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ABSTRACT: Enantiomeric forms of BTD-2, PG-1, and PM-1 were
synthesized to delineate the structure and function of these f-sheet
antimicrobial peptides. Activity and lipid-binding assays confirm that these
peptides act via a receptor-independent mechanism involving membrane
interaction. The racemic crystal structure of BTD-2 solved at 1.45 A revealed a
novel oligomeric form of f-sheet antimicrobial peptides within the unit cell: an
antiparallel trimer, which we suggest might be related to its membrane-active
form. The BTD-2 oligomer extends into a larger supramolecular state that

spans the crystal lattice, featuring a steric-zipper motif that is common in
structures of amyloid-forming peptides. The supramolecular structure of BTD-2 thus represents a new mode of fibril-like
assembly not previously observed for antimicrobial peptides, providing structural evidence linking antimicrobial and amyloid

peptides.

B INTRODUCTION

Antimicrobial peptides have potential as next-generation
therapeutics to combat the spread of drug-resistant bacteria."”
Within this family are f-sheet antimicrobial peptides, of which
there are around 400 members discovered so far.” Examples
include protegrin-1 (PG-1) from porcine leukocytes® and
polyphemusin-1 (PM-1) from horseshoe crab hemocytes,” as
well as the @-defensins RTD-1 and -2 from Rhesus macaque’
and BTD-2 from baboon,” which are distinguished from other
f-sheet antimicrobial peptides by their cyclic backbone (Figure
1). Recently, PG-1 was used as a starting point for the
development of a potent and specific lead compound with
nanomolar activity against Pseudomonas aemginosa,8 supporting
the notion that antimicrobial peptides hold great promise in the
future of antibiotic drug design. With a greater understanding
of their mechanism of action, these peptides could attract
greater interest for clinical development.”

Characterization of the mechanism of action of f-sheet
antimicrobial peptides has largely focused on PG-1,"~"* which
is thought to act by forming pores in bacterial membranes. The
discovery that PG-1 forms oligomers in solution'* comple-
mented by studies showing that oligomer formation is relevant
to its membrane-bound state’>'® and selectivity for bacterial
cells'” has firmly established the biological relevance of PG-1
oligomerization. However, the oligomeric structure of PG-1 is
not well-established, with NMR studies providing somewhat
contradictory models.''® Similar to PG-1, the 6-defensins
RTD-1 and BTD-2 bind lipid membranes'®'® and probably
also form pores in bacterial membranes. NMR studies have
confirmed that #-defensins oligomerize in solution;® but again,
their oligomeric structure has remained elusive.
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P-sheet antimicrobial peptides have also attracted interest
because they have functional properties similar to those of

2 For example, PG-1 has been shown to
23,24

amyloid peptides.”
form fibrils similar to those of disease-associated amyloids.
The link between antimicrobial peptides and amyloid peptides
is still tentative but intriguing because it suggests that
understanding the function and structure of S-sheet antimicro-
bial peptides might also lead to new approaches to treat
Alzheimer’s disease and other protein aggregation disorders.

Inspired by studies showing that peptide enantiomers can be
used to investigate function,”™>” here we postulated that a
comparison of the activities of the naturally occurring forms of
BTD-2, PG-1, and PM-1 with their enantiomeric forms would
further our understanding on how these peptides are toxic to
bacteria. Furthermore, given that recent crystallographic studies
have revealed how amyloid peptides self-associate,”* >’ we also
postulated that the crystal structures of the S-sheet antimicro-
bial peptides might provide new insights into their supra-
molecular state and therefore their mode of action. For this
purpose, we determined the atomic structure of BTD-2 using
an approach called racemic crystallography that uses mixtures
of enantiomeric pairs to enable facile crystal formation and
elucidation of high-resolution atomic structures.’”** The crystal
structure obtained using this approach revealed a novel
oligomeric form of p-sheet antimicrobial peptides, which
could represent their active form and shows that they can
form amyloid-like fibrils.
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peptide sequence

source

O Baboon 0-defension 2 [
Rhesus 0-defension 1
retrocyclin 2

olive baboon leukocytes
rhesus macaque leukocytes
human (pseudo-gene)

o protegrin I

porcine leukocytes

o polyphemusin I RRWCFRVCYRGFCY

tachyplesin I KWCFRVCYRGICY

gomesin ZCRRLCYKQRCV

androctonin RSVCRKICRRGGCY
IQI R

KCR * Japanese horseshoe crab hemocytes
R CR * Atlantic horseshoe crab hemocytes
YCRGR * Tarantula spider hemocytes
KCTNRPY Fat-tailed scorpion hemocytes

