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ABSTRACT:. NKp46 is a member of a group of receptors collectively termed natural cytotoxicity receptors
(NCRs) that are expressed by natural killer (NK) cells. NCRs are capable of mediating direct killing of
tumor and virus-infected cells by NK cells. We have recently shown that NKp46 recognizes the heparan
sulfate moieties of membranal heparan sulfate proteoglycans (HSPGSs), thus enabling lysis of tumor cells
by NK cells. In the current study, we further examined the residues in NKp46 that may be involved in
heparan sulfate binding on tumor cells. On the basis of both the electrostatic potential map and comparison
to the heparin binding site on human fibronectin, we predicted a continuous region containing the basic
amino acids K133, R136, H139, R142, and K146 to be involved in NKp46 binding to heparan sulfate.
Mutating these amino acids on NKp46D2 to noncharged amino acids retained its virus binding capacity
but reduced its binding to tumor cells with a-2000 fold lowerKp when tested for direct binding to
heparin. The minimal length of the heparin/heparan sulfate epitope recognized by NKp46 was eight
saccharides as predicted from the structure and proven by testing heparin oligomers. Testing selectively
monodesulfated heparin oligomers emphasized the specific contributions of O-sulfation, N-sulfation, and
N-acetylation to epitope recognition by NKp46. The characterization of heparan sulfate binding region in
NKp46 offers further insight into the identity of the ligands for NKp46 and the interaction of NK and
cancers.

Natural killer (NK) cells are a major component of the NK cells, were recently identified. These natural cytotoxicity
cellular mechanisms by which an immune response leads toreceptors (NCRS) include the NKp30, NKp44, and NKp46
the destruction of transformed or virus-infected target cells molecules, all of which are capable of mediating direct killing
(1, 2). The interaction between NK cells and their targets is of tumor and virus-infected cells. These NCRs are specifi-
mediated via various NK receptors and ligan@&-5%). cally expressed on NK cells; NKp30 and NKp46 precisely
Heavily implicated in this interplay are inhibitory receptors mark NK cells, whether resting or activated, while NKp44
of the NK cell surface, with classical and nonclassical MHC is expressed by activated NK cells onf§, 6). The NCRs
class | molecules as their ligands. With regard to activation are specific for non-MHC ligands3( 5); the nature of these
receptors, three lysis receptors, expressed mainly on humariigands, cancer-expressed or virus-induced, is undefined with

three exceptions: (i) NKp46 and NKp44, but not NKp30,
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cordance, tumor cells expressing cell surface heparanasenatants were collected daily and purified on protein G
CHO cells lacking membranal heparan sulfate, and glypican- columns using FPLC. SDSPAGE analysis revealed that
1-suppressed pancreatic cancer cells manifest reduced recall Ig fusion proteins were approximately 95% pure and of
ognition by NKp46D2 and are lysed to a lesser extent by the proper molecular mass.

NK cells (12). The recognition and lysis of tumor cells by Circular Dichroism (CD) AnalysisNKp46D2, NKp46D2/

NK are also affected by the 6-O-sulfation and N-acetylation Q4, and NKp46D2/Q4T1 fusion proteins were analyzed for
state of the glucosamine building unit of heparan sulfa® ( CD spectra at various concentrations: 0.66, 0.6, 0.48, 0.32,

Heparin and heparan sulfate bind to numerous proteins.and 0.21 mg/mL in 30@L of PBS. CD analysis was done
The structural diversity of heparin and heparan sulfates is On & J-715 CD spectral instrument with a bandwidth of 1
extremely vast, and the heparan sulfate moieties of cell "M, response time of 1 s, data pitch of 0.2 nm, standard
membrane HSPGs modulate the binding and actions of asensitivity, and scanning speed of 20 nm/min, at room
large number of extracellular and cellular molecuti3; (4). temperature, and at the range of 2500 nm usig a 1 mm
In accordance, tumoral HSPGs might present infrequent orPath length cuvette. Each sample was measured four times,
distinct heparan sulfate epitopes that contribute to tumor cell and the average CD spectra were calculated automatically.
pro|iferation and cancer’s angiogenes%fl?); NKp46 Flow Cytometry and Antibodie€ells were incubated with
could have evolved to recognize these epitopes and activatéhe indicated micrograms of the various fusion Igs for 2 h
lysis of tumor cells by NK. Hence, in the current study we at4°C, washed, and stained with FITC- or APC-conjugated
aimed to characterize the NKp46 heparan sulfate binding F(aB)2 goat anti-human IgG-Fc(109-096-098 or 109-136-
site and partially depict the epitope(s) it recognizes. 098, respectively; Jackson ImmunoResearch, West Grove,
PA). Staining and washing buffer consisted of 0.5% (w/v)
BSA and 0.05% sodium azide in PBS. Propidium iodide (PI)
was added prior to reading for exclusion of dead cells. Flow

