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Peptidyl arginine deiminase 6 (PADI6 or PAD6) is vital for early embryonic development in mice and humans,
yet its function remains elusive. PADIG6 is less conserved than other PADIs and it is currently unknown whether it
has a catalytic function. Here we show that human PADI6 dimerises like hPADIs 2-4, however, does not bind
Ca®" and is inactive in in vitro assays against standard PADI substrates. By determining the crystal structure of
hPADI6, we show that hPADI6 is structured in the absence of Ca®" where hPADI2 and hPADI4 are not, and the
Ca-binding sites are not conserved. Moreover, we show that whilst the key catalytic aspartic acid and histidine

residues are structurally conserved, the cysteine is displaced far from the active site centre and the hPADI6 active
site pocket appears closed through a unique evolved mechanism in hPADI6, not present in the other PADIs.
Taken together, these findings provide insight into how the function of hPADI6 may differ from the other PADIs
based on its structure and provides a resource for characterising the damaging effect of clinically significant

PADI6 variants.

1. Introduction

Peptidyl arginine deiminase 6 (PADI6 or PAD6) is a poorly under-
stood member of the PADI family that is crucial for early embryo
development in mice and humans. 32 PADI6 variants have been re-
ported in 26 infertile women, with embryos from 24 of the women found
to arrest at the 4- to 8-cell stage [1-10]. A further 14 PADI6 variants
have been reported in 9 fertile women whose children are often born
with multi-locus imprinting disorders (MLID) [11-15]. In mice, Padi6
knock-out females are infertile, with their embryos arresting at the 2-cell
stage [16]. The molecular mechanisms of PADI6 that contribute to these
observed phenotypes are poorly understood, however.

Canonical members of the PADI family catalyse the post-
translational conversion of peptidyl arginine residues to citrulline in a
process known as citrullination (Fig. 1A). However, PADI6 does not yet
have a confirmed catalytic function, with its classification as an arginine
deiminase based on sequence conservation and genomic co-localisation
with the other PADI family members [17,18]. Evidence for citrullination
by PADI6 in the mouse embryo is inconclusive. In one study, Padi6
knock-out ovaries showed a decrease in immunohistochemical staining

compared to wild-type ovaries when probed with an antibody for cit-
rullinated histone 4 peptide (H4Cit3) [16]. In a later study, however,
when wild-type and Padi6 knock-out ovaries were stained with anti-
bodies to a range of citrullinated histone sequences, including H4Cit3,
no difference was observed [19]. Recombinantly expressed mouse
PADI6 was enzymatically inactive against the standard PADI substrate
benzoyl-L-arginine ethyl ester in the citrulline detecting COlor DEvel-
opment Reagent (COLDER) assay [20,21]. Additionally, it has recently
been reported that recombinant hPADI6 is not active against histone H3
or cytokeratin 5, known substrates of hPADI4 [22].

Despite overall sequence homology with the other PADIs, PADI6 is
the least conserved and possesses some key sequence differences to the
other PADIs. Human PADIs 1 to 4 bind between 4 and 6 Ca?" ions at
defined binding sites (Cal-6) [24-27]. Sequential Ca®" coordination
induces structural changes that form the active site cleft to yield cata-
lytically competent enzyme. Thus, high concentrations of calcium are
required for in vitro enzymatic activity [25,27]. The residues involved in
Ca?* binding are highly conserved across the human PADIs, excluding
hPADI6. This has led to speculation that hPADI6 does not bind and is not
activated by Cca?t [28].
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The molecular mechanisms surrounding the function of PADI6 are
poorly understood, however a growing body of evidence supports a
structural role for PADI6 in early embryo development. It was first re-
ported in 2007 that PADI6 was critical for the formation and/or main-
tenance of oocyte and embryo specific cytoskeletal structures known as
cytoplasmic lattices (CPLs) [16]. Since then, several studies have re-
ported that the CPLs were potentially composed of, and act as storage
sites for, maternal ribosomes and mRNA, as well as being involved in
organelle localisation and symmetric division [29-32]. Jentoft et al.
recently confirmed that the CPLs were composed of protein fibres con-
taining PADI6, along with members of an oocyte and embryo specific
protein complex, the sub-cortical maternal complex (SCMC) [33]. Given
the CPLs are absent in Padi6 knock-out oocytes, it is therefore highly
likely that PADI6 is a key structural component of the CPLs in mouse
oocytes. In the same work, CPL-like structures were also observed in
human oocytes suggesting that this function of PADI6 in the formation
and structural organisation of the CPLs is conserved between mice and
humans.

Here we recombinantly expressed and purified hPADI6 and
confirmed that it is not catalytically active under standard PADI cit-
rullination conditions, it forms a dimer and is not stabilised by Ca®* in
vitro. To gain insight into how the lack of conservation in hPADI6 affects
its structure, and what effect clinically significant variants are having on
its structure, we have determined the crystal structure of hPADI6.
Analysis of this structure highlighted key differences to the other PADIs
which have significant implications on a possible catalytic function of
hPADI6. Finally, we use our structure to predict the damaging effect of
clinically significant variants on the structure and highlight potentially
interesting variants which could be used for further study of the function
of hPADI6.
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2. Results and discussion
2.1. Expression and biophysical characterisation of hPADI6

We first expressed human PADI6 (hPADI6) using the mammalian
Expi293 system and purified the recombinant protein to homogeneity
by Strep-Tactin® affinity chromatography followed by size exclusion
chromatography (S1A-S1E Figs). A single protein of approximately
80 kDa was isolated and confirmed to be hPADI6 by intact mass spec-
trometry (S1F Fig). Using an established in vitro PADI activity assay, the
COlor DEvelopment Reagent (COLDER) assay [20], we probed possible
enzymatic activity of the recombinant hPADI6 using three standard
PADI substrates, Na-benzoyl-L-arginine ethyl ester (BAEE),
Na-benzoyl-L-arginine methyl ester (BAME) and Na-benzoyl-L-arginine
amide (BAA) (Fig. 1B). hPADI6 showed no citrullination activity, indi-
cating the lack of conservation in hPADI6 has either completely
removed its catalytic activity, or altered the activating signal away from
calcium (Fig. 1C). hPADI2 to 4 form stable dimers in solution, with
dimerisation enhancing citrullination activity of hPADI4 [25-27,34].
Furthermore, it has been reported that recombinant mouse PADI6 forms
oligomers up to hexamers in a chemical cross-linking experiment [21].
We therefore characterised possible hPADI6 dimerisation by mass
photometry showing that hPADI6 formed a dimer in solution at an
approximate ratio of 8:1 dimer:monomer at a concentration of 4 nM
(Fig. 1D).

