose, and thus several chitotetraose derivatives were 

synthesized and reported as high affinity ligands of Nkrp1 [51–55]. A next generation of glycomimetics 

with strong antitumor response was based on highly branched GlcNAc-terminated glycoclusters such as 

GlcNAc coated octavalent glycodendrimers (PAMAM-GlcNAc8). In addition, the considerable immune 

response was explained by a multivalency effect of these derivatives [56–59]. 

Further studies revealed disaccharides such as ManNAc(1→4)Glc [60] or monovalent and bivalent 

LacdiNAc as ligands with exceptional affinity to Nkrp1 [61,62]. Moreover, several negatively charged 

oligosaccharides and glycosides [63–65], or deoxynorijimycin with its hexosaminyl derivatives [66], as 

well as glycosyl-1H-1,2,3-triazoles [67] were demonstrated as effective Nkrp1 ligands too. Furthermore, 

series  of  calixarenes  substituted  with  GlcNAc  were  reported  as  high  affinity  ligands  of  Nkrp1  and 

described as a next generation of saccharide derivatives with a strong antitumor effect [68]. 

Direct binding between Nkrp1a and saccharide ligands was extended by biological assays in mouse 

models.  Indeed,  treatment  with  PAMAM-GlcNAc 8  or  GlcNAc-coated  calixarene  dendrimer  was 

reported to reduce tumor growth in melanoma-bearing C57BL/6 mice and prolonged survival time of 

experimental  animals  in  several  studies.  Additionally,  high  levels  of  IgG  as  a  result  of  increased 

antibody-dependent cell-mediated cytotoxicity (ADCC) and upregulated synthesis of IFN-γ by NK cells 

was observed [69–71]. 

Besides the rat and mouse Nkrp1 receptors, interactions of the synthesized saccharide ligands were 

tested also with human CD69, a C-type lectin-like receptor structurally similar to Nkrp1, and most of 

them  showed  binding  patterns  similar  to  rat  Nkrp1  [72–75].  The  majority  of  the  above  mentioned 

descriptions of the Nkrp1 ligand specificity were provided by a limited number of laboratories, with 

some methodologies performed and interpreted only by a single scientist. 
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In 2012 Karel Bezouska was investigated by the Ethical committee of the Institute of Microbiology 

and the Charles University in Prague. After investigation the committee announced that Bezouska had 

repeatedly  and  for  several  years  committed  scientific  misconduct,  and  asked  the  coauthors  of  all 

respective papers to re-evaluate their experiments and interpretations [76]. 

In the context of later findings, the binding activity of Nkrp1 described before was re-examined over 

the past two years. The interaction between rat Nkrp1a and multiple ligands was re-evaluated using two 

independent  biophysical  techniques,  isothermal  titration  calorimetry  and  NMR  titration.  Though  the 

same experimental conditions (buffer, temperature, calcium concentration, a positive and a negative 

control  sample  etc.)  were  used  as  described before,  no  binding  was  detected  [77].  Moreover,  the 

interaction analysis using a neoglycoconjugate binding assay revealed no affinity between rat Nkrp1a or 

mouse Nkrp1c and the various neoglycoproteins such as N-acetylglucosamine 36BSA. Furthermore, no 

significant changes in serum cytokine patterns relevant to anti-cancer treatment, or changes in Klrb1 

gene expression were observed in animal models after injection with PAMAM-GlcNAc 8 [78]. These 

findings raised serious doubts about the credibility of several previous papers. Indeed, most of them have 

been already retracted while the others are still in the retraction process. 

However, the lack of interactions with the tested saccharide samples does not imply, that Nkrp1 might 

not  bind  other  saccharide  moieties.  Interestingly,  several  C-type  lectin-like  receptors,  including  the 

inhibitory receptors Ly49A and C, have been reported to recognize sulfated polysaccharides [79]. In 

addition, glycosylation plays an important role in NK cell activation and regulation of their effector 

functions. Hartmann et al. published that glycosylation of the stalk domain of the NK receptor NKp30 

influences receptor-ligand interactions and intracellular signaling via an adaptor protein [80]. Similarly, 

binding of inhibitory receptors Ly49 to MHC class I molecules is affected by glycosylation, but contrary 

to NKp30, glycosylation of Ly49 receptors lowers the affinity to their ligands [81]. Further, altered 

glycosylation  on  the  cell  surface  of  cancer  cells  may  result  in  modulation  of  surface  expression  of 

NKD2D ligands indicating that the surface expression of MICA/B is dependent on N-linked 

glycosylation [82]. 

6. The Clr Ligands 

Meantime, protein ligands for several members of the Nkrp1 receptor family have been identified 

(Figure  2).  They  represent  the  C-type  lectin-related  (Clr)  protein  family,  alternatively  known  as  the 

osteoclast inhibitory lectin (Ocil). Intriguingly, Clr ligands share 40% amino acid identity with the CTLD 

of CD69 [83,84] and are encoded by genes (Clec2) intermingled within NKC (Natural Killer Cell gene 

complex) with Klrb1 genes encoding their receptors [26]. 

In mouse, binding pairs include Nkrp1b/d:Clr-b, Nkrp1f:Clr-c,-d,-g, and Nkrp1g:Clr-d,-f,-g; ligands 

for Nkrp1a and Nkrp1c remain still elusive [18,26,31,34,35,41,83,85–87]. In rat, Nkrp1a and Nkrp1b 

recognize Clr11, whereas Nkrp1f and Nkrp1g recognize Clr-2,-3,-4,-6,-7 and Clr-2,-6,-7, respectively. 

Interestingly, both mouse and rat Nkrp1f and Nkrp1g show high promiscuity with an overlapping set of 

ligands [17]. 

In human, the only receptor in the Nkrp1 family, NKRP1A, binds LLT1, which is structurally similar 

to mouse Clr proteins [88,89]. Surface plasmon analysis of the interaction revealed that the extracellular 

domain  of  NKRP1A  binds  LLT1  with  fast  kinetics  and  low  affinity  with  Kd  =  48  µM.  Binding  is 
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entropically and enthalpically driven with a small heat capacity. In addition, these binding properties are 

typical features for cell-cell recognition molecules. Experiments employing mutagenesis of the proteins 

indicated a new structural model suggesting a dimer-dimer interaction [86]. Nevertheless, the crystal 

structure of any Nkrp1:Clr complex remains to be determined. 

 

Figure 2. Human, rat and mouse Nkrp1-Clr interactions showing the combinatorial nature 

of the Nkrp1 repertoire. Inhibitory receptors are in red; activating in blue. 

7. Biological Relevance of Nkrp1:Clr Interactions 

In  general,  inhibitory  C-type  lectin-like  receptors  interact  with MHC class I or MHC class I-like 

molecules. Classical MHC I molecules are recognized by members of the mouse Ly49 receptor family, 

whereas non-classical MHC I molecules associate with the heterodimeric CD94/NKG2 receptor [90–92] and 

with the activating NKG2D receptor, respectively [93]. 

Interestingly,  inhibitory  receptors  Nkrp1b/d  recognize  MHC-independent  ligands.  Clr-b,  which  is 

expressed on most hematopoietic and several non-hematopoietic cell types, displays an expression pattern 

comparable to classical MHC I antigens [94]. Moreover, it is downregulated in poxvirus-infected [95] 

and tumor cells, which contributes to higher susceptibility of target cells to NK cell-mediated cytotoxicity, 

supporting the “missing self” hypothesis [85]. 

Additionally, a rapid downregulation of Clr-b at both RNA and protein levels under  

chemotherapy-induced genotoxic stress has been shown in some leukemia cells resulting in decreased 

NK-cell inhibition mediated by the Nkrp1b:Clr-b receptor-ligand pair. Further on, the levels of MHC 

class  I  molecules  remained  normal  [96],  suggesting  that  the  functional  effect  of  the  Nkrp1b:Clr-b 

interaction is strictly regulated by Clr-b expression levels [25,85]. 

In the mouse interaction between Nkrp1f and Clr-g resulted in stimulation of TCR/CD28-mediated T 

cell proliferation and IL-2 production in in vitro and in vivo experiments, respectively [97]. However, 

since  only  basic  studies  about  the  surface  expression  of  both  interaction  partners  and  their  specific 

binding are available, further detailed functional analysis is required. 
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Moreover, the role of Nkrp1b:Clr-b interactions in innate immunity and viral infections has been 

investigated. It was described that rat cytomegalovirus (RCMV) has developed a mechanism to avoid 

NK cell killing through the expression of a viral protein RCTL on the surface of an infected cell; RCTL 

is a homolog of rat Clr-b interacting with Nkrp1b on NK cells [98]. In mice with a knocked-out Ly49H 

gene, encoding another NK cell activating receptor, mouse cytomegalovirus (MCMV) infection causes 

extensive viral expansion and initiates effector cytokine secretion [99]. Moreover, in some rat strains, 

Nkrp1b has numerous allelic variations which abort the viral protein-Nkrp1b interaction and support 

host Nkrp1b:Clr-b recognition [23,38]. 

The NKRP1A:LLT1 interaction in human causes inhibition of cytotoxicity and IFN-γ secretion in 

NKRP1+ NK cells [89]. In contrast, LLT1 engaging NKRP1A on T cells provides T cell costimulation 

and increases cytokine production [100]. Furthermore, expression of LLT1 on TLR-stimulated 

plasmacytoid dendritic cells and monocyte-derived dendritic cells might explain the signal transduction 

pathways between NK cells and dendritic cells during an immune response to pathogens [101]. While 

the NKRP1A:LLT1 interactions on NK and T cells have different effects in vitro, the immunological 

relevance of this engagement in vivo is not well understood. A recent study has shown the connection 

between respiratory-virus infection and proinflammatory cytokine production, where LLT1 expressed 

on epithelial cells may represent a part of a regulatory feedback mechanism [102]. 

Generally, structural analysis is obligatory to understand the functions of proteins or protein-protein 

interactions. Nonetheless, structural characterization of the molecular details of the Nkrp1:Clr 

interaction is at the beginning. Until now there is only a limited number of relevant receptor or ligand 

structures solved, namely for mouse Nkrp1a [31,103] and Clr-g proteins [87]. The first crystal structure 

of the CTLD in complex with another CTLD, the NKp65:KACL complex, has been suggested to be a 

model structure for the rest of the known rodent Nkrp1:Clr and human NKRP1A:LLT1 receptor-ligand 

pairs, respectively [36]. 