Cells and VirusesteLa is a human cervical adenocarci- cytometry was performed using a FACSCalibur flow cy-
noma (ATCC no. CCL-2). 1106 is a human melanoma cell tometer (Becton Dickinson, Mountain View, CA), and
line established from a recurrent metastatic lesion and whichflyorescence data were acquired using logarithmic amplifica-
expresses no HLA-I antigen$§). 293 is a human epithelial  tjon. Data files were acquired and analyzed using BD
kidney cell line transformed with adenovirus 5 DNA (ATCC  CELLQuest 3.3 software. Fluorescence data were acquired
no. CRL-1573). Vero is an African green monkey fibroblast- ysing logarithmic amplification, and reported fluorescence
like kidney cell line (ATCC no. CCL-81). The IV A/PR/8/ intensity units represent conversion of channel values ac-
34 (H1N1) was purchased from Spafas (Preston City, CT). cording to the logarithmic scale (range®:10%. Results

Ig Fusion ProteinsThe generation of NKp46D2-Ig fusion  are shown either as staining histogramsakis represents
protein was previously described’,(12). To generate  fluorescence intensity andaxis represents cell counts) or
NKp46D2/Q4-Ig, a set of external primers (Kozak-MGMP- as the geometric mean fluorescence intensity (MFI) of the
fwd, TGAAAGCTTGCCGCCACCATGGGAATGCCCA-  stained populations. In all experiments, each sample was
TGGGGTCTCTGCASACCG, and 44/46-endseq, GCCGTC- stained twice in different wells. When results are presented
CACGTACCAGTTGAA) were used together with internal as MFI, average MFH- SD of the duplicate staining is
complementary primers (NKp46-Q4rev, CTGCTGTAC- brought to show consistency of the staining procedure.
CTGGCTGGATTGTCCCTCCTGGAGC, and NKp46-Q4fw, Human IgG1 (hlgG1 kappa, PHP010) was purchased from
CAGGAGGGACAATCCAGCCAGGTACAGCAGGGA- Serotec, Oxford, U.K.

TACG) synthesized with point mutations to create two PCR  Binding of Fusion Igs to IV-Infected Cells106 melanoma
fragments (Q4L and Q4R). These fragments were mixed, cells (10/mL) were incubated overnight with 1000 units/
denatured, and used again, as a template with the samenL IV. Cells (infected or uninfected) were washed and
external primers, to create one long fragment containing four stained with NCR Igs as described above.

point mutations: K133Q, R136Q, H139Q, and R142Q Direct Heparin Binding Assaylates were coated with 4
(designated D2/Q4). This D2/Q4 gene, fused to part of the ug/mL amounts of various fusion proteins and higG1 (diluted
human IgG1 Fc (CH2CH3) gene 12), was then digested  with PBS, final volume 75.L) overnight at 4°C. Blocking
with Kpnl and BanmHI and inserted into pCDNAS3.1-Fc, buffer (150uL/well of PBS supplemented with 0.05% Tween
similarly digested, to create pPCDNA3.1-D2/Q4-Fc. The same 20 and 2.5% dry skim milk) was appliedrf@ h onice,
external primers were used together with a different set of after which plates were washed with PBS with 0.05% Tween
internal complementary primers (NKp46 Q5rev, CTGTC- 20 (PBST) and incubated withydy/mL biotin-tagged heparin

MATERIALS AND METHODS

CCGTATCCCTGCTGTACCTGGCTGGATTGTCCCTCCT-
GGAGC, and NKp46 Q5fw, CAGGAGGGACAATCCAGC-
CAGGTACAGCAGGGATACGGGACAGTCCAG) to create,

(Sigma) fa 1 h at 37°C (100uL/well). Following washing
with PBST, 100uL/well of streptavidin-HRP was added
for 30 min at 1:2000 dilution in PBST supplemented with

using the same techniques, the D2 fragment with five point 0.5% skim milk. Following washing with PBST, 1Qd./
mutations: K133Q, R136Q, H139Q, R142Q, and K146T in well of TMB was added, and the color was allowed to
D2 (designated D2/Q4T1). This fragment was inserted, as develop at room temperature in the dark. Optical density was
described for the D2/Q4 fragment, into pCDNA3.1-Fc to read at 650 nm (Dynex Technologies MRX microplate
create pCDNA3.1-Q4T1-Fc. 293 cells were transfected with reader).

these expression vectors, and G418-selected clones were BlAcore.BlAcore 3000 (BIAcore AB, Uppsala, Sweden)
screened for highest protein production. Recloned high- was used for studying the interactions between heparin and
producer clones were grown in BIO-CHO-1 medium (Bio- NKp46D2. Heparir-albumin—biotin (Sigma) was immobi-
logical Industries, Kibbutz Beit Haemek, Israel), and super- lized on a streptavidin (SA) chip (BlAcore AB). The
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immobilization process was performed with 10 mM Hepes
buffer, pH = 7.4, 150 mM NaCl, and 0.005% Tween 20
(HBS buffer) at a flow rate of 1QuL/min. Heparin-
albumin—biotin (20 ug/mL) was injected in 0.1 M sodium
acetate buffer, pt= 4.5. The immobilization response was
about 300 RU. Kinetic measurements: All experiments were
performed at a flow rate of 20L/min in HBS buffer at 25
°C. Different analyte concentrations (from 0.125 to 2 or 4
uM) were injected, each followed by regeneration of the
surface usig 2 M NaCl with 20 mM NaOH. Data processing
was done by BlAevaluation software 4.1 using the 1:1
langmuir binding model with mass transfer and baseline drift.
An empty flow cell was used as a control and was subtracted
from the responses obtained from the reaction surface. The
¥? value is a standard statistical measure of the closeness td
fit, representing the mean square of the signal noise. The
results were plotted in sensorgrams and expressed in
resonance units (RU) against time.

