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Diet modifies allele-specific phenotypes in
Drosophila carrying epilepsy-associated PNPO
variants
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Abstract

Pyridox(am)ine 5’-phosphate oxidase (PNPO) catalyzes the rate-limiting step in the synthesis of pyridoxal
5’-phosphate (PLP), the active form of vitamin B6 required for the synthesis of neurotransmitters GABA and
monoamines. Pathogenic variants in PNPO have been repeatedly identified in patients with neonatal epileptic
encephalopathy and early-onset epilepsy. These patients often exhibit different types of seizures and variable
comorbidities, including developmental impairment and intellectual disability. It is unclear how seizure types and
associated comorbidities are linked to specific PNPO alleles and to what degree diet can modify their expression.
Furthermore, the molecular characteristics of PNPO variants have not been examined in model systems. Using
CRISPR/Cas9, we generated four knock-in Drosophila alleles, hWT, hfi116Q pD33V and hf9H  in which the
endogenous Drosophila PNPO (sugarlethal) was replaced by wild-type human PNPO cDNA and epilepsy-
associated variants corresponding to R116Q, D33V, and R95H, respectively. We examined these knock-in flies
at the molecular, circuitry, and behavioral levels. Collectively, we found a wide range of phenotypes in an allele-
and diet-dependent manner. Specifically, the D33V mutation reduces the mRNA level, R95H reduces the protein
stability, and R116Q alters the protein localization of PNPO in the brain. D33V and R95H mutations lead to partial
and complete lethality during development, respectively and R116Q and D33V mutations shorten lifespan. At
the behavioral level, hP33V/hR95H trans-heterozygous flies are hypoactive on all tested diets whereas hf776Q flies
show diet-dependent locomotor activities. At the circuitry level, hP33Y homozygotes show rhythmic burst firing
and hP33V/pf95H trans-heterozygotes exhibit spontaneous seizure discharges. In h%°" homozygotes rescued
with PLP supplementation, we uncovered that PLP deficiency abolishes development and causes extreme
seizures in adults. Lastly, genetic and electrophysiological analyses demonstrate that h"7/hf195H heterozygous
flies are prone to seizures due to a dominant-negative effect of hR9°H on hWT  highlighting the possibility that
human R95H carriers may also be susceptible to epilepsy. Together, this study demonstrates that human PNPO
variants interact with diet to contribute to phenotypic variations; and that the knock-in Drosophila model offers a
powerful approach to systematically examine clinical manifestations and the underlying mechanisms of human
PNPO deficiency.
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Introduction

Pyridox(am)ine 5’-phosphate oxidase (PNPO, EC 1.4.3.5) is
a rate-limiting enzyme in the synthesis of vitamin B6 (VB6)
[1]. Mutations in PNPO can cause neonatal epileptic en-
cephalopathy, a devastating disease that usually leads to death
if untreated [2]. Recently, PNPO mutations have also been

reported in patients with infantile spasms and early-onset
epilepsy [3, 4, 5, 6], and the PNPO gene has been recognized
as one of the sixteen epilepsy genes involved in the genetic
generalized epilepsy in adults [7]. The increasingly recog-
nized impact of PNPO in epilepsy raises the question of how
PNPO variants are implicated in different types of epilepsy
and ages of seizure onset.
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VB6 comprises pyridoxine (PN), pyridoxamine (PM),
pyridoxal (PL), and their corresponding phosphorylated forms.
Among them, PLP is the only active form, which is a cofac-
tor for more than 140 enzymes including those required for
the synthesis of neurotransmitters dopamine, serotonin, and
GABA [8]. Unlike plants, bacteria, and fungi, humans and
other animals cannot synthesize VB6 de novo, instead rely-
ing on dietary VB6 which is converted to PLP by PNPO [1].
The amino acid sequence and structure of PNPO are con-
served well from E. coli to humans [9, 10, 11]. In mammals,
PNPO is highly expressed in the liver, kidney, and brain [12].
The functional PNPO protein is a homodimer and it binds to
two molecules of flavin mononucleotide (FMN) as cofactors
[13, 14, 15, 16].

To date, more than thirty PNPO variants have been identi-
fied in neonatal epileptic encephalopathy and other epilepsy
patients since the first report in 2005 [2, 17, 18]. Biochemical
studies show that different variants reduce the PNPO enzy-
matic activity to different levels, ranging from 0% to 83%
[2, 3, 19, 20]. Such a wide range of variation can be attributed
to the differential effects of different mutations on the catalytic
site, FMN binding, and/or protein folding and thermostability
[18, 21, 22]. While these in vitro studies show clear evidence
that different PNPO mutations affect enzymatic activity to
varying degrees, they do not explain the variation in seizure
types, seizure onsets, and comorbidities manifested by PNPO
deficient patients carrying the same mutation [3, 18]. Fur-
thermore, PNPO variants have never been studied in vivo for
their molecular or functional effects. It remains unknown
whether they can also indirectly affect the gene’s function
through, for example, affecting the mRNA/protein level or
protein localization. These molecular characterizations are
presumably crucial for understanding the phenotypic variation
from a molecular perspective. Therefore, there is a need to
develop in vivo systems to better understand individual PNPO
variants and their potential phenotypic variations.

Here we generated four Drosophila knock-in (KI) strains
that carry either a wild-type (WT) human PNPO allele (h"7)
or one of three human PNPO epilepsy-associated alleles
WRU6Q D33V and pRISH  We examined KI flies at the molecu-
lar, circuitry, and behavioral levels. In addition to the reported
impaired enzymatic activity, we found that each mutant vari-
ant confers specific molecular effects: 7”33V decreases mRNA
level, h®H reduces protein stability, and h®//2 alters the
protein localization of PNPO in the brain. Furthermore, we
observed a wide range of phenotypes in KI flies, including de-
velopmental impairment, behavioral hyper- or hypo-activity,
spontaneous seizure discharges or abnormal firing patterns,
and shortened lifespan. The phenotypic variation is associated
with the known severity of these mutations and our newly char-
acterized molecular effects. We also showed that diet treat-
ments further diversified the phenotypes among alleles. Lastly,
we found that #R%" had a significant dominant-negative (DN)
effect and heterozygous flies were prone to seizures upon
electroconvulsive stimulation.
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Methods