8. Conclusions 

Nkrp1 receptors were originally classified as members of the C-type animal lectin family with well 

documented  ligand  binding  specificity.  There  were  several  reasons  for  this  notion,  e.g.,  sequence 

homology to well described lectin molecules or striking and well documented data published in high 

ranking journals. It was temping for the NK-cell receptor community to extrapolate data from one model 

protein  (rat  Nkrp1a)  to  a  broader  set  of  molecules  encoded  in  different  species  (mouse,  human), 

establishing a paradigm in the field. It is not surprising that lectin-based interpretation of the primary 

data led to misleading results, which accumulated during the years, even in the situation when early after 

publishing the seminal article in Nature a correction and publications questioning the relevance and the 

reproducibility of the results, appeared. Over the years more and more data challenging the lectin-based 

concept—mutations in the calcium binding site, originally saccharide binding site, turned out to better 

fit a protein-recognition module and finally, specific protein ligands for members of the Nkrp1 family 

were found and protein-protein interactions were characterized in molecular details. Whatever kind of a 

mistake there was at the beginning, it sent at least part of the researchers in a wrong direction for decades. 

It is satisfactory that the evidence coming from different sources finally results in the change of the 

paradigm and clarifies the field of NK-cell receptor biology. 
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Summary 

As a part of the innate immunity, NK (Natural Killer) cells provide 

an early immune response to different stimuli, e.g. viral infections 

and tumor growths. However, their functions are more complex; 

they play an important role in reproduction, alloimmunity, 

autoimmunity and allergic diseases. NK cell activities require an 

intricate system of regulation that is ensured by many different 

receptors on a cell surface which integrate signals from 

interacting cells and soluble factors. One way to understand NK 

cell biology is through the structure of NK receptors, which can 

reveal ligand binding conditions. We present a modified protocol 

for recombinant expression in Escherichia coli and in vitro 

refolding  of  the  ligand-binding  domain  of  the  inhibitory  Nkrp1b 

(SJL/J) protein. Nkrp1b identity and folding was confirmed using 

mass  spectrometry  (accurate  mass  of  the  intact  protein  and 

evaluation of disulfide bonds) and one-dimensional nuclear 

magnetic resonance spectroscopy. The intention is to provide the 

basis  for  conducting  structural  studies  of  the  inhibitory  Nkrp1b 

protein,  since  only  the  activating  Nkrp1a  receptor  structure  is 

known. 
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Introduction 
 

Under physiological conditions, the immune 

system identifies molecules of a foreign origin, for 

example microbial and viral antigens or alloantigens. 

When self-molecules are recognized, autoimmune 

diseases  may  evolve.  Apart  from  this  mechanism  of  an 

organism’s  defense  against  infections,  another  essential 

ability of the immune system is to detect abnormal 

expression  of  self-molecules  that  occurs  during  cellular 

stress (Fine et al. 2010), viral infections (Williams et al. 

2012)  or  tumorigenic  processes  (Carlyle  et  al.  2004), 

while  avoiding  autoimmunity.  Such  expression  changes 

are identified by  Natural  Killer (NK) cells, therefore 

providing immune homeostasis. 

NK cells were described by Kiessling et al. 

(1975).  Although  significant  progress  in  this  area  has 

been accomplished over the last four decades, the precise 

mechanisms  of  their  functions  are  not,  however,  fully 

understood yet. NK cells have a large amount of 

receptors  with  diverse  functions  on  their  surface  that 

simultaneously send distinct signals into the cell. 

Consequently, NK cells are complex and important 

regulators of the immune response. They influence 

dendritic cells, macrophages and T and B cells (Vivier et 

al. 2008), so they are therefore involved in reproduction 

(Winger and Reed 2013), transplantation immunity 

(Villard 2011), allergic diseases (Mathias et al. 2014) and 

autoimmunity (Tian et al. 2012). 

NK receptors are divided according to their 
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function into activating and inhibitory, among others 

(cytokine,  chemokine  and  adhesion  receptors).  An  NK 

cell  is  activated  when  signals  from  activating  receptors 

reach the activation threshold and exceed inhibitory 

signals. Based on the ligands of NK receptors, hypotheses 

concerning  NK  cell  recognition  strategies of  target  cells 

have been described. The first of them is called missing-

self recognition and suggests that NK cells detect down-

regulation or the complete absence of self-molecules 

(Kärre et al. 1986), which normally impair their cytotoxic 

activity.  These  molecules  mainly  include  MHC  class I 

glycoproteins and also non-MHC ligands, e.g. Clr-b 

protein, which is recognized by the Nkrp1b receptor 

(Carlyle et al. 2004). 

According to the second hypothesis – stress 

induced-self  recognition  –  the  expression  of  some  self-

molecules  (usually  MHC  class  I  homologues)  increases 

in  response  to  different  types  of  cellular  stress.  These 

molecules are ligands of activating NK receptors, 

therefore  contributing  to  NK  cell  cytotoxic  reaction,  for 

example  NKG2D  receptor  and  ULBP-like  transcript 1 

(MULT1) binding pair (Carayannopoulos et al. 2002). 

The  last  hypothesis  is  based  on  the  recognition 

of non-self ligands. Activating NK receptors are capable 

of  identifying  foreign  molecules,  for  instance  a  pair  of 

murine Ly49H receptor and viral protein m157 (Smith et 

al. 2002). 

Structurally, NK receptors are grouped into  

two classes – immunoglobulin and C-type lectin-like 

receptors (CTLR). The first receptor group is comprised 

of type I transmembrane proteins with two to four 

immunoglobulin  domains,  which  are  separated  from  the 

cell surface by a short stalk region (Lanier 2005). There 

are  three  protein  families  in  this  category:  Killer  Cell 

Immunoglobulin-Like Receptors (KIR), Leukocyte 

Immunoglobulin-Like receptors (LILR) and Natural 

Cytotoxicity Receptors (NCR). The most common 

ligands  of  these  receptors  are  MHC  class  I  molecules 

alone or in complex with presented peptides, host 

proteins, whose expression is influenced by the 

physiological  condition  of  the  cell,  and  viral  molecules 

(Hecht et al. 2009, Campbell and Hasegawa 2013, Binici 

et al. 2013). 

The second receptor group (CTLR) includes 

type II transmembrane proteins, which consist of a 

cytoplasmic domain, transmembrane region, stalk region 

and  C-Type  Lectin-Like  Domain  (CTLD).  The  CTLR 

group also includes three protein families: Ly49, 

CD94/NKG2  and  Nkrp1.  As  well  as  immunoglobulin 

receptors, CTLRs interact with MHC class I, viral 

proteins  and  molecules  whose  expression  is  affected  by 

cellular stress (Campbell and Hasegawa 2013). 

Interactions are mediated through the CTLD. Its 

conserved structure is characterized by two α-helices, two 

antiparallel β-sheets and a long loop region, which 

constitutes  the  most  variable  and  flexible  part  of  the 

whole  structure  (Sovová  et  al.  2011).  The  domain  is 

usually stabilized by two or three intramolecular disulfide 

bonds  (Zelensky  and  Gready  2005).  Some  CTLRs  form 

dimers, e.g. NKG2D or Ly49C (Li et al. 2001, Dam et al. 

2003).  In  the  case  of  Nkrp1  proteins,  the  existence  of 

intermolecular  disulfide  bonds  remains  to  be  confirmed 

experimentally, since the number of cysteines in proteins 

differs among Nkrp1 family members and, in addition, is 

reliant on the respective mouse strain. 

The  murine  Nkrp1  protein  family  contains  five 

members with either an activating or an inhibitory 

function: Nkrp1a, b/d, c, f and g. Nkrp1 genes are located 

in the Natural Killer Cell (NKC) gene complex 

(Yokoyama et al. 1991), their expression is variable and 

dependent on a  mouse strain. For example, Nkrp1b was 

found to be expressed only in certain mouse strains, e.g. 

SJL/J, BALB/c or 129S1 (Kung et al. 1999, Carlyle et al. 

2004, Chen et al. 2011) and only by approximately 60 % 

of all NK cells (Zhang et al. 2012). Apart from NK cells, 

Nkrp1  receptors  can  also  be  detected  on  the  surface  of 

NKT  cells,  T  cells  and  dendritic  cells  (Appasamy  et  al. 

1996, Aust et al. 2009). 

Nkrp1 receptors were originally thought to bind 

carbohydrates in a calcium-dependent manner (Bezouska 

et al. 1994). However, later experiments showed that the 

interactions  are  of  a  protein  nature  (Iizuka  et  al.  2003, 

Carlyle et al. 2004, Kveberg et al. 2009, Kveberg et al. 

2011, Aust et al. 2009) and calcium-independent due to 

a loss of amino acids essential for ion binding (Zelensky 

and  Gready  2005).  The  ligands  of  Nkrp1  receptors  are  

C-type  Lectin-Related  (Clr)  proteins,  which  also  belong 

among  CTLRs  (Yokoyama  and  Plougastel  2003).  The 

expression  of  most  Clr  proteins  is  tissue-specific  (e.g. 

Clr-d was detected only in an eye), with the exception of 

Clr-b,  whose  expression  was  found  in  all  tested  tissues 

except the brain. Such expression profile, in contrast with 

the unrestricted MHC class I expression, might be 

important  for  regulating  immunosurveillance  (Zhang  et 

al. 2012). 

Concerning the structure of Nkrp1 proteins, only 

Nkrp1a (B6) crystal and NMR structure are known 

(Kolenko et al. 2011, Rozbesky et al. 2014). 
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Additionally,  a  model  of  Nkrp1c  (B6)  using  chemical 

cross-linking and molecular modeling was proposed 

(Rozbesky  et  al.  2013).  The  structures  of  other  Nkrp1 

receptors, however, remain to be solved. The genes 

responsible  for  encoding  mouse  Nkrp1  proteins,  their 

functions, ligands and revealed structures are summarized 

in Table 1. 

Since the X-ray and NMR structures of 

activating receptor Nkrp1a have been proposed and there 

is  no  structural  model  of  the  mouse  inhibitory  Nkrp1 

receptor,  we  decided  to  establish  a  basis  for  structural 

characterization of Nkrp1b. Here we describe the 

recombinant  expression  in  Escherichia  coli  and  in  vitro 

refolding  of  the  ligand-binding  domain  (CTLD)  of  the 

inhibitory  Nkrp1b  (SJL/J)  protein  (GI:  13774943)  using 

a fast  protocol,  yet  achieving  sufficient  protein  quantity 

and  purity  for  conducting  subsequent  structural  studies. 

Additionally, we used mass spectrometric techniques 

(accurate  mass  of  the  intact  protein  and  characterizing 

disulfide bonds), which are also supported by one-

dimensional  NMR  spectroscopy,  to  show  evidence  of 

protein folding. 
 
