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A B S T R A C T

The cytotoxicity of mouse natural killer (NK) cells in response to pathological changes in target cells is regulated
via the Nkrp1b receptor. Here, we characterized the Nkrp1b structure and structural features (stalk, loop, and
oligomerization state) that affect its interactions. To study the Nkrp1b protein structure and the functional
importance of its stalk, two Nkrp1b protein variants differing by the presence of the stalk were prepared. These
variants were studied using a combination of structural mass spectrometry approaches with computational
modeling to derive structural models. In addition, information about biological activity and localization in
mammalian cells was acquired using scanning microscopy techniques and western blotting. Based on these
methods, we obtained the structure of Nkrp1b ectodomain in its monomeric and dimeric conformations, iden-
tified the dimerization interface, and determined disulfide connections within the molecule. We found that
Nkrp1b occurs as a mixture of monomers and homodimers, both in vitro and in vivo.
Significance: Despite the long-standing assumption that Nkrp1 proteins are homodimers connected by disulfide
bonds in the stalk region, our data showed that both Nkrp1b protein variants form monomers and homodimers
irrespective of the presence of the stalk. We demonstrated that the stalk is not crucial for protein dimerization or
ligand binding and that Nkrp1b interacts with its natural ligands only in its monomeric conformation; therefore,
dimers may have another regulatory function. Using a unique combination of computational, biochemical, and
biological methods, we revealed the structural conformation and behavior of Nkrp1b in its native state. In
addition, it is a first report utilizing the intermolecular chemical cross-linking of light- and heavy-labeled protein
chains together with ion mobility-mass spectrometry to design the structural models of protein homodimers.

.

1. Introduction

Natural Killer (NK) cells constitute an important part of the innate
immunity and act as crucial regulators of immune responses [1–5]. The
key mechanism that regulates their functions is represented by a com-
plex receptor repertoire comprising both activating and inhibitory re-
ceptors. Mouse models are often used to study NK cell biology because
the mechanisms of NK cell functions are conserved among various or-
ganisms [6,7].

According to the “missing self” theory of target recognition [8], NK
cells detect decreased expression or even complete absence of self-
molecules, which otherwise restrict the cytotoxicity of NK cells toward
healthy cells by functioning as ligands for their inhibitory receptors.
Among these “health signals”, both major histocompatibility complex
(MHC) class I glycoproteins and non-MHC ligands play important roles.
The latter category includes host proteins regulated by the physiolo-
gical state of a cell. One such molecule is the C-type lectin-related
protein-b (Clr-b), a ligand of the mouse inhibitory killer cell lectin-like
subfamily B member 1b (Nkrp1b/ Klrb1b) receptor [9].

The inhibitory Nkrp1b receptors are expressed on NK cells of certain
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mouse strains, such as BALB/c, 129S6, and SJL/J [9–12]. Their ligand,
the Clr-b protein, has been observed in all tested mouse tissues except
the brain [12], showing a wide expression pattern similar to that of
MHC class I molecules. This naturally broad expression of Clr-b is
downregulated because of tumorigenesis or viral infection [9], such as
by the activity of cytomegalovirus [13] or poxvirus [14]. Furthermore,
different chemotherapeutics or inducers of genotoxic and physiological
stress have been shown to decrease Clr-b levels, whereas the expression
of MHC class I molecules remains unchanged [15]. Thus, the
Nkrp1b:Clr-b interaction pair represents a separate and independent
system that regulates NK cell activity. Although it may initially seem
redundant, the Nkrp1b:Clr-b system is very important as it can monitor
cellular abnormalities that are not otherwise visible to cytotoxic T cells.

From a structural point of view, NK cell receptors are divided into
two groups, namely immunoglobulin-like receptors and C-type lectin-
like receptors (CTLRs), which include both Nkrp1b and Clr-b [16,17].
CTLRs expressed on NK cells are type II transmembrane proteins.
Therefore, their C-terminal extracellular portion [the C-type lectin-like
domain (CTLD)] [17], which enables interactions with binding part-
ners, is separated from the cell surface by a stalk region. The structure
of CTLDs is widely conserved among all multicellular animals [16] and
comprises two α-helices, two antiparallel β-sheets, and a long loop re-
gion [18], which is the most variable and flexible part of the domain
[19]. In addition, in some CTLDs, this loop participates in Ca2+ binding
or domain-swapping dimerization [20,21]. The domain is further sta-
bilized by two or three disulfide bridges; in fact, the four cysteines in-
volved in the disulfide bonds are the most conserved residues within the
CTLD architecture. Common disulfide bonds are Cys1-Cys4 and Cys2-
Cys3, and longer forms of CTLDs can contain one additional cysteine
pair located closer to the membrane and protein N-terminus [16]. The
extra cysteines can create an intramolecular linkage as in the case of the
CTLR NKG2D, which exists as a homodimer without any disulfide bond
between its chains [22]. However, the first cysteine in the longer se-
quence can also bind with a corresponding cysteine in an interacting
molecule and thus participate in dimerization, as previously described
in CD94/NKG2 heterodimers [22]. Based on immunoprecipitation ex-
periments, Nkrp1 receptors have been considered to be disulfide-linked
homodimers for nearly three decades [23–25]. Nkrp1b contains first
two cysteines of the protein sequence in the stalk; thus, this region
could play a role in dimerization. In addition, the stalk can influence
CTLD conformation or orientation and, consequently, ligand binding, as
previously proven for the CTLR Ly49L [26].

So far, the crystal structures of Nkrp1a [27–29] and Nkrp1b [30]
CTLDs (both from C57BL/6 mice) have been published. However, the
Nkrp1b structure from another very popular mice strain (BALB/c) has
not yet been studied in detail. It shares 85% sequence identity in the
CTLD with the inhibitory Nkrp1b from C57BL/6, which appears like a
very close match. However, it also displays 84% identity with Nkrp1a
(C57BL/6), whose function as an activating receptor is directly contrary
to that of the b isoform. Moreover, Nkrp1b (C57BL/6) is unique com-
pared with Nkrp1b proteins from other mouse strains as it contains two
additional cysteines and lacks one proline; therefore, it might fold or act
very differently. On the other hand, the Nkrp1b proteins from other
mice (BALB/c, SJL/J, and 129S6) are mutually highly identical
(≥98%). Therefore, we believe that Nkrp1a (C57BL/6) is more relevant
as a structural template for modeling the structure of unknown Nkrp1b
(e.g., from BALB/c) than that of Nkrp1b from the other mouse strain
(C57BL/6).

