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ABSTRACT 
 
Natural killer (NK) cells play a significant role in the detection and destruction of virally 

infected and tumor cells. The NKR-P1 receptors regulate NK cell function by an 

alternative missing-self recognition system. Although the NKR-P1 receptors were among 

the first surface NK receptors identified on rodent NK cells more than 20 years ago, 

there is still very little known about their biological function and their physiological 

ligands. Furthermore, no three-dimensional structure of any of the NKR-P1 family 

receptors has been published so far. 

 To understand the functional architecture of mouse NKR-P1 receptors, we developed 

a simple and efficient protocol providing large amounts of pure soluble NKR-P1 

proteins. The crystal structure of mouse NKR-P1A, determined at 1.7 Å resolution, is the 

first structure of a representative of the NKR-P1 family. Crystal structure is formed by a 

compact C-type lectin-like domain and an extended loop that participates in domain 

swapping. A potential role of the swapped loop has been suggested in natural ligand 

binding by in silico studies. However, chemical cross-linking and H/D exchange in 

combination with high resolution mass spectrometry revealed this loop in close 

proximity to the compact core in solution. The discrepancy between the crystal and 

solution structure indicates a testable hypothesis for the conformational change of the 

loop induced by ligand binding. 

 

 

 



ABBREVIATIONS 
 
 

 
8 

 

ABBREVIATIONS 
 

ADCC  Antibody Dependent Cellular Cytotoxicity 

BSA Bovine Serum Albumin 

CCS Collisional Cross Section 

CD Cluster of Differentiation 

CTL  Cytotoxic T Lymphocyt 

CTLD  C-Type Lectin-like Domain 

DC  Dendritic Cell 

DLS  Dynamic Light Scattering 

DMSO  DiMethyl SulfOxide 

DSG  DiSuccinimidyl Glutarate 

DSS  DiSuccinimidyl Suberate 

DTT DiThioThreitol 

EDC 1-Ethyl-3-(3-Dimethylaminopropyl)Carbodiimide hydrochlorid 

EDTA EthyleneDiamineTetraacetic Acid 

ESI ElectroSpray Ionization 

FC Fragment Crystalizable 

FT-ICR Fourier Transform – Ion Cyclotron Resonance 

H/D Hydrogen/Deuterium Exchange 

HEPES 4-(2-HydroxymEthyl)-1-PiperazinEethaneSulfonic acid 

HLA Human Leukocyte Antigen 

HPLC High Performance Liquid Chromatography 

HSQC Heteronuclear Single Quantum Coherence 

IFN InterFeroN 

IgSF Immunoglobulin SuperFamily 

IL InterLeukin 

IPTG IsoPropyl-β-D-ThioGalaktopyranosid 

ITAM  Immunoreceptor Tyrosin-based Activation Motif 

ITIM  Immunoreceptor Tyrosin-based Ihibition Motif 

KIR  Killer cell Immunoglobulin-like Receptors 

LB   Luria-Bertani medium 



ABBREVIATIONS 
 
 

 
9 

 

LRC  Leukocyte Receptor Complex 

MALDI Matrix Assisted Laser Desorption Ionization 

MCMV  Mouse CytoMegaloVirus 

MHC  Major Histocompatibility Complex 

MS  Mass Spectrometry 

NK  Natural Killer 

NKC  Natural Killer Complex 

NKR-P1 Natural Killer Receptor – Protein 1 

OD  Optical Density 

PAMP  Pathogen-Associated Molecular Pattern 

PCR  Polymerase Chain Reaction 

PEG  PolyEthylene Glycol 

PIPES PIPerazine-N,N′-bis(2-EthaneSulfonic acid) 

PMSF PhenylMethylSulfonyl Fluoride 

PVDF PolyVinyliDene Fluoride 

RCMV Rat CytoMegaloVirus 

SDS Sodium Dodecyl Sulfate 

TCA TriChloroacetic Acid 

TCEP Tris(2-CarboxyEthyl)Phosphine 

TCR  T-Cell Receptor 

TFA  TriFluoroacetic Acid 

TGF  Transforming Growth Factor 

TH  Helper T Cell 

TLR  Toll-Like Receptors 

TNF  Tumor Necrosis Factor 

TOF  Time Of Flight 

Tris TRIS(hydroxymethyl)aminomethane 

 



TABLE OF CONTENTS 
 
 

 
10 

 

TABLE OF CONTENTS 
Acknowledgements ......................................................................................................................... 6 
Abstract ................................................................................................................................................ 7 
Abbreviations .................................................................................................................................... 8 
Table of Contents ............................................................................................................................ 10 
Chapter 1: Introduction ................................................................................................................ 11 
1.1 NK cell mediated immunity ............................................................................................................... 11 
1.2 NK cell recognition ................................................................................................................................ 13 
1.3 NK cell education and tolerance ...................................................................................................... 15 
1.4 NK receptor signal transduction...................................................................................................... 16 
1.5 Structure and function of NK receptors ........................................................................................ 18 
1.5.1 General features of NK receptors ................................................................................................ 18 
1.5.2 Killer cell immunoglobulin-like receptors ............................................................................... 20 
1.5.3 The Ly49 family .................................................................................................................................. 22 
1.5.4 The CD94/NKG2 family ................................................................................................................... 24 
1.5.5 The NKG2D receptor ......................................................................................................................... 25 
1.5.6 The NKR-P1 family ............................................................................................................................ 27 
Chapter 2: Aims of the thesis ...................................................................................................... 29 
Chapter 3: Methods ........................................................................................................................ 30 
Chapter 4: Results and discussion ............................................................................................ 31 
Chapter 5: Summary ...................................................................................................................... 42 
References......................................................................................................................................... 43 
Selected publications .................................................................................................................... 53 
Paper I (Rozbesky et al. Protein Expr. Purif.) .......................................................................... 53 
Paper II (Sovova et al. J. Mol. Model.) ......................................................................................... 61 
Paper III (Kolenko & Rozbesky et al. J. Struct. Biol.) ............................................................. 80 
Paper IV (Kolenko et al. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun.) ........... 91 
Paper V (Rozbesky et al. Anal. Chem.) ........................................................................................... 97 
Paper VI (Rozbesky et al. Anal. Chem.) .................................................................................. 111 
 



INTRODUCTION 
 

 
11 

 

CHAPTER 1 
INTRODUCTION 
 

 

 

1.1 NK cell mediated immunity 
Natural killer (NK) cells represent an important component of innate immunity that play 

a key role against virally infected and tumor cells. They were originally identified more 

than 35 years ago through their capacity to kill certain tumor cells in vitro in the absence 

of previous  stimulation1. Due to the expression of several lymphoid markers as well as 

their origin from the lymphoid progenitor, NK cells are regarded as lymphocytes. They 

do not express any antigen-specific receptors, thus they are considered to be 

components of innate immunity. On the other hand, many authors propose their 

placement as an evolutionary bridge between innate and adaptive immunity because 

they display several features of adaptive immunity such as memory of previous 

exposure to a specific antigen2,3. Unlike T and B lymphocytes, NK cells mediate their 

effects through a variety of cell surface inhibitory and activating receptors. Moreover, 

NK cells produce several classes of immunoregulatory cytokines, which help shape 

immune response. Orchestrated interactions between these molecules may finally lead 

to the killing of target cells4,5. 

 One of the most discussed topics in the field of NK cells is their role in antitumor 

immunity, which was documented in many experimental models. For example, mice 

depleted of NK cells were observed to be more susceptible to spontaneous or induced 

tumors6. In humans, although selective NK deficiencies are extremely rare, 

epidemiological studies have revealed a similar tight correlation between low NK cell 

activity in peripheral blood and increased cancer risk7. Furhermore, NK cell infiltration 

into tumors has been shown to be associated with a better prognosis in gastric and 

colorectal carcinoma8, renal carcinomas9 and squamous cell lung carcinomas10,11. 

