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Abstract

Objective—The NOX2 NADPH oxidase complex produces reactive oxygen species and plays a
critical role in the killing of microbes by phagocytes. Genetic mutations in genes encoding
components of the complex result in both X-linked and autosomal recessive forms of chronic
granulomatous disease (CGD). Patients with CGD often develop intestinal inflammation that is
histologically similar to Crohn's colitis, suggesting a common aetiology for both diseases. The aim
of this study is to determine if polymorphisms in NOX2 NADPH oxidase complex genes that do
not cause CGD are associated with the development of inflammatory bowel disease (IBD).

Methods—Direct sequencing and candidate gene approaches were used to identify susceptibility
loci in NADPH oxidase complex genes. Functional studies were carried out on identified variants.
Novel findings were replicated in independent cohorts.

Results—Sequence analysis identified a novel missense variant in the neutrophil cytosolic factor
2 (NCF2) gene that is associated with very early onset IBD (VEO-IBD) and subsequently found in
4% of patients with VEO-IBD compared with 0.2% of controls (p=1.3x107°, OR 23.8 (95% Cl
3.9 to 142.5); Fisher exact test). This variant reduced binding of the NCF2gene product p67P1oX to
RAC?2. This study found a novel genetic association of RAC2with Crohn's disease (CD) and
replicated the previously reported association of NCF4 with ileal CD.

Conclusion—These studies suggest that the rare novel p67Ph%% variant results in partial
inhibition of oxidase function and are associated with CD in a subgroup of patients with VEO-
IBD; and suggest that components of the NADPH oxidase complex are associated with CD.

Introduction

Inflammatory bowel diseases (IBD) are hypothesised to occur in genetically susceptible
individuals as a result of dysregulated immune responses to gut flora after exposure to an as
yet unidentified environmental stimulus.12 Investigation of diseases that present with
intestinal inflammation that are similar to IBD may provide an important insight into the
pathogenesis of IBD. For example, chronic granulomatous disease (CGD) is a rare genetic
disorder with a prevalence of 1/200 000 to 1/250 000 caused by X-linked and autosomal
recessive mutations in genes encoding components of the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase complex (also referred to as NOX2 NADPH oxidase or
phagocyte oxidase).2 Patients with CGD have severe and recurrent infections as a result of
the inability of phagocytes to mount sufficient respiratory burst to kill invading pathogens.*
Interestingly, up to 40% of patients with CGD develop a form of colitis that is
endosg;o7pically and pathologically very similar to the colitis observed in Crohn's disease
(CD).>~

Defective neutrophil respiratory burst has been observed in patients with IBD,8-10 and a
genome-wide association study (GWAS) identified the NCF4 (encoding the p40PhoX subunit
of the NOX2 NADPH oxidase) region as an ileal CD-specific susceptibility gene. This
association did not meet genome-wide significance in the original published GWAS112 and
was not replicated in a recent GWAS meta-analysis, perhaps due to the fact that the GWAS
analysis focused on CD independent of disease location.1® We have therefore undertaken
studies to determine if components of the NADPH oxidase complex play a role in the
development of IBD. Here we report a novel missense variant in NCFZ2in patients with very
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early onset IBD (VEO-IBD) that results in neutrophil dysfunction and susceptibility to CD.
We also describe novel associations of the NADPH oxidase complex gene RAC2with CD
and replicate the previously described association of NCF4 with ileal CD. Together, these
results demonstrate that the NADPH oxidase complex genes play a role in the pathogenesis
of CD.

Materials and Methods

RT-PCR

RNA was isolated from the whole blood by PAX gene blood RNA kit (Qiagen, USA)
according to the manufacturer's instructions. cDNA was synthesised using SuperScript 11l
Reverse Transcriptase (Life Technologies, Carlsbad, California, USA). Primers for full
length NCF2, NCF4and RAC2were designed and synthesised at CDI (see table 1 in online
supplement). PCR was performed according to a standard protocol and the purified PCR
product was cloned into pJET cloning vector (Fermentas, Hanover, Maryland, USA) and
sequenced by ABI 3730 DNA analyser (Applied Biosystems, Melbourne, Australia).