 
Table 1. The mouse Nkrp1 protein family. Genes encoding proteins, their functions, known ligands and structures. 
 

 
 
 
Materials and Methods 
 

Materials 

The pET-30a(+) expression vector was 

purchased from Novagen (USA) and the Escherichia coli 

BL-21 (DE3) strain from Stratagene (USA). The 

ENrichTM  SEC 70  10  ×  300  column  was  received  from 

Bio-Rad  (USA).  All  the  chemicals  were  obtained  from 

Sigma-Aldrich  unless  otherwise  stated  and  were  of  the 

highest available purity. 

 

Protein expression 

DNA construct pET-30a(+)-Nkrp1b (SJL/J) was 

transformed into competent Escherichia coli BL-21 

(DE3)  cells,  which  allow  for  high-level  expression  of 

recombinant proteins. Transformed cells producing 

Nkrp1b  protein  were  then  used  to  produce  protein  in 

500 ml  of  LB  medium  with  kanamycin  (50  µg/ml)  at 

37 °C  and  220  rpm  in  a  2  l  Erlenmeyer  flask.  After 

reaching  a density  of OD  = 0.6 (λ  = 550 nm),  the  cells 

were induced by isopropyl-β-D-thiogalactopyranoside 

(0.1  mM)  and  grown  for  4  h.  Finally,  the  culture  was 

centrifuged at 5000 g and 4 °C for 10 min. 

Isolation and solubilization of inclusion bodies 

Isolation  and  solubilization  of  inclusion  bodies, 

as well as protein refolding, were carried out on the basis 

of Rozbesky et al. (2011) with several modifications that 

are stated below. 

During the isolation of inclusion bodies, the 

proteinase inhibitors leupeptin and phenylmethyl-

sulfonylfluoride  (PMSF)  with  a  final  concentration  of 

1 μM  and  1 mM  were  used.  For  the  solubilization  of 

inclusion bodies, we applied 8 ml of guanidine-HCl 

buffer  (6  M  guanidine-HCl,  50  mM  Tris-HCl,  10  mM 

DTT, pH 8.0) for each 1 g of their wet weight. 

 

Nkrp1b (SJL/J) protein refolding and purification 

Protein refolding was performed by a rapid 

dilution method, which uses a hundredfold higher volume 

of  refolding  buffer  containing  50  mM  Tris-HCl;  1 M  

L-arginine hydrochloride; 100 mM CaCl2; 9 mM 

cysteamin;  3  mM  cystamin  and  1  mM  NaN3  (pH  8.5). 

Before refolding, the buffer was  chilled to  4 °C and 

supplemented by PMSF to a final concentration of 1 mM. 

The solution was stirred for 1 h at 4 °C, then transferred 

into dialysis tubes and dialyzed twice (for 4 h and 16 h) 
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against 8 l of buffer consisting of 15 mM Tris-HCl; 

9 mM NaCl; 1 mM NaN3 (pH 8.5). 

In the next step, the protein solution was 

concentrated by ultrafiltration using a cellulose 

membrane and centrifugal filter units, both with a 10 kDa 

molecular  weight  cut-off  (Millipore,  USA).  The  protein 

sample was then purified by size-exclusion 

chromatography performed by an ENrich TM SEC 70 10 × 

300  column  (flow rate  0.4 ml/min)  using  NGC QuestTM 

(Bio-Rad,  USA).  The  elution  buffer  was  composed  of 

10 mM HEPES; 50 mM NaCl and 1 mM NaN 3 (pH 7.4). 

The quality of the acquired protein fractions was 

examined by SDS-PAGE under reducing and 

nonreducing  conditions  in  a  15 %  polyacrylamide  gel. 

Finally, the protein concentration was estimated by 

Bradford  assay  (Bio-Rad,  USA)  with  BSA  standards  in 

the range of 0-0.5 mg/ml with a step of 0.1 mg/ml. 

 

Accurate mass of the intact protein 

To  determine  the  mass  of  the  intact  protein, 

200 pmol of the purified sample was desalted using 

a Protein  MacroTrap  C4  column  (Michrom,  USA).  The 

protein  was  eluted  with  80 %  acetonitrile  with  0.5 % 

formic acid and analyzed using an Electrospray 

Ionization  Fourier  Transform  Ion  Cyclotron  Resonance 

Mass  Spectrometry  (ESI-FT-ICR  MS)  on  12T  SolariX 

XRTM (Bruker Daltonics, USA). 

 

Disulfide bonds characterization 

Disulfide  bonds evaluation was  performed  as 

described (Pompach et al. 2009). Briefly, Nkrp1b protein 

was analyzed by SDS-PAGE in 15 % polyacrylamide gel 

under  nonreducing  conditions  with  addition  of  200 µM 

cystamin as an oxidative agent. Protein was then digested 

in the gel by trypsin (Promega, USA) and Asp-N (Roche, 

Switzerland)  proteinases  at  37 °C  overnight.  The  final 

concentration of both proteinases was 5 ng/μl. Obtained 

peptides were subjected to Liquid Chromatography (LC) 

ESI-FT-ICR MS and data were analyzed using Data 

Analysis 4.1 (Bruker Daltonics, USA). 

 

One-dimensional 1H NMR spectroscopy 

The 1H spectrum with presaturation was 

acquired on a 700 MHz Bruker Avance III spectrometer 

equipped  with  a  TCI  cryoprobe  at  25 °C.  Before  the 

measurement  was  taken,  10 %  D 2O  was  added  to  the 

protein  sample  dissolved  in  a  buffer  containing  10  mM 

HEPES; 50 mM NaCl and 1 mM NaN3 (pH 7.4). 

 

Results 
 

Protein refolding and purification 

Since the CTLD of mouse Nkrp1b (SJL/J) shares 

94 %  identity  with  mouse  Nkrp1c  (B6),  a  previously-

published  protocol  was  adopted  (Rozbesky  et  al.  2011). 

Following a rapid dilution method in 800 ml of refolding 

buffer (50 mM Tris-HCl; 1 M L-arginine hydrochloride; 

100  mM  CaCl2;  9  mM  cysteamin;  3  mM  cystamin  and 

1 mM NaN3; pH 8.5), a subsequent dialysis and 

concentration of the protein sample were performed. 

Finally, Nkrp1b was purified using size-exclusion 

chromatography.  Additionally,  desired  protein  fractions 

were analyzed by SDS-PAGE (Fig. 1). As is shown in the 
figure, Nkrp1b folds as a monomer, which corresponds to 

the peak of retention volume of 11.5 ml (fractions 5-6). 

Although  fraction  6  contains  pure  monomeric  protein, 

interestingly, a significant amount of dimer is present in 

fraction 5. The fractions eluted earlier consist of protein 

aggregates.  The  yield  of  pure  Nkrp1b  protein  obtained 

from 0.5 l of LB medium is usually over 5 mg. 
 
 

 
 
Fig.  1.  Purification  of  the  Nkrp1b  protein  using  size-exclusion 
chromatography and consequent analysis of protein fractions by 
SDS-PAGE in a 15 % polyacrylamide gel. As both methods prove, 
protein  forms  monomer  or  monomer/dimer  mixture,  which  is 
present in fractions 5 and 6. 
 
 

Characterization of the Nkrp1b refolding 

An accurate mass of pure desalted Nkrp1b 

protein was evaluated by ESI-FT-ICR MS to confirm its 

identity and folding (the sequence of the analyzed protein 

is  shown  in  Fig.  2A).  After  mass  spectrum  (Fig.  2B) 
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deconvolution, the monoisotopic mass of the native 

protein was 15457.29 Da. Such experimental protein 

mass correlates with theoretical value (15457.30 Da) for 

the  case  where  all  cysteines  in  Nkrp1b  are  involved  in 

disulfide  bridges  with  a  measurement  error  of  0.4  ppm. 

Also,  the  dispersion  of  amide  (8-11  ppm)  and  methyl  

(–1.5-0.5  ppm)  proton  signals  in  the 1H  NMR  spectrum 

(Fig. 2C) clearly shows that this protein is well folded. 

Characterizing disulfide bonds 

An LC-MS analysis of the Nkrp1b protein 

digested with trypsin and also Asp-N revealed three 

disulfide bonds between 94C-105C, 122C-210C and 189C-202C. 

Figure 3 demonstrates masses of the cross-linked peptides 

together with a schematic diagram of the disulfide bridges. 

Sequence numbering is in accordance with the entire 

protein sequence as it is presented in Figure 2A. 
 
 

 
 
Fig. 2. Characterization of the Nkrp1b refolding. (A) Underlined amino acids in the whole Nkrp1b (SJL/J) protein sequence indicate 
a prepared protein part (CTLD). (B) The mass spectrum of the native Nkrp1b protein with a detail of the selected charge state (+11). 
Based on the calculated mass of Nkrp1b, all cysteines participate in the formation of disulfide bridges. Acquired experimental mass 
(15457.29 Da) corroborates protein identity, as the theoretical value (15457.30 Da) differs only by 0.4 ppm. (C) The 1H NMR spectrum 
of  Nkrp1b.  Dispersion  of  amide  (8-11  ppm)  and  methyl  (–1.5-0.5  ppm)  proton  signals  supports  the  results  of  ESI-FT-ICR  MS  that 
protein was folded successfully. 
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Fig. 3. Tryptic and Asp-N disulfide bonded peptides observed in an LC-ESI-FT-ICR MS analysis of the Nkrp1b CTLD and the scheme of 
disulfide linkages. 
 
 
Discussion 
 

The  history  of  Nkrp1  receptors  dates  back  to 

1970s, when the first of them was described (Glimcher et 

al.  1977).  It  was  named  NK1.1  antigen,  later  known  as 

Nkrp1c  (Giorda  and  Trucco  1991,  Ryan  et  al.  1992, 

Yokoyama and Seaman 1993). Research on Nkrp1 

receptors covered their expression, which appeared to be 

stochastic (Zhang et al. 2012), occurring only in a limited 

number of cellular types (Appasamy et al. 1996, Aust et 

al.  2009)  and  additionally,  dependent  on  the  strain  of 

mouse  (Kung  et  al.  1999,  Carlyle  et  al.  2004).  Further 

investigation concerned Nkrp1 binding activity (Iizuka et 

al.  2003)  and  the  signaling  of  several  family  members 

(Ljutic et al. 2005). However, little is known about their 

structure. 