Here, we propose the complete structure of native Nkrp1b (BALB/c)
ectodomain, including its dimeric conformation, derived using
homology modeling and a range of structural mass spectrometry (MS)
techniques, namely disulfide bond mapping, intra- and intermolecular
chemical cross-linking, and native ion mobility-mass spectrometry
(IMMS). In addition, we highlight several important structural features
(long loop and stalk regions) of Nkrp1b, which might affect the entire
protein conformation, its oligomeric state, and interactions. Our

functional results also demonstrated that the loop region is attached to
the protein core and, therefore, does not participate in domain swap-
ping. We further demonstrated that only Nkrp1b monomers, unlike
homodimers, can interact with a ligand irrespective of the presence of
the stalk region. Hence, the stalk seems unimportant for both Nkrp1b-
ligand interactions and Nkrp1b dimerization, contrary to what has been
considered to date.

2. Materials and methods

2.1. Nkrp1b protein sequence alignment

Amino acid sequences of the CTLDs (sequences corresponding to the
residues Ser89–Ser223 according to the entire protein sequence num-
bering) of Nkrp1b proteins from different mouse strains (BALB/c,
129S6, SJL/J, and C57BL/6) and of Nkrp1a (C57BL/6) were aligned
using Clustal Omega multiple sequence alignment tool implemented by
EMBL-EBI [31].

2.2. Nkrp1b protein expression and purification

Nkrp1b from BALB/c as a whole extracellular region
(Val63–Ser223) and a variant lacking the stalk region (Ser89–Ser223)
were expressed in Escherichia coli BL-21 (DE3) cells transformed with
pET-30a(+) expression vector carrying the relevant portion of the
Nkrp1b gene. Proteins were expressed in LB medium as described pre-
viously [32]. Alternatively, isotopically labeled Nkrp1b proteins were
obtained using a standard M9 minimal medium with 1mM thiamine
hydrochloride, 50μg/ml kanamycin, and 15NH4Cl as the only source of
nitrogen.

The obtained proteins were then refolded and purified as described
previously [32]. Purification involved size-exclusion chromatography
using ENrich™ SEC 70 10× 300 column from Bio-Rad (Hercules, CA,
USA) with elution by a buffer containing 10mM HEPES (pH 7.4),
150mM NaCl, and 1mM NaN3. Protein concentrations in acquired
fractions were determined using the spectrophotometer DeNovix DS-11
FX+ from DeNovix (Wilmington, DE, USA), and fractions were ana-
lyzed by SDS-PAGE using the Pierce™ unstained protein MW marker
from Thermo Fisher Scientific (Waltham, MA, USA).

2.3. Molecular mass of the intact protein

Intact Nkrp1b protein variants (200 pmol) were desalted using a
MicroTrap C4 column from Michrom BioResources (Auburn, CA, USA),
eluted with 80% acetonitrile containing 0.5% formic acid, and directly
measured using an electrospray ionization Fourier transform ion cy-
clotron resonance (ESI FT-ICR) mass spectrometer solariX XR equipped
with a 15 T superconducting magnet by Bruker Daltonics (Billerica, MA,
USA).

2.4. Disulfide bond mapping

Disulfide bonds were characterized as described previously [32,33].
Briefly, the procedure involved Nkrp1b separation by SDS-PAGE elec-
trophoresis under nonreducing conditions; protein in-gel digestion
using 5 ng/μl trypsin by Promega (Fitchburg, WI, USA), AspeN, and/or
GluC (both by Roche, Basel, Switzerland); peptide analysis by LC-MS
using an ESI FT-ICR mass spectrometer; and finally, data processing
using Data Analysis 4.1 (Bruker Daltonics, Billerica, MA, USA).

2.5. DNA cloning of msfGFP-tagged Nkrp1b

Full-length sequence of Nkrp1b (BALB/c) was synthesized and sub-
cloned into pEGFPN1 vector from Shanghai Generay Biotech Co.
(Shanghai, China). The Nkrp1b insert was then ligated into pXJ41
vector using EcoRI and BamHI (both by New England Biolabs, Ipswich,

L. Hernychová et al. Journal of Proteomics 196 (2019) 162–172

163



MA, USA) restriction sites. The forward primer 5′-TCTGGATCCAATG
GTGAGCAAGGGC-3′ and the reverse primer 5′-GGTCTAGATTACTTGT
ACAGCTCGTCCA-3′ were used to prepare the msfGFP gene with BamHI
and XbaI (by New England Biolabs, Ipswich, MA, USA) restriction sites.
DNA fragment was then sub-cloned into the BamHI and XbaI restriction
sites of pXJ41-Nkrp1b vector. The final pXJ41-Nkrp1-msfGFP vector
was used for transient transfection of COS-7 cell line.

2.6. Cell cultures and transfection with pXJ41-Nkrp1-msfGFP

COS-7 cell line was grown in DMEM medium by Sigma-Aldrich (St.
Louis, MO, USA) supplemented with L-glutamine and 10% fetal calf
serum by Life Technologies (Carlsbad, CA, USA) at 37 °C with 5% CO2

in a humidified incubator.
COS-7 cells were 60%–70% confluent on the day of transfection.

Two million cells were transfected with 7 μg DNA (pXJ41- Nkrp1b-
msfGFP) using 21 μl Lipofectamine LTX in 3ml Opti-MEM (both by Life
Technologies, Carlsbad, CA, USA). The Lipofectamine LTX complexes
were incubated (30min, room temperature) and added to cultured cells
in 100mm cell culture dishes.

2.7. Live cell imaging

COS-7 cells immobilized on poly-L-lysine-coated coverslips were
imaged in a closed perfusion chamber (FCS3, Bioptechs, Butler, PA,
USA) at 37 °C using a confocal laser scanning microscope FluoView
1000 with 60× water immersion, 1.2 NA objective UPLSAPO both by
Olympus (Tokyo, Japan). A steady-state semiconductor laser (488 nm)
was utilized for excitation. The fluorescence emission was collected
using 560 nm long-pass and 460–520 nm band-pass filters.

