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(NKR-P1) extracellular domains suggests a conserved
long loop region involved in ligand specificity
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Abstract Receptor proteins at the cell surface regulate the
ability of natural killer cells to recognize and kill a variety of
aberrant target cells. The structural features determining the
function of natural killer receptor proteins 1 (NKR-P1s) are
largely unknown. In the present work, refined homology
models are generated for the C-type lectin-like extracellular
domains of rat NKR-P1A and NKR-P1B, mouse NKR-P1A,
NKR-P1C, NKR-P1F, and NKR-P1G, and human NKR-P1
receptors. Experimental data on secondary structure, tertiary
interactions, and thermal transitions are acquired for four of the

proteins using Raman and infrared spectroscopy. The exper-
imental and modeling results are in agreement with respect to
the overall structures of the NKR-P1 receptor domains, while
suggesting functionally significant local differences among
species and isoforms. Two sequence regions that are conserved
in all analyzed NKR-P1 receptors do not correspond to
conserved structural elements as might be expected, but are
represented by loop regions, one of which is arranged
differently in the constructed models. This region displays
high flexibility but is anchored by conserved sequences,
suggesting that its position relative to the rest of the domain
might be variable. This loop may contribute to ligand-binding
specificity via a coupled conformational transition.
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Introduction

Natural killer (NK) cells are large granular lymphocytes
able to recognize and kill a large variety of target cells and
to regulate the reactions at the interface of innate and
adaptive immunity through secretion of lymphokines and
by direct killing [1, 2]. The cytotoxic activity of NK cells is
tightly regulated via activating and inhibiting cell-surface
receptors, one group of them being the NK cell lectin-like
receptor proteins, one subtype of which are the NKR-P1s.
The NKR-P1s are transmembrane glycoproteins classified
as type II due to their external C-terminus, with an
extracellular C-type lectin-like domain (CTLD) and a short
cytoplasmic domain. To initiate the NK cell response,
activating NK cell receptors recognize a diverse range of
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ligands including cytokines, antibody Fc domains and other
proteins and saccharides presented by target cells. Inhibitory
NK cell receptors recognize MHC class I molecules and other
proteins serving as a marker of cell health. Tumor, virally
infected, stressed or otherwise damaged cells that can resist T
cell mediated immunity because of the low levels of these
markers expressed at their surface are no longer protected by
their inhibitory signals and this may lead to NK cell activation
and an elimination of the target cells [3]. Functions of
NKR-P1s were enigmatic until their ligands were found to
be closely related family of Clr lectin-like receptors [2].
Despite NKR-P1 family include both activating and inhib-
itory receptors, the CTLDs of NKR-P1 family members
share considerable homology; thus the structural origins of
ligand-binding specificity are of interest. In the present work,
multiple sequence alignment, protein homology modeling,
and molecular dynamics simulations are combined with
protein expression, vibrational spectroscopy, and thermal
analysis to examine evolutionary and structural divergences
within the family of NKR-P1 receptor CTLDs.

Methods

Protein preparation

DNA coding for the extracellular part of mNKR-P1A/C
proteins (mNKR-P1A/C; to specify the origin of the receptor,
the first letter of each organism name is used prior to the
receptor name, i.e., m for mouse, r for rat, etc.), was amplified
from the total mRNA isolated from the spleen of C57BL/6
mouse and subcloned into expression vector pET-30a
(Novagen). Expression plasmids were transformed into
Escherichia coli BL-21 (DE3) Gold (Stratagene). Bacteria
were grown in LB medium, induction was performed with
0.1 mM isopropyl-β-D-thiogalactopyranoside and the
induced culture was grown for 2 h. Proteins were refolded
from inclusion bodies and were purified by HPLC ion
exchange and gel filtration chromatography. The protein
samples for experiments were concentrated at 10.4 mg/mL in
a 15 mM Tris–HCl buffer with 150 mM NaCl, pH 8.0.

The rNKR-P1A/B proteins were prepared as described
previously [4]. Proteins were dissolved in a 10 mM Tris-HCl
buffer with 50 mM NaCl, pH 7.4, in concentrations of
9.1 mg/mL and 3.8 mg/mL, respectively. The concentrations
were determined by Bradford assay [5].

Raman spectroscopy

Raman spectra of aqueous solutions of mNKR-P1A/C
proteins were recorded in a standard 90° geometry on a
multichannel instrument based on Spex 270 M single
spectrograph with 1800 grooves/mm grating (Jobin-Yvon),

a holographic notch-plus filter (Kaiser Optical Systems)
and a liquid nitrogen cooled CCD detection system
(Princeton Instruments) measuring 1340 pixels along the
dispersion axis. The spectral resolution was approximately
5 cm-1. Samples in a capillary micro-cell (5 μL inner
volume) were excited with a 532.2 nm line (300 mW of
radiant power per sample) NdYAG Verdi 2 laser (Coherent)
and kept at 4 °C during all experiments using an external
water bath (Neslab). The acquisition time for the spectra
was 60 minutes. The spectra of temperature dependence
each consisted of 5 min exposures. Temperatures in the
5–90 °C region were adjusted with 5 °C increments using the
external water bath (Neslab) and equilibrated for 4 minutes
before measurement. The wavenumber scale was calibrated
with neon glow-lamp lines. Therefore, Raman frequencies of
well-resolved bands are accurate to ±0.5 cm-1.

The solutions of rNKR-P1A/B proteins were excited
with a 514.5 nm Ar-ion laser Innova 300 (Coherent) using
the same Raman spectrometer with the same experimental
setup. Both spectra were accumulated for 600 min to
produce traces of the highest quality.

Drop coating deposition Raman spectroscopy

The samples of mNKR-P1A/C (4 μL) were dialyzed (on
Millipore filters 0.025 μm/white VSWP/13 mm) against
deionized distilled water for 35 minutes. A 2 μL volume of
protein solution, with an approximate concentration of
1 mg/mL, was deposited on a standard DCDR substrate
SpectRIM™ (Tienta Sciences) consisting of a polished
stainless steel plate coated with a thin layer of Teflon [6].
After air-drying at room temperature, approximately
20 minutes, Raman spectra were collected from “coffee
rings” of former droplets [7] using a Raman microspectrom-
eter HR800 (Horiba Jobin Yvon) with a 514.5 nm Ar-ion
excitation laser (Melles Griot). A 50× microscope objective
(N.A. 0.75, Olympus) was used to focus the 5 mWexcitation
laser to a diameter, approximately 1.5 μm, on the sample,
and the spectra were integrated for 20 min using a 600
grooves/mm grating and liquid nitrogen cooled CCD detector
(1024×256 pixels, Symphony). The spectrometer was
calibrated using a band of Si-vibrations at 520.7 cm-1. The
spectral resolution was approximately 5 cm-1.

