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FBXO2/SCF ubiquitin ligase complex directs
xenophagy through recognizing bacterial
surface glycan
Akihiro Yamada , Miyako Hikichi, Takashi Nozawa & Ichiro Nakagawa*

Abstract

Xenophagy, also known as antibacterial selective autophagy,
degrades invading bacterial pathogens such as group A Streptococ-
cus (GAS) to defend cells. Although invading bacteria are known to
be marked with ubiquitin and selectively targeted by xenophagy,
how ubiquitin ligases recognize invading bacteria is poorly under-
stood. Here, we show that FBXO2, a glycoprotein-specific receptor
for substrate in the SKP1/CUL1/F-box protein (SCF) ubiquitin ligase
complex, mediates recognition of GlcNAc side chains of the GAS
surface carbohydrate structure and promotes ubiquitin-mediated
xenophagy against GAS. FBXO2 targets cytosolic GAS through its
sugar-binding motif and GlcNAc expression on the GAS surface.
FBXO2 knockout resulted in decreased ubiquitin accumulation on
intracellular GAS and xenophagic degradation of bacteria. Further-
more, SCF components such as SKP1, CUL1, and ROC1 are required
for ubiquitin-mediated xenophagy against GAS. Thus, SCFFBXO2

recognizes GlcNAc residues of GAS surface carbohydrates and func-
tions in ubiquitination during xenophagy.
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Introduction

Autophagy is a membrane trafficking process in which double-

membrane spherical structures known as autophagosomes deliver

cytosolic contents to lysosomes for degradation. Autophagy not only

degrades its components but also selectively targets invading

microbes and plays a key role in innate immune defense. Autophagy

against microbes is named xenophagy and has been reported to

degrade various intracellular bacterial pathogens such as Mycobac-

terium tuberculosis, Salmonella enterica serovar Typhimurium, and

group A Streptococcus (GAS) (Levine & Deretic, 2007; Campoy &

Colombo, 2009). Intracellular bacteria are marked with ubiquitin

and ubiquitin-binding autophagy receptors such as p62 and NDP52

and are recruited for linking to LC3 on autophagosomes (Boyle &

Randow, 2013). Ubiquitin is also involved in recruiting ATG16L1

for xenophagy (Fujita et al, 2013). Although ubiquitin ligases such

as LRSAM1, Parkin, Smurf1, Nedd4-1, and RNF213 have been iden-

tified as crucial factors in xenophagy against various bacterial

pathogens (Huett et al, 2012; Manzanillo et al, 2013; Franco et al,

2017; Ogawa et al, 2018; Otten et al, 2021), how these ligases selec-

tively recognize invading pathogens is poorly understood.

Group A Streptococcus, also known as Streptococcus pyogenes, is

a group of gram-positive bacteria that cause a variety of illnesses,

including pharyngitis, impetigo, and severe systemic infections such

as necrotizing fasciitis and streptococcal toxic shock syndrome (Cole

et al, 2011). GAS invades non-phagocytic human cells via endocyto-

sis and escapes from endosomes into the cytosol through the activ-

ity of streptolysin O (SLO), a pore-forming toxin secreted by GAS.

GAS exposed to the cytoplasm is selectively targeted by xenophagy

(Nakagawa et al, 2004). Some GAS strains avoid xenophagic degra-

dation by secreting toxins (Barnett et al, 2013; O’Seaghdha &

Wessels, 2013; Toh et al, 2020). We previously reported that GAS

invasion through SLO triggers the recruitment of ubiquitin-binding

autophagy receptors to ubiquitin-marked GAS through TBC1D9 and

RAB35 (Minowa-Nozawa et al, 2017; Nozawa et al, 2020), suggest-

ing that ubiquitination is essential for xenophagy against GAS infec-

tion. However, the substrate(s) and ligase(s) responsible for

ubiquitin-coating GAS have not been identified.

In addition to ubiquitin-mediated recognition, glycan binding

proteins such as galectin-3 and galectin-8 have been reported to

direct xenophagy by binding host glycans exposed on damaged

endosomes and lysosomes. Galectin-8, a cytosolic b-galactoside-
binding lectin, activates xenophagy by recruiting the autophagy

receptor NDP52 during Salmonella Typhimurium infection (Thur-

ston et al, 2012). Galectin-3 recruits TRIM16, a RING-type ubiquitin

ligase, to add K63-linked ubiquitin to damaged endomembranes

(Chauhan et al, 2016). In addition, although not involved in xeno-

phagy, the SCFFBXO27 ubiquitin ligase complex has been reported to

ubiquitinate lysosomal glycoprotein exposed following membrane

damage for lysophagy (Yoshida et al, 2017). Therefore, recent

advances have revealed that glycan recognition is important for
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xenophagy and lysophagy. The recognized glycan substrate is

thought to be a host membrane component. However, despite the

abundance of glycans and glycoproteins on the bacteria surface,

whether bacterial glycans are also recognized in xenophagy is

unknown.