2.8. Nkrp1b-msfGFP immunoblotting

COS-7 cells transfected with pXJ41-Nkrp1b-msfGFP were washed
with phosphate buffered saline (PBS) and lysed on ice (40min) in
100 μl lysis buffer [20mM Tris-HCl (pH 8.2), 100mM NaCl, 10mM
EDTA, 1% n-decyl-β-D-maltopyranoside, 50mM NaF, 1mM orthova-
nadate, 20mM iodoacetamide, and protease inhibitor mixture from
Serva (Heidelberg, Germany)]. Reducing samples were supplemented
with 100mM dithiothreitol (Serva, Heidelberg, Germany). The in-
soluble material was removed by short centrifugation at 3000×g for
3min at 4 °C. Proteins were separated by SDS-PAGE in a 10% poly-
acrylamide gel and were then transferred onto a nitrocellulose mem-
brane by Pall Corporation (Port Washington, NY, USA) using blotting
apparatus Trans-Blot SD Semi-Dry by Bio-Rad (Hercules, CA, USA). The
transfer was run at 0.80mA/cm2 of transfer membrane for up to 1.5 h.
Proteins were detected with polyclonal anti-GFP antibody by Exbio
(Vestec, Czech Republic) according to the manufacturer's instructions.
As a loading control, β-actin was detected using anti-β-actin antibody
by Santa Cruz (Dallas, TX, USA).

2.9. Nkrp1b protein covalent labeling

Nkrp1b protein variants were labeled with amine-reactive ATTO
590 dye from ATTO-TEC (Siegen, Germany) according to the manu-
facturer's protocol. In addition to the standard protocol, ethanolamine
in two-molar excess of the fluorescent dye ATTO 590 was added to the
samples after incubating Nkrp1b protein variants with ATTO 590 to
eliminate any unbound dye. Excessive dye was then removed using
Micro Bio-Spin P-6 desalting columns by Bio-Rad (Hercules, CA, USA).

2.10. Interaction of Nkrp1b-ATTO 590 with bone marrow-derived cells

Bone marrow-derived cells were isolated from the femurs of both
C57BL/6 and MHC II-EGFP knock-in mice [originally derived from a
129/Sv mouse by replacing the MHC class II gene for the β-chain gene

version tagged with enhanced green fluorescent protein (EGFP) and
backcrossed with C57BL/6] [34]. Eight-week-old male mice were bred
and housed in the animal facility at the Charles University (Prague,
Czech Republic), kept under natural day/night conditions (22 °C, 55%
humidity), and fed on an ST1 diet (Velaz, Prague, Czech Republic). All
procedures were conducted in accordance with the European Conven-
tion for the Care and Use of Laboratory Animals as approved by the
Czech Animal Care and Committee.

The mice were euthanized by overdosing the anesthetics. Cells were
flushed out from the bone marrow cavity with RPMI 1640 medium
without phenol red and supplemented with L-glutamine by Lonza
(Basel, Switzerland), 10% fetal bovine serum by Gibco (Dublin,
Ireland), 100 U/ml penicillin, and 100 μg/ml streptomycin by PAA
Laboratories (Pasching, Austria). Cells were plated and cultivated on
coverslips from P-LAB (Prague, Czech Republic) in 24-well plates by
Schoeller Pharma (Prague, Czech Republic) for 5 days in a humidified
atmosphere at 37 °C with 5% CO2. Mouse granulocyte macrophage
colony-stimulating factor (GM-CSF) was added to the cell culture
during the second day of cultivation. Supernatant from hypoxanthine-
aminopterin-thymidine-sensitive Ag8653 myeloma cells transfected
with murine GM-CSF cDNA (isolated from a T cell clone and ligated into
BCMGSNeo vector) served as a source of GM-CSF [35,36]. After 5 days
of cultivation (up to 50% density), cells were washed with PBS, fixed
with 3.7% paraformaldehyde in PBS (20min, room temperature),
treated with 15mM NH4Cl (10min, room temperature) to reduce un-
specific formaldehyde-caused antibody binding, blocked with 1% bo-
vine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) in PBS
(10min, room temperature), and stained with Nkrp1b-ATTO 590 pro-
tein forms (1 h, room temperature). Labeled protein variants were di-
luted with 1% BSA to three different concentrations (0.1, 0.5, and 1 μg/
ml). Unstained cells served as a negative control, and lectin peanut
agglutinin (PNA) from Arachis hypogaea (peanut) conjugated with Alexa
Fluor® 568 by Thermo Fisher Scientific (Waltham, MA, USA) of the
same concentrations as Nkrp1b proteins served as a positive control.
After 1 h incubation with labeled proteins, cells were washed five times
with PBS. Coverslips with cells were then transferred onto microscope
slides from P-LAB (Prague, Czech Republic) and mounted in Fluor-
oshield™ with DAPI by Sigma-Aldrich (St. Louis, MO, USA).

2.11. Fluorescence microscopy (ScanR)

Images were acquired using Olympus ScanR system with Hammatsu
ORCA C4742–80-12AG camera with three channels by Olympus
(Tokyo, Japan). Multi-band DAFITR emission filter sets with excitation
wavelength of 300–400 nm and emission wavelength of 435–479 nm
for DAPI staining, 549–559 nm/600–656 nm for red Nkrp1b-ATTO 590
or Alexa Fluor® 568 fluorescence, and short-pass emission filter
460–490 nm/510–550 nm for MHC II-EGFP were used. Olympus
UPLSAPO 20×/0.75 NA objective with short working distance was
used for scanning. For each slide (in duplicates), 36 fields of view were
acquired. Therefore, several hundreds of cells were used for statistical
analyses. Only segmented particles (cells) that were smaller than
120 μm2 and contained the nucleus were analyzed using Olympus soft
imaging solutions 3.0.1. build 6074 software. Finally, the dependence
of the mean fluorescence intensity on the protein concentration for each
data set was plotted. The mean value, standard deviation, and standard
error of the mean were calculated for each dataset.

