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Leukocidin ED (LukED) is a pore-forming toxin produced by
Staphylococcus aureus, which lyses host cells and promotes vir-
ulence of the bacteria. LukED enables S. aureus to acquire iron
by lysing erythrocytes, which depends on targeting the host re-
ceptor Duffy antigen receptor for chemokines (DARC). The
toxin also targets DARC on the endothelium, contributing to
the lethality observed during bloodstream infection in mice.
LukED is comprised of two monomers: LukE and LukD. LukE
binds to DARC and facilitates hemolysis, but the closely related
Panton—Valentine leukocidin S (LukS-PV) does not bind to
DARC and is not hemolytic. The interaction of LukE with
DARC and the role this plays in hemolysis are incompletely
characterized. To determine the domain(s) of LukE that are crit-
ical for DARC binding, we studied the hemolytic function of
LukE-LukS-PV chimeras, in which areas of sequence diver-
gence (divergence regions, or DRs) were swapped between the
toxins. We found that two regions of LukE’s rim domain con-
tribute to hemolysis, namely residues 57-75 (DR1) and residues
182-196 (DR4). Interestingly, LukE DR1 is sufficient to render
LukS-PV capable of DARC binding and hemolysis. Further,
LukE, by binding DARC through DRI, promotes the recruit-
ment of LukD to erythrocytes, likely by facilitating LukED
oligomer formation. Finally, we show that LukE targets murine
Darc through DR1 in vivo to cause host lethality. These findings
expand our biochemical understanding of the LukE-DARC
interaction and the role that this toxin-receptor pair plays in S.
aureus pathophysiology.

Staphylococcus aureus is a Gram-positive pathobiont re-
sponsible for significant human disease (1). S. aureus virulence
is supported through a wide array of virulence factors (2), one
class of which is the bicomponent leukocidins. The leukocidins
are a class of secreted pore-forming toxins each made up of two
soluble monomers that together can form pores in host-cell
membranes and cause a range of host-cell responses including
cell death (3).

The leukocidin family produced by human-associated S. aur-
eus isolates has five members: LukSF-PV (or PVL), LukED,
HlgAB, HlgCB, and LukAB (or LukHG) (4, 5). Each toxin is
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made of one S subunit, which recognizes target host cells by
proteinaceous receptors, and one F subunit, which binds to the
S subunit. The components then oligomerize with each other
to form a prepore octamer of alternating subunits, which finally
matures into a pore spanning the cell membrane (4). The S sub-
units are LukS-PV, LukE, HlgA, HlgC, and LukA, and the F sub-
units are LukF-PV, LukD, HlgB, and LukB (Fig. 14). With the
exception of LukA, the S subunits all bind to seven-transmem-
brane domain G protein—coupled receptors (GPCRs). For
example, LukS-PV binds the C5a receptors C5aR and C5L2 (6),
whereas LukE binds CCR5, CXCRI1 and 2, and DARC (7-9)
(Fig. 1A4).

Each subunit has three major domains: the cap, or 3-sand-
wich domain, which allows association of the two subunits; the
rim domain, which allows recognition of host-cell receptors;
and the stem domain, which, upon octamer formation, inserts
into the host-cell membrane to form a (3-barrel pore together
with the stem domains of seven other subunits (10, 11).
Although the four S subunits that target GPCRs share 65-80%
amino acid identity (3), their rim domains are the most diver-
gent, enabling tropism for different receptors. Previous studies
have investigated the S subunit rim domain sequences neces-
sary for receptor targeting. For example, LukS-PV targets C5aR
using several residues including Arg”®, Tyr'®*, and Thr*** (12).
LukE targets CXCR1 and CXCR?2 using residues 182-196 (8)
and CCR5 using residues 57-75 (13). Interestingly, multiple
regions of the HIgA rim and cap domains are involved in target-
ing erythrocytes through DARC (14-16).

Host organisms employ nutritional immunity to prevent the
acquisition of iron and other metals by pathogens, and thus
successful pathogens must devise strategies to acquire these
essential nutrients (17, 18). S. aureus accomplishes this by
secreting LUKED and HIgAB to lyse erythrocytes and access
heme iron (9, 19). LukE and HIgA both recognize erythrocytes
by binding the DARC receptor (Duffy antigen receptor for che-
mobkines or atypical chemokine receptor 1 (ACKR1)) (9). Inter-
estingly, the F subunits LukD and HlgB bind to erythrocytes
even without LukE or HIgA and thus are involved in defining
erythrocyte tropism in a different way than other cell types
(20-22).