2.2. hPADIG6 is not stabilised by Ca®*

We next characterised the Ca?" binding capacity of hPADI6. The
CaZ*-free structures of hPADI2 and hPADI4 contain many disordered
regions, in particular loops surrounding the Ca®' binding sites that
become structured upon Ca>" binding. The structural rearrangements
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Fig. 1. Biophysical and enzymatic characterisation of recombinant hPADI6. (A) Scheme of the PADI-catalysed post-translational conversion of the positively charged
arginine to the neutral citrulline. Red arrows = hydrogen bond donors, blue arrows = hydrogen bond acceptors. (B) Structure of standard PADI substrates Na-
benzoyl-L-arginine amide (BAA), Na-benzoyl-L-arginine methyl ester (BAME) and Na-benzoyl-L-arginine ethyl ester (BAEE). (C) Activity of hPADI6 or hPADI4
(produced in-house from E. Coli [23]) with standard PADI substrates depicted in (B) measured using COLDER assays. Reactions performed in 10 mM CaCl, and
quenched after 1 h incubation at RT. [hPADI6] = 500 nM, [hPADI4] = 50 nM, [substrate] = 10 mM. Unpaired parametric t-test, * ** * = p < 0.0001. 2 independent
replicates of 3 technical replicates performed. (D) Mass photometry histogram of hPADI6 expressed from Expi293 cells showing that hPADI6 mainly exists as a dimer
in vitro. Bin size = 5 kDa. (E) Conservation of Ca®* binding residues in human PADI enzymes, grouped by Ca site. Residue number in hPADI6 highlighted above.
Not-conserved = teal, conserved = grey. (F) NanoDSF determined melting temperature (T,,) of hPADI6 and hPADI4 in either 10 mM EDTA or 10 mM CaCl,. Un-

paired parametric t-test, *

= p < 0.0001. 2 independent replicates of 3 technical replicates performed.
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induced by Ca®" binding in hPADI4 have been shown to dramatically
improve thermal stability [35]. 8 of the 16 residues directly involved in
Ca?* coordination in hPADI4 however, are not conserved in hPADI6,
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Table 1

Crystallographic data and refinement statistics.

hPADI6
and none of the calcium binding sites (Cal-5) are fully intact in hPADI6 -
. . . . . . . Resolution range 54.06 - 2.44
(Fig. 1E). Using differential scanning fluorimetry, the melting temper- (.52 - 2.44)
ature (Ty,) of hPADI6 was measured with either EDTA or CaCl,. hPADI6 Space group P2,2,2;
showed no increase in Ty, in the presence of either CaCl, or EDTA where Unit cell a, b, ¢ 104.04 123.33 126.54
% B,y 90 90 90

hPADI4 was stabilised by 25.1 °C (Fig. 1F), suggesting that hPADI6 does
not bind calcium ions.

Total reflections
Unique reflections

846 213 (75 082)
65 221 (6 051)

Multiplicity 13.8 (12.4)
2.3. Structure determination Completeness (%) 99.20 (96.02)

Mean I/sigma(I) 4.98 (0.24)

To investigate how the lack of conservation in the PADI6 sequence \gﬂ;;r;f-facmr (5)83'24(5 2

impacts its structure, and to gain insight into the molecular function of R-meas 0.37 (5:86)
PADI?, we determined the crystal structure of hPADI6 at a resolution of R-pim 0.10 (1.654)
2.44 A (Fig. 2A, Table 1). Like hPADI2 and hPADI4, hPADI®6 crystallised CC1/2 0.99 (0.40)
as a head-to-tail homodimer (Fig. 2B). hPADI6 possessed a similar Reflections used in refinement 60 731 (5 810)
domain architecture to hPADI2 and hPADI4, with two N-terminal IgG E:?:(Ctlons used for Rfree 3.227(5_?72))
sub-domains from residues 1-121 and 122-303 respectively, and a C- Riree 0.30 (0.49)
terminal o/p-propeller domain from residues 304-694. Within the Number of non-hydrogen atoms 10 224
hPADI6 C-terminal domain, the five ppaf modules were structurally macromolecules 10 224
intact (S2A Fig). As for hPADI2 and hPADI4, the hPADI6 dimer is formed i‘oglﬁvzii g
through contacts between the C-terminal a/p-propeller domain of one Protein residues 1329
monomer and the N-terminal IgG subdomain 1 of the second. The dimer RMS(bonds) 0.004
interface area was calculated using PDBe PISA [36] to be 2075 A2, RMS(angles) 0.61
slightly lower tharol apo-hPADI2 (2551 AZ, PDB: 4N20) [25] and Eamacgangran fzﬁ/ourzd(g/;) 262.35
apo-hPADI4 (2315 A2 PDB: 1WD8) [27]. Further analysis of the dimer B i o o o8
showed 70 residues were situated at the dimer interface, 10.5 % of the Clash score 8.09
modelled sequence. The number of residues and positioning were Average B-factor (A% 85.3

similar to the apo-hPADI2 and apo-hPADI4 structures (S2B Fig).

loops are highly disordered in the Ca®" free apo-hPADI4 structure and
become structured in the catalytically active holoenzyme upon Cal and
Ca2 coordination and substrate binding (S312-L320, C337-Q349, S370-
D388, and G395-G403, PDB: 1WDA) [27]. By contrast, these loops in the

2.4. hPADIG6 is structurally ordered around Cal and Ca2

Having determined experimentally that hPADI6 does not bind cal-
cium (Fig. 1F) we wanted to investigate the structures of these sites. Four

A

C-terminal
a/B-propeller domain

N-terminal

1gG subdomain 2 "<« *

N-terminal
19G subdomain 1

Fig. 2. Overall structure of hPADI6. (A) Ribbon representation of monomeric hPADI6. N-terminal IgG subdomains 1 and 2 as well as the C-terminal o/p-propeller
domain are light teal, teal and deep teal respectively. Flexible loops that could not be modelled are represented by dashed lines. (B) Structure of the hPADI6 dimer
with chain A represented with a ribbon and the surface of chain B displayed. Colouring the same as in (A).
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hPADI6 structure had B-factors similar to the average B-factor for all
residues of each chain in the dimer structure (Table 2), suggesting these
loops are already structured in hPADI6 in the absence of Ca®* (Fig. 3A,
S3 Fig).