Generation of knock-in strains

Four different KI strains were generated using CRISPR/Cas9
technology [23].The Drosophila PNPO gene (sugarlethal)
[10] was replaced by either WT human PNPO (hPNPO)
cDNA or one of three mutant Z/PNPO cDNAs. The WT
hPNPO cDNA was amplified from the human brain cDNA
library (TaKaRa, Cat #637242) [24]. The c.98A > T muta-
tion (corresponding to p.D33V), ¢.284G > A mutation (cor-
responding to p.R95H), and ¢.347G > A mutation (corre-
sponding to p.R116Q) were introduced separately by muta-
genesis. The single guide RNAs (sgRNAs) were designed
with CRISPR Optimal Target Finder [25] and transcribed in
vitro as described in the published protocol [26] (Supplemen-
tary Table 1). Cas9 messenger RNAs (mRNAs) were tran-
scribed in vitro from plasmid MLM3613 (Addgene, plasmid
#42251). Donors were various hPNPO cDNAs assembled in
the pBluescript SK(-) vector. The sgRNAs, Cas9 mRNAs,
and donor constructs were injected into embryos from flies
with a genotype of w!!/8/FM7a; Bc/CyO; TM3/TM6B, Hu, Th
(www.fungene.tech). The introduction of the mutation in KI
alleles was confirmed by Sanger sequencing of PCR products
amplified with a pair of PCR primers that specifically targeted
hPNPO cDNA (Supplementary Table 1).

The mutant alleles were initially maintained in heterozy-
gotes with the TM6B, Hu, Tbh balancer, but KI homozygotes
gradually took over heterozygotes in /"7 and #®/76€ breeding
bottles.

Drosophila husbandry

Electrophysiology experiments and some behavioral record-
ings (indicated below) were performed on flies bred on Frankel
Brosseau’s (FB) media [27] at the University of lowa. For all
other experiments, flies were generated on standard Cornmeal-
Yeast-Molasses (CYM) media from the Fly Kitchen at the
University of Chicago. Flies used in all experiments were
raised and tested at room temperature (~ 23 °C) in a 12:12
hour light:dark cycle.

Western blotting

Male flies, 1- to 2-day old, were used. Total protein from thirty
male adult heads was extracted and quantified. A total of 50
ug protein from each sample was loaded for SDS-PAGE.
Separated proteins were electrophorectically transferred to
the PVDF membrane. After blocking, the membrane was
incubated with primary antibodies and then the secondary
antibodies (Supplementary Table 2). Signals were detected
with chemiluminescence (ThermoScientific, Cat #32109).

RNA extraction, reverse transcription, and quantita-
tive PCR

Total RNA was extracted from thirty male adult heads us-
ing the RNA extraction kit (Zymo Research). After removal
of genomic DNA using the DNA-free kit (AMBION, Cat
#R2030), total RNA was used for reverse transcription (RT)
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using the SMARTScribe Reverse Transcription Kit (TaKaRa,
Cat #639537).

Quantitative PCR (qPCR) was performed using SYBR
Green real-time PCR method (Applied biosystems). The Ct
values were defined by the default settings in QuantStudio3
(Thermofisher) using a run method of 2 minutes at 95 °C
followed by 40 cycles of 15 seconds at 95 °C and 1 minute at
60 °C. Relative gene expression was calculated as 22!, where
ACt was determined by subtracting the average Ct value from
the housekeeping gene ribosomal protein 49 (rp49).

Two pairs of primers were designed to target the APNPO
KT alleles (N- and C- terminal regions, respectively). A pair of
primers were used to amplify rp49. Primers were pre-tested
for single-product amplification. Primer sequences are shown
in Supplementary Table 1.

Immunohistochemistry staining and confocal imag-
ing

The protocol was adapted from the Flylight protocol [28].
Briefly, brains from 1- to 2-day old flies were dissected in cold
S2 media and fixed with 2% paraformaldehyde for 55 min-
utes. After a brief rinse with 0.5% Triton X-100, brains were
blocked with blocking solution (5% normal donkey serum
and 0.5% TritonX-100 in phosphate-buffered saline) for 1.5
hours and then were incubated with primary antibodies (Sup-
plementary Table 2). Signals for hPNPO were amplified with
the Tyramide SuperBoost kit (Invitrogen, Cat # B40926) by
following the manufacturer’s protocol. After incubation with
the secondary antibodies and washes, brains were mounted on
a double-frosted slide and covered with coverslips. DAPI was
added into the wash buffer to stain the nucleus when needed.
Images were taken using Leica SP5-II-STED-CW confocal
microscope in the Integrated Light Microscopy Core Facility
at the University of Chicago and processed in Fiji [29].

Developmental assay with or without PLP supple-
mentation

Male and female heterozygous flies were bred in normal food
vials or bottles with or without PLP supplementation. A
cohort of two to three flies per sex was set up in a single vial,
or a group of twelve to fifteen flies per sex was set up in a
single bottle. F1 flies eclosed within six days from each cross
were examined for the Balancer marker.

Lifespan and survival study

Fifteen to twenty male flies, 1- to 2-day old, were maintained
in vials filled with the standard CYM medium (the normal
diet condition) or 4% sucrose in 1% agar (the sugar-only
condition). When there was PLP supplementation, PLP was
added to the vial to the final concertation of 400 pg/ml. Flies
were transferred to new vials one to two times a week. Daily
survival was recorded.

Single- or multi-fly behavioral recording
Male flies, 1- to 2-day old, were reared on either control diet,
sugar-only diet, or sugar + 400 pg/ml PLP diet for 4 to 6
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days. For single-fly recordings, one fly was loaded without
anesthesia into a circular arena (diameter = 60 mm) prefilled
with 1% agar and was recorded with a camera (FLIR Flea
3) for 3 minutes at 20 fps (frames per second) (Fig. 4A-E).
For multi-fly recordings, four flies were loaded without anes-
thesia into a circular arena (diameter = 28 mm) seated on
filter paper (Whatman 1). Flies were recorded with either a
webcam (Logitech ¢920, Fig. 4F-J, 10 minutes at 30 fps), or a
camera (Flea3, Fig. 6C-G, 3 minutes at 20 fps). After record-
ing, fly positions in each frame were automatically tracked
using lowaFLI Tracker [24, 30]. The total distance travelled,
average speed, percentage of active time, and speed correla-
tion coefficient (SCC) were further calculated as previously
described [24].