NCF2 genotyping

In order to determine if the NCF2 variant c.113 G — A R38Q was found in other patients
with IBD, we designed a custom Tagman probe (tcagtgccgtccaggacccccacteece(g/a)
gatttgcttcaacattggcetgce). Four hundred and eighty patients and 480 controls and a second
cohort of 119 patients with VEO-IBD (Toronto samples described below) were genotyped
using Tagman at the Centre for Applied Genomics (TCAG), Hospital for Sick Children,
Toronto (see online supplement for binding studies).

Single nucleotide polymorphism analysis and genotyping

International HapMap project!# (http://www.hapmap.org) Caucasian (CEU) phase 11 data
Release 23a were used to select tag single nucleotide polymorphisms (SNPs) (minor allelic
frequency (MAF) >1%) that span the NADPH oxidase complex genes and flanking regions
through the “Tagger’ software program (r2 >0.8).1> Twenty-one tag SNPs covering the
NCF4 region (chromosome 22, 35 581 544 to 35 598 557), 15 tag SNPs covering the NCF2
region (chromosome 1, 180 256 354 to 180 291 372), 19 tag SNPs covering the RAC2
region (chromosome 22, 35 945 811 to 35 964 804), five tag SNPs covering the CYBA
region (chromosome 16, 87 237 198 to 87 244 957) and six tag SNPs covering the NOX2/
CYBB (X-chromosome, 37 395 536 to 37 428 930) were used to capture all SNPs with
r2>0.8 to the tag SNPs (see table 1 for list of NADPH oxidase SNPs). As NCF1 is located in
tandem with two nearly identical pseudogenes, analysis of this region was not carried out.
Genotyping of samples was performed using the Illumina Goldengate Custom Chip
genotyping system (Toronto discovery) and Tagman (North America and Scotland
Replication) at the Centre for Applied Genomics, Hospital for Sick Children, Toronto and
the University of Edinburgh. Sixty-two SNPs in the NADPH oxidase complex (RACZ,
CYBA, CYBB, NCF2and NCF4) passed quality control.

Subjects, quality control and population stratification

All subjects in this study were of European descent by self-reporting of ethnic heritage. All
probands had a confirmed diagnosis of IBD and fulfilled standard diagnostic criteria.
Phenotypic characterisation was based on the Montreal Classification.18 Perianal disease
(Montreal Classification ‘p’) included only those patients with perianal abscess and/or
fistulae. Phenotypic information and DNA samples were obtained from study subjects with
approval of the institutional review ethics board for IBD genetic studies at the Hospital for
Sick Children and Mount Sinai Hospital in Toronto. Replication cohorts had review ethics
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board approval for genetic and phenotypic studies at the individual institutions. Written
informed consent was obtained from all participants.

The discovery cohort included patients recruited from the Hospital for Sick Children (22%)
and Mount Sinai Hospital (78%) in Toronto and local and National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) control individuals. A total of 2049 subjects (656
with CD, 544 with ulcerative colitis (UC) and 849 controls; see table 2A in online
supplement for demographic and phenotypic description) in the discovery analysis were
used in the final analysis. The first replication cohort consisted of 1836 Caucasian
individuals from North America including 443 patients with CD, 477 with UC and 916
controls (see table 2B in online supplement for demographic and phenotypic description);
NIDDK patients recruited from Chicago and Pittsburgh with North America Caucasians of
European origin control individuals obtained from the Centre for Applied Genomics
(Ontario Population Genomics Platform (plates used: 1-4, 6, 9-12, 14); a complete
description of this control population can be found at http://www.tcag.ca/
cyto_population_control_DNA.html). The second cohort consisted of 2449 individuals
exclusively recruited from Scotland including 691 patients with CD, 615 with UC and 1143
controls (see table 2C in online supplement for demographic and phenotypic description).
All patients and control individuals were Caucasian and all related individuals were
excluded by checking the estimated identity by descent for each pair of samples. Part of
these cohorts has been used in previous GWAS including all the NIDDK patients in the
North American replication cohort!117 and 374 individuals from Scotland in the Paediatric
IBD GWAS.18 None of the replication cohort control individuals were genotyped in IBD
GWAS.

