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ABSTRACT

Natural killer (NK) cells are an essential part of immune system, providing
self-surveillance of virally infected, stress transformed or cancerous cells. NKR-P1 receptors
and their ligands from clec? gene family represent an alternate missing-self recognition
system of NK cells based on interaction of highly related C-type lectin-like receptors.
Human NKR-P1 has been described more than twenty years ago but still remains the sole
human orthologue of this receptor family, particularly numerous in rodents. Upon binding
to its cognate ligand LLT1, NKR-P1 can relay inhibitory or co-stimulatory signals. Although
being interesting targets for their potential role in tumor immune evasion and autoimmunity,
nature of their interaction is still unclear.

To elucidate the architecture of their interaction, we developed a generally applicable
method for recombinant expression of human NKR-P1 and LLT1 and their homologues
based on transfection of HEK293S GnTI cell line. Further, we described a stabilizing
His176Cys mutation, that enables for expression of highly stable and soluble LLT1. Finally,
we have crystallized LLT1 and human NKR-P1 in different glycosylation states both as
individual proteins and in complex. While both structures of LLT1 and NKR-P1 follow the
classical C-type lectin-like superfamily fold, contrary to LLT1, NKR-P1 forms a unique
homodimer centered by its helix al that is similar to Dectin-1. Moreover, in the structure of
their complex the al/02-centered dimers alternate in bivalent interaction of two distinct
types. While the first type is similar to manner of interaction of related human NKp65:KACL

and mouse NKR-P1B:m12 complexes, the second one is unique.
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ABSTRAKT

Ptirozené zabijecské (Natural killer, NK) buiiky jsou dilezitou slozkou imunitniho
systétmu poskytujici dohled nad viry infikovanymi, stresem transformovanymi nebo
rakovinnymi bunikami. Receptory NKR-P1 a jejich pfirozené ligandy z genové rodiny clec?
predstavuji alternativni ,,missing-self* NK bunécny systém rozpoznavani, zalozeny na
interakci vysoce ptibuznych receptori podobnych C-lektinim. Lidské NKR-P1 bylo
objeveno pied vice nez dvaceti lety, presto stale zlistava jedinym lidskym orthologem této
receptorové rodiny pocetné piedevsim u hlodavci. Po navazani na sviij pfirozeny ligand
LLTI receptor NKR-P1 miZe pfedavat inhibi¢ni nebo kostimulaéni signaly. Pro svou
potencialni roli v imunitnim uniku nadordi a autoimunité jsou zajimavymi cili vyzkumu,
piesto je povaha jejich interakce stale nejasna.

Abychom objasnili strukturni povahu jejich interakce, vyvinuli jsme obecné
pouzitelnou metodu pro rekombinantni expresi lidského NKR-P1 a LLT1 a jejich homologii
zalozenou na transfekci bunééné linie HEK293S GnTI. Popsali jsme stabilizujici mutaci
His176Cys umoziujici ptipravu vysoce stabilniho rozpustného receptoru LLT1. Pfipraveny
receptor LLT1 a lidské NKR-P1 jsme vykrystalizovali v riznych glykosylacnich stavech
jednak samostatné a také v jejich komplexu. Struktury LLT1 i NKR-P1 obsahuji klasické
strukturni prvky proteinti podobnych lektintiim C-typu. Avsak na rozdil od LLT1 NKR-P1
tvofi unikatni homodimer centrovany podle svého al helixu, ktery je velmi podobny
receptoru Dectin-1. Ve struktufe komplexu tyto al/a2 centrované dimery alternuji
v bivalentni interakci dvou riznych typt. Jeden typ je velice podobny interakci ptibuzného

lidského NKp65:KACL i mys$iho NKR-P1B:m12 komplexu, druhy je unikatni.
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ABBREVIATIONS

ADCC
aFGF
AICL
CD
clec?
Clr
CRD
CTLD
CTLR
GlecNAc
GST
HEK?293
HER?
HLA
IFN
Ig

IL
ITAM
ITIM
KACL
KIR
klr
LIR
LLTI
IPET
MAIT
Man
MCMV
MHC
MIC
NCR

Antibody-dependent cellular cytotoxicity
Acidic fibroblast growth factor
Activation-induced C-type lectin

Cluster of differentiation

C-type lectin receptor cluster 2

C-type lectin related protein

Carbohydrate recognition domain

C-type lectin-like domain

C-type lectin-like receptor
N-acetylglucosamine

Glutathione S-transferase

Human embryonic kidney cell line 293
Human epidermal growth factor receptor 2
Human leukocyte antigen

Interferon

Immunoglobulin

Interleukin

Immunoreceptor tyrosine-based activation motif
Immunoreceptor tyrosine-based inhibition motif
Keratinocyte associated C-type lectin
Killer-cell immunoglobulin-like receptor
Killer cell lectin-like receptor

Leukocyte immunoglobulin-like receptor
Lectin like transcript 1

Linear polyethyleneimine

Mucosal associated invariant T cell
Mannose

Mouse cytomegalovirus

Major histocompatibility complex

MHC class I polypeptide-related sequence

Natural cytotoxicity receptor
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NHL Non-Hodgkin’s lymphoma

NK Natural killer

NKp Natural killer protein

NKR-P1 Natural killer receptor protein 1
NKT Natural killer T cells

Ocil Osteoclast inhibitory lectin

p27 Cyclin-dependent kinase inhibitor 1B
RA Rheumatoid arthritis

RAG Recombination-activating genes
SLT Secondary lymphoid tissue

SNP Single nucleotide polymorphism
SUMO Small ubiquitin-like modifier

Tc Cytotoxic T lymphocytes

TGF Transforming growth factor

Th Helper T lymphocyte

TNF Tumor necrosis factor

TRX Thioredoxin

ULBP UL16 binding protein
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1. INTRODUCTION

1. INTRODUCTION

1.1 NATURAL KILLER CELLS

Recently a 40-years anniversary marked the discovery of innate lymphoid cells
obtained from unimmunized mice that were reported to be able to spontaneously kill
allogeneic tumor cells [Greenberg and Playfair, 1974; Herberman et al., 1975; Kiessling et
al., 1975]. Their importance for cancer immune-surveillance was understood early on
[Kiessling et al., 1976; Glimcher et al., 1977], however the mechanisms of tumor recognition
and elimination remained elusive. At first a specific reaction against some antigens of viral
origin was suggested [Herberman et al., 1975; Kiessling et al., 1975]. However, throughout
the next decade it became evident that these lymphoid cells recognize and eliminate tumor
cells that express low levels of self-class I molecules of the major histocompatibility
complex (MHC) [Ljunggren and Karre, 1985; Karre et al., 1986]. This “missing-selt”
concept sufficiently explained the ability to eliminate emerging malignant cells, while
sparing healthy tissues [Ljunggren and Karre, 1990]. For their naturally occurring
cytotoxicity not reliant on antigen sensitization, these cells were dubbed natural killer (NK)
cells.

NK cells are large granular lymphocytes arising from a common lymphoid progenitor
shared by T and B cells (Figure 1, pg. 12) [Kondo et al., 1997]. Lacking the T and B cell
receptors they are traditionally characterized by the CD3:CD16”-CD56"CD161" phenotype
[Trinchieri, 1989]. However, expression of CD56, the isoform of neural cell adhesion
molecule found on NK cells and minority of T cells, have not been observed on murine
NK cells [Walzer et al., 2007]. It has been suggested that expression of activating natural
cytotoxicity receptor NKp46 best defines NK cells across the species [Sivori et al., 1997;
Moretta et al., 2002; Walzer et al., 2007]. However, NKp46 was reported on a small subset
of human cytotoxic T lymphocytes and some CD3'CD56" cells have very low-density of
NKp46 expression [Meresse et al., 2006; Walzer et al., 2007]. Therefore, a truly specific
pan-NK cell marker is still missing [Caligiuri, 2008].

NK cells are short lived and estimated to constitute 5 to 15 % of circulating
mononuclear cells (likely more than 2 billion circulating in an adult at any time [Blum and
Pabst, 2007]) and as much as 25 % of all lymphoid cells in lymphoid organs [ Whiteside et
al., 1998]. Although NK cells are derived from the CD34" hematopoietic progenitor cells

11



1. INTRODUCTION

in bone marrow or thymus [Shibuya et al., 1993; Miller et al., 1994; Galy et al., 1995],
their development does not occur wholly in primary lymphoid organs, as originally thought,

but also in secondary lymphoid tissue (SLT) [Freud et al., 2014; Scoville et al., 2017].
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Figure 1: Origin of natural killer cells. Simplified differentiation tree of pluripotent
hematopoietic stem cells branching into various types of myeloid and lymphoid cells.
Natural killer cells originate from a common lymphoid progenitor, same as T and B
lymphocytes [OpenStax, 2013].

This is suggested mainly by selective enrichment of unique population of CD34" CD45RA™
pre-NK as well as the immature CD56¢ (with high density surface expression of CD56)
NK cells in SLT relative to bone marrow and blood, where the more mature CD56%™ NK
cells are abundant [Fehniger et al., 2003; Freud et al., 2005]. Furthermore, SLT contains
large quantities of dendritic and antigen presenting cells expressing membrane-bound IL-15
[Mattei et al., 2001; Meresse et al., 2006] required for NK cell maturation [Mrozek et al.,
1996; Kennedy et al., 2000; Koka ef al., 2003]. As early as during the fetal development,
bipotent T/NK progenitor cells can be found in the liver as well as in thymus [Sanchez et

al., 1994; Carlyle et al., 1997; Spits et al., 1998; Ikawa et al., 1999; Douagi et al., 2002].
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1. INTRODUCTION

In terms of stages, activation antigens and the dynamics of precursor migration into and out
of the primary site of development, NK cell development bears similarities of T cell
development occurring in thymus [Freud and Caligiuri, 2006; Caligiuri, 2008]. Moreover,
the cytotoxic action of NK cells is akin to that of cytotoxic T cells and of a T cell
subpopulation named NKT cells for bearing typical NK cell surface markers (NKR-P1) as
well as T cell receptors [Hammond and Godfrey, 2002].

The innate response of NK cells is rapid and targeted against tumor, viral
or intracellular bacteria infected cells. It relies on directed exocytosis of specialized
lysosomes — cytotoxic granules containing proteins such as perforin, granzymes and
Fas ligand [Bossi and Griffiths, 1999; de Saint Basile et al., 2010; Voskoboinik et al., 2015].
Moreover, NK cells express the low affinity FcyRIIIA receptor (CD16) that facilitates
antibody-dependent cellular cytotoxicity (ADCC) which contributes to immune surveillance
of infected cells. NK cells can also shape adaptive immune responses and prevent excessive
inflammation by killing other activated immune cells [Soderquest et al., 2011; Waggoner et
al., 2011; Lang et al., 2012; Sepulveda et al., 2015]. Deficiency in such cell-mediated
cytotoxicity in immunodeficient patients is associated with potentially fatal
hyperinflammatory syndromes usually triggered by intracellular infections [Meeths et al.,
2014; Voskoboinik et al., 2015].

Besides immunoregulatory activity through natural cytotoxicity, NK cells are a major
source of chemokines and cytokines [Caligiuri, 2008]. Upon interaction with susceptible
target cell or activation by combinations of IL-2, IL-15, IL-12 and IL-18, NK cells produce
IFN-y and TNF cytokines [Fehniger et al., 1999; Fauriat et al., 2010]. IFN-y protects
activated T cells from NK cell cytotoxicity, promotes Thl cell differentiation, enhances
MHC class I expression and has potent anti-mycobacterial, anti-viral and growth inhibitory
effects [Schroder et al., 2004; Crouse et al., 2014; Xu et al., 2014]. TNF initiates pro-
inflammatory cytokine cascades. In addition, recent findings showed that NK cells are
capable of maintaining a form of immunological memory [Cooper et al., 2009; Vivier et al.,
2011; Cerwenka and Lanier, 2016]. Thus, although historically regarded as a part of
non-adaptive immunity, NK cells play rather a role of a “connective tissue” between
adaptive and innate immunity whilst being complementary to the cytotoxic T lymphocytes
[Vivier et al., 2011].

The anti-tumor functions of NK cells are of a particular interest for cancer

immunotherapy. Indeed, NK cells major role in surveillance of tumor growth and metastasis
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1. INTRODUCTION

has been demonstrated in animal models as well as in a wide range of clinical data. Notably,
mice deficient in NK cell numbers [Kim et al., 2000; Sathe ef al., 2014] or functions
[Talmadge et al., 1980] are more susceptible to transplanted tumors, while patients with high
abundance of NK cells show reduced cancer incidence [Imai et al., 2000] or less abundant
metastases with improved survival rates [Delahaye et al., 2011; Remark et al., 2013].
However, the anticancer activity of NK cells can be hampered by tumor mediated
immune suppression. Physical contacts with tumor cells as well as soluble factors —
i.e. TGF-B, migration inhibitory factor; were described to alter expression of NK cell
receptors and to suppress their functions [Greenberg and Playfair, 1974; Krockenberger et
al., 2008; Carlsten et al., 2009; Mamessier et al., 2011]. A well-known contributing
mechanism is the shedding of the NKG2D ligands (MICA, MICB) from the surface of
tumors, causing internalization of the activating receptor NKG2D upon interaction with
them [Baragano Raneros ef al., 2014]. Also hypoxia — a prominent feature of the tumor
microenvironment has been shown to disrupt expression of activating NK cell receptors
[Balsamo et al., 2013]. Indeed, NK cell cytotoxic activity is dramatically reduced at low
concentrations of dioxygen [Sarkar ef al., 2013]. Defective NK cell activity can also have
a negative impact on monoclonal antibody therapies introduced in recent years in the clinical
fight against several malignancies [Weiner et al., 2010], where reduced CD16 expression on
tumor associated NK cells impairs ADCC toward antibody coated carcinoma cells [Carrega
et al., 2008]. Therefore, it is possible that many such antibody therapeutics fail to induce
ADCC in cancer patients, despite their ability to efficiently trigger ADCC of healthy donor
NK cells in vitro. Apart from cancer induced alteration of NK cell functions the tumor cell
editing by NK cells is another undesirable mechanism [Dunn et al., 2004]. Cancer
immunoediting process consists of natural selection of escaping tumor clones that harbor
mutations rendering them more resistant to the immune attack. Unfortunately, most tumors

do not become clinically apparent until in the escape phase [Vesely et al., 2011].

1.2 NK CELL RECOGNITION

As mentioned above, unlike B and T lymphocytes, NK cells do not require a prior
antigen sensitization for specific recognition of target cells. For this purpose, NK cells are
equipped with a plethora of surface inhibitory and activating receptors governing their

activation through a fine balance of induced signals (Figure 2, pg. 15) [Vivier et al., 2008].
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Their activation is therefore dependent on the presence of specific NK receptors as well as
the amount of their specific ligands on the surface of the target cells. These receptors are
germline encoded and do not involve gene rearrangement mediated by the RAG
recombinases, contrary to the T and B cell receptors [Lanier et al., 1986]. Since their
discovery, three hypotheses elucidating the NK cell recognition withstood the test of time.
The missing-self recognition describes the ability of NK cells to attack target cells

that express insufficient levels of MHC class I molecules. MHC class 1 molecules are

A Inhibitory receptor B Inhibitory receptor C Multiple activating

engaged not engaged receptors engaged
iy g
S o W Boneauing. - phosphates
‘,.‘Y®
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Normal Virus-infected cell Stressed cell with
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{L of activating ligands
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0
NK cell NK cell activated; NK cell activated;
not activated; killing of killing of
no cell killing infected cell stressed cell

Figure 2: Simplified modes of action of NK cells. A. Upon encountering healthy
self-cell, NK cell activating signals are inhibited through action of phosphatases
coupled with inhibitory receptors. B. Missing-self recognition. Virus infected cell has
downregulated expression of MHC class | molecules, ligands of inhibitory receptors.
Upon interaction with NK cell, non-suppressed activating signal triggers killing of
the target cell. C. Induced-self recognition. Stressed cell expresses activating
ligands. Although it also expresses MHC class | molecules, upon interaction with NK
cell insufficient inhibitory signal does not suppress NK cell activation. PTK — protein
tyrosine kinase, PTP — protein tyrosine phosphatase [Abbas et al., 2012].



1. INTRODUCTION

markers of health recognized by specific inhibitory NK receptors. These include mainly NK
receptors from the Ly49 protein family in mice and killer-cell immunoglobulin-like
receptors (KIR) [Dimasi and Biassoni, 2005] and leukocyte immunoglobulin-like receptors
(LIR) [Davidson et al., 2010] in humans and heterodimeric CD96/NKG2A and B [Borrego
etal.,1998; Vance et al., 1998] in both species (Figure 3A). Indeed, downregulation of MHC
class I molecules is a common strategy of virally infected and tumor cells to evade cytolysis
by Tc lymphocytes, thus missing-self recognition can be understood as a defensive
countermeasure of the immune system [Karre et al., 1986; Ljunggren and Karre, 1990; Orr
and Lanier, 2010]. Although NK cells could in theory kill any target cells that fail to engage
with their inhibitory receptors (Figure 2, pg. 15), the absence of MHC class I molecules is
not sufficient for complete activation of NK cell cytotoxicity. In addition, a sufficiently
potent activating signal has to be obtained through NK activating receptors [Bryceson ef al.,
2006]. This explains why under homeostasis NK cells do not engage targets with no

(erythrocytes) or low (neurons) expression of MHC class I molecules [Lanier, 2005].

B

NKEZD
/\

Figure 3: Inhibitory and activating receptors. A. Side view of the inhibitory
heterodimeric CD94/NKG2A bound to MHC class | molecule HLA-E. CD94/NKG2A
subunits are represented as cyan and blue cartoon structures, respectively. The
heavy chain of HLA-E and B2-microglobulin are shown as orange and violet cartoon,
respectively, with the VMAPRTLFL peptide bound to HLA-E as red space-filling
model (PDB ID: 3CD6) [Petrie et al., 2008]. B. Side view of activating homodimeric
NKG2D bound to viral infection induced ligand ULBP6. Subunits of NKG2D and
ULBPG6 are represented as cyan and orange cartoon structures, respectively (PDB
ID: 4S0U) [Zuo et al., 2017].
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Certain internal changes in expression level or localization of self-molecules in
stressed or disease-damaged tissues have been shown to activate NK cell cytotoxicity. This
stress induced-self recognition relies on interaction of activating NK receptors with ligands
that are under homeostasis negligibly presented on cell surface (Figure 2, pg. 15) [Bottino et
al., 2005; Brandt et al., 2009; Raulet and Guerra, 2009]. These ligands are upregulated and
presented on the cellular surface under diseased conditions to signal the immune system
a self-target for killing. Recognition of B7 proteins [Matta et al., 2013] or nuclear BAG-6
[Pogge von Strandmann ef al., 2015] by activating receptor NKp30 [Brandt et al., 2009; Li
et al., 2011], or recognition of stress inducible MICA and MICB or recently described
ULBP6 by activating receptor NKGD2 [Bauer et al., 1999; Cosman et al., 2001; Eagle et
al., 2009] are prime examples of this recognition strategy (Figure 3B, pg. 16).

Lastly and as already mentioned, NK cells express the low affinity FcyRIIIA receptor
(CD16) that relates activation signal upon interaction with Fc fragment of antibody. NK cells
can thus attack antibody coated targets in ADCC manner. The power of NK cells ADCC has

been already utilized in antibody based cancer immunotherapies. Currently, there are several

Figure 4: Utilization of antibody dependent cellular cytotoxicity in cancer
immunotherapy. Crystal structure of extracellular domain of human HER2 bound to
Herceptin Fab. HERZ2 is shown as red cartoon structure. Subunits of Herceptin Fab
are shown as cyan and green solvent accessible surface models (PDB ID: 1N8Z)
[Cho et al., 2003]. HER2 antigen expression is upregulated on breast cancer cells.
Herceptin binds to the tumor marker and presents its Fc portion for stimulation of
antibody dependent cellular cytotoxicity.
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1. INTRODUCTION

such clinically approved antibodies — e.g. anti-HER2 Trastuzumab (Herceptin, breast cancer;
Figure 4, pg. 17) [Triulzi et al., 2015] or anti-CD20 Rituximab (Rituxan, malignancies
connected with B lymphocytes dysfunctions) [Meiners ef al., 2011; Veeramani et al., 2011].
Although these therapies could be successful, the aforementioned cancer mediated immune

suppression may disrupt their effects.

1.3 NK CELL TOLERANCE AND RESPONSIVENESS

NK cells can acquire autoreactivity just like T and B lymphocytes, even though
NK receptors do not undergo somatic diversification. This is mainly due to lack of inhibitory
receptors that bind to the MHC class I molecules of the host [Fernandez et al., 2005; Kim e?
al., 2005] or expression of activating receptors recognizing self-ligands — including MHC
class I molecules [Moretta et al., 1995; Lanier, 2005; Stewart et al., 2005]. The array of
inhibitory and activating receptors that the individual NK cell expresses during development
is largely random [Parham, 2005]. In addition, the genes for the NK receptors and the
MHC ligands lie on different chromosomes, thereby it is possible to inherit an allelic set of
activating receptors recognizing a self-ligand, while the inhibitory receptors are unable to
recognize the given MHC ligands.

To acquire tolerance to self, the immature NK cells take part in so called NK cell
education. In order to gain full spectrum of effector functions, developing NK cell inhibitory
receptors are engaged by self MHC class I molecules. Thereby, the inhibitory receptors have
a rather positive effect on functional development pathway, opposed to delivering inhibitory
signals in mature NK cell cellular recognition. During this unique process, the potentially
autoreactive NK cells are selected, but rather than clonally deleted a state of
hyperresponsiveness is induced. Thus, the autoreactive NK cells are defused, while NK cells
tolerant to self molecules continue to mature. Indeed, in MHC class I deficient mice and
humans NK cell levels are normal, but they fail to exert detectable autoimmunity or to kill
MHC class I deficient autologous cell both in vivo and in vitro [Liao et al., 1991; Hoglund
et al., 1998; Zimmer et al., 1998]. These NK cells are not only unresponsive to self but are
also hyporesponsive to tumor cells or to crosslinking by antibodies specific for activating
receptors [Liao ef al., 1991; Kim et al., 2005; Lanier, 2005; Anfossi et al., 2006; Cooley et
al., 2007].

18



1. INTRODUCTION

This static model of NK cell education and responsiveness is currently being
challenged by a dynamic “rheostat” model (Figure 5). According to this hypothesis NK cell
education doesn’t function as an on/off switch, but is rather dependent on the strength of the
educating signal from MHC class I molecules [Brodin et al., 2009; Joncker et al., 2009;
Brodin et al., 2010; Joncker et al., 2010]. In addition, it is proposed that this molecular
rheostat is continuously tuned, even in the mature NK cells by combined interpretation of
signals from inhibitory, activating and cytokine receptors [Hoglund and Brodin, 2010]. Thus,
the NK cell function is proposed to be seamlessly adjusted (re-educated) to the unique
environment of different organs, inflammatory responses in autoimmunity or tissue damage
during infections. The relevance of the dynamic model is of a particular interest for the use
of NK cells as donor infusions for cancer treatment. If NK cells completely adapt to the new
host MHC class I molecules setup of surrounding cells, they could not only become tolerant

to the patient’s cells, but may also lose the capacity to kill the malignant cells.

Inhibitory Activating Cytokine
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Figure 5: The dynamic “rheostat” model describing tuning of NK cells
responsiveness. Signals from inhibitory, activating and cytokine receptors are
integrated to set a threshold for responsiveness. Depending on the input, NK cell
responsiveness will be turned down (blue) or up (red), reflected by an increased or
decreased threshold for responsiveness, respectively. A given stimulus will be less
likely to trigger response in a blue NK cell compared to the red and vice versa
[Kadri et al., 2016].
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Several results speaking in favor of this dynamic model have been reported,;
for example, it was shown that both in mice and humans NK cell responsiveness is tuned
depending on the amount of inhibitory ligand input it had encountered during education and
in the normal environment [Joncker et al., 2009; Brodin et al., 2010; Sleiman et al., 2014].
However, the question of tunability of NK cell responsiveness remains ambiguous and

further work in this field has to be conducted in order to obtain a definitive answer.

1.4 NK RECEPTORS

Unlike B and T cell receptors, targeting of NK cells is not defined by one type
of antigen specific receptor. NK cells possess plethora of constitutively expressed surface
receptors that cooperate in delivering a verdict of target cell life or death. Moreover, recent
studies using multiparameter mass cytometry revealed existence of 6.000 — 30.000
phenotypically distinct peripheral NK cell types in an individual [Horowitz et al., 2013;
Leavy, 2013; Lanier, 2014]. According to the signalization influence on NK cell activation
we can categorize NK receptors as inhibitory or activating.

Common feature of inhibitory receptors is long cytoplasmic tail containing at least
one immunoreceptor tyrosine-based inhibition motif (ITIM) defined by consensus sequence
Ile/Val/Leu/Ser-x-Tyr-x-x-Ile/Val/Leu. Upon interaction with its ligand the ITIMs of the
inhibition receptor become phosphorylated by kinases of Src family, this allows them to
engage and activate phosphotyrosine phosphatases such as SH2 domain phosphatase SHP1
and SHP2 and SH2 domain-containing inositol 5-phosphatase SHIP (Figure 6, pg. 21). These
phosphatases interfere with NK cell response by dephosphorylating signal mediators
downstream of activating receptors — thus preventing activation of cytotoxicity and
maintaining self-tolerance [Long, 2008; Afzali et al., 2013; Long et al., 2013; Shifrin et al.,
2014]. Most common inhibitory ligands are the MHC class I molecules; however, there are
NK inhibitory receptors recognizing different molecules (e.g. inhibitory NKR-P1 receptors
in both mice and human recognize molecules of Clr family) [ Vogler and Steinle, 2011]. Most
notable examples of NK inhibitory receptors are representatives of the KIR family
(Figure 6, pg. 21) in humans and Ly49 protein family in mice and the CD94/NKG2A and
CDY94/NKG2B heterodimers in both (Figure 3A, pg. 16).
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Figure 6: Physiology of inhibitory and activating NK receptors. A. NK receptors
of immunoglobulin superfamily consist of either two (2D) or three (3D) extracellular
immunoglobulin domains. The inhibitory forms are longer and have intracellular
ITIMs, whereas the activating forms are shorter and have charged residues in the
transmembrane part. B. Following phosphorylation of its ITIMs, the inhibitory
receptors of NK cells can bind to phosphatases, including SHP-1, SHP-2 and SHIP,
which inhibits the killing. The activating receptors associate with adaptor proteins
(DAP12) via complementary charged residues in their transmembrane regions.
DAP12 contains immunoreceptor tyrosine activation motifs (ITAMs) that upon being
phosphorylated recruit kinases of the Syk family or ZAP-70 that propagate the
activation signal [Roitt et al., 2001].

phosphatases

Similarly to the inhibitory receptors, activating receptors utilize phosphorylation of
cytoplasmic immunoreceptor tyrosine-based activating motif (ITAM) for recruitment and
activation of tyrosine kinases Syk or ZAP-70 (Figure 6B), propagating signal for Ca*" influx,
degranulation and production of cytokines. The ITAM consensus sequence consists of
Tyr-x-x-Ile/Leu signature quartet. Typically two of these quartets are present separated by
6 to 8 amino acids. Unlike the inhibitory receptors, activating receptors have usually short
cytoplasmic tails rich in charged residues close to their transmembrane region. In order to
function correctly, association with adaptor proteins containing ITAMs is necessary
(Figure 6) — e.g. DAP10 associating with NKG2D, DAP12 associating with KIR-2DS or
FceRIy and CD3( associating with CD16 [Anderson et al., 1989; Hibbs ef al., 1989; Lanier
et al., 1998; Wu et al., 1999]. Activating receptors do not have a common ligand, they
usually recognize a malignant transformed or stress induced molecules. Prominent
representatives of activating receptors are homodimeric NKG2D (Figure 3B, pg. 16) and the
natural cytotoxicity receptors (NCR) NKp30, NKp44 and NKp46. Many NK receptors can

be expressed as different isoforms differing in point mutation, small deletions or insertions.
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This NK receptor diversity is explained by their co-evolution with genes for MHC molecules
— coding one of the most polymorphic molecules in mammalian genome. However,
interesting functional consequence is described for KIRs that can be expressed with long or
short cytoplasmic tail (denominated L or S isoform), thereby changing their signalization
purpose from activating to inhibitory, respectively (Figure 6, pg. 21). In addition to sufficient
activation signal, in the absence of inhibitory one, some coreceptors and adhesion molecules
can potentiate NK cell functions.

From a structural point of view, we can distinguish two divergent classes among
NK receptors — immunoglobulin-like receptors and C-type lectin-like receptors (CTLR).
The immunoglobulin-like receptors are type I integral membrane proteins belonging to the
immunoglobulin (Ig) superfamily. They contain two [Colonna and Samaridis, 1995] or three
[D'Andrea ef al., 1995] Ig domains in their extracellular portion (denominated 2D and 3D,
respectively) (Figure 6A, pg. 21) and usually recognize MHC class I molecules. Although
the functional significance of expression of 2D or 3D is unclear, there is definite tendency
of 2D receptors to recognize HLA-C alleles, whereas 3D receptors appear restricted to
HLA-A and HLA-B MHC class [ molecules [D'Andrea and Lanier, 1998]. The most studied
representatives of this group are KIRs, LIRs and NCRs.

The CTLRs are type II integral membrane proteins containing one C-type lectin-like
domain in their extracellular portion. Most prominent representatives of this group are
receptors of Ly49, CD94/NKG2, NKR-P1 and Clr receptor families [Yokoyama and
Plougastel, 2003; Bartel et al., 2013], discussed below. Despite the obvious structural
differences of these two groups they signal through the same mechanisms described above
and therefore both can relate either inhibitory or activating signals as determined by the

length and amino acid composition of their cytoplasmic tails.

1.5 C-TYPE LECTIN-LIKE RECEPTORS

C-type lectins are a distinct group of animal lectins, with unique requirement of
calcium ions for correct function of its carbohydrate recognition domain (CRD). The CRD
of C-type lectins has a compact highly conserved globular structure of a double loop
(Figure 7, pg. 23), typically containing two a-helices and two anti-parallel B-sheets
connected by random coils and stabilized by two or three intradomain disulfide bonds in

configuration Cys!-Cys', Cys"'-Cys"! and Cys'V-Cys" (Figure 7, pg. 23). A distinct region
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of random coil named the long loop region is involved in calcium dependent carbohydrate
binding and in domain swapping dimerization [Mizuno et al., 1997; Feinberg et al., 2000;
Hirotsu et al., 2001; Mizuno et al., 2001; Liu and Eisenberg, 2002]. A highly conserved
“WIGL” amino acid motif within the hydrophobic core of the CRD is of particular
usefulness for sequence analysis. These lectins are generally multidomain proteins with
broad range of biological functions — e.g. cellular adhesion, endocytosis or pathogen
neutralization [Drickamer and Taylor, 1993]. Some members of this group lost the ability to
bind calcium ions, carbohydrates or both, while acquiring different substrate specificity.
Although these proteins do not bind carbohydrates, due to their sequential and structural
homology to C-type lectins they are designated as C-type lectin-like receptors and are thus
believed to have descended from a common C-type lectin-like superfamily ancestor by a
process of divergent evolution [Dodd and Drickamer, 2001].

The CTLRs of NK cells are type Il integral transmembrane proteins belonging to the
fifth group of C-type lectin-like superfamily. These proteins contain one
C-type lectin-like domain (CTLD) at the
extracellular C-terminus. Their CTLD is
usually glycosylated and can form
disulfide linked homodimers (with the
notable exception of CD94/NKG2
heterodimers). The NK cell receptors
CTLD does not contain the sequence
motifs associated with carbohydrate
binding. However, carbohydrate binding
has been reported for some members of
this group — e.g. Dectin-1 binds fungal
B-glucans [Chaturvedi et al., 2017,
Ishimoto et al., 2017] and Mast cell-

associated functional antigen exhibits

Ca’" dependent binding to terminal Figure 7: C-type lectin-like domain.

. A cartoon representation of a typical CTLD
mannose [Binsack and Pecht, 1997]. structure (DC-SIGN receptor, PDB ID:

With the exception of Dectin-1, roles of 1K9l). The long loop region is shown in
blue. Disulfide bridges are shown as orange
carbohydrate recognition in the function sticks. Conserved cysteine residues are
numbered from N-terminus [Zelensky and
of NK cell receptors have not been Gready, 2005].



1. INTRODUCTION | 24

established and in case of NKR-P1 receptor family they have been rather controversial
[Rozbesky et al., 2014].

The NKG2D, CD94/NKG2 and Ly49 receptor groups belong to NK cell CTLRs
recognizing MHC class I molecules [Bauer et al., 1999; Yokoyama and Plougastel, 2003;
Kane et al., 2004]. However, this is not true of NKR-P1 receptor family that have been
shown to recognize highly related Clr/Ocil CTLRs from clec2 gene subfamily, encoded in
tight genetic linkage with the NKR-P1 klrb/f genes. These two genetic families thus
represent an alternate missing-self recognition system utilizing an unique CTLR:CTLR
interaction mechanism [ Y okoyama and Plougastel, 2003; Zelensky and Gready, 2005; Bartel
etal., 2013].

1.5.1 LY49 FAMILY

Receptors of Ly49 family are 44 kDa homodimeric disulfide-linked type II
transmembrane proteins. From a structural point of view, Ly49 receptors follow the classic
double loop CTLD fold with two anti-parallel B-sheets, two a-helices and with six conserved
cysteine residues stabilizing the domain by three disulfide bonds [Dimasi and Biassoni,
2005]. Their extracellular portion contains single CTLD connected by a helical stalk region
of ca. 70 residues to the transmembrane part. Their intracellular part contains either a long
or short cytoplasmic tail — with respect to their activating or inhibitory function.

Together with KIRs, Ly49 receptors are prime examples of differential evolutionary
expansion of NK CTLRs in primates and rodents since their divergence from a common
ancestor. While the Ly49 receptors are most prominent in mice (encoded by at least
23 genes) and rats (at least 26 genes) only single Ly49L pseudogene have been found
encoded in primates. Conversely, KIR locus has rapidly expanded in primates, while only
three KIR genes can be found in rodents [Mager et al., 2001].

The 23 different members of the mice Ly49 protein family (named Ly49A-W) are
not all expressed in every mouse strain and their number varies among different strains as
well [Yokoyama et al., 1989; Brown et al, 2001; Carlyle et al., 2008]. They are
stochastically expressed on cell surface of NK cells as well as of NKT, monocytes,
macrophages, and dendritic cells. Inhibitory function dominates the Ly49 family gene
complex. In fact, the missing-self hypothesis was first demonstrated on inhibitory Ly49A.

Their natural ligands belong to a group of classical MHC class Ia molecules (H-2D, H-2K,
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H-2L). However, recent studies demonstrate that Ly49 repertoire also includes non-classical
MHC class Ib molecules [Andrews et al., 2012; Sullivan et al., 2016]. The big variation of
Ly49 receptors and their ligands results in different mutual affinity that affects the host
resistance to various pathogens, thus complicating their use as animal models
in immunological studies [Carlyle et al., 2008].

Many crystal structures of different Ly49 receptors have been reported [Tormo et al.,
1999; Dimasi et al., 2002; Dam et al., 2003; Dam et al., 2006; Deng et al., 2008; Back et al.,
2009], collectively showing that Ly49 receptors can adopt two distinct conformations.
In backfolded conformation Ly49 dimer CTLDs are backfolded onto the helical stalk region
enabling them to engage two MHC class I molecules in frans mode of interaction
(Figure 8A and C). In extended conformation CTLDs of the dimer are extended away from
the stalk, allowing Ly49 to bind one MHC class I molecule in cis mode of interaction (on the
same cellular surface) (Figure 8B and D). In addition, Ly49 receptors appear to be able to

switch between these two conformations [Back ef al., 2009].
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Figure 8: Conformations adopted by Ly49 receptors and interaction with MHC
class I molecule. A. The backfolded conformation of Ly49 on the NK cell membrane
(bottom). The CTLDs of the Ly49 homodimer (blue ovals) are backfolded onto the
a-helical stalk region (blue rectangles) with interchain disulfides drawn as red bars.
B. The extended conformation of Ly49 in which the CTLDs extend away from
the stalk. C. Ly49 in the backfolded conformation binding in trans to two MHC class
| molecules (green) exposed on the target cell membrane (top). The interaction with
MHC class | is mediated by the CTLDs. D. Ly49 in the extended conformation binding
in cis to one MHC class | molecule on the same NK cell [Romasanta et al., 2014].