 Functional and structural studies of particular NK receptors shed light on molecular 

mechanisms of target cell recognition. One of the most explored NK receptor in 

antitumor immunity is the activating receptor NKG2D, which has been demonstrated to 

play an important role in the control of tumor growth in several experimentally induced 
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tumors. NKG2D binds the ligands RAE-1, H60, or MICA/B, which are surprisingly over-

expressed in several tumor cell lines. It was shown that engagement of NKG2D with 

ligands results in apoptosis of the target cell12. The other activating receptor NKp30 has 

also been observed in tumor cell recognition and lysis, particularly of neuroblastoma 

and glioblastoma cell lines13. Moreover, some data indicate its role in acute myeloid 

leukemia because the loss of NKp30 expression in patients with this disease is 

associated with impaired NK cell cytotoxicity and shorter survival14. 

 Recent advances in molecular mechanisms of NK cell biology are being harnessed to 

develop NK cell-directed immunotherapies for cancers and autoimmune diseases. 

Potential promising strategy is manipulating between positive and negative signals 

provided by activating and inhibitory receptors, respectively. One of these approaches, 

which has been shown in tumor rejection in preclinical models of leukemia and 

melanoma15, is based on specific antibodies that block inhibitory receptors. Further 

strategy exerts bispecific antibodies in an effort to increase the efficiency of antibody-

dependent cellular cytotoxicity (ADCC) at tumor sites. The bispecific antibody usually 

combines specificity for the tumor antigen such as HER2/neu and the FcγRIII receptor 

(CD16) found on NK cells16. Nevertheless, the most hotly debated strategy in the past 

decade is based on NK cell alloreactivity and graft-versus-leukemia effect in the acute 

myeloid leukemia treatment. In this approach, improved disease-free survival and 

reduced graft-versus-host disease (GVHD) was observed in patients after haploidentical 

stem cell transfer17-19, although some discrepancies occurred in subsequent studies20. 

 As described previously, NK cells play a significant role against viruses as well. The 

NK cell-mediated antiviral immunity has been observed in many studies showing 

increased susceptibility to viruses in mice depleted of NK cells or in mouse models with 

defects in cytotoxicity as well as in human NK deficiencies21-24. NK cells mediate their 

antiviral effect through two different mechanisms: cytokine release and induction of 

apoptosis in target cells through cell surface receptors. For example, in mice infected 

with mouse cytomegalovirus (MCMV), the surface molecule m157, encoded by MCMV, is 

selectively recognized by activating NK receptor Ly49H which leads to host 

protection25,26.  Further evidence for the importance of NK cells during viral infections 

has been demonstrated by expression of multiple virally encoded decoy ligands for 

inhibitory NK receptors in virally infected cells27,28. 
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 Besides antitumor and antiviral activity, NK cells play a crucial role as regulatory cells 

by directly acting on DCs, T cells, B cells, and endothelial cells. Two different effects have 

been observed in the case of DCs: contact-dependent killing of immature DC by NK cells 

and facilitated cross-presentation of antigen from apoptic NK cells targets29.  In case of T 

cells, NK cells can participate in priming CD4+ T cells by producing IFN-γ30,31, while in 

case of B cells, NK cells can suppress the B cell autoreactivity32. Some data indicate that 

NK cells may be involved in the killing of endothelial cells during viral infection and thus 

in the pathogenesis of vascular injury33,34. On the other hand, a very distinct subset of NK 

cells, known as uterine NK (uNK) cells, secrete several proangiogenic factors such as 

placental growth factor or vascular endothelial growth factor, both of which are crucial 

for placental development35,36. 

 In conclusion, numerous experimental and epidemiologic data support the significant 

role of NK cells in antiviral defense, antitumor immunity, hematopoietic stem cell 

transplantation, immunoregulation, and reproduction.  However, many aspects of NK 

cell functions remain yet to unveiled37. 

 

1.2 NK cell recognition 
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. Activation of NK 

cells is dependent not only on the amount of activating and inhibitory ligands on the 

target cell, but also on the presence of specific NK receptors for these ligands and, finally, 

on the balance between activating and inhibitory signals transduced through NK 

receptors. So far, three hypotheses have been proposed to explain NK cell recognition. 

 The first concept, based on the capacity of NK cells to attack target cells that fail to 

express sufficient levels of MHC class I molecules, is referred to as missing-self 

recognition (Fig. 1). This concept was originally explained by the expression of 

inhibitory NK receptors specific for MHC class I molecules. NK cells were proposed to 

attack any cell that had down-regulated expression of MHC class I molecules because the 

target cell could not engage with the inhibitory NK cell receptor for MHC class I. In 

addition to this, the down-regulation of MHC class I is a common mechanism of virally 

infected and tumor cells to evade cytolysis by CD8+ T cells. Therefore the missing-self 

recognition by NK cells seems to be a counter-response by the immune system38,39.  
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 Recent studies demonstrate that while the engagement between inhibitory receptors 

and MHC class I molecules is essential for target cell recognition, down-regulation of 

MHC class I molecules on target cell is not sufficient to fully trigger NK cell-mediated 

cytotoxicity. Furthermore, sufficiently potent activating NK receptors must be 

stimulated40 by ligands which are expressed by even normal cell types41. This 

contemporary modification of the missing-self concept can explain the inability of NK 

cells to attack cells with no (e.g., erythrocytes) or low (e.g., neural cells) expression of 

MHC class I molecules42. Nevertheless, the other explanation of this phenomenon relies 

on recognition of non-MHC ligands, which has been observed by interaction of the 

mouse inhibitory receptor NKR-P1B and its broadly expressed ligand Clr-b43. 

Figure 1 Activity of NK cells is determined by the dynamic equilibrium between activating 
and inhibitory signals transduced through NK receptors. NK cells are tolerant to normal 
cells because the strength of the activating signals is dampened by engagement of the 
inhibitory receptors. Absence of MHC class I molecules or over-expression of activating 
ligands in target cell result to overcome the inhibitory signals which finally lead to NK cell 
activation57. 
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 Besides the missing-self recognition via inhibitory receptors, NK cells have been 

shown to detect internal changes of self molecules in damaged tissues using activating 

receptors. This concept referred as stress-induced self recognition is based on the 

recognition of self molecules whose expression is usually barely detectable in steady-

state conditions; however, it is up-regulated during various forms of stress44-46. 

Prototypical examples of this concept are  recognition of B7 proteins expressed in tumor 

cells by activating receptor NKp30,47,48 or recognition of stress-inducible proteins such 

as MICA or MICB by activating receptor NKG2D44,49. 

 Further mechanism of NK cell recognition is antibody-dependent cellular cytotoxicity 

(ADCC). This process relies on the capacity of NK cells to detect antibody coated cells 

through the low affinity FcγRIIIA surface receptor for IgG also known as CD1650.  This 

ADCC mechanism has been observed in several monoclonal antibody-based therapies, 

including treatment with rituximab51,52. 

 

1.3 NK cell education and tolerance 
An important feature of immune system is the capacity to discriminate between self and 

non-self. Like T cells and B cells, NK cells acquire tolerance to self in order to avoid 

destruction of normal tissue. The requirement for self tolerance of NK cells is 

particularly a result of the large diversity of NK receptors and their ligands. Although 

more than 20 inhibitory receptors are known, each NK cell expresses an average of 3-5 

different inhibitory receptors53,54. Each inhibitory receptor is not expressed by all NK 

cells, but only by a subset of NK cells, overlapping in expression with other family 

members55. Both NK receptors and MHC class I molecules exhibit high allelic 

polymorphism, and each inhibitory receptor binds only certain MHC class I variants but 

not others. Moreover, the genes for NK receptors and MHC class I molecules lie on 

different chromosomes and are inherited independently, thus genetic mechanism is not 

able to secure that NK receptors of an individual exhibit specificity for the appropriate 

self MHC class I molecule56. To explain NK self-tolerance, several hypotheses have been 

proposed recently57. 

 An early promising model known as at-least-one suggested that all NK cells express at 

least one inhibitory receptor specific for self MHC class I, however, this fact has never 

been proven55,58. Today, a widely accepted model proposes that NK cells participate in a 
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unique process referred to as NK cell education.  This process either leads to the 

maturation of the functional NK cell repertoire or to the induction of a hyporesponsive 

state in potentially autoreactive NK cells, thereby become tolerant to self. Indeed, a 

fraction of hyporesponsive NK cells lacking inhibitory receptors for self MHC I was 

observed in mice59 or humans60. Further support for the latter mechanism came from 

experiments with NK cells in MHC I deficient individuals in which NK cells should be 

chronically activated but instead are hyporesponsive to self cells as well as to other 

stimuli61-63. Taken together, two mechanisms of NK self-tolerance are known: first, the 

effector functions of functionally competent NK cells are inhibited by the recognition of 

self MHC I, and second, hyporesponsive NK cells coexist that are not able to detect self 

MHC I64. It is noteworthy that the switch from a competent state to hyporesponsive is 

not induced by changes in the transcriptional program, rather seems to be based on the 

confinement of activating receptors in membrane nanodomains65-67. Despite of 

significant progress in research of NK self tolerance, many molecular mechanisms are 

still unclear. 