The samples of rNKR-P1A/B proteins were treated in
the same way as the mouse proteins. Nevertheless, the
spectra of rNKR-P1A/B protein were integrated for 4 min
using a 632.8 nm He-Ne laser excitation in the same setup
as mentioned previously.

Infrared spectroscopy

Infrared spectra of mNKR-P1A/C proteins were recorded
with a Bruker Vector 33 FTIR spectrometer using a
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standard MIR source, a KBr beamsplitter and a DTGS
detector. 5000 scans were collected with a Blackman-Harris
3-term apodization function at a spectral resolution of 2 cm-1.
Aqueous protein solutions were measured at room tempera-
ture in a CaF2-cell with a 10 μm path length. Measurements
in thermal dynamics were performed using a thermal cell
holder BioJACK™ (BioTools). Temperature was adjusted
from 5 to 90 °C with an increment of 5 °C using an external
water bath (Neslab) and equilibrated for 4 minutes before
measurements took place. 1000 scans were performed.
Attenuated total reflection (ATR) FTIR measurements, 5000
scans, were realized by using an ATR-MIRacl™AG – single
diamond horizontal ATR (Pike Technologies).

The rNKR-P1A/B proteins were measured using a
Bruker IFS 66/S FTIR spectrometer equipped with an
MCT detector. 4000 scans were collected with a Happ-
Genzel apodization function at a spectral resolution of
4 cm-1. The rest of the FTIR setup remained the same as the
measurements for mNKR-P1 proteins. Spectral contribution
of the buffer was corrected following the standard algo-
rithm [8]. Spectrum of water vapors was subtracted and
finally, all spectra were normalized.

Differential scanning calorimetry

The protein's stock solutions were diluted to the desired
concentration – i.e., mNKR-P1A to 0.20 mg/mL and
mNKR-P1C to 0.52 mg/mL. Calorimetric measurements
were performed using the Model 6100 Nano II Differential
Scanning Calorimeter – N-DSC II (Microcalorimetry
Sciences Corporation). The samples were scanned from 5
to 90 °C at a heating rate of 1 °C/min under a constant
excess pressure of 3 atmospheres. The appropriate DSCRun
and CpCalc 2.2 software was used for data acquisition and
analysis. After baseline subtraction of the buffer–buffer
signal, the molar excess heat capacity function was
obtained by dividing the protein concentration and cell
volume (0.299 mL).

Sequence and phylogeny analysis

Sequences specified in Table 1 were aligned in ClustalX
[21] and used for phylogeny analysis. For sequence
analysis purposes, we used only their C-type lectin-like
domains (CTLDs). Phylogenetic analysis was originally
performed for protein sequences only; resultant trees
however revealed too many polytomies. The number of
polytomies was decreased by using nucleotide sequences
for tree construction. Excluding Bayesian analyses, all
protein and DNA sequences analyses were performed using
Phylip 3.69 software [22] with the following algorithms:
Neighbor-Joining [23], maximum parsimony [24], maxi-
mum likelihood [25] with assuming molecular clock and

Fitch-Margoliash method assuming molecular clock (Kitsch
method) [26]. Sequences were bootstrapped 1000× with the
exception of the computationally most expensive method
maximum likelihood, where sequences were bootstrapped
100×. To confirm that this value of bootstrapping was high
enough, we constructed the trees with the same settings but
bootstrapped 1100× or 110×. To calculate the distance
matrix, and for the maximum likelihood method, we used
the Jones-Taylor-Thornton matrix for protein sequences and
the F84 matrix for DNA sequences. Where possible the
sequences were jumbled 5×. In the neighbor-joining
method the order of sequences was randomized. Probabil-
ities of branch occurrence were calculated according to one
of the most commonly used tests on the reliability of an
inferred tree, Felsenstein's bootstrap test [27], which was
evaluated using Efron's [28] bootstrap resampling tech-
nique. Resultant consensus cladograms were done using the
50% majority consensus rule. Bayesian analysis was
performed using MrBayes 3.1.2 [29] with the same initial
sequences used previously. Invariable gamma distribution
and a GTR model was used to describe the parameters
for the likelihood model, 150 000 for protein cycles and
100 000 for DNA Markov chain Monte Carlo cycles,
with the state being swapped every 100×.

Homology modeling

Primary structures of mNKR-P1A, mNKR-P1C, rNKR-
P1A, and rNKR-P1B extracellular domains were extracted
from the database (Table 1). Templates were identified
using BLAST [30] with matrix BLOSUM62. The identified
homologs were almost the same for all seven models that
were built. The template with highest identity to the target
sequence was used. If some structures had the same
identity, the one with the better resolution was used.
Templates and identities used were: 1YPQ (C-type lectin-
like domain of human oxidized low density lipoprotein
receptor 1 (LOX-1) [31]) for mNKR-P1A/C (identity 31% /
32%), 1XPH (CD209 antigen-like protein 1 [32]) for
rNKR-P1B (identity 33%), 3HUP (early activation antigen
CD69 [33]) for mNKR-P1F (identity 33%), 1E87 (early
activation antigen CD69 [34]) for mNKR-P1G (identity
35%) and 2BPD (beta-glucan receptor Dectin-1 [35]) for
hNKR-P1 (identity 32%). Only in the case of rNKR-P1A
was an alternative technique tried. The neighboring
sequence from the neighbor-joining phylogenetic tree
(1000× bootstrapped) was used, i.e., structure 3CAD
(lectin-related NK cell receptor LY49G1 [36]). Alignment
of template and modeled sequences used ClustalX. Align-
ments were checked to ensure that general features in
sequence-conserved regions of CTLDs, were maintained as
found in sequence multiple alignments of CTLDs. The
resulting aligned sequences used for modeling are shown in
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Fig. 8. Ten models were calculated for every protein and
template using Modeller 9v4 [37]. The best model from
every group was chosen by the distribution of amino acids
in the Ramachandran plot and stereochemical g-factor (both
calculated by Procheck [38]), Modeller distribution func-
tion and by visual inspection using SwissPDBViewer [39].
Secondary structure was determined by Procheck according
to Kabsch and Sander [40].