Heparin Oligomers and Seleetly Desulfated Heparin
Oligomers Heparin and heparan sulfate were purchased from FIGURE 1: Electrostatic potential surface of NKp46 (PDB code

Sigma (H-3400n and H-9902, respectively). Heparin oligo- loll). The potential map was calculated and depicted using the
. . programs Delphi and Grasg2l, 22). Delphi calculations of the
mers (6-, 8-, 10-, 12, 14-, 16-mers) were described previ- oo ostatic potential were performed using the full charges

ously (19). Heparin 4-mers were kindly provided by Dr.  (prot_full) parameter set of Delphi. The surface is colored such
Israel Vlodavsky (Technion, Israel). Different heparin dis- that red is for negative potentiat-@kt/e) and blue for positive

accharides were also purchased from Sigma (H-1020, potential (-4kt/e) changing gradually through white. The positive
H-8892, H-9276, H-9142, H-9267, H-9392, H-1146, H-9401, patch can be seen clearly at the NKp46D2 domain of the map.

. . . The location of the N-terminus and the C-terminus is shown by
H-9017). Selectively desulfated heparin oligomers were |,pojing Thr 1 and Thr 187. Amino acid labels are according to aa

described previously2Q). Briefly, heparin initially contained  numbering of the NKp46 ectodomai@3). The corresponding aa
97.7% of theN-sulfate groups, 89.3% of the @-sulfate numbers according to the NKp46 complete sequence (human

groups, and 92.4% of the®-sulfate groups. De-N-sulfated/ ~NKp46 mRNA, AJ001383) are K157, R160, H163, R166, and K170
N-acetylated heparin contained 90.5% of th®ulfate and (T25, T211) for the N- and C-termini of the ectodomain.
groups, 85.3% of the &-sulfates, and a very low amount according to the NKp46 complete sequence (human NKp46
of remaining N-sulfate groups (2.4%). De-2-O-sulfated mRNA, AJ001383). Through the rest of the text we will
heparin contained 80.2% of the@-sulfate groups, 91.4%  apply the aa numbering according to PDB code 1oll. Lys
of the N-sulfate groups, and a residual 2.2% of th€©=2- 133, Arg 136, and His 139 highly contribute to the large
sulfates. De-6-O-sulfated heparin contained 98.2% of the positive patch seen in NKp46D2 (Figure 1). These results
N-sulfate groups, 54.7% of the @-sulfate groups, and a  are compatible with the fact that only NKp46D2 is essential
residual 4.2% of the ®-sulfates. for binding to tumor cells and to heparin/heparan sulfdfe (
12).
RESULTS The assumption that this patch may be involved in heparin/
Prediction of the Heparin/Heparan Sulfate Binding Site heparan sulfate binding was further supported by another
of NKp46.We examined the residues in NKp46 that may direction. The high folding similarity of NKp46 and the
be involved in heparin/heparan sulfate binding. Heparin and KIR2D NK receptors was already demonstrat28)(Indeed,
to a less extent heparan sulfate are negatively chargedrunning the sequence of NKp46 on the 3DPSSM threading
biological macromolecules due to their high content of server 25) revealed a significant sequence identity of NKp46
negatively charged sulfo and carboxyl groups. Therefore, it to that of a human KIR2D receptor (P58-C152 KIR, PDB
seems that a region with a high positive surface potential code 1nkr). This protein appears as a member of the
could be a candidate site for heparin/heparan sulfate binding.fibronectin type Ill superfamily. Further investigation of other
The electrostatic potential was calculated for the NKp46 members in this superfamily revealed a structure of human
structure (PDB code 1loll) using DelphRl) and was fibronectin (FN) type lll repeats 12-14 that contains two
presented on the surface using Graap).(Inspection of the heparin binding sites (PDB code 1fnh). The first is a primary
electrostatic potential map revealed that basic residues layingone (HBS-1) located in FN13, and the second is a putative
on 3 strands C and 'Cand the connecting loo28) highly secondary binding site (HBS-2) which is60 A away in
donate to a positive potential region of the membrane- FN14 26). HBS-1 appears in the structure as a continuous
proximal domain of NKp46 (D2 domain). Similarly, elec- positively charged patch. The involvement of its residues in
trostatic map analysis of NKp4@4), based on the other heparin binding was demonstrated by biochemical and
crystal structure of NKp46 [PDB code 1P6E4]], revealed mutagenesis dat2{—29) and was further supported by the
a similar positive patch. This region includes the basic fact that these residues are conserved in FNs from frog to
residues Lys 133 (157), Arg 136 (160), His 139 (163), and man 30—32). The existence of a secondary heparin binding
Arg 142 (166) (Figure 1). Please note that amino acid (aa) site (HBS-2) was suggested since biochemical data indicate
numbers are designated according to the NKp46 ectodomainthat both FN13 and FN14 are essential for full heparin
[PDB code 1loll 23)] and aa numbers in parentheses are binding @7, 28). Synthetic peptides that contain part of