Tethered fly electrophysiology and data analysis
Tethered fly electrophysiological experiments were performed
as described previously [24, 31]. Briefly, flies were immobi-
lized on ice, affixed onto a tungsten wire between the head and
thorax, and allowed 30 minutes for recovery. Flight muscle
spikes were recorded by an electrolytically sharpened tung-
sten electrode inserted into the dorsal longitudinal muscle
(DLMa). A sharpened tungsten electrode inserted into the dor-
sal abdomen served as a reference. Signals were amplified by
a Model 1800 AC amplifier (AM systems) and were digitized
by a USB 6212 data acquisition card (National Instruments)
controlled by a custom LabVIEW 2018 script. Spikes were
identified offline by a custom MATLAB script.

The average firing rate was determined by dividing the
total spike count during a recording session by the duration (~
90 seconds). The instantaneous firing frequency was defined
as the reciprocal of an inter-spike interval (i.e., ISI'!). The
instantaneous coefficient of variation (CV3), a measure of
firing regularity, was defined between two adjacent inter-spike
intervals, i and i+1, as: 2|IST'!; = IST'!; |/ IST!; + IST 14 1))
[32]. Lower CV, values indicate with rthythmic spiking, while
high CV, values correspond with irregular spiking. Plots
of the ISI'! versus CV, trajectories for a spike train were
computed as described previously [33].

Systemic application of nicotinic acetylcholine receptor
blocker mecamylamine was performed via a dorsal vessel
injection procedure [33, 34]. Briefly, mecamylamine (Sigma,
Cat #M9020) was dissolved in adult hemolymph-like solu-
tion [35] to a final concentration of 100 uM and marked with
blue #1 dye (16 mg/ml). A filamented glass microelectrode
was filled with 0.33 pl mecamylamine solution and inserted
into the dorsal vessel. Positive air pressure pushed the solu-
tion into the dorsal vessel which systemically circulated the
mecamylamine within seconds.

Electroconvulsive seizure discharges were induced by
high-frequency electrical stimulation across the brain deliv-
ered by tungsten electrodes inserted in each cornea [31, 36].
The stimulation protocol consisted of a 2-s train of 0.1 ms
pulses delivered at 200 Hz at a specified voltage (30 - 80 V).
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Statistical analysis

Statistical analysis was performed in Matlab (R2019b, U.
Towa) or R (version 3.6.1, U. Chicago). Details on statistical
analyses, including sample sizes, tests performed, and multi-
ple test correction if necessary, are provided within the figure
legends or included in the figures.

Data availability
Raw data and customized scripts are available upon request.

Results

Generation of knock-in Drosophila strains carrying
human PNPO variants identified from epilepsy pa-
tients

To functionally and molecularly characterize epilepsy-associated

variants of hPNPO, we generated four KI Drosophila alleles
using CRISPR/Cas9, in which the Drosophila PNPO gene,
sugarlethal (sgll) [10], was replaced by hPNPO cDNAs (Fig.
1A). These four KI alleles were designated as pRI116Q D33V
KRISH and pWT, respectively. The three mutant alleles, RRII6Q
WP33V_ pR9H wwere chosen to represent different severities
of PNPO deficiency based on in vitro biochemical studies
of their corresponding mutant proteins (hR116Q hP33V LRO5H
hereafter). The residual enzymatic activity of hR116Q [,D33V
hR%H are  80%, 40%, and 20% of hWT, respectively [3, 19].
The mutation in each allele was confirmed by Sanger sequenc-
ing (Fig. 1B). All KI alleles were initially balanced over a
TM6B, Hu, Th chromosome (TM6B hereafter) to circumvent
homozygous lethality.

Distinct molecular alterations linked to different hP-
NPO epilepsy-associated variants

Other than reducing the enzymatic activity [2, 3, 19, 20], lit-
tle is known about the molecular characteristics of APNPO
variants. Thus, after establishing the KI lines, we first stud-
ied whether these epilepsy-associated variants could affect
hPNPO expression and localization using homozygous flies
(Supplementary Fig. 1). The AR*%H allele was not included
here because #%%* homozygotes were lethal (see below). To
include all four KI alleles, we further crossed KI lines with
w!!18 to generate KI/sgll* flies and performed western blot-
ting and RT-qPCR using adult heads. We confirmed that the
antibody for hPNPO did not recognize Drosophila PNPO
(Supplementary Fig. 2). Results from western blot demon-
strated that the R116Q mutation did not change the hPNPO
protein level whereas D33V and R95H significantly reduced
it (Fig. 2A-B, Supplementary Fig. 1A-B). Interestingly, mul-
tiple bands instead of a single band appeared on the blot. The
molecular nature of these bands is unclear. One possibility is
that given only the sg/l-RB form was replaced in the KI allele
(Fig. 1A), a chimeric hPNPO protein could also be expressed,
which contains the nine extra amino acids from sgll-RA in
the front of the hPNPO protein. It is also possible that the
multiple bands were due to the proteolysis of the full length
of hPNPO, as suggested in a previous study [15].
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The reduced hPNPO protein level associated with D33V
or R95SH mutations could be due to changes at the transcrip-
tional or translational level. We therefore examined the mRNA
level of APNPO in each genotype using RT-qPCR. Two pairs
of primers that specifically targeted the N- or C-terminal re-
gions of ”PNPO cDNA were used. Results from both primer
pairs showed that D33V but not RO5H led to a reduced mRNA
level (Fig. 2C, Supplementary Fig. 1C).

Next, we examined the localization of hPNPO protein in
the adult brain using immunohistochemistry staining with an
anti-hPNPO antibody. Anti-Bruchpilot (Brp) antibody was
used to visualize synapse-rich neuropils [39]. We found that
hWT was ubiquitously expressed in the brain with the strongest
staining in the cell body rind (Fig. 2D, Supplementary Fig.
3) [40]. There was little overlap between Brp and hPNPO
staining, suggesting that hWT is not enriched in the termi-
nal structures. A similar staining pattern was observed from
hP33V brains (see a representative image in Fig. 2D, n = 5). In
striking contrast, strong hPNPO staining in the terminal struc-
tures were detected in hR'19Q brains. The increased staining
appeared to occur in all terminal structures in the brain, with
the most dramatic change in the antenna lobe (see a represen-
tative image in Fig. 2D, n = 7). Since the hPNPO protein
level in hR116Q j5 comparable to that in hWT (Fig. 2A-B), we
conclude that the R116Q mutation alters the hPNPO protein
localization in the brain.

