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Abstract

The phospholipase D (PLD) family is comprised of enzymes bearing phospholipase activity towards lipids or endo- and exonuclease activity
towards nucleic acids. PLD3 is synthesized as a type Il transmembrane protein and proteolytically cleaved in lysosomes, yielding a soluble
active form. The deficiency of PLD3 leads to the slowed degradation of nucleic acids in lysosomes and chronic activation of nucleic acid-specific
intracellular toll-like receptors. While the mechanism of PLD phospholipase activity has been extensively characterized, not much is known about
how PLDs bind and hydrolyze nucleic acids. Here, we determined the high-resolution crystal structure of the luminal N-glycosylated domain
of human PLD3 in its apo- and single-stranded DNA-bound forms. PLD3 has a typical phospholipase fold and forms homodimers with two
independent catalytic centers via a newly identified dimerization interface. The structure of PLD3 in complex with an ssDNA-derived thymidine
product in the catalytic center provides insights into the substrate binding mode of nucleic acids in the PLD family. Our structural data suggest
a mechanism for substrate binding and nuclease activity in the PLD family and provide the structural basis to design immunomodulatory drugs
targeting PLD3.
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Introduction

The intracellular lysosomal catabolism of complex macro-
molecules like proteins, (glyco-) lipids, glycosaminoglycans,
N- and O-glycans, or nucleic acids by lysosomal enzymes is a
highly coordinated process, mediated by the concerted action
of >60 enzymes and additional accessory proteins. Amongst
the poorly defined degradative pathways is the complete hy-
drolysis of nucleic acids: Both intracellular and extracellular
RNA and DNA reach lysosomes by autophagy (e.g. cytosolic
mRNA, tRNA, ribosomal RNA, mitochondrial RNA/DNA
or nuclear DNA by piecemeal-autophagy of the nucleus) and,
in a subset of cell types, by phagocytosis of foreign pathogens
(bacteria, viruses) or self debris (e.g. due to the phagocyto-
sis of apoptotic cells) (1). The amount of nucleic acids that
is turned over in lysosomes is remarkable: it was found that
in rat liver under conditions of nutritional deprivation, 65%
of total cytoplasmic RNA is degraded per day, with approx-
imately 70-85% occurring in lysosomes (2), highlighting the
need for effective degradation. Notably, the efficient turnover
of nucleic acids has an additional important physiological
function: Late endosomes and lysosomes serve as critical or-
ganelles in the sensing of a subpopulation of intracellular nu-
cleic acid innate immune system receptors, namely intracel-
lular toll-like receptors (TLRs) (3). Intracellular TLRs bind
both DNA and RNA as specific ligands. Upon dimerization,
they transmit their signal to intracellular signaling cascades,
finally activating NFkB and, consequently, pro-inflammatory
gene expression and interferon regulatory factors (IRFs), in-
ducing an interferon response. Thus, TLR-mediated signaling
renders the endo-lysosomal turnover of nucleic acids in a well-
adjusted and well-controlled manner critical for a balanced
immune response against pathogens and autoimmunity (3-5).
Therefore, a complete perception of the lysosomal degrada-
tion of nucleic acids is critical for understanding endosomal
innate immunity and poses pharmacological intervention as
an interesting approach to manipulating these processes.
After reaching the acidic compartments, the degradation of
DNA to nucleotides is initiated by the cleavage of DNase II,
an endonuclease that cleaves double-stranded DNA with low
sequence specificity (6). DNase II is ubiquitously expressed,
and its deficiency in mice leads to the accumulation of apop-
totic nuclei in phagocytic cells (e.g. macrophages) (7), high-
lighting its critical function in the initiation of the turnover of
double-stranded DNA (dsDNA). To which extent (i.e. length
of DNA fragments) hydrolysis occurs remains to be eluci-
dated. However, it is assumed that DNase II generates smaller
single-stranded DNA (ssDNA) fragments that are subject to
further ssDNA-specific exonuclease activity. Indeed, an acidic
ssDNA-specific 5' DNase was already biochemically charac-
terized in 1968 and assigned as ‘spleen exonuclease’ (8), but
the coding gene was not cloned, and the protein was not iden-
tified. In 2018, ‘spleen exonuclease’ was identified as phospho-
lipase D3 (PLD3) (5). The lysosomal degradation of RNA is
mainly mediated by RNaseT2, which is an endonuclease that
cleaves single-stranded RNA into mono- or oligonucleotides
with generally little sequence specificity (9). In fact, PLD3
cleaves ssSRNA with similar high efficiency to ssDNA (4,10).
PLD3 is a resident lysosomal protein and is synthesized as
an N-glycosylated type II transmembrane protein, which un-
dergoes proteolytic processing in acidic compartments, yield-
ing a soluble, stable luminal C-terminal domain (11). The
type II topology determines the C-terminal domain, contain-
ing the active site, to be in the lumen of the lysosome. The
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transport of PLD3 involves the ubiquitination of the cytoso-
lic N-terminus and subsequent sorting into intraluminal vesi-
cles, where proteolytic processing occurs (11). Genetic vari-
ants in PLD3 have previously been shown to double the risk
of developing Alzheimer’s disease (12). This genetic link, how-
ever, could not be reproduced by others and is still contro-
versial (13-17). PLD3 has a paralog, PLD4, that has a sim-
ilar 5’-exonuclease activity (5). In contrast to PLD3, which
is broadly expressed in cell lines and tissues, the expression
of PLD4 is restricted to myeloid cells. Notably, variants in
PLD4 are genetic risk factors for lupus erythematodes and
autoimmunity (18). In vivo, PLD3 and PLD4 have (at least
partially) redundant functions: the knockout of both in mice
leads to death in the first weeks of life (5). Both proteins play
a relevant role in the innate immune system: In myeloid cells
from Pld3 or Pld4 knockout mice, the accumulation of short
ssDNA or ssRNA fragments continuously triggers the endo-
lysosomal TLRs TLR9 and TLR7, respectively, leading to an
autoimmune response and inflammation mediated by NF-xB
(4,5). The precise source of nucleic acid(s) (self vs. foreign,
taken up by phagocytosis vs. autophagy) that drives TLR ac-
tivation in PLD3/PLD4 deficient cells, however, remains enig-
matic. More recently, mitochondrial DNA was identified as
a major endogenous physiological substrate of PLD3, which,
upon leakage from lysosomes deficient in PLD3, can activate
cytoplasmic STING (19).