The effort to characterize the functions of Nkrp1 

receptors is important for understanding NK cell 

regulation; and the receptor structure is the starting point 

for  it.  It  can  reveal  conditions  of  ligand  binding  that 

triggers subsequent processes in a cell, or elucidate 

signaling. 

In contrast with well characterized Ly49 family 

members (Dam et al. 2003), the only revealed structure of 

Nkrp1 receptors is activating Nkrp1a (B6) (Kolenko et al. 

2011,  Rozbesky  et  al.  2014).  Furthermore,  the  protein 

sequence of inhibitory Nkrp1b (SJL/J) is more than 79 % 

identical  to  the  activating  Nkrp1c  (B6)  receptor.  The 

essential  differences  are  located  within  the  cytoplasmic 

tail, which is involved in signaling processes (Ljutic et al. 

2005).  Interestingly,  the  ligand-binding  CTLDs  of  both 

proteins  are  nearly  indistinguishable  in  their  amino  acid 

sequence  (Rozbesky  et  al.  2011).  In  addition,  a  similar 

activating-inhibitory  pair  of  Nkrp1  molecules  (Nkrp1f 

and  Nkrp1g)  is  known  for  its  high  promiscuity  with 

several Clr ligands (Kveberg et al. 2011). A modulation 

of Nkrp1b/Clr-b receptor/ligand pair during murine 

cytomegalovirus  infection  has  recently  been  suggested 

(Aguilar et al. 2015). 

We  propose  a  modified  protocol  for  preparing 

the  mouse  inhibitory  C-type  lectin-like  receptor  Nkrp1b 

(SJL/J) CTLD including recombinant protein expression 

in Escherichia coli, in vitro refolding using the chemical 

chaperone L-Arginine hydrochloride (based on Rozbesky 

et  al.  2011)  and  one-step  purification  by  size-exclusion 

chromatography. The quality of the in vitro refolded 

protein was validated using mass spectrometric 

techniques and one-dimensional NMR spectroscopy. 

Since the accurate mass of the intact protein showed all 

cysteines involved in disulfide bridge formation, disulfide 

bonds characterization was performed to support this 

result. The acquired connections between cysteines  

(94C-105C, 122C-210C and 189C-202C) are consistent with the 

common disulfide pattern of other CTLRs (Zelensky and 

Gready 2005, Rozbesky et al. 2013). 

This  protocol  is  suitable  for  conducting  further 
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structural  studies  on  Nkrp1b,  including  chemical  cross-

linking  or  crystallization,  as  the  protein  yield  (>5  mg 

from 0.5 l of LB medium) and purity are adequate. 
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A B S T R A C T

The cytotoxicity of mouse natural killer (NK) cells in response to pathological changes in target cells is regulated
via the Nkrp1b receptor. Here, we characterized the Nkrp1b structure and structural features (stalk, loop, and
oligomerization state) thataffectits interactions.To study the Nkrp1b protein structure and the functional
importance of its stalk, two Nkrp1b protein variants differing by the presence of the stalk were prepared. These
variants were studied using a combination ofstructuralmass spectrometry approaches with computational
modeling to derive structuralmodels.In addition, information aboutbiologicalactivity and localization in
mammalian cells was acquired using scanning microscopy techniques and western blotting.Based on these
methods, we obtained the structure of Nkrp1b ectodomain in its monomeric and dimeric conformations, iden-
tified the dimerization interface,and determined disulfide connections within the molecule.We found that
Nkrp1b occurs as a mixture of monomers and homodimers, both in vitro and in vivo.
Significance:Despite the long-standing assumption that Nkrp1 proteins are homodimers connected by disulfide
bonds in the stalk region, our data showed that both Nkrp1b protein variants form monomers and homodimers
irrespective of the presence of the stalk. We demonstrated that the stalk is not crucial for protein dimerization or
ligand binding and that Nkrp1b interacts with its natural ligands only in its monomeric conformation; therefore,
dimers may have another regulatory function. Using a unique combination of computational, biochemical, and
biologicalmethods,we revealed the structuralconformation and behavior ofNkrp1b in its native state.In
addition, it is a first report utilizing the intermolecular chemical cross-linking of light- and heavy-labeled protein
chains together with ion mobility-mass spectrometry to design the structural models of protein homodimers.

.

1. Introduction

Natural Killer (NK) cells constitute an important part of the innate
immunity and act as crucial regulators of immune responses [1–5]. The
key mechanism that regulates their functions is represented by a com-
plex receptor repertoire comprising both activating and inhibitory re-
ceptors. Mouse models are often used to study NK cell biology because
the mechanisms of NK cell functions are conserved among various or-
ganisms [6,7].

According to the “missing self” theory of target recognition [8], NK
cells detectdecreased expression oreven complete absence ofself-
molecules, which otherwise restrict the cytotoxicity of NK cells toward
healthy cells by functioning as ligands for their inhibitory receptors.
Among these “health signals”,both major histocompatibility complex
(MHC) class I glycoproteins and non-MHC ligands play important roles.
The latter category includes host proteins regulated by the physiolo-
gical state of a cell. One such molecule is the C-type lectin-related
protein-b (Clr-b), a ligand of the mouse inhibitory killer cell lectin-like
subfamily B member 1b (Nkrp1b/ Klrb1b) receptor [9].

The inhibitory Nkrp1b receptors are expressed on NK cells of certain
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mouse strains, such as BALB/c, 129S6, and SJL/J [9–12]. Their ligand,
the Clr-b protein, has been observed in all tested mouse tissues except
the brain [12],showing a wide expression pattern similar to that of
MHC class I molecules.This naturally broad expression ofClr-b is
downregulated because of tumorigenesis or viral infection [9], such as
by the activity of cytomegalovirus [13] or poxvirus [14]. Furthermore,
different chemotherapeutics or inducers of genotoxic and physiological
stress have been shown to decrease Clr-b levels, whereas the expression
of MHC class I molecules remains unchanged[15]. Thus, the
Nkrp1b:Clr-b interaction pair represents a separate and independent
system that regulates NK cellactivity.Although it may initially seem
redundant, the Nkrp1b:Clr-b system is very important as it can monitor
cellular abnormalities that are not otherwise visible to cytotoxic T cells.

From a structural point of view, NK cell receptors are divided into
two groups,namely immunoglobulin-like receptors and C-type lectin-
like receptors (CTLRs), which include both Nkrp1b and Clr-b [16,17].
CTLRs expressed on NK cellsare type II transmembrane proteins.
Therefore, their C-terminal extracellular portion [the C-type lectin-like
domain (CTLD)] [17],which enables interactions with binding part-
ners, is separated from the cell surface by a stalk region. The structure
of CTLDs is widely conserved among all multicellular animals [16] and
comprises two α-helices, two antiparallel β-sheets, and a long loop re-
gion [18],which is the most variable and flexible part of the domain
[19]. In addition, in some CTLDs, this loop participates in Ca2+ binding
or domain-swapping dimerization [20,21].The domain is further sta-
bilized by two or three disulfide bridges; in fact, the four cysteines in-
volved in the disulfide bonds are the most conserved residues within the
CTLD architecture.Common disulfide bonds are Cys1-Cys4 and Cys2-
Cys3,and longer forms of CTLDs can contain one additionalcysteine
pair located closer to the membrane and protein N-terminus [16]. The
extra cysteines can create an intramolecular linkage as in the case of the
CTLR NKG2D, which exists as a homodimer without any disulfide bond
between its chains [22].However,the first cysteine in the longer se-
quence can also bind with a corresponding cysteine in an interacting
molecule and thus participate in dimerization, as previously described
in CD94/NKG2 heterodimers [22].Based on immunoprecipitation ex-
periments, Nkrp1 receptors have been considered to be disulfide-linked
homodimers for nearly three decades [23–25].Nkrp1b contains first
two cysteines ofthe protein sequence in the stalk;thus, this region
could play a role in dimerization.In addition,the stalk can influence
CTLD conformation or orientation and, consequently, ligand binding, as
previously proven for the CTLR Ly49L [26].

So far, the crystalstructures of Nkrp1a [27–29] and Nkrp1b [30]
CTLDs (both from C57BL/6 mice) have been published.However, the
Nkrp1b structure from another very popular mice strain (BALB/c) has
not yet been studied in detail.It shares 85% sequence identity in the
CTLD with the inhibitory Nkrp1b from C57BL/6, which appears like a
very close match. However, it also displays 84% identity with Nkrp1a
(C57BL/6), whose function as an activating receptor is directly contrary
to that of the b isoform. Moreover,Nkrp1b (C57BL/6) is unique com-
pared with Nkrp1b proteins from other mouse strains as it contains two
additional cysteines and lacks one proline; therefore, it might fold or act
very differently.On the other hand,the Nkrp1b proteins from other
mice (BALB/c, SJL/J, and 129S6) are mutually highly identical
(≥98%). Therefore, we believe that Nkrp1a (C57BL/6) is more relevant
as a structural template for modeling the structure of unknown Nkrp1b
(e.g.,from BALB/c) than that of Nkrp1b from the other mouse strain
(C57BL/6).

Here, we propose the complete structure of native Nkrp1b (BALB/c)
ectodomain, including its dimeric conformation, derived using
homology modeling and a range of structural mass spectrometry (MS)
techniques, namely disulfide bond mapping, intra- and intermolecular
chemical cross-linking,and native ion mobility-massspectrometry
(IMMS). In addition, we highlight several important structural features
(long loop and stalk regions) of Nkrp1b, which might affect the entire
protein conformation,its oligomeric state, and interactions.Our

functional results also demonstrated that the loop region is attached to
the protein core and,therefore,does not participate in domain swap-
ping. We further demonstrated thatonly Nkrp1b monomers,unlike
homodimers, can interact with a ligand irrespective of the presence of
the stalk region. Hence, the stalk seems unimportant for both Nkrp1b-
ligand interactions and Nkrp1b dimerization, contrary to what has been
considered to date.

2. Materials and methods

2.1. Nkrp1b protein sequence alignment

Amino acid sequences of the CTLDs (sequences corresponding to the
residues Ser89–Ser223 according to the entire protein sequence num-
bering) of Nkrp1b proteinsfrom different mouse strains(BALB/c,
129S6,SJL/J, and C57BL/6) and ofNkrp1a (C57BL/6) were aligned
using Clustal Omega multiple sequence alignment tool implemented by
EMBL-EBI [31].