Taken together, molecular characterization of APNPO vari-
ants in KI flies demonstrates that in addition to directly re-
ducing the enzymatic activity as shown in previous studies
[2, 3, 19, 20], hPNPO variants can also indirectly affect the
gene’s function through altering the mRNA and/or protein
level or the protein localization in the brain.

Distinct developmental effects associated with dif-
ferent hPNPO variants

All balanced KI lines were viable and fertile. However, no
homozygous KI adult flies were observed from #*%#/TM6B
breeding bottles. To rule out the contribution of any off-
target mutations, the KI line was backcrossed to w!/!$ for five
generations. No homozygous 7*%H pupae or adult flies were
observed after backcross, suggesting that the lethality was
most likely due to the RO5SH mutation in hPNPO.

To systematically study the effects of the R95SH mutation
as well as the two other mutations on development, we self-
crossed each Kl line and examined the number of homozygous
KI flies in the F1 generation. The ratio of KI homozygous
flies in all flies (homozygosity ratio) was further calculated.
Consistent with our initial observations, no A*8** homozy-
gotes were observed (Fig. 3A). A significantly decreased
homozygosity ratio was also found from 7”33V self-breeding.
By contrast, the homozygosity ratio in #8/C was comparable
to that in "7 Thus, these three mutant alleles have differen-
tial effects on development. This conclusion was corroborated
by complementation tests (Supplementary Fig. 4).
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Allele Encoded protein Residual activity
AT hWT 100%
LR116Q hR116Q 80%
pD33V D33V 40%
KR95H hRO5H 20%
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B h"T(p.Arg116) AT (p.Asp33) h"T (p.Arg95)
Ser |Arg Met | Asp Ala |Arg
GAGT[CGAA CATGIGACC TGCTCGJA

W \

3 2 3
Ser |GIn Met | Val Ala |His
GAGT[CAAlA CATGIGTQC TGCTEACA

(i i

hR1160 hD33V

hR95H

Figure 1. Generation of Drosophila knock-in (KI) alleles carrying human PNPO (hPNPO) epilepsy-associated
variants. (A) The Drosophila PNPO gene, sgll, encodes two transcript forms sgll-RA and sgll-RB. Both of them are expressed;
however, sgll-RB is globally expressed and has a relatively high expression level in comparison to sg//-RA [37].The protein
products of these two forms share the C-terminus but differ in the N-terminus, with the sgll-RA form containing nine extra
amino acids [38]. Given the first intron in sgl/l-RA could play a regulatory role in gene expression level and/or pattern, sgl/l-RB
was replaced by hPNPO cDNAs in the KI alleles. Black boxes indicate exons, white boxes indicate UTRs, and black lines
indicate introns. KI alleles corresponding to WT, R116Q, D33V, and R95H are designated as WWT pRI6Q D33V qnd pRISH
respectively. The residual activities of corresponding #PNPO mutant proteins were previously measured biochemically in vitro
[3, 19]. (B) Sequencing chromatograms confirmed the presence of the targeted mutation in each KI allele.

Allele-dependent diet modifications of lifespan in Kl
flies

PLP is involved in a variety of biological processes [8], yet
the potential cumulative effect of chronic PNPO deficiency
has never been studied. We examined whether #%//6¢ and
hP33V could affect the survival of adult flies on the normal
diet. Survival data showed that #%//5€ had a slightly shortened
lifespan compared to A7 (median: 71 vs. 74 days for h®/16Q
and h"7, respectively. P < 0.01. Fig. 3B). In comparison,
the lifespan of 4?33V was dramatically shorter (median: 56
days. P < 0.001). The lethality of #®//6C and hP33V flies
correlated well with the residual enzymatic activity of h®//6Q
and hP33V measured by in vitro studies [3, 19]. Together, these
studies demonstrate that even mild PNPO deficiency can have
long-term deleterious effects, even in the presence of dietary
VB6.

Previously we reported that PNPO deficient flies (sgll®”)
had a shortened lifespan on the sugar-only diet (i.e., VB6-
devoid diet) [24], suggesting that sugar-only diet is useful for
exacerbating PNPO deficiency. We thus generated homozy-
gous (two same K1 alleles), heterozygous (one #"7 allele and
one mutant allele) and trans-heterozygous (two mutant alleles)
flies using four KI alleles and examined their survival on sugar.
We found that the most dramatic lethal phenotype among these
nine genotypes was from AP33V/hR%H flies (Fig. 3C), of which
approximately 75% died by day 11. The significant lethality
in hP33V/RR9H flies was not surprising since, based on in vitro
residual enzymatic activity studies, #2*3V/hR%H has the most
severe PNPO deficiency. We also observed lethality from
RRIT6Q pRISH qnd pWTIRR9H flies; about 15% of them died by
day 11 (Fig. 3C), suggesting that A8 is indeed the most

severe allele among all three mutant alleles. The fact that
WWVTIRROH showed lethality suggests that #/8%7 may cause
haploinsufficiency or have a DN effect, which is unexpected
because PNPO has been considered as autosomal recessive
in heritance (https://omim.org). These two possibilities were
further studied (see below).

Overall, these studies demonstrate that both PNPO vari-
ants and dietary conditions can affect survival of KI flies.