Cal is coordinated in hPADI4 by two glutamic acid residues initially,
followed by a glutamine residue upon Ca2 binding (E353, E411, Q349)
[27]. These Cal binding glutamic acid residues are not conserved in
hPADI6 where they are replaced by a alanine and methionine (A362,
M420), rendering Cal binding highly unlikely (Fig. 3B). Ca2 is coordi-
nated by a glutamic acid, an aspartic acid and an asparagine (E351,
D369, N373) in hPADI4 (Fig. 3C). Only the asparagine is not conserved
in hPADI6 where it is replaced by an alanine (A382). In hPADI4 the
equivalent substitution, N373A produces a catalytically dead protein
suggesting it is critical for Ca2 coordination and as such it is unlikely
hPADI6 would be able to bind Ca2 either [27]. A lack of hPADI6 Ca®"
binding may be explained from an evolutionary perspective. Fertiliza-
tion induces a large influx of Ca’" into the zygote [37,38]; it is therefore
conceivable that hPADI6 genetically diverged to not bind or be activated
by calcium for its function to be unperturbed by this large calcium
transient [28].

Only one of the disordered regions in hPADI4 that becomes struc-
tured upon Ca?* binding was disordered in hPADI6, A166-K178 (S4
Fig). The corresponding region of hPADI4 becomes ordered upon
Ca3,4,5 coordination [27]. 5 of the 9 residues involved in coordinating
Ca3,4,5 are not conserved in hPADI6 and thus it seems unlikely that
hPADI6 could coordinate Ca* in these sites (Fig. 1E).

Given hPADI®6 is already structured in the majority of the flexible
regions of hPADI4 in the absence of Ca?" and substrate binding, we
wondered whether hPADI6 structurally aligns more closely with the
inactive Ca®*-free PADI2/4 structures, or the active Ca>"-bound struc-
tures. Using PyMOL, we calculated Root Mean Square Deviation (RMSD)
values of our hPADI6 monomer structure compared with various pub-
lished apo- and holo-hPADI2 and hPADI4 structures (Table 3) (S5 Fig)
[25,27]. Interestingly, hPADI6 is similarly different to the holo-hPADI2
and hPADI4 structures compared to the apoenzymes.

2.5. The catalytic aspartic acid and histidine residues of hPADI6 align
with Ca®*-bound hPADI4

The calcium binding of hPADI2 and hPADI4 occurs sequentially,
with first Cal binding, followed by Ca3,4,5 and finally Ca2 [25]. It is the
coordination of Cal and Ca2, and the subsequent structural ordering of
the loops surrounding these sites that creates the active site, producing a
catalytically competent form of the protein. As hPADI6 is already
structurally ordered in the absence of Cal and Ca2 coordination, we
explored the positioning and structure of key residues in the active site.
The PADI catalytic site residues include a key nucleophilic cysteine, two
aspartic acids and a histidine. The aspartic acids (D359, D482) and
histidine (H480) are conserved in hPADI6, and structurally align with
the equivalent residues in the Ca%*-bound forms of hPADI2 and hPADI4
(S6 Fig, Fig. 4A). This is most clear for D359 where the Ca of the

Table 2
hPADI6 structured loop B-factors for all atoms (and main chain atoms only).

hPADI6 loop residue = hPADI6 B-factor (A% Equivalent residue range

range Chain A Chain B in hPADI4
321 —329 131.6 94.7 312 -320
(312 —-320) 127.7) (84.9)
346 —358 114.5 78.5 337 —349
(337 —349) (106.4) (70.1)
379 —397 Not 89.5 370 —388
(370 —388) modelled (85.1)
404 —412 136 (120.0) 103.5 395 —403
(395 —403) (94.8)
All residues 87.6 (80.6) 83.0
(76.4)
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equivalent D350 in hPADI4 moves 3.1 A upon Ca®* coordination, with
Ca distances of hPADI6 to the Ca®*-free and bound hPADI4 D350 being
3.6 A and 0.9 A respectively.

2.6. Arg355 gatekeeps the hPADI6 active site pocket

In the Ca®*-free hPADI2 structure, an arginine shields the active site,
functioning as an important regulatory element for PADI activity [25].
In Ca®"-free hPADI2, R347 points into the active site pocket, stabilised
through a hydrogen bond with Q350 (PDB: 4N20). Upon Ca2 binding,
R347 flips out of the active site completely and W348 moves in and
forms a wall in the active site pocket with Q350 rotating to coordinate
Cal. In hPADI6, R355 is similarly gatekeeping the active site, held in
place by a hydrogen bond to Q358 (Fig. 4B) and the W356 of hPADI6
mimics the positioning of hPADI2 W348 in the Ca’-free state. The
movement of hPADI2 W348 has been shown to be critical for catalytic
function as its substitution to alanine dramatically reduces the catalytic
activity of hPADI2 [25].

2.7. The predicted catalytic cysteine of hPADI6 is displaced away from
the active site center

The catalytic cysteine of hPADIs 1 to 4 is not conserved in hPADI6
but is replaced by an alanine flanked by two cysteine residues (Fig. 4C).
Both these residues are highly conserved in the PADI6 sequence; the first
is conserved in 78 of the 80 complete available PADI6 sequences with
the second cysteine being replaced by serine in rodents (Fig. 4D, S1 File).
Given the first of these cysteines, C675 in hPADI6, is more strongly
conserved, we hypothesised that this would be the catalytic cysteine of
hPADI6. This is reinforced by the structure of hPADI6, as C677 is likely
involved in a disulfide bond with C320, important in stabilising one of
the five ppap modules of the C-terminal domain (S7 Fig). C675 is still far
from the active site centre however and would need to move approxi-
mately 9.1 A to be in a similar position to the catalytic cysteine of Ca®*-
bound holo-hPADI4 (Fig. 4E). C645 of hPADI4 does move 4.5 A upon
Ca2 binding. It is therefore conceivable that hPADI6-C675 could move
into a similar position above the other active site residues although it is
highly unlikely this movement is induced by Ca?" binding. In close
proximity to C675 is another cysteine, C666 (distance between sulphur
atoms ~ 4.7 A) (Fig. 4F). Whilst these two cysteines do not appear to be
disulfide bonded in the refined structure, hPADI6 was purified and
crystallised in the presence of reducing agent TCEP, leaving the possi-
bility that C675 and C666 could form a disulfide bond in vivo. C666 is
not conserved in any of the other hPADIs yet is highly conserved in the
PADI6 sequence across all mammals (Fig. 4G, H). The positioning of
C666 and its uniqueness to PADIG6 is intriguing and could indicate a
possible redox mechanism regulating the accessibility and flexibility of
C675.

