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Abstract

Immune dysfunction plays a role in the development of Parkinson’s disease (PD). Natural killer 

(NK) cells regulate immune functions and are modulated by killer cell immunoglobulin-like 

receptors (KIR). KIR are expressed on the surface of NK cells and interact with human leukocyte 

antigen (HLA) class I ligands on the surface of all nucleated cells. We investigated KIR allelic 

polymorphism to interrogate the role of NK cells in PD. We sequenced KIR genes from 1,314 PD 

patients and 1,978 controls using next generation methods and identified KIR genotypes using 

custom bioinformatics. We examined associations of KIR with PD susceptibility and disease 

features including age at disease onset and clinical symptoms. We identified two KIR3DL1 alleles 

encoding highly expressed inhibitory receptors associated with protection from PD clinical 

features in the presence of their cognate ligand: KIR3DL1*015/HLA-Bw4 from rigidity (pc = 

0.02, OR = 0.39, 95% CI 0.23 – 0.69) and KIR3DL1*002/HLA-Bw4i from gait difficulties (pc = 

0.05, OR = 0.62, 95% CI 0.44 – 0.88), as well as composite symptoms associated with more 

severe disease. We also developed a KIR3DL1/HLA interaction strength metric and found that 

weak KIR3DL1/HLA interactions were associated with rigidity (pc = 0.05, OR = 9.73, 95% CI 

2.13 – 172.5). Highly expressed KIR3DL1 variants protect against more debilitating symptoms of 

PD, strongly implying a role of NK cells in PD progression and manifestation.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by 

multiple symptoms including tremors, gait disturbances, postural instability, and rigidity, as 

well as numerous symptoms impacting sensory perception, cognition, and psychological 

function. PD is the second most common neurologic disease after Alzheimer’s disease, 

affecting roughly 1% of adults over the age of 50 in the United States (1). The etiology of 

PD is thought to involve complex interactions between genetics and environmental risk 

factors (2–4), but it also shares many features of autoimmune neurological diseases, such as 

immune system dysfunction and disease progression over time. Our recent work (5) and that 

of others (1, 2, 6) have demonstrated association of PD risk and protection with 

polymorphism in human leukocyte antigen (HLA) genes and with other genes involved in 

the immune system. However, PD is unique in the environmental factors associated with risk 

and protection. In marked contrast to most other autoimmune diseases, cigarette smoking, 

coffee consumption and female sex are all factors associated with protection from PD (4). In 

addition to overall disease risk, clinical presentations of PD align with differences in disease 

prognosis. Symptoms impacting the ability to move (gait disturbances, postural instability, 

rigidity and bradykinesis) are all associated with a more severe PD course (7–10). 

Conversely, asymmetric onset of symptoms and tremor-dominant disease are associated with 

milder forms of PD and follow a less dramatic disease course (7, 11). Finally, contrasting 

with other degenerative brain disorders and dementias such as Alzheimer’s, in PD later age 

of onset is correlated with more rapidly progressing disease (12–14). The heterogeneous 

presentation of PD is thus characterized by a varying constellation of disease features and 

complications (7–10).

The precise nature of immune regulatory dysfunction in PD is not known, although research 

has demonstrated a role for multiple immune cells in protection from and development of 

disease. For example, in PD patients, T cells respond to alpha-synuclein peptides and these 

responses drive T cell cytotoxic activity (15). B cells specific for alpha-synuclein are also 

found in PD. Some studies observed increased numbers of natural killer (NK) cells in the 

peripheral blood of PD patients (16, 17). NK cells are critical in protection from viral 

infection, but also have immunoregulatory functions and are implicated in multiple 

autoimmune diseases and cancers (18–24). NK cells are negative regulators of B cell 

somatic hypermutation, linking NK cell activity to regulation of antibody production (25). 

By contrast with PD, in multiple sclerosis (MS), an autoimmune disease of the central 

nervous system, NK cell numbers decrease during clinical relapse and increase as the 

patient’s symptoms improve (26). Differences in NK activity and regulation suggest 

alternative roles for NK cells in neurological disease development.