2.12. Chemical cross-linking

The experimental setup followed previously published guidelines
[37]. An equimolar mixture of non-deuterated and deuterated amine-
reactive cross-linkers disuccinimidyl glutarate (DSG) and dis-
uccinimidyl suberate (DSS), respectively (both from ProteoChem,
Hurricane, UT, USA), were used. Sixteen micromolar Nkrp1b protein in
10mM HEPES (pH 7.4) and 150mM NaCl buffer was incubated with
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20× or 50× molar excess of the cross-linking agents for 2 h. Following
quenching of the reaction with two-molar excess of buffered ethano-
lamine, Nkrp1b protein variants were separated by SDS-PAGE in a 12%
polyacrylamide gel under reducing conditions and visualized by Coo-
massie Brilliant Blue R-250 staining. Protein bands corresponding to
monomeric and isotopically labeled dimeric Nkrp1b forms were ex-
cised, in-gel reduced using 30mM Tris(2-carboxyethyl)phosphine
(TCEP; 5min at 60 °C), alkylated with 40mM iodoacetamide (30min at
room temperature in the dark), and digested with trypsin in the ratio
1:20 (w/w) trypsin:protein (overnight at 37 °C) in 50mM 4-ethylmor-
pholine buffer (pH 8.3) with 10% acetonitrile. Peptides were extracted
from the gel as described previously [38], desalted using peptide Mi-
croTrap C18 column from Michrom Bioresources (Auburn, CA, USA),
and dissolved in 0.1% trifluoroacetic acid with 5% acetonitrile to a final
concentration of 5 ng/μl prior to analysis.

Five picomoles of peptide mixture were injected onto an analytical
reversed phase column (Zorbax 300SB-C18 3.5 μm, 0.3×150mm from
Agilent Technologies, Santa Clara, CA, USA) with a trap pre-column
(Zorbax 300SB-C18 5 μm, 0.3×5mm) and separated using a 5%–40%
acetonitrile gradient over 35min. Throughout chromatography, 0.1%
formic acid was used as an ion-pairing agent. The HPLC system was
directly coupled with an ESI source of an FT-ICR mass spectrometer
solariX XR equipped with 15 T superconducting magnet Bruker
Daltonics (Billerica, MA, USA). The mass spectrometer was operated in
positive broadband mode over 250–2500m/z range with 1M data point
acquisition. Data processing was performed using Data Analysis 4.4
(Bruker Daltonics, Billerica, MA, USA). All peptide signals from the
entire chromatogram were exported using Snap 2.0 algorithm to the
text file, which served as an input for an in-house-developed program
based on the Links algorithm [39]. Using Links, possible amino acids
modifications (alkylation of cysteine in case of cross-linking reactions
and oxidation of methionine), specific cleavage, possibility of missed
cleavages (set to 3), and modifications of relevant amino acids by cross-
linking agents or disulfide bonds were considered. Only hits below the
error of 2 ppm were regarded as positive. Finally, isotopic envelopes of
identified peptides connected by cross-link or disulfide bond, respec-
tively, were manually checked in MS spectra.

2.13. Nkrp1b homology modeling and molecular dynamics

Homology models of Nkrp1b were created using Modeller 9.19
software [40]. An NMR (pdb:2MTI) structure and X-ray structures
(pdb:3T3A, 3M9Z) of Nkrp1a as well as an X-ray structure of human
LLT1 (pdb:4QKH) and CLEC5A (pdb:2YHF) were used as templates for
the homology modeling of different conformations and the monomeric
and dimeric states of the Nkrp1b protein. To model the stalk region
(residues Ser69–Gln79), ab initio modeling was performed using the
Rosetta package version 2017.08.59291 with the scoring function ta-
laris2014 [41]. The stalk sequence was submitted to Fragment Libraries
service of Robetta server [42]. The resulting fragment files were used to
generate 2000 models, which were analyzed by principal component
analysis in the Rosetta software.

The disulfide bonds were defined according to MS experimental
results. The MS-derived distances were restrained as the Cα–Cα distance
with an upper bound of 20.5 Å with the standard deviation of 3.0 Å for
the DSG and an upper bound of 24.2 Å with the standard deviation of
3.0 Å for the DSS.

A total of 50 homology models of each Nkrp1b variant were gen-
erated and subsequently assessed by the Modeller objective function,
Discrete Optimized Protein Energy profiles [43], and global distance
test [44,45]. Further, the best 10 models were subjected to quality as-
sessments using experimentally measured collision cross-section of the
Nkrp1b molecules.

Selected homology models of Nkrp1b protein variants were sub-
jected to molecular dynamics simulations using Gromacs 5.1.4 [46]
with AMBER99SB-ILDN force field. Each Nkrp1b model was centered in

the cubic box, at least 1 nm from its edge. The box contained TIP3 water
molecules and four Na+ atoms (eight atoms in case of dimeric Nkrp1b)
to neutralize the charge of the system. Each Nkrp1b model was relaxed
by 160,000–190,000 step-long energy minimization with steep descent
algorithm. Thereafter, the solution of the system was equilibrated by
400 ps constant volume simulation at the temperature of 30 K, 200 ps
constant pressure simulation at 300 K, and finally, 200-ps constant
volume simulation at 300 K. Minimized and equilibrated system of each
model was used for 50 ns molecular dynamics simulation with a system
temperature of 300 K.

2.14. Native ion mobility-mass spectrometry

Prior to native IMMS experiments, protein samples were buffer ex-
changed into 200mM ammonium acetate solution (pH 7.4) using cen-
trifugal gel filtration columns MicroBio-Spin P-6 by Bio-Rad (Hercules,
CA, USA). The samples diluted to 10 μM concentration were then in-
troduced into a Synapt G2Si quadrupole-time-of-flight mass spectro-
meter from Waters (Milford, MA, USA) by nanoelectrospray ionization
from in-house-prepared gold-coated glass capillaries [47]. The instru-
ment conditions were carefully optimized to minimize ion activation in
the gas phase while providing good ion mobility separation. Namely,
capillary, sampling cone, trap collisional energy, and trap DC bias
voltages were set to 1.0 kV, 10 V, 2 V, and 22 V, respectively. Source
temperature was kept at 20 °C, whereas gas flows were 6ml/min for
argon in the trap collision cell, 180ml/min for helium cooling window,
and 60ml/min for nitrogen in the mobility cell. Travelling potential
wave in the ion mobility cell had 25 V fixed height, whereas its velocity
was systematically varied between 250 and 850m/s in 100m/s incre-
ments.