Figure 1. Selected sequences of f-defensins and structurally related f-sheet antimicrobial peptides. The name of each peptide is shown alongside its
sequence and origin. For the @-defensins, the positions of the Cys residues are labeled using Roman numerals, and the proposed f-secondary
structure and the cyclic backbone are marked using a dotted arrow. For all peptides, the disulfide bond connectivity is shown. The asterisks indicate
amidated C-termini. The three peptides selected for further study in this work are baboon 6-defensin 2 (BTD-2, orange), protegrin I (PG-1, purple),

and polyphemusin I (PM-1, blue).

B EXPERIMENTAL PROCEDURES

Materials. Fmoc-protected amino acids, resins, and coupling agents
were purchased from ChemImpex International. All other reagents
were purchased from Auspep, Merck, and Sigma, and used without
further purification.

Peptide Synthesis and Purification. Assembly, synthesis,
purification, cyclization, and oxidation of L-BTD-2 has been described
previously.'” p-BTD-2 was synthesized and purified as described for -
BTD-2. L-PG-1, D-PG-1, L-PM-1, and p-PM-1 were synthesized usin%
Fmoc solid-phase peptide synthesis (SPPS), as described previously.™
Linear peptides were assembled on 2-chlorotrityl chloride (2CTC)
resin. Couplings were performed using 4 equiv of Fmoc-protected
amino acids, 3 equiv of HATU (O-(7-azabenzotriazol-1-y1)-
N,N,N’,N’-tetramethyluroniumhexafluoro-phosphate) or HCTU (O-
(1H-6-chlorobenzotriazol-1-y1)-N,N,N’,N'-tetramethyluronium-hexa-
fluorophosphate), and 6 equiv of N,N-diisopropylethylamine (DIPEA)
in dimethylformamide (DMF) for 2 X 10 min. Fmoc deprotection was
carried out with 30% (v/v) piperidine in DMF. After each coupling
and deprotection step, the resin was washed with DMF (3X),
dichloromethane (DCM) (3x), and DMF (3X). Peptides were
cleaved from the resin using 1% (v/v) TFA (trifluoroacetic acid) in
DCM (dichloromethane).

Oxidation of L-PG-1, p-PG-1, L-PM-1, and p-PM-1 was carried out
under acidic conditions with 50% (v/v) acetonitrile. Concentrated I,
solution was added to oxidize the peptide over 20 min. Reactions were
quenched with L-ascorbic acid, the reaction diluted with water (to 10%
v/v acetonitrile), and immediately purified by RP-HPLC. Purity of
fractions was assessed using ESI-MS and analytical HPLC. Average
masses were calculated using online tools available from CyBase.*

Antimicrobial Assays. The antimicrobial activity of the peptides
was measured by bacterial growth inhibition as described previously."’
Briefly, the susceptibility of the Gram-negative Escherichia coli ATCC
25922 was studied using a microtiter broth dilution method using both
Mueller Hinton Broth (MHB) with 2-fold dilutions of the peptides
ranging from 0.03 to 64 yM and incubated at 37 °C for 24 h. Standard
antibiotic solutions (collestin and tetracycline for E. coli) were also
tested in concentrations ranging from 0.03 to 64 ug/mL. The
minimum inhibitory concentration (MIC) was the lowest concen-
tration showing no visible growth.