Molecular dynamics

All selected models were minimized in SCP water solution
with Gromacs 3.3.3 package [41], using virtual site hydro-
gens. The modified version of force field Gromos87
(usually called Gromacs) [42, 43] was used. Temperature

was held at 300 K by separately connecting the protein and
solution to the external temperature bath (t=0.1 ps) while
the pressure was held at 1 bar by connecting to the pressure
bath (t=0.1 ps). Algorithms SETTLE (for water) and
LINCS (for protein) were used to restrict covalent bond
length and long-range electrostatic interactions were calcu-
lated using the Particle-Mesh Ewald method. Optimization
with steepest descent energy minimization was followed by
solvent optimization using a time step of 1 fs for 10 ps.
Counter ions were added to neutralize the simulation box
and were consequently minimized for 10 ps using a time
step of 1 fs. Finally, the protein was minimized for 20 ps
using a time step of 2 fs. For production, the simulation
runs were started using a time step of 5 fs. Root mean
square deviation and radius of gyration analysis was

Protein Protein sequence DNA sequence Reference

rNKR-P1AWAG ABO15817 EF100677 Voigt et al. 2007 [9]

rNKR-P1ASD ABO15823 EF100683 Voigt et al. 2007 [9]

rNKR-P1ARNK ABO15821 EF100681 Voigt et al. 2007 [9]

rNKR-P1AF344 AAA41710 M62891 Giorda et al. 1990 [10]

rNKR-P1APVG ACJ47804 FJ416340 Kveberg et al. 2009 [11]

rNKR-P1BWAG ABO15818 EF100678 Voigt et al. 2007 [9]

rNKR-P1BBS AAQ08908 AF525533 Voigt et al. 2007 [9]

rNKR-P1BPVG ABA40404 NM_001040189 Voigt et al. 2007 [9]

rNKR-P1BSD ABO15824 EF100684 Voigt et al. 2007 [9]

rNKR-P1BRNK ABO15822 EF100682 Voigt et al. 2007 [9]

rNKR-P1BF344 AAB01986 U56936 Dissen et al. 1996 [12]

rNKR-P1BTO AAQ11375 AF541943 Voigt et al. 2007 [9]

rNKR-P1FWAG ABO15819 EF100679 Voigt et al. 2007 [9]

rNKR-P1FSD ABO15825 EF100685 Voigt et al. 2007 [9]

rNKR-P1FF344 CAA66111 X97477 Appasamy et al. 1996 [13]

rNKR-P1GWAG ABO15820 EF100680 Voigt et al. 2007 [9]

rNKR-P1GPVG ABA40405 DQ157011 Kveberg et al. 2009 [11]

rNKR-P1GDA ABA40406 DQ157012 Kveberg et al. 2009 [11]

mNKR-P1AB6 AAA39822 M77676 Giorda et al. 1991 [14]

mNKR-P1ABALB ABB72025 DQ237927 Carlyle et al. 2006 [15]

mNKR-P1ASJL AAK39101 AF354261 Kung et al. 1999 [16]

mNKR-P1BB6 AAK08512 AF338321 Carlyle et al. 2006 [15]

mNKR-P1BSJL AAK39099 AF354259 Kung et al. 1999 [16]

mNKR-P1BNOD BAE41390 AK169820 Carninci et al. 1999 [17]

mNKR-P1BBALB ABB72026 DQ23728 Carlyle et al. 2006 [15]

mNKR-P1CB6 BAC37739 AK079743 Carninci et al. 1999 [17]

mNKR-P1CBALB ABB72027 DQ237929 Carlyle et al. 2006 [15]

mNKR-P1FB6 NP_694734 NM_153094 Plougastel et al. 2001 [18]

mNKR-P1FBALB ABB72029 DQ237931 Carlyle et al. 2006 [15]

mNKR-P1FNOD BAE41516 AK170023 Carninci et al. 1999 [17]

mNKR-P1GB6 ABC71751 DQ336141 Carlyle et al. 2006 [15]

hNKP-P1 NP_002249 NM_002258 Lanier et al. 1994 [19]

cNKR-P1 CAB55571 AJ245903 Kaufman et al. 1999 [20]

Table 1 Protein and nucleotide
sequences used for phylogenetic
and sequence analyses
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performed every 10 ns to check if the system reached
equilibrium. The total production run time was 110 ns for
mNKR-P1A, 10 ns for rNKR-P1A, 20 ns for rNKR-P1B
and 100 ns for mNKR-P1C. The human and mouse models
NKR-P1F/G were equilibrated for 10 ns.

After the dynamics run, all structures were minimized
using the steepest descent algorithm. The representation of
secondary structure types according to Kabsch and Sander
[40] was calculated by Procheck software, and the root
mean square fluctuation for each residue was calculated in
Gromacs.

Results and discussion

Structural analysis of NKR-P1 proteins

Four NKR-P1 extracellular domains, rNKR-P1A and B and
mNKR-P1A and C, were overexpressed in E. coli, refolded
from inclusion bodies, and purified for spectroscopic
analysis as described in Methods. Receptor domains were
structurally analyzed by Raman, FTIR, and ATR-FTIR
spectroscopy, including a novel drop-coating deposition
Raman method that yields native-state spectra from very
small solid samples [7]. Spectral assignments are given in
Table 2, and secondary structure contents estimated using
the pattern recognition least-squares method (LSA) are
given in Table 3.

Figure 1 compares the FTIR spectra of mNKR-P1A and
C domains. The similarity of the spectra is immediately
obvious, indicating that mouse A and C proteins share the
same fold with very similar secondary structure content.
The slight differences in the spectra can be explained by
their different amino acid compositions. For example, the
second derivative band at 1517 cm-1 is connected with Tyr
ring vibrations [54], and is more intense in mNKR-P1A that
has five Tyr residues that in mNKR-P1C with only one Tyr.
ATR-FTIR spectra of proteins were also measured for better
resolution of subtle differences, and no further differences
were detected (data not shown). The FTIR results are in
excellent agreement with Raman spectroscopy data (Fig. 2
and Table 3). Solution Raman spectra (not shown) are also
highly similar to drop-coated deposition spectra, which
provide better signal-to-noise ratio.

The secondary structure estimates using the LSA
method, which analyzes the amide I band in the case of
Raman spectroscopy [49], and amide I and II bands in
FTIR spectra [50], are not perfect for mNKR-P1A and C
domains, suggesting a protein fold whose spectral pattern is
not included in the LSA reference set [51]. Thus, the
absolute percentages in the secondary structure content
probably contain larger errors than estimated in Table 3.
The fits for Raman spectral data are better. Nevertheless,

both FTIR and Raman spectroscopy predictions differ by
no more than 4% in each method for mouse A and C
variants, and for each variant some predictions are in
agreement within the margin of error. These results thus
suggests only a small difference in the content of α-helices
and β strands of about 10% for the two mouse domains.