DARC is a member of the atypical chemokine receptor sub-
class. Like other members of this subclass, DARC binds pro-
miscuously to both CC and CXC chemokines but lacks a G pro-
tein—signaling motif (23). DARC is expressed on erythrocytes,
where it is the receptor for several plasmodium parasites (24,
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Figure 1. LukE DR1 and DR4 both contribute to hemolysis, although DR1 is sufficient to confer erythrocyte specificity. A, cartoon of LUkED and LukSF-
PV subunits and receptors. B, hemolysis of primary human erythrocytes treated with WT S. aureus bi-component leukocidins (n = 6 donors). C, structural align-
ment of LUkE (Protein Data Bank code 3ROH, shown in light blue) and LukS-PV (Protein Data Bank code 1T5R, shown in gray) as described (8). Regions of low
amino acid identity between the two toxins (referred to as divergence regions or DRs) are highlighted as follows: DR1 in yellow (residues 57-75), DR2 in red
(residues 140-150), DR3 in orange (residues 164-178), and DR4 in blue (residues 182-196). See Fig. S1 for amino acid sequences and Fig. S2 (A and B) for car-
toon and gels of S subunit chimeras. D-G, hemolysis of primary human erythrocytes treated with LUkE and LukS DR chimeras and indicated F subunits (n = 5-
17 donors). LukE>PR" indicates LukE with the DR1 from LukS-PV, LukS*®*" indicates LukS-PV with the DR1 from LukE, etc. D indicates LukD, F indicates LukF-PV,
and B indicates HIgB. Noncanonical toxin pairs are denoted as EB for LUkE + HIgB, etc. The data in B and D-F are pooled from 3-6 independent experiments
and represent means + S.E. **** p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. D-G, two-way ANOVA with Sidak’s correction, compared with WT LukE
(D), or WT LukSF-PV (E-G). D, upper asterisks at 18.8 and 37.5 nm reference LUkES PR and LukE>P**, but the upper asterisks at 75 nm only reference Luke> o',

25), as well as endothelial cells (26). DARC is thought to regu-
late chemokine concentrations and their functions in the circu-
lation (27, 28).

Here we investigated the sequence determinants of LukE for
targeting DARC on erythrocytes. We report that although mul-
tiple regions of the LukE rim domain are involved in DARC
targeting, residues 57-75 (designated DR1) are sufficient to
confer DARC specificity and hemolytic activity. We explored
the interplay between LukE and LukD in erythrocyte targeting
and found that LukE DR1, through DARC targeting, enhances
LukD binding. Finally, we demonstrate the in vivo relevance of
the LukE DR1-DARC interaction using a murine toxin chal-
lenge model.

Results
Determination of the critical regions of LukE for hemolysis

LukED and HIgAB are hemolytic, but LukSE-PV is not (Fig.
1B) (9). The LukE and LukS-PV proteins share 70% amino acid
identity. To determine regions of LukE critical for hemolysis,
we made chimeric toxins where we swapped regions of se-
quence divergence (divergence regions, or DRs) between LukE
and LukS-PV (Fig. 1C and Figs. S1A and S2A), because this
approach has been successful for studying the interaction of
LukE with other receptors (8, 13). We produced loss-of-func-
tion chimeras, in which we took LukE and swapped out a DR
for the analogous region of LukS (LukE®>”*), and gain-of-func-
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tion chimeras, in which we took LukS and swapped out a DR
for the analogous region of LukE (LukS®*) (Fig. 2, A and B).

The loss-of-function chimeras were all hemolytic when com-
bined with LukD. LukES®" and LukESP®* exhibited slightly
lower hemolytic activity than WT LukE, and LukE*™*?* and
LukE>™P®* chimeras showed almost WT levels of hemolytic
activity (Fig. 1D). We next made a combined chimera where
both the DR1 and the DR4 of LukS were swapped into LukE
(LukES PR1*% This chimera exhibited a greater loss of function
but still had some hemolytic activity (Fig. 1D). Thus, several
regions of the LukE rim domain, including DR1 and DR4, con-
tribute to erythrocyte targeting.

We next assessed the hemolytic activity of the gain-of-func-
tion chimeras when combined with LukF-PV. We found that
LukS® PR exhibited partial hemolytic activity, whereas the
other chimeras had none (Fig. 1E). We also made LukSEPRIT
but surprisingly this chimera had no hemolytic activity (Fig. 1E).

Because LukD and HIgB are critical for targeting erythro-
cytes (16, 20, 22), and S and F subunits can form active pores
in noncanonical pairs (29, 30), we next combined the gain-of-
function chimeras with LukD and HIgB. Remarkably, we
found that LukS¥P®*! exhibited full hemolytic activity when
combined with LukD or HlgB, indistinguishable from WT
LukED (Fig. 1, F and G). Thus, the DR1 of LukE is sufficient
to render LukS-PV fully hemolytic when combined with LukD
or HigB.