1.5.2 CD94/NKG2 FAMILY

Receptors of CD94/NKG2 group are type II membrane proteins expressed on NK

cells and subsets of T lymphocytes in humans as well as in rodents. They form disulfide
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linked heterodimer of CD94 and one of at least five NKG2 receptors (named NKG2A, -B,
-C, -E and -F). Structurally, both subunits consist of one extracellular CTLD linked to
transmembrane helix by short stalk region. The CD94 subunit has a short cytoplasmic tail,
that does not contain scaffold for association with adaptor proteins, whereby the NKG2
subunits have either long cytoplasmic tail and mediate inhibitory signalization (NKG2A and
NKG2B) or possess short cytoplasmic tail with number of charged residues for association
with adaptor proteins and activating signalization (NKG2C, -E and -F) (Figure 9).
CDY94/NKG?2 receptors prominently recognize MHC class Ib molecules. In contrast
to classic MHC class Ia molecules, MHC class Ib molecules (which include HLA-E, HLA-F
and HLA-G in humans and H2-M3 and Qa-1 in mice) are much less polymorphic and their
tissue distribution is often restricted [Rodgers and Cook, 2005; Sullivan et al., 2006].
The high degree of conservation limits MHC class Ib molecules in the diversity of peptides
they can present. Utilizing five anchor sites they are ideally suited to bind peptides derived

from other MHC class I molecules. Thus, interaction between MHC class Ib molecules

NK or T cell
Activation
AHP-1
\ _____ R
ito TA
ITIM ® wnnie! ITAM
(P
DAP-12
NKG2A CD9%4 CcD94 J lNKGZC NhKGgD-L

HLA-E/peptide HLA-E/peptide MICA

Figure 9: CD94/NKG2 and NKGD2 activating and inhibitory signalization. The
NKG2D and CD94/NKG2C activating receptors (shown on the right in light blue and
in the middle in purple and black, respectively) interacts with MICA (orange) or
peptide-presenting HLA-E molecule (blue), this leads to binding of adapter molecule
DAP-10/DAP-12 (dark green) containing immunoreceptor tyrosine-based activation
motifs (ITAM), that interacts with ZAP70 adaptor protein (light green), triggering the
signal cascade resulting in NK or T cell activation. The CD94/NKG2A inhibitory
receptor (shown on the left in red and purple) interacts with peptide-presenting
HLA-E molecule (blue), resulting in phosphorylation of NKG2A immunoreceptor
tyrosine-based inhibition motifs (ITIM), and finally recruitment of SHP-1 protein
(dark purple), which causes dephosphorylation of ZAP70 protein, preventing its
binding to ITAM, thus restraining the activating pathway [Iwaszko and Bogunia-
Kubik, 2011].
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and CD94/NKG2 receptors represents a central innate mechanism by which NK cells
indirectly monitor the expression of other MHC class I molecules within cells.

Recently structure of CD94/NKG2A and HLA-E complex with bound peptide
revealed dominant role of CD94 in this protein complex — no NKG2A residues were
identified as being critical to the interaction (Figure 3A, pg. 16) [Petrie et al., 2008].
Surprisingly, there is ca. six-fold difference in the affinity of CD94/NKG2A vs.
CD94/NKG2C for the HLA-E molecule with the same bound peptide. Upon comparison of
NKG2A with NKG2C there is a sequence difference lying at the interface with CD94 that
has been shown to modulate the affinity for HLA-E [Hoare et al., 2008]. Therefore, it is
possible that different NKG2 subunits indirectly influence affinity and specificity of CD94

through slight conformational changes.

1.5.3 NKG2D RECEPTOR

One of the most studied activating receptor within the past two decades is NKG2D
[Lanier, 2015; Jelencic et al., 2017]. In contrast to other members of NKG2 family, NKG2D
forms a covalent homodimer that recognizes stress-induced MHC class I-like proteins.
NKG2D has a very short cytoplasmic tail associating with DAP10 or DAP12 adaptor
proteins for signal transduction [Wu et al., 2000; Diefenbach et al., 2002; Gilfillan et al.,
2002]. NKG2D can be expressed in two alternative splicing forms differing in thirteen
residues within the cytoplasmic region. The longer isoform (NKG2D-L, the only one
expressed in humans) has restricted association only to DAP10 adaptor, while the shorter
isoform (NKG2D-S) can bind also to DAP12 [Rosen et al., 2004; Rabinovich et al., 2006].
Its extracellular portion contain one CTLD with short stalk region connecting it to the
transmembrane helix. Low level expression of NKG2D has been detected for the earliest
NK-committed progenitors in bone marrow [Carotta et al., 2011]. It is becoming apparent
that, besides inhibitory receptors, NKG2D participates in NK cell education process
in setting thresholds for responsiveness of activating receptors [Kim et al., 2005; Gasser and
Raulet, 2006; Afzali et al, 2013]. NKG2D is also expressed on several subsets of
T lymphocytes.

Although NKG2D is coded by single gene with limited polymorphism, this receptor
recognizes a remarkable diverse array of ligands encoded by numerous genes. In humans,

NKG2D recognizes proteins encoded by the MICA and MICB locus located on
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chromosome 6. At least 106 alleles of MICA encoding 82 protein variants and 42 alleles of
MICB encoding 28 protein variants have been identified in human population [Robinson et
al., 2010]. In addition, NKG2D recognizes less polymorphic viral associated ligands of the
ULBP family (Figure 3B, pg. 16). Ligands for NKG2D are not expressed in healthy tissues;
however, they are upregulated upon exposure to various types of cellular stress, viral
infection or malignancy [Carapito and Bahram, 2015]. NKG2D can thus facilitate cytotoxic
activation of NK cells via the induced-self mechanism.

Interestingly, primary tumors frequently avoid detection and elimination by NK cells
and T cells, although they express NKG2D ligands. One mechanism that permit escape of
these tumors is the systemic release of NKG2D ligands from tumor cells. These can be
secreted, proteolytically cleaved from the cell surface (shedded) or released as exosomes
[Salih ef al., 2002; Wu et al., 2004; Fernandez-Messina et al., 2010]. Upon interaction with
NKG2D, these soluble ligands cause internalization of the receptor and its downregulation.
This represents an exploitation of a likely feedback mechanism regulating the response of
these lymphocytes. Interestingly, this regulation is most effectively achieved by interaction
with membrane-bound rather than soluble ligands. The membrane-bound NKGD2 ligands
can cluster and crosslink the NKG2D receptors and thus trigger the internalization more

efficiently.

1.5.4 NKR-P1 AND CLR RECEPTORS

NK cell gene complex (NKC), located on chromosome 12 and 6 in humans and
rodents, respectively, encodes for NK CTLRs. Genes for these receptors are subgrouped into
Killer cell lectin-like receptor (klr) genes — encoding for CTLRs on NK cells; and C-type
lectin receptor (clec) genes — encoding all remaining CTLRs [Hao et al., 2006]. Apart from
this functional distinction, there seem to be no clear structural or sequence differences that
would stand out. Unlike the previously discussed NK cell receptors, receptors of NKR-P1
family, belonging to the klrb/f gene subfamily, do not recognize MHC class I molecules.
Surprisingly, they have been shown to bind the highly related CTLRs from clec2 gene
subfamily. Interestingly, the clec2 genes are interspersed within the klrb/f locus, with the
genes for respective ligands being located next to the genes of the receptors, thus underlining
the genetic linkage of this unique CTLR:CTLR interaction system [lizuka et al., 2003;
Yokoyama and Plougastel, 2003]. Structurally, both of these protein families represent type
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II integral membrane proteins with one extracellular CTLD connected to the transmembrane
part via a short flexible stalk region, usually forming disulfide-linked homodimers.

The first described NKR-P1 receptor, discovered more than 40 years ago [Glimcher
et al., 1977], was the mouse NKR-P1C, then designated and today still recognized
as “NK1.1” marker of murine NK cells that has been since then widely used for their
characterization. Antibody crosslinking of NKR-P1C triggers degranulation and IFN-y
secretion, denoting mouse NKR-PIC as an activating receptor. For signal transduction
mouse NKR-P1C associates with FceRIy adaptor bearing ITAM [Arase et al., 1997]. Since
then four additional mouse NKR-P1 receptors have been described (NKR-P1A, -B/D, -F and
-G) [Aust et al., 2009] (Figure 10). The mouse NKR-P1E seems to be a pseudogene while
the NKR-P1B expressed in BALB/c mice appears to be an allelic variant of NKR-P1D in
C57BL/6 mice [Carlyle et al., 2008].

Most NKR-P1 receptor genes
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proteins from clec2 gene subfamily. However thus far, only ligands for mouse NKR-P1B/D,
-G and -F were determined with the rest remaining orphan [lizuka et al., 2003; Chen ef al.,
2011; Kveberg et al., 2011]. Mouse clec? gene subfamily encodes at least 7 functional Clr
proteins and an early activation marker CD69. Apart from CD69, the best characterized
member is mouse Clrb, a ligand of mouse NKR-P1B/D. Mouse Clrb is expressed by almost
all hematopoietic cells and exhibits tissue-broad expression, similar to the MHC class 1
molecules [Kartsogiannis et al., 2008]. Accordingly, mouse Clrb has been observed to be
downregulated on many tumor cell lines, thus facilitating missing-self axis of
NK cell-mediated lysis [Carlyle et al., 2004]. Expression and function for other
representatives is scarcely characterized.

Although similar sets of NKR-P1 and Clr orthologues have been described in rat,
in human only one representative of klrb gene subfamily has been described so far — human
NKR-P1 recognizing lectin like transcript 1 (LLT1) as its cognate ligand (discussed below).
However, recently two representatives of the klrf gene subfamily in humans — encoding
NKp65 and NKp80; have been proposed as an activating counterparts of the orphan human
NKR-P1 (Figure 10, pg. 29) [Vogler and Steinle, 2011; Bartel et al., 2013]. NKp80 is
characterized as a disulfide-linked homodimer expressed on the surface of NK cells and
subsets of T lymphocytes. Although signalization pathway of NKp80 remains unknown,
Ca?" influx and cell mediated cytotoxicity has been reported upon engagement of its clec2b
encoded ligand AICL [Welte et al., 2006]. Similarly, NKp65 recognizes a clec2a encoded
ligand KACL, triggering NK cell cytotoxicity. KACL is broadly expressed on keratinocytes
and forms a non-disulfide-linked homodimer while also lacking the canonical Cys!V-Cys"
disulfide bridge within the CTLD. Cellular expression of NKp65 in vivo remains unclear.
NKp65 was characterized as non-disulfide-linked homodimer [Spreu et al., 2010]. Crystal
structure of NKp65 and KACL complex remains the only structure of klrb:clec? interacting
complex published till now. Surprisingly, it shows two monomeric NKp65 subunits in
symmetric interaction with non-covalent KACL homodimer [Li et al., 2013], thus the

question of NKp65 stoichiometry remains unclear.

1.6 HUMAN RECEPTORS NKR-P1 AND LLT1

While there were described several inhibitory and activating rodent NKR-P1
receptors, the human NKR-P1 (CD161, gene klrb1) identified in 1994 is the only human
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orthologue described so far. NKR-P1 was at first identified as a marker of human NK cells
where it acts as an inhibitory receptor [Lanier ef al., 1994; Aldemir et al., 2005; Rosen et al.,
2005], that is upregulated by IL-12 [Poggi et al., 1998]. However, NKR-P1 is also expressed
by NKT type I (Va24JaQ T cells) [Exley et al., 1998], MAIT cells [Ussher et al., 2014] and
other subsets of T lymphocytes [Fergusson et al., 2014] where it surprisingly functions as
a co-stimulatory receptor, increasing secretion of IFN-y [Aldemir et al., 2005; Germain et
al.,2011]. NKR-P1 is already present on immature CD16~ CD56™ NK cells [Bennett et al.,
1996] and also on precursors of Th17 and MAIT cells in the umbilical cord blood [Cosmi
et al., 2008; Walker et al., 2012]. Of particular interest is the presence of NKR-P1 on IL-17
producing regulatory T cells [Afzali e al., 2013], on subsets of Tc17 cells [Billerbeck et al.,
2010], and on all Th17 cells — for which NKR-P1 is considered their marker [Cosmi et al.,
2008]. These IL-17 producing T lymphocytes are implicated in development of several
autoimmune diseases — e.g. Crohn’s disease [Smith and Colbert, 2014], multiple sclerosis
[Brucklacher-Waldert et al., 2009; Jamshidian et al., 2013], rheumatoid arthritis (RA)
[Estrada-Capetillo et al., 2013] or psoriasis [Michalak-Stoma et al., 2013]; with NKR-P1
considered to aim or promote transendothelial migration of these lymphocytes into
immunologically privileged niches upon interaction with its endogenous ligand — LLT1
[Poggi et al., 1997; Poggi et al., 1997; Cosmi et al., 2008; Annibali et al., 2011; Chalan et
al., 2015]. Interestingly, LLT1 expression levels have been reported to be strikingly high in
immune-privileged sites such as the brain, placenta and testes [Llibre ef al., 2016].

LLT1 (gene clec2d) has been described to be primarily expressed on activated
monocytes (antigen presenting cells) and B-cells [Mathew et al., 2004; Rosen et al., 2008]
where it presumably contributes to defense against NK cell self-reaction [Rosen et al., 2008;
Vogler and Steinle, 2011]. However its expression can be induced on NK cells and T cells
by IL-2 [Boles et al., 1999]. Furthermore, it was shown that LLT1 is upregulated on
glioblastoma cells [Roth et al., 2007] and on B-cell non-Hodgkin’s lymphoma (NHL)
[Germain et al., 2015] and prostate cancer cells [Mathew et al., 2016]. There LLT]I
contributes to immune evasion by dampening the NK cell cytotoxicity. Interestingly, Th17
cells (CD161%) have been reported to be increased and present in the glioma tumor
[Zambrano-Zaragoza et al., 2014]. There have been also a report of increased LLT1
expression in RA tissue and increased systemic presence of soluble form of LLT1 in RA
patients [Chalan et al., 2015]. LLT1 is currently considered as a marker for B-cell NHL
[Germain et al., 2015].
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Being genetically coupled C-type lectin-like receptor:ligand pair, both the human
NKR-P1 and LLT1 share the same general morphology [Bartel ez al., 2013]. They are type 11
transmembrane glycoproteins with an N-terminal cytoplasmic signalization tail,
transmembrane helix, flexible stalk region and C-terminal CTLD [Lanier et al., 1994;
Y okoyama and Plougastel, 2003; Germain et al., 2010]. The CTLD has classical double loop
structure build up by two antiparallel B-sheets and two a-helices and stabilized by two
(LLT1 lacs Cys") or three (NKR-P1) conserved intramolecular disulfide bridges and a
conserved stretch of four hydrophobic amino acids that forms the core of the domain known
as the “WIGL” motif [Yokoyama and Plougastel, 2003; Zelensky and Gready, 2005]. Both
NKR-PI and LLT1 were characterized on cell surface as disulfide-linked homodimers
[Lanier ef al., 1994; Mathew et al., 2004] presumably coupled by cysteine residues in their
stalk regions. The cytoplasmic tail of NKR-P1 contains a non-canonical ITIM signalization
sequence — AIYAEL; that relays inhibitory signal through recruitment of phosphatases,
dampening activating signals [Lanier, 2005]. However, instead of an Ile/Val/Leu/Ser residue
typical in the -2 position relative to the tyrosine residue of ITIM, NKR-P1 contains an alanine
residue in this position [Ravetch and Lanier, 2000]. This substitution in the ITIM has been
previously shown to decrease the inhibitory potential [Burshtyn and Long, 1997] and could
explain the NKR-P1 NK cell inhibitory [Rosen et al., 2005; Rosen et al., 2008] and T/NKT
cell co-stimulatory ambidexterity [Exley et al., 1998; Aldemir et al., 2005; Pozo et al., 2006;
Germain et al., 2011; Fergusson ef al., 2014].

A single nucleotide polymorphism (SNP) within the intron 1 of klrbl gene was
implicated as arisk allele for multiple sclerosis [D'Netto et al., 2009]; however,
Sondergaard et al. showed that this SNP has a marginal role in multiple sclerosis
susceptibility and that rather the overall increase of the klrb1 gene expression is involved in
the pathogenesis of the disease [Sondergaard ef al., 2011]. Six alternatively spliced isoforms
of the clec2d gene have been identified, with isoform 1 (coding for LLT1) being the only
one confirmed to interact with NKR-P1. However, isoform 5 represents an soluble form of
LLT1 that was reported to express poorly, but was recently found elevated in sera of RA
patients [Germain et al., 2010; Chalan et al., 2015]. SPR analysis of NKR-P1:LLT1 complex
reported a fast kinetics and low affinity (Kp ~ 50 uM) interaction [Kamishikiryo et al., 2011;
Kita et al., 2015].
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2. AIMS OF THE THESIS

To develop suitable transfection protocol for efficient transient transfection of suspension

adapted HEK293S GnTT cells.

To develop suitable protocol for rapid selection of stably transfected polyclonal

HEK293S GnTT cell pools.

To develop expression and purification protocol providing sufficient amount of stable and

soluble human LLT]1 for structural and functional studies.

To develop expression and purification protocol providing sufficient amount of stable and

soluble human NKR-P1 for structural and functional studies.

To study the structure of LLT1, NKR-P1 and their complex by protein crystallography and
other biophysical techniques.
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3. METHODS

The selected publications in this Ph.D. thesis include a detailed description of all used
methods describing all technical details necessary for their reproducibility. Part 3 presents

only list of used research methods.

List of research methods:
e Sequence and phylogeny analysis
e Gene cloning and DNA manipulation
¢ In-Fusion cloning
e High-throughput expression construct optimization
e Flow cytometry
e Mammalian suspension cell culture
e Protein expression and purification
¢ Disulfide bond mapping using mass spectrometry
e Analytical ultracentrifugation
e Protein crystallization and X-ray crystallography
e Protein structure modeling and structure refinement
e Dynamic light scattering
e Multi-angle light scattering

e Small angle X-ray scattering
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4. RESULTS AND DISCUSSION

The main focus of this thesis was to contribute to the ongoing research of
NK receptors, particularly from human NKR-P1 family, by developing a suitable expression
approach for soluble forms of these receptors, thus providing enough material for their
biophysical characterization and structural studies. Although NKR-P1 receptors belong to
the most prominent NK cell markers, we have not started to gain insight into their structure
and ligand-interaction only until very recently [Kolenko et al., 2011; Rozbesky et al., 2016;
Aguilar et al., 2017]. Recombinant expression of NKR-P1 receptors proved to be a big
obstacle to overcome in their research. Previous efforts of my colleagues to prepare soluble
forms of these receptors in classical expression system based on E. coli led to precipitation
of the recombinant NKR-P1 into inclusion bodies. Their renaturation was difficult and in
most cases unsuccessful — the exceptions being mouse NKR-P1A and NKR-P1C [Kolenko
etal.,2011; Rozbesky et al., 2014].

To overcome this primary problem in investigation of NKR-P1 receptors and their
ligands we have been working on implementation and optimization of mammalian
expression system based on transient transfection of HEK293 cells. The transient
transfection of HEK293 cell line and its derivatives is well established in structural biology
community. Although it is not as widely used as recombinant expression in E. coli or insect
cell lines — mostly due to expensive maintenance demands; it is steadily becoming the
expression method of choice for difficult targets and membrane proteins, when cheaper
approaches fail. On comparison with prokaryotic expression systems recombinant proteins
produced in HEK293 cells do not aggregate into inclusion bodies and, due to mammalian
post-translational modification, possess glycosylation of complex human type. However, the
absolute yields of recombinant protein tend to be lower, thus increasing the price per mg of
final product.

Although the N-linked glycosylation of complex human type can make such
recombinant proteins more suitable for in vivo studies or medical applications, the lack of
uniformity of bound glycans and their flexibility makes them worse targets for protein
crystallization. This obstacle is amendable by disrupting the N-linked glycosylation pathway
with inhibitors of its key enzymes — e.g. kifunensine; or by utilizing a knock-out cell line
(Figure 11, pg. 36). The gene for N-acetylglucosaminyl transferase I is not expressed in

HEK?293S GnTT cell line, thereby recombinant glycoproteins produced in this cell line
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contain homogeneous and simple GlcNAc2Mans N-linked glycans (Figure 11). Although
there could still be differences in occupation of the N-linked glycosylation sites, the
glycoproteins exhibit much higher degree of homogeneity. Moreover, due to lack of bound
fucose on the first GIcNAc unit, the N-linked glycans are easily cleavable after the first
GlcNAc unit by endoglycosidases like Endo H or Endo F1 (Figure 11). Although this
enzymatic cleavage does not provide complete removal of the N-linked glycans, in further
text this process will be referred as deglycosylation, as it is commonly referred in the same

way within recombinant protein expression and structural biology fields.
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Figure 11: Types of N-linked glycosylation with regards to the recombinant
expression host. Diagrams are showing examples of N-linked glycans obtained
from different recombinant expression hosts: A. Insect cell line. B. Human cell line.
C. Human cell line with added mannosidase | inhibitor kifunensine [Shi and Jarvis,
2007]. D. Human cell line lacking N-acetylglucosaminyltransferase | activity [Reeves
et al., 2002]. E. Remnant of N-linked glycan obtained from HEK293S GnTI cell line
after cleavage by endoglycosidase Endo F1. The bound fucose in case of insect cell
line is optional, also the mammalian complex type has a high degree of variability
mostly with regards to the terminal saccharide units.

In the publication Blaha et al., 2015 [Blaha et al., 2015], we describe adaptation
of HEK293S GnTI" cell line for suspension growth in mixture of serum free media
(EX-CELL293, Freestyle293 F17) in shaken square bottles with permeable caps. However,
our routinely used protocol for chemical transfection based on endocytosis of positively
charged polyplexes of linear polyethyleneimine (IPEI) and plasmid DNA, previously
optimized for HEK293T cell line, have proved to be quite inefficient for transfection
of HEK293S GnTT cells. The obvious difference between these two cell lines is the lack
of complex glycans in HEK293S GnTT cell line, resulting also in loss of negatively charged

sulfated glycans at the cell surface. We have theorized that the decrease in attraction
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of positively charged IPEI:DNA polyplexes could be overcome by increasing the cell density
and the DNA and IPEI concentrations during the process of transfection. Similar protocol
has been reported for HEK293E suspension grown cells with increased transfection
efficiency [Backliwal et al., 2008]. Indeed, transfection at cell density 20 x 10° cells/ml in
EX-CELL293 with final concentration of plasmid DNA 20 pg/ml (ten times higher than
optimized for HEK293T cell line while still keeping the ratio of 1 pg of plasmid DNA to
1 x 10° cells) resulted in 5-fold increase of transfection efficiency as measured by percentage
of GFP positive viable cells. While the volumetric yield of recombinant protein was still
significantly lower than from HEK293T cell line, the easily cleavable homogenous
glycosylation proved more critical for further crystallization experiments. Following further
optimization, we have been able to improve the productivity of HEK293S GnTI cells by
co-transfection with anti-apoptotic factors p27 and aFGF, currently routinely used in the
group of Dr. O. Vanék, prolonging the viable production phase of transiently transfected
culture and thus increasing the yields by more than 50% (unpublished results).

In addition, in Blaha et al., 2015 [Blaha et al., 2015] we described successful
utilization of the high-density transfection protocol for transient production of soluble CTLD
of LLT1 in HEK293S GnTT cells. The ectodomain was chosen because we were mainly
interested in characterization of the poorly understood interaction interface of human
NKR-P1:LLT1 complex and because this interaction is mediated by the CTLDs of these two
receptors. Taking into account previous experiences with recombinant expression of highly
stable CD69 in E. coli [Vanek et al., 2008], we have designed similar expression construct
for soluble LLT1 (GIn72-Val9l, omitting the flexible stalk region). Additionally, the
construct contained N-terminal secretion signal and C-terminal Hiss-tag, thus flanking the
secreted protein with ITG- and GTKHHHHHHHHG at N- and C-termini, respectively.

The CTLD of LLT1 contains five out of six conserved cysteine residues. Thereby,
only two out of three putative disulfide bridges are conceivable to stabilize the wild-type
(WT) CTLD domain of LLT1. Our initial attempts to prepare the WT ectodomain resulted
in heterogenous product that was prone to aggregation. Moreover, mass spectrometry
analysis pointed out heterogeneous configuration of intramolecular disulfides with the
Cys163 participating in covalent bond with both Cys184 and Cys75, while only small
percentage of Cys163 was left unbound. Based on the conserved disulfide pattern of CTLD
we would expect WT LLTI to have disulfide configuration of Cys75-Cys86 and
Cys103-Cys184 with Cys163 left unpaired due to His176 at the position of the sixth
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canonical cysteine residue (Figure 12). In order to amend the disruptive influence of the odd
cysteine residue we have attempted to prepare Cysl63Ser mutant form of the LLTI
ectodomain. Unfortunately, this led to almost no recoverable product. Changing our
approach to the problem, we have tried to produce His176Cys mutant form of the LLT1
ectodomain with the aim to reconstruct the third disulfide bond and thereby occupy the odd
cysteine. This strategy proved to be successful, as we have been able to obtain monodisperse
and stable product in sufficient yields for further structural characterization. Although this
stabilizing mutation of LLT1 was not new at the time of our publication [Kamishikiryo et
al., 2011], using mass spectrometry approach we were the first to experimentally prove the
reconstruction of the Cys163-Cys176 as well as the conserved CTLD disulfide pattern in the
His176Cys mutant form of LLT1. Furthermore, using sedimentation equilibrium analysis in
analytical ultracentrifuge we have shown that the LLT1 mutant forms in solution primarily
non-covalent dimer, similarly to the related CTLD of CD69 [Vanek et al., 2008]. The
His176Cys LLT1 has been reported to interact with human NKR-P1 with comparable
affinity as WT LLT1 [Kamishikiryo et al., 2011].

Cys75-Cys86 Cys103-Cys184

Gk?Ac

I
LLT1 12 QAACPESWIGFQRKCFYFSDDTKNWTSSQRFCDSQDADLAQVESFQELNFLL%YKGPSDH
AICL 32 QSLCPYDWIGFQNKCYYFSKEEGDWNSSKYNCSTQHADLTIIDNIEEMNFLR&YKCSSDH
KACL 55 PVACSGDWLGVRDKCFYFSDDTRNWTASKIFCSLQKAELAQIDTQEDMEFLK‘YAGTDMH
hCD69 82 VSSCSEDWVGYQRKCYFISTVKRSWTSAQNACSEHGATLAVIDSEKDMNFLKRYAGREEH

Cysl63-Hisl76 ‘
| l |

GkrAc

LLT1 132 WIGLSREQGQPWKWINGTEWTRQFPILGAGECAYLNDKGASSARHYTERKWICSKSDIHV
AICL 92 WIGLKMAKNRTGOWVDGATFTKSFGMRGSEGCAYLSDDGAATARCYTERKWICRKR--IH
KACL 115 WIGLSRKQGDSWKWTNGTTEFNGWFEIIGNGSFAFLSADGVHSSRGFIDIKWICSKPKYFL

hCD69 142 WVGLKKEPGHPWKWSNGKEFNNWENVTGSDKCVFLKNTEVSSMECEKNLYWICNKP--YK

Figure 12: Conserved disulfide pattern in human clec2 CTLDs. Multiple
sequence alignment of CTLD sequences of receptors from human clec2 gene
subfamily. Conserved cysteine residues are highlighted in grey, including the His176
residue in sequence of LLT1, canonical CTLD disulfide bonds are shown by
connecting color lines. N-linked glycosylation sites occupied in LLT1 as confirmed
by mass spectrometry are highlighted in green.

The role of Cys163 on stability of LLT1 ectodomain or its influence on interaction
with human NKR-P1 is still unclear. The detrimental impact of Cys163Ser mutation on the
amount of produced recombinant protein points out that at least in the expressed WT
construct formation of random disulfide bonds has a meta-stabilizing influence. However,

the biological function of such LLT1 disulfide isoforms is questionable. It can be argued,
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that in case of full length LLT1 its membrane anchoring can reduce the spatial degrees of
freedom, compared to the soluble form, so that for example the C-terminal Cys184 cannot
form a bond with Cys163. The close proximity of Cys163 to His176 is evocative of enzyme
active center or at least of possible coordination of metal ion. However, no such activity or
ligands have been reported, and although this is probably mostly due to the instability of the
WT form of LLT1 ectodomain, it seems to be unlikely. One plausible explanation could be
that LLT1 is in an evolutionary transitional state of a removal of the second canonical
Cys'V-Cys" disulfide within the CTLD, that is notably missing in homologous KACL and
orthologous mouse Clrb and Clrg NK receptors from clec2 gene subfamily. The Cys!-Cys"
disulfide is in the canonical CTLD located at the base of the long loop region and its role is
presumably to stabilize the long loop region (Figure 7, pg. 23) [Zelensky and Gready, 2003].
Thus, we cannot rule out that a more flexible long loop region of LLT1 has some functional
impact on the interaction with human NKR-P1. However, there are many examples of
canonical CTLD sequences lacking either Cys'Y or Cys" both in mammals and C. elegans,
suggesting that their presence is not functionally essential.

Although the optimized protocol for transient expression in HEK293S GnTT" cells
was successful in case of LLT1 and other related NK receptors (unpublished data), it was
inefficient in the case of human NKR-P1. Initial expression construct for human NKR-P1
(Gly90-Ser225, N-terminal secretion signal, C-terminal Hiss-tag) was based on the highly
stable CD69 as well as the aforementioned soluble LLTI. Interestingly, group of
prof. Maenaka from Hokkaido University reported successful expression of the same human
NKR-P1 expression construct in HEK293T cells. Although said publication have not stated
the yield of the protein, the reported use for immobilization on SPR chip does not necessarily
suggest high yields [Kamishikiryo et al., 2011]. Indeed, our efforts to transiently express this
construct in HEK293T as well as HEK293S GnTT cell lines resulted in meager 100 pg of
pure protein per liter of costly production media. Such low yields were neither sufficient nor
economical for structural studies, therefore we have attempted further optimization of the
expression construct of soluble human NKR-P1.

In the publication Bléha et al., 2017 [Blaha et al., 2017] we describe several construct
optimization strategies. The extracellular part of human NKR-P1 consists of 25 amino acids
long putative flexible stalk region and 135 amino acids long C-terminal CTLD. We have
theorized that by adding the correct length of the stalk region to the initial expression



4. RESULTS AND DISCUSSION | 40

construct (containing only the C-terminal CTLD) we could find a more stable and higher
yielding expression construct.

Firstly, we have attempted to improve the solubility of human NKR-P1 expressed in
E. coli. We have tested three constructs: with full (Ile66-Ser225), half (GIn80-Ser225), or
without (Gly90-Ser225) the stalk region; in combination with a different N-terminal fusion
protein tags (SUMO, TRX, MsyB, and GST), or with periplasm targeting signal sequence
(PelB). Expression tests were performed in E. coli B834(DE3) and E. coli Rosetta2(DE3)
pLysS strains using two different production conditions — an overnight production at 20°C
after induction with 1 mM IPTG and a production in auto-induction medium at 25°C for
20 h. Unfortunately, any of the tested conditions did not lead to soluble product. It cannot be
ruled out that some of the insoluble products would be renaturable with better result than in
any of our previous attempts. Moreover, bacterial strains with an oxidizing cytoplasm
designed for expression of disulfide rich proteins (i.e. SHuffle, Rosetta-gami) could be more
efficient, although several such previous attempts to express similar constructs of mouse
NKR-P1 receptors provided negative results, too.

Secondly, we have prepared stalk region deletion library of expression constructs in
pOPING expression plasmid. The pOPING expression plasmid allows for secreted
expression with C-terminal Hise-tag both in insect cell baculoviral and mammalian
expression systems simultaneously. From expression tests performed in Sf9 cells we could
identify region of best expression constructs with N-termini of NKR-P1 ranging from Cys74
to GIn79, albeit expression level was low for all of them. We have further attempted
unsuccessful scale-up production of Ser75-Ser225 expression construct. Interestingly,
within the region of best expressing constructs in Sf9 cells, the JPred4 secondary structure
analysis predicts an o-helix, which may explain the observed stabilizing effect. Such
secondary structure in the stalk region could provide a scaffold for formation of the
presumed intermolecular disulfide bridge of human NKR-P1. Analysis of the expression
tests in HEK293T cells showed positive albeit again low level of expression for most of the
tested constructs. Interestingly, a very low signal corresponding to the NKR-P1 covalent
dimer could be detected within the range Ser69-Glu72 as well as sudden electrophoretic
mobility shift suggesting presence of N-linked glycan at Asn83.

Thirdly, we have attempted to improve the yield of the initial expression construct of
human NKR-P1 in HEK293S GnTT cells by stable instead of transient transfection. Utilizing
the high-density transfection protocol, we have transfected HEK293S GnTI cells with
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expression vector pOPINGTTneo containing the Gly90-Ser225 expression construct of
human NKR-P1. This expression plasmid provides secreted production, C-terminal Hiss-tag
and selection marker for neomycin resistance. A pool of resistant HEK293S GnTT cells was
selected on Geneticin G418 antibiotic yielding on average 2.5 mg of pure protein per liter of
production media. This represented more than 20-fold improvement in expression level and
enabled us to continue with further characterization and crystallization attempts. Although
this shortest construct performed poorly in the aforementioned transient expression tests and
may be suboptimal with respect to possible expression yield, based on our previous work on
structural elucidation of related CTLR, constructs lacking the N-terminal stalk region and
containing only the well-defined CTLD are the most suitable targets for further structural
experiments. However, it would be worth to further utilize this expression strategy for
expression of the constructs that provided detectable amounts of covalent dimer of human
NKR-P1.

This success in expression of human NKR-P1 CTLD has prompted us to apply the
production in stably transfected HEK293 polyclonal cell pools to other previously
impossible-to-prepare NK cell receptors with some promising first results. Certainly, this
expression method has its own pitfalls — e.g. unsuccessful or partial integration of gene of
interest expression cassette or time dependent silencing of expression; however, we have
already introduced some improvements to make this method more robust and reliable —
e.g. enzyme driven integration of expression cassette into chromosomal DNA or utilizing
viral ubiquitous chromatin opening element (UCOE, [Muller-Kuller et al., 2015])
anti-silencing DNA sequence (unpublished data).

Following the expression of soluble human NKR-P1 we have confirmed that its
intramolecular disulfide bonds match the canonical CTLD configuration by mass
spectrometry. Although human NKR-P1 was identified as a covalent dimer on cell surface
[Lanier et al., 1994], we have shown by calibrated size exclusion chromatography as well as
liquid chromatography coupled with multi-angle laser light scattering detector that the
prepared soluble protein is monomeric with low degree of polydispersity. This was further
corroborated by sedimentation equilibrium and sedimentation velocity analysis in analytical
ultracentrifuge for maximum concentration of 12.5 mg/ml. This result could be expected due
to the absence of putative dimerization cysteine residue located in the stalk region of said
product and is in accord with reported monomeric state of soluble mouse NKR-P1A and

NKR-PIC. Furthermore, even with the dimerization cysteine included in the expression
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construct a covalent dimeric form of the product could be detected only in minority, with
majority being monomeric. On the other hand, highly homologous receptors from clec2 gene
family, including LLT1, prepared without the dimerization cysteines form non-covalent
dimers quite easily. It is thereby possible that the low propensity for formation of NKR-P1
dimers is due to different or weaker mode of dimerization compared to clec2 proteins while
its stalk region could be critical for its stabilization.