While crystal structures for RNaseT2 and DNase II are
available and provide important insight into the molecular de-
tails and function of both enzymes (9,20), no experimentally
determined structural information is available for the 5" ex-
onucleases PLD3 or PLD4. Both PLD3 and PLD4 belong to
the phospholipase-D (PLD) family of phosphodiesterases, a
protein family that shares a common biochemical mechanism
and an H(X)K(X4)D (HKD) signature motif within their ac-
tive site (21). HKD motifs represent linear sequences contain-
ing the amino acid residues histidine, lysine, and aspartate and
are present in other PLDs, even though the second HKD motif
found in the PLD3 sequence contains glutamate instead of as-
partate (HKE) (22). The PLD family consists of six members in
mammals: PLD1-PLD6. The most prominent family members
of the PLD family are PLD1 and PLD2, cytosolic enzymes cat-
alyzing the hydrolysis of phosphodiester bonds within phos-
pholipids such as phosphatidylcholine and producing phos-
phatidic acid and choline as catabolic end products, thereby
acting as critical mediators of intracellular signaling path-
ways. Little is known about PLDS, and it is even unclear if it
is active as an enzyme. PLD6 (synonymously called MitoPLD
due to its localization in mitochondria) and its Drosophila ho-
molog zucchini share some similar features with PLD3 and
PLD4: It also contains a transmembrane segment and is, inter-
estingly, active as a nuclease. PLD6 bears endoribonuclease ac-
tivity for single-stranded RNAs in vitro,and the RNA cleavage
products bear a 5’-monophosphate group (23,24). In contrast
to PLD3 and PLD4, which contain two HKD/HKE motifs,
the catalytic center of PLD6/zucchini is formed by the inter-
molecular homodimerization of two polypeptides containing
one HKD motif each. Notably, this kind of homodimeriza-
tion is quite common among the PLD family members that
act as nucleases (21). Besides the six PLD-family members in
humans and many eukaryotes, a plethora of family members
have been identified and functionally characterized in viruses,
prokaryotes, and plants, having both phosphodiesterase ac-
tivity towards lipids as phospholipase D enzymes as well as
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hydrolytic activity towards nuclei acid as nucleases. Nuc is an
endonuclease found in Escherichia coli, and its structure de-
termination yielded important initial insight into the catalytic
mechanisms of PLD-family member nucleases (25). The histi-
dine from one of the two HKD motifs was suggested to act as a
nucleophile in the catalytic mechanism, forming a phosphoen-
zyme intermediate, whereas a histidine residue from the other
motif appears to function as a general acid in the cleavage of
the phosphodiester bond. The lysine residues are involved in
phosphate binding (25).

Despite the structural and biochemical characterization of
Nuc, remarkably, no structural information of a PLD family
member with a bound DNA/RNA has been reported. Conse-
quently, the substrate binding mode and structural details of
the catalysis are not available. Here, we show the crystal struc-
ture of the luminal domain of PLD3 as an apoenzyme and
in complex with its natural substrate, ssDNA. Our findings
help us understand the molecular mechanisms of the lysoso-
mal PLD3-mediated single-stranded nucleic acid cleavage and
might be helpful for designing immunomodulatory drugs tar-
geting PLD3.

Materials and methods

Cell lines, antibodies and reagents

HEK293S GnTT cells were obtained from Dr Norbert Striter,
Leipzig, Germany. Hela cells were purchased from CLS Cell
Lines Service GmbH (Germany). An antibody against the lu-
minal domain of PLD3 (HPA012800) was purchased from
Sigma-Aldrich. The antibody against LAMP2 (clone H4B4)
was purchased from the Developmental Studies Hybridoma
Bank, Iowa City. The antibody against the KDEL epitope
(clone 10C3) was purchased from Millipore. Chemicals and
reagents were purchased, if not otherwise indicated, from
Sigma-Aldrich.

Unmodified and phosphorothioate-modified
oligodeoxynucleotides (oligos) were custom synthesized
by Biomers and purchased as mixed chiral (Rp)- and (Sp)-
configured enantiomers.

hPLD3 expression system

For large-scale recombinant production and purification, the
DNA sequence of the luminal domain (residues 61-490) of
human PLD3 (from here hPLD3) was fused to that encoding
a C-terminal 6 x histidine (6 x His) tag and an N-terminal Igk-
signal sequence in the pcDNA3.1/TnhEF-SB9-cl1-real vec-
tor (gift from Dr Manfred Gossen), in which the expression
of the gene product is controlled by a eukaryotic elonga-
tion factor 1 subunit o (EF-1x) promoter and flanked by
two transposons for the sleeping beauty transposase (26).
Co-transfection with the SB100-transposase containing vec-
tor (pCMV(CAT)T7-SB100(AL) SB100-Transposase; a gift
from Dr Manfred Gossen) leads to integration of the hPLD3
sequence together with a puromycin resistance gene into
the nuclear genome of the host cell line. As a host cell
line, HEK293S GnTI" was chosen: This cell line lacks N-
acetylglucosaminyltransferase I (GnTI) activity and is often
used for the production of recombinant proteins carrying ho-
mogenous high mannose-type glycan structures (27). After the
generation of monoclonal producer cell lines, the selected cell
lines expressed and secreted hPLD3 into their culture super-
natant.
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Purification of hPLD3 for crystallography

The stably transfected HEK293S GnTI" monoclonal cell line
was raised in T175 cell culture flasks (Sarstedt) in growth
medium (DMEM containing 10% (v/v) fetal calf serum) con-
taining 7 pg/ml puromycin (InvivoGen) to ~90% confluency,
followed by the addition of production medium (DMEM con-
taining 2.5% (v/v) fetal calf serum) for seven days. For har-
vesting the conditioned media, cells and cell debris were re-
moved by centrifuging for 5 min at 500 g, followed by ster-
ile filtration. The cell culture supernatant was concentrated
to a final volume of 50 ml and purified on an AEKTA Pu-
rifier system using the HisTrap™ HP Ni-charged IMAC col-
umn (GE Healthcare). After NiNTA affinity purification, pro-
tein fractions were eluted with PBS containing 250 mM im-
idazole, pooled and further purified by size exclusion chro-
matography (SEC) on the HiLoad™ 16/600 Superdex™ 75
prep grade column (GE Healthcare) in HEPES buffer at pH
7.5 containing 150 mM NaCl. The protein was concentrated
in a Vivaspin® 20 ultrafiltration unit (cutoff 10 kDa) at 4300
g and 4°C to a final concentration of 10-20 mg/ml, followed
by snap freezing in liquid nitrogen. The protein concentra-
tion was measured by UV-spectroscopy from 240 to 320 nm
in the Tecan SPARK® photometer. Purity was confirmed by
SDS-PAGE and colloidal Coomassie stain.

For the determination of the purified protein’s molecular
weight, size exclusion chromatography was performed on a
HilLoad 16/600 Superdex 200 pg column (Cytiva) in HEPES
buffer (pH 7.5). The column was calibrated with a mixture
of protein standards from the gel filtration LMW and HMW
calibration kits (Cytiva) with the same running parameters as
for the recombinant protein.

Lysosome enrichment from the mouse liver and
digestion of hPLD3

The enrichment of lysosomes from the mouse liver was per-
formed as described previously (28). 20 ug of hPLD3 were
incubated without or with 5 pg of lysosome-enriched frac-
tions for 3 h and for 18 h in 50 mM sodium acetate buffer
containing 100 mM NaCl and § mM L-cysteine at pH 4.5.
The reaction was stopped by the addition of Lammli buffer
and heating to 95°C, followed by SDS-PAGE and Coomassie
staining.

PLD3 enzyme activity assay

The specific enzymatic activity of PLD3 was determined at the
optimal acidic pH of 6.0 as described previously by the End-
labeled Fluorescence-Quenched Oligonucleotide (EFQO) as-
say based on the measurement of fluorescence emission upon
the release of a quencher from a fluorophore-labeled oligonu-

cleotide after enzymatic digestion (29).