2.8. The hPADIG6 active site cleft is blocked

In the absence of Ca®* binding, the hPADI4 and hPADI2 active site
clefts are highly disordered [25,27]. Binding of Cal and Ca2 induces
structural ordering of this region, creating the active site cleft and
allowing the substrate to enter. By contrast, hPADI6 is well ordered in
this region (Fig. 5A) and a loop (E670-D673, blocking loop) blocks the
entrance to the active site cleft, occupying the site bound by BAEE in
substrate-bound hPADI4 (Fig. 5B, C). The ordered structure and posi-
tioning of this loop over the active site cleft is likely maintained by
hydrogen bonds between the 52-NH, group of N598 on a neighbouring
loop (holding loop) and D673, and the §!-O of N598 with the backbone
NH of G672 (Fig. 5B). Both D673 and G672 of the blocking loop are fully
conserved in the PADI6 sequence from 80 species (Fig. 5D). The holding
loop is an insertion in the PADI6 sequence, not present in PADIs 1 to 4
(Fig. 5E). Whilst there is some variation in the sequence of this loop
between the PADI6 sequence of different species, N598 is highly
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A hPADI4: L312-S320 hPADI4: C337-Q349 hPADI4: S370-D388 hPADI4: G395-G403
hPADI6 apo-hF BAEE

B C

hPADI6 apo-hPADI4 hPADI6 apo-hPADI4

Fig. 3. hPADIG6 is structured around Cal and Ca2 in the absence of Ca?" coordination. (A) Close-up views of unstructured loops in apo-hPADI4 (brown, PDB: 1WD8)
that are structured in holo-hPADI4 (white, PDB: 1WDA) aligned with corresponding loops in hPADI6 that are already structured in the absence of Ca®" (teal).
Unstructured loops represented by dashed lines and residue ranges of the unstructured loops in apo-hPADI4 are highlighted. (B) hPADI4 Cal site in the presence
(white, PDB: 1WDA) and absence (brown, PDB: 1WD8) of Ca®", aligned with hPADI6 (teal). hPADI4 Cal coordinating residues, and corresponding residues in
hPADI6 shown and labelled. Amino acid interactions with Cal represented by grey dashed lines. (C) Same as (B) but Ca2 instead of Cal.

Table 3
Ca RMSD values of hPADI6 aligned with various hPADI2 and hPADI4 structures.
PDB Protein Crystallisation hPADI6 RMSD Ca
Complex A)
4N20 hPADI2 Ca free 1.134 441
[25]
4N2B hPADI2 Cal, 3, 4, 5, 6 bound 1.079 434
[25]
4N2C hPADI2FY/ Ca bound 1.018 423
[25] 222A
1WD8 hPADI4 Ca free 1.027 416
[27]
1WD9 hPADI4 Ca bound 1.002 430
[27]
1WDA hPADI4®64%A Ca and BAEE bound 1.060 449
[27]

RMSD values calculated using PyMOL only counting Ca position. C = number
of Ca used to calculated RMSD.

conserved, and present in this position in 79 out of the 80 sequences
analysed (Fig. 5F). Together this indicates a unique evolved mechanism
by which the PADI6 active site is blocked. Interestingly, a compound
heterozygous variant in p.N598 (p.N598S/p.R682Q) has been reported
in a patient with female infertility [1]. Additionally, a patient carrying
homozygous p.I599A has also been reported to be infertile. Neither of
these patients displayed the common early embryonic development ar-
rest phenotype however, with both patients experiencing longer preg-
nancies, high miscarriage incidence and hydatidiform mole (HM)
formation [7]. Interestingly, only the patients carrying these variants in
the holding loop displayed this alternate phenotype, suggesting it is
critical to regulating some function of PADI6, conceivably the structural
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integrity of the active site pocket.