The successful expression of both LLT1 and NKR-P1 enabled us to attempt their
crystallization by vapor diffusion method both as individuals and in their mixture. Firstly,
LLT]I provided protein monocrystals suitable for diffraction experiment obtained from three
different crystallization conditions, one for LLT1 with GlcNAc2Mans N-glycosylation and
two for endoglycosidase Endo F1 treated LLT1. These crystallization conditions differed
mainly in pH of used reservoir solutions — 4.2 for the glycosylated form and 7.0 and 3.5 for
the deglycosylated form. Diffraction data were collected from single crystals at synchrotron
radiation source BESSY II in Helmholtz-Zentrum Berlin and at Diamond Light Source. The
phase problem was solved by molecular replacement using the extracellular domain of CD69
(PDB ID: 3HUP) [Kolenko et al., 2009] and the structures of glycosylated and two
deglycosylated forms of LLT1were refined to 2.7, 1.8 and 1.95 A, respectively. These first
structures of LLT1 were described in Skalova et al., 2015 [Skalova et al., 2015].

Figure 13: Structure of LLT1. Homodimer of deglycosylated form of LLT1 (PDB ID:
4QKI, [Skalova et al., 2015]) is shown as green cartoon structure. The helices at
(red) and a2 (yellow) of CTLD and the N- and C- termini are labeled.
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The overall fold of LLT1 follows that of a typical CTLD — with two a-helices, two
antiparallel B-sheets and three disulfide bonds. The artificial disulfide bond induced by the
His176Cys mutation is located in the same position as the canonical Cys' -Cys" disulfide
bond naturally occurring in CD69 (Figure 13, pg. 42). With the exception of structure
obtained from crystal grown in pH ~ 3.5, the manner of dimerization of both glycosylated
and deglycosylated LLT1 forms corresponds to the classical dimerization mode of human
CD69 or mouse Clrg. Subunits of the dimer are centered by its helix a2 while the N- and
C-termini of both chains are localized on the same side, thus allowing for protein anchoring
in the cell membrane which supports biological relevancy of given structure. Furthermore,
on comparison of different LLT1 dimer structures we have showed that the dimer interface
is based on common hydrophobic core while it retains some degree of flexibility. This ability
to adapt the dimer shape could be an advantage enabling binding of the protein partner as
discussed before [Sullivan et al., 2007; Skalova et al., 2012]. The dimeric state of LLT1 is
in good agreement with reported sedimentation equilibrium and sedimentation velocity
analysis in analytical ultracentrifuge and dynamic light scattering results for LLT1 in
solution [Blaha et al., 2015; Skalova ef al., 2015]. In LLT1 structure obtained from crystal
grown in pH ~ 3.5 electron densities for residues 147-160 of the outer loop of the long loop
region were poorly resolved and these residues were not built into the final model. The
approximate position of the loop differs significantly from the other structures and we could
observe only monomeric state in this structure. However, this is probably due to the low pH
which corresponds to the changed preferred intermolecular contacts and the formation of
oligomers.

Secondly, crystallization of human NKR-P1 alone and in mixture with LLT1 also
provided suitable monocrystals — in deglycosylated state for both samples and also with
homogeneous GIcNAc2Mans N-glycosylation for NKR-P1 alone. Diffraction data were
collected from single crystals at Diamond Light Source synchrotron radiation source.
The phase problem was solved by molecular replacement using the extracellular domain
of KLRG1 bound to E-cadherin (PDB ID: 3FF7) [Li et al., 2009] for glycosylated NKR-P1;
extracellular domain of mouse NKR-P1A (PDB ID: 3T3A) [Kolenko et al., 2011] for
deglycosylated NKR-P1; and extracellular domain of mouse Dectin-1 (PDB ID: 2BPD)
[Brown et al., 2007] for complex of deglycosylated NKR-P1 and LLT1. These structures
were refined to 1.8, 1.9 and 1.9 A, respectively. Obtained results described in Blaha et al.,
2017 (submitted for publication) represent the first crystal structure of dimeric NKR-P1 and
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of complex of dimeric NKR-P1 with dimeric clec2 ligand.

In both deglycosylated and glycosylated structures human NKR-P1 follows classical
CTLD fold of double loop with two a-helices, two antiparallel B-sheets and three canonical
intramolecular disulfide bridges stabilizing the domain. NKR-P1 monomers are in both
structures arranged into very similar homodimers (pairwise RMSD on Co atoms up to 0.5 A
only). Interestingly, these homodimers are of an unexpected type, not resembling the
classical dimerization of CD69 or other clec? ligands (including LLT1, Figure 13, pg. 42)
that all utilize helix 02 in the dimerization interface. The observed homodimer of human
NKR-PI is instead formed by helix al while still having N- and C- termini of both chains
localized on the same side and thus allowing for protein anchoring in cell membrane —
as expected for biological dimer (Figure 14A). This is very similar to overall position
and orientation of subunits in homodimer of C-type lectin-like pattern recognition receptor
Dectin-1 (PDB ID: 2BPD) [Brown et al., 2007].

In comparison with the classical a2-centred dimer of LLT1 the al-centred dimer of
NKR-P1 is realized through smaller contact surface area with fewer contact residues.
However, in both structures the first localized GIcNAc units at Asnl116 and Asnl157 form
intermolecular contacts with the opposite subunit and thus contribute to stabilization of the

homodimer (Figure 14B). Interestingly, in deglycosylated structure GIcNAc units

B

Figure 14: Structure of human NKR-P1. A. Comparison of NKR-P1 dimer formation
of glycosylated (cyan ribbon), deglycosylated free (green ribbon) and complex-
bound (blue ribbon) form of NKR-P1 (PDB ID: unreleased). B. Top view of the
glycosylated homodimer of NKR-P1 (cyan ribbon). The N-linked GIcNAc units bound
to Asn116 at both chains localized at the dimerization interface are shown in green.
The polymorphic lle168 residue is show in magenta at both chains. The helices a1
(red) and a2 (yellow) of CTLD and the N- and C- termini are labeled.
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on Asnl16 and Asnl57 of the opposite protein chains of the dimer occupy the same space
and are found in alternative conformations together with Asn116. On the other hand, in the
glycosylated structure the GIcNAc at Asnl16 is well defined with full occupancy in both
chains, while no electron density is present for glycosylation at Asn157. We can speculate
that the glycosylation at both Asn116 and Asn157 on opposing subunits could preclude such
dimerization and that in the deglycosylated structure we observe sampling of different
glycoforms of NKR-P1; whereas in the glycosylated structure with more spacious
GlcNAc:Mans glycan only one glycoform crystallized. Indeed, the N-linked glycosylation
could have both a stabilizing and regulatory role for formation of the proposed dimer.

Recently, a single nucleotide polymorphism ¢.503T>C of human NKR-P1 that
results in point mutation of Ile168 residue to Thr168 within its CTLD [Rother et al., 2015]
has been described. The authors reported 37% frequency of the Thr168 allele and showed
that the Thr168 isoform of NKR-P1 has lower ability to bind LLT1 and subsequently smaller
inhibitory effect on NK cells [Rother ez al., 2015]. Although the authors speculate that Ile168
is participating in the interaction with LLT]I, it is obvious from the structure that Ile168 is
localized rather in the lateral region than at the distal region that is expected to participate in
the interaction with LLT1. Although we cannot rule out a long-distance effect of this amino
acid exchange, it seems more probable that the Thr168 mutation destabilizes the
hydrophobic core in which Ile168 participates at the dimerization interface of the observed
al-centred dimer (Figure 14B, pg. 44). Thus, this SNP can actually have indirect influence
on the NKR-P1:LLT1 interaction by forming less stable NKR-P1 homodimers.

Although we were not able to capture any non-covalent dimer of human NKR-P1 in
solution by SEC-MALS or analytical ultracentrifugation techniques, the weaker
dimerization interface of this novel proposed homodimer would be in accord with the
observed small propensity to form dimers. As mentioned above, it would be interesting to
attempt to recombinantly express and characterize human NKR-P1 construct containing the
stalk region with the intermolecular cysteine residue to further investigate this question.

The crystal structure of the NKR-P1:LLT1 complex is formed by deglycosylated
NKR-P1 and LLT1 ectodomains. The asymmetric unit of the crystal contains a complex of
dimeric NKR-P1 with dimeric LLT1 and an extra dimer of NKR-P1 not participating in the
interaction (Figure 15A, pg. 47). The dimerization mode of NKR-P1 is of the same
al-centred type as discussed above, while the LLT1 dimer follows the classical a2-centred

dimerization as described previously in Skalova et al., 2015 [Skalova et al., 2015]. The LLT1
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homodimer engages its partner bivalently, i.e. one dimer interacts with two dimers of
NKR-P1 related by crystallographic symmetry: each monomer of LLT1 binds to a different
subunit of a distinct NKR-P1 homodimer. There is no apparent induced fit of the binding
partners. The localized N-linked glycosylation chains do not directly contribute to this
interaction.

Two distinct interaction modes between NKR-P1 and LLT1 can be observed in the
structure. While the first interaction mode corresponds closely to the interface found in the
structure of homologous human NKp65:KACL complex (Figure 15B, pg. 47) [Li et al.,
2013], it also agrees with the more recent structure of mouse NKR-PIB bound to the
MCMV-encoded immunoevasin m12 [Aguilar et al., 2017] — in that the footprint of m12 on
NKR-P1B overlaps the footprint of LLT1 on NKR-P1. Most importantly, the primary
interaction mode is confirmed by a previous mutational analysis of the NKR-P1:LLT1
binding interaction using SPR [Kamishikiryo ef al., 2011]. To the best of our knowledge no
protein-protein interaction similar to the second interaction mode is known and we cannot
rule out that this is only the result of crystal packing. The residues employed in both
interaction modes remain virtually the same in case of human NKR-P1, but they are quite
different, albeit sharing a small number of residues, for LLT1. However, both interaction
modes place the membrane-proximal parts of the receptor and of the ligand on the opposite
sides of the complex and suggest a plausible model of interaction realized between two cells.

Moreover, the bivalent engagement of alternating a1/a2-centred homodimeric state
of NKR-PI/LLT1 has a chain-forming effect. Interestingly, an avidity effect of
multimerization upon mutual interaction was suggested by several authors as a means of
compensation for the low affinity of the NKR-P1:LLT1 complex [Skalova et al., 2012; Li et
al., 2013; Kita ef al., 2015]. Although such functional multimerization of NK CTLRs have
not been much explored, formation of similar nanoclusters is well described for the
immunoglobulin family of KIRs interacting with MHC class I glycoproteins [Davis et al.,
1999] as well as in the co-stimulatory immunocomplexes B7-1:CTLA-4 and B7-2:CTLA-4
where a periodic zipper-like network of interaction dimers was reported [Schwartz et al.,
2001; Stamper et al., 2001].

Although both LLT1 and NKR-P1 were shown to form covalent homodimers on the
cell surface as full-length proteins [Lanier et al., 1994; Germain et al., 2010], the dimeric
state of their CTLDs was, to the best of our knowledge, not yet evaluated in native cells. It

would be therefore interesting to assess the actual stoichiometry of NKR-P1 CTLD on
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cellular surface since similarly to B7-1/CD28 there could be an equilibrium of the
monomeric/dimeric states (stabilized by cystic bond in the flexible stalk region) influencing
the formation and dissociation of the above proposed interaction multimer and thus
regulating the strength and signalization of the NKR-P1:LLT1 system. Whether this
hypothesis of multimerization upon interaction of NKR-P1:LLT1 or other low affinity

NK CTLRs has biological relevance remains to be tested.

First interaction mode Second interaction mode

Figure 15: Structure of human NKR-P1:LLT1 complex. A. Overall organization of
the complex crystal structure (PDB ID: unreleased). The LLT1 dimer (green/lemon)
has contact with the NKR-P1 dimer formed by the blue monomer and the cyan
monomer. The second blue-cyan NKR-P1 dimer is related to the first one by crystal
symmetry. The cyan NKR-P1 monomer forms the first observed type of contact with
LLT1, while the blue NKR-P1 monomer forms the second type. Additionally, the
asymmetric unit of the crystal contains another NKR-P1 dimer (pink/magenta), not
engaging in any contacts with LLT1. B. Overall comparison of the structure of
dimeric KACL in the complex with two NKp65 monomers (dark purple and red,
respectively; PDB ID: 410P, [Li et al., 2013]) and the structure of the LLT1 dimer
(green/lemon) with two NKR-P1 dimers in the primary (cyan, left side) and secondary
(blue, right side) binding modes. In the lower part the comparisons with only the
primary or secondary (both in side-view using 90° y-axis rotation) interaction modes
of NKR-P1:LLT1 are highlighted; the second molecules in NKR-P1 dimers were
omitted for clarity.
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5. SUMMARY

A new method for recombinant expression of stable LLT1 ectodomain based on efficient
transfection of HEK293 GnTI cells and for human NKR-P1 ectodomain based on stably
transfected polyclonal HEK293S GnTI cell pool selection has been developed. These

methods have general applicability for homologous NK receptors.

The crystal structures of glycosylated and deglycosylated states of human LLT1 have been

determined by molecular replacement with highest resolution of 1.8 A.

In the crystal structures of LLT1 the overall fold was similar to the other C-type lectin-like

domains, forming a classical a2-centered homodimer similar to CD69.

The crystal structures of glycosylated and deglycosylated states of human NKR-P1 have

been determined by molecular replacement with highest resolution of 1.7 A.

In the crystal structure of NKR-P1 the overall fold was similar to the other C-type lectin-like
domains, but differed significantly in the formation of unique al-centered homodimer

similar to Dectin-1.

The crystal structure of complex of deglycosylated human NKR-P1 and LLT1 has been

determined by molecular replacement with highest resolution of 1.7 A.

In the crystal structure of NKR-P1 and LLT1 complex al/a2-centered dimers alternate in
bivalent interaction of two distinct types. The first type is similar to human NKp65:KACL

and mouse NKR-P1B:m12 complexes interactions, while the second type is unique.

A hypothesis of formation of interaction multimer of alternating NKR-P1 and LLTI

molecules upon cellular contact and their mutual engagement has been proposed.
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Lectin-like transcript 1 (LLT1, gene clec2d) was identified to be a ligand for the single human NKR-P1
receptor present on NK and NK-T lymphocytes. Naturally, LLT1 is expressed on the surface of NK cells,
stimulating IFN-y production, and is up-regulated upon activation of other immune cells, e.g. TLR-
stimulated dendritic cells and B cells or T cell receptor-activated T cells. While in normal tissues LLT1:NKR-P1
interaction (representing an alternative “missing-self” recognition system) play an immunomodulatory
role in regulation of crosstalk between NK and antigen presenting cells, LLT1 is upregulated in glioblas-
toma cells, one of the most lethal tumors, where it acts as a mediator of immune escape of glioma cells.

Here we report transient expression and characterization of soluble His176Cys mutant of LLT1 ectodo-
main in an eukaryotic expression system of human suspension-adapted HEK293S GnTI ™ cell line with
uniform N-glycans. The His176Cys mutation is critical for C-type lectin-like domain stability, leading
to the reconstruction of third canonical disulfide bridge in LLT1, as shown by mass spectrometry. Purified
soluble LLT1 is homogeneous, deglycosylatable and forms a non-covalent homodimer whose dimeriza-
tion is not dependent on presence of its N-glycans.

As a part of production of soluble LLT1, we have adapted HEK293S GnTI ™ cell line to growth in suspen-
sion in media facilitating transient transfection and optimized novel high cell density transfection proto-
col, greatly enhancing protein yields. This transfection protocol is generally applicable for protein
production within this cell line, especially for protein crystallography.

© 2015 Elsevier Inc. All rights reserved.
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Introduction

Natural killer (NK') cells are large granular lymphocytes that are
able to destroy tumor, virally infected or stressed cells based on
equilibrium between stimulatory and inhibitory signals mediated
by their surface recognition receptors [1]. While the role of some
NK cell receptors in antitumor immunity is described in relatively
great detail, on the other hand, the possible utilization of soluble
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! Abbreviations used: CTL, C-type lectin-like; dpt, days post-transfection; GFP, green
fluorescent protein; GnTI~, N-acetylglucosaminyltransferase I negative; HEK, human
embryonic kidney; NK, natural killer; LLT1, lectin-like transcript 1; IPEI, linear
polyethylenimine; PBS, phosphate buffered saline; pNPP, p-nitrophenyl phosphate;
SEAP, secreted alkaline phosphatase; SEC, size exclusion chromatography; WT,
wild-type.

http://dx.doi.org/10.1016/j.pep.2015.01.006
1046-5928/© 2015 Elsevier Inc. All rights reserved.

receptor domains in antitumor therapy is only beginning to be
explored. The main NK cell activating receptors studied in this
respect include C-type lectin-like NKG2D receptor and immunoglob-
ulin-like receptor NKp30 [1]. For example, the soluble NKp30-Fc_IgG
fusion protein was shown to inhibit the growth of prostate cancer
cell line in vivo, including complete tumor removal in 50% of mice
[2]. In another study, a synergy was observed when bifunctional
anti-CD20 scFv fusions with natural ligands for NKp30 and NKG2D
receptors were combined [3] and it could be expected that further
increase in antitumor potency might be reached by simultaneous
targeting of other activation or co-stimulatory receptors, e.g.
NKp80, NKp65 or LLT1. Therefore technologies leading to production
of soluble domains of these receptors as well as of their ligands in
good yield and stability are needed.

Lectin-like transcript 1 (LLT1, gene clec2d) is a type II trans-
membrane receptor belonging to the C-type lectin like (CTL) super-
family of natural killer cell receptors. Six alternatively spliced
transcripts of clec2d gene were identified, with the isoform 1
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(designated as LLT1) being the only one presented on the cell sur-
face, thus being the only isoform able to participate in the cell to
cell signal transmission [4]. LLT1 is expressed mainly on activated
lymphocytes (NK cells, T cells, B cells) and antigen presenting cells,
i.e. macrophages and dendritic cells [5].

Almost a decade ago, LLT1 was identified as a physiological
ligand of NKR-P1 (CD161, gene kirb1) - the only described repre-
sentative of human NKR-P1 subfamily [6,7]. NK cell cytotoxicity
and IFNvy production is inhibited upon engagement of NKR-P1 on
NK cell with LLT1 on target cell [6,7]. It has been shown that this
mechanism contributing to NK self-tolerance is being exploited
by the human glioblastoma cells that are escaping the appropriate
immunological response by up-regulating the surface expression
of LLT1 [8]. However, in response to microbial and viral stimuli
LLT1 expression is up-regulated on surface of epithelial cells [9],
and also IFNYy increases LLT1 expression on B cells and antigen pre-
senting cells [5]. Upon ligation with CD161 these cells can co-stim-
ulate T cell proliferation, cytokine secretion and proinflammatory
responses. Therefore LLT1:NKR-P1 signalization represents a sys-
tem that regulates both innate and adaptive immune responses
and may provide a link between pathogen pattern recognition
and lymphocyte activation [9].

The polypeptide chain of LLT1 can be divided into the N-termi-
nal cytoplasmic part, transmembrane and stalk regions and C-ter-
minal CTL ectodomain with two predicted N-glycosylation sites.
While homologous CTL receptors usually contain two or three
canonical disulfide bonds corresponding to four or six cysteines
within their CTL domain, respectively [10], the CTL domain of
LLT1 contains five conserved cysteine residues. Thus, two putative
canonical disulfide bridges (Cys75-Cys86 and Cys103-Cys184)
may be formed leaving Cys163 unpaired. Previously [11] reported
that the mutation of His176 residue to Cys176 improves on stabil-
ity of recombinant LLT1 ectodomain expressed in Escherichia coli
and refolded from inclusion bodies in vitro, hence proposing that
this mutation might reconstruct the third disulfide bridge.

Here we report a transient gene expression of LLT1 ectodomain
H176C mutant in suspension adapted HEK293S N-acetylglucos-
aminyltransferase I negative (GnTI ") cell line, originally developed
for expression of rhodopsin mutants [12], that provides recombi-
nant proteins with homogeneous GIcNAc;Mans N-linked oligosac-
charides, making them excellent for structural and biophysical
studies. Unfortunately this quality is often repaid by lower yields
of protein [13]. Current production protocols reported so far are
based either on rather slow generation of stably transfected cell
lines [12] or transient transfection using adherent cell culture
which might get laborious and material consuming when scal-
ing-up with the yields reportedly being lower when compared to
other HEK293 cell line derivatives, e.g. HEK293T or HEK293E
[14]. In order to improve the transfection efficiency and productiv-
ity of HEK293S GnTI™ cell line we have adapted these cells to
growth in suspension and optimized for them a high-density trans-
fection protocol previously reported for HEK293E cells [15-17],
thus greatly enhancing the protein yields when compared to stan-
dard low-density transfection. This transfection protocol is gener-
ally applicable for protein production within this cell line,
especially for protein crystallography.

Materials and methods
Vectors and cloning

The pTTo3c_SSH and pTTo_GFPq vectors containing SEAP and
GFP, respectively, were kindly provided by Dr. Yves Durocher

[18] as well as pTT28 plasmid, a derivative of pTT5 [18] containing
N-terminal secretion leader and C-terminal Hisg-tag sequence

(leaving ITG- and -GTKHHHHHHHHG at expressed protein N-
and C-termini), whose multiple cloning site was further modified
to include Agel and Kpnl restriction sites. Total RNA was isolated
from human spleen with TRIzol and used as template for single
stranded cDNA synthesis using Superscript IIl reverse transcriptase
(both Invitrogen, USA). DNA fragment coding for LLT1 was ampli-
fied using 5 TGCAAGCTGCATGCCCAGAAAG 3’ and 5 CCTCGA
GCTAGACATGTATATCTGATTTGGA 3’ primers and the PCR product
was subcloned into the Smal site of pBluescript SK + cloning vector
(Stratagene, USA). The extracellular portion of LLT1 (Q72-V191)
was amplified from the cloning vector using 5 AAAAAAACC
GGTCAAGCTGCATGCCCAGAAAGC 3’ and 5 AAAAAAGGTACCGAC
ATGTATATCTGATTTGGAACAAATC 3’ primers and subcloned into
the pTT28 expression plasmid using Agel and Kpnl sites. Mutant
constructs of LLT1 were prepared by overlap extension PCR
[19,20], using the prepared expression plasmid as template and
aforementioned primers as forward and reverse primers. The spe-
cific forward primers used for preparation of C163S and H176C
mutants have been 5 GAGCAGGAGAGTCTGCCTATTTGAA 3’ and
5 GTAGTGCCAGGTGCTACACAGAGAG 3/, respectively.

Cell culture

The HEK293T cells were kindly provided by Dr. Radu A. Aricescu
[14]. The HEK293S GnTI™ cell line was purchased from ATCC (CRL-
3022) [12]. These adherent cultures were firstly adapted to growth
in EX-CELL293 serum-free medium (Sigma, USA) supplemented
with 4 mM L-glutamine on Petri dishes by consecutive subcultiva-
tions until the cells resumed normal growth rate (doubling time
approx. 24 h) and later were adapted to growth in suspension in
mixture of equal volumes of EX-CELL293 supplemented as above
and Freestyle F17 (Invitrogen, USA) supplemented with 4 mM
L-glutamine and 0.1% Pluronic F-68 (Sigma, USA) in shaken
square-shaped glass bottles with permeable filter caps (DURAN,
Germany) using 30-40% filling volume at 135rpm (Orbit1000
shaker; Labnet, USA) in humidified 37 °C, 5% CO, incubator. The
cell density was kept between 0.2 and 6.0 x 10° cells/ml.

Low-scale transfection

Day before transfection cells were centrifuged and resuspended
in fresh supplemented F17 medium (1.0 x 106 cells/ml). Next day,
cell density was adjusted to 2.0 x 10° cells/ml and 1 ml was dis-
tributed per well in 12-well plate. Transfection mix was prepared
by diluting DNA (1 pg/10° cells) to 0.1 ml PBS (1/10 transfection
culture volume), 1 mg/ml solution of 25 kDa linear polyethyleni-
mine (IPEI; Polysciences, USA) was added to desired ratio, the mix-
ture was immediately vigorously shaken and following 5 min
incubation added to the cell suspension. After 4 h incubation the
suspension was diluted with 1 ml of EX-CELL293 to 1.0 x 10%/ml
final density. For high-density transfection the cells were prepared
on the day of transfection. Cells were centrifuged and resuspended
in fresh supplemented EX-CELL293 medium (25 x 106 cells/ml)
and 0.4 ml was distributed per well in 12-well plate. The suspen-
sion was then diluted with approximately 0.1 ml of transfection
mix (prepared as above) to 20 x 10° cells/ml. After 4 h incubation
0.1 ml of this suspension was diluted with 1.9 ml of EX-CELL293
in new 12-well plate to final density of 1.0 x 10°/ml.

SEAP and GFP analysis

Determination of SEAP activity (AA4;0/min) was performed as
previously described [18]. Briefly, HEK293 cells were transfected
with 19:1 (w/w) mixture of pTTo3c_SSH and pTTo_GFPq plasmids.
Three dpt culture supernatants were diluted with water as
required (typically 1/1000), 180 ul were transferred to 96-well
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plate, 20 pl of SEAP assay solution (20 mM p-nitrophenyl phos-
phate (pNPP), 1 mM MgCl, and 1 M diethanolamine, pH 9.8) were
added and absorbance was read at 410 nm at 1 min intervals to
determine pNPP hydrolysis rates (Safire reader; Tecan, Austria).
Each sample was assayed for SEAP activity three times indepen-
dently to avoid pipetting errors. Transfection efficiency was
assayed by BD LSR II flow cytometer (BD Biosciences, USA). GFP-
positive viable cells were quantified by using appropriate gating
to exclude dead cells (stained with propidium iodide), debris and
aggregates in forward vs. side scatter plot. Data are shown as mean
of one experiment performed in triplicate with error bars repre-
senting standard deviation.

Protein production and purification

For LLT1 production, 400 pg of the respective expression plas-
mid was diluted in PBS, filter-sterilized and 25 kDa IPEI was added
in 1:3 weight ratio to final volume of 4 ml, the mixture was shaken
and incubated for 5 min. Meanwhile, 400 x 10 HEK293S GnTI~
cells were centrifuged and resuspended in EX-CELL293 (if not spec-
ified otherwise) at 25 x 10 cells/ml and immediately transfected.
Following 4 h incubation culture was diluted to 400 ml with EX-
CELL293. Two dpt, culture was fed with 0.5% Tryptone N1 (Organo-
technie, France) [21]. 5-7 dpt culture medium was harvested by
centrifugation (4000xg, 30 min), filtered (0.22 um Steritop filter;
Millipore, USA), and stored at —20 °C or immediately processed.
Medium was diluted twofold with PBS (50 mM Na,HPO,,
300 mM NacCl, 10 mM NaN3) and pH was adjusted to 7.0. The pro-
tein was recovered by batch IMAC chromatography on TALON
beads (Clontech, USA; elution by 250 mM imidazole within the
PBS buffer) with subsequent SEC on Superdex 200 10/300 GL col-
umn (GE Healthcare, USA) in 10 mM HEPES, 150 mM NadCl,
10 mM NaNjs, pH 7.5 buffer and concentrated on AmiconUltra con-
centrator (10,000 MWCO; Millipore, USA).

Sedimentation analysis

Molecular weight of the produced protein was analyzed in an
analytical ultracentrifuge ProteomeLab XL-I equipped with An-50
Ti rotor (BeckmanCoulter, USA) using sedimentation equilibrium
experiment. Native and deglycosylated LLT1(H176C) diluted with
SEC buffer to 0.07 and 0.09 mg/ml, respectively, were measured
at 4 °C using absorbance optics at 280 nm in 0.11 ml total volume
at 12-15-18-21-24-27-30,000 rpm after reaching the equilib-
rium for 18 h at each given speed. Buffer density and protein par-
tial specific volume were estimated in Sednterp 1.09 (www.jphilo.
mailway.com). The data were analyzed using Sedphat 10.58d soft-
ware [22] using single non-interacting discrete species model.

Mass spectrometry

Disulfide bonds in LLT1 were determined according to the pre-
viously published protocol [23]. Briefly, the protein was separated
by SDS-PAGE, deglycosylated by ENDO Hf (New England Biolabs,
USA) and digested by trypsin (Sigma, USA) under non-reducing
conditions in the presence of 200 pM cystamine. The peptide mix-
tures were desalted on peptide MacroTrap and separated on
reverse phase MAGIC C18 columns (both Michrom BioResources,
USA) connected directly to an APEX-Q 9.4 T FT-ICR mass spectrom-
eter (Bruker Daltonics, USA) using an electrospray ion source. Data
were acquired using ApexControl 3.0.0 and processed with Data-
Analysis 4.0. The disulfide bonds and saccharide moieties were
identified using Links software [24].

Protein crystallization

LLT1 solution concentrated to 13.8 mg/ml was crystallized
using vapor diffusion method in sitting drop (50 pl reservoir vol-
ume). Drops were set up by crystallization robot Crystal Gryphon
(Art Robbins Instruments, USA) by mixing 200 nl of both reservoir
(JCSG + Suite; Qiagen, USA) and protein solutions at 15 °C. The suc-
cessful crystallization condition reservoir contained 40% (v/v) PEG
300 and 0.1 M citrate phosphate buffer (pH 4.2). Rod shaped crys-
tals of approximately 150 x 50 x 50 um in size grew within
14 days.

Results and discussion

Reconstruction of third disulfide bridge is crucial for stability of LLT1
ectodomain

The C-type lectin-like ectodomain of LLT1 contains five cysteine
residues and the multiple alignment analysis shows that only two
out of three putative disulfide bonds are thus conceivable, with
Cys163 residue left unpaired (Fig. 1A). Earlier it has been proposed
that mutation of His176 to Cys176 leads to reconstruction of the
third disulfide bridge [11]. Initially, we have produced the wild-
type (WT) LLT1 ectodomain (Q72-V191) in HEK293T cells; how-
ever the purified protein was heterogeneous and was prone to
aggregation (Fig. 1B). Based on these results and assumptions we
have prepared C163S and H176C mutant forms of soluble LLT1
ectodomain. While the mutation of odd Cys163 residue to Ser163
led to very low yield of recoverable product, the mutation of
His176 to Cys176 led to monodisperse and stable product
(Fig. 1B). These findings correlate very well with previously
reported data of unstable WT and C163S mutant LLT1 ectodomain
renaturated from E. coli expressed inclusion bodies [11] and sug-
gest structurally stabilizing role of the third disulfide bridge in
LLT1(H176C) ectodomain.

Furthermore, using mass spectrometry approach [23] we were
able to identify the cystine peptides in the H176C mutant and
WT soluble LLT1. While in case of WT we have observed quite het-
erogeneous configuration of disulfide bridges with majority of
Cys163 participating in covalent bond with Cys184 and only very
small percentage left unpaired (supplementary data, Table S1),
we were able to confirm the reconstruction of Cys163-Cys176
putative disulfide bridge in H176C mutant protein (Fig. 1C and
supplementary data, Table S2). Moreover, we were able to confirm
the presence of saccharide moiety at both predicted N-glycosyla-
tion sites (Fig. 1A and supplementary data, Table S2). The incom-
plete occupancy of these two possible sites accounts for two
different glycoforms as observed on SDS-PAGE (see below).

High-density transfection of HEK293S GnTI~ cells substantially
improves transfection efficiency and expression yields

In order to produce glycosylated ectodomain of LLT1 with
homogeneous N-glycans for structural and biophysical studies
we have investigated the optimal transfection conditions for sus-
pension adapted HEK293S GnTI™ cell line [12], based on previously
published transfection protocols for suspension adapted HEK293E
cells [15,18]. The adherent HEK293S GnTI™ and HEK293T cultures
were adapted to growth in suspension in equal mixture of
serum-free EX-CELL293 and Freestyle F17 media in shaken square
bottles, as described in methods (2.2). For evaluation of transfec-
tion efficiency and production of secreted recombinant protein
we have used previously adopted reporter genes — green fluores-
cent protein (GFP) and secreted alkaline phosphatase (SEAP),
respectively [18]. Initially we have found that protocol optimized
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Fig. 1. The reconstruction of disulfide bridge improves folding and yield of soluble LLT1. (A) Multiple sequence alignment of C-type lectin-like domain sequences of receptors
from human clec2 gene family showing conserved cysteines in gray and their disulfidic pairing; reconstructed disulfide bridge in LLT1(H176C) mutant is high-lighted in red
and N-glycosylation sites in green. (B) Size exclusion chromatography of soluble LLT1 wild-type (black) and mutant H176C (green) and C163S (red) proteins produced in
HEK293T cell line. (C) Mass spectrometry analysis of disulfide bond pattern in wild-type and LLT1(H176C) mutant; proteins produced in HEK293S GnTI~ cell line were
purified by IMAC and SEC chromatography and samples corresponding to peak at 16 ml position on SEC run shown in B were deglycosylated, digested and the resultant cystic
peptides were analyzed by FT-ICR MS as described in methods, the relative intensity of observed cystic peptides (error below 3 ppm) is shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

for suspension adapted HEK293T cells used routinely in our labo-
ratory - transfection at density of 2.0 x 10° cells/ml in Freestyle
F17 (medium exchanged one day prior to transfection), transfec-
tion complexes formed a priori with 2 pg/ml of DNA (final concen-
tration) at optimal 1:3 DNA:PEI weight to weight ratio — was quite
inefficient for transfection of HEK293S GnTI™ cells (Fig. 2, yellow
vs. cyan columns).

The obvious difference between the HEK293T and HEK293S
GnTI™ cells is the lack of complex glycans resulting also in loss of
a sulfated negatively charged glycans displayed at the cell surface

1:2 1:3 1:4 1:5

DNA:PEI (wiw)

1:6

that might attract positively charged DNA:PEI polyplexes. We have
thus theorized that by increasing the concentration of DNA and PEI
during the transfection process we could improve the transfection
efficiency. This prompted us to test the previously reported proto-
col for transient transfection of suspension adapted HEK293E cells
in EX-CELL293 medium at high cell density [15]. Interestingly,
transfection of HEK293S GnTI~ cells at high cell density (20 x 10°
cells/ml in EX-CELL293 with final DNA concentration of 20 pig/ml)
proved to be much more efficient with up to 5-fold increase in
transfection efficiency measured as percentage of GFP positive

B 75

—~ 50

GFP" (%

1:2 1:3 1:4 1:5

DNA:PEI (w/w)

1:6

Fig. 2. High-density transfection of HEK293SGnTI™ cells under optimized DNA:PEI ratio increases transfection efficiency and cell productivity. (A) Secreted protein
production (measured as SEAP activity) and (B) transfection efficiency (GFP" viable cells) of suspension adapted HEK293T cells (yellow) and HEK293S GnTI~ cells (cyan)
transfected at density of 2.0 x 10° cells/ml and HEK293S GnTI~ cells transfected at density of 20 x 10° cells/ml with transfection complex formed a priori (gray) or in situ
(magenta) was monitored 3 dpt; error bars - standard deviations (one experiment performed in triplicate). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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viable cells (Fig. 2B). While the yield of model secreted protein was
still quite lower when compared to our routine protocol with
HEK293T cells (such trend is not unusual for HEK293S GnTI™ cell
line and was observed in previous studies [13]), it was still sub-
stantially increased when compared to the original low density
transfection protocol (Fig. 2A). Furthermore, we compared both
the a priori and in situ approach for formation of DNA:PEI transfec-
tion complexes in small scale (Fig. 2) and found the effect of both
these approaches comparable with the a priori approach giving
slightly better results. This is in very good agreement with previ-
ously reported higher yields with a priori complex formation
[15,25].

High-density transfection of HEK293S GnTI~ cells has comparable
yield for a priori and in situ DNA:PEI complex formation

To confirm our results on non-model secreted protein we have
used our optimized high-density transfection protocol for produc-
tion of mutant LLT1(H176C) ectodomain in HEK293S GnTI ™ cells at
400 ml scale. We have further investigated the effect of a priori and
in situ approach for transfection complexes formation at this scale
as well as the effect of Freestyle F17 as the medium for incubation
of cells at high density during the transfection. Unlike to the trans-
fection at low cell density (data not shown) we were able to
recover substantial amount of recombinant protein using the
high-density transfection, routinely yielding approx. 3 mg per liter
of HEK293S GnTI~ production culture. And in agreement with the
previous data we recovered higher yields with the a priori transfec-
tion complexes approach (Fig. 3A). However, we found that the
high-density transfection in Freestyle F17 media with a priori

A Calibration [kDa] gs & X
08 T
——— a priori
—in situ
—F17
0,6
2
&
<
0,44
0,2
0,0 T T T T
0 5 10 15 20 25

Fig. 3. EX-CELL293 medium is suitable for high-density transfection of HEK293S
GnTI™ cell line. (A) Size exclusion chromatography profiles of LLT1(H176C) protein
purified from cell culture supernatants of HEK293S GnTI™ cells transfected at
20 x 10° cells/ml in Freestyle F17 medium (red) or in EX-CELL293 medium with a
priori (green) or in situ (black) transfection complexes formation; position of elution
peaks of protein molecular weight standards is shown on the top axis. (B)
Representative SDS-PAGE analysis of elution peak fractions from size exclusion
chromatography analyzed under non-reducing (N) and reducing (R) conditions;
M - molecular weight standards in kDa. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

complex formation is performing quite worse than in the EX-
CELL293 - about 2-fold decrease in yield was observed (Fig. 3A).
Based on these results we can recommend transfecting the suspen-
sion adapted HEK293S GnTI™ cells in EX-CELL293 using the a priori
approach, although we recognize that the in situ approach would
be more suitable at even larger production scale, e.g. in bioreactor
where it would allow for sequential addition of DNA and IPEI solu-
tions through sterile filter equipped inlet ports (DNA:IPEI polyplex-
es cannot be sterile filtered).