 

1.4 NK receptor signal transduction 
NK cells share many common features of signaling pathways with the immunoreceptors 

expressed on B cells and T cells. In general, signal transduction of inhibitory NK 

receptors (Fig. 2) is mediated through one or more immunoreceptor tyrosine-based 

inhibitory motifs (ITIM) in their cytoplasmic domain with the consensus sequence 

Ile/Val/Leu/Ser-x-Tyr-x-x-Leu/Val, where x denotes any residue68.  

 Upon ligand binding, the tyrosine residues in the ITIM are phosphorylated by a Src 

family tyrosine kinases, which then recruit and activate protein-tyrosine phosphatases 

such as SHP1, SHP2 or SHIP1 depending on particular receptor. Activation of 

phosphatases results in decreased phosphorylation of numerous signaling proteins, 

including PLCγ1, PLCγ2, ZAP70, Syk, Shc, LAT, Vav-1, FcεRIγ or SLP76, and subsequent 

interruption of the early phosphorylation pathways that are responsible for NK cell 

activation69-73. 

 Many activating NK receptors lack the cytoplasmic domain with ITIMs. Instead, they 

associate with adaptor proteins such as CD3ζ74, FcεRIγ75 or DAP1276 bearing 

immunoreceptor tyrosine-based activation motifs (ITAM) in the cytoplasmic domain 
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with the conserved sequence Asp/Glu-x-x-Tyr-x-x-Leu/Ile-x6-8-Tyr-x-x-Leu/Ile77. 

Association between activating NK receptor and ITAM adaptor is mediated by 

electrostatic interaction of oppositely charged residues within transmembrane 

segments. Engagement of ITAM adaptors activates tyrosine kinases of the Src family 

such as p56lck and p59fyn, which phosphorylate tyrosine residues on ITAMs, thereby 

leading to the recruitment and activation of tyrosine kinases of the Syk family such as 

Syk and ZAP70. Several transmembrane and cytoplasmic proteins then enter into 

signaling pathways, which finally results in Ca2+ influx, degranulation, and transcription 

of cytokine genes78. 

 
 

  

 

 

 

 

In the case of activating receptor NKG2D, several different features in signaling 

pathways have been observed. NKG2D exists in two alternatively spliced isoforms: the 

long (NKG2D-L) and short (NKG2D-S). While NKG2D-L associates exclusively with the 

other adaptor protein DAP10, NKG2D-S is able to associate with both DAP10 and DAP12. 

In addition to this, DAP10 is a transmembrane adaptor protein with the short 

cytoplasmic domain containing the conserved motif Tyr-x-x-Met that binds 

phosphatidylinositol-3 kinase and Grb2 upon tyrosine phosphorylation. Thus, in 

activated NK cells the NKG2D is able to induce both ITAM-based and 

Figure 2 NK cell effector signaling pathways. Upon interaction of inhibitory receptors 
with ligand, the cytoplasmic domains become tyrosine phosphorylated on ITIMs and 
associate with intracellular phosphatases, including SHP1, SHP2 or SHIP1, resulting in an 
inhibitory signal. The activating receptors are associated with ITAM bearing adaptors via 
electrostatic interactions. Upon ligand binding, ITAMs are tyrosine phosphorylated, 
resulting in Ca2+ influx, degranulation and transcription of cytokine genes56.  
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phosphatidylinositol-3 kinase associated pathways79,80. Finally, the effector functions of 

NK cells depend on a dynamic equilibrium between multiple and sometimes opposing 

signals transduced by NK receptors.  

 

1.5 Structure and function of NK receptors 
1.5.1 General features of NK receptors 

The most important NK receptors (Fig. 3) belong to the two major classes, those of the 

immunoglobulin superfamily (IgSF) and of the C-type lectin-like superfamily. The 

immunoglobulin superfamily consists of the killer-cell immunoglobulin-like receptors 

(KIR) and the leukocyte immunoglobulin-like receptors (LIR). The C-type lectin-like 

superfamily contains the Ly49 family, CD94/NKG2 family, NKR-P1 family, Clr family and 

many other members, including CD69, AICL, LLT1 and MAFA. 

 
 

 

 

Figure 3 Prominent human (left) and mouse (right) NK receptors in interaction with 
their ligands. Inhibitory receptors are in blue; 2B4 molecule which can act as an 
activating or an inhibitory receptor is in gray; the other receptors are in green37.   
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In addition, the classification into families is based on a high level of homology, typically 

more than 80%. Between families, the receptors share some structural features; 

however they are distantly related in sequence81. 

 From a structural point of view, the IgSF receptors are type I (extracellular N 

terminus) transmembrane proteins consisting of either two or three extracellular 

immunoglobulin domains, whereas the C-type lectin-like receptors are type II 

(extracellular C terminus) trasmembrane proteins containing a single extracellular C-

type lectin-like domain. Although these receptor families are structurally different, they 

share some key characteristics, such as signaling pathways or specificity for various 

MHC class I molecules. Interestingly, both superfamilies include activating as well as 

inhibitory receptors. Moreover, some of the NK receptors are broadly expressed on a 

broad range of cell types, mostly of the haematopoietic lineage42,81. 

 The genes of IgSF are located together in the leukocyte receptor cluster (LRC) on 

human chromosome19q13.4282, while the genes of C-type lectin-like receptors are 

encoded by the natural killer gene complex (NKC) on the human chromosome 12p12-13, 

mouse chromosome 6, and rat chromosome 483,84. The genes in both gene clusters have 

exon/intron organization, and the genes coding activating receptors usually have a 

mutation in the cytoplasmic domain, which results in a stop codon and loss of the ITIM 

motif82,85. This fact, in combination with phylogenetic analysis, suggests that activating 

receptors have evolved rather recently from ancestral inhibitory receptors due to 

selection for resistance to infections. This is probably the reason for difficult 

identification of their ligands and their role in NK mediated immunity86,87. 

 A remarkable relationship has been found between KIR and Ly49 genes. Whereas the 

Ly49 locus has rapidly expanded in mice (23 genes) and rats (26 genes), only three KIR 

genes are found in these rodents. Alternatively, the KIR locus has expanded in primates, 

but efforts to identify human Ly49 genes have detected only a single Ly49L gene that is 

probably not functional due to an early stop codon in an extended exon 5. This fact, 

together with comparison of KIR and Ly49 haplotypes in other species, suggests rapid 

evolutionary change since the divergence of a common ancenstor88-90. Therefore 

surprisingly, the human KIR and their rodent analogs Ly49 do not bind their MHC class I 

ligand in the same manner but they interact at a different sites81. 
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 Both KIR and Ly49, as well as some other NK receptors, exhibit a high level of 

diversity. Indeed, many NK receptors exist in different isoforms which differ from each 

other in point mutations, small deletions or insertions, or even chimeric genes91. The 

reason for this significant repertoire diversity of NK receptors and their rapid evolution 

is the co-evolution with MHC genes, which are one of the most polymorphic molecules 

encoded in mammalian genome. Thus changes in MHC class I impose pressure on the 

evolution of NK receptors in order to maintain specificity with their MHC I ligands92. In 

this interesting example of convergent evolution of the NK receptors, the NK genes 

expansion and diversification was accelerated especially by the gene duplication and 

gene conversion which was probably facilitated by their close proximity and tandem 

head-tail arrangement82,93. 

 Furthermore, monoallelic expression and promiscuity in MHC class I recognition, 

which was observed for the Ly49 as well as KIR, also significantly contributes to the 

repertoire diversification and complexity94. Finally, deeper understanding of repertoire 

diversity and genetic variability is a prerequisite for sophisticated modulation of NK cell 

functions for therapeutic reasons. 