Because LukED can target multiple cell types through multi-
ple receptors, we wanted to assess the overall functionality of
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Figure 2. LukS®P® chimeras are active cytolysins with the exception of LukS®P*'*4, A_D, viability of primary human PMNs treated with LukE and LukS
DR chimeras and indicated F subunits (n = 3-11 donors). LukSE P indicates LukS-PV with the DR1 from LukE, etc. D indicates LukD, F indicates LukF-PV, and B
indicates HIgB. Noncanonical toxin pairs are denoted as EB for LUKE + HIgB, etc. The data are pooled from at least two independent experiments and represent
means = S.E. **** p < 0.0001. D, two-way ANOVA with Sidak’s correction, compared with WT LukSF-PV.

our chimeras by testing their ability to kill different cells. We
previously found that the loss-of-function chimeras studied
here are all cytotoxic to human polymorphonuclear leukocytes
(hPMNs) except for LukES™** but that this chimera is still
cytotoxic to CCR5" cells (8). These data confirm that the
loss-of-function chimeras are all active toxins. Thus, we tested
the gain-of-function chimeras on hPMNs. We found that
LukS¥ PR, LukS* PR3, and LukS*P** were all cytotoxic to
hPMNs when combined with LukF-PV, at levels similar to WT
LukED and LukSF-PV and noncanonical toxin pairs (Fig. 2, A
and B). Further, LukS¥™P*, the gain-of-function chimera with
hemolytic activity (Fig. 1, E-G) was cytotoxic to hPMNs in
combination with LukF, LukD, or HlgB (Fig. 2C). These data
increased our confidence in the specificity of the LukE
DR1 for targeting erythrocytes and CCR5" cells (13), as
opposed to being necessary for global toxin function. How-
ever, LukS* PR which lacked hemolytic activity (Fig. 1,
E-G), also lacked cytotoxic activity toward hPMNs (Fig.
2D). These data show that the LukS* PR ** chimera is more
globally impaired; thus, we cannot draw conclusions about
the additive importance of the DR1 and DR4 regions for
hemolysis from this chimera.

Role of loops 1 and 4 within the rim domain in LukE-mediated
hemolysis

While conducting the experiments described herein, Peng
et al. (16) published a report also studying the sequence deter-
minants of LukE involved in hemolysis. They used a similar
approach, making LukE-LukS-PV chimeras but swapped
smaller loops at the tip of the rim domain. This work found, as
we did, that multiple regions of the LukE rim domain contrib-
ute to erythrocyte targeting. However, Peng et al. described
loop 4 as the critical determinant of erythrocyte binding and
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hemolysis, finding both that the LukES'°°P* chimera showed
the most pronounced loss of hemolytic function and that the
LukS*1°°P* chimera showed some gain of hemolytic function at
the high concentration of 1430 nm. Of note, loop 4 is not analo-
gous to our DR4. Rather, it is comprised of residues 245-249,
part of our previously defined DR5 (8), which exhibited a global
cytotoxicity defect (Fig. S1A). In contrast, the loop 1 is com-
prised of residues 65-70, part of our DR1 (Fig. S1A4). Loop 1 of
LukE contributed to hemolysis but more minimally than the
larger DR1 (16). Of note, Peng et al. (16) used a different no-
menclature for the leukocidins than we do here, in which HlgB
is referred to as LukF and HIgA is referred to as Hlg2 (see Ref. 4
for clarification).

Because our findings were different from those of Peng et al.
(16), we next generated loop 1 and loop 4 loss- and gain-of-
function chimeras and assayed the hemolytic activity of the
resulting toxins (Fig. S2, A and C). We were able to recapitulate
the finding that LukES'°°P* exhibited no hemolytic activity
and that LukES'°°P! has partially decreased hemolytic activity
when combined with LukD (Fig. 34). However, in our hands
LukS1°°P* did not show gain of hemolytic function with any F
subunit (Fig. 3D). We repeated these experiments using the
same buffer conditions that Peng et al. (16) used, namely PBS
instead of saline and a higher concentration of toxin for the
gain-of-function chimera. We again produced similar loss of
function data but observed no gain of function activity (Fig. 3,
G and H).

To further characterize the loop 1 and loop 4 chimeras, we
assayed their cytotoxicity against SupT1-CCR5 cells, a human
T cell line that expresses CCR5 (12), and hPMNs, which
express CXCR1 and 2. We found that LukE>™*°P! had de-
creased cytotoxic activity toward SupT1-CCR5 cells, consist-
ent with our published data (13), and was cytotoxic to hPMNs
at the same level as WT LukED (Fig. 3, B and C). However,
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Figure 3. Amino acids 249-253 of LukE are not sufficient for erythrocyte targeting. A and D, hemolysis of primary human erythrocytes treated with LukE
and LukS loop chimeras and indicated F subunits (n = 6 donors for erythrocytes). B and E, viability of CCR5 expressing SupT1 cells (SupT1-CCR5) treated with
LukE and LukS loop chimeras and indicated F subunits (n = 3-4 experiments). C and F, viability of primary human PMNs treated with LukE and LukS loop chi-
meras and indicated F subunits (n = 6 donors). G and H, hemolysis of primary human erythrocytes treated with LUkE and LukS loop chimeras, in PBS as in Ref.
16 (n = 6 donors). In H, a concentration of 1430 nm per subunit was used, as in Ref. 16. The legend in B applies to A and B, the legend in E applies to D and E.
LUKE®™°P" indicates LukE with residues 65-70 of LukS-PV, LukE>"°P% indicates LUKE with residues 249-253 of LukS-PV, LukSE'°%PT indicates LukS-PV with resi-
dues 65-70 of LukE, and LukSE™°%% indicates LukS-PV with residues 237-271 of LukE. D indicates LukD, F indicates LukF-PV, and B indicates HlgB. Noncanonical
toxin pairs are denoted as EB for LUKE + HIgB, etc. See Fig. S1 for amino acid sequences and Fig. S2 (A and C) for cartoon and gel of S subunit loop chimeras.
The data are pooled from at least two independent experiments and represent means =+ S.E., mean = S.D. for H. **** p < 0.0001; ns, not significant. A-G, two-
way ANOVA with Sidak’s correction, compared with WT LukE (A-C and G) or WT LukSF-PV (D-F). H, one-way ANOVA with Tukey’s correction, compared with
WT LukSF-PV.