LLT1 forms non-covalent dimer in solution independently of its N-
glycans

While on SDS-PAGE, under both reducing and non-reducing
conditions, the soluble LLT1(H176C) mutant migrates as two dis-
tinct monomeric glycoforms (Fig. 3B), SEC on Superdex 200 10/
300 GL column used as final purification step suggested that
LLT1(H176C) soluble ectodomain elutes as a non-covalent dimer
(Fig. 3A). This finding was further corroborated using sedimenta-
tion equilibrium analysis in analytical ultracentrifuge (Fig. 4A). Fit-
ting the data with the single ideal species model yielded a weight
average molecular weight of 35,500 + 500 Da which is in good
agreement with a theoretical 36,191 Da weight of LLT1(H176C)
dimer (including GIcNAc;Mans oligosaccharides at both N-glyco-
sylation sites), especially given the partial occupancy of the N-gly-
cosylation sites. This observation is in contrast to previously
published data for E. coli expressed and refolded LLT1(H176C) ecto-
domain obtained via SEC suggesting monomeric soluble protein
[11].

We were therefore interested whether the presence of glycosyl-
ation might be the reason for dimer association. Towards this end
we performed deglycosylation of various forms of LLT1 soluble
ectodomain with endoglycosidase F1 [26]. As could be seen from
SDS-PAGE analysis performed under non-reducing conditions,
wild-type LLT1 ectodomain (fraction taken from the peak at
16 ml position on SEC run shown in Fig. 1B) forms besides mono-
mer also a disulfidic dimer of approx. 40 kDa (Fig. 4C, lane WT),
most probably an artifact caused by mixed disulfide pairing due
to the presence of odd cysteine residue. For LLT1(H176C) mutant
only monomer is observed, with N-glycans heterogeneity dramat-
ically reduced when expressed in HEK293S GnTI™ cells, allowing
also for complete protein deglycosylation (Fig. 4C, lanes GnTI~
and GnTIp, respectively). However, sedimentation equilibrium anal-
ysis of deglycosylated protein (Fig. 4B) yielded weight average
molecular weight of 32,400 + 500 Da, again pointing for non-cova-
lent dimer (theor. 32,135 Da for deglycosylated protein dimer). It
should be noted that molecular weights derived from sedimentation
equilibrium analysis are far more precise than that from SEC since it
is direct thermodynamical method not dependent on calibration or
interaction with column matrice. Also, the closest homologs of
LLT1 from clec2 gene family, i.e. CD69 and KACL, were found to form
non-covalent dimers in solution and dimerization of KACL is pre-
sumed to increase affinity towards its monomeric ligand [27,28].
Furthermore, the prepared soluble LLT1(H176C) mutant with homo-
geneous GIcNAc,Mans N-glycans (although still being inhomoge-
neous with respect to incomplete N-glycosylation site occupancy)
was readily crystallized using the vapor diffusion method in sitting
drop, forming hexagonal 3D rods (Fig. 4D) up to 150 um in size.
These primary crystals already provided protein diffraction up to
resolution of 3.2 A and were later optimized leading to solution of
LLT1 crystal structure [29].

Conclusions

To conclude, we have optimized high-density transfection pro-
tocol for suspension adapted HEK293S GnTI™ cell line and used it
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Fig. 4. LLT1(H176C) protein forms non-covalent dimer in solution, is easily deglycosylated and crystallizes. (A) and (B) Sedimentation equilibrium analysis in analytical
ultracentrifuge has shown that both native and deglycosylated LLT1(H176C) produced in HEK293S GnTI~ cells behaves as non-covalent homodimer in solution; upper panels
- absorbance data with fitted curves (single non-interacting discrete species model), lower panels - residual plot showing the goodness of fit. (C) SDS-PAGE analysis of
LLT1(H176C) deglycosylation under non-reducing conditions; M - molecular weight standards in kDa, ENDO F1 - endoglycosidase F1 used for deglycosylation (arrow), WT -
wild-type LLT1 produced in HEK293T cells, T and Tp — native and deglycosylated LLT1(H176C) produced in HEK293T cells, GnTI~ and GnTlp - native and deglycosylated
LLT1(H176C) produced in HEK293S GnTI~ cells. (D) Crystals of native LLT1(H176C) protein produced in HEK293S GnTI~ cell line.

for production of LLT1(H176C) mutant ectodomain that forms sta-
ble, deglycosylatable and crystallizable non-covalent homodimer
in solution which formation is not dependent upon presence of
N-glycans. To our knowledge, this is the first attempt at structural
characterization of human LLT1 immunoreceptor. The strategy of
construct design described herein for LLT1 - i.e. the restoration
of disulfidic bond pairing pattern — might be considered also for
other C-type lectin-like receptors of NK cells, either for protein pro-
duction aimed at structural characterization or for production of
stable soluble receptor domains that could be utilized in clinical
therapy. Apart from LLT1, the high-density transfection protocol
described here was within our laboratory successfully used for pro-
duction of different soluble receptor domains as well as other
recombinant proteins and is generally applicable for protein pro-
duction within HEK293S GnTI™ cell line, especially for protein
crystallography.
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First column shows identified peptides / cystic dipeptides (numbered relative to the expressed
construct ITG-Q72-V191-GTKHHHHHHHG) based on which a disulfide bridge or a free
cysteine labeled with carboxyamidomethyl (CAM) was assigned in the second column
(presence of N-bound HexNAc is also indicated). Theoretical and experimental masses of
measured peptides, mass error and intensity are shown in the third, fourth, fifth and sixth

columns, respectively.

Table S1. Table of cystic peptides identified for LLT1(WT)

Identified Cys-Cys Theoretical Experimental Error iy
peptide(s) crosslink mass mass (ppm)

113-118/86-101 C163-C184 2500.2366 2500.2349 0.7 3.23E+08
114-118/86-101 C163-C184 2372.1416 2372.1387 13 2.65E+08
86-101/1-16 C75-C163 3499.6775 3499.6729 1.4 9.30E+07
114-118/1-16 C75-C184 2397.1482 2397.1467 06 7.40E+07
114-118/34-56 C103-C184 3321.5559 3321.5513 1.4 6.70E+07
113-118/86-107 C163-C184 3029.4976 3029.4937 13 6.70E+07
113-118/1-16 C75-C184 2525.2432 2525.2402 1.2 4.56E+07
113-118/34-56 C103-C184 3449.6509 3449.6465 1.3 3.23E+07
114-118/86-107 C163-C184 2901.4026 2901.4006 07 2.37E+07
18-26/1-16 C75-C86 2886.2864 2886.2832 1.1 1.41E+07
86-101 C163-CAM 1795.8688 1795.8671 1 1.38E+07
17-26/1-16 C75-C86 3014.3813 3014.3823 03 1.24E+07
86-101/1-17 C75-C163 3627.7725 3627.7678 13 6.31E+06
1-16/86-107 C75-C163 4028.9385 4028.9316 1.7 3.92E+06
113-118/18-26 C86-C184 1886.8456 1886.8511 29 3.07E+06
1-16/34-56 C75-C86 4449.0918 4449.0854 1.4 2.57E+06
113-118/1-17 C75-C184 2653.3381 2653.3354 1 1.58E+06
1-26 C75-C86 2996.3711 2996.3677 1.1 1.55E+06
108-118/86-101 C163-C184 3186.5503 3186.5488 05 8.09E+05
113-118/34-69 C103-C184 4946.4028 4946.3975 1.1 7.18E+05
77-85¢ N147-HexNAc 1365.6438 1365.6423 1.1 6.88E+08
70-85 N147-HexNAc 2219.052 2219.05 09 2.14E+08
1-16/18-33 NQC57- ﬁngA . 3948.7595 3948.7554 1 5.72E+05

1/2
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Table S2. Table of cystic peptides identified for LLT1(H176C)

Identified
peptide(s)
108-112/86-101
18-26/1-16
114-118/34-56
113-118/34-56
17-26/1-16
114-118/1-16
1-26
114-126/18-33
108-113/86-101
77-85
70-85

1-16/18-33

17-33
108-112/114-126
86-101/1-16
113-118/86-101
114-118/1-16
108-112/113-118

Cys-Cys
crosslink
C163-C176
C75-C86
C103-C184
C103-C184
C75-C86
C103-C184
C75-C86
C103-C184
C163-C176
N147-HexNAc
N147-HexNAc

C75-C86
N95-HexNAc

N95-HexNAc
C176-C184
C75-C163
C163-C184
C75-C184
C176-C184

Theoretical
mass
2407.106
2886.286
3321.556
3449.651
3014.381
2397.148
2996.371
3455.579
2535.201
1365.644
2219.052

3948.76

2373.046
2142.011
3499.678
2500.237
2397.148
1432.672

2/2

Experimental
mass
2407.102
2886.283
3321.552
3449.647
3014.381
2397.146
2996.367
3455.585
2535.198
1365.642
2219.05

3948.755

2373.05
2142.013
3499.672
2500.236
2397.146

1432.67

Error
(ppm)
1.8
1.1
1.2
1.1
0.3
0.9
1.4
17
1.1
16
1

1.1

1.7
0.9
1.5
0.2
0.9
1.3

Intensity

1.74E+08
3.26E+07
3.18E+07
3.17E+07
2.05E+07
4.21E+06
1.44E+06
7.58E+05
3.90E+05
1.43E+08
1.14E+07

1.36E+06

4.56E+06
2.06E+06
1.62E+06
1.34E+06
4.21E+06
4.31E+05
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Four crystal structures of human LLT1, a ligand of
human NKR-P1, in varied glycosylation and
oligomerization states
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t.skalova@gmail.com, dohnalek007 @gmail.com

Human LLT1 is a C-type lectin-like ligand of NKR-P1 (CD161, gene KLRBI),
a C-type lectin-like receptor of natural killer cells. Using X-ray diffraction, the
first experimental structures of human LLT1 were determined. Four structures
of LLT1 under various conditions were determined: monomeric, dimeric
deglycosylated after the first N-acetylglucosamine unit in two forms and
hexameric with homogeneous GlcNAc,Mans glycosylation. The dimeric form
follows the classical dimerization mode of human CD69. The monomeric form
keeps the same fold with the exception of the position of an outer part of the
long loop region. The hexamer of glycosylated LLT1 consists of three classical
dimers. The hexameric packing may indicate a possible mode of interaction of
C-type lectin-like proteins in the glycosylated form.

1. Introduction

Natural killer (NK) cells are innate immune lymphocytes that
possess the ability to recognize and induce the death of a
broad range of target cells without prior antigen sensitization,
including tumour, virally infected or stressed cells. Apart from
direct cell-mediated cytotoxicity, NK cells also participate in
the initiation and development of the adaptive immune
response through the production and secretion of cytokines
(Caligiuri, 2008; Vivier et al., 2011). Their function is regulated
by a fine balance of signals induced by the interaction of a vast
array of surface-activating and surface-inhibitory receptors
with ligands on the surface of target cells (Lanier, 2008; Vivier
et al., 2008; Bartel et al., 2013). The activation of NK cells and
the killing of the target cell is triggered when the expression of
cellular health markers (MHC class I-like glycoproteins) that
engage the inhibitory NK receptors is too low (‘missing-self’
recognition mode) or when the ligands for activating NK
receptors are upregulated, usually in virally infected, stressed
or malignant cells (‘induced-self’ mode).

The NK cell receptors are divided into two main structural
classes: the immunoglobulin and C-type lectin-like (CTL)
superfamilies. The CTL family of NK cells encoded within
the natural gene complex (human chromosome 12) comprises
proteins related to C-type lectins that have lost the ability to
bind carbohydrates but have instead gained the ability to

578  doi:10.1107/51399004714027928
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recognize protein ligands (Yokoyama & Plougastel, 2003;
Zelensky & Gready, 2005; Grobarova et al., 2013). While
certain CTL receptors are known to bind proteins with the
MHC class I-like fold (e.g. NKG2D, CD94/NKG2A and
murine Ly49 receptors; Bartel et al, 2013), the NKR-P1
receptor subfamily does not share this specificity. Although
the ligands for some rodent NKR-P1 receptors are still
unknown, it has been shown that many of them recognize
genetically and structurally highly related Clr/Ocil CTL
receptors from the CLEC2 gene subfamily (Aust et al., 2009;

system of CTL receptor-CTL ligand interaction represents

an alternative form of ‘mis
tive 1Iorm o1 ‘mis

%]
el

an atem

2013).

Lectin-like transcript 1 (LLT1, gene CLEC2D) was identi-
fied as a physiological ligand of NKR-P1, the sole described
representative of the human NKR-P1 subfamily (CD161, gene
KLRBI; Aldemir et al., 2005; Rosen et al., 2005). LLT1 is
expressed primarily on activated lymphocytes (NK cells, T

PO TN P L S i

cells and B Ceus) and antigen-preseiiting cells (ulauuphagés
and dendritic cells; Germain et al., 2011). Six alternatively
spliced transcripts of the CLEC2D gene have been identified,
with isoform 1 (coding for LLT1) being the only one able to
interact with NKR-P1 (Germain et al., 2010). The engagement
of NKR-P1 on the NK cell with LLT1 on the target cell
inhibits NK cell cytotoxicity and IFNy production (Aldemir
et al., 2005; Rosen et al., 2005, 2008) and contributes to NK
self-tolerance in a similar way to the orthologous rodent
NKR-P1B-Clr-b receptor-ligand pair (Voigt et al., 2007; Fine
et al., 2010; Williams et al., 2012). It has been shown that
human glioblastoma exploits this mechanism by the upregu-
lation of the surface expression of LLT1 to escape the
immunological response (Roth er al, 2007). On the other
hand, LLT1 is upregulated in response to both microbial and
viral stimuli, and stimulation of NKR-Pl-expressing T cells
promotes their activation, proliferation and cytokine secretion
(Huarte et al., 2008; Germain et al., 2011; Satkunanathan et al.,
2014). Thus, LLT1-NKR-P1 signalization may provide a link
between pathogen pattern recognition and lymphocyte acti-
vation and represents a system that regulates both the innate
and the adaptive immune responses.

Recently, we have described the first three-dimensional
structure of mouse Clr-g, a representative of the murine
CLEC?2 family (Skalova et al., 2012). Similarly to mouse Clr-g,
human LLT1 is a type 1l transmembrane glycoprotein which
consists of an N-terminal cytoplasmic chain, transmembrane
and stalk regions and a C-terminal CTL domain with two
predicted N-linked glycosylation sites. In this study, we present
several structures of LLT1 under various conditions: mono-
meric (LLT1_mono), dimeric deglycosylated after the first V-
acetylglucosamine unit (LLT1_D1 and LLT1_D2) and dimeric
(packed into hexamers) with homogeneous GlcNAc,Mans
glycosylation (LLT1_glyco). All structures originate from
protein expressed in HEK293S GnTI™ cells (Reeves et al.,
2002). The dimeric form follows the classical dimerization
mode of human CD69 (Natarajan et al., 2000; Llera et al., 2001;
Vanék et al., 2008; Kolenko et al., 2009).

2. Materials and methods
2.1. Protein expression and purification

The lectin-like domain of LLT1 was produced in HEK293S
GnTI™ cells as described by Bldha et al. (2015). Briefly, the
expression construct corresponding to the CTL extracellular
domain of LLT1 (Gln72-Vall91) with a Hisl76 to Cys176
mutation was cloned into the pTT28 plasmid, a derivative of
the pTT5 plasmid (Durocher et al., 2002) with an altered
cloning site (Blaha er al, 2015). A suspension culture of
HEK?293S GnTI™ cells (Reeves ef al., 2002) was transiently
transfected with a 1:3 mixture of the expression plasmid
and 25 kDa linear polyethyleneimine. The resulting protein
contained an N-terminal secretion leader and a C-terminal
Hisg tag. 5-7 d post-transfection, the secreted recombinant
protein was purified from the harvested production medium
by two-step chromatography using batch IMAC on Talon resin
{Clontech) followed by size-exclusion chromatography on a
Superdex 200 10/300 GL column (GE Healthcare) in 10 mM
HEPES pH 7.5 with 150 mM NaCl and 10 mM NaN;. The final
product was concentrated to 20 mg ml~' using an Amicon
Ultra concentrator (10 kDa molecular-weight cutoff; Merck
Millipore).

For deglycosylation, GST-fused Endo F1 (Grueninger-
Leitch et al., 1996) was added to the concentrated protein
solution in a 1:200 weight ratio and incubated overnight at
room temperature. The slight precipitate that developed after
deglycosylation was dissolved by the addition of L-arginine—
HCI to a concentration of 0.4 M before setting up the crys-
tallization drops.

The C-type lectin-like ectodomain of LLT1 contains two
of the three canonical disulfide bridges (Cys75-Cys86 and
Cys103-Cys184) found in homologous CTL receptors.
Multiple alignment analysis showed that the formation of the
third canonical disulfide bridge is impaired by the absence
of the sixth evolutionarily conserved Cys residue, which is
substituted by His176 in the wild-type LLT1 sequence. Based
on previous results (Kamishikiryo er al., 2011), we decided to
clone and express the extracellular part (GIn72-Vall91) of
LLT1 with the His176 to Cys176 mutation. This mutation
dramatically improved the stability, homogeneity and yield of
the product (Bldha et al., 2015). Expression in HEK293S
GnTI™ cells and subsequent purification provided highly
pure protein with artificially homogeneous (GlcNAc,Mans)
N-linked glycosylation with a typical yield of 3 mg of purified
protein per litre of production culture. The disulfide-bond
pattern as well as the occupancy of both N-glycosylation sites
was verified by mass spectrometry (Bldha et al., 2015).

2.2. Crystallization and data collection

2.2.1. LLT1_mono. The protein (diluted to 14 mg ml™" in
0.4 M arginine, 4 mM HEPES, 120 mM NaCl, 4 mM NaN; pH
7.5) was crystallized using the sitting-drop vapour-diffusion
method. Drops (100 nl reservoir solution and 100 nl protein
solution) were set up using a Cartesian Honeybee 961 robot
(Genomic Solutions) at 294 K. The reservoir consisted of 2 M
ammonium sulfate, 0.1 M sodium citrate pH 3.5. A crystal with
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the shape of a hexagonal plate (dimensions of 100 x 100 x
10 pm) was cryoprotected by soaking in the reservoir solution
with the addition of 25% glycerol. The diffraction data were
measured on a split segment of the muiti-crystai on beamiine
102 of Diamond Light Source (DLS) using an ADSC Q315
CCD detector at 100 K.

2.2.2. LLT1_D1 and LLT1_D2. The protein was crystallized
as above. The reservoir consisted of 30%(w/v) polyethylene
glycol (PEG) 6000, 0.1 M HEPES pH 7.0. A cuboid-shaped
crystal of dimensions ~60 x 60 x 120 pum was cryoprotected
as above. The data were measured on beamline 104-1 at DLS
using a PILATUS 2M detector at 100 K. Both data sets were
collected using crystals from the same crystallization condi-
tion. Interestingly, both crystals belonged to the same space
group, P2,2,2;, but the crystals differed in solvent content
(36% for LLT1_D1 and 25% for LLT1_D2) and in unit-cell
parameters (a difference of 4 Ainband 8 A in ).

2.2.3. LLT1_glyco. Protein diluted to 14 mg ml~" in 10 mM
HEPES, 150 mM NaCl, 10 mM NaNj; pH 7.5 was crystallized
using the hanging-drop vapour-diffusion method (with drops
consisting of 1 pl reservoir solution and 1 pul protein solution)
with reservoir consisting of 40% (v/v) PEG 300, 0.1 M citrate—
phosphate buffer pH 4.2 at a temperature of 288 K. A rod-
shaped crystal of dimensions ~200 x 50 x 50 pm was vitrified
without cryoprotection. Diffraction data were measured on
BM 14.1 of the BESSY II synchrotron-radiation source
(Mueller et al., 2012) at the Hemholtz-Zentrum Berlin using a
MAR Mosaic 225 CCD detector at 100 K.

2.3. Structure determination

The data sets for LLTI_mono and LLT1_glyco were
processed using the HKL-2000 package (DENZO and
SCALEPACK; Otwinowski & Minor, 1997). Intensities were
converted to amplitudes and imported into the CCP4 format
with TRUNCATE (French & Wilson, 1978). The data for
LLT1_D1 and LLT1_D2 were processed in MOSFLM (Leslie
& Powell, 2007) using the iMosflm interface (Battye et al.,
2011) and were scaled in AIMLESS (Evans & Murshudov,
2013). The data parameters are shown in Table 1.

The data for LLT1_glyco showed strong anisotropy; there-
fore, the data processed in DENZO and SCALEPACK were
then rescaled using the Diffraction Anisotropy Server (http://
services.mbi.ucla.edu/anisoscale/; Strong et al, 2006). The
processed data comprised 4186 reflections. An isotropic B
factor of —23.39 A2 was applied to restore the magnitude
of the high-resolution reflections diminished by anisotropic
scaling.

The phase problem for the LLT1_D1, LLT1_D2 and
LLT1_glyco structures was solved by molecular replacement
in BALBES (Long et al., 2008; Keegan et al., 2013) using the
structure of human CD69 as a search model (Kolenko et al.,
2009; PDB entry 3hup). The structure of LLT1_mono was
solved in MOLREP (Vagin & Teplyakov, 2010) using one
chain of LLT1_glyco as a search model.

All of the structures were refined in REFMACS
(Murshudov et al., 2011) with manual changes performed in

Coot (Emsley et al., 2010). Structure parameters are shown in
Table 1. After several cycles of rigid-body refinement, the
structures were refined using restrained refinement including
H atoms (not deposited in the Protein Data Bank). Non-
crystallographic symmetry between two monomers of the
dimer was applied in the cases of LLT1_D1, LLT1_D2 and
LLT1_glyco in the first steps of the refinement. The refinement
was performed with the omission of 5% of the reflections (test
set with Ry, flag). In the case of LLT1_glyco with a lower
resolution and a lower number of reflections, 6% of the
reflections (223 reflections) were used for the test set. The last
cycle of refinement of all four structures was performed with
all reflections including the test set.

The choice of the correct space group for LLT1_glyco was
ambiguous and structure refinement was tested in 16 space
groups alternative to P2, using Zanuda (Lebedev & Isupov,
2014) and then also manually in P2,, C222, C222,, P6; and
P6522. Finally, P6;22 was chosen as the correct space group
because lower symmetry space groups did not show apparent
differences among the molecules in the asymmetric unit and
refinement was less stable.

2.4. Structure quality: geometry and electron density

2.4.1. LLT1 _mono. According to the MolProbity Rama-
chandran plot (Chen et al., 2010), 95% of the residues of the
structure lie in the favoured regions. There is one outlier,
GIn83. This is a residue in a loop with an alternative confor-
mation of the main chain. The residue is in good agreement
with the 2mF, — DF, and mF, — DF, electron-density Fourier
maps.

One sulfate anion is localized in the structure, bound to
Lys181 N¥ Ser129 N and Ser129 O. The peptide bond Lys126-
Gly127 in the vicinity of the sulfate anion has cis—trans alter-
native conformations.

2.4.2. LLT1_D1. This structure with high resolution has
residues generally well localized in 2mF, — DF, and mF, —
DF, maps; however, the Fourier maps have lower quality in
the region of the long loop (residues 137-160), mainly in chain
A. According to the MolProbity Ramachandran plot, 98% of
the residues lie in the favoured regions and there is only one
outlier, residue AGIn139, which is in a turn of a loop.

There are unmodelled peaks in the 2mF, — DF, Fourier
maps. The electron density for the side chain of Lys186 in both
chains is elongated, which may indicate covalent modification
of this lysine. Moreover, arginine as added to the LLT1 sample
after deglycosylation to improve protein folding is probably
localized on the protein surface, bound by hydrogen bonds to
residues BAspl04 and BAspl09, but the electron density is
not sufficiently clear to build the whole arginine residue.

Surprisingly, the conformation of the GIn83-Arg84 peptide
bond differs significantly between chain A (GIn83 torsion
angles ¢ = 47°, ¥ = 51°) and chain B (¢ = 54°, ¢ = —122°).
Electron density is well defined in both cases. In chain B the
value lies in the allowed region of the Ramachandran plot
and BGIn83 O forms a water-mediated hydrogen bond to
ACys75N. In chain A, the torsion-angle values lie in the
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Table 1

Data-collection statistics and structure-refinement parameters.

Values in parentheses are for the highest resolution shell.

LLTi_mono LLTi_Di LLTi_D2 LLTi_giyco
PDB code 4qkg 4qkh 4qki 4qkj
pH of crystallization condition 3.5 7.0 7.0 42
Glycosylation GlcNAc GlcNAc GlcNAc GIleNAc,Mans
Oligomer Monomer Dimer Dimer Hexamer

Data-collection statistics
Resolution range (/\)
Space group
Unit-cell parameters (A)

Radiation source
Detector
Data-processing software

Wavelength (A)
No. of images

Crystal-to-detector distance (mm)

Ty,

S N A
EXposuie time per image (s)

Oscillation width (°)

No. of observations

No. of unique reflections
Data completeness (%)
Average multiplicity
Mosaicity (°)

(Ilo(D))

Solvent content (%)

Matthews coefficient (A* Da~")
B factor from Wilson plot (A%)

Rinerget
Rpim#
Structure parameters
Ryorc§ (%)
Riree (%)
Rai§ (%)
Average B factor (A%)

R.m.s.d. from ideal bond lengths (A)
R.m.s.d. from ideal bond angles (°)
No. of monomers per asymmetric unit
Amino-acid residues located

Asn residues with located GlcNAc

No. of water molecules
Other localized moieties

Ramachandran statistics: residues in

favoured region (%)

50.0-1.95 (1.98-1.95)
P3,21
a=b=473,
¢ =106.1
102, DLS
ADSC Q315 CCD
HKL-2000 [DENZO,
SCALEPACK]

0.9796
220

256.1

1

0.5

66670 (3340)
10555 (506)
99.7 (100)
63 (6.6)
03-0.7

212 (2.9)

44

218

34.0

0.074 (0.599)
0.032 (0.251)

19.4

24.7

20.1

39.8

0.016

1.9

1
AT2-A146, A161-A193
A95

42

1 x SO3~
95

47.3-1.8 (1.84-1.80)

P2,2,2,

a=509,b=578,
c=823

104-1, DLS

PILATUS 2M

MOSFLM, AIMLESS

0.9200
900
3252

no
0.2

02
175131 (5869)
21104 (1087)
91.8 (81.0)

83 (5.4)

18

11.3 (3.0)

36

1.93

207

0.093 (0.462)
0.045 (0.309)

17.5

25.0

18.0

27.6

0.016

1.7

2

A70-A192, B72-B192
A95, A147, B9S, B147
215

98

43.7-1.8 (1.84-1.80)
P2,2,2,
a=513,b=541,

¢ =742
104-1, DLS
PILATUS 2M
MOSFLM, AIMLESS

0.9200
1800
2519

no
0.2

02
113353 (6521)
18996 (1050)
96.7 (91.6)
6.0 (62)

13

11.8 (3.7)

25

1.64

17.7

0.082 (0.404)
0.053 (0.257)

17.8

244

18.3

209

0.016

1.8

2

AT73-A194, B73-B192
A95, A147, B9S, B147
167

98

39.0-2.7 (2.76-2.70)
P6522
a=b=701,
c¢=101.7
BM 14.1, BESSY II
MAR Mosaic 225 CCD
HKL-2000 [DENZO,
SCALEPACK)],
anisotropy server
0.9184
80 [images 1-50, 330-360]
288.1

"
2

05

478731 (1201)
4431 (273)
99.5 (99.3)
43 (4.4)
0.8-1.4

162 (2.0)

46

230

66.1

0.096 (0.757)
0.031 (0.171)

221

29.8

23.1

40.1

0.017

2.0

1
AT4-A188
A95

15

87

T Rinerge = Dpia i (kD) — (I(hKD)| /> s D-; 1,(hkl) (Diederichs & Karplus, 1997), where I,(hkl) and (I(hkl)) are the observed individual and mean intensities of a reflection with

indices hkl, respectively,

YL/ INCkE) — 1172 3, (1R

KI) — (ICRKD) |/ Y g S TKD) — (Weiss, 2001),

is the sum over the individual measurements of a reflection with indices hkl and ), is the sum over all reflections. % Ryim =
where N(hkl) is the redundancy of the reflection

indices hkl. § Ryox =

it |Fovsl = [Feaiel [/t | Fos s where Fp and Feye are the observed and calculated structure-factor amplitudes for the reflection with indices hk! for the working set of reflections.
Riree 1s the same as Ry, but is calculated for 5-6% of the data omitted from refinement. R,y sums over all reflections.

favoured region of the Ramachandran plot but the connection
formed between chains A and B is weaker: it is mediated by
hydrogen bonds formed by two water molecules connecting
AArg84 N and BCys75 N.

2.4.3. LLT1_D2. Of the four presented structures, this
structure has the best quality electron density because of its
high resolution (1.8 A) and low solvent content (25%). The
long loop region of both chains is in contact with symmetry-
related molecules in the crystal and is better localized in
electron density than in the other presented structures.
According to the MolProbity Ramachandran plot, 98% of
residues lie in the favoured regions and there are no outliers.

Unlike in LLT1_D1, there are no signs of Lys186 modifi-
cation. Solvent arginine bound to BAspl04 and BAspl09

could be present, but is less apparent than in LLT1_D1. The
GIn83-Arg84 peptide bond is modelled in the same orienta-
tion in both chains, even though there are some signs of the
alternative conformation in chain A.

2.4.4. LLT1_glyco. The structure of glycosylated LLT1 has
lower resolution (2.7 A) and the data have an anisotropic
character. According to the MolProbity Ramachandran plot,
87% of residues lie in the favoured regions and there are two
outliers, ASer105 and Alle146, both of which are in turns of
different loops.

Tyr88 has elongated electron density which may indicate
covalent modification of this tyrosine. Some positive signal in
the mF, — DF, map behind the hydroxyl group of Tyr88 is also
present in chain B of LLT1_D1.
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B1 B2 2.7. Dynamic light scattering
human_LLT1 TT =T T o
70 80 20 100 110 Measurement of dynamic light scat-
human_LLT1 .ITGQPEIFQRDDTK s sEREED s‘ DO V[E tering was performed with a Zetasizer
mouse_Clr-g MNKT YR¥:NelS KNI T[6]V G Ni{)'e3f|G Y P[R F A2 )deM A ELNOMBAR FID N Mal Inst N d
mouse Clr—g o > > 0000000000 ano (Malvern Instruments) and a
B1 B2 45 ul quartz cuvette with ~40 ul LLT1
1 1 A 2 solution (sample corresponding to
LLT1_glyco) diluted to 1 mgml™ in a
@ B3 buffer solution consisting of 10 mM
human_LLT1 — T.T HEPES, 150 mM NaCl, 10 mM NaN;
120 130 140 150
: : pH 7.5.
human_LLT1

mouse_Clr-g

mouse_Clr-g  000000000Q T
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— » TT » TT
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Figure 1

The LLT1 expression construct used for crystallization and its sequence alignment (Clustal Omega;
Thompson et al., 1994; Sievers et al., 2011) with mouse Clr-g. The H176C mutation is denoted by an
asterisk, glycosylated Asn residues are denoted by triangles and the three pairs of disulfide bonds in

e o < R oA PO BV - i
NBAE LF LINRIGK GIIADRIW I G LEIR EERIaS TRINESY . . YNNMNihgd
—_— T TT
o2 B3

2.8. Figure preparation

Fig. 1 was prepared using ESPript
(http://espript.ibep.fr;  Gouet et al.,
2003). Figs. 2-6 and Supplementary
Fig. S1 were prepared in PyMOL
200 (Schrédinger; http://www.pymol.org).

3. Results and discussion

The extracellular part of LLT1 was
expressed in the HEK293S GnTI™ cell
line and was purified. Three crystal
forms were grown at pH 3.5, 4.2 and 7.0
and led to four structures of LLTI:

LLT1 are numbered. Uncleaved residues of the N-terminal signal sequence and the C-terminal tag

are in orange boxes. Secondary structure was assigned by DSSP (Kabsch & Sander, 1983).

2.5. Electrostatic potential

The electrostatic potential of LLT1_D2 was computed by
solving the Poisson—-Boltzmann equation in APBS (Baker et
al., 2001). H atoms were added in PROPKA (Li et al., 2005),
including optimization of hydrogen bonds for the protein at
pH 7.5. Partial charges were assigned in PDB2PQR (Dolinsky
et al., 2007) based on the AMBER potential. The Poisson—
Boltzmann equation was solved using values of the dielectric
constants of g(solvent) = 78.54 and e(protein) = 2 and
assuming a 0.225 M concentration of ions in solution with
charges +e and —e and radius 2 A.

2.6. Sedimentation analysis

The oligomeric state of the produced protein was analyzed
in a ProteomeLab XL-I analytical ultracentrifuge equipped
with an An-50 Ti rotor (Beckman Coulter, USA) using a
sedimentation-velocity experiment. Samples of glycosylated
LLT1 diluted with the buffer used in size-exclusion chroma-
tography to the desired concentration were spun at
50 000 rev min~" at 20°C and 100 scans with 0.003 cm spatial
resolution were recorded using absorbance optics at 280 nm.
Buffer density and protein partial specific volume were esti-
mated in SEDNTERP (http://sednterp.unh.edu/). The data
were analyzed using SEDPHAT (Schuck, 2003) using the
continuous size-distribution model and the monomer—dimer
self-association model.

monomeric, dimeric (with altered
crystal packing) and dimeric packed as
hexamers. The hexameric structure of
LLT1 has GlcNAc,Mans N-glycosylation; in the other three
LLT1 structures the protein is deglycosylated beyond the first
GlcNAc.

3.1. Overview of the crystal structures of LLT1

The crystallized extracellular part of human LLT1 corre-
sponds to the sequence deposited in the UniProt database
under code Q9UHP?7, isoform 1, starting with GIn72 and with
a His176 to Cys176 mutation (for the formation of a Cys163—
Cys176 disulfide bond for greater stabilization of the protein
fold) and with the addition of ITG (the remnant of a secretion
leader) at the beginning of the chain and of a
GTKHHHHHHHHG tag at the end of the chain (Fig. 1). The
calculated molecular weight of this construct is 15.7 kDa
(18.1 kDa taking N-glycosylation into account).

The extracellular part of human LLT1 has the C-type lectin-
like fold (Fig. 2a) with two «-helices, two antiparallel S-sheets
and three disulfide bonds (Cys70-Cys86, Cys103-Cys184 and
Cys163—Cys176). The third (artificial) disulfide bond induced
by the mutation of His176 to Cys176 is located in the same
position as the third disulfide bond occurring naturally in
CD69. The overall manner of dimerization of both its glyco-
sylated and deglycosylated dimeric forms (produced in a
human cell line in a close-to-native form) corresponds to the
classical dimerization mode of human CD69 or of mouse Clr-g
(one of the mouse orthologues of LLT1) both produced in
bacteria and refolded from inclusion bodies. The N- and C-
termini of both chains in this type of dimer are localized on
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one side (Fig. 2b) and their position allows protein anchoring
in the cell membrane, which supports the biological relevancy
of this dimer.