Preliminary analysis

Association

HAPLOVIEW!® was used to obtain LD patterns, obtaining descriptive statistics for the
SNPs. PLINK version 1.0620 was used to test for Hardy-Weinberg equilibrium (HWE) for
each marker based on the Pearson X2 test. Descriptive statistics of demographic variables
were generated using SAS V.9.2 (SAS Institute). The Wilcoxon rank sum test and X test
were used to identify differences in demographic variables between subgroups.

analysis

The analysis was applied in stages. In stage 1, association analyses were applied to detect
the associations with the 62 SNPs in five genes involved in the NADPH oxidase complex
(RACZ, CYBA, CYBB(NOX2), NCF2and NCF4) and IBD, CD and UC versus healthy
controls. Logistic regression models were applied to an additive genetic model and Pearson
X2 tests were applied for dominant and recessive genetic models. We used an additive
genetic model for primary analysis.?! For the CYBB analysis we used the chromosome-
counting approach?2 employed by the Wellcome Trust Case-Control Consortium.23
Throughout the report the p values are the additive model p value. ORs and 95% Cls were
estimated for the disease group compared with the control group. The association, adjusting
for selected principal component vectors from the Eigenstrat analysis, was tested using
conditional logistic regression (SAS V.9.2). In stage 2 the four RAC2 SNPs identified from
the discovery cohort were genotyped in a replication cohort (North America) and an
independent validation cohort (Scotland). Independent analysis was applied to the
replication and validation cohorts. Combined effect estimates from all three IBD cohorts
were estimated using a logistic regression model including cohorts as adjusted covariates.
All p values are two-sided.
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Subphenotype analysis

Results

In addition to comparing patients with IBD, CD and UC with healthy controls, we applied
subphenotype analysis to evaluate the genetic effect on the disease risk of the IBD
subpopulation according to the Montreal Classification system. The subpopulation
comparisons were applied for each of the genetic markers on ileal only (L1), colonic only
(L2), ileocolonic (L3), ileal any (L1/L3), colon only (L2 plus UC), colon any (L2/L3 plus
UC), perianal (p) and early diagnosis patients (diagnosis age <16 years) versus healthy
controls. The allelic model was used to test single marker associations between each of the
subgroups. The analyses were applied to the discovery cohort, the North American
replication cohort, the Scottish replication cohort and the pooled samples separately. Since
the subphenotype analysis is exploratory and hypothesis-generating, p<0.05 was used to
define nominal signals.

Novel NCF2 variant associated with very early onset IBD

Many patients with VEO-IBD (defined as onset of disease before 10 years of age based on
the Paris IBD Classification?4) present with clinical intestinal features, including perianal
disease and pancolitis, similar to those observed in CGD. We therefore sequenced coding
regions of NADPH oxidase complex genes (including NCF2, NCF4and RAC2) in 10
patients with VEO-IBD with pancolitis and perianal disease without evidence of
immunodeficiency, as determined by commercial genetic testing for known CGD mutations,
and a negative comprehensive immunological investigation including normal T, B and NK
cell populations, response to immunisations, normal serum immunoglobulins and
sequencing of the /L10RA/B genes. An outline of the experimental approach is shown in
figure 1.