Crystallization and structure determination

Apo-hPLD3 in 20 mM HEPES pH 7.0, 150 mM NaCl was
crystallized using the sitting-drop vapor-diffusion method.
Crystallization setups were performed by using a Gryphon
pipetting robot (Matrix Technologies Co.) for pipetting 200
nl of protein with a concentration of 10 mg/ml to an equal
volume of precipitant solution. The Rock Imager 1000 stor-
age system (Formulatrix) was used for storing and imaging
the experiments. Crystals appeared within 3 days. For crys-
tallographic phase determination, the crystals grew in 17%
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PEG 4000, 0.02 M Nal, 0.6 M ammonium sulfate, 15% glyc-
erol was soaked in 0.5 mM ammoniumtetrachloroplatinate
overnight before flash-freezing in liquid nitrogen. A 1.99 A
data set with an anomalous signal up to 2.99 A was col-
lected at a wavelength of A=1.072A. A second native 1.51
A apo-data set was measured at A=0.98141 A from a crystal
grown under identical conditions but containing 0.75 M am-
monium sulfate. At the identical wavelength, a 1.85 A dataset
of hPLD3 co-crystallized and additionally soaked for 2 days
with the phosphorothioate-modified ssDNA oligo T*TCATG
was collected. Crystals were grown in 15% PEG 4000, 0.02
M Nal, 0.9 M ammonium sulfate, 15% glycerol and were di-
rectly flash-frozen for data collection.

All diffraction data were recorded on BL14.1 at BESSY
II (Helmholtz-Zentrum Berlin, HZB), processed, and scaled
using XDSapp (30). The crystallographic phase problem for
the ammoniumtetrachloroplatinate derivative of hPLD3 was
solved by using HKL2Map (31), and the initial model was
built by ARP/wARP (32). The structure of oligo-bound
hPLD3 was solved by molecular replacement with Phaser (33)
using the native apo-hPLD3 structure as the search model.
Finally, both hPLD3 structures were manually built using
COOQOT (34) and iteratively refined using Refmac (35) and
Phenix (36).

Amino acids 72-98 and 101-490 of the hPLD3 structures
are well explained in the electron density, whereas residues
61-71 and 99-100 were not visible in the electron density.
97.5% of the residues in the apo hPLD3 structure are in the
allowed regions of the Ramachandran plot, and 97.1% for the
hPLD3-T*TCATG oligo complex structure. The Ramachan-
dran statistics of both structures were analyzed using Molpro-
bity (37). Figures and structure superimpositions were gener-
ated with PyMol (http://www.pymol.org). Protein interfaces
were calculated by the Protein Interfaces, Surfaces, and As-
semblies (PISA) server (38).

The atomic coordinates of apo hPLD3 and hPLD3-
T*TCATG complex have been deposited in the Protein Data
Bank (PDB ID codes 8Q1K and 8Q1X, respectively).

Analytical ultracentrifugation

Sedimentation velocity (SV-AUC) experiments of hPLD3 were
carried out at 40000 rpm, at 20°C. Sample solutions were an-
alyzed at a final concentration of 8 or 16 uM hPLD3. Ab-
sorbance data were acquired at a wavelength of 280 or 290
nm and in time intervals of 5 min. Sedimentation coefficient
distributions ¢(s) were analyzed with the program Sedfit (39).
The protein partial-specific volume and the buffer physical
constants were calculated from amino acid and buffer com-
position, respectively, using SEDNTERP (40).

Isothermal titration calorimetry (ITC)

ITC experiments were performed using a PEAQ-ITC mi-
crocalorimeter (Malvern). All titrations were performed at
10°C with 380 uM ssDNA variants (TTCATG, T*TCATG,
T*T*C*A*T*G*, T*T) in the syringe and 10 uM hPLD3 in
the reaction chamber. We also doubled the hPLD3 concentra-
tion in the reaction chamber to 20 uM and obtained compa-
rable values, but with higher errors due to the unfavourable
protein:DNA concentration ratio owing to the limitation of
the ssDNA stock concentration of 400 uM. The protein as
well as the titration components were in buffer containing 20
mM HEPES pH 7.5, 150 mM NaCl. Malvern software was
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used for data fitting. At the applied protein concentration of
10 and 20 uM, hPLD3 is mostly dimeric (see AUC data in
Figure 3D).

Mass spectrometry

Sample processing for analysis of hPLD3 after incubation with
mouse liver lysosomes

After incubation of hPLD3 with mouse liver lysosomes fol-
lowed by SDS-PAGE and Coomassie staining, gel bands (0 h
and 18 h) were excised from the gel and split into two halves
to be processed by the two proteases pepsin and elastase, re-
spectively. The halves were further cut into 2 mm? cubes and
destained with 100 mM ammonium bicarbonate (ABC), 30%
acetonitrile (ACN), 50 mM ABC and 100% ACN. Samples
were reduced with dithiothreitol (10 mM) at 65°C for 30 min
and then alkylated with iodoacetamide (55 mM final) in the
dark at room temperature for 30 min. Gel bands were dehy-
drated using ACN, and then the buffer was exchanged using
HEPES buffer (100 mM pH 7.0) and dehydrated again. Re-
ductive dimethylation of free amino groups was performed
using 30 mM formaldehyde and 15 mM sodium cyanoboro-
hydride (200 mM HEPES, pH 7) for 8 h at 37°C. The reaction
was quenched by adding 0.9 M Tris buffer (overnight). Gel
pieces were then washed, dehydrated, and the protein degly-
cosylated by the addition of PNGaseF (100 units) overnight
in the presence of ABC buffer at 37°C. Gel pieces were dehy-
drated and then incubated (overnight, 37°C) with 200 ng of
either pepsin in the presence of 10 mM HCI or elastase in the
presence of ABC buffer. Eluted peptides were then subjected
to LC-MS analysis.

LC-MS analysis of hPLD3 after incubation with mouse liver
lysosomes

Protein digests were injected on a Dionex Ultimate 3000 nano-
UHPLC coupled to a Q Exactive mass spectrometer (Thermo
Scientific, Bremen). The samples were washed on a trap col-
umn (Acclaim Pepmap 100 C-18, 5§ mm x 300 wm, 5 pm,
100 A, Dionex) for 2 min with 3% ACN/0.1% TFA at a flow
rate of 30 pl/min prior to peptide separation using an Ac-
claim PepMap 100 C18 analytical column (50 cm x 75 um, 2
um, 100 A, Dionex). A flow rate of 300 nL/min using eluent
A (0.05% formic acid (FA)) and eluent B (80% ACN/0.04%
FA) was used for gradient separation (5-40% B). Spray volt-
age was applied on a metal-coated PicoTip emitter (10 um
tip size, New Objective, Woburn, Massachusetts, US) with a
source temperature of 250°C. Full scan MS spectra were ac-
quired between 300 and 1500 2/z at a resolution of 70 000 at
m/z 200, and the top 10 most intense precursors with charge
state greater than 2+ were selected for fragmentation using
an isolation window of 1.6 m/z and with HCD normalized
collision energies of 27 at a resolution of 17 500. Lock mass
(445.120025) and dynamic exclusion (20 s) were enabled.