14480 Biochemistry, Vol. 44, No. 44, 2005 Zilka et al.

3A. Mutations did not affect the integrity of the different
fusion Igs as revealed by SB®AGE analysis. To refute
the possibility that the secondary structure of NKp46D2/
Q4-1g and NKp46D2/Q4T1-Ig was transformed as a result
of the mutations, a circular dichroism (CD) analysis was
applied; the proteins were diluted in PBS to various
concentrations and analyzed for CD spectra. Comparing the
spectra of the NKp46D2, NKp46D2/Q4-Ig, and NKp46D2/
Q4T1-lg fusion proteins showed a similar CD pattern
indicating identical secondary structures (Figure 3B). The
fluctuations at 206205 nm are probably due to the high
voltage (350 V and more) used at this point by the instrument
at the edge of its measurement ability and can be ignored.
Thus, it is likely to assume that the mutations in the putative
heparin binding site did not alter the folding of the fusion
proteins.

We next analyzed the binding of 293-produced NKp46D2-
lg, NKp46D2/Q4-lg, and NKp46D2/Q4T1-lg to influenza
virus- (IV-) infected and uninfected 1106 melanoma cells
FIGURE 2: Superimposition of the FN14 and D2 domain of NKp46. (Figure 4A,B). We previously published that the NKp46
Both proteins are depicted in a solid ribbon presentation, colored receptor recognized the HA of IV and that this binding is
in magenta and blue for FN14 and NKp46, respectively. Side chains required for lysis of IV-infected cellsg( 8, 9). We further
Charged region n NKp46 are depicted in ball and sick and colored S110ed (S IV-HA recognition was restricted to NKp46D2
C . .
in ye?low a%d red, regpectively.pThe residue labels correspond to (7). Thus, for tumor 110(_3 cells infected with the 1V, both
the color of the side chains. the membranal tumoral ligands and the-IMA expressed

on the membrane of infected cells contribute to the binding
HBS-2 residues show heparin binding abili§3{-36). In of NKp46D2. Binding of NKp46D2/Q4-1g and NKp46D2/
the crystal structure of FN12-14 HBS-2 appears as a Q4T1-Igto tumor cells was significantly reduced (2-fold and
positively charged region. This putative heparin binding site 5-fold, respectively) as compared to NKp46D2-Ig. However,
consists of a cluster of basic residues: Lys 216, Lys 219, enhancement of binding due to IV infection of 1106 cells
Arg 225, Arg 230, and Lys 261. Superimposition of was similar for NKp46D2 and its mutations, NKp46D2-Q4
NKp46D2 with FN13 structures shows no spatial overlap and NKp46D2-Q4T1 (Figure 4A,B). Therefore, mutations
between HBS-1 and the residues that generate the regiorin the putative heparin/heparan binding site significantly
with the positive potential in NKp46. However, superimposi- reduced binding to the tumoral ligands but not to the viral
tion of NKp46D2 with FN14 reveals a nice spatial fit of HA ligand.
these two areas (Figure 2). Besides the general structural We previously published that binding of NKp46D2-Ig to
resemblance of these two regions (3.6 A rmsd for & tumor cells is inhibited by heparin/heparan sulfdt#) (We
residues 212233 and 129145 of FN14 and NKp46, examined the ability of heparan sulfate to inhibit binding of
respectively) the side chains of Arg 136, His 139, and Arg the fusion Igs to tumor cells. The addition of heparan sulfate
142 of NKp46 lay very close to the side chains of Lys 219, did not affect the binding of NKp46D2/Q4-Ig but reduced
Arg 225, and Arg 230 of FN14, respectively (Figure 2). On the binding of NKp46D2-1g to a comparable level (Figure
the basis of these observations it was suggested to mutatetC). Therefore, suppression of tumor recognition, by block-
Lys 133, Arg 136, His 139, Arg 142, and Lys 146 into ing NKp46D2 binding with soluble heparan sulfate, equaled
noncharged amino acids and to examine the binding of thesethe effect of mutating the putative NKp46D2-heparan sulfate
mutants to heparin/heparan sulfate as compared to the wildbinding site on tumor binding.
type. Lys 146, the second residue that follows thet€and Direct Binding of NKp46D2 and Mutants to Heparin/
(23), was chosen due to its vicinity to Arg 142, which lay Heparan SulfateTo determine more specifically the muta-
very close to Arg 230 in HBS-2 of fibronectin (FN) type tion effect on NKp46 interaction with heparin/heparan
I, as described above. The electrostatic map also indicatessulfate, we measured binding of the fusion proteins to their
a possible role for Lys 146 together with Arg 142 in heparan purified putative ligands on a solid matrix rather than on
sulfate epitope binding (Figure 1). the cell surface. We compared the binding of NKp46D2-Ig,