All exons and flanking intron sequences in NCF2, NCF4and RAC2 were successfully
sequenced in the 10 patients (data not shown). We found a novel NCF2 (encoding p67Phox)
heterozygote variant ¢.113 G - A (p67P"9% R38Q) in one patient. This male patient was
diagnosed with IBD at 1 year of age with pancolitis (colonoscopy at age 1 and 3 years) and
had developed perianal abscesses and small bowel disease by 2 years of age. He had low to
normal reactive oxygen species (ROS) production as assessed by the nitroblue tetrazolium
(NBT) test on two separate occasions (40 and 53; normal range 32—-300). The patient had no
history of chronic or significant infections. The identified NCF2missense variant (c.113

G - A) has not previously been reported and is not known to cause CGD (NCF2base;
Mutation Registry for Autosomal Recessive Chronic Granulomatous Disease, http://
bioinf.uta.fi/NCF2base/). The ¢.113 G-A variant in NCF2 has been subsequently assigned
the rs#-rs147415774 (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cqi?rs=147415774).

To determine if this novel variant plays a role in VEO-IBD, we examined an additional 139
patients with VEO-IBD, 341 patients with IBD and 480 healthy controls. Four of the 139
patients with VEO-IBD were found to be heterozygous for the ¢.113 G - A variant
compared with one of the 341 patients with IBD and one of the 480 controls. We next
carried out genotyping of this novel variant in a second independent VEO-IBD cohort
consisting of 119 patients. Four of these patients were found to be heterozygous and two
homozygous for the ¢.113 G - A variant. Overall, 4% (11/268) of patients with VEO-IBD
carried the ¢.113 G - A NCF2variant compared with 0.2% (1/480) of healthy controls
studied (p=1.3x107°, OR 23.8 (95% CI 3.9 to 142.5); Fisher exact test). All patients with
VEO-IBD carrying the NCF2¢.113 G - A variant had extensive colonic disease, five had
perianal disease and one had significant arthritis (table 2).
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To determine the functional significance of the ¢.113 G -~ A NCF2variant, we examined the
protein product R38Q p67P"°X. The arginine at position 38 of p67P"%* has been shown to be
important in RAC binding in a yeast two-hybrid assay2® and binding of these proteins is
known to be an essential step in the assembly and activation of the NOX2 NADPH oxidase.3
Co-immunoprecipitation studies (figure 2A) showed that the p67P"°X R38Q variant has
decreased binding to RAC2 in comparison with wild-type p67P"°%. Computational analysis
showed that the reduced binding of the p67Ph°* R38Q variant to RAC occurs as a result of a
shorter side chain and loss of charge at amino acid 38 in p67Ph°%: both are required to
stabilise the interaction between p67Ph°% and RAC (figure 2B).

NADPH oxidase complex SNP analysis

We also examined the association of 62 genotyped SNPs in the NADPH oxidase complex,
RACZ, CYBA, CYBB, NCF2and NCF4 with IBD, CD and UC in the 2049 subjects in the
discovery cohort (656 with CD, 544 with UC and 849 controls, table 1; see also table 3A-C
in online supplement for full detailed analysis). The experimental approach is shown in
figure 1. We found a novel association with RAC2and CD after Bonferroni correction
threshold for 62 SNPs examined in IBD/UC/CD (0=2.0x104; table 1). RACZis located on
chromosome 22 (35 951 258 to 35 970 251; figure 1 in the online supplement shows the LD
plot of RACZtag SNPs). To further examine this association, we genotyped four RAC2
SNPs with modest association in the discovery cohort (p<0.005; rs5756564, rs6572,
rs9607431 and rs2239774) in two independent cohorts (figure 1). The replication cohort
comprised 1836 Caucasian subjects including 443 patients with CD, 477 with UC and 916
controls recruited from North America (table 4A in online supplement) and a second
validation cohort from Scotland comprised 2449 Caucasian subjects including 691 patients
with CD, 615 with UC and 1143 controls (table 4B in online supplement). No RAC2 SNP
association was replicated in both independent cohort (table 3). However, in a combined
analysis of the discovery, replication and validation cohorts (1790 patients with CD, 1636
with UC and 2908 controls), the RACZ association signal for rs6572 was significantly
associated with CD and not UC (table 3; see also table 5 in online supplement). It is
important to note that no KAC2 SNP achieved genome-wide association significance in this
study nor was significantly associated in all three populations studied. One SNP (rs6572;
Peombined=4.8%107°, OR 1.2 (95% CI 1.09 to 1.29)) remained significantly associated with
CD after the Bonferroni correction threshold for the number of SNPs genotyped in this study
and the phenotypes examined (62 SNPs examined in IBD/UC/CD, a=2.0x10~4). Functional
analysis showed that rs6572 did not affect RACZ splicing or gene expression based on
genotype, and imputation analysis did not provide further information regarding the possible
casual variants (data not shown).