Surface Plasmon Resonance. Membrane binding studies were
conducted as previously described.'® Peptide solutions for membrane-
binding studies were prepared in HEPES (10 mM, pH 7.4) containing
150 mM NaCl, and eight concentrations were tested (64, 32, 16, 8, 4,
2, 1, and 0 puM). Extracted lipids from E. coli (E. coli polar lipids
extract, containing phosphatidylethanolamine/phosphatidylglycerol/
cardiolipin (67:23.2:9.8 weight ratio)) were purchased from Avanti
Polar Lipids. Surface plasmon resonance measurements were carried
out on a Biacore 3000 instrument using an L1 sensor chip. The affinity
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of each peptide for the membrane was compared on the basis of the
peptide to lipid ratio (P/L) obtained at a reporting point (£ = 175 s) at
the end of the association phase and calculated for each peptide and
lipid system tested.

CD Spectroscopy. Spectra were recorded for the peptides in water
at room temperature with a 0.1 cm path length quartz cell by
accumulating three scans, from 190 to 260 nm using a CD spectro-
polarimeter (Jasco J-810). Peptides were dissolved in water at 25 uM
and analyzed. Molar ellipticity (6) was determined as previously
described.*?

NMR Spectroscopy. Peptides were dissolved in H,0/D,0 (9:1,
v/v) at a concentration of 0.5 mM. NMR spectra were recorded on a
Bruker Avance-500 or Avance-600 MHz NMR spectrometer at 298 K.
The mixing time was 80 and 200 ms for TOCSY and NOESY
experiments, respectively. Spectra were processed using Topspin 1.2
(Bruker) and analyzed using CCPNMR 2.2.2.*° Spectra were
internally referenced to 2,2-dimethyl-2-silapentane-S-sulfonic acid
(DSS) at 0.00 ppm. Secondary shifts were calculated using previously
reported random coil chemical shifts.*®

Peptide Crystallization and Data Acquisition. Lyophilized
peptides (ie, L-BTD-2 and p-BTD-2) were dissolved in water in
equimolar amounts to a concentration of 2.7 mg mL™". Crystallization
screening was performed at the UQ ROCX diffraction facility. Protein
crystallization trials were performed in 96-well plates (commercially
available Molecular Dimensions JCSG and Hampton Research Index)
using the hanging drop vapor diffusion method at 20 °C. Each peptide
mixture (100 nL) was mixed with crystallization solution (100 nL)
using a Mosquito crystallization robot (TTP Labtech, UK), and trays
were incubated and imaged in a RockImager 1000 (Formulatrix, USA).

After subsequent rounds of optimization of peptide concentration
and crystallization conditions, we successfully obtained diffraction-
quality crystals that grew overnight. The following condition was used
to obtain crystals at 20 °C: 1 M ammonium sulfate, 15% PEG 3350,
0.1 M Bis-tris, pH 5.5. Crystals were then flash-cooled and stored in
liquid nitrogen. X-ray diffraction data was collected at the Australian
Synchrotron MX2 beamline at a wavelength of 0.9537 A and recorded
with an ADSC Quantum 315r detector.

Structure Determination. Crystal structures were determined
using the molecular replacement method with the program PHASER.
The solution structure of BTD-2 (Protein Databank ID: 2LYE) was
modified in silico by truncating the Arg side chains, and the modified
structure was used as the initial search model for determination of the
structure of the true racemate of BTD-2. The structures were refined
with rounds of manual model building in COOT?” and refinement in
PHENIX Refine,®® as described previously.”® Cross-validation Rge,
calculation was performed with ~5.4% of the data. The models were
validated with PROCHECK.* The final R,/Rg.. obtained for the
crystal structure of the true racemate of BTD-2 was 22.15%/25.96%.
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For the true racemate structure of BTD-2, 95% of the L-amino acids
(residues other than Gly and Pro) are within the most favored region
of the Ramachandran plot, and 5% were in the additionally allowed
regions. Data collection and refinement statistics are given in
Supporting Table 1. The final refined models have been deposited
in the Protein Data Bank with the code SINZ.