Given the sequence proximity of the hPADI6 predicted catalytic
cysteine (C675) to the blocking loop, we hypothesised that a structural
rearrangement of the blocking loop would also move C675. As such,
disruption of the hydrogen bonds between the blocking and holding
loops could theoretically open the active site pocket and simultaneously
move C675 into the active site. To test this hypothesis, five hPADI6
variants were prepared recombinantly. The first two variants aimed to
directly disrupt the hydrogen bonding between the loops: one with N598
substituted with alanine (hPADI6N598A), and a second with D673 as well
as the proximal E670 substituted with alanine residues (hPADI6E67°A’
D673Ay (S8 Fig). E670 was substituted as well as D673 due to its prox-
imity to N598 and potential capacity to form a hydrogen bond in the
absence of D673. These substitutions would likely not result in the
movement of gatekeeper R355 out of the active site pocket, however. To
counter this, the hPADI6 variants containing blocking or holding loop
substitutions were also recombinantly prepared with R355 substituted
to alanine (hPADI6R>>>A N598A anq hPADIER3SSA E670A, D673Ay o5 well as
a fifth variant with only R355 substituted to alanine for comparison
(hPADI6R®>5%) (S8 Fig). hPADI6N%®A and hPADIEN70A D673A hoth
melted at a similar temperature to the unsubstituted hPADI6 protein
(Fig. 5G), suggesting disruption of the loop hydrogen bonds do not
destabilise the overall folded structure of hPADI6. The three variants
containing the R355A substitution were destabilised by an average of
1.3 °C suggesting R355 had some importance in folding interactions,
although this destabilising effect was relatively small. None of the var-
iants displayed any citrullination activity against PADI substrates BAEE,
BAME or BAA, however, demonstrating that disruption of this loop re-
gion is not sufficient to induce catalytic activity (Fig. 5H-J). Without
structural information on the loop in each of the variants, we cannot
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Fig. 4. The hPADI6 active site partially aligns with hPADI2 and hPADI4. (A) Close up view of hPADI6 active site residues (teal), aligned with apo-hPADI4 (brown,
PDB: 1WD8), and holo-hPADI4 (white, PDB: 1WDA). Substrate BAEE as part of the holo-hPADI4 displayed in orange. (B) Close up view of hPADI6 active site residues
(teal), aligned with apo-hPADI2 (pink, PDB: 4N20). Key arginine, glutamine and tryptophan residues, as well as catalytic tetrad residues highlighted. (C) Sequence
alignment of the human PADIs centred on the key catalytic cysteine residue. Yellow shading = potential hPADI6 key catalytic cysteine residues and confirmed
hPADI1-4 catalytic cysteines. Predicted hPADI6 catalytic cysteine C675 highlighted. Sequence alignment produced using Clustal Omega [39]. (D) Logo plot of the
hPADI6 sequence surrounding potential catalytic cysteine residues C675 and C677 aligned with the sequences of PADI6 in 79 other species. For a list of species used
see S1 File. Logo plot produced using WebLogo.berkeley.edu [40,41]. (E) Close up view of hPADI6 active site residues (teal), aligned with apo-hPADI4 (brown, PDB:
1WDS8), and holo-hPADI4 (white, PDB: 1WDA). Predicted hPADI6 catalytic cysteine shown with distances to confirmed hPADI4 catalytic cysteine C645 (C645A in
holo-hPADI4 structure) in the apo and holoenzyme structures. Substrate BAEE as part of the holo-hPADI4 structure displayed in orange. (F) Close-up view of hPADI6
C675 and C666 positioned above the catalytic aspartic acids and histidine. Distance between sulphur atoms of each cysteine = 4.7 A. (G) Sequence alignment of the
human PADIs centred on the hPADI6 C666, highlighted by yellow shading. C666 is not conserved in hPADIs 1 to 4. Sequence alignment produced using Clustal
Omega [39]. (H) Logo plot of the PADI6 sequence surrounding hPADI6 C666 aligned with the PADI6 sequences of 79 other species. C666 is conserved in 78 out of 80
aligned sequences. For a list of species used see S1 File. Logo plot produced using WebLogo.berkeley.edu [40,41].
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Fig. 5. The hPADIG6 active site pocket is blocked. (A) Close-up view of unstructured loop D632-C645 in hPADI4 in the absence of Ca®>* (brown, PDB: 1WD8) that
becomes structured in holo-hPADI4 (white, PDB: 1WDA) aligned with corresponding loop in hPADI6 that is already structured in the absence of Ca** (teal). Un-
structured loops displayed by dashed lines. Substrate BAEE as part of the holo-hPADI4 structure displayed in orange. hPADI4 catalytic cysteine C645 (C645A in holo-
hPADI4 structure) and predicted hPADI6 catalytic C675 highlighted. (B) hPADI6 blocking and holding loops showing hydrogen bonds between D673 of the blocking
loop and backbone NH of G672, with N598 of the holding loop. Predicted catalytic cysteine C675 is adjacent to the blocking loop. (C) Surface representation of the
holo-hPADI4 active site cleft (white, PDB: 1WDA), superimposed with ribbon representation of hPADI6 (teal). Substrate BAEE as part of the holo-hPADI4 structure
displayed in orange. hPADI6 D673, G672, and N598 shown with predicted hydrogen bonds represented by grey dashed lines. (D) Logo plot of the hPADI6 blocking
loop sequence aligned with the sequences of PADI6 in 79 other species. For a list of species used see S1 File. D673 is conserved in all 80 of the aligned sequences. Logo
plot produced using WebLogo.berkeley.edu [40,41]. (E) Sequence alignment of the human PADIs covering the hPADI6 holding loop sequence showing it is an
insertion in the PADI6 sequence. hPADI6 holding loop highlighted with grey dashed box. Sequence alignment produced using Clustal Omega [39]. (F) Logo plot of
the hPADI6 holding loop sequence aligned with the sequences of PADI6 in 79 other species. For a list of species used see S1 File. N598 is conserved in 79 of the 80
aligned sequences. Logo plot produced using WebLogo.berkeley.edu [40,41]. (G) NanoDSF determined melting temperatures (Ty,) of wild-type (WT) hPADI6 and
variants. Unpaired parametric t-test, **** = p < 0.0001. 2 independent replicates of 3 technical replicates performed. (H) Activity of WT hPADI6, hPADI6 variants or
hPADI4 with PADI substrate BAA determined by COLDER assay. Reactions performed in 10 mM CaCl; and quenched after 1 h incubation at RT. [hPADI6/hPADI6
variant] = 500 nM, [hPADI4] = 50 nM, [substrate] = 10 mM. Unpaired parametric t-test, **** = p < 0.0001. 2 independent replicates of 3 technical replicates
performed. (I) As (H) with BAME instead of BAA. (J) As (H) with BAEE instead of BAA.
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determine whether these substitutions successfully disrupted the in-
teractions and opened the active site pocket or whether the active site
pocket was opened but the cysteine was not moved into position.
Additionally, it is likely that other structural rearrangements are
required such as the movement of W356 to form a wall in the active site
pocket, which has been shown to be critical for the catalytic activity of
hPADI2 [25]. It has also been reported that hPADI4 catalytic activity
and dimerisation is linked to the interplay between a dimer-interface
loop (I-loop) and a substrate-binding loop (S-loop) [42]. In short,
D465 and V469 of the S-loop, Y435 and R441 of the I-loop, and W548
which stabilises the I-loop through van der Waals interactions, are all
critical for activity. Crucially, W548 is not conserved in hPADI6, where
it is replaced by a leucine (L568), suggesting this could also be
contributing to the lack of catalytic activity observed, although it is not
enough to disrupt hPADI6 dimerisation.

2.9. Predicting damage score of clinically significant PADI6 variants

Finally, with a high-resolution X-ray crystal structure of hPADI6 in
hand, we investigated the structural consequences of the reported clin-
ically significant variants. A total of 25 variants were mapped onto the
hPADI6 structure, 12 of which are associated with early embryonic
developmental arrest, 3 of which are associated with extended preg-
nancies with recurring hydatidiform moles, and 8 that are present in
fertile women whose offspring have imprinting disorders (Fig. 6A). 2
variants were reported to result in both the early embryonic develop-
ment arrest and imprinting phenotypes. 19 out of the 25 mapped sub-
stitutions were present in the C-terminal domain of hPADI6.

We modelled the effects of all possible hPADI6 missense variants on
the stability of the full homodimer and used this to calculate the recently
introduced AAGnk metric for each variant, whereby a value of O rep-
resents the least damaging possible mutations and 1 represents the most
damaging variant [43]. Wild-type alleles were given a value of 0 and
protein null (i.e. truncating) variants were given a value of 1. Next, we

A
C Early arrest )C HM

hPADI6 Chain A
hPADI6 Chain B
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scored each patient in terms of their predicted biallelic structural
damage to hPADI6 by averaging the two values for each allele. We
compared the dimer-based biallelic structural damage scores to equiv-
alent scores calculated from the monomeric subunit structure, and from
several state-of-the-art variant effect predictors [44], testing them for
their ability to distinguish between infertility and MLID phenotypes as
measured by the receiver operating characteristic (ROC) area under the
curve (AUC) (Fig. 6B). Remarkably, we find that the dimer-based scores
show considerably better discrimination, demonstrating the power of
considering protein structural context for clinical interpretation of
hPADI6 variants.

In Fig. 6C, we compare the biallelic structural damage scores for the
infertility, HM and MLID patients along with heterozygous and homo-
zygous variants from gnomAD v2.1, and homozygous variants from
primAD as putatively unaffected controls. Notably, the infertile women
tend to have significantly higher structural damage scores than the MLID
cases or the controls, suggesting that structural damage to hPADI6 is the
primary molecular mechanism underlying infertility-associated
missense variants. The primary reported function of PADI6 is as a key
structural component CPLs [33]; a structurally damaged PADI6 would
likely not be able to form the CPLs resulting in early developmental
arrest. The biallelic structural damage score of MLID cases was also
significantly higher than both the gnomAD and primAD scores, sug-
gesting structural damage is also a mechanism underlying the observed
imprinting defects. Given women carrying these variants are fertile, it is
likely that whilst the protein structure is damaged, PADI6 can fold suf-
ficiently to carry out a subset of its functions, possibly the formation of
the CPLs, or some CPL sub-units, resulting in a milder phenotype.
Elucidation of potential PADI6 functions independent of the CPLs is
required to validate this hypothesis.