Negative bands are observed in the Raman difference
spectrum between mouse variants A and C in the region
reporting on S-S-bridge conformations (Fig. 2). The
presence of these intense and narrow vibration bands

Table 2 The assignment of Raman vibrational bands distinguishable
in the spectra of rat NKR-P1A protein (see Fig. 4)

Frequency (cm-1) Assignment Notes

509 νS–S in GGG [44]

539 νS–S in TGT [44]

572 Trp [44]

623 Phe [45, 46]

642 Tyr [45, 46]

697 νC–S PN, PH [44]

760 Trp W18 [45–47]

828 Tyr doublet, Phe [44–47]

853 Tyr doublet, Ile [44–47]

878 Trp W17, Ile, Val [45–47]

894 Lys, Ala [45, 46]

937 Lys, Val, Leu [45, 46]

959 Lys, Leu [45, 46]

988 Ile [45, 46]

1005 Phe [44–46]

1011 Trp W16 shoulder [44–47]

1033 Phe, Tyr [44–46]

1062 Lys, Ala, Phe [45, 46]

1077 Lys, Phe [45, 46]

1127 Ile, Val, Leu, Trp [45, 46]

1158 Ile, Val [45, 46]

1175 Tyr, Phe [45, 46]

1206 Phe, Tyr, Trp shoulder [45, 46]

1237 amide III [45, 46]

1315 amide III, Lys, Val, Ile [45, 46]

1339 Trp doublet [44–47]

1358 Trp doublet, Val, Phe [44–47]

1404 νCO2
– of Asp, Glu [47]

1425 Trp shoulder [45, 46]

1449 δCH2, δCH3, Lys, Ile, Leu [45, 46]

1462 δCH2, Ala, Ile, Val, Leu, Trp, Tyr [45, 46]

1551 Trp W3 [48]

1579 Trp, Phe [45, 46]

1607 Phe, Tyr Y8b [45–47]

1620 Tyr Y8a, Trp [45–47]

1671 amide I [44–47]
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reflects a more well-defined conformation of S–S bridges in
mNKR-P1C and thus lower flexibility. Thus, the C variant
is probably more rigid than the A variant, in agreement with

the higher stability detected in calorimetric data as
discussed below.

More distinctive differences can be seen between the
FTIR spectra of rNKR-P1A and B domains (Fig. 3). The
band positions of the rat A variant differ only slightly more
than the differences between the two mouse variants, and
therefore the rat A variant can be structurally clustered with
both mouse variants; rNKR-P1B is the most distinctive
protein within the measured group. Raman difference
spectroscopy (Fig. 4) adds detail to these distinctions, with
significant differences between A and B variants in the
amide I region, ca. 1671 cm-1 and amide III, ca. 1237 cm-1.
In the amide III region, the positive band, ca. 1230 cm-1,
corresponds to an excess of β-structures in rNKR-P1A
relative to the B variant. The negative band at 1280 cm-1

corresponds to lower α-helix content in the A variant when
compared with the B variant. The aromatic amino acid
composition of rNKR-P1A/B domains are the same; thus
the Raman difference spectrum in Fig. 4 reflects mostly
secondary structure differences between the proteins.
Comparing all Raman spectra, rNKR-P1B protein is again
the most distinctive, with mouse A and C variants very
similar, and rat variant A being somewhere in between.

Thermal dynamics

Differential scanning calorimetry showed an irreversible
denaturation transition for mNKR-P1A and C domains
corresponding to a single, noncooperative thermal tran-
sition, with melting temperatures of 69 °C for mNKR-
P1A and 72 °C for the C variant (data not shown).
Thermodynamic parameters for the transitions, deter-
mined as described in Methods, were the same for both
proteins, ΔH=48 kcal·mol-1, ΔS=0.14 kcal·K-1·mol-1.
Therefore the mNKR-P1C domain is slightly more
thermostable than the A variant.

Fig. 1 A comparison of FTIR spectra from mouse NKR-P1A protein
(mA) with its mouse NKR-P1C variant (mC) in the region of amide I and
amide II bands. The dash-dot lines represents second derivative of the
spectrum (smoothed by Savitski-Golay function at 15 points, i.e. ca.
14 cm-1). The peak positions are labeled for NKR-P1A protein. Slight
shifts are therefore visible in the second derivative of FTIR NKR-P1C
spectrum. Two major bands, observed at 1642 and 1549 cm-1, are
assigned to amide I and amide II vibrations of the backbone chain,
respectively. The second derivative, which can identify overlapping
components, reveals a high content of extended β-sheets by a strong
negative band at 1638 cm-1 [52]. The second component of β-sheets at
1688 cm-1 suggests that β-sheets are antiparallel [53]. The negative
band at 1657 cm-1 corresponds to α-helices and an unordered structure
[52] which points towards an α/β protein fold. The second derivative
band at 1688 cm-1, with its shoulder at 1678 cm-1, is connected with
high content of loops and turns

Mouse NKR-P1A Mouse NKR-P1C

Structure Raman FTIR Model Raman FTIR Model

α-helix 28±5 22±10 15 26±5 20±10 20

β-sheet 38±4 26±9 39 37±4 24±9 37

β-turn 17±2 14±4 10 18±2 14±4 14

β-bend — 14±4 18 — 18±4 10

Unordered 17±2 24±6 18 19±2 24±6 19

Rat NKR-P1A Rat NKR-P1B

Structure Raman FTIR Model Raman FTIR Model

α-helix 15±5 13±10 18 19±5 25±10 25

β-sheet 50±4 32±9 40 48±4 26±9 33

β-turn 19±2 13±4 15 19±2 10±4 12

β-bend — 16±4 11 — 14±4 12

Unordered 15±2 26±6 16 14±2 25±6 18

Table 3 An estimation of
secondary structure content
of mNKR-P1A/C and rNKR-
P1A/B proteins in aqueous
solution by pattern recognition
least-squares method (LSA)
analyzing the amide I band in
the case of Raman spectroscopy
[49], and amide I and II region
in the case of FTIR [50] (using
the spectral set from ref. [51]).
Secondary structure estimation
is compared with modeled
structures. Given standard devi-
ations are calculated as standard
deviations of the used reference
set, therefore they do not reflect
the quality of the fits
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Two-dimensional correlation spectroscopy (2DCoS) was
applied to FTIR and Raman spectra to add structural detail
to the thermal unfolding transitions of mNKR-P1A/C
proteins. The aim of this technique is to identify in-phase
and out-of-phase correlations between spectral intensity
variations occurring at different wavenumbers that are
induced by external perturbation of the studied system; a
generalized formalism for 2DCoS can be found in ref. [57–
59]. The main advantage of 2DCoS is that it allows
enhancement of spectral resolution by spreading over-
lapping bands over a second dimension. In addition, sign
analysis of the correlation peaks in the 2D maps may
improve band assignment and permit establishment of a
sequence of events during the perturbation process [57–59].