The protein used to obtain the LLT1_glyco structure
contained homogeneous GlcNAc,Mans glycosylation, while
the protein used to obtain the LLT1 mono, LLT1_D1 and
LLT1_D2 structures was deglycosylated beyond the first
GIcNAc. However, only the first GlcNAc unit could be
modelled in LLT1 glyco. The subsequent oligosaccharide
moieties cannot be modelled but are visible at low electron-
density levels.

In LLT1_mono, residues 147-160 (the outer loop of the long
loop region) are poorly visible and were not built in the
deposited structure. However, the approximate position of the
loop is apparent in the electron density and differs significantly
from its position in LLT1 in its dimeric form (Figs. 2¢ and 3a).

dimeric LLT1 \7
monomeric LLT1/

(a)

The structure of LLT1_mono with the approximate position of
the loop is available from the authors upon request.

3.2. Comparison of monomeric and dimeric LLT1

Superposition of chain A of LLT1_D2 on LLT1_mono by
secondary-structure matching in Coot gives an r.m.s. deviation
of C*atoms of 0.6 A. The core of the monomer and the dimer
has the same structure, but there are some structural differ-
ences in the outer parts of the CTL domain.

As mentioned above, there is an important difference in the
placement of the outer loop (residues 147-160) of the long
loop region (residues 137-160). While in LLT1_D2 this loop
lies in the direction of S-sheet 171-174 and «-helix 116-126
of the same chain, as is common in the structures of similar
proteins (e.g. the CD69 dimer), in LLT1_mono the loop is

Figure 2

@

(a) Structures of the dimeric (LLT1_D2, cyan) and monomeric (LLT1_mono, orange) forms of LLT1. The loop is in its standard dimeric position in
LLT1_D2 (blue) and is in the swapped position in LLT1_mono (magenta). The N- and C-termini of LLT1_D2 are denoted. (b) Comparison of the
structure of LLT1_D2 (cyan) with its mouse orthologue Clr-g (PDB entry 3rs1, magenta). The superposition was performed in Coot by SSM of chains A
(on the left). The N- and C-termini of LLT1_D2 are denoted. Disulfide bonds are shown as yellow spheres, with the artificial disulfide bonds induced by
the H176C mutation denoted by asterisks. (¢) A detailed view of the loop position discussed in (a). (d) Electrostatic equipotential surfaces of LLT1_D2
(top) and mouse Clr-g (bottom). They are displayed at the 3 k7/e (blue) and —3k77e (red) levels as computed in APBS (Baker et al., 2001). The view is
from the ‘top’ of the dimer, i.e. from the termini-distal side.
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turned to the opposite side with regard to the inner loop 135-
145: it is situated near to «-helix 96-104 of the same chain
and makes contact with a-helix 120-125 of a neighbouring
monomer in the crystal (Figs. 2c and 3a).

There are also other structural differences between the
monomer and dimer structures: the C-terminal part of the
main chain, residues 190-194, is placed differently (Fig. 2a)
and residues around GIn139 are mutually shifted; the distance
bet\xa/een the C* atoms in the monomeric and dimeric forms is
1.9 A.

3.3. Dimer interface in dimeric LLT1

LLT1_glyco, LLT1_D1 and LLT1_D2 share essentially the
same structure at the level of the dimer; however, they differ
slightly in the mutual orientation of the monomers within a
dimer. This difference is especially apparent when the dimers
are overlapped by only one chain: the rotation necessary to
superimpose chain A onto chain B of the selected protein is
exactly 180° for the LLT1_glyco dimer crystallized in space
group P6522, in which the chains are related by a crystallo-
graphic rotation axis. In contrast, it is 173.7° for LLT1_D1 and
177.7° for LLT1_D2, both of which crystallized in space group
P2,2,2; with one dimer in the asymmetric unit. Owing to these
differences in mutual orientation, there are differences in the
area of the dimer interface (obtained using the PISA server;
Krissinel & Henrick, 2007): the size of the contact area is

147-160

(a)
Figure 3

530 A for LLT1 _glyco (8% of the monomer surface area),
740 A% for LLT1_D2 (10% of the monomer surface area) and
810 A2 for LLT1_D1 (11% of the monomer surface area).

The dimeric interface in all three LLT1 dimers is based on
a hydrophobic core formed by phenyl rings, analogous to that
observed in similar CTL dimers: Phe121, Tyr125, Phe89, Phe87
and Phe82 (Fig. 4). Additionally, there is an interaction
formed by m-stacking of arginine residue Argl24 of both
chains, and a pair of His190 residues forms a partial stacking
interaction in the termini region (the part of the CTL domain
oriented towards the cell membrane).

There are six common hydrogen bonds that connect
the monomers in all three dimers: AGly81 N-BGlyS81 O,
AArgl24 N°-BTyrl125 O, AArgl24 N"-BLys126 O and the
three analogous hydrogen bonds with exchanged chains.
Additionally, there are some hydrogen bonds specific to
individual cases: one additional hydrogen bond in the dimeric
interface of LLT1_glyco, two hydrogen bonds in LLT1_D2 and
six in LLT1_D1.

This variability of the mutual chain orientation has been
discussed previously for similar CTL protein dimers (CD94/
NKG2A, Clr-g and CD69; Sullivan et al., 2007; Skalova et al.,
2012). Considering the flexibility of the dimer interface, it
seems that the flexible hydrophobic interactions are the most
important contact for the existence of the dimer, its stability
and its ability to bind a protein partner. These CTL dimers
differ in their main purpose, which is surface partner binding,

b

(a) Electron-density OMIT maps for the flexible loop (residues 147-160) placed in an unusual position in the monomeric structure of LLT1
(LLT1_mono). 2mF, — DF, (blue, 0.80) and mF, — DF, (green, 2.5 ¢) Fourier maps are drawn up to a distance of 1.6 A from the atoms of residues 147—
160. The residues are better localized in the middle of the loop, where they are stabilized by the nearby a-helix of a neighbouring molecule in the crystal
(green). The loop is not modelled in the deposited structure because weak signal in this region causes unstable refinement. (b) Two neighbouring
hexamers in the crystal of LLT1_glyco are connected by weak electron density belonging to the glycan chains. The glycosylated residues and GlcNAc
units are shown as spheres. 2mF, — DF, (blue, 0.70) and mF, — DF, (green, 1.80) Fourier maps are shown.
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from for example the small aspartic proteases (such as HIV-1
protease), which in contrast require a strictly defined binding
site at the dimer interface providing an environment for a
specific peptide-bond cleavage. Increased flexibility within
the dimer interface would be destructive for the function of
proteases, unlike in this case of CTL protein—-CTL ligand
complexation, where the flexibility and ability to adapt the
dimer shape to enable protein partner binding could be an
advantage.

3.4. Crystal packing of monomeric LLT1

The crystal packing of LLT1_mono was investigated to
confirm that the form of the protein in this structure is really
monomeric and that no possible partner participating in
oligomer formation can be found among the symmetry-related
copies. The crystal packing is shown in Fig. 5(a). The classical
dimerization interface is left open to the solvent, without any
crystal contacts. The largest intermolecular interface in the
crystal (according to the PISA server; Krissinel & Henrick,
2007) has a surface area of 724 A? (11% of the monomer
surface area) and includes ten hydrogen bonds. The following
interface is much weaker (372 AZ). The largest intermolecular
contact is formed by the C- and N-termini of the chain with the
region above the B-sheet of the neighbouring molecule where
the outer loop of the long loop region is usually localized. In
this structure, the outer loop (147-160) of the long loop region
is turned over towards the other side along the inner loop and
the terminal region of a neighbouring molecule takes its place
(Figs. 2¢ and 5a). This contact with the C- and N-termini
cannot be a biologically relevant contact, because in the cell
the N-terminal chain continues to the membrane. This leads to
the conclusion that in this structure the LLT1 monomer does
not form any biologically relevant contacts.

Figure 4
A detailed view of the LLT1 dimer interface (structure LLT1_D2).

3.5. Crystal packing of dimeric LLT1

The strongest dimer—dimer contact in the LLT1_D1 and
LLT1_D2 crystals is the contact of the turns of three loops
(around residues 139, 160 and 177) with a ‘binding pocket’ at
the dimer interface (in the part distant from the N- and
C-termini; Fig. 5b). The contact has an area of 620 A? and
includes 15 hydrogen bonds. An N-acetylglucosamine unit
bound to Asn95 is also in this region and is close to the
‘binding pocket’. This type of crystal packing would be much
more complicated or impossible in the case where the protein
was not deglycosylated after the first GIcNAc unit.

In our structural study of the Clr-g receptor (Skélova et al.,
2012), the strongest contact in the crystal was also connected
with a bond to this ‘binding pocket’ at the dimer interface. In
that case, it was the truncated N-terminus of the Clr-g chain
making a tight interaction with the neighbouring dimer
interface (the ‘binding pocket’), a clearly strong but biologi-
cally irrelevant interaction.

3.6. Role of pH in the formation of dimers

The monomeric form of LLT1 was crystallized at pH 3.5 and
the changed protonation state at low pH corresponds with the
changed preferred intermolecular contacts and the formation
of oligomers.

As an example, residue His190, localized near the
C-terminus in the dimerization interface, is charged at low pH
and destabilizes this part of the interface. It is apparent from
the structures that His190 is neutral in LLT1_D1 and
LLT1_D2 (pH 7.0) and is close to His190 (3.1 and 3.3 A) from
the opposite chain, participating in a partial stacking inter-
action. In LLT1 glyco (pH 4.2) His190 is not localized in
electron density. In LLT1_mono His190 is very likely to be
protonated as it forms a hydrogen bond to the N-terminal
GlIn72 O of the same chain.

Residues His131 and Lys181 are found in LLT1 D1 and
LLT1_D2 close (with regard to interaction of charges, ~5 A)
to the site in which the guanidinium group of Argl24 reaches
over from the opposite chain to ‘lock’ the dimer interface,
which is otherwise formed mainly by the hydrophobic core.
Argl24 stacks on the side chain of Tyrl25 and forms addi-
tional hydrogen bonds. In the low-pH structure LLT1_mono,
His131 is charged and this site attracts an SO~ ion. Under
these conditions the positive charge of Lys181 and His131
repels Argl24 from its standard position and thus contributes
to dimer destabilization.

As LLT1 is expected to function as a dimer, very low pH
values would disable its dimerization and its function as such.
A tumour environment often shows decreased pH, but not
such drastically lowered values, and a decrease of pH in some
cases also leads to higher activity of cytotoxic cells. Given that
we observe standard dimers at pH 4.2 in the LLT1 glyco
structure and only the extreme pH of 3.5 in LLT1_mono leads
to dimer disruption, this direct observation of behaviour at
extremely low pH is not relevant to normal biological limits.
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3.7. Hexamers of LLT1 with GlcNAc,Mans; glycosylation

The LLT1_glyco structure is packed into hexamers (Figs. Sc¢
and 6). The hexamer is formed by three dimers, which are
similar to those of LLT1_D1 and LLT1_D2. The hexamer
has one threefold and three perpendicular twofold axes of
symmetry (point symmetry 32, where the asymmetric unit is
one monomer). The hexamer of ~70 A diameter contains a
central cavity of about 10 A in diameter. The cavity is formed

LLT1_mono, P3,21

Figure 5

by the surface depressions of the three participating dimers
found on the termini-distal surface. Six Prol128 residues are
exposed into the cavity and six Aspl68 and Lys169 residues
with their side chains near to the proline residues together
form the border of the cavity. The cavity is connected to the
exterior of the hexamer by a channel along the threefold axis
of the hexamer (Fig. 6b; the channel shape was computed in
CAVER; Chovancova et al., 2012).

The tightest monomer-monomer contact in the hexamer
is the standard dimerization contact (530 Az). The second
largest contact has practically the same area (528 AZ) but lacks
hydrogen bonds. The third largest contact, with a surface area
of 377 A2, involves six hydrogen bonds (ACys176 N-BGlu138
0!, ATyr177 N-BGlu138 O°', AArg101 N"-BAsn147 O and
three analogous hydrogen bonds with exchanged chains). The
second and the third strongest contacts are formed to mole-
cules of the neighbouring dimer so that the dimer—dimer
contact in the hexamer is relatively strong and these additional
interactions explain the weakened interactions of monomers
in the LLT1_glyco dimerization interface, as described in §3.3.

The N- and C-termini of the extracellular part of LLT1 are
localized on the surface of the hexamer, but in different
directions for different dimers (Fig. 6¢). This indicates that
LLT1 present on the surface of one cell cannot form such
hexamers. However, the dimer packing into the hexamers may

LLT1_glyco, P6,22

Crystal packing of the presented LLT1 structures. (¢) LLT1_mono. Colours are according to the orientation of the protein molecule in the crystal.
Residues that would form the dimer interface in the case of a dimer (Gly81, Phe82, Phe121, Argl24 and Tyr125) are shown as black sticks. (b) LLT1_D2
with the same colour coding. The dimer interface is shown as black sticks. LLT1_D1 has similar packing as LLT1_D?2. (¢) LLT1_glyco. One hexamer,
containing three dimers of LLT1, is represented by a molecular surface colour-coded by individual protein chains and viewed along the crystallographic
threefold axis. Surrounding symmetry-related chains are represented as sticks.
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indicate a possible method of NK receptor-ligand interaction  related by the threefold axis are at a mutual distance of 18 A
between two cells (see §3.11). and are placed relatively close to the central channel. Three
Asn147 residues located ~18 A from the Asn95 residues in
the direction away from the central channel are distant from

In the hexamer, the glycosylated Asn residues Asn95 and each other. The other three Asn95 and three Asn147 residues
Asnl47 are localized on its surface. Three Asn95 residues are in the same formation on the opposite side of the hexamer.

3.8. Role of glycosylation in LLT1_glyco

© )

Figure 6
The fully glycosylated form of LLT1 forms hexamers in crystals which are an assembly of three classical dimers. The dimers are distinguished by colour
(dark and light green, dark and light blue and black and white). (¢) A general view of the hexamer. (b) Visualization of the tunnel and the central cavity
of the hexamer (computed in CAVER). A view perpendicular to the threefold axis, which is the direction of the tunnel. (¢) Dimer-dimer contacts in the
hexamer. One dimer of the hexamer is omitted to show the mutual orientation of two dimers. The N- and C-termini of the chains are denoted. (d)
Contact residues of a dimer with its neighbour in the hexamer. Residues forming the LLT1 dimer—dimer contact up to a distance of 5 A are shown in
magenta. Residue Lys169 (important for interaction in the NKR-P1-LLT1 complex) is coloured orange. The contact residues are localized on the
termini-distal side. Interacting residues were identified using NCONTACT from the CCP4 package (Winn et al., 2011).
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However, Asnl147 is very close to Asn95 from a symmetry-
related hexamer in the unit cell: the distance between
Asnl147 O and Asn95 O°! from a symmetry-related molecule
is 7.7 A (Fig. 3b). In spite of the fact that it is not possible to
model any unit of glycosylation well at Asn147 because the
electron density is not sufficiently unambiguous, there is
apparent continuous electron density between Asnl47 and
Asnl147 from the neighbouring hexamer (the distance between
the Asn147 N*2 atoms is 33 A; Fig. 3b) with peaks of up to 1.30
in 2mF, — DF, and 3.60 in mF, — DF_ maps, indicating that
the oligosaccharide chains interconnect molecules and indeed
the individual hexamers in the crystal. Thus, we conclude that
we do not observe any role of glycans in the formation of the
hexamer; however, it is evident that the glycans contribute to
the packing of the hexamers into the crystal lattice.

3.9. Influence of the His176Cys mutation on the LLT1
structure

The mutated residue 176 is localized on the surface of LLT1
near the long loop region. It is distant from the N- and
C-terminal parts and also does not lie in the dimerization
interface. The additional S—S bond involving Cys176 stabi-
lizes the protein fold. It is probable that the His176 form of
LLT1 would have a longer flexible part of the loop than the
flexible part 147-160 observed in the structure of the Cys176
variant. The residue lies in a crystal contact region in the
dimeric and hexameric structures, and therefore the wild-type
form of LLT1 with His176 would have different crystal
packing.

3.10. Comparison of LLT1, CD69 and Clr-g structures

LLT1 shares relatively high three-dimensional structure
similarity with other dimeric CTL proteins. All comparisons
were performed with the LLT1_D2 coordinates. According
to SSM structure superposition with PDBeFold (http:/
www.ebi.ac.uk/msd-srv/ssm/), LLT1 is structurally most similar
to human CD69 (PDB entry 1e8i; Llera et al., 2001; 36%
sequence identity). Structure similarity to mouse Clr-g (PDB
entry 3rsl; Skdlova et al., 2012; 44% sequence identity) has
similar values when comparing monomers and is a little lower
when comparing dimers. The parameters of the structure
superpositions are as follows: LLT1 monomer/CD69
monomer, Q-score1 0.82 and r.m.s. deviation 1.10 A, aligned
on 115 residues; LLT1 dimer/CD6 dimer, Q-score 0.67 and
rms. deviation 1.67 A, aligned on 223 residues; LLT1
monomer/Clr-g monomer, Q-score 0.82 and r.m.s. deviation
0.96 A, aligned on 116 residues; LLT1 dimer/Clr-g dimer, Q-
score 0.55 and r.m.s. deviation 2.10 A, aligned on 219 residues.

The comparison of the structure of LLT1_D2 with that of
mouse Clr-g is shown in Fig. 2(b). The superposition was
performed in Coot by SSM of chains A. There is an apparent
difference in the mutual orientation of the monomers in the

! Q-score is the default sorting criterion of structure similarity in PDBeFold
and is defined as Q = Najgn X Nago/{[1 + (r.m.5.d./Ro)?] X Niesi X Niesa), where
Ry=3 A, Niesi and N, are the numbers of residues in the overlapping
structures and N,,, is the number of overlapped residues.

dimer of LLT1 in comparison with mouse Clr-g. There are
shifts in the distant part of the long loop region of up to 5 A.
Differences are also present in the N- and C-terminal parts
owing to the distinct lengths of the LLT1 and Clr-g constructs.
Differences between LLT1 and CD69 are found in the same
regions and are of the same character as the differences
between LLT1 and Clr-g (not shown).

Electrostatic equipotential surfaces of LLT1 and mouse
Clr-g (Skalova et al., 2012) are shown in Fig. 2(d). There are
some positive patches in the part distant from the N- and
C-termini in LLT1. A similar and much stronger effect is
observed for mouse Clr-g. The large patch in Clr-g is formed
mainly owing to the contributions of Argl80, Argl93 and
Arg198, which correspond to Glul62, Argl75 and Argl80 in
LLT1. The change from Argl80 to Glul62 may explain the

weaker nogitive natcheg in the case of LIT1
weaxer positive patcnes in the case of Lial.

3.11. Hypotheses about NKR-P1-LLT1 complexation

The hexamer is formed by the packing of three ‘standard’
CTL dimers. To the best of our knowledge, no such molecular
arrangement has been observed for CTL proteins. Each dimer
in the hexamer interacts with two other dimers. The dimer—
dimer interaction in the hexamer is analyzed in Figs. 6(c) and
6(d). Could this dimer—dimer interaction indicate the manner
of NK CTL receptor-CTL ligand complex formation or other
biologically relevant actions?

This interaction of LLT1-LLT1 dimers in the hexamer is
not a ‘face-to-face’ interaction, as is classically expected for
NK CTL receptor-CTL ligand interaction (Kamishikiryo et
al., 2011); rather, one monomer of the dimer binds to one
dimer and the second monomer binds to another dimer of the
hexamer. In this aspect it is similar to the model of the NKR-
P1F-Clr-g complex (based on electrostatic complementarity)
in our previous study (Skélova er al., 2012).

The only experimentally determined structure of a CTL
NK receptor—CTL ligand complex is the X-ray structure of the
monomeric receptor NKp65-dimeric KACL ligand complex
(PDB entry 4iop; Li et al., 2013), where the binding mode is of
the monomer-dimer type. The sequence identity of the CTL
domain of LLT1 to the CTL domain of KACL is 49%, while
that of LLT1 to NKp65 is 30%.

We have built several models of the NKR-P1-LLT1
complex. The modelling of NKR-P1 was performed in SWISS-
MODEL (Biasini et al., 2014) based on the crystal structure
of mouse NKR-P1A (PDB entry 3m9z; Kolenko, Rozbesky,
Vanék, Kopecky et al., 2011; 46% sequence identity). The
crystal structure of mouse NKR-P1A (Kolenko, Rozbesky,
Vanék, Bezouska er al., 2011; Kolenko, Rozbesky, Vanék,
Kopecky et al., 2011) has extended flexible loops which form
crystal contacts and most probably occupy a different position
in solution (Sovova et al, 2011). However, the identified
receptor-ligand interaction pairs do not lie in the loops;
therefore, it is possible to use the crystal structure as a
modelling basis for our purposes.

The first model is based on the NKp65-KACL structure.
Both the model of NKR-P1 and the structure of LLT1 were
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superimposed on the structure of the NKp65-KACL complex
to simulate a model of the NKR-P1-LLT1 complex (Supple-
mentary Fig. Sla). In this rather crude model it is possible to
query the interaction between Lys169 of LLT1 and Glu205 of
NKR-P1, which were identified by Kamishikiryo and cowor-
kers as the key interacting residues based on SPR experiments
(Kamishikiryo et al., 2011). It should be noted that these SPR
experiments were performed on nonglycosylated LLT1
produced in E. coli. In this first model, these two residues are
10 A away from each other.

In the second model we exchanged the positions of the
receptor and the ligand, i.e. NKR-P1 was superimposed on
KACL and the individual chains of LLT1 on the positions of
the monomers of NKp65 (Supplementary Fig. S1b). In this
model, residues Lys169 of LLT1 and Glu205 of NKR-P1 are in
direct contact.

The third model is based on the LLT1-LLT1 dimer—dimer
mutual position in the hexameric structure. The NKR-P1
model was superimposed on the closest LLT1 chain in the
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Figure 7

(a) Sedimentation analysis of LLT1 oligomerization. Glycosylated LLT1
with homogeneous GlcNAc,Mans N-glycosylation produced in the
HEK?293S GnTI™ cell line was characterized by a sedimentation-velocity
experiment in an analytical ultracentrifuge at five different concentra-
tions (coloured lines). The continuous size distribution of the sedimenting
species is shown, which was normalized with respect to the difference in
loading concentration. A broad size distribution that is shifted towards
lower values with lower protein concentration points to monomer—dimer
equilibrium; for comparison, data for LLT1 produced in the HEK293T
cell line with wild-type complex N-glycosylation are shown (black and
dashed lines), with separated signals for dimeric and monomeric protein
at higher protein concentration. (b) Size distribution of LLT1 measured
by dynamic light scattering and scaled by volume. Seven measurements
(distributions differentiated by colour) were performed with similar
results, three of them at 291 K, two at 298 K and two at 303 K.

hexamer with respect to a fixed LLT1 dimer (Supplementary
Figs. Slc and S1d). In this model, the distance between LLT1
Lys169 and NKR-P1 Glu205 is 20 A.

Based on the assumption of close positioning of Lys169
and Glu205, we conclude that the LLT1 arrangement in the
hexameric packing is not a probable model for NK CTL
receptor—CTL ligand interaction. Interestingly, the only model
enabling direct contact of Lys169 and Glu205 residues is that
which requires disruption of the LLT1 dimer into monomers.
It remains to be shown experimentally in the future whether
this is truly the case.

3.12. Oligomeric state of LLT1 in solution

Sedimentation-equilibrium analysis has previously shown
that LLT1 forms noncovalent dimers in solution that do not
depend on its N-glycosylation (Bldha et al., 2015). However, to
assess for the presence of either monomers or higher oligo-
mers (e.g. hexamers), we performed sedimentation-veiocity
measurements. Firstly, LLT1 produced in the HEK293T cell
line with wild-type complex N-glycosylation was analyzed.
At 0.2 mg ml~! concentration, LLT1 behaves as two distinct
species with s, , values of 2.43 and 3.14 & 0.1 S corresponding
to a monomer and a dimer, respectively (Fig. 7a, black line).
Upon tenfold dilution the two peaks merged into one with an
average sy, value of 2.87 S, pointing to a monomer—dimer
equilibrium at low concentration (Fig. 7a, dashed line). No
higher oligomers were detected. LLT1 with homogeneous
GIcNAc,Mans N-glycosylation produced in the HEK293S
GnTI™ cell line behaved similarly, yielding broad size distri-
butions that shifted towards lower sedimentation-coefficient
values at lower protein concentrations (Fig. 7a, coloured
lines), thus reflecting monomer—dimer equilibrium behaviour
of the protein. The fact that monomeric and dimeric forms are
not separated in these distributions might suggest that LLT1
produced with shorter N-glycans dimerizes more weakly and/
or that equilibrium exchange is faster than for LLT1 with wild-
type complex N-glycans, with an estimated K, lying in the low
micromolar range (~20 uM).

Dynamic light scattering was performed for LLT1 with
homogeneous GIcNAc,Mans N-glycosylation produced in
the HEK293S GnTI™ cell line at 1 mgml™" concentration
(Fig. 7b). The experiment was repeated at temperatures of
291, 298 and 303 K. Particles with a diameter of 55 £+ 10 A
were observed in all cases. This value corresponds to a Stokes
diameter of 56 A for the LLT1 dimer, as computed based
on the three-dimensional structure of LLT1 in HYDROPRO
(Ortega et al., 2011), while the Stokes diameter computed for
the LLT1 hexamer is 70 A and that for the monomer is 20 A.

4. Conclusions

This study has introduced the first X-ray structures of LLT1.
A new conformation of the outer loop in the long loop region
of a CTL receptor/ligand was observed; its newly observed
position near a-helix 96-104 is probably the result of confor-
mational sampling with satisfied packing positions of the
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neighbours and is without any special biological significance.
Furthermore, the four structures with their mutual differences
extend our understanding of the influence of glycosylation on
the structure and the role of flexibility of the dimer interface in
complex formation.

Glycosylation control has been shown by this study to play
a very important role in structural investigations of small
mammalian proteins. The fully homogeneously glycosylated
extracellular domain of human LLT1 clearly gained from
the uniformity of the glycosylation pattern. The longer, yet
homogeneous, oligosaccharides seem to participate in crystal
formation of the LLT1_glyco form. Their uniform length and
type are important. It is also clear that these longer oligo-
saccharides would disable the crystal contacts observed for
deglycosylated LLT1 in the dimeric structures LLT1_D1 and
LLT1_D2. The deglycosylated protein variant enables the
formation of contacts in which GIcNAc plays an important
role, but longer antennae would disable such tight packing
into a crystal. Both forms (uniformly glycosylated and degly-
cosylated) proved to be important for the structural results,
thereby showing the extreme importance of controlled post-
translational modifications for detailed molecular studies.

The hydrogen-bonding pattern at the LLT1 dimer interface
is not the governing interaction in dimerization and can be
significantly weakened, as is the case for the LLT1_glyco form.
Here, the interactions with the neighbouring dimers in the
hexamer are strong enough to slightly deform the dimer so
that several interface hydrogen bonds near the termini region
disappear (the hydrophobic core remains unchanged). The
variability of the CTL receptor or ligand dimer interface
reported previously, and confirmed by this study, is thus clearly
related to the CTL dimer—dimer interaction for the first time.
The capacity of these small proteins to form very flexible but
still well defined dimers is very likely to form a part of their
overall strategy for mediating plastic cell-cell interactions in
the immune system.
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Figure S1 Discussed models of NKR-P1:LLT1 interaction. LLT1 cyan, model of NKR-P1 black.
Residues LLT1 Lys169 and NKR-P1 Glu205 important for the interaction (Kamishikiryo ef al., 2011)
are shown as green sticks. (a¢) Model based on the NKp65:KACL structure (PDB code 4iop, Li ef al.,
2013), NKR-P1 is placed in position of NKp65 and LLT1 in position of KACL. (b) Model based on
the same structure, but NKR-P1 takes the position of KACL and LLT1 of NKp65. (¢, d) Model based
on hexameric packing of LLT1_glyco. LLT1 dimer is in its position from the observed hexamer and
NKR-P1 in the position of the closest LLT1 monomer in the hexamer. (d) A view from the “top” —

from the termini distal side.
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Human natural killer receptor protein 1 (NKR-P1, CD161, gene kirb1) is a C-type lectin-like receptor of
natural killer (NK) cells responsible for recognition of its cognate protein ligand lectin-like transcript 1
(LLT1). NKR-P1 is the single human orthologue of the prototypical rodent NKR-P1 receptors. Naturally,
human NKR-P1 is expressed on the surface of NK cells, where it serves as inhibitory receptor; and on T
and NKT cells functioning as co-stimulatory receptor promoting secretion of IFNy. Most notably, it is
expressed on Th17 and Tc17 lymphocytes where presumably promotes targeting into LLT1 expressing
immunologically privileged niches. We tested effect of different protein tags (SUMO, TRX, GST, MsyB) on

K ds: . R R L .
N%‘:f ;; g expression of soluble NKR-P1 in E. coli. Then we optimized the expression construct of soluble NKR-P1 by
D161 preparing a library of expression constructs in pOPING vector containing the extracellular lectin-like

Kirb1 domain with different length of the putative N-terminal stalk region and tested its expression in Sf9

NK cells and HEK293 cells. Finally, a high-level expression of soluble NKR-P1 was achieved by stable expression in
HEK293 suspension-adapted HEK293S GnTI~ cells utilizing pOPINGTTneo expression vector. Purified soluble
LLT1 NKR-P1 is homogeneous, deglycosylatable, crystallizable and monomeric in solution, as shown by size-

exclusion chromatography, multi-angle light scattering and analytical ultracentrifugation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Natural killer (NK) cells are large granular lymphocytes
described to be on the functional borderline of innate and adaptive
immunity [ 1,2]. They are mainly recognized for their singular ability
to provide defence against viral infection and tumour development
without prior antigen sensitization [3], but they also contribute to
the regulation of the adaptive system via secretion of cytokines [1]
and are even able to form antigen specific immunologic memory
[4—6]. NK cell activity is controlled by a fine balance of signals from
its variety of inhibitory and activating receptors [3] that engage a
broad range of health and disease markers in the accepted
“missing-self” and “induced-self” modes of recognition,

Abbreviations: CTL, C-type lectin-like; GnTI ", N-acetylglucosaminyltransferase I
negative; HEK, human embryonic kidney; LLT1, lectin-like transcript 1; IPEI, linear
polyethylenimine; MALS, multi-angle light scattering; NK, natural killer; SEC, size-
exclusion chromatography.

* Corresponding author.
E-mail address: ondrej.vanek@natur.cuni.cz (O. Vanék).

http://dx.doi.org/10.1016/j.pep.2017.07.016
1046-5928/© 2017 Elsevier Inc. All rights reserved.

respectively [7—11].

NK cell receptors are divided into the immunoglobulin-like [12]
and the C-type lectin-like (CTL) structural classes [13,14]. C-type
lectins bind calcium and carbohydrates; however, CTL receptors
recognize protein ligands instead, despite the fact that they are
homologous to C-type lectins [15,16]. The NKR-P1 receptor family,
encoded in the Natural Killer Cell (NKC) gene complex (human
chromosome 12), encompasses the prototypical NK cell receptors
belonging to the CTL class [15]. Unlike many CTL NK receptors that
are recognizing MHC class I glycoproteins [14,17,18], NKR-P1 re-
ceptors interact with a genetically and structurally highly related
ligands from clec2 gene subfamily [13].

Human NKR-P1 (CD161, gene kirb1) was identified in 1994 as a
human orthologue of rodent NKR-P1 receptors [19] and up to now
remains the only described human NKR-P1 receptor. However,
human NK receptors from the klrf subfamily — i.e. NKp65 [20] and
NKp80 [21] share distinct similarity to NKR-P1 and were proposed
to represent activating counterparts of human NKR-P1 [13,22].

Apart from NK cells, human NKR-P1 was found to be expressed
on NKT cells [23] and subpopulations of T lymphocytes [24]. Most
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notably, human NKR-P1 is present on regulatory T cells [25] and is
currently recognized to be a marker for all Th17 cells [26]. It was
found also on some Tc17 cells [27] which are being more and more
implicated in autoimmune diseases like multiple sclerosis [28],
rheumatoid arthritis [29] and Crohn's disease [30]. It was proposed
that NKR-P1 could play a role in targeting of these lymphocytes and
promote transendothelial extravasation into immunologically
privileged niches [26,31-34].

Under homeostasis NKR-P1 functions as inhibitory receptor of
NK cells [19,35,36] and co-stimulatory receptor of NKT and T cells
[35,37] promoting secretion of IFNy. However, it was also described
that the inhibitory function of human NKR-P1 is in an undesirable
way exploited by glioblastomas [38] and B-cell Non-Hodgkin's
lymphomas [39] which overexpress the NKR-P1 physiological
ligand — lectin-like transcript 1 (LLT1, gene clec2d) [35,36,40,41]
and thus escape immune response.

From a protein point of view, human NKR-P1 shares common
CTL receptor features. It was identified as a homodimeric type II.
transmembrane glycoprotein lacking O-linked glycosylation [19].
Its short intracellular portion contains an immunoreceptor
tyrosine-based inhibitory motif that is noncanonical for the pres-
ence of alanine residue in the —2 position relative to the tyrosine
residue [42]. A transmembrane helix is followed by 25 residues
long stalk region that presumably functions as a flexible linker
providing a scaffold for cystine homodimerization and a C-terminal
CTL domain that itself contains 6 conserved cysteine residues sta-
bilizing this domain by formation of three intramolecular disul-
phide bridges [14].

Although there have been recently promising results for
refolding of murine NKR-P1 receptors from inclusion bodies pro-
duced in E. coli [43,44], so far only an unsuccessful renaturation of
the human orthologue have been reported [45]. Mammalian cell
lines were used previously to express full-length human NKR-P1
receptor or its extracellular part in low-scale for immunological
studies [35,36,40,41] or surface plasmon resonance measurements
[45], respectively. Here we present an optimization of the human
NKR-P1 ectodomain expression in different expression systems and
finally an utilization of HEK293S GnTI~ cells [46] for generation of
stably transfected cell line that provides a high yield of soluble
human NKR-P1 ectodomain usable for structural studies.

2. Material and methods
2.1. Vectors and NKR-P1 library cloning

A cDNA clone (GenBank accession no. BC114516) containing the
entire coding sequence of kirbl gene was obtained from Source
BioScience (GenomeCUBE IRCMp5012E0732D). A library of NKR-P1
stalk region deletion expression vectors was constructed by In-
Fusion cloning at the Oxford Protein Production Facility (OPPF;
Oxford, UK) as described before [47,48]. Primers used for amplifi-
cation of the selected NKR-P1 constructs from the cDNA clone
contained In-Fusion overlaps at the 5’ of the specific forward and
the reverse primers as described in supplementary data, Table S1.
For transient expression in HEK293 cells, NKR-P1 ectodomain
(G90-S225) was amplified from the cDNA clone using
5'—AAAAAAACCGGTGGTCTCTTAAACTGCCCAATATATTG—3' and
5'—AAAAAAGGTACCAGAGTCAGGATACACTTTATTTCTCAC-3’ and
using Agel and Kpnl sites subcloned into pTT28 expression plasmid
(kindly provided by Dr. Yves Durocher; a derivative of pTT5 [49]
containing N-terminal secretion leader and C-terminal Hisg-tag
sequence, thus leaving ITG- and -GTKHHHHHHHHG at expressed
protein N-and C-termini).

2.2. Small-scale NKR-P1 expression tests

Expression of the library of stalk region deletion constructs was
performed at OPPF following standard OPPF protocols for high-
throughput expression testing in E. coli [50] and Sf9 cells [51] as
described before.

Briefly, for prokaryotic expression 150 pl of overnight cultures
grown from selected colony of E. coli Rosetta2(DE3) pLysS or
B834(DE3) strains (both Novagen) transformed with the given
expression plasmid were used for inoculation of 3 ml of Power
Broth (Molecular Dimensions) and Overnight Express Instant TB
Medium (TBONEX; Novagen) with an appropriate antibiotic in 24-
well deep well blocks. The blocks were shaken at 37 °C until an
average ODsg5 reached ca 0.5. The Power Broth cultures were
cooled to 20 °C and expression was induced by addition of IPTG to
1 mM final concentration and left to produce overnight. The TBO-
NEX cultures were cooled to 25 °C and left to produce for 20 h.