Allele-dependent diet modifications of behaviors of
Kl flies

The AR116C and hP*3Y homozygous flies did not exhibit no-
ticeable behavioral deficits when reared on the normal diet
(the CYM media). Consistent with this observation, mutant
homozygous flies traveled a similar total distance with com-
parable speed, percentage of active time, and SCC compared
to ©"T homozygotes (Supplementary Fig. SA-E). However,
when eclosed flies were reared on sugar for 4-6 days (Fig. 4A),
HRI116€ homozygotes exhibited hyperactivity: they traveled
farther than 27 and had an increased average speed (Fig. 4B-
E). The increased average speed and total travelled distance
were not observed in #°3?Y homozygotes in the same breeding
and testing conditions (Fig. 4B-E). Interestingly, when files
were bred on the other standard diet, the FB media, in which
yeast extract and non-fat dry milk were used to replace the
dried yeast in the CYM media [27], both hR/162 and pP33V
homozygous flies exhibited hyperactivity (Supplementary Fig.
5F-J). The difference maintained when eclosed flies were fur-
ther reared on sugar for 4-6 days (Fig. 4F-J). Therefore, diet
plays a significant role in modifying the behaviors of #*//6C
and #P%3 homozygous flies.
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Figure 2. Molecular characterization of each KI allele. (A) Western blot of hPNPO in adult head homogenate from each
K1/sgll* line. n = 4 per genotype. In each batch, one sample from w'//8 flies (sgli*/sgll*) was loaded as the antibody control.
Tubulin was the loading control. The arrow indicates a band also seen in w'!!® flies, which most likely is a non-specific band
(Supplementary Fig. 2). (B) Quantification of hPNPO (the top band). n = 4. Error bars represent Mean = SEM. * P < 0.05, **
P < 0.01. Two-tailed student’s z-test with Bonferroni’s correction compared to hWT/sgll*. (C) Quantification of the mRNA
level of APNPO in adult heads by RT-qPCR. Two primer pairs were used to target the N- and C-terminus of APNPO cDNA,
respectively. n = 4-7 per primer pair per genotype. Error bars represent Mean £ SEM. *** P < 0.001. Two-tailed student’s
t-test with Bonferroni’s correction compared to #"7/sgil*. (D) Immunohistochemistry staining of hPNPO in the adult brain of
VT, pRIT6Q  and P33V homozygotes. The hR%H line was not included due to the lethality of A% homozygotes in the normal
diet and the greatly reduced hPNPO protein level in their heads (panel A). Color representation: Blue, DAPI; Magenta, Brp;
Green, hPNPO. Scale: 50 pum.

hWT/hR95H hD33V/hR95H

Since we observed lethality in and analyzed their behavior under different breeding and testing
flies when they were reared on sugar (Fig. 3C), we further  dietary conditions. When bred on the CYM media, #"7/nR%H
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Figure 3. Developmental and survival phenotypes of KI
flies from various genotypes. (A) Generation of
homozygous flies from each KI line. Chi-square test of
homogeneity compared to #"V7/TM6B (the gray line). (B)
Survival analysis of flies on the normal diet. n = 63-102.
Log-rank test compared to "7, (C) Survival of flies from
various genotypes on the sugar-only diet. n = 102-218,
Log-rank test compared to /7. Survival of each genotype on
day 11 is also shown in the lollipop plot on the right. n.s. P >
0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.

flies behaved similarly to "7 homozygotes in both sugar-
only and CYM testing conditions (Fig. 4B-E, Supplementary
Fig. SB-E). The hP33V/hR%H flies, however, were less active
in both testing conditions and some even exhibited tortious
walking paths when reared on sugar (see a representative
track in Fig. 4A) and, consequently, had low SCCs. The
average SCC of hP33V/nR%H flies is comparable to that of K"
though (Fig. 4E). The fact that the 2P3V/nR%H flies exhibit
behavioral deficits even on the normal diet suggests that their
residual PNPO enzymatic activity is insufficient to convert
dietary VB6 to PLP to maintain normal behaviors.

When bred on the FB media, #"V7/h%%H flies were more
active than 27 homozygotes in both sugar-only and FB test-
ing conditions (Fig. 4G-J, Supplementary Fig. 5G-J), which
resembles #%/16Q and hP33V homozygotes in the same con-
ditions. The different behaviors of AWVI/RRPH pRII6Q )
hP33V flies on different media are likely due to the mild PNPO
deficiency in them and its interaction with different diets. Con-
sistent with this notion, the #P33V/hR9H flies on the FB media
exhibited hypoactivity and tortious walking paths (Fig. 4G-J,
Supplementary Video 1), as they were on the CYM media
(Fig. 4A-E).

human PNPO allele-diet interaction — 7/15

Taken together, these studies demonstrate that diet plays a
significant role in the locomotor behaviors of PNPO deficient
flies, especially when flies have mild PNPO deficiency.

Spontaneous seizures in Kl flies with severe PNPO
deficiency

The spectrum of behavioral phenotypes associated with KI
lines prompted us to examine motor unit activity patterns and
identify spontaneous seizure-associated spike discharges in
the respective lines. We utilized a tethered fly preparation (Fig.
5A) to monitor DLM flight muscle activity in intact, behaving
flies. During flight, these muscles power the “down-stroke”
of the wing, and the isometric nature of their contractions
facilitates prolonged recordings with minimal muscle damage.
Importantly, the innervating motor neuron (DLMn) serves
an output for several motor programs (e.g., flight, courtship
song, and grooming activity) [41, 42, 43, 44]. Several studies
have utilized aberrant spiking in this motor unit to monitor
spontaneous [45] and evoked [36] seizure activity, including
our previous analysis of the original sgl//®> mutant [24]. We
found 47 homozygotes reared on sugar displayed occasional
grooming-related spiking (Fig. 5A, Supplementary Video 2),
largely consistent with activity patterns in other control flies
[33]. In the AR/6Q and AP33Y mutants reared on the same
diet, we mostly observed similar grooming associated activity
patterns, with a marginal increase in the average firing rate in
hP33V flies compared to /"7 controls (Fig. 5B). The increased
average firing in /33" flies was due to a small subset of P33
individuals (3/12) showing a peculiar, highly-stereotypic, pat-
tern of repeated DLM spike bursts (Fig. SA, Supplementary
Video 2). This bursting did not have clear behavioral corre-
lates and was distinct from previously reported spontaneous
seizure activity in sgll% mutants [24].

In contrast to the relatively mild phenotypes displayed by
homozygous KI lines, we found clear, ongoing, seizure activ-
ity in AP33V/hR9H trans-heterozygotes, manifesting as high
frequency spike burst discharges (Fig. 5A, Supplementary
Video 2), with overall firing rates for KP33VIpRISH qubstan-
tially greater than 27 or W"WT/hR%H flies reared on the same
media (Fig. 5B). To determine if this aberrant spiking activity
originated from the CNS or endogenously from the motor
unit, we blocked central excitatory neurotransmission and
monitored the effect on spiking activity. In flies, acetylcholine
is the primary excitatory neurotransmitter in the CNS [46],
while glutamate is the transmitter at the neuromuscular junc-
tion [47]. We applied the nicotinic acetylcholine receptor
blocker mecamylamine using a rapid systemic injection proto-
col [33], and found the spike discharges in hP33V/hR%H were
abolished (Fig. 5C), indicating aberrant CNS activity drove
the seizure-associated motor unit discharges in these flies.