In a secondary analysis we further examined the association of RAC2with CD by disease
phenotype using the IBD Montreal Classification criteria.1® In the combined analysis of the
discovery replication and validation cohorts (1790 patients with CD, 1636 with UC and
2908 controls) we found further associations with the RAC2 SNPs, with the strongest signal
in ileocolonic CD (Montreal Classification L3) with two SNPS: rs6572 (Pcombined=6.0%1075,
OR 1.3 (95% CI 1.16 to 1.46)) and rs5756564 (Pcompined=3-0%1072, OR 0.77 (95% CI 0.68
to 0.87); see tables 5 and 6 in online supplement for summary). The association with RAC2
SNPs and phenotypes was not replicated in all three cohorts examined.

Replication of NCF4

We also replicated the association between the NCF4rs4821544 and CD (p=5.1x10"3, OR
1.25 (95% CI 1.07 to 1.1.47); table 1). Figure 1 in the online supplement shows the LD plot
of NCF4tag SNPs used in this study. As the association with NCF4rs4821544 was
originally reported in an ileal CD GWAS and replication study,1112 we examined ileal CD
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and also showed an association (Montreal Classification L1, p=3.5x1073, OR 1.46 (95% ClI
1.13 to 1.89); see tables 5 and 7 in online supplement for subphenotype analysis). The
patients used in this study did not contribute to the original ileal CD NIDDK GWAS cohort
that initially described the NVCF4 association signal.11 The rs4821544 SNP did not alter gene
expression or splicing of NCF4based on genotype, and imputation analysis did not provide
further information regarding the possible casual variants (data not shown).

Discussion

Phagocytic leucocytes (especially neutrophils) are critical for innate immunity and clear
debris and prevent local damage in the bowel. The importance of phagocyte function in the
development of non-infectious colitis is seen in a number of congenital disorders,26
particularly the impaired respiratory burst demonstrated in glycogen storage disease Ib and
CGD.27-29 patients with CGD often develop severe perianal disease, stricturing small bowel
disease and discontinuous colitis that is endoscopically and histologically very similar to
CD® and even misdiagnosed as CD.30 A defective neutrophil respiratory burst has long been
recognised as playing an important role in the pathogenesis of CD,8-10 but only recently
have NADPH oxidase complex genes been implicated. We observed an association between
both NCFZ2and RAC2 SNPs with clinical phenotypes that resemble that seen in CGD. We
chose to examine the VEO-IBD age group closely as patients diagnosed before the age of 10
years have a distinct phenotype with a high familial aggregation and greater tendency to
present with severe colonic disease.31-33 This age group is most likely influenced by genetic
alterations such as those seen in /L 10RA/Band in other phenocopies of IBD such as CGD.34
We hypothesised that polymorphisms in NADPH oxidase complex genes that reduce
NADPH oxidase function but do not cause CGD are associated with an increased risk of
developing IBD. We identified a novel variant in NCF2 (encoding p67Ph°%). Rare
homozygous mutations in NCFZ2are known to cause autosomal recessive CGD mostly
through complete loss of p67Ph°% expression and an inability to produce ROS, and these
patients with CGD often present with a milder phenotype.293536 The identified variant
arginine at position 38 of p67P"°% has been shown to be important in RAC2 binding?>;
variation at this position reduces RAC binding. As p67Ph°% binding to RAC2 is an essential
step in the assembly and activation of NOX2 NADPH oxidase,® we would expect that ROS
production would be reduced but not absent as observed in our index patient. The patients
with VEO-IBD with the p67P"9% R38Q variant all had extensive colonic involvement and
five patients developed perianal disease. This phenotype resembles the colitis seen in CGD
and in many patients with VEO-IBD. However, these patients had no evidence of
immunodeficiency (as assessed by a comprehensive immunological investigation),
indicating that the p67Ph°X R38Q variant plays a role in the development of colitis only.
Certainly, patients with CGD can present with CD-like colitis as the only manifestation of
disease,3738 and patients with CGD are at much greater risk of developing CD-like
colitis.>~7 Interestingly, two patients were homozygotes for the p67Ph°X R38Q variant.
Neither patient had chronic infections or evidence to suggest CGD, and neither had worse
disease at presentation. Long-term follow-up will be required to determine if there is a
dosage effect, with more severe outcomes for individuals carrying two copies of this variant.