Construction of NKp46D2 Mutants and Binding to Tumor NKp46D2/Q4-1g, NKp46D2/Q4T1-1g, and higG1 to purified
and Virus-Infected CellsWe used PCR with mutated heparinin ELISA assays. Human IgG1 served as a negative
oligonucleotides to construct Q4 (K133Q, R136Q, H139Q, control since the fusion Igs contained the Fc portion of
and R142Q; four point mutations to hydrophilic, noncharged, hlgG1. For the assay, plates were coated with the different
amino acids) and Q4T1 (K133Q, R136Q, H139Q, R142Q, fusion Igs. The plates were then blocked, washed, and
and K146T, five point mutations; aa numbers are according incubated with/without biotin-tagged heparin, followed by
to PDB code 1loll). Corresponding fusion proteins were SA-HRP and TMB substrate for colorimetric detection.
prepared (NKp46D2/Q4-lg and NKp46D2/Q4T1-lg) and Without heparin, wells coated with all fusion Igs or higG1
compared to NKp46D2-lg. Amino acid sequences of manifested marginal background OD levels. When heparin
NKp46D2, NKp46D2/Q4-lg, and NKp46D2/Q4T1-Ig atthe was used in the assay, NKp46D2-lg manifested heparin-
putative heparan sulfate binding site are depicted in Figure specific binding while both mutations showed reduced
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A D2 DTATSMFLL S QRGYGKVQAEFPLGPVTTAHRGTYRCF
Q4 DTATSMFLLLD SOVQIGY QAEFPLGPVTTAHRGTYRCF
3

QAT1 DTATSMFLLL) QIIGY QAEFPLGPVTTAHRGTYRCF

cn (mdeg) (D

50

wavelength [nm]

Ficure 3: Amino acid sequence and CD spectra of NKp46D2 and mutations. (A) Amino acid sequence of NKp46D2, NKp46D2/Q4, and
NKp46D2/Q4T1 at the putative heparan sulfate binding site. Amino acids depicted are from 123 to 167, according to the NKp46 ectodomain
aa numberingZ3). (B) CD curves shown are for NKp46D2-1g (black), NKp46D2/Q4-1g (light gray), and NKp46D2/Q4T1-Ig (dark gray).
Protein concentrations were 0.32 mg/mL (approximatelyd8 for NKp46D2-lg and NKp46D2/Q4-1g and 0.21 mg/mL (approximately
2.3uM) in PBS for NKp46D2/Q4T1-lg. CD spectral analysis was performed in a J-715 with a bandwidth of 1 nm, response time of 1 s,
data pitch of 0.2 nm, standard sensitivity, and scanning speed of 20 nm/min, at room temperature, at the rang20&f @50with a 1

mm cuvette. Results are from one representative experiment of two.
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Ficure 4: Binding of NKp46D2-1g and NKp46D2 mutants to noninfected and IV-infected tumor cells and effect of heparan sulfate. (A,

B) 1106 human melanoma cells ffL) were incubated overnight with/without 1000 units/mL V. Cells (infected or uninfected) were
washed, incubated with fusion Igs, and stained with FITC-anti-human Fc second antibody. (A) Comparison of NKp46D2 with NKp46D2/
Q4 and NKp46D2/Q4T1 in which MFIs for duplicate staining with NKp46D2 were averaged and normalized to 100 and MFIs for staining
with the mutant Igs were normalized accordingly. (B) Overlay of a representative experiment comparing NKp46D2 with NKp46D2/Q4T1.
(C) Effect of heparan sulfate. Ten micrograms of NKp46D2-lg or NKp46D2/Q4-Ig (inid0final volume, 1.14M) was premixed with

heparan sulfate (kg/mL, approximately 0.3:tM), and 18 Vero tumor cells were then addedrfd h at 4°C, followed by staining with
FITC-anti-Fc second antibody. Results are from one representative experiment of four (panels A and B) and two (panel C). Pl was added
to exclude dead cells. For panel A, MFI results are the average of two different samples assayed in the same experimeBD Birs,

the duplicate, indicating the consistency of the staining procedure).

heparin-specific binding, by 2-fold and more (Figure 5). As the affinity between heparin and NKp46D2 or NKp46D2
with binding to tumor cells (Figure 4), the Q4T1 mutation mutations, we injected increasing concentrations of the fusion
showed less binding to heparin as compared with the Q4 Igs. Figure 6 shows overlays of sensorgrams resulting from
mutation. the injection of increasing concentrations of NKp46D2-Ig
Next, we studied the kinetics of NKp46D2/heparin binding (Figure 6A), NKp46D2/Q4-lg (Figure 6B), and NKp46/
using a BlAcore analysis system. Figure 6 shows a com- Q4T1-1g (Figure 6C) over immobilized heparin. The equi-
parison of NKp46D2 and the two mutations. To estimate librium dissociation constankg) value for NKp46D2-Ig,
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FiGURE 5: Direct binding of NKp46D2 and mutations to heparin. FIGURE 7: Effect of heparin oligomers on binding of NKp46D2-