Synchronous 2D correlation FTIR spectra (Fig. 5 left)
suggest slightly lower stability in the A variant relative to
C, in agreement with calorimetric data, and suggest this
transition is correlated with exposure of hydrophobic
regions in β-strands. The Raman synchronous spectrum is
significantly less complicated (Fig. 6 left) and reports on
the same denaturation process, consistent with the FTIR

results. The asynchronous 2DCoS spectra (Figs. 5 and 6
right) reveal sequential, but not coincidental, spectral
changes. The asynchronous spectrum has no autopeaks
and consists exclusively of crosspeaks that are antisymmet-
ric in regard to the diagonal line. Asynchronous cross peaks
develop only if the intensities of two spectral features
change and are out of phase with each other. If the
asynchronous peak sign becomes positive then the intensity
change at the given wavenumber on the x-scale occurs
predominantly before it is connected with the 2DCoS y-
scale and vice versa. This sign rule is reversed if the
synchronous correlation intensity at the same coordinate
becomes negative.

Application of these so called Noda rules [57–59] to
mNKR-P1C second derivative FTIR spectra indicate the
following sequential order of structural changes. Changes
in β-turns occur first, followed by an increase in β-sheet
content, then changes in α-helices followed by changes in
loops. These structural changes precede emergence of β-
aggregated structures, which is followed by changes in β-
turns. The sequential order in the mNKR-P1A variant is the

Fig. 2 A comparison of mouse NKR-P1A DCDR spectra (mA) with its
mouse NKR-P1C variant (mC); (mA – mC) denotes appropriate spectral
difference. In the amide I region at 1669 cm-1, corresponding mostly to
stretching νCα=O skeletal vibrations (for band assignments see Table 2),
small negligible differences between mNKR-P1A and C protein variants
can be found (mA – mC difference). This is supported by the skeletal
NH-vibration region of amide III at 1310 cm-1, where the difference is
almost zero between mouse proteins. The band at 508 cm-1 corresponds
to the lowest free energy gauche–gauche–gauche (GGG) conformation
of S–S bridges, the most obvious conformation in the protein structures.
The band at 535 cm-1 reflects unusual conformation that is close to
trans–gauche–trans – TGT (pure conformation is characterized by
vibrations at 540 cm-1, whereas gauche–gauche–trans (GGT) has a band
at ca. 525 cm-1), which has the highest free energy [44]. The intensity
ratio I508 / I535 clearly indicates that two S–S bridges have GGG
conformation and one nearly has TGT conformation. Direct correlation
between the Raman frequency of W3 mode and the absolute value of the

torsional angle χ2,1 is known [48]. Its position at 1550 cm-1 corresponds
to a 93° angle | χ2,1| as an average angle of six Trp in mNKR-P1A/C
proteins. The negative difference band at 1546 cm-1 alludes to
prevalence on lower angles in the C variant. The Trp W17 mode at
877 cm-1 indicates moderate NH–hydrogen bond donation in both A and
C variants [55]. The Trp Fermi doublet intensity ratio I1358 / I1338 ca.
0.88 is a sensitive marker of the amphipathic environment of the
aromatic ring [55] and in our case indicates a hydrophilic environment
of all Trp in both variants. The two bands at 827 and 852 cm-1 are
assigned to the Tyr (Y1 + Y1a) Fermi resonance doublet. Its intensity
ratio I852 / I827 is used as an Tyr environment indicator [56]. The value
1.0 of mNKR-P1A protein corresponds to moderate Tyr H-bonding,
mostly at the surface of the protein. Mouse NKR-P1C protein has only
one Tyr with an intensity ratio of 0.75, which may suggest that phenolic
OH of this Tyr is a stronger hydrogen bond donor than those placed on
the surface of the protein
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same, although the emergence of β-aggregates was not
observable. The sequential order of secondary structure
changes from FTIR is in agreement with that from Raman
data. Asynchronous analysis of Raman data shows that
changes in Tyr/Phe vibration at 1600 cm-1 precede changes
in β-turns, and the increase of β-sheet content is followed
by changes in Trp/Phe vibrations at 1590 cm-1.

Heterospectral 2DcoS was used because it can reveal
correlations between different spectral regions or even
between two different spectroscopic techniques and may
help to detect vibrations of a similar nature or connections
with the same process [59]. Only synchronous heterospec-
tral 2DCoS Raman spectroscopy was used to permit direct
correlation of secondary structure elements with specific
residue types, and because Raman spectra contain more
residue-specific spectral information than FTIR spectra.
The synchronous spectra display only cross peaks (Fig. 7)
because autopeaks are generated only by the correlation of
the same bands as in Figs. 5 and 6. Correlations were
investigated in the changes of the secondary structure,
represented by the Raman amide I region (1580–1700 cm-1),
and the regions where aromatic side chains have intense
Raman bands. The strong correlations reported in Fig. 7
suggest that one or more Trp residues experience major
changes in their surroundings during the early stages of
thermal denaturation.

Fig. 4 A comparison of rat NKR-P1A DCDR spectra (rA) with its rat
NKR-P1B variant (rB); (rA – rB) denotes appropriate spectral difference.
It is clearly visible in the disulfide bridges stretching vibrations region (the
bands at 509 and 539 cm-1), that two S–S bridges are in GGG
conformation whereas one is in pure TGT conformation. In comparison
with mouse protein A/C variants, rat variants show a higher tension on
this TGT bridge. The S–S bridges in rNKR-P1B are much more flexible
than in the A variant (exhibiting broader and less intense bands) which
points to a lower stability of this protein. Only small differences exist
between all mouse and rat proteins when comparing the absolute value of

the torsional angle χ2,1 that is characterized by the band at 1551 cm-1,
which corresponds to an average 95° angle of six Tyr. Nevertheless, there
is a positive peak, also visible within the Raman difference spectra, that
is reflecting higher flexibility in the rNKR-P1B protein. In the case of
mouse A/C variants, other prominent Tyr bands (878, 1339, 1358 cm-1)
reflect the same phenomena as mentioned above whereas each of these
vibrations shows higher flexibility in the rNKR-P1B protein. The rat
proteins have only one Tyr whose ratio 1.0 of 828 and 853 cm-1 bands
corresponds to moderate H-bonding which is characteristic for the
position on the protein surface