 

1.5.2 Killer cell immunoglobulin-like receptors 

The human killer immunoglobulin-like receptors (KIR) represent a family of type I 

transmembrane proteins expressed on the surface of NK cells and a subset of T cells. The 

KIR family is encoded by 15 highly polymorphic genes and 2 pseudogenes. Terminology 

of KIR is based on the number of immunoglobulin-like domains in the extracellular part 

(2D for two domains, 3D for three domains) and on the length of the cytoplasmic domain 

(L for long domains, S for short ones)95. All inhibitory KIR possess long cytoplasmic 

domains, while all activating receptors have short cytoplasmic domains with the 

exception of 2DL496.  In addition to this, the immunoglobulin-like domains are 

designated D0, D1, and D2.  

 The ligands for KIR are mainly HLA molecules. Interestingly, activating KIR also 

recognize HLA molecules, however, their affinity is lower than inhibitory KIR97.  On the 

other hand, activating KIR seem to respond better to allogenic HLA which provides 

support for the concept by which NK cells promote anti-tumor response after 

haematopoietic transplantation98. 
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Figure 4 Ribbon representation of the 2DL1-HLA-
Cw4 complex colored by chains: 2DL1, orange; 
HLA-Cw4, gray; ß2m, cyan; peptide, blue. PDB 
code:1IM9 

The structure of the extracellular 

region of KIR2D consists of two 

immunoglobulin-like domains, D1 

and D2, which are connected by a 

linker of three to five residues. 

Each domain is formed by two 

antiparallel ß sheets which pack 

to each other. Both domains have 

V-shape orientation and the angle 

between domains varies signi-

ficantly in individual KIR2D99-101. 

Some authors suggest that angle 

alterations are responsible for 

varying affinity to HLA mole-

cules102. 

 Whereas TCR/HLA interaction 

is based especially on hydrogen 

bonds and van der Waals forces, 

the KIR/HLA binding relies on 

hydrogen bonds and electrostatic 

interactions. In the 2DL1/HLA-C 

complexes (Fig. 4), the D1 and D2 

domains bind their HLA-C ligand 

through α1 and α2 helices, and C-

terminal part of bound peptide103. The interaction buries approximately 1500 Å2 of 

solvent accessible area, which is comparable to the buried surface of TCR/HLA 

complexes104,105. At least 16 conserved residues participate in contact between HLA-C 

and 2DL2 via salt bridges and hydrogen bonds. The site directed mutagenesis of these 

residues revealed that mutation of each residue to alanine resulted to a 20 fold lower 

affinity103. 

 Allelic specificity of 2DL receptors for HLA-C allotypes is based on the polymorphism 

at positions 77 and 80 of the HLA-C heavy chain. 2DL1 receptors have C2 specificity and 
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are able to recognize HLA-C alleles with Asn77 and Lys80 which are present in HLA-

Cw2, HLA-Cw4, HLA-Cw5, and HLA-Cw6, while 2DL2 receptors exhibit C1 specificity and 

recognize HLA-C with Ser77 and Asn80 (HLA-Cw1, HLA-Cw3, HLA-Cw7, HLA-Cw8)100. 

 In the case of peptide selectivity, KIR recognition is both peptide dependent and 

peptide selective. However, these receptors are not able to distinguish between self and 

non-self peptide106-109. 

 In spite of the fact that the structure of KIR3D has not been determined so far, recent 

analyses indicate that the D0 domain participates in direct contact with HLA110. 

 

1.5.3 The Ly49 family 

The Ly49 is a multigene family that encodes homodimeric type II transmembrane 

proteins with a single C-type lectin-like domain. Ly49 receptors represent the major 

functional NK receptor family in mice with expression on NK cells, NKT cells and also on 

a subset of CD8+ T cells. Like their human analogs KIR, the Ly49 receptors mainly 

recognize MHC class I molecules, H-2K and H-2D. The exact number of mouse Ly49 loci 

has not been determined, however, there are at least 23 genes (Ly49A-W). Moreover, 

the Ly49 genes exhibit high level of polymorphism and the number of loci is dependent 

on the mouse strain111-113. 

 From a structural point of view, Ly49 receptors encompass the C-type lectin-like 

domain, which is connected to the transmembrane segment using a stalk region. The 

intracellular part consists of a short or a long cytoplasmic domain depending on 

activating or inhibitory function, respectively.  The C-type lectin-like domain, found  in 

other members of the C-type lectin-like family as well, includes two antiparallel ß-sheets 

and two α-helices. Six cysteines, which are the most conserved residues in the C-type 

lectin-like domain, form disulfide bonds with conserved arrangement C1-C2, C3-C6, and 

C4-C5114. 

 In the crystal structure of complex Ly49A-H2Dd (Fig. 5a), the Ly49A homodimer 

binds H2Dd asymmetrically, with only one of its two subunits binding a single MHC I 

molecule. The contact site is at a broad cavity underneath the peptide binding platform 

of MHC and partially overlaps the CD8 binding site115. On the other hand, in the Ly49C-

H2Kb complex (Fig. 5b), the Ly49C homodimer contacts H2Kb bivalently at a site 

overlapping the Ly49A binding site on H2Dd to form a symmetrical butterfly-shaped 
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assembly116. The geometry of Ly49A and Ly49C in the complexes described above is 

slightly different. While the Ly49C homodimer adopts an open conformation, the Ly49A 

homodimer adopts a closed conformation, in which C-type lectin-like domains are more 

closely juxtaposed than in Ly49C. However, NMR structure of Ly49A unveiled that in 

solution, the protein exists predominantly in the open conformation, allowing it to bind 

two MHC class I molecules117.  

 

 

 

 
 

 

 

 

 Different modes of MHC class I engagement by Ly49A and Ly49C raised a question of 

the cis-trans interaction mediated by different Ly49 conformations. In trans interaction 

the cell surface receptor interacts with ligands expressed on the other cells, while in cis 

interaction the receptor engages ligands on the same cell118. The cis interaction has been 

observed for some members of Ly49 and LILRB or PIR receptor families119-121. The role 

of cis interaction in NK cell biology seems to be involved in NK cell education and in a 

modulation of inhibitory capacity of Ly49122,123. The structural basis for cis-trans binding 

by Ly49 using the back-folded and extended conformation has been recently 

observed124. 

Figure 5 Ribbon representation of the Ly49A-H2Dd (a) and Ly49C-H2Kb (b) complexes 
colored by chains: Ly49, orange; H2, gray; ß2m, cyan; peptide, blue. PDB codes:1QO3 and 
3C8K 
 

a b 
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 Similarly to KIR, interaction between Ly49 and MHC class I molecules is dependent 

on the presence of a bound peptide within the H2 groove. In case of Ly49A, interaction is 

independent of peptide sequence.  On the other hand, low degree of peptide selectivity 

has been observed for Ly49C and Ly49I125,126. Although the Ly49 evolved from C-type 

lectin family, specificity of Ly49 to carbohydrates or Ca2+ has not been observed. 

 While the function of inhibitory Ly49 receptors is monitoring the expression level of 

MHC class I molecules, the role of many activating Ly49 receptors remains an enigma. 

Though some activating receptors such as Ly49P and Ly49W have also been reported to 

bind H2Dd, their function has not been investigated127,128. Surprisingly, activating 

receptor Ly49H exhibits no binding to any known H2 molecule, but it binds to the m157 

viral surface glycoprotein encoded by MCMV. This observation suggests the hypothesis 

of non-self protein recognition by activating Ly49 receptors25,26. 

  

 

1.5.4 The CD94/NKG2 family 

The CD94/NKG2 family consists of disulfide-linked heterodimers expressed as type II 

transmembrane proteins on human and rodent NK cells and a subset of T cells129,130. 

While the CD94 subunit is invariant, the NKG2 subunit comprises at least five proteins 

designated NKG2A, -B, -C, -E and –H. In addition, NKG2A/B and NKG2E/H are splice 

variants131.  The NKG2D is a homodimer and its structure and function is discussed 

separately bellow. The cytoplasmic domain is either short (NKG2C and –E/H) or long 

(NKG2A/B) corresponding to their activating or inhibitory function, respe-

ctively76,132-134. 