Key modulators of NK cell functions are the killer immunoglobulin-like receptors (KIR) 

(19, 27, 28). KIR are present on the surface of NK cells and engage HLA class I ligands that 
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are present on the surface of all nucleated cells (27). These interactions modulate NK cell 

activity, including the cytotoxic killing of virus infected cells and tumors, or induction of 

cytokine secretion (29, 30). KIR are encoded by the fast evolving and highly polymorphic 

KIR gene family on chromosome region 19 (19q13.4) (31, 32). Individual KIR genes can be 

present or absent, with individual KIR gene-content haplotypes having 4-14 genes, and 

exhibiting considerable variation between individuals and populations (33, 34). KIR 

molecules are structurally and functionally distinct, interacting differently with specific 

sequence motifs of HLA class I allotypes (29).

Thus KIR3DL1 recognizes a sequence motif at positions 77-83 in the α1 domain and 

forming the Bw4 epitope present on some HLA-A and HLA-B (35). An isoleucine at 

position 80 characterizes the HLA-Bw4i ligand, which confers a stronger interaction with 

KIR than the HLA-Bw4t ligand, which has threonine at position 80 (36, 37). KIR allotypes 

vary in their inhibitory capacity, which is governed by the strength of their binding to HLA 

class I and the magnitudes of their cell surface expression (38–41). Several studies report 

associations between KIR gene-content and the development of autoimmune disease, 

including neurological autoimmunity (24, 42–45). Given the evidence for disruption of NK 

cell homeostasis in PD, we investigated the possibility that KIR gene content and allelic 

variation play a role in PD. This is the first study to analyze KIR allele-level variation in any 

neurological autoimmune disease.

Using a recently developed sequencing method and custom bioinformatics pipeline (46), we 

determined and analyzed the association of individual KIR alleles with PD and as predictors 

of specific clinical symptoms. We found that variation associated with high levels of 

inhibitory KIR expression was associated with protection from specific disease symptoms 

and may promote a distinct disease course characterized by fewer symptoms impacting 

movement

Material and Methods

Study populations:

Cohorts of 1,314 Parkinson’s disease patients and 1,978 healthy controls were analyzed. 

Patients and controls consisted of the National Institutes of Health (NIH)-GWAS and NIH-

NeuroX datasets derived from the National Institute of Neurological Disorders and Stroke-

funded Neurogenetics Repository at the Coriell Institute for Medical Research, as well as the 

UCSF-EPIC dataset (47). All patients were unrelated Euro-descendants from the United 

States with idiopathic PD. Controls were unrelated and self-reported Euro-descendants and 

free from neurologic disorders. Ancestral outliers were identified through analysis of 

genome-wide markers and removed from the cohorts prior to analysis, as described by 

Hollenbach et al. 2019 (5). Informed consent was obtained for each participant under locally 

approved protocols.

Clinical phenotype information.

Information pertaining to clinical phenotypes in PD were acquired from Coriell (48). We 

analyzed presence and absence of the following clinical phenotypes with respect to KIR-
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HLA combinations: activation tremor, resting tremor, rigidity, bradykinesis, asymmetric 

onset, gait difficulties and postural instability.

KIR and HLA genotyping.

DNA samples were genotyped for all KIR genes according to Norman 2016 (46). To 

determine KIR gene content and allelic genotypes from NGS data, we used an extended 

version of our custom bioinformatics pipeline PING (Pushing Immunogenetics into the Next 

Generation) (46); which takes short-read sequences as input and through multiple alignment 

and filtration steps identifies KIR genotypes as previously described, with additional 

modifications (Marin et. al, in prep). The HLA-A, -B, -C genotypes for the study cohorts 

were reported previously (5).

Molecular Dynamics Simulations of KIR3DL1*015 and KIR3DL1*002.