External mass calibration was performed using a 25-mg/ml cesium
iodide solution. Ion mobility arrival time distributions were extracted
using MassLynx 4.1 software by Waters (Milford, MA, USA) and were
used to estimate the collisional cross sections in helium (HeCCS) for the
sample ions following a procedure described previously [48]. For this
purpose, ion mobility was calibrated by ions of known HeCCS [49,50],
namely bovine ubiquitin, equine cytochrome c, and bovine beta-lacto-
globulin (monomeric and dimeric forms), which were analyzed under
conditions identical to those of Nkrp1b samples. Finally, for comparison
with experimental results, theoretical HeCCS values were calculated for
modeled Nkrp1b structures by the projection approximation method
implemented in the IMPACT program [51] and were scaled, as de-
scribed previously, to compensate for scattering and long-range inter-
actions underestimated by projection approximation [52,53].

3. Results and discussion

3.1. Nkrp1b protein sequence alignment

Crystallography-based structural models of two Nkrp1 family
members (activating Nkrp1a and inhibitory Nkrp1b, both from C57BL/
6 mouse strain) are available [27–30], but Nkrp1b from other mouse
strains have not yet been studied. As we intended to derive a re-
presentative Nkrp1b structure and describe the behavior of this protein
under native conditions, it was first necessary to select the most suitable
template for initial molecular modeling. Therefore, multiple protein
sequence alignment was performed to choose an Nkrp1b sequence from
the most representative mouse strain (BALB/c, 129S6, or SJL/J) and an
appropriate modeling template (crystal structure of Nkrp1b or Nkrp1a
from C57BL/6 mouse strain).

The Nkrp1b CTLDs of the first three mentioned laboratory mice
strains (BALB/c, 129S6, or SJL/J) are mutually highly homologous
(≥98% identity). However, Nkrp1b (C57BL/6) shares only 85% se-
quence identity with Nkrp1b from the other strains. Even more im-
portantly, Nkrp1b (C57BL/6) also contains two additional cysteines and
a threonine instead of proline at position 161 (highlighted in red in
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Fig. 1), which contrasts with Nkrp1b variants of all other strains. This
may significantly affect the fold and function of this protein, thus
making it less suited as a general representative of Nkrp1b conforma-
tion in all common mice strains.

Surprisingly, Nkrp1a also shows 84% sequence identity with
Nkrp1b (BALB/c), 84% with Nkrp1b (129S6), and 86% with Nkrp1b
(SJL/J). Moreover, Nkrp1a does not contain the extra cysteines and
does not lack the proline. Thus, the Nkrp1b (BALB/c) structure was
deemed to be likely more similar to the structure of the activating
isoform Nkrp1a (C57BL/6) than to the inhibitory Nkrp1b (C57BL/6).
Therefore, we endeavored to study Nkrp1b (BALB/c) in our experi-
ments as a representative of the more sequentially conserved group.

3.2. Intact protein characterization and disulfide bond mapping

Although the Nkrp1 proteins have so far been considered to natu-
rally occur as homodimers dimerizing through cysteines in their stalk
regions, we generated the whole ectodomain (starting with Val63) and
the ligand-binding domain lacking the stalk (starting with Ser89) of the
Nkrp1b (BALB/c) using bacterial expression. Following a rapid dilution
refolding, size-exclusion chromatography was used to purify the re-
combinant proteins. Besides the majority of proteins was present in
aggregated state, both protein variants regardless of the presence of the
stalk region were detected folded as both monomers (fractions 3) and
homodimers (fractions 2) in size-exclusion chromatography/SDS-PAGE
analysis (Fig. 2).

To further ascertain the identity of protein samples, the samples
were analyzed using ultra-high resolution MS. The measured molecular
masses were 18,353.78 Da and 15,453.41 Da for Nkrp1b with and
without stalk, respectively. When compared with calculated theoretical
masses of the native proteins (18,353.77 Da and 15,453.38 Da), the
resulting measurement errors of 0.5 ppm and 1.9 ppm proved that all
cysteines in our Nkrp1b constructs were linked by disulfide bonds.

To exactly determine the disulfide linkages in Nkrp1b with the focus
on the bonds in the stalk, we used bottom-up LC-MS analyses of en-
zymatically digested proteins. According to the entire Nkrp1b protein
sequence numbering, we identified disulfide linkages Cys94-Cys105,
Cys122-Cys210, and Cys189-Cys202. This corresponds to the common
pattern typical for CTLRs, as determined previously [16]. According to
our experimental data, the two additional cysteines (Cys75 and Cys88)
in the stalk region of Nkrp1b were connected in two different ways. In
one case, both cysteines created an intermolecular disulfide bridge with
the same cysteines in the second molecule (Cys75-Cys75 and Cys88-
Cys88). In another case, the first two cysteines in Nkrp1b were linked
together (Cys75-Cys88) within one protein molecule. All data are pre-
sented in Table S1. Therefore, this directly confirms that Nkrp1b is a
mixture of monomers and homodimers in solution.

Fig. 1. Sequence alignment of CTLDs of
different Nkrp1b receptors and an Nkrp1a
receptor. Nkrp1b proteins from the mouse
strains BALB/c, 129S6, and SJL/J are
highly homologous (≥98% identity), but
they share only 85% sequence identity with
Nkrp1b (C57BL/6). Nkrp1a (C57BL/6),
which we used as a template for Nkrp1b
homology modeling, also shares 84% se-
quence identity with Nkrp1b (BALB/c) but
lacks additional cysteines and Pro- > Thr
mutation present in the sequence of Nkrp1b
(C57BL/6), as highlighted in red. Asterisk
(*) indicates conserved residues, colon
marks (:) indicate amino acids of highly si-
milar properties, period (.) indicates amino
acids of weakly similar properties, and gap
() indicates no similar properties between
amino acids.