During seizure-associated discharges in #P3V/hR%H mu-
tants, bursts in 2”33V, and grooming-associated activity in
h"T and other KI flies, the DLM spiking intervals were highly
variable, with instantaneous firing rates (defined as the recip-
rocal of inter-spike intervals, i.e. ISI"!) ranging from ~1 Hz to
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Figure 4. Behavioral analyses o‘f KI flies in an open-field arena. (A ,F) Breeding and testing conditions and representative
tracks from each genotype. Flies were eclosed (E) on either CYM or FB diet, and then transferred to the sugar-only diet (4%
Suc). (B-E) Total distance traveled, percentage of active time, average speed, and speed correlation coefficient (SCC, see
Methods for calculation details) of flies from various genotypes generated and tested in condition A. n = 50-75 flies. (G-J)
Total distance traveled, percentage of active time, average speed, and SCC of flies from various genotypes generated and tested
in condition F. n = 28-44 flies. * P < 0.05, ** P < 0.01, *** P < 0.001. Two-tailed student’s z-test with Bonferroni’s

correction compared to A7,

nearly 50 Hz. However, these activity patterns could be read-
ily distinguished and were remarkably characteristic within
mutant flies. To quantitatively delineate seizure-associated ac-
tivity in KI flies from grooming related spiking, we employed
a non-linear dynamical system approach we had previously

used to describe firing patterns in the sg//* mutants and other

hyperexcitable flies (Fig. 5D) [24, 33]. For each spike in
the recording, we plotted the spike’s instantaneous firing rate
(IST'!) against the instantaneous coefficient of variation (CV5,
see Methods for definition). High CV, values indicate ir-
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regular firing, while low values indicate rhythmic activity.
Previously, we have shown seizure-related bursting in sg/l*>
mutants corresponded to self-similar “looping” trajectory in
the phase-space analysis, while grooming activity displayed
a distinctive trajectory limited to high CV;, values (> 0.5).
Based on the ISI'!-CV, plots (Fig. 5D, representative trajec-
tories shown), the orbiting trajectories of 423" bursting, and
hP33VIpR9SH spike discharges were readily distinguished from
grooming-related behavior and from one-another. Further-
more, the trajectories of #P*3V/hR%H firing were qualitatively
similar to spontaneous seizures in sgl//®> mutants [24], sug-
gesting a shared neural mechanism underlying the aberrant
activity.

PLP is required for both development and function
of adult brain

No AR%H homozygotes were generated on the normal diet
(Fig. 3A), suggesting that the PNPO activity in these homozy-
gous flies is insufficient to convert dietary VB6 to PLP to
support development. We expected that PLP supplementation
could rescue the developmental impairment. We therefore
supplemented varying doses of PLP to breeders (Fig. 6A).
Remarkably, we observed a partial rescue with 4 g/ml of PLP
and a complete rescue with 40 or 400 pg/ml of PLP (Fig. 6A).

To examine whether PLP is also indispensable for adult
flies, we maintained 4%’ homozygous flies (developed with
PLP supplementation, 400 pg/ml) on sugar with or without
continued PLP supplementation (400 pg/ml). With PLP sup-
plementation 28" mutants survived for several weeks (Fig.
6B, median lifespan: ~ 18 days). In contrast, without PLP
supplementation, these flies could not survive for more than 3
days, demonstrating that PLP is also required for the survival
of adult flies.

Similar to #P33V/RR%H (Fig. 5), hR%H homozygous flies
also exhibited seizure-like behaviors before their death. To
characterize these abnormal behaviors and to further study
the role of PLP in the behavioral output, we monitored the
locomotor activity of #2%H homozygotes with or without PLP
supplementation (Fig. 6C, Supplementary Video 3). Com-
pared to #*%H homozygotes without PLP supplementation,
HR%H homozygotes with PLP supplementation for 2 days
showed significantly improved levels in total distance trav-
eled, percentage of active time, average speed, and SCC (Fig.
6D-G), demonstrating that PLP deficiency is responsible for
the low behavioral performance of #*’" homozygous flies.
The improvement of the behavioral performance declined with
age, which correlates well with the increased lethality (Fig.
6B).

Consistent with our previous findings that PNPO defi-
ciency leads to increased spontaneous firing and seizure dis-
charges [24], h®%" homozygotes on sugar also exhibited
clear spontaneous seizure discharges in the tethered fly prepa-
ration (Fig. 6H, Supplementary Video 4). Remarkably, these
seizure-associated discharges were completely suppressed by
PLP supplementation, as demonstrated by greatly reduced
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median firing rate (Fig. 61, 1.9 Hz to 0.5 Hz for flies on sugar
and sugar-only supplemented with PLP, respectively.) and
the alteration from burst-associated trajectories to grooming-
associated patterns in the ISI"'-CV, plots (Fig. 6J).

Taken together, these results demonstrate that PLP is re-
quired for both development and normal brain function in
adult flies.

hWT/hFR95H flies are susceptible to electroconvulsive
seizures due to a DN effect of hR95H

We observed lethality from 2"W7/hR%H flies when reared on
sugar (Fig. 3C). The lethality could be due to either haploin-
sufficiency or a DN effect of hR%H on hWT. To test these two
possibilities, we compared the survival rate of #"7/hR%H flies
to that of h"7/Df flies in which the sgll gene is deleted in the
Df line. Since there is only one #PNPO allele in h"7/Df flies,
we reasoned that if the lethality was due to haploinsufficiency,
survival of ”"T/hR%H flies would be similar to /"7/Df. If the
lethality was due to a DN effect, AWTIRRISH \y6uld exhibit
worse survival than hWT/Df flies. As shown in Fig. 7A, the
median survival rates are 19 and 27 days for ®"7/hR%H and
hWTIDf, respectively (P < 0.001), demonstrating a DN effect
of hR95H .