LukES"*°P* showed no cytotoxic activity toward SupT1- & 100
CCR5 or hPMNs (Fig. 3, B and C). These data reveal that 80
LukES"°°P* has a global cytotoxicity defect rather than a spe- é
cific defect in targeting erythrocytes. Further, LukS®'°°P* g 60
showed little to no cytotoxic activity toward either cell type L 40 -
with any F subunit (Fig. 3, E and F) and thus also has a global 22 20 3
cytotoxicity defect. Taken together, our data demonstrate
that although several regions of the LukE rim domain can 0
participate in erythrocyte targeting, DR1, rather than loop 4, N Q, /\6 \(,; %Q' @0'
is sufficient to confer specificity toward erythrocytes. D AF?C Concentration (nM)
LukE DR1 interacts with DARC to enhance LukD binding to B
erythrocytes Protein Receptor Affinities Kp SD
We have previously shown that DARC is required for LUKES bR DARC 58.00nM 3.46 nM
LukED-mediated hemolysis and that LukE targets erythrocytes LukE™™™" DARC 666.7nM 93.9 nM
through binding DARC (9). We further supported these find- Luks®*™" DARC 3.125puM 0.48 uM
ings by showing that purified recombinant DARC can inhibit LukS-PV_DARC >1500 uM

LukED-mediated hemolysis (Fig. 44). We next studied the
interaction of LukE, LukS-PV, and DARC by surface plasmon
resonance (SPR). We found that WT LukE bound to DARC
with a dissociation equilibrium constant (Kp) of 58.0 (*3.46)
nM, whereas WT LukS-PV did not associate with DARC up to a
concentration of 50 ug/ml (1.5 mm) (Fig. 4B). The DR1 of LukE

17244 J Biol. Chem. (2020) 295(50) 1724117250

Figure 4. DR1 of LukE binds to DARC. A, hemolysis of primary human
erythrocytes treated with 15 nm LUKED and increasing concentrations of puri-
fied recombinant DARC (n = 4 donors). B, SPR data of the indicated toxins
and mutants binding to DARC. LukE*®*" indicates LukE with the DR1 from
LukS-PV, LukS® P indicates LukS-PV with the DR1 from LUkE, etc. The data in
A are pooled from two independent experiments and represent means =
S.E. ***¥ p < 0.0001; ***, p < 0.001. A, one-way ANOVA with Tukey's correc-
tion, compared with 0 nm DARC.
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Figure 5. LUkE promotes LukD binding to erythrocytes through DR1. A, left panel, Coomassie Blue-stained gel of DyLi?ht 488-labeled toxins. Right panel,
fluorescent image of gel. B, flow cytometry gating strategy of human erythrocytes used in C-E. C and D, binding of LukD™"*-488 in the presence or absence of
LukE with or without DARC. C, MFI. D, ratio of MFI relative to binding of LukD™""-488 alone after subtracting the background fluorescence of unstained cells
(n = 5 donors). £, binding of LukD™"*-488 in the presence of the indicated S subunits (n = 5 donors). LukD™" indicates LukD?1304 (pore-formation incompe-
tent), 488 indicates DyLight 488, and LukSEPR" indicates LukS-PV with the DR1 from LukE. The data are pooled from five (C and D) or two (E) independent

experiments, and means =+ S.E. are shown. **** p < 0.0001; ***, p < 0.001; ns, not significant. C, two-way ANOVA with Sidak’s correction. D, Student’s t test.

E, one-way ANOVA with Tukey’s correction.

greatly enhances the affinity of LukS-PV for recombinant
DARC (Kp of 3.13 (£0.48) uM). The DR1 of LukS-PV expressed
in LukE decreased the affinity of LukE by 11.5-fold for DARC
(Kp = 666.7 (£93.9) nm) (Fig. 4B). These data show that LukE
DR1 promotes direct binding to DARC.