LC-MS of hPLD3 used for crystallization

Mass spectrometry analysis was performed using liquid
chromatography—electrospray ionization-quadrupole-time of
flight-mass spectrometry (LC-ESI-Q-TOF-MS) at the pro-
tein production and characterization platform at the Max-
Delbriick-Centrum (MDC). Intact mass analysis was con-
ducted on an Agilent 1290 Infinity Il UHPLC system coupled
to an Agilent 6230B time-of-flight (TOF) LC/MS instrument
equipped with an AJS (Agilent Jet Stream technology) ion
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source operated in positive ion mode (denaturing conditions).
0.3 ug protein samples diluted in 0.1% FA were injected for
each analysis. Mass spectrometry data were analyzed using
the protein deconvolution feature of the MassHunter BioCon-
firm Version 10.0 software (Agilent). Deconvolution was per-
formed between a mass range of 2000-70 000 m/z (mass-to-
charge ratio).

Database search and statistics

The MS raw files were processed by Proteome Discoverer 2.2,
and MS/MS spectra were searched using the Sequest HT algo-
rithm against a database containing common contaminants,
PNGaseF, recombinant PLD3 and the mouse database. The
enzyme specificity was set to unspecific. An MS1 tolerance of
15 ppm and an MS2 tolerance of 0.02 Da was implemented.
Oxidation (15.995 Da) of methionine residues, deamidated
asparagine (0.0984 Da), dimethylation (28.031 Da), and glu-
tamine to pyroglutamate (-17.027 Da) at the N-terminus
were set as a variable modification. Carbamidomethylation
(57.02146 Da) on cysteine residues was set as a static modi-
fication. Dimethylation on lysine residues was set either as a
fixed modification on lysine residues or as a variable modifi-
cation. The minimal peptide length was set to 7 amino acids,
and the peptide false discovery rate (FDR) was set to 1%. In
addition to the above-mentioned variable modifications, the
spectra were also searched for cysteine oxidation, cysteine sul-
fonate, i.e. trioxidation (47.9847 Da) was set as a variable
modification along with carbamidomethylation.

Transfection of HelLa cells

Plasmid-DNA was delivered into eukaryotic cells by trans-
fection using polyethylenimine (PEI) (Sigma Aldrich): 1 ug
of plasmid DNA was mixed with 7.5 ul PEI and 300 ul of
DMEM (Gibco), incubated for 20 min at room temperature,
and added to the fresh growth medium (3 ml on a 10 cm dish).
The transfection was performed at 37°C with 5% CO, for §
h with the subsequent addition of fresh growth medium con-
taining 10% fetal calf serum.

Indirect immunofluorescence

Cells were seeded on sterile glass coverslips in a 6-well plate
(four coverslips per well) or in a 24-well plate (one cover-
slip per well). After cultivation and transfection where nec-
essary, the cells were washed twice with cold PBS and fixed
with ice-cold methanol for 20 min followed by two addi-
tional washing steps in cold PBS. For immunofluorescence
staining, the cells were permeabilized in 0.2% saponin in
PBS for 5 min, followed by quenching in 0.12% glycine
in 0.2% saponin/PBS for 10 min. After washing in 0.2%
saponin/PBS once, the cells were blocked in 10% FCS in 0.2%
saponin/PBS for 30-60 min. Primary antibodies were diluted
in 10% FCS/0.2% saponin/PBS and incubated overnight at
4°C. The next day, the coverslips were washed four times
in 0.2% saponin/PBS and incubated in a 1:500 dilution of
AlexaFluor-conjugated secondary antibodies (ThermoScien-
tific) for 1 h at room temperature, followed by another four
washing steps in 0.2% saponin/PBS and two washing steps
in HO. Finally, the cells were mounted with 15 pl mount-
ing medium (167 mg/ml Mowiol® 4-88, 3% glycerol, 20
mg/ml 1,4-diazabicyclooctane (DABCO®) in PBS) containing
1 pg/ml DAPI and dried at 4°C.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 7.04 or later. Curves, bar graphs, and scatter plots
show mean values with error bars indicating the calculated
standard deviation wherever available. For the comparison of
groups with a single control group, a one-way ANOVA was
chosen for significance analysis using Dunett’s test, correcting
for multiple comparisons to a significance level of « < 0.05.

For multiple comparisons of groups with each other, a
one-way ANOVA was chosen for significance analysis using
Tukey’s range test correcting for multiple comparisons to a
significance level of o« < 0.05. For the comparison of only
two groups, a two-sided #-test was performed on a significance
level of x < 0.05.

Results

The PLD3 luminal domain has an N-terminal
pyroglutamate

PLD3 is synthesized as a transmembrane protein with a type
IT topology. Upon reaching acidic compartments, it is cleaved
by an unknown protease releasing the soluble luminal do-
main (Figure 1A) (11). In order to elucidate the structure of
hPLD3 and to determine the exact cleavage site at the neo-N-
terminus, we recombinantly expressed the luminal domain of
human PLD3 (residues 61-490, from here on hPLD3) start-
ing directly after the transmembrane segment (Supplementary
Figure STA-C). hPLD3 was expressed in HEK293S GnTi" cells
producing a homogenous N-glycosylation pattern (27) and
purified from the cell culture supernatant by NiNTA affin-
ity chromatography. Digestion of the recombinant protein
with PNgase F or EndoH confirmed the high-mannose-type
N-glycosylation (Supplementary Figure S1D). To determine
its neo-N-terminus, we incubated the purified recombinant
protein with catalytic amounts of purified lysosomal frac-
tions, followed by mass spectrometry to identify the neo-N-
terminus. Upon extended digestion, a clear shift in the molec-
ular weight of the luminal domain of PLD3 was discernable
(Figure 1B). While the C-terminus was still intact, we ob-
served considerable trimming of the amino-terminus, presum-
ably due to exopeptidase activity from the liver lysosomes.
Mass spectrometry analysis of the recombinant protein iden-
tified a number of prominent peptides starting with GIn72,
suggesting that this amino acid is the neo-N-terminus after
proteolytic digestion (Figure 1C). Interestingly, this glutamine
residue was modified to a pyroglutamate, a derivative in which
the free amino group of glutamic acid or glutamine sponta-
neously cyclizes to form a lactam (Figure 1D, E) (41). These
data indicate that the luminal domain is likely N-terminally
proteolytically processed up to the pyroglutamate 72, which
seems to form a stable neo-N-terminus.