ELISA plates were coated with dg/mL fusion Igs (44 nM) and !9 to tumor cells. Ten micrograms of NKp46D2-Ig (in 100 final
higG1, followed by incubation with Lg/mL (0.66 xM) biotin- volume, 1.1xM) was premixed with different size heparin
tagged heparin. Bound heparin was detected by SA-HRP. The dataPligomers («g/mL), and 16 tumor cells were then added for 2 h

in the figure represent OD absorbance (650 nm). Results are fromat 4 °C. After incubation, tumor cells were washed and incubated
one representative experiment of three. Results are the average ofvith FITC-anti-Fc second antibody. Pl was added to exclude dead

four different samples assayed in the same experiment. B&,
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Ficure 6: Kinetics of NKp46D2/heparin and mutated NKp46D2/
heparin interactions. The results from the BlAcore analysis are

expressed in resonance units (RU) against time. Dose-dependen

binding of NKp46D2-Ig (A), NKp46D2/Q4-Ig (B), and NKp46D2/
Q4T1-1g (C) to heparin. Fusion Igs were injected over the heparin-
immobilized surface at increasing concentrations ranging from 0
to 2 or 4uM. Curves in all panels show specific binding after
subtraction of background binding to the control flow cell (no
heparin immobilized) and represent one of three experiments
performed. Theg? values are 5.19, 6.9, and 4.61 for NKp46D2,
NKp46D2/Q4, and NKp46D2/Q4T1, respectively.

NKp46D2/Q4-lg, and NKp46/Q4T1-lg was 0.41, 8.2, and
40.8 uM, respectively. NKp46D2-lg displayed a binding

cells. Results are presented as the percentage of inhibition of
NKp46D2-Ig staining without premix with oligomers. Results are
the summary of two independent experiments with a total of four
different samples per point. A heparin disaccharide mix of H-9401
and H-9017 (Sigma) was used in these specific experiments. Other
disaccharides (see Materials and Methods), tested in other experi-
ments, did not inhibit either. Bars;SD.

curve to heparin with &, rate of 7.23x 103 (M s)* and

a Ko rate of 2.96x 1072 s, The K, rate of the mutated
fusion Igs was more than 10-fold higher, 1.6410°2 and
1.21 x 1072 for Q4 and Q4T1, respectively. These differ-
ences account mostly for the 1-log- and 2-log-fold higher
Kp of Q4 and Q4T1. Again, the Q4T1 mutation manifested
reduced binding to heparin as compared to the Q4 mutation,
emphasizing the significance of K146 in the NKp46D2
heparin/heparan sulfate binding site. TKe calculated for
the heparin/heparan sulfate binding site in NKp46D2 is well
in the midst of the range d€ps reported for heparin/heparan
sulfate binding sites of other proteins (e.g., 39 nM for FGF2,
4 uM for the major binding site of tenacin-C, 2M for
endostatin, and 3.2M for FGFR1) @0, 37, 38).

Partial Characterization of the Heparan Sulfate Epi-
tope(s) Recognized by NKp48eparan sulfate manifests a
high degree of structural diversity and contains a large
number of defined specific epitopes that do not occur
randomly and are tightly and topologically regulated,(
39). We first tested the minimal length of heparin oligomers
that could inhibit binding of NKp46D2 to tumor cells. We
tested 2-16-mers of heparin. The 2-, 4-, and 6-mers did not
inhibit NKp46D2-lg binding. The 4-mer even partly en-
hanced binding but at higher concentrations showed no effect
(data not shown). The 8-mers manifested small inhibition
while the 16-16-mers showed increased inhibition in cor-
relation with the size of the heparin oligomers (Figure 7).

To partially characterize the sulfate groups of heparin/
peparan sulfate involved in the recognition by NKp46D2,
we tested the ability of selectively desulfated heparin
oligomers to inhibit binding of NKp46D2 to (i) HeLa tumor
cells as measured by flow cytometry (Figure 8A) and (ii)
immobilized heparin as measured by BlAcore (Figure 8B).
The inhibition ability of these selectively desulfated heparin
oligomers was compared to that of LMW heparin and
heparan sulfate. In this experimental setup, a strong inhibition
of a particular desulfated heparin oligomer indicated that the
removed sulfate groups were not involved in the heparin/
heparan sulfate interaction and vice versa. HelLa cells were
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& 812.5ug/ml moieties of the HSPGs is imperative for lysis of tumor cells
B2.5ug/ml by NK cells (12). In this study we aimed to identify the

80.5ug/ml heparan sulfate binding site of NKp46. We predicted that a
region in NKp46 with a high positive surface potential could
be a candidate site for heparan sulfate binding. An electro-
static potential map was calculated for the NKp46 protein
structure (PDB code 1oll). Its inspection revealed that basic