In this study we also identified the p67Ph°* binding partner RAC2 as a CD susceptibility
gene through a candidate gene approach. Although RAC2 mutations are not known to cause
CGD, a rare dominant negative mutation in RACZ2 has been shown to cause an
immunodeficiency similar to CGD through inhibiting RAC2 from binding GTP3%40 The
binding of RAC2 to p67P"% is a critical step required for the activation of the NADPH
oxidase complex and the production of ROS.4! We also replicated the association signal for
NCF4 (encoding p40PhoX) and CD. The p40P°X protein serves to enhance delivery of
p47PNoX and p67PhoX to the membrane.3 Recently, a paediatric patient was found to have
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novel compound heterozygote NCF4 mutations which reduced the gene product p40Phox
binding to PtdIns(3)P, essential for NADPH oxidase phagocytosis-induced oxidant
production in human neutrophils.38 Interestingly, this patient presented with granulomatous
colitis and perianal disease without evidence of immune deficiency38 These studies
demonstrate the importance of p40P"%X in the development of colitis.

Current estimates suggest that CD GWAS have explained 23% of the inherited contribution
to the risk of CD.13 Thus, there remains substantial ‘missing heritability” and it is broadly
anticipated that this will not be fully explained by simply expanding the GWAS approach
with larger numbers of patients.13 Our candidate gene approach suggests an association
between RACZ2and CD, although these results need to be interpreted with caution as no
RACZ SNP replicated in all three cohorts examined and the association signal did not meet
genome-wide significance. We observed both risk and protective signals for RAC2
suggesting that, similar to the IL23R signal, these SNPs are involved in alternate splicing or
altered expression of RAC2that may play opposing roles.*2 However, this association was
not reported in the International IBD Genetics Consortium (IIBDGC) meta-analysis as the
gene is poorly tagged in that genome-wide array3 The SNPs used in that study did not
provide adequate coverage for our lead SNP (GWAS SNPs rs132515, rs2413552 and
rs5757362 r2<0.25 to rs6572); further large-scale analysis will therefore be required to
validate these results. Our lead NCF4 SNP (rs4821544) was associated with CD in the
NIDDK GWAS (pdiscovery:2.89x10‘5; Preplication=0.009; OR 1.19) which only included
patients with ileal disease and was independently replicated in ileal CD.1112 This association
was not observed in a large European study3 In the first IBDGC meta-analysis (including
all disease locations of CD) the Pmeta-analysis Was 0.0078 for rs48215442; hence, this SNP
was not taken forward for independent replication. In the expanded second IIBDGC meta-
analysis, Pmeta-analysis for rs4821544 was 1.80x107°.13 It is therefore possible that NCF4
SNP is associated with CD and that disease location may be important for further large-scale
replication, although previous European studies suggest that geographical factors may also
be important.