2.2. Nkrp1b protein expression and purification

Nkrp1b from BALB/c as a whole extracellular region
(Val63–Ser223) and a variant lacking the stalk region (Ser89–Ser223)
were expressed in Escherichia coliBL-21 (DE3) cells transformed with
pET-30a(+) expression vectorcarrying the relevantportion of the
Nkrp1b gene. Proteins were expressed in LB medium as described pre-
viously [32].Alternatively,isotopically labeled Nkrp1b proteins were
obtained using a standard M9 minimalmedium with 1 mM thiamine
hydrochloride, 50μg/ml kanamycin, and15NH4Cl as the only source of
nitrogen.

The obtained proteins were then refolded and purified as described
previously [32].Purification involved size-exclusion chromatography
using ENrich™ SEC 70 10 × 300 column from Bio-Rad (Hercules,CA,
USA) with elution by a buffer containing 10 mM HEPES (pH 7.4),
150 mM NaCl, and 1 mM NaN3. Protein concentrationsin acquired
fractions were determined using the spectrophotometer DeNovix DS-11
FX+ from DeNovix (Wilmington,DE, USA), and fractions were ana-
lyzed by SDS-PAGE using the Pierce™ unstained protein MW marker
from Thermo Fisher Scientific (Waltham, MA, USA).

2.3. Molecular mass of the intact protein

Intact Nkrp1b protein variants (200 pmol) were desalted using a
MicroTrap C4 column from Michrom BioResources (Auburn, CA, USA),
eluted with 80% acetonitrile containing 0.5% formic acid, and directly
measured using an electrospray ionization Fourier transform ion cy-
clotron resonance (ESI FT-ICR) mass spectrometer solariX XR equipped
with a 15 T superconducting magnet by Bruker Daltonics (Billerica, MA,
USA).

2.4. Disulfide bond mapping

Disulfide bonds were characterized as described previously [32,33].
Briefly,the procedure involved Nkrp1b separation by SDS-PAGE elec-
trophoresisunder nonreducing conditions;protein in-gel digestion
using 5 ng/μl trypsin by Promega (Fitchburg, WI, USA), AspeN, and/or
GluC (both by Roche,Basel,Switzerland);peptide analysis by LC-MS
using an ESIFT-ICR mass spectrometer;and finally, data processing
using Data Analysis 4.1 (Bruker Daltonics, Billerica, MA, USA).

2.5. DNA cloning of msfGFP-tagged Nkrp1b

Full-length sequence of Nkrp1b (BALB/c) was synthesized and sub-
cloned into pEGFPN1 vector from Shanghai Generay Biotech Co.
(Shanghai,China). The Nkrp1b insertwas then ligated into pXJ41
vector using EcoRI and BamHI (both by New England Biolabs, Ipswich,
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MA, USA) restriction sites.The forward primer 5′-TCTGGATCCAATG
GTGAGCAAGGGC-3′and the reverse primer 5′-GGTCTAGATTACTTGT
ACAGCTCGTCCA-3′ were used to prepare the msfGFP gene with BamHI
and XbaI (by New England Biolabs, Ipswich, MA, USA) restriction sites.
DNA fragment was then sub-cloned into the BamHI and XbaI restriction
sites ofpXJ41-Nkrp1b vector.The final pXJ41-Nkrp1-msfGFP vector
was used for transient transfection of COS-7 cell line.

2.6. Cell cultures and transfection with pXJ41-Nkrp1-msfGFP

COS-7 cell line was grown in DMEM medium by Sigma-Aldrich (St.
Louis, MO, USA) supplemented withL-glutamine and 10% fetalcalf
serum by Life Technologies (Carlsbad, CA, USA) at 37 °C with 5% CO2

in a humidified incubator.
COS-7 cells were 60%–70% confluenton the day of transfection.

Two million cells were transfected with 7 μg DNA (pXJ41-Nkrp1b-
msfGFP) using 21 μl Lipofectamine LTX in 3 ml Opti-MEM (both by Life
Technologies,Carlsbad,CA, USA). The Lipofectamine LTX complexes
were incubated (30 min, room temperature) and added to cultured cells
in 100 mm cell culture dishes.

2.7. Live cell imaging

COS-7 cells immobilized on poly-L-lysine-coated coverslipswere
imaged in a closed perfusion chamber (FCS3,Bioptechs,Butler,PA,
USA) at 37 °C using a confocallaser scanning microscope FluoView
1000 with 60× water immersion, 1.2 NA objective UPLSAPO both by
Olympus (Tokyo, Japan). A steady-state semiconductor laser (488 nm)
was utilized for excitation.The fluorescence emission was collected
using 560 nm long-pass and 460–520 nm band-pass filters.

2.8. Nkrp1b-msfGFP immunoblotting

COS-7 cells transfected with pXJ41-Nkrp1b-msfGFP were washed
with phosphate buffered saline (PBS)and lysed on ice (40 min)in
100 μllysis buffer [20 mM Tris-HCl(pH 8.2),100 mM NaCl,10 mM
EDTA, 1% n-decyl-β-D-maltopyranoside,50 mM NaF,1 mM orthova-
nadate,20 mM iodoacetamide,and protease inhibitormixture from
Serva (Heidelberg,Germany)].Reducing samples were supplemented
with 100 mM dithiothreitol (Serva,Heidelberg,Germany).The in-
soluble materialwas removed by short centrifugation at 3000 ×g for
3 min at 4 °C.Proteins were separated by SDS-PAGE in a 10% poly-
acrylamide geland were then transferred onto a nitrocellulose mem-
brane by Pall Corporation (Port Washington,NY, USA) using blotting
apparatus Trans-Blot SD Semi-Dry by Bio-Rad (Hercules, CA, USA). The
transfer was run at 0.80 mA/cm2 of transfer membrane for up to 1.5 h.
Proteins were detected with polyclonalanti-GFP antibody by Exbio
(Vestec, Czech Republic) according to the manufacturer's instructions.
As a loading control,β-actin was detected using anti-β-actin antibody
by Santa Cruz (Dallas, TX, USA).

2.9. Nkrp1b protein covalent labeling

Nkrp1b protein variants were labeled with amine-reactive ATTO
590 dye from ATTO-TEC (Siegen,Germany) according to the manu-
facturer's protocol. In addition to the standard protocol, ethanolamine
in two-molar excess of the fluorescent dye ATTO 590 was added to the
samples after incubating Nkrp1b protein variants with ATTO 590 to
eliminate any unbound dye.Excessive dye was then removed using
Micro Bio-Spin P-6 desalting columns by Bio-Rad (Hercules, CA, USA).

2.10. Interaction of Nkrp1b-ATTO 590 with bone marrow-derived cells

Bone marrow-derived cells were isolated from the femurs of both
C57BL/6 and MHC II-EGFP knock-in mice [originally derived from a
129/Sv mouse by replacing the MHC class II gene for the β-chain gene

version tagged with enhanced green fluorescentprotein (EGFP) and
backcrossed with C57BL/6] [34]. Eight-week-old male mice were bred
and housed in the animalfacility at the Charles University (Prague,
Czech Republic), kept under natural day/night conditions (22 °C, 55%
humidity), and fed on an ST1 diet (Velaz, Prague, Czech Republic). All
procedures were conducted in accordance with the European Conven-
tion for the Care and Use of Laboratory Animals as approved by the
Czech Animal Care and Committee.

The mice were euthanized by overdosing the anesthetics. Cells were
flushed outfrom the bone marrow cavity with RPMI1640 medium
without phenol red and supplemented withL-glutamine by Lonza
(Basel, Switzerland),10% fetal bovine serum by Gibco (Dublin,
Ireland), 100 U/ml penicillin, and 100 μg/ml streptomycin by PAA
Laboratories (Pasching,Austria).Cells were plated and cultivated on
coverslips from P-LAB (Prague,Czech Republic) in 24-wellplates by
Schoeller Pharma (Prague, Czech Republic) for 5 days in a humidified
atmosphere at37 °C with 5% CO2. Mouse granulocyte macrophage
colony-stimulating factor(GM-CSF) was added to the cell culture
during the second day of cultivation. Supernatant from hypoxanthine-
aminopterin-thymidine-sensitiveAg8653 myelomacells transfected
with murine GM-CSF cDNA (isolated from a T cell clone and ligated into
BCMGSNeo vector) served as a source of GM-CSF [35,36]. After 5 days
of cultivation (up to 50% density),cells were washed with PBS,fixed
with 3.7% paraformaldehydein PBS (20 min, room temperature),
treated with 15 mM NH4Cl (10 min,room temperature) to reduce un-
specific formaldehyde-caused antibody binding,blocked with 1% bo-
vine serum albumin (BSA;Sigma-Aldrich,St. Louis,MO, USA) in PBS
(10 min, room temperature), and stained with Nkrp1b-ATTO 590 pro-
tein forms (1 h,room temperature).Labeled protein variants were di-
luted with 1% BSA to three different concentrations (0.1, 0.5, and 1 μg/
ml). Unstained cells served as a negative control,and lectin peanut
agglutinin (PNA) from Arachis hypogaea (peanut) conjugated with Alexa
Fluor® 568 by Thermo Fisher Scientific (Waltham,MA, USA) of the
same concentrations as Nkrp1b proteins served as a positive control.
After 1 h incubation with labeled proteins, cells were washed five times
with PBS. Coverslips with cells were then transferred onto microscope
slides from P-LAB (Prague,Czech Republic)and mounted in Fluor-
oshield™ with DAPI by Sigma-Aldrich (St. Louis, MO, USA).

2.11. Fluorescence microscopy (ScanR)

Images were acquired using Olympus ScanR system with Hammatsu
ORCA C4742–80-12AG camerawith three channelsby Olympus
(Tokyo, Japan). Multi-band DAFITR emission filter sets with excitation
wavelength of300–400 nm and emission wavelength of435–479 nm
for DAPI staining, 549–559 nm/600–656 nm for red Nkrp1b-ATTO 590
or Alexa Fluor®568 fluorescence,and short-passemission filter
460–490 nm/510–550 nm forMHC II-EGFP were used. Olympus
UPLSAPO 20×/0.75 NA objective with short working distance was
used for scanning. For each slide (in duplicates), 36 fields of view were
acquired. Therefore, several hundreds of cells were used for statistical
analyses.Only segmented particles(cells) that were smaller than
120 μm2 and contained the nucleus were analyzed using Olympus soft
imaging solutions 3.0.1. build 6074 software. Finally, the dependence
of the mean fluorescence intensity on the protein concentration for each
data set was plotted. The mean value, standard deviation, and standard
error of the mean were calculated for each dataset.