(=]
=

residues located ofi strands C and ‘Cand the connecting
0- . . loop compiled a positive potential region on the NKp46D2
HS  Heparin De-28 De-6S De-NS De-NS domain (Figure 1). In addition, superimposition of NKp46D2
e che with human fibronectin FN14 revealed a nice spatial fit of
B this NKp46D2-positive potential region and the heparin
binding site 2 of FN14 (Figure 2). The NKp46D2 linearly
120 contiguous sequence phstrands C and ‘Cpredicted to be
100 involved in heparin/heparan sulfate binding, did not contain
consensus sequences for thetrand-based HBS site (e.g.,
XBBXBX, where B is a basic aa and X is a hydropathic aa)
60 1 (13). Rather, it was similar to the structural motif suggested
40 1 by Margalit and co-workers in which a distance of ap-
20 1 proximately 20 A between two basic amino acids, facing
opposite directions of aa helix or ag strand, is important
Hepuin Do2S De68 DeNS DeNS for interaction with heparin 40). Other basic residues
re Ac between these two basic amino acids at the extremes of the
Ficure 8: Effect of selectively monodesulfated heparin oligomers motif were suggested to face the same side of the secondary
on binding of NKp46D2-Ig to tumor cells and to immobilized  structure that binds heparin. A distance of 20 A fits an
heparin. (A) Ten micrograms of NKp46D2-lg (in 104 final accommodation of a pentasaccharide. The distance between
volume, 1.1uM) was premixed with different monodesulfated . .
heparin oligomers (12.5, 2.5, and Q.§/mL), and 16 tumor cells R136 Gxand R142 @, in the structure of NKp46D2, which
were then added f&® h at 4°C. After incubation, tumor cells were  turn to opposite sides is 19 A. K133 and H139, emerging
washed and incubated with APC-anti-Fc second antibody. Pl was from two differents strands, spatially stand between R136
added to exclude dead cells. Results are presented as the percentagghd R142 and face the same side.

of inhibition of NKp46D2-Ig staining without premix with oligo- . .

mers. Results are the summary of two independent experiments Mutating the positively cha_rged K133, R136, H139’ R142’
with a total of four different samples per point. Ba#sSD. (B) A and K146 aa of NK.D46D2 Into a nonCharg?d amino acid
BlAcore streptavidin (SA) chip was immobilized with biotin-tagged = suppressed the ability of these mutants to bind tumor cells
heparin (50 RU). NKp46D2-Ig (kM) was preincubated with 12,5, as compared with the wild-type NKp46D2. Yet, no effect
2.5, and 0.5«g/mL selectively monodesulfated heparin oligomers was observed on binding of NKp46 to viral ligands

for 1 h atroom temperature prior to injection over immobilized indicating the specificity of these residues to the tumor
heparin. Results are presented as the percentage of inhibition of' ="~ 9, _p Yy B
NKp46D2-1g binding to immobilized heparin without premix with ~ binding site (Figure 4A,B). The reduced binding of the
oligomers. Results are representative of two independent experi-NKp46D2 mutants to tumor cells correlated with their
ments. Bars:SD. reduced binding and affinity to heparin/heparan sulfate as
. ) i , measured by ELISA and BlAcore (Figures 5 and 6).
incubated with selectively desulfated oligomers and NKp46D2- Mutating four amino acids at once (NKp46D2/Q4-Ig) made
lg; results shown in Figure 8A indicate that N-sulfation i gitficult to point out which aa is most important for binding
effectively contributed to the interaction of NKp46D2 with heparin, but comparing it to the five aa mutant (NKp46D2/
tumor cells. The contribution of 6-Gulfation was also  4T1-Ig) indicated a significant role for the fifth mutation.
considerable, while the contribution of 2-O-sulfation was less |nqeed. the K146 mutation intensified the reduction in
significant. The improvement in inhibitory activity with  hinging to both tumor cells and to purified heparin/heparan
N-acetylatlon of N-desulfated oligomers may reflect a g sate (Figures 46). Yet, mutating K146 (Lys) to Thr
contribution of theN-acetyl group to membranal heparan jnstead of GIn might instigate a greater effect; replacing the
sulfate-mediated tumor recognition by NKp46D2. For as- |ong positively charged residue with a much shorter un-
sessment of direct binding of NKp46D2 to heparin, des- charged residue (with no NHyroup) resulted in changing
ulfated heparin oligomers were incubated 0 h with  charge, content, and distance between the side chain and the
NKp46D2-lg before injection over immobilized heparin heparin/heparan sulfate. The importance of K146, which lay
(Figure 8B). Again, if a particular desulfated heparin retained 5 residues away from R142 along th® strand of
its ability to interact with NKp46D2, the injection of the  NKp4sD2, to heparin binding suggests a binding of a heparin
complex resulted in inhibition of NKp46D2 ,b|nd|ng 10 molecule longer than a pentasaccharide. The distance be-
immobilized heparin. Results from oligomers’ effects on yyeen the Gis of R136 and K146 is 31 A. This distance fits
direct binding studies were compatible with the results g accommodation of an octasaccharide which is about 30
obtained for binding to tumor cells. A in length. This prediction is in agreement with the
experimental results that heparin oligomers vetthight ring
DISCUSSION length inhibit the binding of NKp46D2 to tumor cells, while
We previously published that tumoral HSPGs are recog- those with two, four, and six do not exhibit any inhibition
nized by NKp46 and that recognition of heparan sulfate effect (Figure 7). The requirement for an extended heparin