The structure of KIR3DL1 was obtained from the protein data bank (PDB ID: 3vh8) and 

residue 47 was replaced by valine to model the 3DL1*015 allotype. For 3DL1*002, residue 

238 was also changed to arginine using the mutate plugin in Visual Molecular Dynamics 

(VMD) package (49). Molecularmodels were solvated in the TIP3P explicit solvent and 

minimized for 100,000 steps and equilibrated for 10ns prior to the production run. All 

simulations were carried out using NAMD molecular dynamics package and CHARMM36 

forcefield (50). The 3DL1*015 allotype was simulated for 90ns, while the 3DL1*002 

simulation continued to 120ns. The NPT ensemble was used in which temperature and 

pressure were maintained at 310 K and 1 bar using Langevin thermostat and Langevin piston 

Nose-Hoover, respectively. Timestep of 2fs was used and periodic boundary condition was 

applied in all directions. Error bars in energy plots were obtained via dividing the standard 

deviation by n where n is the number of frames. Visualization and post-processing analyses 

were performed using VMD and Bio3D packages (51).

KIR interaction scores.

We developed KIR-HLA interaction scores to distinguish within locus differences in KIR 

and HLA binding propensity. KIR3DL1 interaction scores were determined based on 

published data of KIR3DL1 allotype binding to HLA (41). We created three categorical 

measures of KIR3DL1 binding strength (strong, medium, weak) based on the interquartile 

ranges for the binding percentages determined by Saunders et. al (41). These categories were 

consistent with a previous analysis of KIR3DL1/HLA interaction strength (52). Our dataset 

of KIR and HLA genotypes included alleles that were not measured by Saunders et al 2016 

(41). To include KIR3DL1-HLA pairs in our dataset for which there is no published 

functional data, we imputed the strength of the binding to KIR by taking into account 1) 

similar inhibitory capacity, 2) cell surface expression level and 3) sequence similarity to 

published allotypes (53, 54); for HLA, we considered sequence similarity to alleles with 

experimentally measured KIR binding data (39, 41). We identified the closest KIR protein 

sequence in regions known to interact with HLA and a composite score based on the full 

potential pairing possible between the KIR and HLA allotypes was given to each individual. 

All KIR/HLA pairs and their assigned strengths are given in Supplementary Table 1.
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Statistical analyses.

Impact of genotype on disease and clinical outcomes were calculated by multivariate 

regression models using R version 3.6.0 (55). For discrete variables, we analyzed only KIR 
alleles with a frequency >1%, which were analyzed by logistic regression (presence/absence 

clinical phenotype). We adjusted the models for sex as a covariate. All p-values reported are 

two-tailed and were adjusted for multiple comparisons using the Bonferroni method (56).

Results

High expression KIR3DL1 alleles in combination with HLA-Bw4/Bw4i reduce gait 
difficulties and rigidity in Parkinson’s disease.

KIR allotypes differ in surface expression and strength of interaction with cognate HLA 

ligands (39, 52, 53). We analyzed KIR allelic polymorphism for all the KIR genes in 

combination with known HLA class I ligands for association with PD disease risk and 

clinical outcomes (57). No statistically significant KIR-HLA associations were observed 

with respect to disease predisposition in a case/control analysis (Supplemental Figure 1). In 

contrast, we found evidence that the high expression allele KIR3DL1*015 in combination 

with HLA-Bw4 was associated with protection from rigidity, an important clinical feature of 

PD (Figure 1, p=0.002, pc = 0.02, OR = 0.39, 95% CI 0.23 – 0.69). Another highly 

expressed allele KIR3DL1*002, in combination with Bw4, was also strongly suggestive for 

protection from gait impairment (p=0.006, pc = 0.06, OR = 0.62, 95% CI 0.44 – 0.88).

Weak KIR3DL1/HLA interactions associate with higher risk of rigidity and lower risk of 
resting tremor.

We developed a scoring system to evaluate aggregate KIR-HLA interactions at the allele 

level and their potential inhibitory impact. Using the percent maximum binding values of 

Saunders et al. 2016 (41), we computed a range of KIR3DL1-HLA interaction values. 