LukD and HlgB can bind to erythrocytes independently of
LukE and HIgA and can recruit the S subunits by oligomeriz-
ing with them (16, 20, 22). In the context of LukED-mediated
hemolysis, the observed LukD binding has resulted in a model
that on erythrocytes, LukD binds to the plasma membrane
first, followed by binding of LukE to LukD to form oligomers
(22). However, the interaction between LukE and DARC is
necessary for hemolysis (9). It is thus unclear what role
DARC plays in facilitating hemolysis. To explore the inter-
play between DARC, LukE, and LukD in erythrocyte binding,
we used flow cytometry to measure toxin binding to erythro-
cytes on a single-cell level. We fluorescently labeled LukD
and LukD*13%* (LukD™"%) (Fig. 5, A and B), a stem domain
mutant that oligomerizes with LukE but is unable to form
pores (31). This mutant allows the measurement of LukD
binding in the presence of LukE without lysing the erythro-
cytes. We found that binding of LukD to erythrocytes is sig-
nificantly enhanced by the presence of LukE in a DARC-de-
pendent manner (Fig. 5C). In the presence of DARC, the
binding of LukD was enhanced, on average, by 9.7-fold by the
addition of LukE (Fig. 5D). Finally, we found that the DR1 of
LukE, within a LukS backbone, is sufficient to enhance LukD
binding (Fig. 5E). Taken together, these data show that not
only does LukD recruit LukE to erythrocyte membranes
(22), but that LukE, through its interaction with DARC via
DRI, further recruits LukD onto the plasma membrane of
erythrocytes.
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LukE DR1-DARC interaction in vivo

In addition to facilitating hemolysis, LuUKED targeting of Darc
(the murine homolog of DARC) also contributes to lethality
during S. aureus bloodstream infections in mice. In fact, when
LukED is injected intravenously, the toxin targets murine Darc
on endothelial cells to cause rapid lethality through derange-
ments in the distribution of vascular fluid (32). To further
investigate the role of the LukE DR1 in targeting Darc in vivo,
we employed this toxin challenge model using Swiss Webster
mice. We found that the DR1 of LukE is sufficient to render
LukS-PV lethal in this model when injected together with
either LukD or HlgB (LukS®*™®! D and LukS®P®! B; Fig. 6A).
We next investigated the role of Darc using C57BL/6] mice.
Although the WT mice were as susceptible as the Swiss Web-
ster mice, the Darc”’~ mice were fully resistant (Fig. 6, B and
C). Thus, the LukE DR1-Darc interaction is also important for
LukED targeting of endothelial cells in vivo.

Discussion

S. aureus deploys a collection of bicomponent pore-forming
leukocidins to target host cells and promote its survival within
the mammalian host. These toxins, although very similar at the
amino acid and structural level, exhibit tremendous specificity
toward their cellular surface receptors. This specificity dictates
the breadth of cells targeted by the toxins. The molecular
means by which leukocidins target their different cellular
receptors is incompletely understood. Here we studied the
interaction between LukED and DARC on erythrocytes. We
found that, rather than one region of the LukE rim domain
being necessary for hemolysis, DR1 and DR4 both contribute to
erythrocyte targeting. We have previously shown that LukE
DRI targets CCR5 (13) and LukE DR4 targets CXCR1/2 (8).
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Figure 6. LukE DR1 is sufficient for Darc targeting in vivo. A, survival
curve of Swiss Webster mice (females, 4-6 weeks old) challenged with IV
purified toxin (n = 3-5 mice/group). B and C, survival curve of B6 WT (B) and
Darc™’~ (C) mice (mixed males and females, 7-10 weeks old) injected with
purified toxin via retro-orbital injection (n = 4-6 mice/group). LukS=™"" indi-
cates LukS-PV with the DR1 from LukE. SD indicates LukS-PV + LukD. The
data are pooled from 2-3 independent experiments. **, p < 0.01; *, p < 0.05.
A and B, Mantel-Cox test.

DARC is a promiscuous chemokine receptor, capable of bind-
ing many chemokines including CCL5, which binds CCR5, and
several ligands of CXCR1 and 2, including CXCL8 (33). Thus,
perhaps it is not surprising that LukE binds DARC using both
chemokine receptor targeting regions. However, we found that
the LukE DRI is sufficient for binding and hemolysis in the
context of a LukS-PV backbone and a hemolytic F subunit (i.e.
LukD or HlgB).

Our conclusions conflict with those previously published
by Peng et al. (16), which found that loop 4 of LukE is the most
critical region for hemolysis. We found that LukES'°°P* indeed
lacks hemolytic activity, but this mutant also lacks cytotoxic
activity toward CXCR1/2-expressing hPMNs and CCR5-
expressing cells. Thus, we conclude that this chimeric mutant
is globally defective rather than being specifically deficient in
targeting of DARC and erythrocytes. In terms of LukS'°°P%,
however, we observed no gain of hemolytic function, in con-
trast to Peng et al. (16), even when using the same buffer and
concentration (Fig. 3H). The most notable remaining difference
in our methods is that we used toxins produced by S. aureus,
whereas Peng et al. (16) used toxins produced by Escherichia
coli, which may explain the discrepancy in our data. We pro-
pose two possible explanations as to why mutating loop 4 of
LukE abrogates cytotoxic activity globally. One likely possibility
is that this mutation leads to changes in the structure of the rim
domain loops, making them dysfunctional. Peng et al. (16)
interrogated the secondary structure of their chimeras by CD
analysis to exclude chimeras that greatly altered the structure
of the proteins. However, the rim domain loops of the leukoci-
dins are unstructured in X-ray crystallographic studies, and
thus changes in their structure are unlikely to be evident from
this analysis. Indeed, a single-residue mutation in loop 4 of
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LukS-PV has been shown to alter the structure of both loop 4
and DR4 (loop 3), leading to reduced loop flexibility and
impaired receptor binding (12). Thus, this region of the protein
is highly sensitive to manipulation.