2.12. Chemical cross-linking

The experimentalsetup followed previously published guidelines
[37]. An equimolar mixture of non-deuterated and deuterated amine-
reactive cross-linkers disuccinimidyl glutarate (DSG) and dis-
uccinimidyl suberate(DSS), respectively(both from ProteoChem,
Hurricane, UT, USA), were used. Sixteen micromolar Nkrp1b protein in
10 mM HEPES (pH 7.4) and 150 mM NaClbuffer was incubated with
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20× or 50× molar excess of the cross-linking agents for 2 h. Following
quenching of the reaction with two-molar excess of buffered ethano-
lamine, Nkrp1b protein variants were separated by SDS-PAGE in a 12%
polyacrylamide gelunder reducing conditions and visualized by Coo-
massie BrilliantBlue R-250 staining.Protein bands corresponding to
monomeric and isotopically labeled dimeric Nkrp1b forms were ex-
cised, in-gel reduced using 30 mM Tris(2-carboxyethyl)phosphine
(TCEP; 5 min at 60 °C), alkylated with 40 mM iodoacetamide (30 min at
room temperature in the dark),and digested with trypsin in the ratio
1:20 (w/w) trypsin:protein (overnight at 37 °C) in 50 mM 4-ethylmor-
pholine buffer (pH 8.3) with 10% acetonitrile. Peptides were extracted
from the gelas described previously [38],desalted using peptide Mi-
croTrap C18 column from Michrom Bioresources (Auburn,CA, USA),
and dissolved in 0.1% trifluoroacetic acid with 5% acetonitrile to a final
concentration of 5 ng/μl prior to analysis.

Five picomoles of peptide mixture were injected onto an analytical
reversed phase column (Zorbax 300SB-C18 3.5 μm, 0.3 × 150 mm from
AgilentTechnologies,Santa Clara,CA, USA) with a trap pre-column
(Zorbax 300SB-C18 5 μm, 0.3 × 5 mm) and separated using a 5%–40%
acetonitrile gradient over 35 min.Throughout chromatography,0.1%
formic acid was used as an ion-pairing agent.The HPLC system was
directly coupled with an ESIsource ofan FT-ICR mass spectrometer
solariX XR equipped with 15 T superconductingmagnet Bruker
Daltonics (Billerica, MA, USA). The mass spectrometer was operated in
positive broadband mode over 250–2500 m/z range with 1 M data point
acquisition.Data processing was performed using Data Analysis 4.4
(Bruker Daltonics,Billerica, MA, USA). All peptide signals from the
entire chromatogram were exported using Snap 2.0 algorithm to the
text file, which served as an input for an in-house-developed program
based on the Links algorithm [39].Using Links,possible amino acids
modifications (alkylation of cysteine in case of cross-linking reactions
and oxidation of methionine),specific cleavage,possibility of missed
cleavages (set to 3), and modifications of relevant amino acids by cross-
linking agents or disulfide bonds were considered. Only hits below the
error of 2 ppm were regarded as positive. Finally, isotopic envelopes of
identified peptides connected by cross-link or disulfide bond,respec-
tively, were manually checked in MS spectra.

2.13. Nkrp1b homology modeling and molecular dynamics

Homology modelsof Nkrp1b were created using Modeller9.19
software [40]. An NMR (pdb:2MTI) structure and X-ray structures
(pdb:3T3A,3M9Z) of Nkrp1a as wellas an X-ray structure of human
LLT1 (pdb:4QKH) and CLEC5A (pdb:2YHF) were used as templates for
the homology modeling of different conformations and the monomeric
and dimeric states ofthe Nkrp1b protein.To model the stalk region
(residues Ser69–Gln79), ab initio modeling was performed using the
Rosetta package version 2017.08.59291 with the scoring function ta-
laris2014 [41]. The stalk sequence was submitted to Fragment Libraries
service of Robetta server [42]. The resulting fragment files were used to
generate 2000 models,which were analyzed by principalcomponent
analysis in the Rosetta software.

The disulfide bonds were defined according to MS experimental
results. The MS-derived distances were restrained as the Cα–Cα distance
with an upper bound of 20.5 Å with the standard deviation of 3.0 Å for
the DSG and an upper bound of 24.2 Å with the standard deviation of
3.0 Å for the DSS.

A total of 50 homology models of each Nkrp1b variant were gen-
erated and subsequently assessed by the Modeller objective function,
Discrete Optimized Protein Energy profiles [43],and globaldistance
test [44,45]. Further, the best 10 models were subjected to quality as-
sessments using experimentally measured collision cross-section of the
Nkrp1b molecules.

Selected homology models ofNkrp1b protein variants were sub-
jected to molecular dynamics simulations using Gromacs 5.1.4 [46]
with AMBER99SB-ILDN force field. Each Nkrp1b model was centered in

the cubic box, at least 1 nm from its edge. The box contained TIP3 water
molecules and four Na+ atoms (eight atoms in case of dimeric Nkrp1b)
to neutralize the charge of the system. Each Nkrp1b model was relaxed
by 160,000–190,000 step-long energy minimization with steep descent
algorithm.Thereafter,the solution of the system was equilibrated by
400 ps constant volume simulation at the temperature of 30 K,200 ps
constantpressure simulation at300 K, and finally, 200-psconstant
volume simulation at 300 K. Minimized and equilibrated system of each
model was used for 50 ns molecular dynamics simulation with a system
temperature of 300 K.

2.14. Native ion mobility-mass spectrometry

Prior to native IMMS experiments, protein samples were buffer ex-
changed into 200 mM ammonium acetate solution (pH 7.4) using cen-
trifugal gel filtration columns MicroBio-Spin P-6 by Bio-Rad (Hercules,
CA, USA). The samples diluted to 10 μM concentration were then in-
troduced into a SynaptG2Si quadrupole-time-of-flightmass spectro-
meter from Waters (Milford, MA, USA) by nanoelectrospray ionization
from in-house-prepared gold-coated glass capillaries [47].The instru-
ment conditions were carefully optimized to minimize ion activation in
the gas phase while providing good ion mobility separation.Namely,
capillary, sampling cone,trap collisional energy,and trap DC bias
voltages were set to 1.0 kV,10 V,2 V, and 22 V,respectively.Source
temperature was kept at 20 °C,whereas gas flows were 6 ml/min for
argon in the trap collision cell, 180 ml/min for helium cooling window,
and 60 ml/min for nitrogen in the mobility cell.Travelling potential
wave in the ion mobility cell had 25 V fixed height, whereas its velocity
was systematically varied between 250 and 850 m/s in 100 m/s incre-
ments.

External mass calibration was performed using a 25-mg/ml cesium
iodide solution.Ion mobility arrival time distributions were extracted
using MassLynx 4.1 software by Waters (Milford,MA, USA) and were
used to estimate the collisional cross sections in helium (HeCCS) for the
sample ions following a procedure described previously [48]. For this
purpose, ion mobility was calibrated by ions of knownHeCCS [49,50],
namely bovine ubiquitin, equine cytochrome c, and bovine beta-lacto-
globulin (monomeric and dimeric forms),which were analyzed under
conditions identical to those of Nkrp1b samples. Finally, for comparison
with experimental results, theoreticalHeCCS values were calculated for
modeled Nkrp1b structures by the projection approximation method
implemented in the IMPACT program [51] and were scaled,as de-
scribed previously,to compensate for scattering and long-range inter-
actions underestimated by projection approximation [52,53].

3. Results and discussion

3.1. Nkrp1b protein sequence alignment

Crystallography-basedstructural models of two Nkrp1 family
members (activating Nkrp1a and inhibitory Nkrp1b, both from C57BL/
6 mouse strain) are available [27–30],but Nkrp1b from other mouse
strainshave not yet been studied.As we intended to derive a re-
presentative Nkrp1b structure and describe the behavior of this protein
under native conditions, it was first necessary to select the most suitable
template for initialmolecular modeling.Therefore,multiple protein
sequence alignment was performed to choose an Nkrp1b sequence from
the most representative mouse strain (BALB/c, 129S6, or SJL/J) and an
appropriate modeling template (crystal structure of Nkrp1b or Nkrp1a
from C57BL/6 mouse strain).

The Nkrp1b CTLDs of the first three mentioned laboratory mice
strains(BALB/c, 129S6,or SJL/J) are mutually highly homologous
(≥98% identity). However,Nkrp1b (C57BL/6)shares only 85% se-
quence identity with Nkrp1b from the other strains.Even more im-
portantly, Nkrp1b (C57BL/6) also contains two additional cysteines and
a threonine instead ofproline at position 161 (highlighted in red in
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Fig. 1), which contrasts with Nkrp1b variants of all other strains. This
may significantly affectthe fold and function of this protein, thus
making it less suited as a general representative of Nkrp1b conforma-
tion in all common mice strains.

Surprisingly, Nkrp1a also shows 84% sequence identity with
Nkrp1b (BALB/c),84% with Nkrp1b (129S6),and 86% with Nkrp1b
(SJL/J). Moreover,Nkrp1a does notcontain the extra cysteines and
does notlack the proline.Thus, the Nkrp1b (BALB/c) structure was
deemed to be likely more similar to the structure ofthe activating
isoform Nkrp1a (C57BL/6) than to the inhibitory Nkrp1b (C57BL/6).
Therefore,we endeavored to study Nkrp1b (BALB/c)in our experi-
ments as a representative of the more sequentially conserved group.

3.2. Intact protein characterization and disulfide bond mapping

Although the Nkrp1 proteins have so far been considered to natu-
rally occur as homodimers dimerizing through cysteines in their stalk
regions, we generated the whole ectodomain (starting with Val63) and
the ligand-binding domain lacking the stalk (starting with Ser89) of the
Nkrp1b (BALB/c) using bacterial expression. Following a rapid dilution
refolding,size-exclusion chromatography was used to purify the re-
combinantproteins.Besides the majority ofproteins was presentin
aggregated state, both protein variants regardless of the presence of the
stalk region were detected folded as both monomers (fractions 3) and
homodimers (fractions 2) in size-exclusion chromatography/SDS-PAGE
analysis (Fig. 2).

To further ascertain the identity ofprotein samples,the samples
were analyzed using ultra-high resolution MS. The measured molecular
masseswere 18,353.78 Da and 15,453.41 Da forNkrp1b with and
without stalk, respectively. When compared with calculated theoretical
masses ofthe native proteins (18,353.77 Da and 15,453.38 Da),the
resulting measurement errors of 0.5 ppm and 1.9 ppm proved that all
cysteines in our Nkrp1b constructs were linked by disulfide bonds.