Interestingly, in the infertility group, four of the biallelic structural
damage scores were markedly higher for the dimeric structure than the
monomeric structure, where on average the other infertility-related
variants had comparable biallelic structural damage scores for the
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Fig. 6. Structural damage explains clinically significant hPADI6 variants. (A) hPADI6 dimer structure with clinically significant hPADI6 variants highlighted on
Chain A as spheres. Variants that result in early embryonic developmental arrest shown in light pink, hydatidiform moles in lilac, multi-locus imprinting disorders
(MLID) in offspring in magenta, and variants that have been reported to result in both MLID and early embryonic developmental arrest in purple. (B) Performance of
biallelic damage scores, calculated from the dimeric and monomeric structures, as well as from five sequence-based variant effect predictors, at discriminating
between infertility and MLID patients, as measured by ROC AUC, whereby a value of 1 indicates perfect discrimination, and 0.5 would be expected for random
chance. (C) Distribution of biallelic structural damage scores, calculated from the full dimer structure, for women with variants associated with infertility, HM and

MLID, as well as putatively unaffected controls from gnomAD and primAD.
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monomer and dimer (S9A Fig). Each case possessed either a H211Q,
P289L, or E586K causing variant, all of which are localised at the
hPADI6 dimer interface (S9B Fig). This highlights the importance of
hPADI6 dimerisation to its function in early embryo development.

3. Conclusion

Together, this work highlights key differences in the structure of
hPADI6 compared with the other hPADIs and provides insight into how
its regulation and function differs from the rest of the family. Our
structure also provides a useful resource for characterising the effect that
clinically significant PADI6 variants have on its structure and function.
The lack of sequence homology between hPADI6 and the rest of the
PADIs does not impact its dimerization ability, although it does elimi-
nate the capacity of hPADI6 to bind calcium. The function of dimer-
ization in hPADI6, and also the other PADIs, has yet to be fully
elucidated [24-27,34]. Understanding the cellular function of hPADI6
dimerisation could provide insight into the functions of dimerisation in
the other PADIs too. In this regard the three potential dimerisation
disrupting PADI6 variants identified in this work offer a unique system
to study this further.

Perhaps the most intriguing observation from this work is the
structure of the hPADI6 active site. The active site pocket of hPADI6
appears blocked through hydrogen bonding between two loops, one of
which is an insertion in the PADI6 sequence, not present in the other
PADIs. Furthermore, the predicted catalytic cysteine of hPADI6 is dis-
placed away from the active site centre. It is conceivable that a structural
rearrangement of the blocking loop could both open the pocket and
move the cysteine into an enzymatically active position. A move of such
distance is plausible considering that the cysteine residues of hPADI2
and hPADI4 both undergo dramatic movements upon calcium binding,
along with significant structural rearrangements in general [25,27].
Given that hPADI6 does not appear to bind calcium however, it is not
clear what could cause such a movement if hPADIG6 is indeed enzymat-
ically active. One possibility is a post-translational modification (PTM)
to PADI®, especially as there have been reports of PADI6 phosphoryla-
tion [45,46]. Interestingly, however, whilst this manuscript was in
preparation, a structure of a hPADI6 variant containing two phospho-
mimetic substitutions, V1OE and S446E, was disclosed (PDB: 8QLO)
[22]. The published phosphomimetic structure is similar to our
wild-type structure (Ca-RMSD of 0.436 A over 504 atoms). In particular,
the active site is also blocked by the same loop, suggesting, at least these
PTM mimics are not sufficient to open the active site. An alternative
possibility could be activation through a protein-protein interaction
(PPI) around the Cal and Ca2 sites that induces similar structural
changes to that of Ca2 binding in hPADI2 and hPADI4. Examples of
peptide or protein binding at this site have recently been reported to
have activating effects on hPADI4 at significantly lower Ca" concen-
trations [23,35]. Without knowledge of the hPADI6 binding partners,
this cannot be tested. As binding partners are identified, it is of upmost
importance to characterise their capacity to activate hPADI6. Immediate
candidates for this are members of the SCMC and other components of
the CPLs.

An alternative possibility is that this unique evolved mechanism for
blocking the active site pocket is a permanent feature, resulting in a
perpetually catalytically dead protein. In this scenario the function of
hPADI6 could be purely structural, notably forming the CPLs. Interest-
ingly, it has been reported that the CPLs have differing morphologies
between mice and humans. A high-resolution structure of mouse PADI6,
and other CPL component proteins, will therefore also be vital to fully
understand the structural significance of PADI6 within the CPLs. Due to
the lack of clarity surrounding the molecular functions of hPADI6 in
early embryo development, we are limited in the insights we can make
into how the structure and lack-of-conservation affects the molecular
functions of hPADI6. Moving forward, it is of critical importance to
disentangle possible CPL related and non-CPL related functions of PADI6
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in early embryo development.
4. Materials and methods

4.1. Cloning and preparation of pcDNA3.1-Strep-Strep-TEV-hPADI6
recombinant DNA

Primers were designed using SnapGene software (www.snapgene.
com) for In-Fusion cloning. A full list of oligonucleotides used in this
work can be found in S1 Table. The hPADI6 CDS (DNASU,
#HsCD00297377) was amplified by PCR. The pcDNA3.1-Strep-Strep-
TEV vector (donated by the McDonald lab at the Francis Crick Insti-
tute) was also linearised by PCR. Amplified fragment inserts and line-
arised vectors were resolved by gel electrophoresis and extracted and
purified from the gel using the PureLink™ Quick Gel Extraction Kit
(Invitrogen, #K210012) following the manufacturers protocol. Frag-
ment (~50 ng) and linearised vector (~50 ng) were combined with 2 pL
5X In-Fusion HD Enzyme (Takara Bio, #938910) and mixture made up
to 10 uL with Nuclease Free Water (Fisher Bioreagents, #10336503).
The mixture was incubated for 15 mins at 50 °C and 5 pL transformed
into 50 pL a E. Coli NEB® 5-alpha aliquot (NEB®, #C2987H). Plasmids
were sanger sequenced by GeneWiz (Azenta Life Sciences) to confirm
successful gene insertion and MaxiPrepped using the ZymoPURE II™
Plasmid Maxiprep kit (Zymo, #D4202) before transfection into
Expi293™ cells.