Directly upstream of loop 4 in LukS-PV is the “Z region,” a
five-residue stretch similar to HlgC, which includes a threonine
and basic residues. This region has been shown to be crucial for
receptor binding and cytotoxicity of LukS-PV (12) and HlgC
(34, 35). The Z region is absent from LukE and HIgA (Fig. S1B).
However, we observed that the residues in loop 4 of LukE and
HIgA also contain a threonine in the context of basic residues,
somewhat analogous to the Z region of LukS-PV and HlgC. We
realigned the S-subunit sequences in this region to highlight
this similarity (Fig. S1C). This alignment suggests an alternative
explanation as to why LukES"°°P* Jacks cytotoxic activity glob-
ally. The threonine in the context of basic residues may be im-
portant for receptor binding on a more global level, perhaps for
binding to a conserved region within GPCRs. If so, we would
expect LukES"°°P* to be unable to bind any GPCRs, because it
is lacking these crucial residues. This region merits further
study, because it may represent a key to inhibiting all of the leu-
kocidins that target GPCRSs.

We also addressed herein the role of DARC in facilitating he-
molysis. In Fig. 5, we showed that LukE DR1, through its inter-
action with DARC, recruits additional LukD molecules to the
surface of erythrocytes. It is likely that the recruitment we
observe represents LukE and LukD oligomerization events,
suggesting that DARC enables this. A potential mechanism for
this may relate to the homodimerization of DARC (36). Two
DARC molecules, each bound to a LukE—-LukD dimer, could
boost oligomerization of these subunits because of their close
proximity. Because the prepore structure of LukED consists of
four subunits of LukE and four subunits of LukD, we might
expect that LukE and DARC would increase the binding of
LukD by a factor of 4. However, we found that the enhance-
ment of LukD binding in the presence of LukE was over 9-fold
(Fig. 5D). Thus, we propose the model shown in Fig. 7. In this
model, 1) LukD binds to erythrocytes, and LukE binds to
DARC dimers. 2) LukD and LukE dimerize, 3) DARC facilitates
the recruitment and further oligomerization of LukD and LukE
to form a prepore octamer, and 4) the prepore disassociates
from DARC and matures into a pore, and DARC is free to bind
another LukE and begin the process again. Thus, one dimer of
DARC may be capable of facilitating the formation of multiple
octamers of LukE and LukD, explaining why the addition of
LukE enhances LukD binding by more than 4-fold. An alterna-
tive hypothesis is that higher avidity of LukE for DARC com-
pared with LukD for its binding partner results in more
octamers associating with the erythrocyte in the presence of
LukE than LukD monomers associate in the absence of LukE.

A related question is, what is the binding partner of LukD on
erythrocytes? F subunits bind to lipids including phosphatidyl-
choline (37-39), yet this cannot explain the differential binding
patterns of the F subunits to erythrocytes. Recently, it was
established that LukF-PV binds to CD45 and that this interac-
tion is critical for LukSF-PV toxicity (40), making it likely that
other F subunits also have proteinaceous receptors. To put
these observations together, there may be a receptor for LukD
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Figure 7. Model of DARC recruiting LuUkED into oligomers on the erythrocyte membrane.

that allows initial association of the toxin to the cell, and DARC
may act as a co-receptor, which by binding LukE facilitates
oligomerization of the toxin subunits into prepore octamers
(Fig. 7).

Finally, we established the role of LukE DRI ix vivo using a
toxin challenge model of endothelial targeting. These findings
raise the question of whether the other biochemical observa-
tions regarding erythrocyte targeting described here and else-
where also apply to endothelial targeting. Moreover, the identi-
fication of the LukE DR1 as critical for toxin activity pinpoints
a domain that could be used to elicit protective immune
responses in the form of neutralizing antibodies (41). These are
interesting questions for further research.

S. aureus leukocidins play many roles in facilitating pathoge-
nesis (7, 9, 32, 42—45). Further, the leukocidins are promising
vaccine targets (41, 46). Thus, understanding the biochemistry
of leukocidin interactions with host receptors and cells is an
important area of research to continue because these studies
may facilitate the development of novel S. aureus therapeutics
and vaccines.