Functional PNPO is a dimerized protein [15], so the DN
effect of hR%H on hWT was likely mediated through the for-
mation of a heterodimer between them. However, the A PNPO
protein level was decreased in hR%H/sgll* flies (Fig. 2A), sug-
gesting that the monomer or homodimer of 47 is unstable.
How could the DN effect be possible if 28%H is not stable?
One possibility was that hRH was stabilized by forming a
heterodimer with hWT in #"7/hR%H flies. The stabilization
was not observed in #1R%H/sgll* flies because h*%H is less
likely to form a heterodimer with the Drosophila PNPO due
to their differences in the length and amino acid sequences
[10]. If hR%H was indeed stabilized in A"7/AR%H flies, we
would expect that the hPNPO protein level in /"V7/hR%H to
be twice as high as that in #"7/Df since the former has two
hPNPO alleles and the latter only has one. That is exactly
what we observed (Fig. 7B-C). Therefore, hRH exerts its
DN effects by forming a heterodimer with hWT.

The DN effect would presumably make h"7/hR%H flies
susceptible to seizures. However, we did not observe spon-
taneous seizures in them (Fig. 5A-B). We thus examined if
they were prone to seizures upon high-frequency electrical
stimulation (HFS). HFS across the brain can induce stereo-
typic electroconvulsive seizure (ECS) discharges in flies (Fig.
7D, Supplementary Video 5) [36, 48]. Compared to con-
trol flies, seizure-prone flies usually require lower stimula-
tion intensities to induce seizures [41, 49]. Many seizure-
prone mutants have thus been identified and characterized
[36, 41, 43, 44, 48, 50]. We found a substantial reduction in
the ECS stimulation threshold in #"7/hR%H flies compared
to KT counterparts. When 1"7/hR%H heterozygous and 1"
homozygous flies were stimulated with a low voltage (30 V),
seizures were already induced in 50% of h"WT/hR%3H flies while
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Figure 5. Electrophysiological correlates of seizures-related activity in KI flies. (A) Tethered fly preparation (see Methods
for details) and representative traces of spontaneous activity in DLM flight muscle spiking flies from each genotype reared on
the sugar-only diet. Firing in A7, hR116Q pP33V (left trace), and h"T/hRPH are related to grooming behavior. Abnormal
rhythmic spike bursts are occasionally observed in 4?33V (right trace, 3/12 individuals), while aberrant spike discharges are
observed in hP33V/nR93H flies. (B) Average DLM firing rate in flies from each genotype. Arrows indicated extension of the 95
percentile to the indicated values. n = 26-47 traces. * P < 0.05, ** P < 0.01. Two-tailed student’s #-test with Bonferroni’s
correction compared to 27 (C) Acetylcholine is the primary excitatory neurotransmitter in the CNS of Drosophila. Systemic
injection of nicotinic acetylcholine receptor antagonist mecamylamine (MEC) blocks the spontaneous firing in AP33V/RR9H
indicating the aberrant firing is generated from the CNS. (D) Firing pattern analyses. Plots of the instantaneous firing frequency
(ISI'") vs. the instantaneous coefficient of variation (CV,, a measure of firing regularity) readily distinguish grooming-related
firing (W7 shown) from self-similar bursting in 2233V and hP33V/hR%H  Plots from representative firing patterns are shown (see

Methods for details on construction of ISI"'-CV, plots).

no seizures were observed in "7 (Fig. 7E). The increased
sensitivity in /"7/hR%H was maintained when the stimulation
intensity was gradually increased. At 80 V, essentially all
WWVT/RR9H flies showed ECS discharges while only about 60%
of W were affected. Thus, the DN effect of #*%H confers
the susceptibility of A"T/hR%H flies to seizures.

Discussion

Neonatal epileptic encephalopathy patients with PNPO defi-
ciency exhibit a wide spectrum of symptoms, including de-
velopmental impairments, intellectual disability, behavioral
disorders, and seizures of various types, frequency and sever-
ity [3, 18, 20, 51]. It has been suggested that both genetic and
environmental factors contribute to the phenotypic variation
[3]. Using a genetically tractable model system and well-
controlled dietary conditions, we accomplished the functional
and molecular characterization of human PNPO epilepsy-
associated alleles in Drosophila. Our experimental evidence
indicates that PNPO mutations, diet, and allele-diet interac-
tions all contribute to the final phenotype expression.

Our results demonstrate that the diet’s impact on the
phenotype expression depends on PNPO alleles, and it is
more impactful when PNPO deficiency is mild. For exam-

ple, with different dietary breeding and testing conditions,
RRI6Q pD33V o pWI RRISH flieg exhibit different behavioral
outcomes, whereas hP33V/hR%H have relatively invariant phe-
notypes (Fig. 4, Supplementary Fig. 5). A less variable phe-
notype was also observed in patients carrying severe PNPO
mutations. The seizure onsets in patients with severe PNPO
mutations is ranged from hours to weeks compared to hours
to years in patients with mild mutations [17]. The less signif-
icant effect of diet in KI flies or patients with severe PNPO
deficiency is likely due to the diminished capability of mutant
PNPOs in converting dietary VB6 to PLP. On the other hand,
although mild PNPO deficiency has the capacity to convert
dietary VB6 to PLP, and it is less affected by dietary condi-
tions to cause acute effects, the fact that A®76C and nP33V
flies exhibit shortened lifespans on a normal diet (Fig. 3B)
suggests that the deleterious effect of mild PNPO deficiency
can be cumulative. R116Q is found in ~ 10% of the general
population, and 1% of the general population are homozygous
for R116Q [52]. Whether mild PNPO deficiency caused by
R116Q may be exacerbated by other genetic and/or environ-
mental factors to cause epilepsy and/or other diseases in a
long-time period remains to be investigated.