The structure of hPLD3

To gain insight into hPLD3 architecture, we determined the
crystal structure of hPLD3 in the substrate-free (apo) form to
a resolution of 1.5 A (Supplementary Table S1). The phase
problem was solved by a single anomalous scattering proto-
col. The asymmetric unit contained two PLD3 molecules. In
both molecules, amino acids 72-98 and 101-490 were well
explained in the electron density, whereas residues 61-71 and
99-100 were not visible, likely due to their exposure to the
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Figure 1. PLD3 is converted from its transmembrane form into a soluble form, and the neo-N-terminus is Q72. (A) Schematic drawing of the topology
and proteolytic conversion of PLD3 from its transmembrane form to the soluble C-terminal domain. Putative N-glycosylation sites are depicted. The
C-terminal domain (amino acids 61-490) was expressed in HEK293S GnTI" cells. (B) Coomassie-stained SDS-PAGE gel of recombinant hPLD3 (amino
acids 61-490) after treatment with purified mouse liver lysosomes (5 pg) for 0, 3 and 18 h. Purified mouse liver lysosomes without rec. hPLD3 is
depicted in the left lane. (C) Number of peptide spectrum matches (PSMs) for neo-N-terminal peptides detected by MS/MS at 0 h of digestion and after

18 h of digestion with purified liver lysosomes. The peptide sequence of the most abundant peptides is shown

(D) MS/MS spectrum of the most

abundant neo-N-terminal peptide after 18 h of digest Q*RPAPCYDPCEA. The b-series ion of the pyroglutamate (128.1307-17.0305) +Arginine (156.1011)
+ H (ion on the N-terminus) is boxed in red. (E) Structure of the N-terminal pyroglutamate with the subsequent peptide bond.

solvent providing them with higher flexibility. The model was
refined to Ryori/Riree Of 15.4%/18.6%.

Similar to other HKD family members, hPLD3 has an oc/3-
hydrolase fold consisting of a central 3-sheet core sandwiched
between two o-helical layers (Figure 2A, B). The active site
with the signature H(X)K(X4)D (HKD) sequences is formed
by residues located in the HKD1 (aa72-264) and HKE2 (aa
265-490) domains. The architecture is related to the reported
structures of other PLD superfamily members, such as Nuc,
PLD6, and phospholipase D, and the predicted structure of
PLD4 (Supplementary Figure S2A-D).

PLD3 contains five predicted N-glycosylation sites. We con-
firmed four of them by mass spectrometry after tryptic diges-
tion (Figure 2C). However, LC-MS of the non-digested protein
under denaturing conditions of hPLD34.49¢ revealed several
peaks in the mass range of 55 600-56 400 Da, which corre-
sponds to hPLD3 N-glycosylated at five sites, each harboring
a high-mannose-type sugar (plus MansGIcNAc; reveals a to-
tal mass of 55429.9 Da) plus 1-6 additionally linked mannose

moieties (each 162 Da) (Figure 2D). In the lower mass range of
54 200-54 800 Da, several peaks are observed, which depict
hPLD3 N-glycosylated only at four sites with further linked
mannose residues ranging from one to three. Notably, an ad-
ditional mass difference of about 80 Da was observed for all
hPLD3 peaks in the spectra of the full-length protein, which
may represent an additional sulfonate site.

In line with the mass spectrometry data, a high mannose-
type sugar (MansGlcNAc;) was well visible in the electron
density at Asn284 (Figure 2E). For Asn236, electron density
could be observed for the two N-acetylglucosamines (Gle-
NAc), whereas the remaining sugars are likely disordered (Fig-
ure 2E). For the remaining three N-glycosylation sites, the sug-
ars are not visible, likely because they are located in flexible
loop regions (Figure 2F). In summary, our data indicate that
all five N-glycosylation sites (e.g. Asn97, Asn132, Asn236,
Asn284 and Asn387) are at least partially N-glycosylated with
Man;GlcNAc; but only two of them are defined in the crystal
structure. Notably, a mutation in one of the N-glycosylation
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Figure 2. The N-glycosylated PLD3 structure. (A) The detailed structure of one protomer (chain B) of the PLD3 homodimer is shown as a cartoon
representation with (3-strands depicted in green and o-helices in pink in complex with the ssDNA oligo thymidine product presented as black sticks in
the active site. The N-glycosylation with MansGIcNAc; is highlighted as gray spheres in the background. The HKD1 motif is boxed in pink, and the HKE2
motif is in wheat color. Cysteine 300 hyperoxidized to cysteine sulfonic acid (OCS) is depicted as a stick model. (B) Structural topology diagram of a
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hPLDS3 apo structure. The same N-glycosylation pattern is found for protomer B and in the oligo-bound hPLD3. (F) All N-glycosylation sites surrounding
the hPLD3 are shown as cyan spheres.
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sites, the N284S variant, was suggested to increase the risk of
Alzheimer’s disease (Supplementary Figure S2E).

The electron density also indicated that the side chain of
Cys300 was oxidized to sulfonic acid. The cysteine sulfonic
acid (OCS) residue is located in a deep pocket 20 A away
from the active site (Supplementary Figure S3A, B) and is co-
ordinated by the side chain of Ser294, the carbonyl oxygen
of Pro296 and water molecules. Since X-ray-induced photo-
oxidation of cysteines in their most reactive ionized thiolate
form (Cys-S™) has been observed occasionally (42), we vali-
dated the occurrence of the cysteine sulfonate in the recom-
binant protein before crystallization and X-ray exposure by
mass spectrometry (Supplementary Figure S3C). In these ex-
periments, Cys300 was the only cysteine found to be oxidized
to a significant extent.

Since changes in the sulfur oxidation state of cysteines are
often used to modify the catalytic activity of proteins (43,44)
and since mutation of C300 was associated with the de-
velopment of late-onset Alzheimer’s disease (Supplementary
Figure S2E), we investigated a possible effect on the hPLD3
5‘-exonuclease activity. However, the C300S mutant revealed
no significant change in the nuclease activity compared to the
wildtype (Supplementary Figure S3D). We furthermore tested
if the mutagenesis of the cysteine to serine affects the local-
ization or proteolytical processing of the full-length PLD3
in transfected cells. PLD3-C300S still localizes to lysosomes
in transfected Hela cells and is still proteolytically processed
(Supplementary Figure S3E, F).

In the same deep cavity of OCS300, we found electron
density for a large cation that was coordinated to the oxi-
dized cysteine side chain via a water molecule (Supplementary
Figure S3B). Careful evaluation of the electron density in
combination with an X-ray fluorescence scan of the crys-
tal used for data collection of the hPLD3 apo structure in-
dicated that this density corresponds to a manganese ion
(Supplementary Figure S3G, H). In DNA hydrolysis assays,
the addition of Mg?* or Mn?* to recombinant hPLD3 did not
affect catalysis (Supplementary Figure S3I).

hPLD3 forms a homodimer

The two hPLD3 molecules in the asymmetric unit formed a
homodimer via helices «10 and «11 (Figure 3A, B), with an
interface area of 1042 A2. The dimer interface is formed by a
central hydrogen bond network involving residues Asp347,
Arg350 and Ser380, flanked by hydrogen bonds made by
His339, Arg340, Tyr354, Glu355 and hydrophobic interac-
tions between residues Phe377, Phe341 and Leu384 (Figure
3B). In agreement with a physiological function of the ho-
modimer, the two N-termini pointed in the same direction
so that the two N-terminal transmembrane helices of full-
length PLD3 could insert together into one membrane surface.
Notably, the PLD3 dimer has two complete catalytic sites,
whereas the dimerization of other PLD family members con-
taining only one HKD domain leads to a dimer with one cat-
alytic site.