 The NKG2 subunit of CD94/NKG2 contains C-type lectin-like domain which binds the 

non-classical MHC class Ib molecules HLA-E135-137 and Qa-1138, in humans and mice, 

respectively. HLA-E and Qa-1 present peptides derived from the relatively conserved 

leader sequence of classical MHC class I molecules and HLA-G, and thus serve as 

indicators for normal expression of MHC class I molecules139-141. In comparison to the 

KIR and Ly49, the CD94/NKG2 receptors exhibit low level of polymorphism, probably 

due to very little allelic variations in their ligands. 

 In the crystal structures determined recently, the fold of NKG2 is structurally very 

homologous to the C-type lectin-like domains, while the structure of CD94 revealed a 
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Figure 6 Ribbon representation of the 
CD94/NKG2A-HLA-E complex colored by chains: 
NKG2A, orange; CD94, magenta; HLA-E, gray; 
ß2m, cyan; peptide, blue. PDB code: 3CDG 

unique variation of C-type lectin 

fold, in which the second α-helix is 

replaced by a loop. The structure of 

the CD94/NKG2A heterodimer 

showed that dimerization is based 

not only on an intermolecular 

disulfide bond in the stalk region 

but also on asymmetric inter-

actions142,143. 

 In the crystal structure CD94-

NKG2A in complex with HLA-E 

bound to a peptide (Fig. 6), the 

CD94/NKG2A subunits lay across 

the peptide binding groove. In the 

interface, the CD94/NKG2A sub-

units interact almost exclusively 

with α1 and α2 helices of HLA-E via 

a large number of polar inter-

actions, including salt bridges and 

hydrogen bonds. Moreover, the 

CD94 subunits dominate the 

peptide mediated contacts (80%) 

compared to NKG2A (20%)144,145. 

 

1.5.5 The NKG2D receptor 

The NKG2D is an activating homodimeric receptor expressed on most NK cells, CD8+ 

αß T cells and γδ T cells. NKG2D is not a member of CD94/NKG2 family, due to limited 

sequence similarity to the other members of NKG2 (20-30% sequence identity)44,146. 

Ligands of human NKG2D include MICA and MICB, which are MHC class I homologs 

composed of α1, α2, and α3 domains. In addition to this, MICA and MICB lack ß2m and 

do not bind peptides. Further ligands of human NKG2D are the human cytomegalovirus 

UL16 binding proteins known as ULBP. Unlike MHC class I molecules, expression of 
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Figure 7 Ribbon representation of the 
NKG2D-MICA complex colored by chains: 
NKG2D, orange; MICA, gray. PDB 
code:1HYR 
 

MICA and MICB is up-regulated by cellular stress especially on epithelium-derived 

tumors49,147-150. Murine NKG2D recognizes the retinoic acid-inducible RAE-1 family and 

the H60 minor histocompatibility antigen. From a structural point of view, both RAE-1 

and H60 are homologous to the structure of MHC class I but they lack an α3 domain and 

are anchored in the membrane by GPI linkage151,152. Interestingly, it was observed that 

some tumors secrete or release soluble NKG2D ligands, which serve as decoy ligands in 

order to subvert immune response153-155. In the crystal structure of the NKG2D-MICA 

complex (Fig. 7), the overall fold of NKG2D is similar to the C-type lectin-like domain of 

CD94, retaining only one of the α-helices. 

 

 The NKG2D homodimer diagonally 

overlays the surface of the MICA platform 

in a manner resembling the docking mode 

of TCR onto MHC class I. In the NKG2D-

MICA interface, each NKG2D monomer 

mainly contacts either α1 or α2 domains of 

MICA through a mixture of polar, 

hydrophobic and ionic interactions. The 

interaction buries approximately 2180 Å2 

of surface area, which is 20-25% greater 

than TCR-MHC I. Furthermore, the NKG2D-

MICA interface is characterized by a high 

degree of shape complementarity156. In the 

crystal structure of mouse NKG2D-RAE-1, 

the NKG2D homodimer binds to platform 

RAE-1 in a manner resembling the 

interaction of human NKG2D and MICA 

with the exception of a conformational 

change in the α2 helix of MICA that 

undergoes a large structural rearrange-

ment upon receptor binding157. 
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1.5.6 The NKR-P1 family 

NKR-P1 receptors are type II transmembrane C-type lectin-like receptors expressed on 

the surface of NK cells and a subset of T cells. The mouse NKR-P1 family consists of 

seven members, NKR-P1A (encoded by Klrb1a), NKR-P1B (encoded by Klrb1b), NKR-

P1C (encoded by Klrb1c), NKR-P1D (encoded by Klrb1b), NKR-P1F (encoded by Klrb1f), 

and NKR-P1G (encoded by Klrb1g). Whereas NKR-P1D represents an allelic form of 

NKR-P1B, NKR-P1E (Klrb1-ps) seems to be a pseudogene158-160. In rats, four members of 

NKR-P1 family have been identified (NKR-P1A, -B, -F and-G)161, while in humans only a 

single molecule NKR-P1A (encoded by KLRB1 or CD161) is known162,163. 

 It is noteworthy that significant variations in expression of individual NKR-P1 

receptors on NK cells have been documented in mice. While NKR-P1C is expressed at 

high levels on all NK and NKT cells, NKR-P1A and NKR-P1F are expressed at low levels 

on all NK cells, but not on NKT cells. On the other hand, NKR-P1B is stochastically 

expressed on approximately 60% of NK cells43,164,165. 

 Mouse NKR-P1B(D) contains ITIM in cytoplasmic domains, indicating their inhibitory 

function, whereas mouse NKR-P1A, -C, -F lack ITIM and have a charged residue in the 

transmembrane segment which suggests their activating function. Although mouse 

NKR-P1G is an ITIM bearing receptor, it has been identified only at cDNA level159.  

Association of an ITAM containing adaptor protein FcεRIγ with mouse NKR-P1C has 

been observed upon antibody cross-linking, which finally led to the induction of NK cell 

mediated cytotoxicity and IFN-γ production166,167.  On the other hand, antibody cross-

linking of NKR-P1A and NKR-P1F resulted in neither cytokine production nor induction 

of cytotoxicity164. 

 The mouse NKR-P1C corresponds to the NK1.1 alloantigen and represents one of the 

most important surface markers detected by monoclonal antibody PK136, known also as 

antiNK1.1168,169. Although mouse NKR-P1C has been originally cloned as the NK1.1 

antigen, analysis revealed that NK1.1 epitope is shared by two receptors, NKR-P1C and 

NKR-P1B170. The PK136 antibody defines NK cells from CE, B6, NZB, C58, Ma/My, ST, 

SJL, FWB and Swiss outbred mice, but not from BALB/c, AKR, CBA, C3H, DBA, or 129 

mice168-172. The single amino acid substitution S191T found in the extracellular region of 

the NK1.1 antigen is responsible for the strain-dependent alloreactivity of the PK136 

antibody, as demonstrated by sequence alignment and epitope mapping recently173. 
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 The identification of ligands for NKR-P1 receptors has been a subject of controversy. 

Early investigation into the binding of rat NKR-P1A showed high binding affinity of the 

protein to several monosaccharides such as GlcNAc and GalNAc, and the binding activity 

was reported to be Ca2+ dependent174. Oligosaccharides derived from heparin, 

oligosaccharide sequences of the blood group family, the ganglio family, and 

glycosaminglycans were further described as new high affinity ligands for NKR-P1A with 

significant potential in antitumor therapy175. Although these findings have never been 

reproduced by other groups, and two additional re-evaluations of carbohydrate binding 

activity for NKR-P1A were published176,177, the research in the field of saccharide ligands 

for NKR-P1A continued and number of compounds such as derivates of aminosugars, 

chitooligomers, highly branched glycoclusters, and peptides were reported to be 

prominent classes of high affinity ligands for NKR-P1A178-188. However, a recent 

announcement from the Ethical Committee of the Institute of Microbiology and Charles 

University in Prague indicates that these findings were probably fabricated. 