4.2. Plasmid mutagenesis

Mutagenesis primers were designed to be ~35 bp in length, with a
melting temperature > 78 °C with a GC content of ~40 % terminating in
C or G. A full list of oligonucleotides used in this work can be found in S1
Table. Mutagenesis was performed following the Agilent QuickChange
Protocol. In brief, PCR mixes were made up as follows in a total volume
of 50 uL: 1X Pfu reaction buffer (Agilent, #600250), 0.2 mM dNTP
(NEB®, #N0447L), 2.5 ng/uL forward primer, 2.5 ng/pL reverse primer,
25 ng plasmid and 0.5 pL Pfu Polymerase (Agilent, #600250). The PCR
program was as follows: hot start at 98 °C for 30 s, denaturation at 98 °C
for 30 s, annealing at 50 °C for 1 min, extension at 72 °C for 1 min per
kb of plasmid. Denaturation, annealing and extension steps repeated for
15 cycles. After PCR amplification, 1 uL Dnp1 restriction enzyme (NEB,
#R0176S) was added to the PCR mixture and the sample incubated at
37 °C for 1 h. After 1 h, 5 uL were transformed into a E. Coli NEB® 5-
alpha aliquot (NEB®, #C2987H). Plasmids were sanger sequenced by
GeneWiz (Azenta Life Sciences) to confirm presence of desired mutation
and MaxiPrepped using the ZymoPURE II™ Plasmid Maxiprep kit
(Zymo, #D4202) before transfection into Expi293™ cells.

4.3. Protein expression

Expi293™ cells (Gibco™, #A14527) were incubated with 150 rpm
agitation, 8 % COs, at 37 °C and diluted twice weekly. For transfection,
cells were counted using Vi-CELL XR counter (Beckmann Coulter®) and
diluted to 2 x 10° cells/mL in 400 mL pre-warmed Expi293™ Expres-
sion Medium (Gibco™, #A1435101). 24 h later, cells were transfected
as follows: 400 ug MaxiPrepped recombinant DNA (pcDNA3.1_Strep-
Strep-TEV-hPADI6) was diluted in 20 mL Opti-MEM® (Gibco™,
#11058021), 1.2 mL of 1 mg/mL PEI 25 K™ (Polysciences, #23966-1)
diluted in 18.8 mL Opti-MEM®. Both mixtures were gently mixed by
inversion and incubated for 5 mins at RT before being combined and
incubated for 20 mins at RT. After incubation, DNA-PEI mixture was
titrated dropwise into 400 mL Expi293™ cell culture with constant
agitation of the culture. Cultures were then incubated for 3 days before
harvesting by centrifugation at 2000 rpm for 15 mins at 4 °C. Cell pel-
lets were then washed in cold 50 mL cold PBS with cOmplete™ EDTA-
free Protease Inhibitor Cocktail tablets (Merck, #73567200) and
centrifuged at 2000 rpm for a further 10 min. The supernatant was
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discarded, cell pellet flash frozen in liquid nitrogen and stored at —80 °C.
4.4. Protein purification

Frozen transfected Expi293™ cell pellets were re-suspended in pu-
rification buffer (50 mM Tris-HCI, pH 7.5, 200 mM NaCl, 1 mM TCEP)
with cOmplete™ EDTA-free Protease Inhibitor Cocktail tablets (Merck,
#73567200), 1 mg/mL Lysozyme (Sigma, #L6876-5 G) and a micro-
spatula full of DNAse (Roche, #10104159001). Cells were lysed on ice
by sonication (3 s on, 5s off, 30 % intensity, 3 mins total on time).
Crude lysate was centrifuged at 21,000 rpm for 45 mins on a JA-25.50
rotor (Beckman Coulter®) and filtered through 0.45 um PVDF filters
(Merck, #SLHVO033RS) using a syringe. Cleared cell lysate was added to
StrepTactin® XT 4Flow® resin (Iba, #2-5010-025) at a ratio of 2 mL
packed beads per 500 mL Expi293 cell culture and incubated at 4 °C for
4 h with gentle rotation. After 4 h, the unbound fraction was removed by
gravity filtration and the resin was washed with purification buffer (5
times, double volume of resin). The resin was then re-suspended in twice
its volume of purification buffer, His-TEV protease added at a ratio of
2 mg protease per 500 mL Expi293 cell culture and incubated at 4 °C
overnight with gentle rocking. The cleaved protein was then removed by
gravity filtration and the resin washed with purification buffer (3 times,
double volume of resin). The cleaved flow-through and wash fractions
were combined, added to 1 mL (packed) Ni QR Agarose Beads (Abcam,
#AB286860) and incubated at 4 °C for 1 h with gentle rocking to
remove the His-TEV protease. The flow through was then collected, and
the column washed with purification buffer (3 times, 2 mL). Flow
through and wash fractions were then combined and concentrated to
2 mL using a Vivaspin® 20, 30000 MWCO ultrafiltration centrifugal
concentrator (Sartorius, #VS2022). The concentrated protein samples
were then purified by size exclusion chromatography using a HiLoadTM
16/600 SuperdexTM 200 pg Gel Filtration Column (Cytivia, #
28989335), in purification buffer on an AKTApureTM system (Cytivia).
Fractions were characterised by SDS-PAGE and pooled. Pooled fractions
were concentrated again until no further decrease in volume was
observed using a Vivaspin® 20, 30000 MWCO ultrafiltration centrifugal
concentrator and stored at —80 °C.

hPADI6 variants were purified following the same protocol as the
wild type protein excluding the final SEC step and were pooled and
stored after cleavage from StrepTactin® XT 4Flow® resin.

4.5. Intact-MS

Proteins were diluted to 1 uM with 2 % (v/v) formic acid and 2 % (v/
v) acetonitrile to reduce the pH to 2, denaturing the protein. Denatured
proteins were injected onto a C4 BEH 1.7 um, 1 mm x 100 mm UPLC
column (Waters™, #186005590) using an Acquity I class LC (Waters™).
Proteins were eluted with a 15 min gradient of acetonitrile (2 % v/v to
80 % v/v) in 0.1 % v/v formic acid using a flow rate of 50 uL/min. The
analytical column outlet was directly interfaced via an electrospray
ionisation source, with a time-of-flight BioAccord mass spectrometer
(Waters™). Data was acquired over a m/z range of 300 — 8000, in pos-
itive ion mode with a cone voltage of 40 v. Scans were summed together
manually and deconvoluted using MaxEnt1l (Masslynx, Waters™).