Experimental procedures
Ethics statement

Blood was obtained from healthy, deidentified, consenting
adult donors as bufty coats from the New York Blood Center.
All experiments involving animals were reviewed and approved
by the Institutional Animal Care and Use Committee of New
York University and were performed according to guidelines
from the National Institutes of Health, the Animal Welfare Act,
and United States Federal Law.

Leukocidin generation and purification from S. aureus

The LukES"*** chimera and the LukS*™® chimeras were
generated by overlapping extension PCR, as described (31).
The primer sequences are listed in Table S1. LukE> P®'** was
made using LukESP®! plasmid (VJT34.08) as a template, with
primers VJT629, VJT903, V]T914, and VJT1114, and final PCR
was performed with VJT629 and VJT1114. LukS*™® chimeras
were made using LAC genomic DNA as a template, with the
following primers: LukS*™*: VJT1208, VJT1186, VJT1189,
and VJT1117; final PCR: VJT1208, VJT1117, VJT1187, and
VJT1188; LukS*”** VJT1208, VJT1190, VJT1193, and VJT1117;
final PCR, VJT1208, VJT1117, VJT1191, and VJT1192;
LukS* 3 VJT1208, VJT1194, VJT1197, and VJT1117; final
PCR, VJT1208, VJT1117, VJT1195, and VJT1196; and
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LukS®P**: VJT1208, VJT1198, VJT1201, and VJT1117; final
PCR: V]JT1208,VJT1117, VJT1199, and V]JT1200.

The LukS*™P**** chimera and the loop chimeras described
previously (16) were synthesized as gBlocks (Integrated DNA
Technologies) and amplified by PCR. LukS mutants were
amplified with primers VJT1208 and VJT1117. LukE mutants
were amplified with V]T629 and VJT1114.

The final PCR products were cloned into the pOS1-PlukAB-
lukAss-Hise plasmid using BamHI and Pstl restriction sites,
transformed into E. coli DH5q, screened, sequenced, electropo-
rated into S. aureus RN4220, and finally electroporated into
S. aureus Newman AAAA (AlukED higACB::tet lukAB:spec
hla::ermC) as described (31). All other mutants were described
previously (8).

WT and mutant toxins were purified from supernatants of S.
aureus Newman as detailed elsewhere (8, 13, 31). Briefly, cul-
ture filtrates were harvested from 5-h subcultures of S. aureus
Newman AAAA strains harboring plasmids with the toxin
sequences with His tags grown in tryptic soy broth supple-
mented with chloramphenicol grown at 37°C with 180-rpm
shaking. The cultures were centrifuged and filter-sterilized, and
the His-tagged proteins were purified on nickel—-nitrilotriacetic
acid—agarose resin (Qiagen) columns. Protein concentrations
were quantified by measuring the absorbance at 280 nm using
an ND-1000 Spectrophotometer (NanoDrop) and then multi-
plying by the molecular weight and dividing by the extinction
coefficient. All holotoxin concentrations are represented as per
subunit unless otherwise indicated.

Hemolysis assays

Human erythrocytes were isolated from bufty coats obtained
from the New York Blood Center. Erythrocytes were sedimen-
ted with dextran as described (22) and then washed three times
with 0.9% saline. 4 X 10° cells were incubated with purified
toxin in a V-bottom plate for a total volume of 100 ul for 30
min at 37°C + 5% CO, and then centrifuged at 2,000 rpm for
10 min. 50 ul of supernatant were transferred to a flat-bot-
tomed plate, and the absorbance was measured at 405 nm to
quantify hemoglobin release. Each condition was run in dupli-
cate, and the two wells were averaged. Hemolysis was normal-
ized to Triton X-100 lysed control (set to 100%).

To test the hemolytic activity of the loop mutants designed
by Peng et al. (16) under the conditions analogous to those
described by the authors, the cells were washed three times
with PBS, and 108 cells were added to purified toxin in a V-bot-
tom plate for a total volume of 250 ul for 1 hat 37°C + 5% CO,
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and then centrifuged at 2,000 rpm for 10 min. Hemolysis was
quantified from supernatant as above.

Cytotoxicity assays with human neutrophils

Primary human PMNs were isolated from buffy coats
obtained from the New York Blood Center as described (8). A
total of 2 X 10” cells in RPMI supplemented with 10% FBS were
incubated with purified toxin in a flat-bottomed plate for a total
volume of 100 ul for 1 h at 37°C + 5% CO,. 10 ul of CellTiter
96 Aqueous One Solution cell proliferation assay dye (Prom-
ega) was added to the cells and incubated for an additional 2 h
at 37°C + 5% CO,. Absorbance was measured at 492 nm to
quantify cell viability. Each condition was run in duplicate, and
the two wells were averaged. Cell death was normalized to
Triton X-100 lysed control (set to 100%).

Cytotoxicity assays with SupT1-CCR5 cells

SupT1 cells (ATCC CRL-1942) transduced with CCR5 were
cultured as described (13). Briefly, the cells were grown in
RPMI supplemented with 10% FBS, 1% penicillin/streptomy-
cin, and 1 pug/ml puromycin at 37 °C + 5% CO,.