Analytical size exclusion chromatography (Figure 3C) and
analytical ultracentrifugation experiments (Figure 3D) con-
firmed the presence of a hPLD3 dimer in solution. To test
the functional relevance of dimer formation, double (R350A,
S380A) and quadruple alanine mutations (R350A, S380A,
Y354A, F377A) of residues involved in the dimer interface
were generated and analyzed for their enzymatic activity. Both
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mutant versions were catalytically inactive upon transfection
of the corresponding cDNAs in HelLa cells (Supplementary
Figure S4A). Inmunofluorescence analysis revealed the reten-
tion of the proteins in the endoplasmic reticulum, suggesting
misfolding of the mutants (Supplementary Figure S4B). Ac-
cordingly, the double and quadruple hPLD3 mutant proteins
were not properly proteolytically processed to the luminal do-
main (Supplementary Figure S4C). These data suggest a crit-
ical function of the dimerization interface for proper folding
and stability.

ssDNA oligomer binding in the active site

We aimed to obtain further insight into hPLD3 substrate bind-
ing and catalytic activity. To this end, we tested single-stranded
(ss) DNA oligomers with different 5’-ends as substrates for the
§’-exonuclease hydrolysis activity by hPLD3. We randomly
mixed the remaining nucleotides so that they resembled a
physiological oligonucleotide (Figure 4A). In agreement with
previous results from cell-based assays (29), the highest activ-
ity was found for 5’ T-oligomers, followed by 5’ G-, 5" A-, and
low activity for 5" C-oligomers.

To test the binding of 5’ T-oligomer to hPLD3, we designed
four ssDNA oligos TTCATG, T*TCATG, T*T*C*A*T*G*,
and T*T where a non-bridging oxygen in the phosphodiester
bond is replaced by a sulfur atom (* phosphorothioate) to pre-
vent 5’-exonuclease cleavage. Isothermal titration calorimetry
(ITC) was used to investigate the binding of these phospho-
rothioate ssDNA oligos, which revealed only a binding for
the unmodified TTCATG and the partly modified T*TCATG,
with Kp of 20 and 28 uM, respectively (Figure 4B, C). The
fully modified T*T*C*A*T*G* and the short T*T oligo did
not bind to hPLD3 (Supplementary Figure S5A, B).

To obtain structural information, crystals of hPLD3 in the
presence of the identified ss T*TCATG oligomer were grown
and diffracted to 1.8 A (Supplementary Table S1). The phase
problem was solved by molecular replacement using the apo
hPLD3 structure as a template. The structure was refined to a
Ryork/Reree 0f 17.4%/19.9%.

The central active site of each protomer of hPLD3
in the apo and complex state is formed by the
HKD/HKE-mOtlf H201XK203 (X)4D203 (X)6 GSXNZlg and
H416XK418(X)4E423(X)6GXSN432 (Figure 4D, E) HiSZOl,
Lys203, and Asn218 from HKD1 as well as His416, Lys418,
and Asn432 in the HKE2 motif, form the active site. Asp208
in HKD1 and Glu423 in HKE2 are located 20 A distant from
the active site and may contribute to the structural integrity
of hPLD, as observed in phospholipase D family member
PLD6 (24) and Nuc (25).

The hPLD3 apo structure harbors a bound phosphate in the
active site, which is coordinated by five direct hydrogen bonds
with the HKD/HKE motif residues His201, Lys203, Asn218,
His416, and water-mediated contacts of Lys418 and Asn432
(Figure 4D).

The hPLD3 structure co-crystallized with the ssDNA phos-
phorothioate (*) modified T*TCATG oligomer revealed a
partly visible DNA sequence bound within the central active
site (Figure 4E). The 5’ end of the first thymidine and the phos-
phorothioate group of the second thymidine were bound in
the active site. The phosphorothioate was coordinated by six
hydrogen bonds within the HKD/HKE motif involving the
active site residues His201, Lys203, Asn218, His416, Lys418,
and Asn432 (Figure 4E). The thymidine was hydrophobically
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Figure 3. PLD3 forms a homodimer. (A) Orthogonal views of the hPLD3 homodimer bound to the ssDNA T*TCATG with one protomer shown in green
and the other in pink and wheat color demonstrating the HKD1 and HKE2 motif (according to the color code in (A) and (B)) forming the active site
harboring the ssDNA oligo cleavage product 3'-phosphorothioate-thymidine. The bound MansGIcNAc, molecules and the cysteine sulfonate (OCS300)
are highlighted in stick presentation. The homodimer interface is depicted by a dashed box. (B) A magnified view into the homodimer interface formed
by o-helices 10 and 11 shows the interacting residues. Hydrogen bonds are shown as dashed lines. (C) Superimposed elution profiles of low-scale
preparative size exclusion chromatography using standard proteins (black) and the luminal hPLD3 (red). As standard proteins were used ferritin (400
kDa), aldolase (153 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonuclease A (14 kDa). (D) Sedimentation velocity (SV-AUC) experiments of
hPLD3 at a final concentration of 8 (light blue) and 16 uM (dark blue) show a main peak at a sedimentation coefficient of about 6.3 S containing about 65
- 70 % of the loaded material. The estimated molecular weight of 96 kDa of this species is close to the size of a glycosylated hPLD3 homodimer (98
kDa). Two smaller peaks at 4.0 and 10.2 S correspond to populations of monomeric (3%) and tetrameric hPLD3 (10%), respectively.
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Figure 4. The active site of hPLD3. (A) hPLD3 activity assay with oligonucleotides harboring different 5’-nucleotides (5’-adenosine (5'A), 5’-guanosine
(5'G), 5’-thymidine (5'T), 5'-cytidine (5’C)). (B) Isothermal titration calorimetry (ITC) data showing the binding of the ssDNA oligo TTCATG to hPLD3g1.490
with a Kp of 20 +£ 2 uM, AH =-12 £ 3 kcal/mol, -=TAS = 5.7 kcal/mol, AG = -6.1 kcal/mol, N = 1.0 £+ 0.10. (C) The phosphorothioate-modified ssDNA
oligo T*TCATG binds with a Kp of 28 + 4 uM, AH = 30 + 5 kcal/mol, —=TAS = -34.4 kcal/mol, AG = -5.9 kcal/mol, N=0.9 + 0.1 to hPLD in the ITC
experiment. (D) The active site of the apo PLD3 structure is shown in the example of the protomer chain B with a bound phosphate coordinated by the
residues of the HKD1/HKE2 motif or a water molecules (blue sphere). Hydrogen bonds are depicted as dashed lines. (E) The oligo T*TCATG binding in
the active site is shown for the protomer molecule of chain B. Only electron density for the first thymidine of the T*TCATG oligo and the
phosphorothioate was found in each of the two protomers of PLD3. Histidine 416 shows an alternative conformation, which indicates that it binds either
to the phosphothioate or to the sugar base of the thymidine. Both conformations are shown. (F) Cell-based hPLD3 activity assay of lysates from cells
transfected with hPLD3 mutated in residues K418R, E423A and N432A belonging to the HKD1/HKE2 motif. UT = untransfected cells; WT = cells

transfected with wildtype PLD3.

stacked against Tyr411 and was further stabilized by a hydro-
gen bond with Tyr126 (protomer A) or water-mediated con-
tacts via Asp220 (protomer B) to the thymidine O2. The OS5
of the deoxyribose was bound by the Tyr411 together with
an alternative conformation of His416 (in protomer B) and
water-mediated by Asp220 (protomer A) (Figure 4E). The re-
maining nucleotides of the T*TCATG oligo were not visible
in the electron density. In line with our binding experiments,
hPLD3 co-crystallization with combined soaking experiments
with the unmodified ssDNA oligo variants TTCATG also re-
vealed the same cleaved oligomer product in the active site.
Single mutations of active-site residues, K418A and
N432A, resulted in a complete loss of the 5’-exonuclease ac-
tivity compared to wildtype (Figure 4F), which confirms the
contribution of these residues in forming a complete active site
in hPLD3. The E423A mutation also showed a complete loss
of §'-exonuclease activity (Figure 4F). Notably, E423A was
retained in the endoplasmic reticulum (ER) (Supplementary
Figure S5C), whereas both K418R and N432A properly lo-
calized to lysosomes (Supplementary Figure S5C), supporting
the critical role of Glu423 in structure stability and folding.