Bacterial cultures were centrifuged and frozen until analysis.
Defrosted cell pellets were resuspended in lysis buffer (50 mM
NaH,PO4 300 mM NaCl, 10 mM imidazole, 1% v/v Tween 20, pH 8.0)
supplemented with lysozyme and DNAse I, incubated for 30 min
and the lysates were cleared by centrifugation in deep-well block
(6000 x g, 30 min, 4 °C). Expression levels were analysed by Coo-
massie stained reducing SDS-PAGE from soluble fraction of cell
lysates [50].

For insect cell expression, to generate a PO virus stock Sf9 cells
were co-transfected with linearized bacmid DNA (Bac10:KO1629
[52]) and pOPIN vector from the stalk region deletion library as a
transfer vector. For small-scale expression tests 3 ml of 1 x 10° Sf9
cells/ml in 24-well deep blocks were infected with 3 and 30 pl of P1
virus stock and left to produce at 27 °C for 72 h. For scale up, 800 ml
of Sf9 production culture in shaken Thompson flask was infected
with 800 pl of P2 virus stock. Media were harvested and purified
after 7 days.

For mammalian expression tests, 4 ug of the given expression
plasmid and 10 pl of Lipofectamine 2000 (Invitrogen, USA) were
each diluted into 25 pl of Freestyle F17 media (Invitrogen, USA),
incubated for 5 min, mixed and incubated for 10 min again before
addition to 2 x 10% HEKT293T cells grown in 1 ml of Freestyle F17
medium on a shaken 24-well culture plate (Corning, USA) at 37 °C,
5% CO,. After 4 h cell cultures were diluted with 1 ml of EX-CELL293
serum-free medium (Sigma, USA) and left to produce for 72 h.

Expression tests from insect and mammalian cell cultures were
analysed by enriching the secreted products by IMAC on Ni-NTA
magnetic beads (Qiagen and Biotool, USA) from 1 ml of the pro-
duction media and either analysed by SDS-PAGE or by Western blot
and immunodetection with primary mouse PentaHis anti-His-tag
monoclonal antibody (Qiagen, USA) and secondary HRP or AP
conjugated anti-mouse IgG antibody (R&D Systems, USA; Sigma,
USA).

2.3. Transient NKR-P1 expression in HEK293T cells

HEK293 cell lines were grown in suspension as described in
Ref. [41] in mixture of equal volumes of EX-CELL293 and Freestyle
F17 media in shaken square-shaped glass bottles within humidified
37 °C, 5% CO2 incubator. For transient expression of soluble NKR-P1
ectodomain, 400 pg of the pTT28 expression plasmid were diluted
in PBS, filter-sterilized and 25 kDa linear polyethylenimine (Poly-
sciences, USA) was added in 1:3 (w/w) ratio to 4 ml final volume,
the mixture was shaken and incubated for 5 min. Meanwhile,
400 x 108 HEK293T cells were centrifuged and resuspended in
200 ml of Freestyle F17 and immediately transfected. Following 4 h
incubation, the culture was diluted with 200 ml of EX-CELL293. 5—7
days post-transfection culture medium was harvested by
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centrifugation (4000 x g, 30 min), filtered (0.22 um Steritop filter;
Millipore, USA), and stored at —20 °C or immediately processed.

2.4. Stable NKR-P1 expression in HEK293S GnTI~ cells

For generation of stably transfected HEK293S GnTI™ cell pool,
30 x 10° cells were transfected in high cell density [41] with 30 pg
of pOPINGTTneo expression plasmid. For selection, Geneticin G418
was added two days post-transfection at 100 pg/ml. The culture
was split and the medium was exchanged with fresh addition of the
selection antibiotic every three days. Three weeks post-transfection
healthy and growing pool of polyclonal stably transfected cell cul-
ture was established. The stable culture was maintained in 1:1
mixture of EX-CELL293 and Freestyle F17 with 100 pg/ml of the
Geneticin G418. For protein production 400 x 10° cells were split
into 400 ml of 1:1 mixture of EX-CELL293 and Expi293 (Invitrogen,
USA) with 100 pg/ml of the selection antibiotic. Culture medium
was harvested after 10—14 days by centrifugation (4000 x g,
30 min), filtered (0.22 um Steritop filter; Millipore, USA), and stored
at —20 °C or immediately processed.

2.5. Protein purification and crystallization

Medium was diluted twofold with 50 mM Na;HPO4, 300 mM
NaCl, 10 mM NaNs, pH 7.5 PBS buffer and pH was adjusted to 7.5 if
necessary. The His-tagged protein was recovered by IMAC chro-
matography on HiTrap TALON crude column (GE Healthcare, USA)
with subsequent SEC on Superdex 200 10/300 GL column (GE
Healthcare, USA) in 10 mM HEPES, 150 mM NacCl, 10 mM NaN3, pH
7.5 buffer and concentrated to 20 mg/ml on Amicon Ultra
concentrator (10000 MWCO; Millipore, USA). The protein was
crystallized using sitting drop vapour diffusion method. Drops
(100 nl of protein solution and 100 nl of reservoir) were set up
using a Cartesian Honeybee 961 robot (Genomic Solutions) at
294 K. The reservoir consisted of 30% w/v PEG 6000, 100 mM Bis-
Tris propane pH 9.0 (PegRx screen, condition 39, Hampton
Research).

2.6. Mass spectrometry
Disulphide bonds in soluble human NKR-P1 were determined

according to the previously published protocol [53]. Briefly, the
protein was separated by SDS-PAGE, N-linked glycans were cleaved

off after the first GIcNAc unit by endoglycosidase Endo Hf (New
England Biolabs, USA) and digested by trypsin (Sigma, USA) or Asp-
N endoproteinase (Sigma, USA) under nonreducing conditions in
the presence of 200 uM cystamine. The peptide mixtures were
desalted on peptide MacroTrap and separated on reversed phase
MAGIC C18 columns (both Michrom BioResources, USA) connected
directly to an APEX-Q 9.4 T FT-ICR mass spectrometer (Bruker
Daltonics, USA) using an electrospray ion source. Data were ac-
quired using ApexControl 3.0.0 and processed with DataAnalysis
4.0. The disulphide bonds and saccharide moieties were identified
using Links software [54].

2.7. Analytical ultracentrifugation

The oligomeric state of the produced protein was analysed in
ProteomeLab XL-I analytical ultracentrifuge equipped with An-50
Ti rotor (Beckman Coulter, USA). For sedimentation velocity
experiment, samples of NKR-P1 diluted to the desired concentra-
tion with the SEC buffer used for its purification were spun at
48000 rpm at 20 °C and 150 scans with 0.003 cm spatial resolution
were recorded in 5 min interval using absorbance optics at
280—300 nm. The data were analysed using Sedfit [55] using a c(s)
continuous size distribution model. For sedimentation equilibrium
experiment, NKR-P1 at 0.11 mg/ml was spun at 12-15-18-21-
24000 rpm at 4 °C and 1 scan with 0.001 ¢cm spatial resolution at
280 nm was recorded after first 34 h and then consecutively after
18 h per each velocity. The data were analysed using Sedphat [56]
using multi-speed sedimentation equilibrium and single ideal
species model. Buffer density and protein partial specific volume
were estimated in SEDNTERP (http://sednterp.unh.edu/), figures
were prepared in GUSSI [57].

2.8. SEC-MALS

Molecular weight and polydispersity of NKR-P1 and
LLT1(H176C) [41] were analysed by size exclusion chromatography
using an HPLC system (Shimadzu, Japan) equipped with refractive
index (RI), UV and multi-angle light scattering (MALS) DAWNS EOS
detectors (Wyatt Technology, USA). A microSuperose12 column (GE
Healthcare, USA) was used with 10 mM HEPES, 150 mM Nadcl,
10 mM NaNjs, pH 7.5 eluent at 0.1 ml/min. Weight-average molec-
ular weights (Mw) were calculated from the light-scattering de-
tector based on the known injected mass while assuming 100%

JnetPred —
1 10 20 30 40 50 60
NKR-P1 MDQQAIYAELNLPTDSGPESSSPSSLPRDVCQGSPWHQFALKLSCAGIILLVLVVIGLSV)
JnetPred Q0Q0Q 200000000 -> —
70 80 90 100 110 120
NKR-P1 [SVISLJIQKSSIEKCSVDIQQSRNKTTERPGLLNCPIYWQQLREKCLLFSHTVNPWNNSLA
w 1 1 *
JnetPred 00000 —_— > >
130 140 150 160 170 180
NKR-P1 [DCSTKESSLLLIRDKDELIHTQNLIRDKAILFWIGLNFSLSEKNWKWINGSFLNSNDLET)
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Fig. 1. The primary sequence of human NKR-P1 (CD161, kirb1). The transmembrane helix and C-type lectin-like domain predicted by Globplot 2 [59] are highlighted by red and blue
rectangles, respectively. The stalk region optimized in this study is marked by magenta line above the sequence. JPred 4 [60] secondary structure prediction is depicted at the top.
Identified cystic pairs and N-linked glycosylation sites are labelled by numbers and full stars, respectively. The empty star indicates the presumptive N-linked glycosylation site
present within the stalk region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
List of used expression plasmids with description of peptides flanking the expres-
sion construct.

Vector N-terminal C-terminal
POPINS3C Hisg-SUMO-3C -
POPINTRX Hisg-TRX-3C -
pOPINMSYB Hisg-MsyB-3C -

pOPINJB Hisg-GST-3C BAP
pOPINP SS[PelB] Lys-Hisg
pOPING SS[RPTPmu] Lys-Hisg
pOPINGTTneo SS[RPTPmu] Lys-Hisg

Hisg —hexahistidine tag; SUMO — small ubiquitin-like modifier; 3C — cleavage site
for 3C protease; TRX — E. coli thioredoxin; MsyB — E. coli MsyB; GST — glutathione S-
transferase; SS[PelB] — PelB signal sequence; SS[RPTPmu] — receptor-like protein
tyrosine phosphatase p signal sequence; BAP — biotin acceptor peptide.

mass recovery. Number-average molecular weights (Mn) were
determined by refractive index measurements and were calculated
assuming a dn/dc value of 0.185 ml/g. Polydispersity is defined as
(Mw/Mn).

3. Results and discussion
3.1. Transient expression of NKR-P1 in HEK293 cell lines

To our best knowledge, successful expression of soluble human
NKR-P1 ectodomain has been previously reported only in

A

90 NtermN° ¢ ' ' '70 "' ' ' ' 75
EKCSV DI
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transiently transfected HEK293 cells [45]. Although the authors
haven't stated the production yield, the reported use for immobi-
lization on SPR sensor chip doesn't necessarily suggest high yields.
To evaluate this approach, we have performed transient expression
of NKR-P1 ectodomain in suspension cultures of HEK293T and
HEK293S GnTI™ cells using the same expression construct G90-
S225 as reported before [45]. This expression construct corre-
sponds to the CTL domain of NKR-P1 (Fig. 1) and does not contain
residues from the stalk region of the receptor. Similar constructs
were previously successfully used within our hands for bacterial
expression and refolding of mouse NKR-P1A, NKR-P1C, and Clrg
ectodomains [43,44,58], as well as of human LLT1 ectodomain that
was expressed in the same HEK293 cell lines [41]. However, in case
of human NKR-P1 we have obtained on average yields of only about
0.1 mg of pure recombinant protein per litre of production culture
from either HEK293 cell line. In contrast, we have recently reported
ca 30-times higher yields in the same expression system for LLT1
[41]. Such low yields of NKR-P1 are neither sufficient nor
economical for structural studies; therefore, we have attempted
further optimization of its expression with regards to the expres-
sion system used and to the length of the putative N-terminal stalk
region in its expression construct.

3.2. Screening of NKR-P1 expression in E. coli

In order to test the solubility effect of a protein tag fusion we
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Fig. 2. Screening of the stalk region deletion library of NKR-P1 expression constructs. Western blots of His-tagged products enriched on Ni-NTA magnetic beads from small-scale
expression tests of the NKR-P1 stalk region deletion library in pOPING (C-terminally Hisg-tagged) in (A) Sf9 insect and (B) human HEK293T cell lines. The N-terminal residue of the
stalk region included in the given construct is annotated at the top. Molecular weight standards are in kDa. Position of putative covalent dimer of NKR-P1 is marked by an arrow.

Sample of NKR-P1 ligand, protein LLT1, was added for comparison.
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have subcloned three expression constructs of human NKR-P1
differing in the length of the flexible N-terminal stalk region
while containing the whole CTL domain (I66/Q80/G90-S225)
(Fig. 1) into the pOPINS3C, pOPINTRX, pOPINMSYB, pOPIN]B, and
pOPINP expression vectors from OPPF's suite of pOPIN vectors [48]
(see Table 1 for information about the expression cassettes).
Expression tests were performed in E. coli B834(DE3) and E. coli
Rosetta2(DE3) pLysS strains using two different production condi-
tions — an overnight production at 20 °C after induction with 1 mM
IPTG and a production in TBONEX auto-induction medium at 25 °C
for 20 h. Products of 1 ml cultures were enriched using Ni-NTA
magnetic beads from soluble fraction of cell lysate and analysed
using Coomassie stained reducing SDS-PAGE [50] (Fig. S1). Unfor-
tunately, we cannot report any improvement on expression of
soluble human NKR-P1 in E. coli for any of the tested fusion con-
structs or conditions. It is possible that using strains with an
oxidizing cytoplasm designed for expression of disulphide-
containing proteins like SHuffle or Rosetta-gami would be more
efficient; however, based on our previous experiences with these
strains for similar constructs of mouse NKR-P1 receptors this seems
unlikely, too (not shown).

3.3. Screening of stalk region deletion library in Sf9 and HEK293T
cells

For simultaneous expression test in both insect cell baculoviral
and mammalian expression systems, we have utilized OPPF's
POPING expression vector allowing for secreted expression with C-
terminal Hisg-tag flanking the protein of interest (Table 1). A series
of 25 human NKR-P1 constructs with consecutively shortened N-
terminal stalk region (166-G90) (Fig. 1) ending at the CTL domain C-
terminal S225 were subcloned into the pOPING vector. Expression
tests were performed in 3 ml of Sf9 culture infected with P1 gen-
eration of baculoviruses and in 2 ml of transiently transfected
suspension HEK293T cultures. Expression media were analysed for
the presence of desired products 72 h post-transfection by anti-
histidine tag immunodetection.

Although positive, only low expression signals were obtained
from the insect cell expressions (Fig. 2A). However, a distinct region
of best expressing constructs could be distinguished with the N-
termini of NKR-P1 ranging from C74 to Q79. This could suggest
stabilization of these constructs by secondary structure formation.
Interestingly, a JPred 4 secondary structure prediction analysis
suggests a-helix within this region (Fig. 1). Such structural stabili-
zation could provide a scaffold for the formation of an intermo-
lecular disulphide bridge via the C74 residue.

Analysis of the expression test in mammalian culture showed
positive albeit similarly low level of expression for most of the
tested constructs (Fig. 2B). Interestingly, a very low signal corre-
sponding to the NKR-P1 covalent dimer could be detected within
the range of S69-E72 N-terminal NKR-P1 constructs. Also, a sudden
shift in the electrophoretic mobility between the N83 and K84 N-
terminal constructs and presence of NKT consensus sequence
suggest presence of N-linked glycan at the N83 (Fig. 1).

We have further attempted to scale-up the production of the
S$75-5225 construct in 800 ml of Sf9 culture infected with P2 gen-
eration of the virus. However, the low level of expression was
confirmed with yield of only ca 0.4 mg of heavily contaminated
protein per litre of production culture (contamination may have
been caused by presence of misfolded protein aggregates). There-
fore, we cannot report a suitable format of recombinant expression
of soluble human NKR-P1 based on baculoviral transduction of Sf9
cells. We cannot exclude the possibility that the sequence following
the signal peptide might have a negative impact on secretion in
insect cells, rather than the construct itself.

3.4. High-level expression of soluble human NKR-P1 in stable
HEK293S GnTI™ cell line

In parallel, we have attempted to express the original G90-S225
construct of human NKR-P1 ectodomain in stably transfected pool
of HEK293S GnTI™ cells and thus test whether higher production
yields might be reached by using stable instead of transient
transfection. Although this construct performed poorly in the
aforementioned transient expression test and may be suboptimal
with respect to possible expression yield, based on our previous
work on structural elucidation of CTL receptors [40,43,58,61] con-
structs lacking the N-terminal stalk region and containing only the
well-defined CTL domain are the most suitable targets for further
structural experiments. The expression construct was subcloned
into OPPF's vector pOPINGTTneo containing neomycin selection
marker. A pool of resistant HEK293S GnTI™ cells was selected on
Geneticin G418. Following positive expression test (data not
shown), the resistant pool was scaled to 300 ml of 1 x 108/ml cell
suspension and left to produce for 10 days. The secreted product
was purified by IMAC on HiTrap Talon column followed by SEC on
Superdex 200 10/300 GLyielding on average 2.5 mg of pure protein
per litre of production culture.

The HEK293S GnTI~ cell line provides uniform mammalian N-
linked glycosylation of GIcNAc;Mans type that is readily cleavable
with endoglycosidase Endo F1 leaving only a single GIcNAc unit
(Fig. 3A, lane D). Both under reducing and non-reducing conditions
the soluble human NKR-P1 ectodomain migrates on SDS-PAGE as
three distinct glycoforms corresponding to the theoretical weight
of monomer with one (18.4 kDa), two (19.6 kDa) or three (20.9 kDa)
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34—
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Fig. 3. Soluble NKR-P1 ectodomain forms distinct glycoforms, is easily deglycosylat-
able and crystallizable. (A) SDS-PAGE analysis of the final product of soluble NKR-P1
(G90-5225) with simple GlcNAc,Mans N-linked glycosylation from HEK293S GnTI™
cells. Both under reducing and non-reducing conditions three distinct glycoforms of
NKR-P1 are detectable, that migrate as a single band after cleavage of N-glycans with
endoglycosidase Endo F1 (leaving single GIcNAc unit; lane D). M — molecular weight
standard in kDa. ENDO F1 — endoglycosidase F1 (arrow). (B) Crystals of NKR-P1 pro-
duced in HEK293S GnTI cells grown by sitting drop vapour diffusion method. The
black scale bar represents 100 pum.
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Fig. 4. Soluble NKR-P1 is monomeric in solution. (A) Comparison of size exclusion chromatography profiles of soluble LLT1 H176C mutant (black) and NKR-P1 (red). The LLT1 is
forming non-covalent dimer [41] while NKR-P1 migrates rather as monomer. (B) Comparison of size exclusion chromatography with refractive index detection (line plot, left axis)
and molar masses determined by multi angle light scattering (scatter plot, right axis) of soluble LLT1 H176C mutant (black) and NKR-P1 (red). (C) Sedimentation equilibrium analysis
in analytical ultracentrifuge performed at 0.11 mg/ml concentration showed that NKR-P1 behaves as monomer; upper panel — absorbance data with fitted curves (single non-
interacting discrete species model), lower panel — residual plot showing the goodness of fit. (D) Series of sedimentation velocity analyses in analytical ultracentrifuge at
increasing protein concentration (given in mg/ml; normalized continuous size distributions of the sedimenting species) showed that NKR-P1 does not self-associate. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N-linked glycosylation sites occupied with the GlcNAc;Mans
oligosaccharide moieties (Fig. 3A). Furthermore, the prepared sol-
uble human NKR-P1 with homogeneous GlcNAc;Mans N-glycans
(although still being in-homogeneous with respect to incomplete
N-glycosylation site occupancy) was readily crystallized using the
vapour diffusion method in sitting drop, forming bipyramidal
crystals (Fig. 3B) up to 80 um in size. These initial crystals already
diffracted up to resolution of ca 2.0 A and were later optimized
leading to solution of NKR-P1 crystal structure (Bldha et al.,
submitted).

Utilizing a mass spectrometry approach, we have identified
cystic peptides in the soluble NKR-P1 ectodomain confirming ca-
nonical configuration of disulphides in CTL domain: C94-C105,
C122-C210, and C189-C202 (Table S2, Fig. 1). Furthermore, we have
been able to confirm presence of saccharide moieties at the three
predicted N-linked glycosylation sites — N116, N157, and N169
(Table S2, Fig. 1). The incomplete occupancy of these sites accounts
for the three different glycoforms observed on SDS-PAGE (Fig. 3A).

3.5. Stoichiometry of recombinant human NKR-P1 in solution

Comparison of SEC retention volumes for soluble LLT1(H176C)
eluting as a non-covalent dimer [41] and for soluble NKR-P1

ectodomain suggests that soluble NKR-P1 elutes rather as a
monomer (Fig. 4A). To confirm this, we repeated the analysis with
multi-angle light scattering detection (Fig. 4B) providing a molec-
ular weight of ca 22 kDa and 33 kDa for soluble NKR-P1 and
LLT1(H176C) respectively, both with low polydispersity (Fig. 4B).
Monomeric state of human NKR-P1 was further corroborated by
sedimentation equilibrium analysis in analytical ultracentrifuge
resulting in estimated molecular weight of 20.7 kDa (Fig. 4C).
Sedimentation velocity experiment performed with samples of
increasing protein concentration also showed no tendency to form
homodimer or oligomeric species (Fig. 4D). Soluble human NKR-P1
behaves as particle with standard sedimentation coefficient sy
2.10 S and approximate dimensions of 4.5 x 3.5 nm corresponding
well to expected values for monomeric protein.

Human NKR-P1 should form a covalently linked homodimer on
the cell surface [19], but the produced soluble form of NKR-P1 lacks
the odd cysteine residue in the stalk region implicated in such
dimerization [13]. However, soluble ectodomains of the homolo-
gous subfamily of related clec2 receptors — CD69 [61], LLT1 [40],
and KACL [62] were previously reported to form stable non-
covalent dimers in solution quite easily. On the other hand,
recently published structure of NKp65 [62], a member of more
closely related kirf subfamily, shows this receptor interacting with
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its clec2 ligand KACL while being in a monomeric state and its
dimerization in the manner of clec2 receptors would even hamper
the interaction with its clec2 ligand. Similarly, previously reported
mouse NKR-P1A and NKR-P1C(B6) orthologues were observed in
solution only as monomers [43,44]. Taken together with the pre-
sented low propensity of NKR-P1 to form a non-covalent dimer in
solution, a different, less stable mode of dimerization should be
expected than that of clec2 receptors for the human NKR-P1 and its
orthologues and close homologues — the kirf receptors; that re-
quires covalent stabilization by a disulphide bridge(s) in the puta-
tive stalk region.

4. Conclusions

To conclude, we have recombinantly expressed soluble human
NKR-P1 ectodomain in stable, deglycosylatable and crystallizable
form. To our knowledge, this is the first attempt at structural
characterization of human NKR-P1 immunoreceptor. The strategy
of construct design described herein for NKR-P1 — i.e. the con-
struction of stalk region deletion library — might be considered also
for other C-type lectin-like receptors of NK cells, although in our
case, it was rather the choice of proper expression system that was
the most important factor. Selection of stably transfected
HEK293 cell lines as expression host may be optimal both for
protein production aimed at structural characterization and for
production of soluble receptor domains that could be utilized in
clinical therapy also for other NK cell CTL receptors and their li-
gands. Depending on the intended use, suitable HEK293 cell line
with desired N-glycosylation profile could be chosen, i.e. HEK293S
GnTI~ or HEK293T cell lines with simple or complex N-glycans,
respectively.
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Fig. S1. Screening of the fusion tags for expression of NKR-P1 ectodomain in E. coli. Coomassie
stained reducing 4-12% SDS-PAGE of His-tagged products enriched on Ni-NTA magnetic beads from
soluble fraction of cell lysate of small-scale expression tests of three NKR-P1 constructs -
166/Q80/G90-S225 (displayed in that order); in pOPINS3C (S3C), pOPINTRX (TRX), pOPINMSYB
(MSYB), pOPINJB (JB), and pOPINP (P) expression plasmids — annotated at the top. Expression tests
were performed in E. coli B834(DE3) and Rosetta2(DE3) pLysS strains — annotated at the bottom,
using two different production conditions — (A) an overnight production at 20°C after induction with 1
mM IPTG and (B) a production in Overnight Express Instant TB auto-induction media at 25°C for 20 h.
Red rectangles highlight approximate area of expected products soluble fusion products. The positive
GFP controls for the four experimental conditions are shown in the last four lanes in (B).
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Table S1. Table of DNA primers used for PCR amplification. For In-Fusion cloning of the selected
NKR-P1 construct into the set of pOPIN vectors, DNA primers contained a 5’ overlap designed for the
In-Fusion cloning into a linearized vector and a sequence specific for the selected NKR-P1 construct.
The first part of the table shows the selected N-terminal/C-terminal NKR-P1 residue with the
respective forward/reverse sequence specific for the given NKR-P1 construct. The second part of the
table shows the pOPIN vectors used in this study with the respective set of restriction enzymes used
for their linearization and specific 5’ forward/reverse In-Fusion overlaps.

N-terminal AA

166
Q67
K68
S69
S70

171
E72
K73
C74
S75
V76
D77

178
Q79
Q80
S81
R82
N83
K84
T85
T86
E87
R88
P89
G90

C-Terminal AA

$225

Vector

pOPINS3C
POPINTRX
pOPINMSYB

pOPINJB

pOPINP

pOPING
POPINTTGneo

Restriction
sites

Kpnl
Hindlll

Kpnl
Sfol
Kpnl
Pmel
Kpnl
Pmel

Construct specific forward sequence
5 ATACAGAAATCATCAATAGAAAAATGCAGTGTGGY
5 CAGAAATCATCAATAGAAAAATGCAGTGTGGY
5'AAATCATCAATAGAAAAATGCAGTGTGGACS'
5TCATCAATAGAAAAATGCAGTGTGGACATTC3
5TCAATAGAAAAATGCAGTGTGGACATTCAACYT
5’ ATAGAAAAATGCAGTGTGGACATTCAACAGT
5GAAAAATGCAGTGTGGACATTCAACAG3’

5’ AAATGCAGTGTGGACATTCAACAGAGC3
5TGCAGTGTGGACATTCAACAGAGCAGS
5AGTGTGGACATTCAACAGAGCAGGAATAAAACY
5’ GTGGACATTCAACAGAGCAGGAATAAAACT
5GACATTCAACAGAGCAGGAATAAAACAACAGS
5’ ATTCAACAGAGCAGGAATAAAACAACAGAG3T
5'CAACAGAGCAGGAATAAAACAACAGAGAGACC3
5CAGAGCAGGAATAAAACAACAGAGAGACCGS3’
5’AGCAGGAATAAAACAACAGAGAGACCGGGY
5’ AGGAATAAAACAACAGAGAGACCGGGY
5 AATAAAACAACAGAGAGACCGGGTCTCTTAAACST’
5’AAAACAACAGAGAGACCGGGTCTCTTAAACTG3’
5’ACAACAGAGAGACCGGGTCTCTTAAACTGCY
5 ACAGAGAGACCGGGTCTCTTAAACTGCC3
5GAGAGACCGGGTCTCTTAAACTGCCCY
5AGACCGGGTCTCTTAAACTGCCC3
5CCGGGTCTCTTAAACTGCCCAATATATTG3’
5GGTCTCTTAAACTGCCCAATATATTGGC3’

Construct specific reverse sequence
5AGAGTCAGGATACACTTTATTTCTCACAGGTG?

Forward overlap Reverse overlap
5'AAGTTCT8(T;£,TCAGGGCC 5ATGGTCTAGAAAGCTTTA3
SAAGTICTETTTCAGGECC | sagaTGTCGTTCAGGCCS
S’GCCCAGSA%%C;,CGATGGC 5GTGATGGTGATGTTTS’

5GCGTAGCTGAAACCGGCS 5GTGATGGTGATGTTT3

2
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Table S2. Table of cystic peptides identified for NKR-P1. First column shows identified peptides/cystic
dipeptides (numbered relative to the expressed NKR-P1 construct, i.e. ETG-G90-S225-KHHHHHH)
based on which a disulphide bond or N-linked glycosylation was assigned in the second column
(presence of N-bound HexNAc is also indicated, in this case this corresponds to the first GIcNAc unit
left after the cleavage of protein by endoglycosidase Endo Hf). Theoretical and experimental masses
of measured peptides, mass error and intensity are shown in the third, fourth, fifth and sixth column,
respectively.

Identified Cys-Cys Theoretical Experimental Error Intensit
peptide(s) cross-link mass mass (ppm) ntensity
35-47/119-137 C122-C210 3834.0408 3834.037 0.9  2.30E+07
100-121 C189-C202 2497.0862 2497.083 14  2.40E+08
97-118 C189-C202 2413.0176 2413.012 23  4.11E+06
100-121 C189-C202 2497.0862 2497.081 2 1.14E+06
1-39/122-126 Cgfé ﬁl?gﬁ; XZﬁAC 5354.5532 5354.544 1.8 | 217E+07
1-34 Cg4'ﬁ;S§A';‘1 B 4146.022 4146.026 11 9.91E+08
61-80 N157-HexNAc 2612.3762 2612.372 15 | 1.72E+06
35-75 N157-HexNAc 49486133 4948.612 0.3  1.03E+08
48-80 N157-HexNAc 4188.2134 4188.208 13 9.24E+05
61-00 o 57'%2’)‘(’&’2\% N169- 3947 9858 3947.98 14  439E+06
48-90 N157":|Z§EAA‘;N169' 5523.8232 5523.812 2 9.39E+05
81-95 N169-HexNAc 1980.9666 1980.963 2 3.27E+08
81-99 N169-HexNAc 2352.147 2352.143 19 | 2.80E+07
78-95 N169-HexNAc 2409.1838 2409.179 18  5.11E+06
76-90 N169-HexNAc 2039.9827 2039.98 14  9.54E+07
81-95 N169-HexNAc 1980.9666 1980.964 14  7.60E+07
78-95 N169-HexNAc 2409.1838 2409.18 15  2.38E+06
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Abstract

Human NKR-P1 (CD161, gene kirb1) and its physiological ligand LLT1 (gene clec2d) is a prototypical
inhibitory C-type lectin-like receptor:ligand pair of NK cells. Being identified as a marker for Th17
cells, the role of NKR-P1 in homing lymphocytes into immune-privileged sites, where expression of
LLT1 is increased, is of particular interest for multiple sclerosis, rheumatoid arthritis or Crohn’s
disease; while its inhibitory signalization is being exploited by overexpression of LLT1 on
glioblastoma, non-Hodgkin’s lymphoma and prostate cancer cells. We determined crystal structure
of both NKR-P1 and NKR-P1:LLT1 complex. NKR-P1 is forming homodimer with unexpected
symmetry that enables binding of LLT1 in two distinct binding modes bridging two LLT1 molecules,
thus pointing to formation of potential interaction clusters suggestive of an inhibitory immune
synapse. This structure explains previously observed interaction data and shows how avidity might

improve affinity and signalization upon cellular contact.

Keywords
NKR-P1/ LLT1/CD161/NK cell/C-type lectin-like

Introduction

Natural killer (NK) cells are innate immune lymphocytes exceptional for their ability to detect and eliminate
virally infected, malignantly transformed or stressed cells without prior antigen sensitization (Vivier et al,
2008). For these purposes, NK cells are equipped with a broad range of surface activating and inhibitory
receptors that govern their activation through a fine balance of induced signals (Vivier et al, 2008). The

inhibitory receptors engage the cellular health markers (MHC class I-like glycoproteins) that would be down-
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regulated due to infection or cellular stress (Anfossi et al, 2006). In such an event, NK cell can recognize
through such loss of its inhibitory signals the “missing-self” and promote cytotoxicity towards target cell (Karre
et al, 1986). Similarly, the activation receptors recognize up-regulated surface disease markers in a recognition
mode referred to as “induced-self” (Bottino et al, 2005). NK cells also contribute to the initiation and
development of the adaptive immune response via production and secretion of several classes of cytokines,
especially proinflammatory IFN-y (Vivier et al, 2011). Moreover, recent findings showed that NK cells are
capable of maintaining a form of immunological memory (Cerwenka & Lanier, 2016; Vivier et al, 2011). Thus,
NK cells represent a bridge between innate and adaptive immunity (Caligiuri, 2008; Vivier et al, 2011).

The NK receptors comprise of two structurally divergent classes: the immunoglobulin-like receptors family
and the C-type Lectin-like Receptors (CTLRs) family (Bartel et al, 2013; Yokoyama & Plougastel, 2003).
CTLRs are encoded within the natural killer gene complex (NKC, human chromosome 12) and unlike C-type
lectins CTLRs neither bind calcium ions nor engage carbohydrate ligands (Rozbesky et al, 2014; Zelensky &
Gready, 2005). Instead, CTLRs are known to interact with protein ligands: while receptors such as Ly49,
CD94/NKG2 or NKG2D recognize MHC class-I like molecules (Yokoyama & Plougastel, 2003), the NKR-
P1 subfamily of receptors have been shown to recognize structurally highly related Clr/Ocil CTLRs from the
clec2 gene subfamily (Yokoyama & Plougastel, 2003; Zelensky & Gready, 2005) that is encoded in a tight
genetic linkage with the klr genes of NKR-P1 receptors and represent a unique CTLR:CTLR interaction system
serving both the non-MHC missing-self as well as the induced-self recognition (Bartel et al, 2013; Yokoyama
& Plougastel, 2003; Zelensky & Gready, 2005). While several inhibitory and activating murine and rodent
NKR-P1 receptors were described, the human receptor NKR-P1 (CD161, gene klrb1), identified in 1994
(Lanier et al, 1994), is still the only human orthologue described so far. However, based on the structural and
functional homology with NKR-P1 it was proposed that the human activating C-type Lectin-like (CTL)
receptor-ligand pairs NKp65:KACL (kirf2:clec2a) (Spreu et al, 2010) and NKp80:AICL (kirf1:clec2b) (Welte
et al, 2006) represent the activating counterparts of human NKR-P1 (Bartel et al, 2013; Vogler & Steinle,
2011).

Human NKR-P1 was first identified as a marker of NK cells (Lanier et al, 1994), where it acts as an inhibitory
receptor (Aldemir et al, 2005; Lanier et al, 1994; Rosen et al, 2005), that is up-regulated by IL-12 (Poggi et al,
1998). However, NKR-P1 is also expressed by natural killer T (NKT) cells (Exley et al, 1998), mucosal-
associated invariant T (MAIT) cells (Ussher et al, 2014) and other subsets of T-lymphocytes (Fergusson et al,
2014), where it interestingly functions as a co-stimulatory receptor, increasing secretion of [FN-y (Aldemir et
al, 2005; Germain et al, 2011). NKR-P1 is already present on immature CD16- CD56" NK cells (Bennett et al,
1996) and also on precursors of Th17 and MAIT cells in the umbilical cord blood (Cosmi et al, 2008). Of
particular interest is the presence of NKR-P1 on IL-17 producing regulatory T cells (Afzali et al, 2013), on
subsets of Tc17 cells (Billerbeck et al, 2010) and on all Th17 cells, for which NKR-P1 is a marker (Cosmi et
al, 2008). These IL-17 producing T lymphocytes are implicated in development of a number of autoimmune
diseases — e.g. Crohn’s disease (Smith & Colbert, 2014), multiple sclerosis (Brucklacher-Waldert et al, 2009),
rheumatoid arthritis (RA) (Estrada-Capetillo et al, 2013), and psoriasis (Michalak-Stoma et al, 2013) — with
NKR-P1 considered to aim or promote the transendothelial migration to immunologically privileged niches

upon interaction with its endogenous ligand LLT1 (Cosmi et al, 2008; Chalan et al, 2015; Poggi et al, 1997).
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LLT1 (gene clec2d) has been described to be primarily expressed on activated monocytes (APCs) and B-cells
(Rosen et al, 2008) where it presumably contributes to defense against NK cell self-reaction (Rosen et al, 2008;
Vogler & Steinle, 2011). However, its expression can be induced on NK cells and T cells by IL-2 (Boles et al,
1999). Furthermore, it was shown that LLT1 is up-regulated on glioblastoma (Roth et al, 2007), prostate cancer
(Mathew et al, 2016), and B-cell non-Hodgkin’s lymphoma (Germain et al, 2015) cells where LLT1 contributes
to immune evasion by dampening the NK cell cytotoxicity. Interestingly, Th17 cells (CD161%) have been
reported to be present in the glioma tumor in increased number (Zambrano-Zaragoza et al, 2014). Six
alternatively spliced isoforms of the clec? gene were identified, with isoform 1 (coding for full-length
membrane bound LLT1) being the only one confirmed to interact with NKR-P1 (Germain et al, 2010).
However, a soluble form of LLT1 was recently found elevated in sera of RA patients (Chalan et al, 2015).
Being a genetically coupled CTL receptor:ligand pair, human NKR-P1 and LLT1 share the general protein
morphology (Bartel et al, 2013). They are type II transmembrane glycoproteins with an N-terminal cytoplasmic
signalization tail, a transmembrane helix, a flexible stalk region and a C-terminal C-type Lectin-like
domain(CTLD) (Germain et al, 2010; Lanier et al, 1994; Yokoyama & Plougastel, 2003). Both NKR-P1 and
LLTI were shown to form disulfidic homodimers (Germain et al, 2010; Lanier et al, 1994) linked most
probably by cysteine residues in their stalk regions. Structure of the NKp65:KACL complex represents the
only structural data currently available for complexes of the CTL receptor:ligand subfamily (Li et al, 2013). It
was also shown that the interaction of NKp65:KACL is protein-based and independent of glycosylation (Bauer
et al, 2015). Based on the available data an Surface plasmon resonance (SPR) analysis of NKR-P1 and LLT1
mutants was performed revealing fast kinetics of the interaction and key interaction residues and a model of
this complex was proposed (Kamishikiryo et al, 2011; Kita et al, 2015).