Fig. 2. Nkrp1b protein purification by size-exclusion
chromatography and fraction analysis by SDS-PAGE.
Results for protein variant (A) containing the stalk
(molecular weight, 18.4 kDa) and (B) lacking the
stalk (molecular weight, 15.5 kDa). Protein fractions
1–3 obtained by size-exclusion chromatography
correspond to the numbering of lanes in the SDS-
PAGE gels. Fractions were analyzed under reducing
(R) and nonreducing (N) conditions; “M” symbolizes
a protein marker.
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3.3. Immunoblotting of Nkrp1b-msfGFP expressed in mammalian cells
confirms that Nkrp1b is present as a mixture of monomers and homodimers
also on a cell surface

To examine the oligomerization state of Nkrp1b in vivo, the full-
length protein tagged with monomeric superfolder (msf) GFP was ex-
pressed in the mammalian COS-7 cell line. Initially, the localization of
Nkrp1b was determined by confocal laser scanning microscopy (CLSM),
which confirmed that the expressed protein is indeed present on the cell
surface (Fig. 3A). Next, the protein was analyzed by western blotting
with the tagged Nkrp1b detected using a polyclonal anti-GFP antibody
(Fig. 3B and 3C). Under reducing conditions, only monomeric Nkrp1b-
msfGFP (55 kDa) was present. However, nonreducing conditions
showed the protein in both its states, monomeric and dimeric
(110 kDa). Therefore, this approach further corroborates Nkrp1b to be a
mixture of monomers and homodimers both recombinantly expressed
and purified from bacteria and in a mammalian cell line. A negative
control served as a test of the specificity of the anti-GFP antibody.
Accordingly, no signal was detected for the untransfected cell line when
incubated with the antibody. On the other hand, msfGFP itself, as a
positive control, was found to be 27 kDa, which corresponds to its
theoretical molecular weight. In addition, β-actin (43 kDa) served as a
loading control.

3.4. Only monomeric forms of Nkrp1b are functionally active

To examine, which of the Nkrp1b variants are biologically active,
and therefore capable of interacting with the ligand, all our protein
variants were labeled with ATTO 590 fluorescent dye and incubated
with bone marrow-derived cells expressing an Nkrp1b ligand on their
surface [12]. The lectin PNA from Arachis hypogaea (peanut), which
was used as a positive control, belongs to the same protein superfamily
as Nkrp1b and specifically binds to D-galactosyl residues of glycosy-
lated membrane proteins [54]. The method of scanning fluorescence
microscopy was then used to assess, which labeled Nkrp1b protein
variants interacted with the cells.

Using this method, it was revealed that only monomeric Nkrp1b
forms could bind to the cells, irrespective of the presence of the stalk
region, as shown by the representative microscope images (Fig. 4A).
The plot in Fig. 4B shows the dependence of the mean intensity of the
red (ATTO 590 or Alexa Fluor® 568) signal on the protein concentration
(Nkrp1b or PNA). The standard errors of the mean values were below
0.3 MFI for all the points due to the large numbers of individual cell
data in each data set and are therefore not visible in the plot. Red signal
intensity of monomeric Nkrp1b forms and of positive control increased
with increasing protein concentration, whereas that of dimeric Nkrp1b
forms did not change with their increasing concentration. This clearly
indicates that our dimeric Nkrp1b variants do not interact with cells.

Our results correspond to the known interaction mode of

Nkrp1b:m12 and NKp65:KACL as both the proteins (Nkrp1b from
C57BL/6 mice and human NKp65) interact as monomers. A recent
crystal structure of Nkrp1b interacting with m12 via a polar claw me-
chanism shows that two Nkrp1b molecules clench the dimer of m12 and
do not contact each other. On the contrary, two monomers of NKp65 (a
human homologue of Nkrp1b) symmetrically engage a dimeric KACL (a
homologue of Clr proteins) in a bivalent binding mode. It means that
two NKp65 molecules identically contact KACL binding sites and the
authors concluded that in fact, NKp65 dimerize after ligand binding
[30,55]. Based on these findings and in the context with our microscopy
data, two Nkrp1b molecules may separately participate in the interac-
tion or the interaction may promote induced Nkrp1b dimerization. In
addition, interaction process can be dependent on a specific ligand as
such behavior has previously been demonstrated for the Ly49H re-
ceptor, which binds MHC class I molecules or the immunoevasin m157
[56]. Nevertheless, it seems that Nkrp1b enters the interaction as
monomer in either cases.

3.5. Chemical cross-linking and homology modeling of Nkrp1b

To obtain structural models of Nkrp1b, homology modeling in
combination with experimentally obtained distance restraints (from
intra- and intermolecular chemical cross-linking and disulfide bond
mapping) was used.

3.5.1. Intramolecular chemical cross-linking
Intramolecular cross-linking of Nkrp1b monomeric forms with DSG

and DSS was performed mainly to determine the conformations of the
loop and stalk regions in solution because the two high-resolution
structural models of Nkrp1a (C57BL/6) differ by the loop position. The
loop is either attached to a compact protein core (pdb:2MTI) or ex-
tended and participates in domain-swapping dimerization (pdb:3M9Z)
similar to mannose macrophage receptor [20] or snake venom bitiscetin
[21] from the same protein superfamily.

Cross-links connecting 9 out of 10 primary amines present in the
CTLD were found within a monomeric Nkrp1b (BALB/c) molecule.
These included Lys179 in the loop region, which was connected to
Lys196 in the protein core (full results are listed in Table S2). This
implies that the loop is attached to the protein core in solution, as the
distance between the loop in its extended position and the CTLD would
otherwise exceed the arm range of the cross-linker.

Regarding the stalk region, the N-terminus of Nkrp1b was found to
be very reactive as it cross-linked with different amines in the protein
domain, suggesting that at least while isolated in solution, the stalk
moves rather freely around the core domain.

3.5.2. Intermolecular chemical cross-linking
Intermolecular chemical cross-linking of Nkrp1b dimeric forms was

performed with a mixture of light- and heavy-isotope-labeled proteins

Fig. 3. Nkrp1b localization in a cell and im-
munoblotting analysis. (A) CLSM images of msfGFP-
tagged Nkrp1b. The image from the GFP channel is
shown above, matching bright-field image below.
Using anti-GFP antibody, Nkrp1b-msfGFP was de-
tected (B) as a monomer (55 kDa) under reducing
conditions and (C) as a mixture of monomer and
homodimer (110 kDa) under nonreducing condi-
tions. A negative control (untransfected cells) served
as a test of the specificity of the anti-GFP antibody.
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to determine the dimerization interface of Nkrp1b. Only cross-links
detected between peptide containing 14N and peptide containing 15N
were evaluated as the interchain connections. The cross-linking agent
DSG alone was utilized in this case as it is the shortest available cross-
linker, therefore, the possibility of artifacts forming was minimized.