B RESULTS AND DISCUSSION

The 1- and p-forms of BTD-2, PG-1, and PM-1 were
synthesized and tested for activity against the Gram negative
bacterium Escherichia coli to confirm that the synthetic peptides
were antimicrobial. As shown in Table 1, the L-peptides

Table 1. Antimicrobial Activity and Lipid Binding Affinity

peptide MIC (uM)“
L-BTD-2 16
p-BTD-2 [8-16]
L-BTD-2/p-BTD-2 (1:1) [8-16]
L-PG-1 [1-4]
D-PG-1 [0.25—4]
1-PG-1/p-PG-1 (1:1) [0.25—4]
1-PM-1 [0.03-0.5]
p-PM-1 [0.03—1]
1-PM-1/p-PM-1 (1:1) [0.25-4]

“Antimicrobial activity against E. coli ATCC25922 was determined in a
microtiter assay with peptides tested in 2-fold dilution concentrations
(64—0.03 uM) in MHB. MIC (minimal inhibitory concentration) is
the lowest concentration of peptide showing no visible growth. When
a range is provided it represents the range of MIC obtained in four
replicates.

displayed MIC values in the low micromolar range, consistent
with previous reports.”'”*' PM-1 was more active than PG-1,
which in turn was more active than BTD-2. The higher activity
of PM-1 is probably due to a higher content of positively
charged amino acids, ie., arginine and lysine, and bulky
hydrophobic amino acids, such as tyrosine and tryptophan,
suggesting that the activity of B-sheet antimicrobial peptides
can be fine-tuned by targeted mutations. Because the activities
of the p-peptides were similar to that of their respective L-

forms, their activity appears not to involve a chiral receptor.
This suggestion is further supported by the similarities of the
L-/D-mixtures and the enantiomerically pure samples.

Because the current hypothesis is that these peptides act via
binding to bacterial membranes,'”'”** we measured the
binding of BTD-2, PG-1 and PM-1 to E. coli lipid extract
using surface plasmon resonance to elucidate their membrane-
binding properties. The binding affinity of various enantiomeric
compositions (i.e., L-only, p-only, and L-/D-mixture) of each
peptide were similar, as shown by the similar maximum amount
of peptide bound to the membrane (Figure 2, top panels) and
membrane-association/-dissociation kinetics (Figure 2, bottom
panels). These results show that the affinity for the bacterial
membrane is independent of peptide chirality and support the
hypothesis that antimicrobial activity is governed by electro-
static and hydrophobic interactions with microbial membranes.
It appears that direct interaction with the lipid membrane is a
functional characteristic of these peptides, making them similar
in this respect to antimicrobial peptides from other classes.””*”

To examine the role of peptide structure on activity, the
structures of BTD-2, PG-1, and PM-1 in their solution state
were characterized using CD and NMR (Figure 3). The CD
spectra of L-PG-1 and L-PM-1 as well as the secondary Ha
NMR chemical shifts confirm that they adopt the correct
fold.*"*>** The mirror image symmetry of the p-peptide forms
with their respective L-peptide forms was also confirmed using
CD and NMR. Specifically, the CD spectra also showed equal
but opposite rotation of each enantiomeric peptide pair, and
when the D-peptide form was mixed with its respective L-
peptide form in equal proportions, the circular dichroism signal
of one of the forms was canceled by the other. Additionally, the
chemical shifts of the p-peptide forms were essentially identical
to that of their mirror image forms, confirming both
enantiomeric forms to be of the same native f-sheet structure.
The mirror image symmetry of each enantiomeric form shows
that the structures did not affect the observed activities and
supports the aforementioned hypothesis that the peptides exert
their effects through direct interaction with lipid molecules of
the membrane bilayer, which are generally viewed as not being
enantioselective.
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Figure 2. Binding of BTD-2, PG-1, and PM-1 to E. coli lipid extract. SPR was used to measure the binding of (a) BTD-2, (b) PG-1, and (c) PM-1 to
model membranes composed of E. coli lipid extract. The top panels show the relationship between the bound peptide to lipid ratio (P/L) and the
peptide concentration. The bottom panels show sensorgrams depicting the association and dissociation kinetics of binding.
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Figure 3. Solution structural information on BTD-2, PG-1, and PM-1. CD spectra (left panels) and secondary Har chemical shifts derived using
NMR (right panels) are shown for (a) BTD-2, (b) PG-1, and (c) PM-1 enantiomers. The sequence and disulfide bond connectivity of each peptide
are shown underneath their respective secondary shift plot. In the case of BTD-2, the cyclic backbone is also illustrated. In the CD panel, spectra for
the two enantiomers of each peptide mixed together in equal ratios are also shown.