 Protein ligands for two members of mouse NKR-P1 family have been identified. While 

the activating mouse NKR-P1F has been shown to bind Clr-g protein43, the inhibitory 

mouse NKR-P1B/D has been reported to recognize Clr-b protein189. Surprisingly, both 

Clr-g and Clr-b are not MHC class I related molecules, but instead are members of the Clr 

family, which represent type II transmembrane C-type lectin-like proteins190. The cDNA 

of Clr was previously known from osteoclastogenesis, therefore the members of the gene 

family were also referred as osteoclast inhibitory lectins (Ocil)191,192. From a genetic 

point of view, the NKR-P1 genes are remarkably intertwined in the mouse NKC with the 

Clr genes encoding their ligands43. Investigation of expression level of Clr-b revealed its 

dramatic down-regulation on tumor cell lines, which is consistent with the missing-self 

hypothesis. Moreover, these findings broaden the missing-self hypothesis because in 

this case, the control of NK cell activation is MHC I independent43,189. 

 In humans, NKR-P1A receptor has been demonstrated to bind LLT1, which represents 

the human ortholog of mouse Clr193,194. Whereas LLT1 was observed to enhance IFN-γ 

production by human T cells and NK cells, NKR-P1A have been demonstrated either to 

induce or inhibit NK cell mediated cytotoxicity. However, these variable results require 

future attention195-197. From a structural point of view, no three dimensional structure of 

any of the NKR-P1 family receptors has been published so far. 
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CHAPTER 2 
AIMS OF THE THESIS 
 

 

The primary goal of this thesis is to contribute to ongoing research of NKR-P1 receptors 

and fill the gaps in knowledge on their structure as a key for understanding their 

function. The aims of thesis include: 

 

 

 To develop methods for expression, refolding, and purification of mouse NKR-P1 

receptors providing sufficient amount of proteins for structural studies 

 

 To construct refined homology models for mouse NKR-P1 receptors 

 

 To study the structure of mouse NKR-P1 receptors by protein crystallography 

 

 To study the solution structure of mouse NKR-P1 receptors by mass 

spectrometric techniques 
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CHAPTER 3 
METHODS 
 
The papers in this Ph.D. thesis include a detailed description of the methods, including 

all the technical details necessary for their reproducibility. Therefore, Chapter 3 

presents only list of research methods used in this thesis. 

 

 

 

List of research methods: 
 Gene cloning and DNA manipulation 

 Protein expression, refolding in vitro, and protein purification 

 Disulfide bond mapping 

 Analytical ultracentrifugation 

 Dynamic light scattering 

 Differential scanning calorimetry 

 Raman and infrared spectroscopy 

 Chemical cross-linking coupled to mass spectrometry 

 Hydrogen/Deuterium exchange coupled to mass spectrometry 

 Native mass spectrometry and ion mobility measurement 

 Sequence and phylogeny analysis 

 Protein homology modeling 

 Protein crystallization and protein crystallography 

 Protein NMR spectroscopy 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
The main focus of this thesis is to contribute to ongoing research of NKR-P1 receptors 

and fill the gaps in knowledge on their structure as a key for understanding their 

function. Although the NKR-P1 receptors were among the first surface NK receptors 

identified on rodent NK cells more than 20 years ago198,199, there is still very little known 

about their biological function as well as their physiological ligand. Furthermore, no 

three-dimensional structure of any of the NKR-P1 family has been reported so far.  

Nevertheless, in recent years, there has been a renewal of interest in these receptors due 

to their unique role in the MHC class I independent missing-self recognition189. This 

extensive immunological research has shed some light on the function of the several 

NKR-P1 receptors; however, recombinant expression providing sufficient amount for 

structural characterization still remained an enigma. 

 This fact prompted us to develop a method for recombinant expression of soluble 

NKR-P1 receptors. Since the previous immunological research was related to the mouse 

NKR-P1 family, our effort to express recombinant proteins was directed towards those 

orthologs.  In the paper Rozbesky et al200, we described a simple and efficient protocol 

for the production of the soluble C-type lectin-like domain of mouse NKR-P1C.  The 

single C-type lectin-like domain of NKR-P1C was expressed because the desired 

biological activity responsible for ligand binding seemed to be supported by this discrete 

domain. Furthermore, at least two transcriptional isoforms of NKR-P1C have recently 

been described with differences in the sequence of the stalk region, while their C-type 

lectin-like domains are the same201. In contrast to the protocols reported previously for 

rat NKR-P1A174,202, we decided to design the expression construct without any targeting 

signals or purification tags. 

 In the first step, cDNA was obtained by reverse transcription of total RNA isolated 

from mouse spleen. The gene encoding NKR-P1C was amplified by PCR and finally 

subcloned into a pET-30a(+) expression vector. Upon induction of bacterial expression 

by IPTG, the protein precipitated into inclusion bodies from which it could be refolded in 

vitro by a rapid dilution method. The protein refolding was the most critical step in 

protein preparation and required significant optimization. The key parameters for 
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Figure 8 Mass spectrum of multiply 
charged recombinant mouse NKR-P1C (a), 
and 1H-15N HSQC spectrum of the uniformly 
15N labaled NKR-P1C indicating a good 
dispersion of backbone and side chain-
signals (b)200. 
 

refolding were pH 8.5 and a high concentration of arginine, which in general decreases 

aggregation by slowing the rate of protein-protein interactions. Another key parameter 

was a cysteamine/cystamine redox shuffling pair required for correct disulfide 

reoxidation. After refolding, the protein was dialyzed and purified by one step anion 

exchange chromatography on Q Sepharose. 

 The protein identity was verified by high resolution ESI FT ICR mass spectrometry. 

The monoisotopic mass of intact protein (Fig. 8a) was in complete agreement with mass 

of expected amino acid sequence with three intramolecular disulfide bonds. 

Furthermore, mass spectrometry demonstrated a high purity of protein sample that 

reached more than 98%. Native size of 

soluble NKR-P1C was examined by size 

exclusion chromatography and analytical 

ultracentrifugation. Chromatography on 

the Superdex 75 column suggested that 

the protein eluted exclusively as a 

monomer. This finding was further 

corroborated by sedimentation velocity 

as well as sedimentation equilibrium 

experiments. In comparison, protein 

samples of homologous proteins such as 

human CD69 were observed to be 

noncovalent dimers203. Since the ligand of 

NKR-P1C remains elusive, we were not 

able to investigate its biological activity. 

Instead, the protein folding was analyzed 

by NMR spectroscopy. A 1H-15N HSQC 

spectrum of 15N labeled protein (Fig. 8b) 

demonstrated a good dispersion of the 

backbone and side chain signals with 

excellent 5 ppm chemical shift dispersion 

in proton dimension, indicating a 

compact fold of NKR-P1C. 
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 Since the disulfide arrangement is extremely conserved in C-type lectin-like domains 

and it is essential for their biological activity, we have mapped the disulfide bonds in a 

protein sample of NKR-P1C in order to further investigate the fold quality. The disulfide 

bond arrangement in NKR-P1C was determined by mass spectrometry  according to the 

previously published protocol204. Briefly, the protein was separated by SDS-PAGE and 

digested by trypsin or Asp-N protease. The peptide mixtures were desalted and analyzed 

by high resolution LC-MS and the disulfide bonds were finally identified by Links 

software. The identified disulfide arrangement in NKR-P1C was in agreement with the 

highly conserved disulfide pattern of C-type lectin-like domains114 which was further 

evidence of correct NKR-P1C  folding. 

 In contrast to the protocols reported previously for rat NKR-P1A174,202, our optimized 

method for preparation of mouse NKR-P1C provided a high yield: approximately 20 mg 

of pure protein per liter of bacterial culture. In addition to the protocol, the recombinant 

protein can be easily prepared over a short period of 4-6 days using common 

biochemical laboratory equipment.  

 In the paper Sovová et al205, we generated refined homology models for C-type lectin-

like domains of mouse NKR-P1A, NKR-P1C, NKR-P1F, and NKR-P1G. In the first step, 

candidate template sequences were identified by BLAST and the template structures 

with high sequence identity were used for modeling using Modeller 9v4. For further 

analysis, the best model out of 10 calculated for every receptor, was chosen by the 

distribution of residues in the Ramachandran plot and the stereochemical g-factor 

calculated by Procheck. Finally, all models were refined by at least 10 ns of molecular 

dynamic simulations. 

 The overall fold of all models (Fig. 9) was very similar to the C-type lectin-like 

domain containing α-helices surrounding a ß core composed of antiparalell ß-strands. 