Binding Inhibition (%)
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13 16 120 12 146 overexpress certain existing epitope(s) or express separate
NKp46 KEGRSSHVQRGY - - - - - = G K . . . .. .
LIRL KEgEdehpQCLNsqgphargs unique carbohydrate epitope(s) recognized distinctively by
LIR2 KegedehpQCInsgphargs NKp46 that are rarely expressed on membranal heparan
KIR2DL1 REge-aheRRLPagpkvngt sulfate of normal cells. We were able to partially characterize
KIR2DL2 REge-ahECRFSagpkvngt H H
KIR2DL3 REge-ohERRFPEagpkvngt the heparan sulfate epitope(s) recognized by NKp46. We

Fioure 9: Alignment of NKp46D2, LIR, and KIR sequences previously published that 6-O-sulfation and N-acetylation
IGURE 9: , , ) . . . j
NKp46D2 sequences at the putative heparan sulfate binding siteStalte oft.the glléﬁosarﬁn?\“k;u'lﬂllg U'Xi tarffect NKp:thtl(ijor
are aligned to the corresponding sequences of receptors from thd ©c0gnition and lysis by NK cellsl@). At the present study,
KIR and LIR group. Amino acid numbering is of the NKp46 we performed a more detailed analysis using selectively
ectodomain (PDB code 1oll), and alignment is based on data from monodesulfated heparin oligomers and studying NKp46D2
Ponassi et al.23). binding to both tumor cells and immobilized heparin. The
oo . tumor-expressed heparan sulfate’s epitope and the im-
sequence for binding to NKp46D2 is somewhat analogous mopilized heparin’s epitope recognized by NKp46D2 mani-
to the HBS-2 domain of fibronectin which shares some fegteq a similar phenotype. N-Sulfation strongly contributed
structural similarity with the studied NKp46D2-positive 5 the binding; 6-O-sulfation and N-acetylation had a
potential region (Figure 2) and also accommodates a longmoderate contribution while 2-O-sulfation manifested a
sequence with optimum k_)mdlng being ac_h|eved with sac- gmaller effect (Figure 8). We previously showed that
charides of 14/16 sugars in leng#il(42). Itis known that  ¢omplete O-desulfation of heparin significantly reduced its
_heparm interacts most t|ghtly Wlth protelr_l sequences contain- ability to inhibit NKp46D2 binding to tumor cellslQ); thus,
ing a complementary binding site of high positive charge the contribution of 2-O- and 6-O-sulfation is essential for
density, while less sulfated heparan sulfate interacts MOStepitope recognition by NKp46.
tightly V.V'th a compleme_ntary_sne on a sequence th‘fit has The exact sequence(s) and the cross-reactivity of the
more widely spaced basic residud8)( The mutated amino epitope(s) recognized by NKp46 remain to be explored. Yet,

?C'd.s are somehow dispersed, but _there was no dn‘ferenqqt is clear that heparan sulfate exhibits a considerable number
in binding heparan sulfate or heparin as measured by their unique overlapping sequences with peculiar sulfating

ability to inhibit binding of NKp46D2 to HelLa cells (Figure profiles and these sequences are recognized by specific

8A). ) ) ~complementary proteins4@). If unusual heparan sulfate
Analysis of the PDB shows that tandem Ig-like domain epitopes on cancer cell membranes lead to better signaling

arrangements comparable to NKp46 are present in leukocytethrough growth factor receptors, it might be that NK-

immunoglobulin-like receptors (LIRs) and killer immuno-  expressed NKp46 evolved to recognize and penalize the

globulin-like receptors (KIRs)A3). Therefore, itis interesting  yncommon epitope-expressing transformed cells. If so, this

to compare the five positively charged residues of NKp46D2 ecognition can be considered as “transformed cell pattern

studied here to residues in LIRs and KIRs at the Correspond'recognition” by NK Ce”sl similar to pattern recognition of

ing positions, using the sequence alignment presented byinfectious agents employed by innate immunity in which

PonaSSi et aIZS) (Figure 9) The pOSition Of NKp46 K133 NKs p|ay a Centra| r0|e_

is positively charged in all six structures. However, R136 in

NKp46 is replaced to negatively charged Glu in both LIR ACKNOWLEDGMENT

and KIRs. Furthermore, in the LIRs Ser 137 and Ser 138 of ] )

NKp46 are replaced by the negatively charged Asp and Glu, We_thar_1k Mrs. N. Gasiunas for the preparation of the

respectively. H139 in NKp46 is conserved in all six heparin ollgom_ers. _We are grateful to Dr_. Zer H_aglt from

structures. R142 of NKp46 is conserved in the KIRs but the I-_|ebrew University of Jerusalem for assistance in BlAcore

replaced to Cys in the LIRs. K146 in NKp46 is either Ser Studies.

or Thrin both LIRs and KIRs. The total charge of the whole

investigated region (K133K146, in NKp46) is clearly more REFERENCES
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