Figure 4. Racemic crystallography of BTD-2. (a) Unit cell of the true racemate in space group P1 with secondary structural elements illustrated. The
p-enantiomers and the L-enantiomers are labeled. The disulfide bonds are shown in yellow as stick representations. (b) 2F,—F, electron density map
at a o level of 1.0 of sulfate molecules near Arg side chains. (c) Hydrogen bond interactions between BTD-2 molecules of the same enantiomer. The
peptides are shown in stick representation.

We then determined the crystal structures of the peptides crystallize recalcitrant proteins and peptides.”’ Facile crystal
using racemic crystallography, a technique used recently to formation using racemic mixtures has been demonstrated for a
5709 DOI: 10.1021/jacs.6b02575
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number of proteins and peptides,””™>® and we recently

demonstrated extension of the approach to elucidate the
atomic resolution structures of cyclic disulfide-rich peptides.*®
Of the three peptides studied here, a racemic mixture of BTD-2
provided the best quality crystals from initial screens; however,
these crystals diffracted poorly because of damage incurred
during cryoprotection. Inclusion of polyethylene glycol as an
additive in subsequent optimization screens eventually led to
crystals that diffracted to 1.45 A. The crystal structures were
determined using the molecular replacement method and data
collection, and refinement statistics are given in Supplementary
Table 1.

The crystal structure of the BTD-2 racemate, shown in
Figure 4, is to our knowledge the first crystal structure of a 6-
defensin. It was solved in the centrosymmetric space group PI,
which is predicted to be the most likely space group for
obtaining racemate structures of macromolecules.”® The
structure is characterized by a f-sheet that is stabilized by
three disulfide bonds (Figures 4a and Sa). An overlay of the

a !

n

/]

Figure S. Structure of BTD-2 and superposition of the same
enantiomers of the asymmetric unit. (a) The f-strand location as
well as the disulfide bonds are shown for BTD-2. The Cys residues are
labeled with Roman numerals. (b and c) Overlay of three BTD-2
molecules of the same enantiomer from the asymmetric unit with the
internal hydrogen bonds indicated. (d) Different positions of the side
chains are shown.

BTD-2 structures within the asymmetric unit shows there to be
some flexibility in the backbone and a large degree of flexibility
in the Arg side chains (Figure S). Interestingly, the asymmetric
unit contains one molecule of one enantiomeric form and three
molecules of the other enantiomeric form. The enantioselec-
tivity of molecular recognition between BTD-2 molecules
provides structural evidence supporting the hypothesis that -
sheets prefer to form homochiral instead of heterochiral
interactions, which until now has been based only on chemical
experiments.”” The enantioselectivity of f-sheets is attributed
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to the difference in contact energy between the different paired
forms.>

The crystal structure shows the position of several sulfate
ions characterized by well-resolved density that interact with
the Ne and Ny protons of Arg (Figure 4b). Because sulfate ions
have similar chemical properties to phosphate ions, the
structural orientation of these sulfate ions with respect to
nearby Arg residues suggests how BTD-2 might interact with
phospholipid headgroups. It has been proposed that
guanidinium—phosphate complexation is the driving force for
pore formation by PG-1 and other Arg-rich antimicrobial
peptides, where the cationic Arg residues interact with anionic
phosphate groups as they insert into the membrane.’® Our
structural data on the interaction between Arg and anionic
groups may also have implications to the function of cell-
penetrating peptides, which have many cationic residues, act by
binding to the membrane, and have great potential for the
intracellular delivery of therapeutic molecules.”’