The models contained three disulfide bonds in the arrangement described previously200. 

Although the core of the protein was almost the same for all models, the topological 

organization of secondary elements slightly varied among the models. In addition to this, 

topology differences were observed for prominent loops mainly anchored by small 

antiparalell sheets. These differences in the spatial arrangement of the loop are also 

reflected in the behavior of each model in molecular dynamics simulations. While the  
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protein core was stable in all simulations with Cα rmsds reaching plateau values, the 

root mean square fluctuations for Cα calculated from the last nanosecond of the 

equilibrated part of each trajectory clearly identified the long loop region as very 

flexible.  The root mean square fluctuations of the residues involved in the loops were 

higher than the average for the whole protein, although the structure within the loop 

was stable in a time period that could be simulated. The loop occasionally folded back 

onto the protein surface, where it formed a hydrophobic interaction with the two 

tryptophan residues which are highly conserved in the WKW sequence motif. In 

conclusion, these results suggested that the loop region is stably anchored to the core, 

however, it can adopt alternative positions. 

 It is noteworthy that the sequence analysis of the 33 available C-type lectin-like 

domains among NKR-P1 orthologs revealed that the region with lowest conservation 

corresponds to the long loop region as described previously. Substitutions in the loop 

(L160-T184) cause significant changes in chemical character of some loop residues 

among natural NKR-P1 variants. It leads to two groups typified by NKR-P1subfamilies: 

A-D and F/G. The NKR-P1A-D group presents particularly L160, N164, T172, K179 and 

T184, while the NKR-P1F/G group substitutes a polar residue (E or Q) for L160, a ß -

branched residue (T, V or I) for N164, a more hydrophobic residue (I or V) for T172, Ser 

Figure 9 Representative homology model of mouse NKR-P1C with the fold similar to the 
C-type lectin-like domain and the conserved loop region in blue color205. 
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or Arg for K178, and a more polar residue (N, D or E) for T184. The in vivo binding 

experiments with Clr ligands161 suggest that these sequence differences in the long loop 

may be related to ligand specificity. 

 The C-type lectin-like domain of mouse NKR-P1A was further prepared according to 

the protocol for mouse NKR-P1C described previously200 and both NKR-P1A and 

NKR-P1C were structurally analyzed by Raman and FTIR spectroscopy.  The constructed 

models were in good agreement with the Raman and infrared spectra not only in terms 

of overall secondary structure content, but the models also captured key structural and 

dynamics features consistent with dynamics simulations. 

 Both mouse NKR-P1A and NKR-P1C were crystallized using the hanging drop vapor 

diffusion method. While crystallization of NKR-P1C was unsuccessful, NKR-P1A 

provided tetragonal monocrystals suitable for diffraction. Diffraction data were 

collected from a single crystal at synchrotron radiation source Bessy II in Helmholtz 

Zentrum Berlin. The phase problem was solved by molecular replacement using the 

extracellular domain of CD69 as a search model and the structure was refined to 1.7 Å 

resolution and very good agreement with the experimental data. In addition to this, the 

determined structure of NKR-P1A (Fig. 10a) described in Kolenko & Rozbesky et al206 is 

the first known structure in the NKR-P1 family. 

 
 

 

 

Figure 10 Crystal structure of one chain of mouse NKR-P1A with extended long loop 
region in purple color (a). Two types of dimer observed in the crystal are both of interest: 
the first one utilizing the swapped loops, and the second one reflecting the human CD69 
dimer (b). 
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 The overall fold of NKR-P1A was similar to that of CD69 but differed significantly in 

the long loop region (Y158-D187) which was surprisingly extended from the compact 

core. The compact core consisted of two α-helices and two antiparallel ß-sheets and was 

topologically consistent with the classical C-type lectin-like domain114. Furthermore, 

arrangement of disulfide bonds was in agreement with the conserved disulfide pattern 

of C-type lectin-likes proteins. It is noteworthy that the extended loop pointing away 

from the globular domain exhibited domain swapping with a symmetry related 

molecule. This extended loop has already been observed in other C-type lectin-like 

proteins but not in any NK receptors. A well documented example of the extended loop 

is represented by the macrophage mannose receptor, however, its biological 

implications have not been evaluated207. On the other hand, bitiscetin, a C-type lectin 

snake venom inducing platelet agglutination, binds a von Willebrand factor A1 domain 

into the central groove of its domain-swapped dimer which is similar to the dimer 

formed in the NKR-P1A crystal structure208. Indeed, numerous C-type lectin-like 

proteins of snake venom modulating the homeostatic system and forming domain-

swapped dimers and oligomers have been reported so far209-211. In the same year as we 

published the structure of NKR-P1A, the crystal structure of the human C-type lectin-like 

related macrophage receptor CLEC5A was reported by Watson et al212. Although the 

crystal structure of this receptor, which binds to the dengue virus, was consistent with 

the classical C-type lectin-like domain114 and its loop was associated with the protein 

core, molecular dynamic simulations suggested a significant conformational flexibility of 

the loop which could participate in ligand binding. Remarkably, these findings are very 

similar to the molecular dynamic simulation and structural aspects of NKR-P1A as we 

described previously205,206. 

 In addition to the NKR-P1A, two types of dimers (Fig. 10b) were observed in the 

crystal structure: the stronger type A utilizing the swapped loops, and type B reflecting 

the human CD69. While the A dimer had its N-termini placed on the opposite ends, the B 

dimer had the termini located on the one side of the dimer. The interaction in the A 

dimer corresponded to the domain swapping effect of the extended loops with total 

interface area of about 1700 Å2 involving hydrogen bonds and hydrophobic interactions. 

Although these findings suggest the potential participation of the loop in interactions 

with ligands, further investigation is necessary to confirm this hypothesis. 



RESULTS AND DISCUSSION 
 

 
37 

 

 In the paper Kolenko et al213, we identified a novel point mutation in the gene for 

mouse NKR-P1A leading to the substitution of His at position 107 by Arg. The 

recombinant H107R variant was expressed, purified and crystallized as the wild type. 

The crystal structure of H107R NKR-P1A has been determined by X-ray diffraction at 

2.3 Å resolution from merohedrally twinned crystals. The structure contained two 

protein chains with three phosphate ions attached at the interface of the molecules. The 

quality of the observed electron density did not allow the localization of all residues, 

particularly Y149, P161 and D162 in chain B. Whereas two phosphate ions were bound 

close to the interface between the monomers in asymmetric unit, the third phosphate 

ion was localized between R177 belonging to opposite chains. The rmsd between Cα 

atoms of the wild type and chains A and B of the H107R mutant were 0.6 and 1.8 Å, 

respectively. Thus the overall structure of the mutant did not differ significantly from 

the wild type structure. Nevertheless, the mutation and subsequent binding of 

phosphate ions at the interface probably played a role in the twinning of the crystals in 

the H107R mutant. 

 The crystal structure of NKR-P1A evoked several questions about the flexibility and 

topology of the loop region in solution. Therefore, in the paper Rozbesky et al214, mass 

spectrometric techniques such as chemical cross-linking and H/D exchange to 

investigate the NKR-P1A structure in solution were applied. 

 In chemical cross-linking, generally, the residues which are in close proximity to each 

other may be converted into covalent bonds by a cross-linker. The cross-linked residues 

which are then efficiently identified by mass spectrometry provide experimental 

distance constraints which may be applied for modeling purposes. In order to study the 

loop conformation in solution, NKR-P1A was cross-linked with the carboxyl-amine 

coupling reagent EDC and two homobifunctional amine-amine coupling reagents DSS 

and DSG.  In the first step, optimization of reaction conditions was performed to get the 

highest relative yield of protein containing only a single intramolecular cross-link, which 

minimized the likelihood of distorting the tertiary structure. The cross-linked NKR-P1A 

was then separated by SDS PAGE and digested in gel by different endoproteases. 