Fig. 3 A comparison of rat NKR-P1A FTIR spectra (rA) with its rat
NKR-P1B variant (rB) in the region of amide I and amide II bands. The
dash-dot lines represents second derivative of the spectrum (smoothed by
Savitski-Golay function at 15 points, i.e. ca. 21 cm-1). Although the
rNKR-P1B spectrum was partially affected by the low stability of the
sample which caused partial aggregation (resolved by second derivative
bands at 1623 and 1693 cm-1) [52], higher amounts of helical structures
(second derivative band at 1654 cm-1) in comparison with antiparallel β-
sheets (negative bands at 1638 and shoulder at 1682 cm-1) can be seen
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The structural changes occurring in NKR-P1 proteins
during the increase of temperature can be interpreted
tentatively as follows. Some large flexible part with high
content of β-turns is rearranged first. Trp residues appear to
be involved in significant dynamical behavior during these

early stages of denaturation. Next, the β-sheet content
increases before or during continuous decrease of α-helix
content. These changes lead to the exposure of a hydro-
phobic region, perhaps containing Tyr and/or Phe residues,
leading to β-aggregates followed by changes in β-turns.

Fig. 5 Synchronous (left) and asynchronous (right) 2D correlation
FTIR spectra of thermal dynamics from 5 °C to 90 °C (with 5 °C
increments) of mouse NKR-P1A (mA) and NKR-P1C (mC) proteins.
The white and red peaks are positive while the grey and blue peaks are
negative. The synchronous second derivative 2DCoS spectra from
FTIR spectra of mNKR-P1A/C, under thermal perturbation from 5 °C
to 90 °C, exhibit several positive diagonal peaks, so called autopeaks
(see left side). The diagonal spectrum of the synchronous 2DCoS
mathematically corresponds to autocorrelation function. Thus, any
region of the spectrum which changes intensity to a great extent, under
the thermal perturbation, will show strong autopeaks, while those
remaining almost constant develop no autopeaks. In the case of protein
mNKR-P1C, thermal denaturation is connected with changes of
aggregate β-sheets (1618 cm-1), native β-sheets (1635 cm-1), α-
helices and unordered structures (1646 cm-1), loops (1668 cm-1) and
β-turns (1685 cm-1) [52] as demonstrated by its autopeaks. Synchro-

nous 2DCoS describes in-phase intensity variations, i.e., structural
changes, so it is questionable if the correlation is positive or negative.
This question can be answered by off-diagonal peaks, so called cross
peaks. While the autopeaks sign is always positive, the cross peaks
sign can be either positive or negative. The synchronous cross peak
sign becomes positive if the spectral intensities at the two coordinates
are simultaneously increasing or decreasing. On the other hand, a
negative sign at the intensity of the cross peak indicates that one of the
spectral intensities is increasing while the other is decreasing. Thus,
the cross peaks correspond to a simultaneous decrease of α-helices and
unordered structures with an increase of β-sheets, loops and β-turns
whereas the decrease of β-sheets is then connected with the increase of
β-aggregated structures. Similar structural changes can be found in
synchronous FTIR 2DCoS in protein mNKR-P1A, however its
transition to β-aggregates was not observable because the process
was too fast
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Modeling

Homology modeling and molecular dynamics

Candidate template sequences were identified using
BLAST [30] and pair-aligned with modeling target
sequences using ClustalX as described in Methods. The
template structure with highest sequence identity to each
target was used for modeling; identities ranged from 31 to
35%, and the resulting aligned sequences used for
modeling are shown in Fig. 8. Template structures used
were: 1YPQ (C-type lectin-like domain of human oxidized
low density lipoprotein receptor 1 (LOX-1) [31]) for
mNKR-P1A/C, 1XPH (CD209 antigen-like protein 1 [32])
for rNKR-P1A/B, 3HUP (early activation antigen CD69
[33]) for mNKR-P1F, 1E87 (early activation antigen
CD69 [34]) for mNKR-P1G, and 2BPD (beta-glucan
receptor Dectin-1 [35]) for hNKR-P1. These template
structures are similar to each other as judged by Cα root-

mean-square deviations ranging from 0.94 to 1.50 among
them, and all have functions close to those of the NKR-P1
proteins [61]. C-type lectin-like NK receptors are dimeric
in their nature, but as the mode of dimerization is not
conserved within this receptor family, we did not attempt
to model NKR-P1s as dimers. Moreover, in native
receptors covalent linkage by one or more disulfide
bridges in the so-called "stalk region" close to the cell
membrane is involved in dimerization. This region is
usually omitted from soluble recombinant receptor domain
constructs and thus is also missing in available crystal
structures. Finally, all recombinant NKR-P1s prepared in
this study behaved like a monomeric species during their
purification (data not shown), pointing out for rather weak
dimer formation within the NKR-P1 family, however, we
cannot exclude that cooperativity between monomers will
occur upon ligand binding. For consistency, the number-
ing of sequences begins at residue 89 in all sequences, and
specific residue numbers discussed in the text are those of

Fig. 6 Synchronous (left)
and asynchronous (right) 2D
correlation Raman spectra of
thermal dynamics from 5 °C to
90 °C (with 5 °C increments)
of mouse NKR-P1A (mA) and
NKR-P1C (mC) proteins. The
white and red peaks are positive
while the grey and blue peaks
are negative. The decrease of
α-helix content (the band at
1635 cm-1) is connected with
an increase of β-sheet and
β-turn structures (1685/
1690 cm-1 for mNKR-P1C and
mNKR-P1A, respectively). This
structural change is connected
with environmental changes
in Trp, Tyr and Phe residues
(corresponding bands at 1590,
1600 and 1610/1625 cm-1)
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the mNKR-P1A sequence. Ten models were calculated for
every sequence-template pair using Modeller 9v4 [37].
For further analysis the best model from every group was
chosen as described in Methods, and refined by at least
10 ns of molecular dynamic simulations at room temper-
ature in explicit solvent.

All models share the same basic α/β fold represented in
Fig. 9 by rNKR-P1B. Helices surround a beta core
composed of long antiparallel β-strands 2 and 8 that form
a central 'pillar' flanked at one end by short strands 1 and 3
and at the other end by a small antiparallel sheet formed by
strands 4–7. Although β-strand 3 is very short, its residues
are highly conserved and they adopt very similar positions
in all models (Table 4). The lengths of secondary structure
elements (Table 5) reveal that a conserved number of
residues forms strands 2 and 8 of the central pillar except in
mNKR-P1F that is 1–2 residues shorter. These strands
define the height of the receptor on the outside surface of
the cell membrane. The models contain the three disulfide

bonds identified in experimental data [62], except for
mNKR-P1C where Cys122 is replaced by Ser.