4.6. Colour Developing Reagent (COLDER) assay

PADI activity was assessed using the Colour Development Reagent
(COLDER) assay [20]. hPADI4 was previously produced in-house from
E. Coli, see Bertran et al. [23]. Reactions were carried out in 96-well
plates (Thermo Scientific™, #260895). hPADI6 (final conc.
500 nM) or hPADI4 (final conc. = 50 nM) in COLDER buffer (50 mM
HEPES pH 7.5, 150 mM NacCl, 10 mM CaCly, 2 mM DTT) were combined
with PADI substrate (BAA (fluorochem., #F242800-1 G), BAME (fluo-
rochem., #F329642-1 G), or BAEE (Merck, #B4500); final conc.
=10 mM) and incubated for 1h at RT. A negative control with no
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protein was included for each experiment. After 1 h, reactions were
quenched with 50 mM EDTA and citrulline level in the mixtures were
determined as follows. 1vol of 80mM Diacetyl monoxime/2,
3-butanedione monoxime (Sigma, #31550-25G), 2mM Thio-
semicarbazide (Thermo Scientific Chemicals, #138901000), and 3 vol-
umes of 3 M H3POg4, 6 M HySO4 and 2 mM NH4Fe(SO4)2, was added to
each well and the plate heated for 15 mins at 95 °C. After 15 mins, plates
were cooled to RT and absorbance measured at a wavelength of 540 nm
using a CLARIOstar Plus microplate reader (BMG Labtech). Absorbance
bar charts were plotted using Prism (GraphPad Software). All experi-
ments were conducted as two independent replicates of three technical
replicates. Statistical significance was calculated using Prism using an
unpaired parametric students t-test.

4.7. Mass photometry

Proteins were diluted to an approximate concentration of 40 nM in
purification buffer (50 mM Tris-HCl, pH 7.5, 200 mM NaCl, 1 mM
TCEP). 2 L of diluted protein was then added to 18 pL of PBS in the well
of a gasket on a TwoMP instrument (Refeyn) and events recorded over
the course of 1 min using the AquireMP software (Refeyn). Molecule
sizes were then calculated using the AnalyseMP software (Refeyn) using
BSA (66 kDa, Thermo Scientific™, #23209), ADH (150 kDa, Sigma-
Aldrich, #A7011) and Urease (90/272/544 kDa, Sigma-Aldrich,
#94280) as standards. Mass normalised event histograms were then
produced using Prism (GraphPad Software) with bin sizes of 5 kDa.

4.8. Nano differential scanning fluorimetry

Proteins were diluted to an approximate concentration of 0.2 mg/mL
in purification buffer (50 mM Tris-HCI, pH 7.5, 200 mM NaCl, 1 mM
TCEP) with either 10 mM EDTA or 10 mM CaCl,. Melting experiments
were performed using Prometheus™ NT.48 High Sensitivity Capillaries
(NanoTemper, #PR-C006-200) on a Prometheus (NanoTemper) in-
strument with a 20 to 95 °C melt at 1 °C per minute. Melting tempera-
tures were extracted as the first derivative peak in the melting curve
calculated using the Panta Analysis software (NanoTemper). All exper-
iments were conducted as two independent replicates of three technical
replicates. Statistical significance was calculated using Prism using an
unpaired parametric students t-test.

4.9. Crystallisation, data collection, and structure determination of
hPADI6

hPADI6 was concentrated to 5 mg/mL and crystallised at 20 °C using
sitting-drop vapour diffusion. Sitting drops of 600 nL consisted of a 6:5:1
(vol:vol:vol) mixture of protein, well solution and seed stocks from a
previous optimisation tray. Well solutions consisted of 20.9 % w/v
PEG3350, 0.2M KSCN, 0.1 M Bis-Tris propane, pH 6.5. Crystals
appeared within a few days and reached their maximum size after 21
days. Crystals were cryoprotected in perfluoropolyether cryo-oil
(Hampton research, #HR2-814). X-ray data were collected at 100 K at
beamlines 103 (mx25587-64) of the Diamond Light Source Synchrotron
(Oxford, UK). Data collection and refinement statistics are summarized
in Table 1. Data sets were indexed, scaled and merged with xia2 [47].
Molecular replacement used the atomic coordinates of an AlphaFold 2.0
model of PADI6 dimer. Refinement used Phenix [48]. Model building
used COOT [49] with validation by PROCHECK [50]. All residues from
chain A and chain B showed a continuous electron density except for the
following residues: Al-A6, B1-B7, A64-A70, B64-B71, A166-A176,
B166-B178, and A383-A389. Both chains were structurally virtually
identical with an RMSD of 0.29 A (7614 atoms). Chain B was used for all
figures and structural analysis. Figures were prepared using the PyMOL
Molecular Graphics System, Version 2.0 (Schrodinger, LLC). Atomic
coordinates and crystallographic structure factors have been deposited
in the Protein Data Bank under accession code PDB: 9FMN.
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4.10. Calculation of structural damage and variant effect prediction
scores

FoldX 5.0 [51] was used to calculate AAG values for all possible
missense variants using both the full structure of the hPADI6 dimer and
the monomeric subunit considered in isolation. The ‘RepairPDB’ func-
tion was run before modelling, and 10 replicates were used for AAG
calculation. Absolute AAG values were then converted to the rank
normalised AAGank metric to improve comparability and interpret-
ability of variants [43]. Variant effect predictor scores were taken from a
recent study [44], and rank normalised in the same manner as the AAG
values to convert them to a 0-1 scale. For all patients and putatively
unaffected controls, a biallelic score could then be calculated in the same
way, by averaging the 0-1 score for each allele, considering wild type as
a value of 0, and null variants as a value of 1.

Two “putatively unaffected” sets were considered for comparison of
the biallelic scores. First, gnomAD v2.1 [52] was used, considering all
distinct protein-coding variants as separate cases, regardless of allele
frequency. For homozygous variants, the biallelic score was calculated
from two copies of the same variant, while for heterozygous variants, the
other allele was considered to be wild type, given the absence of infor-
mation about phasing. Second, homozygous missense variants from
primAD [53] were used, based on sequencing of non-human primate
species. primAD has the advantage of containing far more homozygous
variants than gnomAD, facilitating the calculation of individual-level
biallelic scores.

4.11. PADI6 multi-species sequence alignment and logo plot

The aligned PADI6 coding sequences from all 90 species recorded
with a PADI6 orthologue gene were extracted from Ensembl (Release
111)[54] on 25/04/2024 and exported into JalView [55]. For an
aligned list of Ensembl protein sequences used see S1 File. 10 sequences
were excluded due to missing regions in the sequence or multiple stop
codons within the coding sequence, leaving 80 sequences. Aligned se-
quences corresponding to regions of interest in hPADI6 were exported in
FASTA format and logo plots produced using WebLogo.berkeley.edu
[40,41].
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