Discussion

Upon arrival in acidic compartments, PLD3 is converted from
its transmembrane form to the soluble form by unknown pro-
teases. Under steady-state conditions, this soluble form is pre-
dominant in lysosomes, suggesting that this is the physiologi-

cally active form (11). We presumed that cleavage occurs be-
tween the transmembrane segment in the globular folded do-
main in an area with little secondary structure, and the results
of our mass spectrometry analysis after digestion of the en-
tire luminal domain with purified lysosomes confirmed this
hypothesis. These results suggest that the C-terminal domain
is gradually cleaved by aminopeptidases until a stable neo-N-
terminus is reached, which was identified as pyroglutamate
in position 72. Our approach, however, has some limitations.
The in vivo proteolysis might be different due to the differ-
ential equipment of lysosomes with proteases in different cell
types. Moreover, the exposure of the luminal domain to pro-
tease concentrations might be significantly different. However,
the molecular weight of the in vitro trimmed luminal domain
fits well with that generated in vivo, observed by immunoblot
of tissues or cell lysates (11). Interestingly, the pyroglutamate
might explain the high stability of this neo-N-terminus: The
spontaneous cyclization of the N-terminus of amyloid B was
shown previously to confer high resistance towards lysoso-
mal cathepsin proteases (45). It is tempting to speculate that
the spontaneous formation / cyclic epimerization of the N-
terminus protects it from further exopeptidase-trimming un-
der the harsh proteolytic conditions of the lysosome.

Crystal structures of hPLD3 in the apo and ssDNA
oligomer-bound form revealed an overall closely related fold
with other members in the PLD superfamily. DNA bind-
ing is not associated with major conformational changes
(Supplementary Figure S2F), which is similar to phospholipid-
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binding in human PLD1 and PLD2 (46,47). An interesting
finding from our study was that PLD3 forms homodimers.
The dimerization interface is formed by the two helices «10
and «11 from each monomeric subunit. The hPLD3 pro-
tomers are oriented in such a way that the two N-termini of
the hPLD3 monomers, where the transmembrane domains in
full-length PLD3 are connected, point in the same direction
(Figure 3A). This suggests that the full-length protein can also
form such membrane-embedded dimers. Homodimerization is
a common finding in the PLD family; however, in these cases,
each protomer provides one HKD motif, and dimerization is,
therefore, critical to forming the catalytic site. Notably, this
homodimerization mode is especially typical for PLD mem-
bers that act as DNA/RNA nucleases, while PLD enzymes
active against lipids typically contain both active-site motifs
in one polypeptide (21). In contrast to other PLD-related nu-
cleases, hPLD3 and hPLD4 have two HKD/HKE motifs in
one polypeptide that form the active site autonomously with-
out the need for homodimerization. Instead, homodimeriza-
tion in hPLD3 generates two catalytic sites that appear to be
independent of each other. Mutagenesis of the hPLD3 dimer-
ization interface leads to retention of the altered protein in
the ER, presumably due to misfolding and ERAD-mediated
degradation, preventing a more detailed analysis of the ef-
fect of homodimerization on its function and catalytic activ-
ity. However, homodimerization may be critical for the sta-
bility of the protein in the lysosomal environment. Supple-
mentary Movie S1 provides detailed views into the hPLD3
active site, the N-glycosylation sites, the oxidized cysteine
300 and the homodimerization mode. The sequence compar-
ison in the homodimerization region involving helices x10
and «11 shows that dimerization is also possible for hPLD4
(47% sequence identity and 77% similarity in 437 overlap-
ping amino acids to hPLD3) (Supplementary Figure S2D, G),
since the formation of the central hydrogen network is given
by Arg363 and Asn360, whereas the stabilizing flanking hy-
drophobic contacts in hPLD3 Phe341 and Phe377 are re-
placed by Tyr354 and Tyr390 which provides potential to
form hydrogen bonds (Supplementary Figure S2G), suggest-
ing the possibility of forming a heterodimer.

hPLD3 revealed the highest 5’-exonuclease activity for a ss-
DNA oligomer starting at the 5’-end with a thymidine (Figure
3A). The phosphorothioate-modified ssDNA oligo T*TCATG
in the active site of hPLD3 showed electron density only
for the first 5'-thymidine and the phosphorothioate group of
the second thymidine. That suggests that the remainder of
the oligomer is either flexible or hydrolyzed. For our struc-
tural and biochemical studies, we used oligomers with phos-
phorothioate internucleotide linkages (*) either between the
first two thymidines in T*T and T*TCATG or in all posi-
tions in T*T*C*A*T*G*, in whicha non-bridging oxygen
is replaced by a sulfur atom. The oligomers were obtained
as mixed chiral (Rp)- and (Sp)-configured enantiomers. The
phosphorothioate linkages share similar physical and chemi-
cal properties with phosphodiesters but show enhanced nu-
clease tolerance compared to DNA/RNA. The unmodified
TTCATG and the T*TCATG modified ssDNA bound to PLD3
in ITC experiment (Figure 4B, C), whereas the T*T and
T*T*C*A*T*G* revealed no binding (Supplementary Figure
SSA, B). We assume that T*T is too short to establish sufficient
contacts for efficient binding, whereas the highly modified
T*T*C*A*T*G* may not interact due to small differences
in bond length and charge of the phosphorothioate backbone
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compared to a prochiral phosphate backbone. The titration
of TTCATG to hPLD3 results in a negative AH and a positive
-TAS, which indicates an interaction that is dominated by hy-
drogen bond formation, while the interaction with T*TCATG
with a positive AH and a negative -TAS is mainly character-
ized by hydrophobic interactions. The hPLD3 crystal struc-
ture with the 3’-phosphorothioate thymidine of the ssDNA
T*TCATG bound in the active site underlines the hydropho-
bic interaction by the stacking of the thymine base to Y411,
which is stabilized by a few hydrogen bonds to the phospho-
rothioate. For the unmodified ssDNA TTCATG, a slightly dif-
ferent binding mode could be envisaged, which may be dom-
inated by more hydrogen bonds to the unmodified phosphate
backbone, besides the stacking interaction to Y411. Crys-
tals for hPLD3 in complex with T*TCATG were grown in
a crystallization condition containing sodium iodite. It has
recently been reported that iodine preferentially attacks sul-
fur in phosphorothioate DNA and induces nucleolytic cleav-
age (48). Therefore, the bound 3’-phosphorothioate thymi-
dine in the active site is most likely the cleavage product of
T*TCATG, which further underlines the 5’-exonuclease func-
tion of hPLD3. Data from hPLD3 co-crystallized with the
unmodified TTCATG revealed a 5'-thymidine in the active
site, confirming this is the natural cleavage product. From the
structural point of view, it is unclear why hPLD3 shows the
lowest 5'-exonuclease activity for the 5’- cytidine end (5'-C),
whereas an activity reduction for 5'-A and 5’-G oligomers can
be explained by the loss of the hydrogen bond to the water
molecule mediating the contact to Asp220.