Interaction strength is not associated with disease risk overall. On analyzing interaction 

strength with respect to PD symptoms, we found that strong KIR3DL1-HLA interactions are 

associated with the presence of resting tremors (Figure 2, pc = 0.04, OR = 1.52, 95% CI 1.07 

– 2.20). By contrast, weak KIR3DL1-HLA interactions were negatively associated with 

resting tremors (Figure 2, pc = 0.04, OR = 0.56, 95% CI 0.35 - 0.92). We also found that 

weak KIR3DL1-HLA interactions are strongly associated with rigidity (Figure 2, pc = 0.05, 

OR = 9.73, 95% CI 2.13 – 172.5).

High-expressing KIR3DL1*002 is at higher frequency in patients who present with 
symptoms related to movement.

Thus far we have identified a pattern in PD, whereby high expressing KIR3DL1 alleles and 

strong KIR3DL1-HLA interactions are associated with protection from PD symptoms 

impacting movement. In contrast, low expressing KIR3DL1 and weak KIR3DL1-HLA 

interactions are associated with risk of more debilitating symptoms. From these 

observations, we categorized the patients based upon their symptoms of PD.

Among the most debilitating PD symptoms are postural instability and gait difficulty, 

whereas resting tremors and asymmetric onset appear to correspond to a milder disease 
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course (8, 9). Postural instability and gait difficulty at disease onset and absence of resting 

tremors predicts poor survival in PD patients (58). Additionally, it has been shown that there 

are distinct differences in brain matter and morphology between subsets of patients with 

resting tremors and those with postural instability and gait difficulties (59, 60). Because 

postural instability and gait difficulty appear to distinguish subgroups of PD patients (8, 9, 

60), we assigned the patients into two groups according to their symptoms: one consisting of 

patients having gait difficulties or postural instability, or both (PIGD+); the other group 

(PIGD-) comprised patients having neither symptom (Figure 3A). These two groups were 

then compared for other associations. In the PIGD+ group, the mean age of onset is 59, 

whereas in the PIGD- group it is 57 (p = 0.005). This difference suggests that this 

subdivision of PD patients has captured an additional factor important in disease prognosis. 

Furthermore, the PIGD+ group shows significantly increased symptoms of rigidity and 

bradykinesis, and decreased symptoms of asymmetric onset and resting tremors compared to 

the PIGD- group (Supplementary Figure 2, Supplementary Table 2).

We also examined KIR3DL1 allelic variation, expression levels and strength of KIR3DL1-

HLA interaction in the two groups of PD patients. The combination of KIR3DL1*002 and 

HLA-Bw4 was associated with protection from the PIGD+ category of disease symptoms 

(Figure 3B, pc = 0.04, OR = 0.57, 95% CI 0.39 – 0.85). Although no other alleles had 

significant associations after correction for multiple comparisons, we observed a strong 

trend for strong KIR3DL1 allotypes providing protection from the PIGD+ category of 

disease symptoms (Figure 3B).

Because KIR3DL1*015 and KIR3DL1*002 differ only at position G238R (Figure 4) and are 

both high expressing allotypes, we hypothesized that their association with protection from 

different PD symptoms is associated with conformational differences induced by position 

238, which may in turn have important functional differences. To test this hypothesis, we 

performed all-atom molecular dynamics (MD) simulations of both KIR3DL1 allotypes and 

tracked conformational changes throughout the trajectories. In 3DL1*002, R238 anchors D2 

to D1 and allows surface residues of the two domains to interact more effectively as shown 

in Figure 5A. Simulations indicated that the overall interaction energy between D1 and D2 

was 50 kcal/mol higher in 3DL1*002 than 3DL1*015 (Figure 5B). The G to R substitution 

at position 238 resulted in 10-fold stronger association of this residue with D1 as shown in 

Figure 5C. We also observed a negative correlation between G238 and HLA binding 

residues E201, S227, S228, and D230, in 3DL1*015, which was diminished in 3DL1*002 

(Figure 5D).