Although the core of the protein is nearly the same for
all seven models (Cα rmsd <2 Å for the beta core defined
above), the number and orientation of helices as well as the
topological organization of secondary elements vary some-
what among the models, defining four groups (Fig. 10).
Mouse NKR-P1A/C models are more similar to each other
than rat models are to each other. In addition to the
topology differences, the prominent loops anchored by
small antiparallel sheets differ in their arrangement among
models, making rmsd comparisons meaningless for these
segments. In all cases one small sheet (residues Ala127,
Tyr128 and Leu129 in mNKR-P1A) anchors one loop of ∼5
to 7 residues (residues Met130 to Gln135 in mNKR-P1A,
green loop in Fig. 10, first half of region III in Fig. 12) and
another small sheet (residues Trp165, Lys166 and Trp167
in mNKR-P1A) anchors one long loop of ∼19 residues
(e.g., residues Arg168 to Asp187 in mNKR-P1A, blue loop

Fig. 7 Heterospectral synchro-
nous 2D correlation analysis
Raman spectra of thermal
dynamics from 5 °C to 90 °C
(with 5 °C increments) of mouse
NKR-P1A (mA) and NKR-P1C
(mC) proteins. The dynamics
of two different regions
against the amide I region
(1580–1700 cm-1) was followed.
The white and red peaks are
positive while the grey and blue
peaks are negative. An intense
search through the entire Raman
spectrum did reveal very strong
correlations between the amide I
region and Trp bands at 760 and
1011 cm-1 for both mNKR-P1
variants. It is well known that
intensity changes of these Trp
Raman bands are connected
with amphipathic environment
of the indol ring [60]. Thus,
2DCoS reflects changes in
hydrophobicity in the Tyr
environment by the band shifts
from 756 cm-1 to 763 cm-1 and
from 1007 cm-1 to 1020 cm-1 for
mNKR-P1A and similarly for
mNKR-P1C. Moreover, the sign
for 2DCoS bands is reversed
in the amide I region, ca.
1690 cm-1, which corresponds
to β-turn structures in proteins
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between sheets 5 and 6 in Fig. 10, region V until beginning
of region IVb in Fig. 12). In rNKR-P1B and hNKR-P1 the
long loop contains an additional short helix that packs on
one side of the core together with helix B. In rNKR-P1B
the connectivity of the loops to the small sheet also differs.

These differences in the spatial arrangement of the loops
among the models are reflected also in the behavior of each
model in molecular dynamics simulations. In all simula-
tions the protein core is stable, with Cα rmsds reaching
plateau values of∼1.3 to 2.5 Å (data not shown). The root
mean square fluctuations for Cα calculated from the last
nanosecond of the equilibrated part of each trajectory
clearly identify the long loop region as very flexible
(Fig. 11). Both ends of the loop, immediately after the N-
and C-terminal anchoring residues, are extremely flexible.
The root mean square fluctuations of the other residues in
the loop are slightly higher than the average for the whole
protein, although the structure within the loop is stable in
the time period that could be simulated. The N-terminal
anchoring residues are the highly conserved WKW se-
quence motif (residues Trp165, Lys166 and Trp167 in
mNKR-P1A). The loop occasionally folds back onto the
protein surface, where it forms a hydrophobic interaction

with the two tryptophan residues. Together these results
suggest that the loop region is stably anchored to the core,
but can adopt alternative positions relative to the core.

Sequence analysis

The 33 available NKR-P1 CTLD domain sequences (Table 1)
were aligned in ClustalX [21]. Seven conserved regions are
identifiable (Fig. 12). Among these regions, conservation
among orthologs is highest in the beta core and lowest in the
two loops, the smaller loop corresponding to region III and
the large loop corresponding to region V. In region III the
chemical properties of loop residues are preserved despite
the sequence variations. In contrast, substitutions in extended
region V (L160 to T183) cause significant changes in the
chemical character of some loop residues among natural
NKR-P1 variants, leading to two groups typified by NKR-P1
subfamilies A-D and F/G. The NKR-P1A/D group presents
L160, N164, T171, K178 and T183, whereas the NKR-P1F/
G group substitutes a polar residue (Glu or Gln) for Leu160,
a beta-branched residue (Thr, Val, or Ile) for Asn164, a more
hydrophobic residue (Ile or Val) for Thr171, a Ser or Lys
residue for Arg178, and a more polar residue (Asn, Asp, or
Glu) for Thr183. The results of in vivo binding experiments
with C-type lectin receptor (Clr) isoforms [11] suggest that
these sequence differences may be related to ligand
specificity: rNKRP1A and rNKRP1B bind to Clr11 only;
rNKRP1F and rNKRP1G bind to Clr2, Clr6, and Clr7 but
not to Clr11, and rNKRP1F also binds to Clr3 and Clr4.
Thus, the long adaptable loop of the C-type lectin-like
domain may encode its ligand specificity.

Phylogenetic analysis

Phylogenetic analysis was originally performed with only
the protein sequences of the C-type lectin-like domains,

Fig. 8 Alignments for homology models in the following order; mouse NKR-P1A, rat NKR-P1A, rat NKR-P1B, mouse NKR-P1C, mouse NKR-
P1F, mouse NKR-P1G and human NKR-P1

Fig. 9 Detail view on the rat
NKR-P1B model
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starting at position 89 for mouse NKR-P1A. Although
five methods gave similar results, cladograms contained
a large number of polytomies. DNA nucleotide sequen-
ces were then applied to bring in additional information
for tree construction. Cladograms based on DNA
sequences were constructed with several different
approaches as described in Methods, leading to nearly
identical results. In every case, the major branches of the
cladogram were the same, as confirmed by bootstrap-
ping. Bootstrapping failed only when the arrangement of
species within the clade was different. This robustness of
the final result supports the principal correctness of the
tree. The resultant cladogram obtained by the maximum-
likelihood method is shown in Fig. 13. Where some
methods suggest polytomy or further branching, both
possibilities are drawn.

The cladogram displays three major branches. The
first is composed of human and chicken NKR-P1s. The
second main branch is composed of rodent NKR-P1s
from the telomeric part of the NK gene complex. In this
branch the sequences are first branched according to the
receptor subfamily and then according to the species.
The third major group consists of rodent receptors from

the centromeric part of the NK gene complex. Here, the
sequences are ordered first according to species and then
according to receptor subfamily. The most undefined part
of the cladogram includes the rat NKR-P1As, as some
methods even create pentatomy.