Previously we reported the first structure of LLT1 (Skalova et al, 2015) forming a non-covalent dimer
following the classical dimerization mode of CD69 independently on its glycosylation (Blaha et al, 2015). Here
we show and discuss the first structure of the human NKR-P1 receptor, forming a non-covalent dimer that
differs from the classical dimerization mode of CD69 and LLT1 (Kita et al, 2015; Natarajan et al, 2000; Skalova
et al, 2015), as well as its complex with LLT1 that explains the previous solution interaction observations and
yet totally differs from the previously proposed interaction model. For the first time, we can show how
dimerization of NKR-P1, as a prototypic CTLR with weak affinity towards its ligand, helps overcome this by
means of receptor oligomerization, leading to proposed clustering of the receptor:ligand complex within the

immunological synapse.

Results

Structure of human NKR-P1 ectodomain

Two crystal structures of the human NKR-P1 ectodomain were solved: the structure of NKR-P1 with simple
“GlcNAc,Mans™ N-glycosylation (NKR-P1_glyco) and of NKR-P1 deglycosylated after the first GIcNAc
residue (NKR-P1_deglyco); data statistics for all structures are given in Table 1. NKR-P1 in both crystal
structures follows the fold characteristic for a CTLD — two a-helices (ol and a2) and two antiparallel B-sheets
with the conserved hydrophobic WIGL motif within the domain core (Fig. 1 and 2a). The two B-sheets are
formed by B-strands B0, B1, B1°, and B5 and by B-strands B2, 2’, B3, and B4, respectively (assignment according
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to Zelensky and Gready (Zelensky & Gready, 2005) used also for description of other related CTL structures
(Kita et al, 2015; Li et al, 2013)). The domain is stabilized by three intramolecular disulfide bonds Cys94-
Cys105, Cys122-Cys210 and Cys189-Cys202.

Human NKR-P1 homodimer is similar to that of murine dectin-1

The asymmetric unit of NKR-P1 glyco contains two monomers, while the asymmetric unit of NKR-
P1 deglyco contains eight monomers of NKR-P1. All these monomers are arranged into very similar
homodimers, with pairwise RMSD on Co, atoms up to 0.5 A (Fig. 2b). However, these homodimers are of an
unexpected type: they do not resemble the classical dimerization mode of CD69 and other clec?2 ligands with
helix o2 utilized in the dimerization interface. Instead, the dimerization interface of NKR-P1 is formed by helix
al, similarly as in the case of the murine C-type lectin-like pattern recognition receptor dectin-1 (Brown et al,
2007), with which human NKR-P1 shares only 32% sequence identity of the CTLD (Fig. 2¢). RMSD of Ca
atoms between NKR-P1 and the dimer of dectin-1 in structure 2CL8 is 3.7 A. The overall position and
orientation of the monomers of human NKR-P1 in the dimer resembles those of dectin-1 to some extent but

still there are significant differences, e.g. the positions of helices a1 of the superimposed dimers differ up to 7

A.

Dimerization interface of human NKR-P1 is stabilized by glycosylation

The dimerization interface of the NKR-P1 homodimer is formed by six protein-protein and several water-
mediated hydrogen bonds (Tab. S1), a peptide bond interaction via delocalized electrons (Lys126-Glu127) and
a small hydrophobic core comprising Leul19, Alal20 and Ile168 from both chains (Fig. 3a). The contact
surface area is ca. 500 A2 In comparison with the classical a2-centred LLT1 dimer (7-12 hydrogen bonds,
stronger hydrophobic core, contact surface area 500-800 A?) (Skalova et al, 2015), the al-centred dimer of
NKR-P1 is realized through smaller contact surface area with fewer contact residues.

Interestingly, the first localized GIcNAc units at Asn116 in NKR-P1_glyco and the overlapping GlcNAc units
at Asnl116 and Asn157 in NKR-P1_deglyco participate in dimerization contacts with residues of helix al and
B2, L1, and B2’ regions of the opposite subunit of the NKR-P1 homodimer (Fig. 3b). In NKR-P1 glyco five
hydrogen bonds between Asnl16:GlcNAc and the opposite subunit contribute to stabilization of the a1-centred
homodimer (Tab. S1). The contact surface area between the opposite chain of NKR-P1 and the localized
GlcNAc unit is about 125 A2,

Glycosylation of human NKR-P1

The NKR-P1 ectodomain contains three potential N-glycosylation sites at residues Asnl16, Asnl157, and
Asnl169 (Fig. 1a). Glycosylation on Asn169 is present in electron density in both glyco and deglyco structures -
in NKR-P1 glyco the complete carbohydrate chain (GlcNAc;Mans) is localized in chain A, while a partial
chain of GIcNAc,Man; is localized in chain B (Fig. 3a); in NKR-P1_deglyco, the remaining first GIcNAc unit
is well localized in all eight NKR-P1 chains. Interestingly, in NKR-P1_deglyco the remaining GlcNAc units
on Asnl16 and Asnl157 of the opposite protein chains of the dimer occupy the same space and are found in

alternative conformations together with Asn116 (for details see Methods, Tab. 1, and Fig. 3c). On the other
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hand, in NKR-P1_glyco GIcNAc at Asnl16 is well defined with full occupancy in both chains, while no

electron density is present for glycosylation at Asn157.

Structure of human NKR-P1:LLT1 complex

The complex is composed of one NKR-P1 dimer and one LLTI dimer

The crystal structure of the NKR-P1:LLT1 complex is formed by deglycosylated NKR-P1 and LLT1
ectodomains. The asymmetric unit of the crystal contains a complex of dimeric NKR-P1 with dimeric LLT1
and an extra dimer of NKR-P1 (Fig. 4a). The dimerization mode of these NKR-P1 dimers is of the same al-
centred type as in the structures of sole NKR-P1 described above (Fig. 2b). The LLT1 dimer follows the
standard 02-centred dimerization mode (Fig. 2c¢), similar to CD69 and identical with that described in the LLT1
structures (Skalova et al, 2015). LLT1 has well localized GIcNAc units at residues Asn95 and Asnl47.
Glycosylation of NKR-P1 observed in electron density is the same as in the structure NKR-P1 deglyco.

The LLT1 homodimer engages its partner bivalently, i.e. one dimer interacts with two dimers of NKR-P1
related by crystallographic symmetry: each monomer of LLT1 binds to a different subunit of a distinct NKR-
P1 homodimer (Fig. 4a). There is no apparent induced fit of the binding partners — the RMSD of Co atoms
between the non-interacting and interacting NKR-P1 dimers (NKR-P1_glyco and the complex) is 0.5 A; for
LLT1 (PDB ID 4QKH and the current complex) it is 0.7 A. The localized N-linked glycosylation chains do

not directly contribute to the interaction.

Two interaction modes of NKR-P1:LLTI complex

There are two distinct types of engagement between NKR-P1 and LLT1 in the presented structure — the primary
interaction mode (LLT1 chain B:NKR-P1 chain D) and the secondary interaction mode (LLT1 chain A:NKR-
P1 symmetry-related chain C). The primary interaction mode corresponds well to the structure of the
homologous NKp65:KACL complex (PDB ID 4I0P (Li et al, 2013)) — RMSD of Ca atoms of the two
complexes is 1.3 A (one chain of receptor and one chain of the ligand in each case, Fig. 4b, lower left). To the
best of our knowledge no protein-protein interaction similar to the secondary interaction mode is known. The
interaction interfaces of NKR-P1 involved in both interaction modes are fairly similar. They are formed mostly
by the membrane-distal residues of the loops L0, L3, L5, and L6 and strands B3 and p4 (Fig. 4c,d) that form a
flat surface for interaction with LLT1. Conversely, in the case of LLT1 the interaction interfaces of the primary
and secondary mode are quite different, albeit sharing a small number of residues. The primary interaction
patch of LLT1 is formed by residues of the loops L0’, L0, L3, L5, L6 and strands B3 and B4 (Fig. 4c), whereas
residues of the loops L2 and LS, strand $2°°, and helix a2 (Fig. 4d) are employed in the secondary interaction
interface. Both interaction modes place the membrane-proximal parts of the receptor and of the ligand on the
opposite sides of the complex and suggest a plausible model of interaction realized between two cells.

The primary interaction is realized through nine hydrogen bonds, of which two are charge-supported, many
water-mediated hydrogen bonds, and a n-x stacking interaction (Tyr201-Argl75) with a total contact surface
area of ca. 800 A2 (Tab. S1). Hydrophobic interaction is not utilized in this contact. The four strongest bonds
are between the NKR-P1 residues Argl81, Tyr201, Lys148, and Ser199 and LLT1 residues Glul79, Glu162,
Ser129, and Tyr177, respectively (Fig. 4c). The secondary interaction mode is realized through five hydrogen
bonds, of which two are charge-supported, and a hydrophobic interaction (LLT1:Pro156 — NKR-P1:Alal49,
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Leul51) with a total contact surface area of ca. 550 A2 (Tab. S1). The three strongest bonds are between the
NKR-P1 residues Asp147, Ser199, and Argl81 and LLT1 residues Argl53, Lys169, and Asn120, respectively
(Fig. 4d).

Solution data for NKR-P1:LLT1 complex

To characterize the size and shape of the NKR-P1:LLT1 complex in solution we have performed
small-angle X-ray scattering (SAXS) and analytical ultracentrifugation (AUC) measurements. The
SAXS data are concentration-dependent due to an increasing ratio of the NKR-P1:LLT1 complex to
the free constituents with increasing protein concentration. At total protein concentration 9.6 mg/ml,
the molecular mass estimated from an extrapolated intensity at zero scattering angle 1(0) is 63 kDa,
which corresponds well with the expected mass of the dimer:dimer complex (66 kDa). Therefore, this
concentration was selected for the complex solution state characterization. The scattering plot for
these conditions, Kratky plot, P(r) plot and a DAM envelope with fitted crystal structure are shown in
the supplemental Figure 1.

The SAXS envelope of the complex has a size and shape approximately corresponding to the size
and shape of the dimer:dimer NKR-P1:LLT1 complex in both the primary or secondary mode. The
CRYSOL fit between the experimental SAXS data and scattering curve simulated from coordinates
of all possible monomeric or dimeric NKR-P1 and LLT1 domain combinations was checked. The best
accordance was found for the dimer:dimer complex in primary and secondary interaction modes (x?
5.4 or 5.2, respectively). The CRYSOL fit for models composed of an LLT1 homodimer and two NKR-
P1 monomers placed in either the primary/primary or primary/secondary combinations is much worse
(x? 87.5 or 121.8, respectively) with shapes lacking good agreement with the SAXS envelope (not
shown).

Similarly, AUC data are also concentration dependent. Whereas free human NKR-P1 ectodomain is
monomeric with sz20w sedimentation coefficient 2.1 S (estimated molecular mass 18 kDa, expected
17.5 kDa) and LLT1 ectodomain is forming non-covalent dimer (2.9 S) dissociating to monomer at
lower concentrations (previously characterized in Skalova et al., 2015(Skalova et al, 2015)), upon
increasing the total concentration of NKR-P1:LLT1 equimolar mixture a shift of apparent
sedimentation coefficient corresponding to the complex formation is observable (Fig. S2a), reaching
an s2o0w value of 3.7 S at the highest analyzed protein concentration. While this value corresponds
rather to an LLT1(dimer):NKR-P1(monomer) complex than to the particle of the expected
dimer:dimer stoichiometry, when we take into account non-ideality resulting from the very high protein
concentration used (18 mg/ml) and recalculate this s2ow value to zero protein concentration, the
resultant estimated °s20w value for spherical particle is 4.4 S and for elongated particle 4.5-5 S with
approximate dimensions 10—-15 x 4-5 nm, which is within range expected for a dimer:dimer complex
and correlates well with the observed SAXS envelope.

To analyze the sedimentation data further, binding isotherm was constructed by integrating individual
c(s) curves and plotting the resulting weighted S values against the given protein concentrations
used and fitted with two hetero-association binding models (Fig. S2b,c). The second bivalent binding
model (A+B&AB+B<&ABB) describes the data slightly better with estimated sAB and sABB values
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3.3and 4.0 S, and Kq values 36 and 144 uM, respectively, again pointing to the dimer:dimer overall

stoichiometry.

Discussion

Comparison with homologous NKp65:KACL complex

Currently the only available structure of a homologous complex — NKp65:KACL (Li et al, 2013) describes two
monomeric NKp65 units interacting separately and symmetrically with a dimeric KACL ligand with a
topological similarity to the described primary interaction mode in the NKR-P1:LLT1 complex (Fig. 4b).
However, the NKp65:KACL complex employs an entirely different set of interactions in the interface between
the two proteins. Not a single amino acid interaction pair observed in the primary NKR-P1:LLT1 interface
resembles those observed in the NKp65:KACL complex. The primary interaction mode in NKR-P1:LLTI to
a significant extent relies on main chain contacts permitting fast kon/Kofr kinetics, which agrees with the SPR
experiments published previously as well as our AUC analysis. This implies that in both cases a topologically
similar complex is formed while the responsible intermolecular recognition is realized semi-independently of

the actual fold and amino acid composition.

Influence of al-centred dimerization on complex affinity

Li et al. also reported that the orientation of NKp65 bound in the complex precludes the putative a2-centred
dimerization of NKp65. An NKp65 al-centred dimer model does not seem plausible for steric reasons and a
lack of stabilizing interactions, too (based on our analysis, not shown). This contrasts with the al-centred
dimerization of NKR-P1 observed in both the unbound and complex crystal structures. Interestingly, a single-
nucleotide polymorphism (SNP) ¢.503T>C of human klrb gene causing mutation of the CTLD residue Ile168
to Thr168 was described recently (Rother et al, 2015). The authors reported a
37%-frequency of the Thr168 allele and showed that the Thr168 isoform of NKR-P1 has lower ability to bind
LLT1 and subsequently smaller inhibitory effect on NK cells and further proposed that Ile168 forms a part of
the interaction interface between NKR-P1 and LLT1 with a direct influence on the recognition of LLT1 by
NKR-P1 (Rother et al, 2015). However, the structure of the NKR-P1 homodimer shows that Ile168 is present
at the dimerization interface rather than at the membrane-distal interaction interface — actually, it participates
in a small hydrophobic pocket within the dimerization interface (Fig. 3d). Therefore, we propose that the
substitution of the nonpolar isoleucine residue by polar threonine caused by the ¢.503T>C SNP has an indirect
effect on the binding affinity through destabilization of the al-centred NKR-P1 homodimer and, furthermore,
that the NKR-P1:LLT1 binding affinity is influenced by the oligomeric state of the receptor. The complex
NKp65:KACL stands out for its high affinity (Kg ~ 0.67 nM)(Li et al, 2013) — ca. 3000x stronger than
NKp80:AICL (K4 ~ 2.3 uM) (Welte et al, 2006) and 70000 than NKR-P1:LLT1 (K4 ~ 48 uM (Kamishikiryo
et al, 2011); this study 36 uM). It is possible that due to this exceptionally high affinity in NKp65 the putative
al-centred dimerization interface evolved in a way that hinders such dimerization, while in the case of the low
affinity NKR-P1, NKp80 receptors in a way supporting the al-centred dimerization for an increased avidity
effect.
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Comparison with previously proposed NKR-P1:LLTI binding model

The SPR analysis of single-residue mutants of both binding partners performed by Kamishikiryo et al.
(Kamishikiryo et al, 2011) and updated by Kita ef al. (Kita et al, 2015) (based on the published structure of
LLT1) identified several key residues of NKR-P1 and LLT1 that are important for their interaction and
proposed several pairs of interacting residues (Tab. S2). The proposed set of participating residues corresponds
well with the observed primary interaction mode. The mutated residues with detrimental or moderate effect on
binding in the SPR studies are mostly found in this interface (Fig. 1 and Tab. S2) —in LLT1: Tyr165, Asp167,
Lys169, Argl75, Argl80, and Lys181, and in NKR-P1: Argl81, Asp183, Glul86, Tyr198, Tyr201, and
Glu205. Also, their proposed interaction pairs agree with the mutual orientation of the interacting
macromolecules. Namely, the proposed LLT1/NKR-P1 pairs Tyrl177/Tyr198 and Argl75/Glu200 correspond
well to our observed pairing of LLT1:Tyr177:0H/NKR-P1:Ser199:0 and LLTI1:Argl75:N/NKR-
P1:Glu200:0E2, respectively. The proposed pairing of Glul79 from the LLT1 loop L6 with Ser193 or Thr195
from the NKR-P1 loop L5 resembles the crystal structure contacts of Glul79 with Argl81 (loop L3) and
Tyr198 (strand B4), located just in the vicinity of the NKR-P1 loop L5. In contrast to the SPR studies we do
not observe any contact between Tyr165 and Phel52, although LLT1:Tyr165 is employed in the primary
interface and Phel52 is close to the interacting L0 region of NKR-P1. Lastly, we do not observe the suggested
direct bond between LLT1:Lys169 and NKR-P1:Glu205. Although these residues are close to each other in
the primary mode (the closest distance 4.3 A), they clearly do not form a pivotal bond of the interaction
interface and the Lys169 side chain is rather flexible as suggested by a low quality of its electron density map
in the primary mode, contrary to all other side chains in the vicinity having well-defined positions.

As the secondary binding mode observed in the NKR-P1:LLT]1 structure utilizes a significantly different region
of LLT1 compared to the primary one, the orientation of LLT1 and NKR-P1 in this binding mode does not
correspond to the interaction pairs proposed in the SPR studies. However, as the interaction interface of NKR-
P1 in this mode is quite similar to the primary mode, some of the NKR-P1 residues with a previously identified
effect on binding are also employed in the secondary mode (Argl81, Aspl83, Tyr198, and Tyr201).
Interestingly, the residue LLT1:Lys169 makes several contacts with NKR-P1 (Argl81, Ser199, and Glu200)
in the secondary interaction mode. However, the proposed pair Lys169/Glu205 is not observed in this mode
either and here they are located even further away — ca. 11 A. The presence of Lys169 in both the primary and
the secondary interface of LLT1 suggests that the role of this residue in the overall formation of the complex
is significant. The reported mutation of Lys169 in LLT1 to Glu169 (Kamishikiryo et al, 2011) would lead to a
co-localization of several negative side chains in the secondary interface (Glu200 and Asp183 of NKR-P1 and
mutated Glul69). This explains that the observed disruption of the NKR-P1:LLT1 interaction in the previous
SPR experiments was most likely caused by the weakening of the secondary interface rather than the primary
one. The following restoration of binding due to the mutation of Glu205 in NKR-P1 to Lys205 could be, in the
light of the current structure, explained as strengthening of the primary interface. Thus, the previously
published SPR-based interaction data to a significant extent agree with the interaction modes between NKR-
P1 and LLTI1 observed in the presented crystal structure, although there are also previously suggested

interaction pairs which cannot be observed in either interface.
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Assembly of NKR-P1:LLTI complex on cell surface

Previously, an avidity effect of multimerization upon interaction was suggested by several authors as a means
of compensation for the low affinity of the NKR-P1:LLT1 complex (Kita et al, 2015; Li et al, 2013; Skalova
et al, 2012). Interestingly, in the presented structure of this complex we do indeed observe formation of a chain
of repeating NKR-P1 and LLT1 homodimers. This pseudo-linear multimer has a zig-zag shape with the
membrane-proximal parts of the proteins on the opposite sides (Fig. 5). However, such multimer is based on
the alternating al/a2-centred homodimeric state of NKR-P1/LLT1 (the chain-forming effect) and by
simultaneous involvement of both the primary and the secondary interaction modes (steric effect). An
attempted multimeric model of NKR-P1:LLT1 engagement in the primary mode alone shows a chain of
homodimers having non-linear, almost helical organization (Fig. S3a), with the NKR-P1 stalk regions clashing
sterically and the LLT1 stalk regions exposed in many different directions out of the complex core. Such
multimer is unlikely to be compatible with cell membrane anchoring and to form within an immunological
synapse. The receptor:ligand engagement in the secondary mode alone would also lead to formation of a helical
multimer with both the receptor and the ligand stalk regions pointing in many different directions out of the
complex core (Fig. S3b). Therefore, we conclude that a combination of both interaction modes is necessary for
a biologically plausible multimeric interaction.

Although such functional multimerization of NK CTLRs have not been much explored, formation of similar
nanoclusters is well described for the immunoglobulin family of KIRs interacting with MHC class 1
glycoproteins (Davis et al, 1999). Moreover, in crystal structures of the co-stimulatory immunocomplexes B7-
1:CTLA-4 and B7-2:CTLA-4 a periodic zipper-like network of interacting dimers was reported (Schwartz et
al, 2001; Stamper et al, 2001). Interestingly, B7-1 exists on a cell surface in a dynamic equilibrium of
monomers and non-covalent dimers, where upon interaction with co-stimulatory CD28 it forms an interaction
network of B7-1:CD28 homodimers. The uncoupling of this interaction is facilitated by dissociation of the B7-
1 to monomer, whereas an obligate dimer of B7-1 led to prolonged abnormal signalization between APC and
T cells (Bhatia et al, 2010).

Although both LLT1 and NKR-P1 were shown to form covalent homodimers on the cell surface as full-length
proteins (Germain et al, 2010; Lanier et al, 1994), the dimeric state of their CTL ectodomains was, to the best
of our knowledge, not yet evaluated in native cells. The formation and stability of the a2-centred non-covalent
homodimer of soluble LLT1 ectodomain was reported previously (Blaha et al, 2015; Kita et al, 2015; Skalova
et al, 2015). The relevance of the al-centred NKR-P1 non-covalent homodimer is discussed above; however,
the human NKR-P1 al-centred dimer utilizes fewer intermolecular contacts and has a smaller contact surface
area than o2-centred dimeric CTLRs and is thus less stable as also shown in our AUC analysis where only
monomeric NKR-P1 species were observed. Dimerization of human NKR-P1 CTLD would be expectedly
promoted in the context of the full-length receptor cystic homodimer and yet the length of its stalk region (25
amino acids) may confer enough flexibility for a CTLD monomer/dimer equilibrium. It would be therefore
interesting to assess the actual stoichiometry of NKR-P1 CTLD on cellular surface since similarly to B7-
1/CD28 there could be an equilibrium of the monomeric/dimeric states (stabilized by cystic bond in the flexible
stalk region) influencing the formation and dissociation of the above discussed interaction multimer and thus
regulating the strength and signalization of the NKR-P1:LLT1 system, especially to distinguish between the

membrane-bound dimeric and the soluble monomeric form of the ligand.
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Methods

Protein expression and purification. The mutant (His176 to Cys176) form of soluble LLT1 ectodomain (GIn72-Val191) was
produced transiently in HEK293S GnTI" cells as described before (Blaha et al, 2015). The lectin-like domain of human NKR-
P1 was produced in a similar way in stably transfected pool of HEK293S GNTI cells (Blaha et al., submitted). Briefly, the
expression construct corresponding to the CTL extracellular domain of NKR-P1 (Gly90-Ser225) was subcloned into the
pOPINGGTneo plasmid (kindly provided by prof. Ray Owens, University of Oxford), flanked by N-terminal secretion leader
and C-terminal His-tag (leaving ETG and KHHHHHH at secreted protein N- and C-termini, respectively). A suspension culture
of HEK293S GnTI" cells (Reeves et al, 2002) was transfected with a 1:3 (w/w) mixture of the expression plasmid and 25 kDa
linear polyethylenimine. The stably transfected cell pool was selected within 3 weeks on 200 ng/ul of geneticin G418 antibiotic.
The secreted proteins were purified from the harvested media by two step chromatography — an IMAC was performed on a
Talon column (GE Healthcare), followed by size-exclusion chromatography (SEC) on a Superdex 200 10/300 GL (GE
Healthcare) in 10 mM HEPES pH 7.5 with 150 mM NaCl and 10 mM NaNs. For deglycosylation, GST-fused Endo F1
(Grueninger-Leitch et al, 1996) was added to the protein (in SEC buffer with 50 mM citrate pH 5.5) in a 1:100 weight ratio and
incubated for 2 hours at 37°C. The deglycosylated protein was then purified using batch affinity chromatography on

Glutathione Sepharose 4B resin (GE Healthcare) with subsequent SEC as above.

Crystallization.

NKR-P1 glycosylated (structure NKR-P1_glyco) — Soluble human NKR-P1 ectodomain at 20 mg/ml in SEC buffer was
crystallized using the sitting drop vapor-diffusion method. Drops (100 nl of reservoir solution and 100 nl of protein solution)
were set up using a Cartesian Honeybee 961 robot (Genomic Solutions) at 294 K. The reservoir consisted of 20% w/v PEG
3350, 200 mM di-sodium tartrate pH 7.2 (PEG/lon screen, condition 36; Hampton Research). A hexagonal crystal with
dimensions of 150 x 150 x 20 ym was cryoprotected by soaking in the reservoir solution with addition of 25% (v/v) ethylene
glycol.

NKR-P1 deglycosylated (structure NKR-P1_deglyco) — The ENDO F1-deglycosylated soluble human NKR-P1 ectodomain
was concentrated to 12 mg/ml and crystallized as above. The reservoir consisted of 20% w/v PEG 3350, 200 mM ammonium
fluoride, 200 mM lithium chloride pH 6.2 (PEG/lon screen, condition 3, Additive screen, condition 17; Hampton Research). A
rod-shaped crystal of dimensions 50 x 50 x 150 ym was cryoprotected as above using addition of 25% (v/v) glycerol.
NKR-P1:LLT1 complex (structure NKR-P1:LLT1) — The ENDO F1-deglycosylated soluble human NKR-P1 and LLT1
ectodomains were mixed in 1:1 molar ratio and concentrated to 8 mg/ml of total protein. The protein complex was crystallized
as above; drops (200 nl of reservoir and 100 nl of protein solutions) were seeded with 50 nl of stock solution of crushed
needle-shaped crystals of deglycosylated NKR-P1 grown in 20% w/v PEG 3350, 200 mM ammonium fluoride pH 6.2 (PEG/lon
screen, condition 3; Hampton Research). The reservoir consisted of 200 mM ammonium sulfate, 20% w/v PEG MME 5000,
100 mM Tris pH 7.5 (Proplex screen, condition 1-40; Molecular Dimensions). A tetragonal bipyramid crystal of dimensions 30

x 30 x 80 ym was cryoprotected as above using addition of 25% v/v glycerol.

Data collection. All diffraction data were collected at Diamond Light Source, beamline 103, with wavelength 0.97625 A and
using a PILATUS3 6M detector. The crystal-detector distance was set to 340 mm, exposure time per image was 0.02 s,
oscillation width 0.1°, and temperature 100 K. 7200 images were collected for each of the data sets. In the case of the NKR-

P1:LLT1 complex, only 5000 images were finally used for data processing.

Data processing and structure solution. All diffraction images were indexed and integrated using the XDS package
(Kabsch, 2010) and scaled using AIMLESS (Evans & Murshudov, 2013). 5% randomly selected reflections were used as Riree
set. The phase problem was solved by molecular replacement — NKR-P1_glyco: in program BALBES (Long et al, 2008) using
the structure of the human NK cell receptor KLRG1 bound to E-cadherin (PDB ID 3FF7 (Li et al, 2009)); NKR-P1_deglyco: 6
chains found in PHASER(McCoy et al, 2007) using murine NKR-P1A (PDB ID 3T3A (Kolenko et al, 2011)) were completed
by 2 chains found in MOLREP (Vagin & Teplyakov, 2010); NKR-P1:LLT1: 4 chains found in BALBES as NKR-P1 chains (using
structure of murine dectin-1, PDB ID 2BPD (Brown et al, 2007)) were completed by two more chains in MOLREP and all 6

chains were manually reinterpreted as 4 NKR-P1 chains and 2 LLT1 chains. Refinement was performed using REFMAC5
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(Murshudov et al, 2011) and manual editing in COOT (Emsley et al, 2010). The last cycle of refinement was done using all

reflections. The final data processing and structure parameters are summarized in Tab. 1.

Structure quality assessment.

NKR-P1_glyco — The structure, comprising one dimer of the glycosylated CTLD of human NKR-P1, is overall well defined in
electron density, corresponding to the high resolution of the structure (1.8 A). Glycosylation at the dimerization interface does
not show the overlapping features as observed in the structures of deglycosylated NKR-P1 (below). GIcNAc was modelled on
Asn116 with full occupancy in both chains, while glycosylation at Asn157 was not observed on the level of electron density.
All modelled glycosylation chains (GIcNAc,Mans at A/Asn169, GlcNAc,Man; at B/Asn169 and GlcNAc at residues Asn116 in
both chains) are well localized in electron density.

NKR-P1_deglyco — The asymmetric unit comprises of four dimers of the CTLD of human NKR-P1 deglycosylated after the
first GIcNAc unit. The length of the localized part of the protein chain varies from the shortest chains A, F and G with modelled
residues Leu91-Leu214 to the longest chain H with residues Gly90-Arg218. GIcNAc at residue Asn169 is well localized,
however, GIcNAc units bound to Asn157 and Asn116 at the dimerization interface are present in alternative and overlapping
positions and residue Asn116 also shows alternative conformers. GIcNAc units bound to Asn157 and Asn116 were modeled
with 0.5 occupancy and only the more distinct from each overlapping pair was modeled (Tab. 1).

NKR-P1:LLT1 — The asymmetric unit contains two dimers of the CTLD of human NKR-P1 and one dimer of the CTLD of LLT1.
The structure has well defined electron density and all protein chains can be unambiguously assigned. The strongest
difference peaks correspond to non-interpretable small ligands. LLT1 has well localized GIcNAc units at residues Asn95 and

Asn147. Localized glycosylation chains of NKR-P1 are the same as in the structure NKR-P1_deglyco (previous paragraph).

PDB deposition. The crystal structures were deposited in the Protein Data Bank under the codes 5SMGR (NKR-P1_glyco),
5MGS (NKR-P1_deglyco) and 5SMGT (NKR-P1:LLT1).

Small-angle X-ray scattering. SAXS data for NKR-P1:LLT1 mixture/complex were collected on beamline P12 at DESY Petra
I, Hamburg, Germany, using a Pilatus 2M detector, wavelength 1.24 A and sample-to-detector distance 3 m. The human
NKR-P1 and LLT1 ectodomains homogeneously glycosylated by GlcNAc,Mans diluted in 10 mM HEPES, 150 mM NaCl, 10
mM NaNj3, pH 7.5 were mixed in 1:1 molar ratio. Data were collected at 293 K for buffer and protein samples at concentrations
0.6, 1.2, 2.4, 4.8, and 9.6 mg/ml and processed using the ATSAS package (Petoukhov et al, 2012). For data collected at
concentration 9.6 mg/ml, 20 independent models were calculated with DAMMIN (Svergun, 1999). The models were
superimposed and averaged using DAMAVER (Volkov & Svergun, 2003); no model was rejected. The DAMAVER model was
filtered using the damfilt command and then refined with DAMMIN. The final model was visualized in CHIMERA (Pettersen et

al, 2004) as an envelope 15 A above the beads.

Analytical ultracentrifugation. NKR-P1:LLTI complex formation was analyzed in an analytical ultracentrifuge ProteomeLab XL-I
equipped with An-50 Ti rotor (Beckman Coulter, USA) using sedimentation velocity experiment. Samples of glycosylated NKR-P1, LLT1
and their equimolar mixtures with increasing concentration in SEC buffer were spun at 48000 rpm at 20 °C and 150 scans with 0.003 cm
spatial resolution were recorded in 5 min steps using absorbance optics. Buffer density and proteins partial specific volumes were estimated
in SEDNTERP (www.jphilo.mailway.com). Data were analyzed with SEDFIT (Schuck, 2000) using a c(s) continuous size distribution
model. Binding isotherm (as well as figures illustrating AUC data) was prepared in GUSSI (Brautigam, 2015) and then fitted in SEDPHAT
(Schuck, 2003) using hetero-association models A+B<> AB or A+B<<>AB+B< ABB; only values for Ky, sAB, sABB were floated in the

fit, other parameters were kept constant at known values.

Supplementary information

Figure S1 and S2 display the obtained SAXS and AUC data, respectively. Figure S3 shows a model of

oligomeric assembly of NKR-P1:LLT1 complexes based on propagation of a single interaction mode. Table
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S1 describes contacts of the NKR-P1 dimerization interface as well as the NKR-P1:LLT1 interaction interfaces.

Table S2 compares the previously proposed NKR-P1:LLT1 binding model with the crystal structure.

Author contributions

JB, OS, BK, SP and EP contributed to protein expression and purification, JB and YZ performed the protein crystallization,
YZ and KH performed the X-ray diffraction measurements, JB, TS, JS, TK, JD and JD contributed to the data processing and
model refinement, TS performed the SAXS data analysis, OV performed the analytical ultracentrifugation measurements and

analysis, JB, TS, JD and OV designed the experiments and wrote the manuscript, with critical input from JH.

Acknowledgements

This study was supported by BIOCEV (ERDF CZ.1.05/1.1.00/02.0109 and CZ.02.1.01/0.0/0.0/16_013/0001776), Czech Science
Foundation (15-15181S), Ministry of Education, Youth and Sports of the Czech Republic (LG14009 and LM2015043 CIISB for CMS
Biocev; LTC17065), Charles University (UNCE 204025/2012, SVV 260079/2014, GAUK 161216), Foundation “Nadani Josefa, Marie a
Zdenky Hlavkovych”, COST Action (CA15126 MOBIEU), and BioStruct-X (EC FP7 project 283570). The authors also acknowledge the
support and the use of resources of Instruct, a Landmark ESFRI project through the R&D pilot scheme APPID 56 and 286. The Wellcome
Trust Centre for Human Genetics is supported by the Wellcome Trust (grant 090532/Z/09/Z). We thank Diamond Light Source for

beamtime (proposal MX10627) and the staff of beamline 103 for assistance with data collection.

Competing financial interests

The authors declare that they have no conflict of interest.