To assay cytotoxicity, a total of 1 X 10° cells in RPMI supple-
mented with 10% FBS were incubated with purified toxin in
a flat-bottomed plate for a total volume of 100 ul for 2 h at
37°C + 5% CO,. Cell viability was measured with CellTiter
assay dye as above.

Inhibition of hemolysis by DARC

Purified LukED at a concentration of 15 nMm was added to a
titration of purified recombinant DARC (OriGene) and incu-
bated at room temperature for 10 min. Human erythrocytes
were washed, added to the mixture, and intoxicated as above.

SPR analysis of LukE/LukS binding to DARC

SPR was performed using the Biacore S200 system (Cytiva)
as previously described (9) with some minor modifications.
Briefly, purified recombinant Duffy/DARC purified from
human HEK293T cells (OriGene) were immobilized using the
NHS capture kit onto flow cells 2—4 of a series S sensor chip
CMS5 (Cytiva) with flow cell 1 acting as the blank reference con-
trol. Recombinant toxins were flowed over DARC at concentra-
tions ranging from 0.016 to 50 ug-ml~' using single cycle
kinetics. At least duplicate data were obtained from all three
flow cells for each interaction, with 1X PBS at pH 7.2 used as
the buffer only zero concentration control. A flow rate of 20
ul-min~" was used for the analysis with a contact time of 60 s,
and a final disassociation step of 10 min was performed. The
affinities were calculated using the Biacore S200 evaluation
software.

Fluorescent toxin labeling of toxins

Purified LukD and LukD*'*** were labeled with Thermo
Scientific Dylight 488 NHS-Ester Amine reactive dye kit
according to the manufacturer’s protocol. 2 ug of labeled toxin
was run on an SDS-PAGE gel and imaged using the ChemiDoc
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Touch imaging system to confirm labeling. The gel was then
stained with Coomassie Blue and imaged.

Cell binding assays

Human erythrocytes were prepared from buffy coats as
above and then washed three times in 0.9% saline supple-
mented with 0.55% BSA. 4 X 10° cells were incubated with
180 nMm toxin in a V-bottom plate in a total volume of 100 ul for
10 min at 37°C + 5% CO,, centrifuged at 2000 rpm for 2 min.
The cells were then washed twice with FACS buffer (2% FBS,
0.05% sodium azide in PBS), resuspended in 200 ul of FACS
buffer, and analyzed by flow cytometry (CytoFLEX S). The data
are shown as the geometric mean fluorescence intensity (MFI)
of live single cells.

Murine toxin challenge

Swiss Webster mice were purchased from Envigo. C57BL/6]
Darc™’~ mice were provided by Dr. G. Scott Worthen (Univer-
sity of Pennsylvania), rederived, and bred in-house at New York
University School of Medicine as described previously (32).
C57BL/6] controls were purchased from The Jackson Labora-
tory and bred in-house. The mice were maintained under spe-
cific pathogen-free conditions and used age-matched at 4-6
weeks of age for Swiss Webster mice and 7—11 weeks of age for
C57BL/6] WT and Darc™’~ mice. Swiss Webster experiments
were performed with all female mice, and C57BL/6] experi-
ments were performed with female and male (sex-matched)
mice. The mice were randomly mixed within their genotypes
and sex and then assigned to groups. No sex difference was
observed.

The mice were challenged with leukocidins as described pre-
viously (31). The mice were anesthetized by inhalation of iso-
flurane gas (2%), and the toxins were administered systemically
at the indicated doses via retro-orbital injection in 100 ul of
PBS. The time to acute intoxication was recorded after sacrifice
of mice displaying signs of morbidity, including ruffled fur,
hunched posture, paralysis, inability to walk, inability to con-
sume food or water, or marked difficulty breathing.

Protein sequence alignments

The LukE (strain Newman) and LukS-PV (strain FPR3757)
amino acid sequences were aligned with DNASTAR MegAlign
software with ClustalW, as described (8). The alignment of the
S subunits shown in Fig. S1B was reproduced from Peng et al.
(16). To generate Fig. S1C, these sequences were manually real-
igned to highlight the similarities between the Z region sequen-
ces of LukS-PV and HIgC and loop 4 for LukE and HIgA. The
sequence alignment figures were prepared using T-Coffee and
BoxShade online tools. The structural alignment figure of LukE
(Protein Data Bank code 3ROH) and LukS-PV (Protein Data
Bank code 1T5R) was prepared using PyMOL.

Graphical and statistical analyses

Statistical details (# numbers, tests used, definitions of the
error bars) are described in the figure legends. Analyses of flow
cytometric data were performed using FlowJo. Statistical
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analyses were performed using GraphPad Prism 8, with Stu-
dent’s ¢ test, two-way ANOVA with Sidak’s post hoc test for
multiple comparisons, one-way ANOVA with Tukey’s post hoc
test for multiple comparisons, or log-rank (Mantle—Cox) test as
indicated.

Data availability

All data are contained within the article.
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