Recent studies have provided insight into the role of the NOX2 NADPH oxidase complex in
the development of colitis. Animal models have shown that defects in NADPH oxidase
complex genes can impair bacterial killing** and cause susceptibility to autoimmunity
through defects in ROS production.#> Furthermore, studies have shown that bacterial
pathogens can cause excessive ROS production leading to disease through tissue destruction
and inflammation and, on the other hand, other bacteria can modulate ROS-dependent
neutrophil apoptosis thereby surviving and causing disease.*® In human studies the non-
infectious inflammation (especially colitis) that occurs in patients with CGD has been linked
to the NADPH oxidase regulation of the inflammosome?#” and autophagy*® pathways
involved in the pathogenesis of CD. It is therefore plausible that polymorphisms that
increase or decrease ROS production may be associated with the development of human
colitis.

The NADPH oxidase complex has been implicated in the pathogenesis of human disease
from arthritis to cancer.%6 Overall, our studies of the NADPH oxidase complex provide
further evidence supporting defective neutrophil ROS production in the pathogenesis of CD.
The p67PhoX R38Q variant suggests that reduced ROS is important in the development of
early onset disease, while the candidate gene approach shows the importance of the NADPH
oxidase complex in the development of CD. Our study demonstrates that SNPs in the core
NADPH oxidase complex genes are not associated with IBD. This is an interesting finding
as variations in genes that are responsible for localisation of the NADPH oxidase complex
(including p47PhoX and p67P"°% and RAC2) appear to be associated with IBD, and this
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mislocalisation or delay in localisation of the NADPH oxidase complex to the membrane
may be important in the pathogenesis of 1BD.

We propose that partial impairment of NADPH oxidase function coupled with other genetic
variations, especially those in innate immunity genes, contribute to the pathogenesis of CD
without development of the severe innate immune deficiency observed in CGD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow diagram of NADPH oxidase genetic experiments. VEO-IBD, very early onset
inflammatory bowel disease.
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Figure 2.

Functional studies of the p67P"°* R38Q polymorphism. (A) p67Ph°X R38Q variant reduces
binding to RAC. Interaction between RAC and wild-type p67P1°X and p67P1oX R38Q. GFP-
tagged RAC2 and MY C-tagged p67Ph%*and p67PhoX R38Q were co-transfected into T293
cells. After 20 h p67Ph°X was immunoprecipitated using anti-MY C antibody and blotted for
MYC and GFP. RAC2 showed a 51% reduction of binding to p67P"°* R38Q in comparison
with RAC2 binding to wild-type p67Ph°*. Representative blot of three independent
experiments. IP, immunoprecipitation; WB, western blot. (B) p67P"°* R38Q variant results
in a conformational change. The model shows a close-up view of the RAC binding cavity of
the wild-type p67Pho% and p67PhoX R38Q as adapted from the RAC/p67Pho complex crystal
structure (PDB 1E96). The proteins are shown in ribbon representation, coloured according
to secondary structure, with RAC residues labelled in blue and p67P1°X residues labelled in
red. Residues within 7x108 cm of p67Ph°% R38 are represented by stick models with
nitrogen and oxygen atoms indicated in blue and red, respectively. Water molecules found
within the crystal structure are denoted by red spheres. Dashed lines denote putative
hydrogen bond interactions between p67P1X wild-type and p67P1°X 112 as well as water
molecule 2013. In the p67P19X R38Q variant, bond distances between p67P"°X R38Q and
p67PoX | 112 are reduced, the interaction with water molecule 2013 is lost, and a new
putative interaction between p67P19X R38Q and water molecule 2025 forms. In addition,
owing to the reduced carbon chain length between the arginine and glutamine side chains, a
hydrophilic cavity is present perpendicular to the RAC/p67Pho% R38Q interface that is
visible through electron density mapping (not shown). All distances labelled are x108 cm.
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Images were generated with PyMOL (PyMOL Molecular Graphics System, Version 1.3,
Schrodinger, LLC.)
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