Discussion

Few studies have analyzed the impact of KIR allelic variation in immune-mediated diseases 

(61). To our knowledge this is the first study to examine the role of KIR allotypes and their 

functional differences in neurological disease. In the context of KIR gene content variation, 

a protective effect has been observed for the presence of KIR2DS1 in Portuguese MS 

patients (42). In a study of Spanish MS patients, the activating KIR3DS1 and inhibitory 

KIR2DL5 were associated with disease (62). Our own work showed that the combination of 

KIR3DL1 and HLA-Bw4 protects against MS (24). While these studies indicate that KIR 
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polymorphism affects the course of neurological disorders, they also point to the value of 

comparing the allelic differences within each KIR gene for their functional differences and 

associations with disease. Importantly, different KIR alleles have known differences in levels 

of cell surface expression and NK cell inhibition (39, 52, 53, 63). Thus, it is critical to 

examine KIR associations at the allelic level.

While KIR allelic variation was not associated with overall disease risk in this study, we 

found that the KIR3DL1*015 and KIR3DL1*002, in combination with HLA-Bw4, were 

associated with protection from rigidity and gait difficulties in PD patients, respectively, 

which are each associated with more severe disease course in PD. Further, KIR3DL1*002 

was shown to be protective from the more severe PIGD+ disease category. Both highly 

expressed (64), these two allotypes differ only by the amino acid at position 238 (41). 

Crystallography mutational analyses indicate that residue 238 does not interact directly with 

the HLA class I ligand (Figure 4) (41). This fact, however, cannot overrule the possibility 

that this residue causes differences in binding. Previous results suggested that position 238 

may affect conformation of ligand binding loops as well as receptor oligomerization, which 

could partially explain the difference in strength observed for 3DL1*002 and 3DL1*007 

molecules(39). In fact, binding differences have been observed for KIR3DL1*002 and 

KIR3DL1*015(52). To further explore their functional differences, we studied 

conformational changes of KIR3DL1*002 and KIR3DL1*015 allotypes in silico. 

Simulations indicated that residue 238, located on the surface of the D2 domain, is crucial 

for adjusting the D1-D2 interaction and directly influences the D1-D1 angle, which is a 

major regulator of HLA binding. In addition, the coordination of movements between 

residues at the HLA binding site is affected by the type of residue at position 238 implying 

an allosteric effect of this residue on the KIR3DL1 function. Altogether, these results 

strongly suggest that differential HLA binding is modulated by residue 238-induced 

structural differences in KIR3DL1. Therefore, we provide new insights of the role of 

position 238 in KIR3DL1 and suggest the associations of these two allotypes with different 

PD symptoms could be the result of functional differences of these two molecules caused by 

the change G238R. These findings are in accordance with recent experimental work by 

Saunders et al. (65) that demonstrates that allelic variation in KIR3DL1 results in functional 

differences impacting the ability of the receptor to interact with HLA.

At the same time, both KIR3DL1*015 and KIR3DL1*002 are highly expressed on the NK 

surface, which also suggests that high KIR3DL1 expression contributes to protection from 

some clinical manifestations of disease. Our results suggest that high KIR3DL1 expression 

has a protective effect in PD. Expression levels of KIR3DL1 have significant functional 

consequences (63, 66) and NK cells with high-expressing KIR are correlated with greater 

NK cell reactivity (52). In human immunodeficiency virus infection (HIV), the combination 

of high expressing KIR3DL1 and HLA-Bw4 results in reduced viral load and slower 

progression to acquired immunodeficiency syndrome (AIDS) (67). The combination of low-

expressing KIR3DL1 and HLA-Bw4 is associated with risk of psoriasis (68), whereas the 

combination of HLA-Bw4 and KIR3DL1, both high and low, provide protection from 

ankylosing spondylitis (69).
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The overall inhibitory capacity of NK cells significantly impacts NK cell function, aiding to 

control viral replication and prevent tumor development (70). While KIR expression levels 

may be a useful measure of inhibitory capacity, quantitative data of HLA and KIR 

expression and their interaction should allow for more informative characterization of their 

inhibitory potential. Using a weighted score of inhibitory KIR-HLA interaction strength, 

higher KIR inhibition overall was shown to be associated with lower loads of HIV, improved 

spontaneous viral clearance of hepatitis C virus (HCV), and protection from human T 

lymphocyte virus 1 (HTLV-1) infection (70). Such consideration of specific interactions 

between KIR and HLA class I allotypes enables interpretation from a functional perspective 

that fully exploits high-resolution KIR and HLA class I sequencing data. For example, HLA-