Developmental delay is one common symptom manifested
by PNPO deficient patients [3, 18, 20, 53], raising the ques-
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Figure 6. Development impairment, shortened lifespan, abnormal locomotion, and spontaneous seizure discharges in
hR5H homozygotes are rescued by PLP supplementation. (A) Generation of /%% homozygous flies from AR/ TM6B
with PLP supplementation. Chi-square test of homogeneity compared to the control group with 0 tg/mL of PLP. n = 840-1163.
The dotted gray line indicates the homozygosity ratio (% Homozygo.) from h"7/TM6B (Fig. 3A) (B) Lifespan of #1*%H
homozygotes (generated with 400 pg/mL of PLP) on sugar-only (S) or sugar supplemented with PLP (S+P, 400 ptg/ml). n =
100-110. Log-rank test. (C) Representative tracks during a 60-second interval of a single fly reared on S or S+P media for 2
days. (D-G) Quantification of h*%H walking over a 3-minute interval for flies reared on indicated media. n = 9-16 flies. * P <
0.05, ** P < 0.01, *** P < 0.001. One-way ANOVA with Tukey’s post hoc. (D) Total distance travelled. (E) Percentage of

active time. (F) Average speed. (G) Speed correlation coefficient (SCC). (H) Representative traces of DLM firing from
tethered AR flies. Note the burst discharges present in flies reared on sugar-only media are suppressed by PLP
supplementation. (I) Average firing frequency. n = 24-33, ** P < 0.01, *** P < 0.001. Two-tailed student’s ¢-test. (J)
Representative ISI'!-CV, trajectories. Note that seizure-associated bursts are suppressed after PLP supplementation, and

grooming (high CV,) associated patterns are observed.

tion of whether specific developmental impairments lead to
seizures. By providing flies with PLP during either the devel-
opmental or adult stage, we demonstrate that developmental
impairments and seizures in adults are dissociable (Fig. 6).
Given PNPO is ubiquitously expressed [12], it remains to be
determined whether the lethality foci involve solely the brain
or additional organs and tissues. Further functional study-
ing of PNPO can bring insights into the mechanistic links to
other comorbidities (e.g., intellectual disability) manifested in
PNPO deficient patients.

We show with in vivo evidence that R116Q is a mild mu-
tation. The molecular and functional consequences of R116Q
have been controversial. R116Q was first reported in patients
with neonatal epileptic encephalopathy [3], suggesting it is
likely a severe mutation. Later clinical reports show that
unlike seizures in patients carrying other PNPO mutations,
seizures in R116Q patients can occur beyond the neonatal
stage [3, 4, 5], indicating that R116Q is more likely to be
a relatively mild mutation. The molecular consequence of
R116Q is also inconclusive. An earlier in vitro study shows
that R116Q decreases the enzyme activity to 83% of the WT
protein [3]. In contrast, two recent studies report decreases to
~ 40% and ~ 1% of the WT protein instead [4, 41]. We found

that hR16€ flies develop well (Fig. 3A) and do not show spon-
taneous seizures (Fig. 5SA-B), consistent with a mild defect
of the enzyme function. Nevertheless, the finding that R116Q
alters PNPO protein localization in the brain (Fig. 2D) awaits
further investigation into how this specific molecular change
contributes to the various phenotypes seen in #*//6€ (Fig. 4,
Supplementary Fig.5).

We find unique DLM burst firings in /33V flies. Coinci-
dentally, distinct EEG patterns have been reported in patients
carrying the D33V mutation, who often exhibit temporal sharp
waves or multifocal sharp waves instead of burst suppression
in the majority of PNPO deficient patients [51]. It is unclear
whether the unique firing pattern in #2233V flies share com-
mon mechanisms with the distinct EEG patterns in D33V
patients. The amino acid D33 (Aspartate 33) is located in
the N-terminus of the PNPO protein [12]. The N-terminus
of PNPO is often not retained in crystal samples [15], pos-
ing challenges in examining D33V in structural studies. Our
molecular studies in #2233V KI flies demonstrate a decrease in
the mRNA level and, consequently, the protein level of PNPO
(Fig. 2A-C). However, it seems unlikely that the decreased
PNPO protein level is responsible for the distinct firing in
hP33V flies since a decreased PNPO protein level is also ob-
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Figure 7. The h®%H allele has a dominant-negative effect on the "7 allele. (A) Survival of /"T/hR%H and hW"T/Df flies
on the sugar-only diet. n = 133-136. *** P < 0.001. Log-rank test. (B) Western blot of adult fly head homogenate from
WWVTIRR9H and hWT/Df flies. Tubulin is the loading control. n = 4 per genotype. (C) Quantifications of the intensity of APNPO
bands from four biological replicates in each genotype. All three bands were included in the quantification. Error bars represent
Mean £ SEM. * P < 0.05. Two-tailed student’s #-test. (D) Electroconvulsive seizure (ECS) activity. High-frequency
stimulation across the brain (200 Hz for 2 s) can trigger a stereotypic seizure activity sequence: an initial spike discharge (ID),
a quiescent period (Q) and a delayed spike discharge (DD). (E) The fraction of individuals displaying DD as a function of
stimulation intensity. n = 6-8. * P < 0.05, Kruskal-Wallis non-parametric ANOVA.

served in #R%H flies which exhibit regular seizure discharges
(Fig. 6H-J). Future studies should investigate whether D33V
mutant protein alters neuronal functions in unique ways.

Neonatal epileptic encephalopathy caused by PNPO defi-
ciency is thought to be an autosomal recessive disease (OMIM
#610090), implying that PNPO mutant carriers do not show
any overt phenotype. Indeed, in all reported PNPO deficiency
cases, 78% are homozygous for a specific mutation, and 21%
are compound heterozygotes [17], except for one patient re-
ported to be a heterozygote [3]. Yet, in KI flies, we found
a readily detectable DN effect from the #R%H allele (Fig.
7). The DN effect is potentially associated with heterodimer
formation between hR?H and hWT. Structural studies have
shown that amino acid R95 (Arginine 95) is required for the
co-factor FMN binding [15, 54] and thus PNPO enzyme activ-
ity [14, 15]. An altered FMN binding site may lead to global
conformation changes and hence a partially or fully inactive
enzyme. It is tempting to predict that mutations that do not
affect dimerization but affect FMN binding may have a DN
effect. Therefore, human carriers of certain PNPO mutations
could be susceptible to PNPO deficiency-induced epilepsy
and other diseases.

In summary, our data has important implications in un-
derstanding the genetics of PNPO deficiency and its clini-
cal implications. Our studies demonstrate the role of PNPO
allele-diet interaction in the phenotype expression, uncover a
diversity of molecular effects of PNPO variants, and highlight

the contribution of PNPO deficiency to epilepsy in general.
These studies also demonstrate that KI Drosophila models
are valuable for systematically analyzing the functional and
molecular effects of each PNPO allele identified in epilepsy
patients.
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