Six unique connections were identified between the light- and
heavy-isotope-labeled molecules in the dimeric Nkrp1b protein variant
containing the stalk, whereas three cross-links were found in the form
lacking the stalk (Table S3). No cross-links were found between N-ter-
mini or primary amines present in the stalk region, which is also con-
sistent with results of intramolecular chemical cross-linking, where the
stalk region was shown to move around the CTLD and interact with
lysines in the protein core. These results indicate that the dimerization
interface is located between CTLDs, but not in the stalk region, as vi-
sualized in Fig. 5A.

Together, the intermolecular chemical cross-linking along with the
disulfide bond mapping proved that the stalk does not play a key role in
protein dimerization. Moreover, fluorescence microscopy experiments
described above demonstrated that the stalk is not even necessary for
Nkrp1b to be functionally active for binding to its ligand.

3.5.3. Homology modeling and molecular dynamics simulations
To obtain a complete structural model of Nkrp1b (BALB/c), we

combined our experimental constraints derived by the above-described
structural MS methods with molecular modeling. An NMR structure
(pdb:2MTI) and two crystal structures (pdb:3M9Z, 3T3A) of Nkrp1a
(C57BL/6) were used as modeling templates (Fig.S1) as this protein
shares 84% sequence identity with our studied protein Nkrp1b (BALB/
c) and does not possess the additional disulfide bridge that Nkrp1b
(C57BL/6) carries. In addition, distinct existing structural models of
Nkrp1a (differing by the loop position) allowed us to build on multiple
possible protein conformations and to choose the homology model that
best corresponded to our experimental data.

Moreover, structural modeling and molecular dynamics were per-
formed to determine the possible conformation of the Nkrp1b stalk
region in solution, as no template for modeling this region of the pro-
tein is available yet. An ab initio modeling of the stalk region (residues
Val63-Asp87) suggested that the presence of an α-helix at residues
SSVQKICADVQEN is likely (data not shown). This could also be related
to the structure of the carbohydrate recognition and stalk domains of
surfactant protein A (pdb:1R13). However, the presence of this helix
could not be reconciled with the experimental collision cross section
(CCS) constraints derived by native IMMS measurements (described in
the following section). With the helix in place, the CCS of our models

was significantly higher than our experimental values. Therefore, we
believe that at least in the case of our recombinantly expressed soluble
protein forms, when Nkrp1b is not attached to any membrane, its stalk
is rather unstructured and flexible.

Indeed, such a behavior was also observed in the modeling results,
when 10 homology models of each Nkrp1b protein variant were se-
lected based on minimal energy (dispersion of CCS values among these
models is shown in Table S4) and mutually aligned to compare differ-
ences between their structures (Fig.S2A). The alignment showed the
CTLDs, including the loop regions and short unstructured C-termini to
be rather well defined. However, very different stalk positions were
discovered in individual Nkrp1b models, as no useful template is
available for this protein region. This fits nicely with our com-
plementary data from both native IMMS and cross-linking experiments.

Finally, full molecular dynamics simulations (50 ns) of the selected
Nkrp1b protein variants were performed to examine the stability of the
proteins and movements of their stalks in solution (Fig. S2B). Analyses
of the modeling trajectories by monitoring the root-mean-square de-
viation (RMSD) showed that the CTLDs remained stable in all studied
protein variants. Only N-terminal part of the monomeric Nkrp1b form
without stalk slightly moved on this timescale. Moreover, the stalk re-
gions of both chains of dimeric Nkrp1b exhibited rather unhindered
movement in solution, with occasional weak non-covalent interactions
with other protein residues. The RMSD analyses proved and chemical
cross-linking confirmed that the stalk can move freely around the CTLD.

Taken together, our data allowed us to build the complete model of
the Nkrp1b protein, with and without the stalk, including their dimeric
forms, as shown in Fig. 5.

3.6. Native ion mobility-mass spectrometry and correlation with the results
of homology modeling

To validate our structural models, CCS of all four Nkrp1b protein
variants were measured under very gentle electrospray and MS in-
strument conditions to compare them with theoretical values of com-
puted homology models and to select the most appropriate Nkrp1b
structures, as described previously [57].

The spectra of Nkrp1b protein variants (Fig. 6) showed the ratio of
monomeric/dimeric Nkrp1b forms in the observed charge states of
measured samples and proteins. The mixture of monomers and homo-
dimers was observed in all samples (except for the monomer without
the stalk) because it was not possible to separate the forms completely
during purification, as revealed also by gel electrophoresis. Also, it is
important to point out that dimers formation is rather dynamic thus

Fig. 4. Interactions of fluorescently labeled Nkrp1b
protein variants with bone marrow-derived cells
analyzed by scanning fluorescent microscopy. (A)
Microscope images of individual Nkrp1b protein
forms of 1 μg/ml concentration with cells (three re-
presentative fields of view for each sample). Cell
nuclei are stained blue with DAPI, Nkrp1b or PNA
(positive control) red with ATTO 590 or Alexa Fluor®
568 and MHC class II molecules green with GFP. (B)
Quantitative image analysis of the red signal in-
tensity in the microscope images. Several hundreds
of cells in 36 fields of view for each sample prepared
in duplicates were used for analysis. Three different
concentrations (0.1 μg/ml; 0.5 μg/ml and 1 μg/ml) of
labeled proteins were tested, a dashed line indicates
fluorescence level of the negative control.
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there is monomer/dimer equilibrium in solution.
A comparison of CCSs of computed Nkrp1b models and values

measured by IMMS is shown in Table 1. As we observed no significant
systematic differences between various ion mobility settings (with a
small caveat discussed below), CCSs averaged across all travelling wave
velocities, and charge states are reported with their interval of total
estimated analysis error (Etot). This error value combines a standard
deviation obtained from the CCS values used for averaging, an experi-
mental calibration fit error, and an inherent uncertainty (~1%) asso-
ciated with the CCS values of standard proteins used for calibration
[58]. The theoretical and experimental data generally correlate very
well, with some slight deviation for dimeric Nkrp1b with stalk and
monomeric Nkrp1b without stalk, wherein experimental CCS values are
slightly lower than the computed ones. CCSs of all used theoretical
models as well as values for different charge states of the measured
proteins and all travelling wave velocities are listed in Table S5.