B*57:01 encodes a KIR3DL1 ligand that binds strongly to most KIR3DL1 allotypes (39, 

41), whereas other HLA-B allotypes such as that encoded by HLA-B*44:03 have widely 

varying interactions that depend upon the particular KIR allotype (41). Based on the 

interaction scores that we calculated for KIR3DL1 with HLA-Bw4, we find that weak 

interaction scores are negatively associated with resting tremors, a characteristic symptom of 

a mild PD subtype (9). Weak interaction also positively associates with risk of rigidity, a 

symptom of a more severe PD (8, 9, 71). Thus, stronger inhibitory potential of KIR3DL1-

expressing NK cells protects against the more severe symptoms of PD.

In conclusion, our finding that KIR3DL1 polymorphism is associated with specific 

combinations of PD symptoms suggests an impact of these NK cell receptors on disease 

progression. The high expression allele KIR3DL1*002 combined with the HLA-Bw4 is 

associated with protection in the PIGD+ patient group, in which movement-associated 

symptoms predominate. A limitation to our analysis is that it examined disease symptoms at 

a single time-point, which does not take into account any changes in symptoms over time 

(72). Further studies examining KIR in PD would benefit from longitudinal analysis to 

determine whether specific KIR are associated with time to PIGD+ development.

One explanation for the associations observed in this study is related to the 

immunomodulatory role of NK cells. Key in PD development is the aggregation of alpha-

synuclein in Lewy bodies (73). Recently it was shown that antibodies made against alpha-

synuclein aid in the clearance of aggregates and prevent their formation, and PD patients 

have low levels of these protective antibodies (74). An effective B cell response could 

therefore be essential in preventing PD. NK cells impact B cell antibody responses in several 

ways: in germinal centers, NK cells may suppress affinity maturation and somatic 

hypermutation (25), and NK cells may enhance B cell antibody responses through direct 

interaction with B cells (20, 75). The cause of reduced anti- alpha-synuclein antibody levels 

in PD patients is unknown but may involve either impaired helper T cells or impaired B 

cells. In a meta-analysis of lymphocyte subsets in PD, NK cells were more abundant and 

helper T cells were less abundant than in controls, which could reflect a role for NK cells in 

regulating helper T cells (17). Thus, NK cell activity may hinder the formation of B cell 

antibody responses by reducing helper T cell numbers and dampening development of T and 

B cells.

Alternatively, our findings could point to a role for NK-mediated inflammation in PD. NK 

cells exert functions as immune regulators through production of cytokines and chemokines 
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that can either augment or activate inflammation (76). We found that strong KIR3DL1-HLA 

interactions and high KIR3DL1 expression were protective from disease features in PD. This 

suggests that more inhibition of NK cells results in reduced NK cell mediated inflammation, 

which would reduce the more severe symptoms of PD. In fact, a recent study clearly 

demonstrates that KIR3DL1 allotypes associated with higher cell surface expression form an 

increased number of receptor clusters and transduce more extensive signals (63). We 

speculate that our findings are consistent with a mechanism in which NK cells function in 

PD to inhibit B cell production of alpha-synuclein specific antibodies.