Generated peptides were desalted and loaded onto a reversed phase column coupled 

online to an ESI FT ICR mass spectrometer. The high mass accuracy was sufficient to 

provide unambiguous assignment of cross-links using the Links software.  
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The inter-residue distances obtained in this study were in excellent agreement with the 

inter-residue distances in the crystal structure with exception of K179-K196 and 

D176-K196 (Fig. 11). Based on the length of spacer arm in the DSG, the Cα-Cα distance 

between DSG cross-linked K179 from the loop region and K196 from the compact core 

of NKR-P1A should be up to 20 Å, but in the crystal structure it was 29.6 Å. Furthermore, 

the Cα-Cα distance of 32.9 Å between D176 from the loop region and K196 from the core 

in the crystal structure was also inconsistent with the ability of EDC to cross-link these 

residues. On the contrary, all experimental distance constraints fitted the distances in 

the homology model of NKR-P1A described previously. These findings showed that in 

solution, the loop region of NKR-P1A is not extended from the compact core, as observed 

in the crystal structure, but is in close proximity to the core as suggested by the 

homology model. Further, the absence of cross-links between K179 or D176 and lysines 

or acidic residues, which are spread throughout the core of NKR-P1A, suggests that the 

backbone in the loop region is not particularly flexible. 

 To investigate the NKR-P1A loop conformation by other approach, H/D exchange 

coupled to mass spectrometry was applied. In general, H/D exchange provides 

Figure 11 Cross-linking of NKR-P1A combined with mass spectrometry. (a) The different 
conformations of the loop region (purple) in a structural alignment of the crystal 
structure (orange) and the homology model (gray) of NKR-P1A. (b) The spatial distances 
(red dashed lines) between K179-K196 and D176-K196 in the crystal structure of 
NKR-P1A are inconsistent with cross-linker lengths. (c) The spatial distance constraints 
for K179-K196 and D176-K196 obtained in this study are consistent with the inter-
residue distances in the homology model214. 
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Figure 12 Differences in amide 
hydrogen exchange rates between 
NKR-P1A and NKR-P1ANL mapped 
onto the crystal structure of NKR-
P1A. The regions with a decreased 
exchange rate in NKR-P1A are in 
red214. 
 

information on the local solvent accessibility of 

proteins that is valuable in studying protein 

dynamics, structure, and function. The aim of 

this analysis was to compare the kinetics of 

H/D exchange for NKR-P1A and NKR-P1A in 

which the loop was removed and replaced with 

two alanines (NKR-P1ANL). For NKR-P1ANL 

expression, the construct was prepared by PCR 

mediated deletion−insertion mutagenesis. 

NKR-P1A and NKR-P1ANL were then subjected 

to H/D exchange followed by reduction of 

disulfide bonds with TCEP. Reduced samples 

were loaded onto a semi-automated 

chromatographic system for pepsin digestion, 

peptide desalting, and peptide separation on a 

reversed phase column. The extent of 

deuterium incorporation into each peptide was 

analyzed by high resolution ESI FT ICR mass 

spectrometry. When compared to NKR-P1ANL, 

NKR-P1A showed slower deuteration rates for 

regions 130−140, 138−143, and 191−199. This 

analysis suggested that these regions are 

protected by the loop (Fig. 12), which is consistent with the cross-linking study and the 

homology model. In addition to this, our findings were further corroborated by NMR 

spectroscopy. 

 Taken together, cross-linking in combination with H/D exchange as well as NMR 

spectroscopy revealed that the solution structure differs from the crystal structure in 

the conformation of the conserved loop. While the conserved loop was in close 

proximity to compact core in solution, it was extended from the core in the crystal 

structure where it interacted with the surface of a symmetry-related molecule. This 

suggests a testable hypothesis that the conformational change of this loop may be 

induced by ligand binding. 
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 Since the crystallization of NKR-P1C failed in the paper Rozbesky et al215, we decided 

to use set of methods, ranging from chemical cross-linking with sequence threading, 

restraint-based molecular modeling and steered molecular dynamics, to ion mobility 

mass spectrometry in order to describe the structure of NKR-P1C in solution (Fig. 13a). 

In chemical cross-linking experiments, both cross-linkers were applied as a 1:1 

mixture of nondeuterated and deuterated (d0/d4) derivate, which finally resulted in 

characteristic isotopic pattern of peptides bearing the cross-linker. This specific 

signature, together with high mass accuracy greatly facilitated unambiguous assignment 

of cross-links. Using this approach, 7 cross-links formed by DSS and 3 cross-links formed 

by DSG were identified. Within the whole cross-linking network (Fig. 13b) only K166 

and K179 were a part of the region related to loop region in homologous NKR-P1A, 

whereas the other lysine residues were located in the globular domain. The 

experimental constraints matched the conformation in which the loop was packed onto 

the protein surface, similarly to  the homology model of NKR-P1C described 

previously205 or to the dengue virus receptor CLEC5A212. 

 Therefore the homology modeling was performed using the recently published 

crystal structure of mouse NKR-P1A as a template for the protein core and the published 

Figure 13 Structural model of NKR-P1C with the loop region colored in orange and 
disulfide bonds colored in green (a). Model of NKR-P1C with lysine residues involved in 
chemical cross-linking. Cross-linked residues are highlighted in dashed line (b)215. 
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structure of human CLEC5A for the loop region. Constraints for the loop region coming 

from the experimentally determined distances were solved by a non-equilibrium 

molecular dynamics simulation using YASARA, applying an external force on the loop 

atoms in the direction of coordinates within the experimentally determined range. 

Confrontation of final model with cross-linking data showed that all experimental 

distances were in agreement with the model. 

 In order to verify the model of NKR-P1C, native mass spectrometry with ion mobility 

measurements was performed. The arrival time distributions strongly suggested that 

the protein was present in a unique, very homogenous conformation. The calculated 

value of collisional cross section (CCS) of 1444 Å2 was very close to the theoretical CCS 

of 1411 Å2 for our model. In comparison, the homologue NKR-P1A with loop extended 

showed a much higher theoretical CCS of 1618 Å2. 

 In conclusion, we showed that the structure of NKR-P1C in solution is similar to the 

homologous protein NKR-P1A and that its loop region is attached to the protein core. In 

addition to this, this was the first report describing combined use of chemical cross-

linking, homology modeling, and ion mobility mass spectrometry for protein structure 

determination. 

 In conclusion of this thesis, we have developed a novel method for expression, 

refolding, and purification of mouse C-type lectin-like domain of NKR-P1 receptors. 

Homology modeling, sequence, and phylogenetic analysis suggested the key role of the 

conserved loop in the structure of NKR-P1 receptors that might contribute to ligand 

binding specificity and consequently to differentiation between activating and inhibitory 

receptors. This hypothesis was partially corroborated by discrepancy between the 

structure of NKR-P1A in crystal and solution which indicated its concrete dynamical 

behavior in ligand binding. In addition to this, the crystal structure of NKR-P1A is the 

first known structure in the NKR-P1 family. Further investigations are necessary to 

clarify the molecular details of these interactions and their relevance to those occurring 

at the cellular level. Finally, from the point of protein structure determination, we 

implemented a novel combination of mass spectrometric techniques such as chemical 

cross-linking, H/D exchange, and ion mobility measurements to study protein structures 

of NKR-P1A and NKR-P1C in solution. 
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CHAPTER 5 
SUMMARY 
 
 
 A new method for expression, refolding, and purification of mouse NKR-P1 

receptors has been developed. 

 Refined homology models have been constructed for NKR-P1 receptors. 

 The crystal structure of mouse NKR-P1A has been determined by molecular 

replacement to 1.7Å resolution. 

 In the crystal structure of mouse NKR-P1A, the overall fold was similar to the 

other C-type lectin-like domains but differed significantly in the unique 

conformation of the loop which was extended from the compact core. 

 The crystal structure of the H107R variant of mouse NKR-P1A has been 

determined to 2.3 Å resolution. 

 The mutation H107R does not have a significant impact on the overall structure 

of mouse NKR-P1A. 

 The solution structure of mouse NKR-P1A has been determined using the 

combination of chemical cross-linking and H/D exchange coupled to high 

resolution mass spectrometry. 

 The loop extended from the compact core of NKR-P1A in the crystal structure 

was found to be closely attached to the protein core in solution. 

 Hypothesis for the loop participation in ligand binding has been suggested based 

on the discrepancy between crystal and solution structure. 

 The solution structural model of mouse NKR-P1C has been determined using the 

combination of chemical cross-linking, homology modeling, and ion mobility 

measurement. 
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