Observed CCSs of monomers were very consistent across all tra-
velling wave velocities (all data are shown in Table S5), which proves
that the instrument parameters were gentle enough to retain a folded
protein structure during our measurements irrespective of the time the

ions spent in a mobility cell. However, CCS of both dimeric forms (and
especially of the one with the stalk) increased slightly with increased
wave speed (and longer time spent in the mobility cell). In addition,
CCSs of both dimeric forms did not vary between particular charge
states. As we know that the structure of individual monomers is stable
on this time scale, we hypothesize that this phenomenon can be at-
tributed to some degree of remaining quaternary structure flexibility
when the Nkrp1b molecules would slightly move within the dimer re-
lative to each other.

Regarding different charge states, a Coulombic unfolding was neg-
ligible apart from the highest (9+) charge state of Nkrp1b monomer
with stalk. CCS values for this protein variant of charge states 7+ and
8+ across all travelling wave velocities are consistent with standard
deviation< 7. Values for 9+ charge state are> 100 Å2 higher and
standard deviation was 19. This implies that higher charge state causes
partial Coulombic unfolding of protein in this case. Therefore, 9+
charge state of Nkrp1b monomer with stalk was excluded from calcu-
lations. Considering CCS values for monomer without stalk of charge
states 6+, 7+ and 8+, the difference between the lowest and highest
charge state is< 60 Å2 and standard deviation for 8+ charge state is 9.

Fig. 5. Visualization of intermolecular cross-links and structure of Nkrp1b protein variants. (A) Visualization of Nkrp1b dimerization interface using intermolecular
cross-links (blue dotted lines). Primary amines are displayed as blue side chains; sequence numbering corresponds to the whole Nkrp1b protein. First amino acids in
the Nkrp1b protein variants are Met63 or Ser89. (B) Homology models of dimeric/monomeric Nkrp1b protein forms containing/lacking the stalk region (highlighted
in magenta), whose parameters best correlate with experimental data.
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Therefore, this charge state was deemed to be still consistent with lower
charge states of monomer without stalk.

Experimental CCS values of Nkrp1b proteins were compared with
calculated variants of several homology models. CCS of a monomeric
Nkrp1b homology model (without stalk) with the loop in an extended
position was 1829 Å2. Our experimentally derived CCS of the native-
like protein was 1469 ± 36 Å2 (Table 1), which corresponds better to
1535 Å2 in the homology model with the loop attached to the protein
core. Similarly, CCS of dimeric Nkrp1b homology model (without stalk)
with the extended loops was 2662 Å2. CCS of our selected Nkrp1b di-
meric model (without stalk) was 2336 Å2, which correlates better to the
experimental value of 2311 ± 74 Å2 (Table 1). Overall, these results fit
in nicely with our data from chemical cross-linking in terms of both
loop orientation and stalk region flexibility.

4. Conclusions

Although CTLRs are generally structurally conserved, their protein
sequences and functions are divergent as they bind saccharides in
complex with Ca2+ ions or various proteins [16]. Protein ligands of

CTLRs are derived from a host cell or a virus, and their interactions
differ according to their origin [30,56]. Furthermore, receptors bind
their protein ligands in a promiscuous manner, and conversely, one
particular ligand often targets several different CTLRs [11,25,59]. As
the specific nature of these interactions is based on the structure and
functional properties of a receptor, determination of the structure
greatly contributes to our understanding of a receptor's function and
regulation of cellular responses. In this work, we studied the effect of
specific structural characteristics of the inhibitory receptor Nkrp1b on
its conformation and molecular interactions.

Certain structural features, which can highly influence the con-
formation and interactions of Nkrp1b, involve its long loop region,
flexible stalk, and its oligomerization state. Two Nkrp1b protein var-
iants were recombinantly prepared to investigate the function of the
stalk: the whole ectodomain and the ligand-binding domain lacking the
stalk. It was observed that both variants fold as monomers and homo-
dimers in vitro. Similar behavior was achieved in vivo as well, where the
analysis of cell lysates of mammalian cells revealed Nkrp1b as a mixture
of monomers and homodimers. MS analysis of recombinant proteins
revealed that the Nkrp1b forms monomers and covalent or non-cova-
lent dimers. According to disulfide bond mapping, two cysteines in the
stalk may be intermolecularly linked by two covalent bonds or the
cysteines within one molecule can be connected.

Furthermore, the biological activity of all these Nkrp1b forms was
tested. It was observed that only monomeric Nkrp1b forms could in-
teract with their ligands on a cell surface, whereas homodimers were
not functional. Moreover, the presence of the stalk did not influence the
interaction, and it was not even crucial for protein dimerization.
Finally, based on experimental data provided by a range of structural
MS techniques and homology modeling, Nkrp1b ectodomain structural
models in its monomeric and dimeric conformations were proposed.

In conclusion, we demonstrated that the stalk does not affect the

Fig. 6. Representative native mass spectra of Nkrp1b
protein variants as used for ion mobility analyses.
(A) Dimer with stalk, (B) monomer with stalk, (C)
dimer without stalk, and (D) monomer without stalk.
Charge states and monomeric/dimeric conforma-
tions (shown as dots) of Nkrp1b protein variants are
marked. The presence of monomeric and dimeric
protein variants in individual spectra may be asso-
ciated with partial complex dissociation in ammo-
nium acetate and incomplete separation by the size-
exclusion chromatography.

Table 1
Experimental and modeled CCSs of Nkrp1b protein forms. The average CCS
values of theoretical homology models and values determined by native IMMS
experiments. Total estimated error (Etot) of measurements is included.

Protein form Homology models CCS
[Å2]

Experimental CCS ± Etot
[Å2]

Dimer with stalk 2781 2625 ± 102
Monomer with stalk 1591 1629 ± 34
Dimer without stalk 2336 2311 ± 74
Monomer without stalk 1535 1469 ± 36
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fold of CTLD or the ability of Nkrp1b to interact with its ligands and
that the stalk is not necessary for the receptor dimerization as was
considered for decades. In addition, our data clearly demonstrated that
the loop region is attached to the compact core of the receptor and that
it does not participate in domain swapping in contrast to the activating
Nkrp1a receptor. Finally, the fact that Nkrp1b can form dimers, which
are not functional, opens the possibility of their regulatory function,
which could be the topic of interest for future research.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2018.11.007.
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