To exactly determine the disulfide linkages in Nkrp1b with the focus
on the bonds in the stalk,we used bottom-up LC-MS analyses of en-
zymatically digested proteins.According to the entire Nkrp1b protein
sequence numbering,we identified disulfide linkages Cys94-Cys105,
Cys122-Cys210, and Cys189-Cys202. This corresponds to the common
pattern typical for CTLRs, as determined previously [16]. According to
our experimental data, the two additional cysteines (Cys75 and Cys88)
in the stalk region of Nkrp1b were connected in two different ways. In
one case, both cysteines created an intermolecular disulfide bridge with
the same cysteines in the second molecule (Cys75-Cys75 and Cys88-
Cys88). In another case, the first two cysteines in Nkrp1b were linked
together (Cys75-Cys88) within one protein molecule. All data are pre-
sented in Table S1.Therefore,this directly confirms that Nkrp1b is a
mixture of monomers and homodimers in solution.

Fig. 1. Sequence alignmentof CTLDs of
different Nkrp1b receptors and an Nkrp1a
receptor.Nkrp1b proteins from the mouse
strains BALB/c, 129S6, and SJL/J are
highly homologous(≥98% identity), but
they share only 85% sequence identity with
Nkrp1b (C57BL/6). Nkrp1a (C57BL/6),
which we used as a template for Nkrp1b
homology modeling,also shares84% se-
quence identity with Nkrp1b (BALB/c) but
lacks additionalcysteines and Pro- > Thr
mutation present in the sequence of Nkrp1b
(C57BL/6), as highlighted in red.Asterisk
(*) indicates conservedresidues, colon
marks (:) indicate amino acids of highly si-
milar properties, period (.) indicates amino
acids of weakly similar properties, and gap
() indicates no similar properties between
amino acids.

Fig. 2. Nkrp1b protein purification by size-exclusion
chromatography and fraction analysis by SDS-PAGE.
Results for protein variant (A) containing the stalk
(molecularweight, 18.4 kDa)and (B) lacking the
stalk (molecular weight, 15.5 kDa). Protein fractions
1–3 obtained by size-exclusionchromatography
correspond to the numbering oflanes in the SDS-
PAGE gels.Fractions were analyzed under reducing
(R) and nonreducing (N) conditions; “M” symbolizes
a protein marker.
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3.3. Immunoblotting of Nkrp1b-msfGFP expressed in mammalian cells
confirms that Nkrp1b is present as a mixture of monomers and homodimers
also on a cell surface

To examine the oligomerization state ofNkrp1b in vivo,the full-
length protein tagged with monomeric superfolder (msf) GFP was ex-
pressed in the mammalian COS-7 cell line. Initially, the localization of
Nkrp1b was determined by confocal laser scanning microscopy (CLSM),
which confirmed that the expressed protein is indeed present on the cell
surface (Fig.3A). Next,the protein was analyzed by western blotting
with the tagged Nkrp1b detected using a polyclonal anti-GFP antibody
(Fig. 3B and 3C). Under reducing conditions, only monomeric Nkrp1b-
msfGFP (55 kDa) was present. However, nonreducingconditions
showed the protein in both its states, monomeric and dimeric
(110 kDa). Therefore, this approach further corroborates Nkrp1b to be a
mixture of monomers and homodimers both recombinantly expressed
and purified from bacteria and in a mammalian cellline. A negative
control served as a testof the specificity ofthe anti-GFP antibody.
Accordingly, no signal was detected for the untransfected cell line when
incubated with the antibody.On the other hand,msfGFP itself,as a
positive control,was found to be 27 kDa,which correspondsto its
theoretical molecular weight. In addition, β-actin (43 kDa) served as a
loading control.

3.4. Only monomeric forms of Nkrp1b are functionally active

To examine,which of the Nkrp1b variants are biologically active,
and therefore capable ofinteracting with the ligand,all our protein
variants were labeled with ATTO 590 fluorescent dye and incubated
with bone marrow-derived cells expressing an Nkrp1b ligand on their
surface [12].The lectin PNA from Arachis hypogaea (peanut),which
was used as a positive control, belongs to the same protein superfamily
as Nkrp1b and specifically binds to D-galactosylresidues ofglycosy-
lated membrane proteins [54].The method ofscanning fluorescence
microscopy was then used to assess,which labeled Nkrp1b protein
variants interacted with the cells.

Using this method,it was revealed thatonly monomeric Nkrp1b
forms could bind to the cells,irrespective of the presence of the stalk
region,as shown by the representative microscope images (Fig.4A).
The plot in Fig. 4B shows the dependence of the mean intensity of the
red (ATTO 590 or Alexa Fluor® 568) signal on the protein concentration
(Nkrp1b or PNA). The standard errors of the mean values were below
0.3 MFI for all the points due to the large numbers of individualcell
data in each data set and are therefore not visible in the plot. Red signal
intensity of monomeric Nkrp1b forms and of positive control increased
with increasing protein concentration, whereas that of dimeric Nkrp1b
forms did not change with their increasing concentration. This clearly
indicates that our dimeric Nkrp1b variants do not interact with cells.

Our results correspond to the known interaction mode of

Nkrp1b:m12 and NKp65:KACL asboth the proteins (Nkrp1b from
C57BL/6 mice and human NKp65)interactas monomers.A recent
crystal structure of Nkrp1b interacting with m12 via a polar claw me-
chanism shows that two Nkrp1b molecules clench the dimer of m12 and
do not contact each other. On the contrary, two monomers of NKp65 (a
human homologue of Nkrp1b) symmetrically engage a dimeric KACL (a
homologue of Clr proteins) in a bivalent binding mode.It means that
two NKp65 molecules identically contact KACL binding sites and the
authors concluded thatin fact, NKp65 dimerize after ligand binding
[30,55]. Based on these findings and in the context with our microscopy
data, two Nkrp1b molecules may separately participate in the interac-
tion or the interaction may promote induced Nkrp1b dimerization.In
addition,interaction process can be dependent on a specific ligand as
such behaviorhas previously been demonstrated forthe Ly49H re-
ceptor, which binds MHC class I molecules or the immunoevasin m157
[56]. Nevertheless,it seemsthat Nkrp1b entersthe interaction as
monomer in either cases.

3.5. Chemical cross-linking and homology modeling of Nkrp1b

To obtain structural modelsof Nkrp1b, homology modeling in
combination with experimentally obtained distance restraints(from
intra- and intermolecularchemicalcross-linking and disulfide bond
mapping) was used.

3.5.1. Intramolecular chemical cross-linking
Intramolecular cross-linking of Nkrp1b monomeric forms with DSG

and DSS was performed mainly to determine the conformations of the
loop and stalk regionsin solution because the two high-resolution
structural models of Nkrp1a (C57BL/6) differ by the loop position. The
loop is either attached to a compactprotein core (pdb:2MTI) or ex-
tended and participates in domain-swapping dimerization (pdb:3M9Z)
similar to mannose macrophage receptor [20] or snake venom bitiscetin
[21] from the same protein superfamily.

Cross-links connecting 9 out of 10 primary amines present in the
CTLD were found within a monomeric Nkrp1b (BALB/c)molecule.
These included Lys179 in the loop region,which was connected to
Lys196 in the protein core (fullresults are listed in Table S2).This
implies that the loop is attached to the protein core in solution, as the
distance between the loop in its extended position and the CTLD would
otherwise exceed the arm range of the cross-linker.

Regarding the stalk region, the N-terminus of Nkrp1b was found to
be very reactive as it cross-linked with different amines in the protein
domain,suggesting thatat leastwhile isolated in solution,the stalk
moves rather freely around the core domain.

3.5.2. Intermolecular chemical cross-linking
Intermolecular chemical cross-linking of Nkrp1b dimeric forms was

performed with a mixture of light- and heavy-isotope-labeled proteins

Fig. 3. Nkrp1b localization in a cell and im-
munoblotting analysis. (A) CLSM images of msfGFP-
tagged Nkrp1b. The image from the GFP channel is
shown above,matching bright-field image below.
Using anti-GFP antibody,Nkrp1b-msfGFP wasde-
tected (B) as a monomer (55 kDa) under reducing
conditionsand (C) as a mixture of monomerand
homodimer(110 kDa)under nonreducingcondi-
tions. A negative control (untransfected cells) served
as a test of the specificity of the anti-GFP antibody.
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to determine the dimerization interface ofNkrp1b. Only cross-links
detected between peptide containing14N and peptide containing15N
were evaluated as the interchain connections.The cross-linking agent
DSG alone was utilized in this case as it is the shortest available cross-
linker, therefore, the possibility of artifacts forming was minimized.

Six unique connectionswere identified between the light-and
heavy-isotope-labeled molecules in the dimeric Nkrp1b protein variant
containing the stalk, whereas three cross-links were found in the form
lacking the stalk (Table S3). No cross-links were found between N-ter-
mini or primary amines present in the stalk region, which is also con-
sistent with results of intramolecular chemical cross-linking, where the
stalk region was shown to move around the CTLD and interact with
lysines in the protein core. These results indicate that the dimerization
interface is located between CTLDs,but not in the stalk region,as vi-
sualized in Fig. 5A.

Together, the intermolecular chemical cross-linking along with the
disulfide bond mapping proved that the stalk does not play a key role in
protein dimerization.Moreover,fluorescence microscopy experiments
described above demonstrated that the stalk is not even necessary for
Nkrp1b to be functionally active for binding to its ligand.

3.5.3. Homology modeling and molecular dynamics simulations
To obtain a complete structuralmodelof Nkrp1b (BALB/c), we

combined our experimental constraints derived by the above-described
structuralMS methods with molecular modeling.An NMR structure
(pdb:2MTI) and two crystalstructures (pdb:3M9Z,3T3A) of Nkrp1a
(C57BL/6) were used as modeling templates (Fig.S1) as this protein
shares 84% sequence identity with our studied protein Nkrp1b (BALB/
c) and does notpossess the additionaldisulfide bridge thatNkrp1b
(C57BL/6) carries.In addition, distinctexisting structuralmodels of
Nkrp1a (differing by the loop position) allowed us to build on multiple
possible protein conformations and to choose the homology model that
best corresponded to our experimental data.

Moreover,structuralmodeling and molecular dynamics were per-
formed to determine the possible conformation ofthe Nkrp1b stalk
region in solution, as no template for modeling this region of the pro-
tein is available yet. An ab initio modeling of the stalk region (residues
Val63-Asp87)suggested thatthe presence ofan α-helix at residues
SSVQKICADVQEN is likely (data not shown). This could also be related
to the structure of the carbohydrate recognition and stalk domains of
surfactant protein A (pdb:1R13).However,the presence of this helix
could not be reconciled with the experimentalcollision cross section
(CCS) constraints derived by native IMMS measurements (described in
the following section). With the helix in place, the CCS of our models

was significantly higher than our experimentalvalues.Therefore,we
believe that at least in the case of our recombinantly expressed soluble
protein forms, when Nkrp1b is not attached to any membrane, its stalk
is rather unstructured and flexible.