References

Afzali B, Mitchell PJ, Edozie FC, Povoleri GA, Dowson SE, Demandt L, Walter G, Canavan JB, Scotta C, Menon B, Chana PS, Khamri W, Kordasti SY, Heck S, Grimbacher B, Tree
T, Cope AP, Taams LS, Lechler RI, John S, Lombardi G (2013) CD161 expression characterizes a subpopulation of human regulatory T cells that produces IL-17 in a
STAT3-dependent manner. European journal of immunology 43: 2043-2054

Aldemir H, Prod'homme V, Dumaurier MJ, Retiere C, Poupon G, Cazareth J, Bihl F, Braud VM (2005) Cutting edge: lectin-like transcript 1 is a ligand for the CD161 receptor. Journal
of immunology 175: 7791-7795

Anfossi N, Andre P, Guia S, Falk CS, Roetynck S, Stewart CA, Breso V, Frassati C, Reviron D, Middleton D, Romagne F, Ugolini S, Vivier E (2006) Human NK cell education by
inhibitory receptors for MHC class I. Immunity 25: 331-342

Bartel Y, Bauer B, Steinle A (2013) Modulation of NK cell function by genetically coupled C-type lectin-like receptor/ligand pairs encoded in the human natural killer gene complex.
Frontiers in immunology 4: 362

Bauer B, Spreu J, Rohe C, Vogler I, Steinle A (2015) Key residues at the membrane-distal surface of KACL, but not glycosylation, determine the functional interaction of the
keratinocyte-specific C-type lectin-like receptor KACL with its high-affinity receptor NKp65. Immunology 145: 114-123

Bennett IM, Zatsepina O, Zamai L, Azzoni L, Mikheeva T, Perussia B (1996) Definition of a natural killer NKR-P1A+/CD56-/CD16- functionally immature human NK cell subset that
differentiates in vitro in the presence of interleukin 12. The Journal of experimental medicine 184: 1845-1856

Bhatia S, Sun K, Almo SC, Nathenson SG, Hodes RJ (2010) Dynamic equilibrium of B7-1 dimers and monomers differentially affects immunological synapse formation and T cell
activation in response to TCR/CD28 stimulation. Journal of immunology 184: 1821-1828

Billerbeck E, Kang YH, Walker L, Lockstone H, Grafmueller S, Fleming V, Flint J, Willberg CB, Bengsch B, Seigel B, Ramamurthy N, Zitzmann N, Barnes EJ, Thevanayagam J,
Bhagwanani A, Leslie A, Oo YH, Kollnberger S, Bowness P, Drognitz O, Adams DH, Blum HE, Thimme R, Klenerman P (2010) Analysis of CD161 expression on
human CD8+ T cells defines a distinct functional subset with tissue-homing properties. Proceedings of the National Academy of Sciences of the United States of America
107: 3006-3011

Blaha J, Pachl P, Novak P, Vanek O (2015) Expression and purification of soluble and stable ectodomain of natural killer cell receptor LLT1 through high-density transfection of
suspension adapted HEK293S GnTI(-) cells. Protein expression and purification 109: 7-13

Boles KS, Barten R, Kumaresan PR, Trowsdale J, Mathew PA (1999) Cloning of a new lectin-like receptor expressed on human NK cells. Immunogenetics 50: 1-7

Bottino C, Castriconi R, Moretta L, Moretta A (2005) Cellular ligands of activating NK receptors. Trends in immunology 26: 221-226

Brautigam CA (2015) Calculations and Publication-Quality Illustrations for Analytical Ultracentrifugation Data. Methods in enzymology 562: 109-133

Brown J, O'Callaghan CA, Marshall AS, Gilbert RJ, Siebold C, Gordon S, Brown GD, Jones EY (2007) Structure of the fungal beta-glucan-binding immune receptor dectin-1:
implications for function. Protein science : a publication of the Protein Society 16: 1042-1052

Brucklacher-Waldert V, Stuerner K, Kolster M, Wolthausen J, Tolosa E (2009) Phenotypical and functional characterization of T helper 17 cells in multiple sclerosis. Brain : a journal
of neurology 132: 3329-3341

Caligiuri MA (2008) Human natural killer cells. Blood 112: 461-469

Cerwenka A, Lanier LL (2016) Natural killer cell memory in infection, inflammation and cancer. Nature reviews Immunology 16: 112-123

Cosmi L, De Palma R, Santarlasci V, Maggi L, Capone M, Frosali F, Rodolico G, Querci V, Abbate G, Angeli R, Berrino L, Fambrini M, Caproni M, Tonelli F, Lazzeri E, Parronchi
P, Liotta F, Maggi E, Romagnani S, Annunziato F (2008) Human interleukin 17-producing cells originate from a CD161+CD4+ T cell precursor. The Journal of
experimental medicine 205: 1903-1916

Davis DM, Chiu I, Fassett M, Cohen GB, Mandelboim O, Strominger JL (1999) The human natural killer cell immune synapse. Proceedings of the National Academy of Sciences of
the United States of America 96: 15062-15067

Diederichs K, Karplus PA (1997) Improved R-factors for diffraction data analysis in macromolecular crystallography. Nature structural biology 4: 269-275

Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development of Coot. Acta crystallographica Section D, Biological crystallography 66: 486-501

Estrada-Capetillo L, Hernandez-Castro B, Monsivais-Urenda A, Alvarez-Quiroga C, Layseca-Espinosa E, Abud-Mendoza C, Baranda L, Urzainqui A, Sanchez-Madrid F, Gonzalez-
Amaro R (2013) Induction of Th17 lymphocytes and Treg cells by monocyte-derived dendritic cells in patients with rheumatoid arthritis and systemic lupus
cerythematosus. Clinical & developmental immunology 2013: 584303

Evans PR, Murshudov GN (2013) How good are my data and what is the resolution? Acta crystallographica Section D, Biological crystallography 69: 1204-1214

Exley M, Porcelli S, Furman M, Garcia J, Balk S (1998) CD161 (NKR-P1A) costimulation of CD1d-dependent activation of human T cells expressing invariant V alpha 24 J alpha Q
T cell receptor alpha chains. The Journal of experimental medicine 188: 867-876

Fergusson JR, Smith KE, Fleming VM, Rajoriya N, Newell EW, Simmons R, Marchi E, Bjorkander S, Kang YH, Swadling L, Kurioka A, Sahgal N, Lockstone H, Baban D, Freeman
GJ, Sverremark-Ekstrom E, Davis MM, Davenport MP, Venturi V, Ussher JE, Willberg CB, Klenerman P (2014) CD161 defines a transcriptional and functional
phenotype across distinct human T cell lineages. Cell reports 9: 1075-1088

117



SELECTED PUBLICATIONS

Germain C, Bihl F, Zahn S, Poupon G, Dumaurier MJ, Rampanarivo HH, Padkjaer SB, Spee P, Braud VM (2010) Characterization of alternatively spliced transcript variants of CLEC2D
gene. The Journal of biological chemistry 285: 36207-36215

Germain C, Guillaudeux T, Galsgaard ED, Hervouet C, Tekaya N, Gallouet AS, Fassy J, Bihl F, Poupon G, Lazzari A, Spee P, Anjuere F, Pangault C, Tarte K, Tas P, Xerri L, Braud
VM (2015) Lectin-like transcript 1 is a marker of germinal center-derived B-cell non-Hodgkin's lymphomas dampening natural killer cell functions. Oncoimmunology
4: 1026503

Germain C, Meier A, Jensen T, Knapnougel P, Poupon G, Lazzari A, Neisig A, Hakansson K, Dong T, Wagtmann N, Galsgaard ED, Spee P, Braud VM (2011) Induction of lectin-like
transcript 1 (LLT1) protein cell surface expression by pathogens and interferon-gamma contributes to modulate immune responses. The Journal of biological chemistry
286: 37964-37975

Grueninger-Leitch F, D'Arcy A, D'Arcy B, Chene C (1996) Deglycosylation of proteins for crystallization using recombinant fusion protein glycosidases. Protein science : a publication
of the Protein Society 5: 2617-2622

Chalan P, Bijzet J, Huitema MG, Kroesen BJ, Brouwer E, Boots AM (2015) Expression of Lectin-Like Transcript 1, the Ligand for CD161, in Rheumatoid Arthritis. PloS one 10:
¢0132436

Kabsch W (2010) Xds. Acta crystallographica Section D, Biological crystallography 66: 125-132

Kamishikiryo J, Fukuhara H, Okabe Y, Kuroki K, Maenaka K (2011) Molecular basis for LLT1 protein recognition by human CD161 protein (NKRP1A/KLRBI1). The Journal of
biological chemistry 286: 23823-23830

Karre K, Ljunggren HG, Piontek G, Kiessling R (1986) Selective rejection of H-2-deficient lymphoma variants suggests alternative immune defence strategy. Nature 319: 675-678

Kita S, Matsubara H, Kasai Y, Tamaoki T, Okabe Y, Fukuhara H, Kamishikiryo J, Krayukhina E, Uchiyama S, Ose T, Kuroki K, Maenaka K (2015) Crystal structure of extracellular
domain of human lectin-like transcript 1 (LLT1), the ligand for natural killer receptor-P1A. European journal of immunology 45: 1605-1613

Kolenko P, Rozbesky D, Vanek O, Kopecky V, Jr., Hofbauerova K, Novak P, Pompach P, Hasek J, Skalova T, Bezouska K, Dohnalek J (2011) Molecular architecture of mouse
activating NKR-P1 receptors. Journal of structural biology 175: 434-441

Lanier LL, Chang C, Phillips JH (1994) Human NKR-P1A. A disulfide-linked homodimer of the C-type lectin superfamily expressed by a subset of NK and T lymphocytes. Journal of
immunology 153: 2417-2428

Li Y, Hofmann M, Wang Q, Teng L, Chlewicki LK, Pircher H, Mariuzza RA (2009) Structure of natural killer cell receptor KLRG1 bound to E-cadherin reveals basis for MHC-
independent missing self recognition. Immunity 31: 35-46

Li Y, Wang Q, Chen S, Brown PH, Mariuzza RA (2013) Structure of NKp65 bound to its keratinocyte ligand reveals basis for genetically linked recognition in natural killer gene
complex. Proceedings of the National Academy of Sciences of the United States of America 110: 11505-11510

Long F, Vagin AA, Young P, Murshudov GN (2008) BALBES: a molecular-replacement pipeline. Acta crystallographica Section D, Biological crystallography 64: 125-132

Lovell SC, Davis IW, Arendall WB, 3rd, de Bakker PI, Word JM, Prisant MG, Richardson JS, Richardson DC (2003) Structure validation by Calpha geometry: phi,psi and Cbeta
deviation. Proteins 50: 437-450

Mathew SO, Chaudhary P, Powers SB, Vishwanatha JK, Mathew PA (2016) Overexpression of LLT1 (OCIL, CLEC2D) on prostate cancer cells inhibits NK cell-mediated killing
through LLT1-NKRP1A (CD161) interaction. Oncotarget 7: 68650-68661

McCoy AlJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ (2007) Phaser crystallographic software. Journal of applied crystallography 40: 658-674

Michalak-Stoma A, Bartosinska J, Kowal M, Juszkiewicz-Borowiec M, Gerkowicz A, Chodorowska G (2013) Serum levels of selected Th17 and Th22 cytokines in psoriatic patients.
Disease markers 35: 625-631

Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, Winn MD, Long F, Vagin AA (2011) REFMACS for the refinement of macromolecular crystal structures.
Acta crystallographica Section D, Biological crystallography 67: 355-367

Natarajan K, Sawicki MW, Margulies DH, Mariuzza RA (2000) Crystal structure of human CD69: a C-type lectin-like activation marker of hematopoietic cells. Biochemistry 39:
14779-14786

Petoukhov MV, Franke D, Shkumatov AV, Tria G, Kikhney AG, Gajda M, Gorba C, Mertens HD, Konarev PV, Svergun DI (2012) New developments in the program package for
small-angle scattering data analysis. Journal of applied crystallography 45: 342-350

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE (2004) UCSF Chimera--a visualization system for exploratory research and analysis. Journal
of computational chemistry 25: 1605-1612

Poggi A, Costa P, Tomasello E, Moretta L (1998) IL-12-induced up-regulation of NKRP1A expression in human NK cells and consequent NKRP1A-mediated down-regulation of NK
cell activation. European journal of immunology 28: 1611-1616

Poggi A, Costa P, Zocchi MR, Moretta L (1997) Phenotypic and functional analysis of CD4+ NKRP1A+ human T lymphocytes. Direct evidence that the NKRP1A molecule is involved
in transendothelial migration. European journal of immunology 27: 2345-2350

Reeves PJ, Callewaert N, Contreras R, Khorana HG (2002) Structure and function in rhodopsin: high-level expression of rhodopsin with restricted and homogeneous N-glycosylation
by a tetracycline-inducible N-acetylglucosaminyltransferase I-negative HEK293S stable mammalian cell line. Proceedings of the National Academy of Sciences of the
United States of America 99: 13419-13424

Rosen DB, Bettadapura J, Alsharifi M, Mathew PA, Warren HS, Lanier LL (2005) Cutting edge: lectin-like transcript-1 is a ligand for the inhibitory human NKR-P1A receptor. Journal
of immunology 175: 7796-7799

Rosen DB, Cao W, Avery DT, Tangye SG, Liu YJ, Houchins JP, Lanier LL (2008) Functional consequences of interactions between human NKR-P1A and its ligand LLT1 expressed
on activated dendritic cells and B cells. Journal of immunology 180: 6508-6517

Roth P, Mittelbronn M, Wick W, Meyermann R, Tatagiba M, Weller M (2007) Malignant glioma cells counteract antitumor immune responses through expression of lectin-like
transcript-1. Cancer research 67: 3540-3544

Rother S, Hundrieser J, Pokoyski C, Kollrich S, Borns K, Blasczyk R, Poehnert D, Klempnauer J, Schwinzer R (2015) The ¢.503T>C Polymorphism in the Human KLRB1 Gene Alters
Ligand Binding and Inhibitory Potential of CD161 Molecules. PloS one 10: ¢0135682

Rozbesky D, Krejzova J, Krenek K, Prchal J, Hrabal R, Kozisek M, Weignerova L, Fiore M, Dumy P, Kren V, Renaudet O (2014) Re-evaluation of binding properties of recombinant
lymphocyte receptors NKR-P1A and CD69 to chemically synthesized glycans and peptides. International journal of molecular sciences 15: 1271-1283

Schuck P (2000) Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and lamm equation modeling. Biophysical journal 78: 1606-1619

Schuck P (2003) On the analysis of protein self-association by sedimentation velocity analytical ultracentrifugation. Analytical biochemistry 320: 104-124

Schwartz JC, Zhang X, Fedorov AA, Nathenson SG, Almo SC (2001) Structural basis for co-stimulation by the human CTLA-4/B7-2 complex. Nature 410: 604-608

Skalova T, Blaha J, Harlos K, Duskova J, Koval T, Stransky J, Hasek J, Vanek O, Dohnalek J (2015) Four crystal structures of human LLT1, a ligand of human NKR-P1, in varied
glycosylation and oligomerization states. Acta crystallographica Section D, Biological crystallography 71: 578-591

Skalova T, Kotynkova K, Duskova J, Hasek J, Koval T, Kolenko P, Novak P, Man P, Hanc P, Vanek O, Bezouska K, Dohnalek J (2012) Mouse Clr-g, a ligand for NK cell activation
receptor NKR-P1F: crystal structure and biophysical properties. Journal of immunology 189: 4881-4889

Smith JA, Colbert RA (2014) Review: The interleukin-23/interleukin-17 axis in spondyloarthritis pathogenesis: Th17 and beyond. Arthritis & rheumatology 66: 231-241

Spreu J, Kuttruff S, Stejfova V, Dennehy KM, Schittek B, Steinle A (2010) Interaction of C-type lectin-like receptors NKp65 and KACL facilitates dedicated immune recognition of
human keratinocytes. Proceedings of the National Academy of Sciences of the United States of America 107: 5100-5105

Stamper CC, Zhang Y, Tobin JF, Erbe DV, lkemizu S, Davis SJ, Stahl ML, Seehra J, Somers WS, Mosyak L (2001) Crystal structure of the B7-1/CTLA-4 complex that inhibits human
immune responses. Nature 410: 608-611

Svergun DI (1999) Restoring low resolution structure of biological macromolecules from solution scattering using simulated annealing. Biophysical journal 76: 2879-2886

Ussher JE, Bilton M, Attwod E, Shadwell J, Richardson R, de Lara C, Mettke E, Kurioka A, Hansen TH, Klenerman P, Willberg CB (2014) CD161++ CD8+ T cells, including the
MAIT cell subset, are specifically activated by IL-12+IL-18 in a TCR-independent manner. European journal of immunology 44: 195-203

Vagin A, Teplyakov A (2010) Molecular replacement with MOLREP. Acta crystallographica Section D, Biological crystallography 66: 22-25

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, Yokoyama WM, Ugolini S (2011) Innate or adaptive immunity? The example of natural killer cells. Science
331: 44-49

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S (2008) Functions of natural killer cells. Nature immunology 9: 503-510

Vogler I, Steinle A (2011) Vis-a-vis in the NKC: genetically linked natural killer cell receptor/ligand pairs in the natural killer gene complex (NKC). Journal of innate immunity 3: 227-
235

Volkov VV, Svergun DI (2003) Uniqueness of ab initio shape determination in small-angle scattering. Journal of applied crystallography 36: 860-864

Weiss MS (2001) Global indicators of X-ray data quality. Journal of applied crystallography 34: 130-135

Welte S, Kuttruff S, Waldhauer I, Steinle A (2006) Mutual activation of natural killer cells and monocytes mediated by NKp80-AICL interaction. Nature immunology 7: 1334-1342

Yokoyama WM, Plougastel BF (2003) Immune functions encoded by the natural killer gene complex. Nature reviews Immunology 3: 304-316

Zambrano-Zaragoza JF, Romo-Martinez EJ, Duran-Avelar Mde J, Garcia-Magallanes N, Vibanco-Perez N (2014) Th17 cells in autoimmune and infectious diseases. International
journal of inflammation 2014: 651503

Zelensky AN, Gready JE (2005) The C-type lectin-like domain superfamily. The FEBS journal 272: 6179-6217

118



SELECTED PUBLICATIONS

Figures

Figure 1

a

BO L  LO’ ol B’ o2 Lo B2

NKR-P1 TT b T T 2000000000 = 20000000

99 10(_) 119 129 139 149 159
NKR-P1 .. .GLLNCPIYWQQLREKCLLFSHTVNPWNNSLADCSTKESSLLLIRDKDELIHTQNLIRDKAILFWIGL
NKp65 ... .HNYLCPNDWLLNEGKCYWFSTSFKTWKESQRDCTQLQAHLLVIQNLDELEFIQNSLKPG.HFGWIGL
NKp80 SADQTVLCQSEWLKYQGKCYWFSNEMKSWSDSYVYCLERKSHLLIIHDQLEMAFIQKNLRQL.NYVWIGL
1 1 2 AAAAL =
—
L p L2 L3 B3 L5 B4 L6 BS
NKR-P1 =% TTT w—pp-T' T TT TT > > TT >

169 170_ 189 199 20[') 219 22(?

*
NKR-P1 NFSLSEKNWKWINGSFLNSNDLEIRGDAKENSCISISQTSVYSEYCSTEIRWICQKELTPVRNKVYPDS
NKp65 YVIFQGNLWMWIDEHFLVPELFSVIGPTDDRSCAVITGNWVYSEDCSSTFKGICQRDAILTHNGTSGV.
NKp80 NFTSLKMTWIWVDGSPIDSKIFFIKGPAKENSCAAIKESKIFSETCSSVFKWICQY. ... ... ......

AAA 3 A AA AAAA3 A A 2
b I I
BO B1 Lo’ al BI’ 02 Lo B2 L1
LLT1 TT = T 2000000000 =» 20000000000 —_— TT
89 99 109 110_ 12(? 139 14(?

LLT1 QAACPESWIGFQRKCFYFSDDTKNWTSSQRFCDSQDADLAQVESFQELNFLLRYKGPSDHWIGLSREQGQ

KACL PVACSGDWLGVRDKCFYFSDDTRNWTASKIFCSLQKAELAQIDTQEDMEFLKRYAGTDMHWIGLSRKQGD

AICL QSLCPYDWIGFQNKCYYFSKEEGDWNSSKYNCSTQHADLTIIDNIEEMNFLRRYKCSSDHWIGLKMAKNR
1 1 2 A AA A —

B2 L2 L3 p2” B3 L5 P4 L6 Bs5
LLT1 - — —- ! ]! m—- ! T —
15 (.) 16 0_ 17 9 * 18 (_) 19 9

LLT1 PWKWINGTEWTRQFPILGAGECAYLNDKGASSARCYTERKWICSKSDIHV

KACL SWKWINGTTFNGWFEIIGNGSFAFLSADGVHSSRGFIDIKWICSKPKYFL

AICL TGQWVDGATFTKSFGMRGSEGCAYLSDDGAATARCYTERKWICRKRIH. .
A AAAAAA 3 A AAA 3 2

Figure 1. Sequence alignment of human NKC encoded receptor:ligand pairs. Secondary structure elements and loop regions (L) are
denoted for NKR-P1 and LLT1 above the alignments. The paired numbers at the bottom indicate the cystic pairs in the NKR-P1 and LLT1
structures, mutation His176Cys in LLT1 and Ile168 in NKR-P1 are marked by asterisk. Predicted N-linked glycosylation sites of NKR-
Pl and LLT1 are denoted with orange triangles. The conserved WIGL motifs are underlined with black line. The regions employed in
formation of non-covalent dimer of NKR-P1 or LLT1 are denoted by blue lines above the sequence. Conserved residues are in red letters,
bold denotes strictly conserved residues. (a) Sequence alignment of CTLDs of human NKR-P1, human NKp65 and human NKp80. NKR-
P1 residues that contact LLT1 in the NKR-P1:LLT1 complex in primary binding mode and NKp65 residues that contact KACL in the
NKp65:KACL complex are on green background. NKR-P1 residues that engage LLT1 in the NKR-P1:LLT1 complex in the secondary
binding mode are marked with purple triangles. (b) Sequence alignment of CTLDs of human LLT1, human KACL and human AICL.
LLTI residues that contact NKR-P1 in the NKR-P1:LLT1 complex in the primary binding mode and KACL residues that contact NKp65
in the NKp65:KACL complex are on green background. LLT1 residues that engage NKR-P1 in the NKR-P1:LLTI complex in the

secondary binding mode are marked with purple triangles.
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Figure 2
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Figure 2. Structure of human NKR-P1 shows unique dimerization interface. (a) Ribbon diagram of the NKR-P1 CTLD. Secondary
structure elements are labelled. Helix al is red and helix a2 is yellow; B-strands and loops are cyan. (b) Comparison of NKR-P1 dimer
formation of glycosylated (cyan), deglycosylated free (green) and complex-bound (blue) form of NKR-P1. (¢) Comparison of al- and a2-
centered dimerization of murine dectin-1 (PDB ID 2CL8, magenta) and LLT1 (PDB ID 4QKI, green), respectively, with helices al and
a2 shown in red and yellow. On the right — structural alignments of dectin-1 and NKR-P1 monomers and LLT1 and NKR-P1 monomers
are shown — while the CTLD fold is conserved in each pair of aligned proteins, the overall topology of al- and a2- centered dimers is

opposite.
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Figure 3

a N116-GlcNAC

4
1es L1

Chain A Chain B

o\

AIS159 Y
N B/N116-GIcNAc

| N,

. g

© AIN157 : BIN157

A/N116-GIcNAc ﬁ

/§: B/S159

<L pstet

W632 )

W615

Chain A Chain B

Allle168
B/Ala120

B/Leu119

AlLeutt
A/Ala120 8

Bllle168

Chain A Chain B

Figure 3. Glycosylation and dimerization interface of NKR-P1. (a) Dimerization interface of NKR-P1. Subunits of NKR-P1 are shown
as Co-trace (blue and cyan), the dimer contact residues are shown as sticks with carbon atoms colored in light blue (blue subunit) and
orange (cyan subunit); for clarity only residues from the blue subunit are labelled. The first GIcNAc unit N-linked to Asnl16 and the
carbohydrate chain N-linked to Asn169 observable in the NKR-P1_glyco structure are shown with carbon atoms colored in yellow and
green, respectively. (b) Top view into the dimerization interface. The NKR-P1 subunits surfaces are colored in blue and cyan. The GlcNAc
units bound to Asnl16 are shown as sticks with carbon atoms in yellow. The contact residues between GlcNAc bound to chain A and the
chain B are in yellow, the contact residues between GIcNAc bound to chain B and the chain A are in purple. Hydrogen bonds are depicted
by green dashed lines with a detailed view in top right. (¢) Mixture of glycosylation states at the dimer interface in NKR-P1_deglyco
structure. A GIcNAc unit is N-linked to Asnl57, chain A, and it is modelled with 0.5 occupancy. The second GIcNAc unit present
alternatively at Asnl16 of chain B is not modelled. Contours of 2mF,-DF. (2.8 o, cyan) and mF,-DF. (1 o, green) electron density maps
are shown. (d) Small hydrophobic core in the central part of the NKR-P1 dimerization interface (subunits colored as in a). The principle
residues are shown as spheres with carbon atoms in yellow. The I1le168 residues (whose mutation decreases the ability of NKR-P1 to bind

LLT1) are shown with carbon atoms in orange.
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Figure 4. Organization of NKR-P1:LLT1 complex. (a) Overall organization of the complex crystal structure. The LLTI dimer
(green/lemon) has contact with the NKR-P1 dimer, formed by the blue monomer and the cyan monomer. The second blue-cyan NKR-P1
dimer is related to the first one by crystal symmetry. The cyan NKR-P1 monomer forms the primary mode contact with LLT1, while the
blue NKR-P1 monomer forms the secondary mode contact with LLT1. Additionally, the asymmetric unit of the crystal contains another
NKR-P1 dimer (pink/magenta), not engaging in any contacts with LLT1. (b) Overall comparison of the structure of dimeric KACL in the
complex with two NKp65 monomers (PDB ID 410P, dark purple and red, respectively) and the structure of the LLT1 dimer (green/lemon)
with two NKR-P1 dimers in the primary (cyan, left side) and secondary (blue, right side) binding mode. In the lower part — the comparisons
with only the primary or secondary (both in side view using 90° y-axis rotation) interaction modes of NKR-P1:LLT1 are highlighted; the
second molecules in NKR-P1 dimers were omitted for clarity. (¢) The NKR-P1:LLT1 primary interaction mode. Contact residues within
5 A distance are colored in yellow. Amino acids forming the four strongest contacts are highlighted in red. (d) NKR-P1:LLT1 secondary
interaction mode. Contact residues within 5 A distance are colored in yellow. Amino acids forming the three strongest contacts are

highlighted in magenta.
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Figure 5
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Figure 5. Organization of the chain-forming NKR-P1:LLT1 complexes. (a) Representation of four neighboring asymmetric units

within the NKR-P1:LLT1 complex crystal, excluding the additional receptor dimer. The NKR-P1 (blue and cyan) and LLT1 (green and
lemon) dimers alternate participating in the primary (cyan and green) and secondary (blue and lemon) interactions, forming a chain-like
structure. The schematic depiction of this arrangement is shown in the inset with the same color code. The black and white triangles
represent the positions of the N-termini, pointing behind and in front of the display plane, respectively. (b) Depiction of the hypothetical
arrangement of the chain-like structure upon the contact of an NK (bottom, blue) and a target cell (top, green). Crystal structure of two
NKR-P1 dimers (cyan and blue) interacting with two LLT1 dimers (green and lemon) in the primary (cyan and green) and secondary (blue
and lemon) modes are shown. The first three N-terminal residues in the structures are highlighted in red. The symbolic representation of
the flexible stalk regions connecting the N-termini and cellular membranes is drawn in speckled lines in the corresponding color coding.

The view on the right is clipped for better clarity at the plane indicated in the view on the left.
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Table 1. Data processing statistics and structure refinement parameters. Values in parentheses refer to the highest

resolution shell.

NKR-P1 glyco NKR-P1 deglyco NKR-P1:LLT1

PDB code 5MGR 5MGS 5MGT
Data processing statistics
Space group P3124 P1 P22:24
Unit-cell parameters a, b, c (A); 68.24, 68.24, 127.19; 44.81, 68.40, 101.56; 44.58, 80.15, 272.95; 90,
o B,y (°) 90, 90, 120 101.88, 100.72, 100.64 90, 90
. 48.68 —1.90 76.90 — 1.90 (1.94 —

Resolution range (A) 43.3-1.8 (1.84 - 1.80) (1.93 — 1.90) 1.90)
No. of observations 1287150 (76917) 610421 (26224) 1452154 (80494)
No. of unique reflections 32555 (1900) 87081 (4353) 78617 (4472)
Data completeness (%) 100 (100) 97.9 (95.1) 100 (99.9)
Average redundancy 39.5 (40.5) 7.0 (6.0) 18.5 (18.0)
Mosaicity (°) 0.08 0.09 0.05
Average llo(]) 41.0 (7.4) 12.9 (1.7) 14.0 (3.0)
Solvent content (%) 47 42 57
Matthews coefficient (A*/Da) 2.32 213 2.32

Rmerge® 0.061 (0.637) 0.085 (0.894) 0.153 (0.976)
Roim® 0.010 (0.102) 0.053 (0.618) 0.052 (0.337)
CC1/2 1.000 (0.975) 0.999 (0.671) 0.998 (0.890)
Structure refinement parameters

Ruwork® 0.167 0.157 0.166
Riree 0.202 0.207 0.201

Ra 0.168 0.157 0.166
Average B-factor (A?) 33 32 26
&I\;ISD bond lengths from ideal 0016 0.018 0.019
(RO;VISD bond angles from ideal 17 18 18
Number of non-hydrogen atoms 2481 8344 7030

Number of dimers per

1 NKR-P1 (AB)

4 NKR-P1 (AB, CD, EF,

1LLT1 (AB), 2 NKR-P1

number of outliers(Lovell et al,
2003)

asymmetric unit (chains) GH) (CD, EF)
Number of water molecules 225 682 691

AB 95, AB 147,
rPec;si:;Lc;r;s of modeled GIcNAc AB 116, AB 169 C 1,lg‘czplsBE?:EGF|—(|3|1_|6;57, F 116, CD1F61957, CDEF
Ramachandran statistics:
residues in favored regions (%); 98: 0 98: 0 98: 0
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Rore =9 Y | 1, (hkl)—I(hkl)!Y Y | I,(hkl)|

a hkl i hkl i (Diederichs &  Karplus,  1997)  \where

I(hkl) 1(hkl) . _ o |
and are the observed individual and mean intensities of a reflection with indices hkl, respectively,

) )y

i is the sum over the individual measurements of a reflection with indices hkland "

R, = Zl_lzl| [ (hkl)—1(hkl)/ ZZH] I.(hkl) |

is the sum over all reflections.

hkl Y hkl i=1 (Weiss. 2001) where n is the

redundancy of the reflection with indices hkl.

R, =) (| F,(hkl)|=| F.(hkI)|)/}_| F,(hkl)|

hkl hkl , where F(hkl) and F.(hkl) are the
observed and calculated structure-factor amplitudes for reflection with indices %4/, for working set of reflections. Ry is the same as Ryork
but it is calculated for 5% of the data omitted from refinement. R, sums over all reflections. Friedel pairs were treated as independent

observations.
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Supplementary information

Figure S1
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Figure S1. SAXS data for NKR-P1:LLT1 complex at 9.6 mg/ml. (a) Scattering plot in logarithmic scale with inserted behavior of
Guinier region; (b) Kratky plot; (¢) P(r) plot with Dy 11.5 nm; (d) The final DAM envelope fitted with X-ray structure of NKR-P1:LLT1

dimer:dimer complex in primary mode (top figure) and secondary mode (bottom figure). Color coding is the same as in figures 3 and 4.
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Figure S2
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Figure S2. AUC data for NKR-P1:LLT1 complex. (a) Normalized sedimentation coefficient distributions transformed to
standard conditions (szw) for free NKR-P1 (green, 5 mg/ml), free LLT1 (orange, 3.5 mg/ml), and their equimolar mixtures at
increasing concentration (blue to red, total concentration in mg/ml). Shifting of the distribution to higher S values corresponds
to NKR-P1:LLT1 complex formation with fast kinetics. (b) and (c) Binding isotherms were constructed using the distributions
for the proteins mixtures shown in (a) integrated per whole range and fitted using A+B<>AB model in (b) or with
A+B<=AB+B<~ABB model in (c) where Ais LLT1 dimer and B is NKR-P1 monomer.
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Figure S3

a

Figure S3. Oligomeric assemblies of the NKR-P1:LLT1 complexes based on propagation of a single interaction mode. (a) Primary
interaction mode. LLT1 is in green, NKR-P1 in cyan. (b) Secondary interaction mode. LLT1 is in lemon, NKR-P1 in blue. The first three

N-terminal residues of the proteins are highlighted in red.
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Table S1

Table S1. Hydrogen bonds in the dimerization interface of NKR-P1 and in the primary and secondary
binding modes of the NKR-P1:LLT1 complex. Water-mediated protein-protein hydrogen bonds are not

shown.
NKR-P1-chain A | NKR-P1 - chain B Hydrogen bonds D‘S[tg‘]"ce
al-centered dimerization (NKR-P1_glyco: chain A, NKR-P1_glyco: chain B)
Ser127 Ser123 A/Ser127 O:B/Ser123 Oy 2.8
Ile168 Thr124 A/lle168 O:B/Thr124 Oyl 3.1
Glu213 Glul26 A/Glu213 N:B/Glul26 Og2 2.8
Ser123 Ser127 A/Ser123 Oy:B/Ser127 O 2.7
Thr124 Ile168 A/Thr124 Oy1:B/lle168 O 3.1
Glul26 Glu213 A/Glul26 Og2:B/Glu213 N 2.8
Asnl57 NAGS501 A/Asn157 N62:B/NAGS01 O7 3.0
Ser159 NAGS501 A/Ser159 Oy:B/NAG501 O3 3.3
NAGS501 Asnl57 A/NAGS501 O7:B/Asnl157 N62 2.9
NAGS501 Ser159 A/NAG501 04:B/Serl159 Oy 3.3
NAGS501 Serl61 A/NAGS501 04:W615/W632:B/Ser161 Oy 4.8
Distance
LLT1 NKR-P1 Hydrogen bonds (A]
Primary mode (LLTI: chain B, NKR-P1: chain D)
Ser129 Lys148 Ser129 Oy:Lys148 O 2.6
Aspl130 Alal49 Asp130 N:Alal49 O 3.0
Glul62 Tyr201 Glul62 O¢l:Tyr201 OH 2.5
Argl75 Aspl83 Argl75 Nnl:Asp183 052 2.9
Argl75 Aspl83 Argl75 Nn2:Asp183 052 3.2
Argl75 Glu200 Argl75 N:Glu200 Og2 3.0
Tyrl77 Aspl83 Tyr177 OH:Asp183 N 3.2
Tyrl77 Ser199 Tyr177 OH:Ser199 O 2.6
Glul79 Argl81 Glul79 O¢l:Argl81 Nnl 3.1
Glul79 Argl81 Glul79 Ogl:Argl81 Nn2 3.0
Glul79 Tyr198 Glul79 N:Tyr198 OH 3.2
Secondary mode (LLTI: chain A, NKR-PI: chain C)
Asnl20 Argl8l Asnl20 O31:Argl81 Nnl 3.0
Asnl20 Argl8l Asnl120 Od81:Argl81 Nn2 3.0
Argl53 Aspl47 Argl53 Ne:Aspl147 081 3.2
Argl53 Aspl47 Argl53 Nn2:Aspl147 052 2.8
Lys169 Argl81 Lys169 O:Argl81 Nnl 3.1
Lys169 Argl81 Lys169 O:Argl81 Neg 3.2
Lys169 Ser199 Lys169 N(:Ser199 O 2.6
Lys169 Glu200 Lys169 NC:G1u200 Oel 3.1
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Table S2

Table S2. Comparison of the previously proposed NKR-P1:LLT1 binding model with the crystal
structure. The table lists point mutations of LLT1 and NKR-P1 residues that had either a detrimental or
moderate negative effect on binding of its partner as determined by SPR analyses in the previous binding model
proposed by Kamishikiryo et al. and Kita et al. (Kamishikiryo et al, 2011; Kita et al, 2015); the previously
proposed interaction pairs are listed at the bottom. The presence or absence of such residue or interaction pair
within the primary or secondary binding mode interface in the observed NKR-P1:LLT1 complex crystal
structure is indicated with upper indices (P — primary, S — secondary, - — absence).

LLTI NKR-P1

Detrimental effect on binding

Lys169GIu ™S Glul62Arg ™
Argl75Glu®- Aspl183Arg™s
Arg180Glu - Tyr198Ala P
Lys181Glu®- Tyr201Ala P

Glu205Arg -

Moderate effect on binding

Tyr165Ala ™S Argl81Glu®s
Asnl167Ala®" Glul86Arg

Proposed LLT1:NKR-P1 interaction pairs

Lys169:Glu205 -
Argl75:Glu200 P~
Glu179:Ser193/Thr195 P~
Tyr177:Tyr198 P-
Tyr165:Phel52 7~
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