PLD3 is a glycoprotein, and N-glycosylation is assumed to
protect lysosomal enzymes from the harsh proteolytic condi-
tions of the lysosomes with its high concentrations of pro-
teases and peptidases. It is notable that the N-glycans of PLD3
are spread over the whole surface of hPLD3, even close to the
dimerization interface, suggesting efficient protection of the
dimer against proteolytic degradation (Figure 2F). Access to
the catalytic site, however, is not hindered by the N-glycans.

Cysteine is the most reactive member of the natural pro-
teinogenic amino acids and is a critical component in re-
dox signaling. It has been shown that the oxidation of cys-
teine residues can alter the activities and function of sev-
eral proteins in cells (49-51). Cysteine oxidation to cysteine
sulfonic acid (OCS) is considered an irreversible posttrans-
lational modification, often viewed as a hallmark of oxida-
tive stress with extensive links to pathological neurodegener-
ation and myocardial diseases (52-55). The oxidative stress
causes a profound change in the cardiomyocyte redox state
(56). For the phospholipase D family member PLD2, an im-
portant signaling enzyme in mammalian cells, the oxidation
state of its thiol groups by oxidants has a significant effect
on the PLD activity and subsequent signal transduction pro-
cess that influences cardiomyocyte function (54,57). The func-
tional relevance of the OCS300 oxidation in hPLD3 is not
clear, but it may act as a sensor of the hPLD3 redox state level
in response to oxidative stress. The OCS300-connected man-
ganese possibly contributes to the hyperoxidation of OCS300
due to the known ability of manganese to catalyze the ox-
idation of thiols (58). Also, hPLD4 has a proline-rich loop
and a cysteine (Cys313) at the same position as the hyperoxi-
dized cysteine 300 in hPLD3, making hyperoxidation possible
(Supplementary Figure S2G).

Magnesium is by far the most frequently found metal ion
cofactor in enzymatic systems like in endo- and exonucleases
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Figure 5. Model for ssDNA/RNA binding and hydrolysis. (A) Electrostatic surface potential of hPLD3 homodimer ranging from —3 kT/e (red) to +3 kT/e
(blue) determined by the Pymol Plugin APBS Electrostatics tool. The potential oligomer binding route is depicted as light blue lines. (B) Superimposition
of hPLD3 (pink) active-site residues with the structure of the Streptomyces sp. strain PMF phospholipase D (PDB code: 1V0Y) in dark gray. (C) Proposed
5’-exonuclease cleavage mechanism of hPLD3, which requires Glu229 as an acceptor (E229-COO~) in the upper scheme to accept the proton from
His416 and release it again (E229-COOH) in the final step. His 201 is introduced in its protonated form so that it can protonate the cleaved T2-OH. In its
resulting deprotonated form, it can activate the water molecule for nucleophilic attack on the phospho-histidine. At the end of the reaction cycle, all

active site groups are back to their original state (His 416, E229-COO~, His 201), as required for an enzyme with turnover.

(59). Despite the high preference for Mg?* supporting high
levels of nucleolytic activity, a replacement by Mn?* is com-
parable and effective. (60-62). Even distal metal ion binding
sites of 20A can have a drastic impact on the nucleolytic ac-
tivity, as shown for the DNA restriction enzyme EcoRV (63).
Also, in PLD3, the bound manganese and magnesium ions are
located 20 A distant from the active HKD/HKE site. The fact
that the apo hPLD3 has an Mn?* bound and the oligo com-
plex an Mg?* may be comparable to the reduction of star
activity (relaxed specificity) as observed for some DNA re-
striction enzymes by the substitution of Mg?* by Mn?* (64).
The bound manganese in the hPLD3 apo structure may pro-
vide hPLD3 with a higher exonuclease sequence specificity
for substrate recognition, which is not necessary after sub-
strate (oligo) binding and replaced by magnesium as seen in
the hPLD3/oligo complex structure.

Investigating the electrostatic surface potential of the
hPLD3 homodimer suggests where the ssDNA oligomers
might bind before 5'-exonuclease cleavage (Figure SA). Based
on the phospholipid hydrolysis reaction model for the
phospholipase D from Streptomyces sp. strain PMF (PDB

Code = 1V0Y) and the highly similar sequence and struc-
tural arrangement for the active site residues with hPLD3 (Fig-
ure 5B), we postulate a model for the 5'-exonuclease cleavage
process in hPLD3 (Figure 5C). In analogy to phospholipid hy-
drolysis (65), His416 may form a pentacovalent intermediates
with the phosphate group of DNA. After cleavage and release
of the second nucleotide thymidine (T2-OH), His201 may ac-
tivate a water molecule for hydrolysis of the phospho-histidine
intermediate, whereas the active-site lysines may help to com-
pensate for excess negative charge developing during the tran-
sition state of the reaction.

Rare coding variants in PLD3 were shown to double the
risk for Alzheimer’s disease and the overexpression of PLD3
reduced the levels of intracellular APP and extracellular Ag42
and AB40 (12). However, this genetic link was challenged by
several other groups later (13-16), and the effect of PLD3
on AP species was assigned to the strong overexpression in
follow-up work (17). While further work is needed to clarify
the potential role of PLD3 as an Alzheimer’s disease risk gene
or disease modulator, additional work is also required to clar-
ify the pathway(s) where it might modulate disease. However,
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our work shows that some of the mutations found in rare cases
might well affect the function of the enzyme, including those
mutations of the N-glycosylated residues N236 and N284. In-
triguingly, the Cys300, which is oxidized to sulfonic acid, was
also among the Alzheimer’s disease-associated mutations. Fur-
ther work will be required to determine the relevance of this
cysteine for the function of PLD3.

In vivo the lysosomal turnover of nucleic acids mediated
by PLD3 is critical for a balanced innate immune regulation
via toll-like receptors (4,5). Consequently, fine-tuning PLD3’s
activity by specific inhibitors or activators might both work
as immunostimulatory and immunosuppressive therapeutic
strategies and has the potential for the development of future
immunotherapies, adjuvants, or nucleic acid drug stabilizers.
Our high-resolution crystal structure will allow a targeted, ra-
tional, structure-based design of such modulators and help in
the process of the development of nucleic-acid-turnover mod-
ulating drugs.

Data availability

Atomic coordinates of apo and DNA-bound hPLD3 have been
deposited in the pdb database under accession codes 8Q1K
and 8Q1X, respectively. All raw data have been uploaded to
the ProteomeXchange Consortium (66) via the PRIDE partner
repository with accession PXD044504. Raw data and graphs
for the EFQO assays are available online (https://doi.org/10.
5281/zenodo.10047708). All other primary data underlying
this article will be shared on reasonable request to the corre-
sponding author.

Supplementary data
Supplementary Data are available at NAR Online.
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