Indeed, such a behavior was also observed in the modeling results,
when 10 homology models ofeach Nkrp1b protein variantwere se-
lected based on minimal energy (dispersion of CCS values among these
models is shown in Table S4) and mutually aligned to compare differ-
ences between their structures (Fig.S2A).The alignmentshowed the
CTLDs, including the loop regions and short unstructured C-termini to
be rather welldefined.However,very differentstalk positions were
discovered in individual Nkrp1b models,as no useful template is
available for this protein region. This fits nicely with our com-
plementary data from both native IMMS and cross-linking experiments.

Finally, full molecular dynamics simulations (50 ns) of the selected
Nkrp1b protein variants were performed to examine the stability of the
proteins and movements of their stalks in solution (Fig. S2B). Analyses
of the modeling trajectories by monitoring the root-mean-square de-
viation (RMSD) showed that the CTLDs remained stable in all studied
protein variants. Only N-terminal part of the monomeric Nkrp1b form
without stalk slightly moved on this timescale. Moreover, the stalk re-
gions of both chains ofdimeric Nkrp1b exhibited rather unhindered
movement in solution, with occasional weak non-covalent interactions
with other protein residues.The RMSD analyses proved and chemical
cross-linking confirmed that the stalk can move freely around the CTLD.

Taken together, our data allowed us to build the complete model of
the Nkrp1b protein, with and without the stalk, including their dimeric
forms, as shown in Fig. 5.

3.6. Native ion mobility-mass spectrometry and correlation with the results
of homology modeling

To validate our structuralmodels,CCS of all four Nkrp1b protein
variantswere measured undervery gentle electrospray and MS in-
strument conditions to compare them with theoretical values of com-
puted homology models and to selectthe mostappropriate Nkrp1b
structures, as described previously [57].

The spectra of Nkrp1b protein variants (Fig. 6) showed the ratio of
monomeric/dimeric Nkrp1b formsin the observed charge statesof
measured samples and proteins. The mixture of monomers and homo-
dimers was observed in allsamples (except for the monomer without
the stalk) because it was not possible to separate the forms completely
during purification,as revealed also by gel electrophoresis.Also, it is
important to point out that dimers formation is rather dynamic thus

Fig. 4. Interactions of fluorescently labeled Nkrp1b
protein variantswith bone marrow-derived cells
analyzed by scanning fluorescentmicroscopy.(A)
Microscopeimagesof individual Nkrp1b protein
forms of 1 μg/ml concentration with cells (three re-
presentative fieldsof view for each sample).Cell
nucleiare stained blue with DAPI,Nkrp1b or PNA
(positive control) red with ATTO 590 or Alexa Fluor®
568 and MHC class II molecules green with GFP. (B)
Quantitative image analysisof the red signal in-
tensity in the microscope images.Severalhundreds
of cells in 36 fields of view for each sample prepared
in duplicates were used for analysis. Three different
concentrations (0.1 μg/ml; 0.5 μg/ml and 1 μg/ml) of
labeled proteins were tested, a dashed line indicates
fluorescence level of the negative control.
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there is monomer/dimer equilibrium in solution.
A comparison of CCSs of computed Nkrp1b modelsand values

measured by IMMS is shown in Table 1. As we observed no significant
systematic differences between various ion mobility settings (with a
small caveat discussed below), CCSs averaged across all travelling wave
velocities,and charge states are reported with their intervalof total
estimated analysis error (Etot). This error value combines a standard
deviation obtained from the CCS values used for averaging, an experi-
mentalcalibration fit error,and an inherent uncertainty (~1%) asso-
ciated with the CCS values ofstandard proteins used for calibration
[58]. The theoreticaland experimentaldata generally correlate very
well, with some slightdeviation for dimeric Nkrp1b with stalk and
monomeric Nkrp1b without stalk, wherein experimental CCS values are
slightly lower than the computed ones.CCSs of all used theoretical
models as wellas values for differentcharge states ofthe measured
proteins and all travelling wave velocities are listed in Table S5.

Observed CCSs ofmonomers were very consistentacross alltra-
velling wave velocities (all data are shown in Table S5), which proves
that the instrument parameters were gentle enough to retain a folded
protein structure during our measurements irrespective of the time the

ions spent in a mobility cell. However, CCS of both dimeric forms (and
especially of the one with the stalk) increased slightly with increased
wave speed (and longer time spent in the mobility cell).In addition,
CCSs of both dimeric forms did notvary between particular charge
states. As we know that the structure of individual monomers is stable
on this time scale,we hypothesize thatthis phenomenon can be at-
tributed to some degree ofremaining quaternary structure flexibility
when the Nkrp1b molecules would slightly move within the dimer re-
lative to each other.

Regarding different charge states, a Coulombic unfolding was neg-
ligible apart from the highest (9+) charge state of Nkrp1b monomer
with stalk. CCS values for this protein variant of charge states 7+ and
8+ across all travelling wave velocities are consistent with standard
deviation < 7.Values for 9+ charge state are > 100 Å2 higher and
standard deviation was 19. This implies that higher charge state causes
partial Coulombic unfolding ofprotein in this case.Therefore,9+
charge state of Nkrp1b monomer with stalk was excluded from calcu-
lations.Considering CCS values for monomer without stalk of charge
states 6+, 7+ and 8+, the difference between the lowest and highest
charge state is < 60 Å2 and standard deviation for 8+ charge state is 9.

Fig. 5. Visualization of intermolecular cross-links and structure of Nkrp1b protein variants. (A) Visualization of Nkrp1b dimerization interface using intermolecular
cross-links (blue dotted lines). Primary amines are displayed as blue side chains; sequence numbering corresponds to the whole Nkrp1b protein. First amino acids in
the Nkrp1b protein variants are Met63 or Ser89. (B) Homology models of dimeric/monomeric Nkrp1b protein forms containing/lacking the stalk region (highlighted
in magenta), whose parameters best correlate with experimental data.
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Therefore, this charge state was deemed to be still consistent with lower
charge states of monomer without stalk.

ExperimentalCCS values of Nkrp1b proteins were compared with
calculated variants of severalhomology models.CCS of a monomeric
Nkrp1b homology model (without stalk) with the loop in an extended
position was 1829 Å2. Our experimentally derived CCS of the native-
like protein was 1469 ± 36 Å2 (Table 1), which corresponds better to
1535 Å2 in the homology model with the loop attached to the protein
core. Similarly, CCS of dimeric Nkrp1b homology model (without stalk)
with the extended loops was 2662 Å2. CCS of our selected Nkrp1b di-
meric model (without stalk) was 2336 Å2, which correlates better to the
experimental value of 2311 ± 74 Å2 (Table 1). Overall, these results fit
in nicely with our data from chemicalcross-linking in terms ofboth
loop orientation and stalk region flexibility.

4. Conclusions

Although CTLRs are generally structurally conserved, their protein
sequencesand functionsare divergentas they bind saccharidesin
complex with Ca2+ ions or various proteins [16].Protein ligands of

CTLRs are derived from a host cellor a virus, and their interactions
differ according to their origin [30,56].Furthermore,receptors bind
their protein ligands in a promiscuous manner,and conversely,one
particular ligand often targets severaldifferent CTLRs [11,25,59].As
the specific nature of these interactions is based on the structure and
functionalpropertiesof a receptor, determination ofthe structure
greatly contributes to our understanding of a receptor's function and
regulation of cellular responses.In this work,we studied the effect of
specific structural characteristics of the inhibitory receptor Nkrp1b on
its conformation and molecular interactions.

Certain structuralfeatures,which can highly influence the con-
formation and interactions ofNkrp1b, involve its long loop region,
flexible stalk,and its oligomerization state.Two Nkrp1b protein var-
iants were recombinantly prepared to investigate the function ofthe
stalk: the whole ectodomain and the ligand-binding domain lacking the
stalk. It was observed that both variants fold as monomers and homo-
dimers in vitro. Similar behavior was achieved in vivo as well, where the
analysis of cell lysates of mammalian cells revealed Nkrp1b as a mixture
of monomers and homodimers.MS analysis ofrecombinantproteins
revealed that the Nkrp1b forms monomers and covalent or non-cova-
lent dimers. According to disulfide bond mapping, two cysteines in the
stalk may be intermolecularly linked by two covalentbonds or the
cysteines within one molecule can be connected.

Furthermore, the biological activity of all these Nkrp1b forms was
tested.It was observed that only monomeric Nkrp1b forms could in-
teract with their ligands on a cell surface,whereas homodimers were
not functional. Moreover, the presence of the stalk did not influence the
interaction,and it was not even crucial for protein dimerization.
Finally, based on experimental data provided by a range of structural
MS techniques and homology modeling, Nkrp1b ectodomain structural
models in its monomeric and dimeric conformations were proposed.

In conclusion,we demonstrated that the stalk does not affect the

Fig. 6. Representative native mass spectra of Nkrp1b
protein variants as used for ion mobility analyses.
(A) Dimer with stalk,(B) monomer with stalk,(C)
dimer without stalk, and (D) monomer without stalk.
Charge statesand monomeric/dimericconforma-
tions (shown as dots) of Nkrp1b protein variants are
marked.The presence ofmonomeric and dimeric
protein variants in individualspectra may be asso-
ciated with partialcomplex dissociation in ammo-
nium acetate and incomplete separation by the size-
exclusion chromatography.

Table 1
Experimentaland modeled CCSs ofNkrp1b protein forms.The average CCS
values of theoretical homology models and values determined by native IMMS
experiments. Total estimated error (Etot) of measurements is included.

Protein form Homology models CCS
[Å2]

Experimental CCS ± Etot

[Å2]

Dimer with stalk 2781 2625 ± 102
Monomer with stalk 1591 1629 ± 34
Dimer without stalk 2336 2311 ± 74
Monomer without stalk 1535 1469 ± 36
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fold of CTLD or the ability of Nkrp1b to interact with its ligands and
that the stalk is not necessary for the receptor dimerization as was
considered for decades. In addition, our data clearly demonstrated that
the loop region is attached to the compact core of the receptor and that
it does not participate in domain swapping in contrast to the activating
Nkrp1a receptor. Finally, the fact that Nkrp1b can form dimers, which
are not functional,opens the possibility oftheir regulatory function,
which could be the topic of interest for future research.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2018.11.007.
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