Comparison of modeling and spectroscopic results

The extent of predicted α-helical structure in rNKR-P1B
agrees closely with experiments, especially with the data
from FTIR. In the case of mNKR-P1A/C, more α-helical
structure is detected in the spectra than is present in the
models. One likely explanation that would be in
quantitative agreement with the data is that short α-
helix C, which is present in human and rat NKR-P1B
models, is also present in both mouse structures. In the
case of β-strands, the algorithm used to determine
hydrogen bonds in models uses an average cutoff value,
whereas in nature this cutoff is not so sharp, and it also
depends on the β-strand environment and other factors.
The agreement between the spectroscopic data and the
models is particularly strong for beta turns, especially
when measured by FTIR, whereas Raman spectra give
slightly higher turns content. The phylogeny depicted in
Fig. 13 is also consistent with the vibrational spectra,
which group mouse A/C variants together as most distinct
from rNKR-P1B, and with rat variant A being somewhere
in between.

Disulfide bond conformations for Cys122-210 and
Cys94-105 are unambiguously in a GGG conformation in
all computational models. Therefore these two bridges can
be assigned to the two clear GGG conformations deter-
mined from the band at 509 cm-1 (Fig. 2) representing the
disulfide bridges region of stretching vibrations. The third
disulfide bridge between Cys189-202 in the models adopts
conformations in between the more rare GGT and TGT
conformations, and could be assigned to the TGT confor-
mation observed experimentally (Fig. 2).

Table 4 Amino acids (their primary structure number) that form α-helices or β-strands in every model that was calculated in Procheck. In mouse
NKR-P1F, β-strand 4 is divided into two regions. For this reason there are two numbers in the relevant column

I II A III B IV C V VI VII VIII

Mouse A 100 – 102 104 – 114 119 – 127 129 – 131 135 – 146 152 – 159 167 – 169 188 – 194 197 – 203 207 – 215

Rat A 97 – 101 103 – 113 114 – 125 128 – 130 134 – 145 150 – 159 164 – 168 188 – 194 196 – 200 206 – 215

Rat B 100 – 102 104 – 114 115 – 126 129– 131 135 – 149 152 – 155 175 – 181 182, 183 190 – 194 197 – 201 207 – 215

Mouse C 100 – 102 104 – 114 115 – 126 129 – 131 135 – 149 152 – 159 167 – 169 188 – 194 197 – 201 207 – 215

Mouse F 98 – 102 105 – 114 115 – 126 129 – 131 135 – 146 152 – 154/
156 – 158

167 – 169 190 – 192 199 – 201 207 – 213

Mouse G 98 – 102 104 – 114 115 – 126 129 – 131 135 – 146 152 – 159 167 – 169 188 – 194 197 – 203 207 – 215

Human 98 – 102 105 – 115 116 – 125 129 – 131 135 – 147 153 – 160 175 – 180 165 – 169 189 – 194 197 – 201 205 – 213

Table 5 The number of residues in secondary structure features. In
mouse NKR-P1F, β-strand 4 is divided into two regions. For this
reason there are two numbers in the relevant column

1 2 A 3 B 4 C 5 6 7 8

Mouse A 2 11 9 3 12 8 3 7 7 9

Rat A 5 11 12 3 12 10 5 6 5 9

Rat B 3 11 11 3 12 4 7 2 5 4 9

Mouse C 3 11 12 3 15 8 3 6 5 9

Mouse F 5 10 12 3 12 3+3 3 3 3 7

Mouse G 5 11 12 3 12 8 3 7 7 9

Human 5 11 10 3 13 8 6 5 6 5 9
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The inferred conformational adaptability of the long loop
region finds support in the spectroscopic data as well.
Opening of the loop as suggested by its behavior in
molecular dynamics simulations would expose the two
anchoring tryptophan residues to solvent, in agreement with
the early shifts observed for tryptophan residues in the
experimental thermal dynamics data.

Conclusions

MD-refined homology models of rat NKR-P1A/B, mouse
NKR-P1A/C/F/G and human NKR-P1 receptor C-type
lectin-like extracellular domains were generated in order
to understand evolution of the structural features determin-
ing their functions. The rat NKR-P1A/B and mouse NKR-

P1A/C domains were structurally analyzed by Raman and
FTIR spectroscopy. Combined protein and DNA sequence
analysis divided NKR-P1s into three major phylogenetic
groups.

The derived models agree well with the Raman and
infrared spectra not only in terms of overall secondary
structure content, but additionally the models capture key
structural and dynamic features consistent with thermal
dynamics and MD simulations. Two sequence regions that
are conserved in all analyzed NKR-P1s, and thus under
strong evolutionary pressure, define the major phylogenetic
branches, including the distinction between the NKR-P1A/
D and the NKR-P1F/G subfamilies. One of these regions is
the long loop present in nearly every CTLD; it is
alternatively arranged in the different models, and is
predicted to contain only a minor portion of secondary

Fig. 10 Structures and topologies of resultant models. The regions discussed in the text are depicted here. The same fold like mouse NKR-P1C
receptor is also adopted by mouse NKR-P1A/G and rat NKR-P1A. Mouse NKR-P1F, rat NKR-P1B and human NKR-P1 folds are unique

Fig. 11 Root mean square
fluctuation of amino acid
residues during the production
phase of the simulation is
represented by Cα carbon
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structure that is variably present. The experimental data
from vibrational thermal analysis would be consistent with
the facile dynamics of this region observed in MD
simulations, in which an underlying hydrophobic surface

becomes exposed. Sequence and phylogenetic analysis
suggests that this loop region evolved in concert with target
specificity, adapting the chemical properties of the residues
to specific target ligands while embedding them in a

Fig. 12 Conserved regions among NKR-P1s and their positions in the
structural model of rat NKR-P1A. A consensus secondary structure
estimation is shown below the alignment in yellow. The red helix

indicates that the helix is present in human NKR-P1 and rat NKR-P1B
only. The color scheme underlying the secondary structure indicates
buried (blue) and accessible (white) residues
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structurally stable framework. The results thus suggest
that the long loop plays a key role in ligand specificity,
and that a conformational equilibrium is involved in
ligand binding.

Homology modeling is based on the presumption
that proteins with similar primary structures (> ∼30%
identity) have the same tertiary structure. Even though
exceptions are known (e.g.,[63, 64]), the use of tem-
plates with functions close to those of the modeled
targets in the present case suggested that this basic
assumption should be correct, and that the core folds are
likely to be similar. Local deviations can occur, and these
may be detected by combining vibrational spectroscopy
with computational modeling [65], as shown by the
results presented here.

The resulting molecular models of NKR-P1 are available
upon request.
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