In summary, we have performed the first high-resolution analysis of KIR and their 

functional interactions with HLA class I ligands to identify associations with Parkinson’s 

disease risk and clinical outcomes. Our results paint a consistent picture whereby compound 

KIR3DL1-HLA combinations are protective from more acute clinical features of PD and are 

consistent with a negative impact of NK cell activity in PD (16, 17). We found a distinct 

pattern of KIR mediated protection from PD whereby highly inhibitory and/or highly 

expressed alleles were associated with protection from the most severe symptoms of PD 

including rigidity, gait difficulties and postural instability. Our study is the first to 

demonstrate evidence of KIR in PD progression and further study could provide support for 

PD therapies targeting NK cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

• KIR3DL1 and HLA-Bw4 are associated with different PD clinical features

• Highly expressing KIR3DL1 variants protect against more debilitating 

symptoms of PD
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Figure 1. KIR3DL1 alleles associated with protection from PD symptoms.
All KIR3DL1 alleles were analyzed in combination with HLA-Bw4 ligands. Odds ratios (x 

– axis) by -log10(p-value) (y – axis). Each dot represents the odds ratio and corresponding -

log10(p-value) for a KIR allele/symptom pair. PD symptoms are indicated by shapes and 

KIR3DL1 alleles are indicated by color. The horizontal dotted line indicates the significant 

corrected p-value.
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Figure 2. Strong interactions between KIR3DL1 and HLA-Bw4 alleles are associated with 
clinical features of PD.
Odds ratios (x – axis) by -log10(p-value) (y – axis). Each dot represents the odds ratio and 

corresponding -log10(p-value) for a KIR interaction strength/symptom pair. Different PD 

symptoms are indicated by shapes and KIR3DL1 interaction strengths are indicated by color.
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Figure 3. Stratification of PD patients by symptom type.
A) Mean number of symptoms (y – axis) per cluster (x – axis). Symptoms are broken down 

into three categories where red indicates the most debilitating (postural instability and gait 

difficulty), coral the moderate symptoms (rigidity and bradykinesis), and light pink the mild 

symptoms associated with less severe disease (resting and activation tremors and 

asymmetric onset). B) KIR3DL1 allele-HLA-Bw4 associations with disease group. Odds 

ratio (x – axis) by -log10(p-value) (y – axis). Each dot represents a KIR3DL1 allele-HLA 

ligand pair, the different shapes indicate PIGD- (circle) or PIGD+ (triangle) disease. The 

horizontal dotted line indicates the value for a significant corrected p-value.
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Figure 4. KIR3DL1*015 and KIR3DL1*002 Differ by A Single Amino Acid at Position 238.
Crystal structures of KIR3DL1*015 (top) complexed with its ligand HLA-B*57:01 

(bottom). Secondary structures are shown by color: alpha helices (pink) and beta sheets 

(yellow). The dashed line indicates the binding interface between KIR3DL1*015 and HLA-

B*57:01. Position 238 is indicated by an arrow. Protein Data Bank accession no. 5B39 (41).
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Figure 5. Molecular dynamics simulations of KIR3DL1*015 and KIR3DL1*002.
A) KIR3DL1 is composed of three extracellular domains (D0-D2). The HLA binding site 

(purple) is located at the hinge between D1 and D2. Residue 238 (yellow) is in the D2 

domain facing towards D1 serving as an anchorage point. The G to R substitution in 

3DL1*002 positions D2 closer to D1 allowing more contacts between surface residues of D1 

and D2. B) This led to an increased D1-D2 interaction energy by 50 kcal/mol in 3DL1*002 

compared to 3DL1*015. C) The association between residue 238 and D1 was also 10-fold 

higher in 3DL1*002 as opposed to 3DL1*015. D) Residue cross correlation (RCC) map 

depicts pairwise correlations between residue 238 and the HLA binding site, mapped on 

residues P163, M165, L166, A167, P199, Y200, E201, S227, S228, D230, F276, R277, 

H278, S279, Y281, and E282. The negative correlation between G238 and residues E201, 

S227, S228, and D230 in 3DL1*015 was eliminated upon G238R substitution in 3DL1*002 

as shown by the dashed boxes. On the contrary, the positive correlation between HLA 

binding residues is enhanced in 3DL1*002 (solid boxes).
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