Not only is the structure of BTD-2 presented here the first
crystal structure of a 6-defensin, it is also the first crystal
structure of a @-defensin oligomer. Within the asymmetric unit
(which was chosen to reflect the closest association between
individual BTD-2 molecules), three molecules of the same
enantiomeric form are held together by intermolecular
hydrogen bonds forming an antiparallel arrangement (Figure
4c). We speculate that the oligomeric structure and particularly
how subunits of the oligomer pack with their neighbors is
relevant to the mechanism of action because previous
oligomeric structures of other membrane-active peptides/
proteins have also been useful for understanding func-
tion.””*%7%" Indeed, the antiparallel arrangement of BTD-2
(Figure 6a) is comparable to the antiparallel dimer of PG-1,
which has been proposed as the membrane-inserted state
(Figure 6b)."® It should be noted that an alternative oligomeric
model of PG-1 has been proposed on the basis of NMR data, in
which PG-1 subunits are organized parallel to their neighbors
(Figure 6¢).”> Nevertheless, the oligomeric structure provides
an indication on how BTD-2 molecules might be arranged in
the pore and serves as a basis for future studies, using in silico
methods for example.”'***

Looking beyond the asymmetric unit, we note that BTD-2
forms an elongated f-sheet that spans the crystal lattice (Figure
7a). This supramolecular assembly resembles that of an AfS-
derived peptide (Figure 7b)*® and other amyloid-forming
peptides;” specifically, the p-strands have an antiparallel
arrangement and hydrogen bonds play a significant role in
stabilizing the oligomeric structure. The similarity between the
supramolecular assembly of BTD-2 and that of an Af-derived
peptide is intriguing because it supports the provocative
hypothesis that antimicrobial peptides are similar to amyloid
peptides.”"** It has been observed that antimicrobial peptides
share common biological properties with amyloid peptides.”"**
For example, PG-1 has been shown to form fibrils similar to
those of disease-associated amyloids.”*** Recently, we showed
that BTD-2 can aggregate to form fibrils.”> Furthermore,
several amyloid proteins, including the Af protein, have been
reported to exert strong antimicrobial activity in several
common and clinically relevant microorganisms and in some
cases, to exhibit antimicrobial activity exceeding that of well-
known antimicrobial peptides.”® Therefore, understanding the
molecular mechanism of antimicrobial peptides might lead to
new antibiotics as well as a better understanding of amyloid
structure and function.

DOI: 10.1021/jacs.6b02575
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c parallel

N\

Figure 6. Oligomeric model of BTD-2 compared to oligomeric models of PG-1. (a) The racemic structure elucidated herein shows that BTD-2
forms an antiparallel oligomer, with neighboring BTD-2 molecules orientated antiparallel to one another. The trimer depicted here is observed in the
chosen asymmetric unit. (b) Antiparallel16 and (c) parallel dimer of PG-1.9

a BTD-2

Figure 7. Assembly of hydrogen-bonded oligomers that have fibril-like
properties. (a) Assembly of BTD-2 oligomers. (b) Assembly of a
macrocyclic f-sheet peptide containing segments based on Af5_»3
(QKLVFFAED).”® The extended f-sheets shown in panels (a and b)
run the length of the crystal lattice.

In conclusion, we have shown that the antimicrobial activity
of the O-defensin BTD-2 and related f-sheet antimicrobial
peptides PG-1 and PM-1 are receptor-independent and involve
membrane binding. Additionally, we present for the first time
the crystal structure of an antimicrobial f-sheet peptide and a 6-
defensin peptide. The structure was elucidated using racemic
crystallography, further demonstrating the utility of this
emerging technique for structure determination of cyclic
disulfide-rich structures, which can be recalcitrant to crystal-
lization using classical methods. Importantly, the oligomeric
structure of BTD-2 provides definitive proof that antimicrobial
P-sheet peptides can form antiparallel oligomers, supporting the
controversial hypothesis that it is this arrangement that
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represents their active form, a conjecture that has up to now
been derived from only NMR data. Furthermore, as the
supramolecular structure is assembled into a fibril-like state that
spans the crystal lattice, our structure also provides the first
structural data supporting the provocative hypothesis that
antimicrobial J-sheet peptides are related to amyloid-forming
peptides, whose structures have recently provided valuable
insights into their pathological mechanism. Because chemical
synthesis using D-amino acids is becoming more accessible, we
speculate that racemic crystallography will be a valuable tool in
antimicrobial peptide drug discovery and may find wider
applications in understanding amyloid structure.
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