Group A carbohydrate (GAC) is a bacterial surface rhamnose

polysaccharide that constitutes half of the cell wall of GAS, is essen-

tial for bacterial growth, and contributes to infection ability

(McCarty, 1952). The N-acetylglucosamine (GlcNAc) side chain,

present in GAC, is a virulence factor (Henningham et al, 2018).

Recent studies showed that mutants defective in GlcNAc side chain

addition improve intracellular viability by increasing the sensitivity

to neutrophils and serum killing, attenuating virulence, and

suppressing host immune responses (van Sorge et al,

2014). However, it is unclear how the GAS surface carbohydrate

structure and its GlcNAc side chains contribute to the intracellular

dynamics of GAS in host cells.

In this study, we investigated the involvement of GlcNAc resi-

dues of GAS surface carbohydrate and FBXO2, a glycoprotein-

specific F-box protein, in xenophagy. Our findings reveal that the

bacterial sugar chain is among the markers of xenophagy recogni-

tion, providing insight into the pathway linking bacterial surface

components and ubiquitin ligase in xenophagy.

Results

GAC side chain GlcNAc is involved in xenophagy of GAS

Although recent studies showed that ubiquitin-binding autophagy

receptors are required for the xenophagy of GAS (Ito et al, 2013;

Minowa-Nozawa et al, 2017; Lin et al, 2019), whether ubiquitin

itself directly mediates xenophagy is not clear. To investigate the

necessity of ubiquitination in xenophagy during GAS infection, we

used the ubiquitin-activating enzyme (E1)-specific inhibitor PYR41,

which blocks ubiquitination in cells (Yang et al, 2007). Human

epithelial cells (HeLa cells) were treated with PYR41 and infected

with GAS. The recruitment of galectin-3 was not affected by PYR41

treatment (Fig EV1A and B), suggesting that PYR41 does not inhibit

GAS invasion into the host cytosol. In control (non-PYR41-treated)

cells, intracellular GAS was coated with ubiquitin, whereas

ubiquitin-positive GAS was rarely observed in PYR41-treated cells

(Fig EV1A and B). Additionally, PYR41 treatment significantly

decreased LC3-positive GAS (Fig EV1A and B). Because LC3 recruit-

ment to bacteria is a hallmark of xenophagy induction (Xu et al,

2019), these results suggest that ubiquitination is required for the

xenophagy of GAS.

Next, to investigate whether ubiquitination is required for xeno-

phagic degradation of GAS, we examined the intracellular survival

of GAS in PYR41-treated cells. Although the invasion efficiency of

GAS was unchanged (Fig EV1C), the survival of bacteria at 6 h after

infection was significantly increased upon PYR41 treatment

(Fig EV1D). Taken together, these results suggest that ubiquitina-

tion is required for xenophagy against GAS.

We next observed the localization of galectin-3 and ubiquitin in

GAS-infected cells and found that some ubiquitin-coated GAS was

galectin-3-negative (Fig EV1E). Because galectin-3 targets damaged

endosomal membranes (Paz et al, 2010), structures other than

damaged endosomal membranes may be targeted by the ubiquitina-

tion system during GAS infection.

The GAS surface harbors the GAC comprised of a polyrham-

nose backbone with GlcNAc side chains. Twelve GAC genes

(gacA–gacL) are involved in GAC biosynthesis and transport

(Rush et al, 2017). The first three genes, gacA–gacC, are responsi-

ble for polyrhamnose backbone biosynthesis and are essential for

bacterial viability, and gacI–gacK are required for the addition of

GlcNAc side chains to the polyrhamnose backbone (Fig 1A). To

examine the involvement of GAC components in xenophagy, we

constructed GAC deletion mutants of GAS. We obtained six gac

mutants of DgacG–gacL, but not of DgacA–gacF, which are

thought to be critical for core rhamnose backbone construction.

To determine whether these mutants were deficient in GlcNAc

expression on the GAS surface, we treated GAS mutants with

succinylated wheat germ agglutinin (sWGA), a lectin that specifi-

cally binds GlcNAc, and measured the fluorescence intensity of

sWGA attached to each strain (Nagata & Burger, 1974). As

expected, binding of sWGA to DgacI was not observed, and the

deletion of gacJ and gacK significantly decreased sWGA binding to

GAS (Fig 1B). These data are consistent with the results of a

previous study (van Sorge et al, 2014). We then examined

whether targeting of these GAC mutants by xenophagy was

reduced. We found that LC3-positive GAS was significantly

reduced in DgacI-, DgacJ-, and DgacK-infected cells than in wild-

type GAS-infected cells (Fig 1C and D). In addition, although

DgacL harbored GlcNAc on the cell surface, targeting LC3 to

DgacL significantly decreased (Fig 1B and D). As GacL is required

to transfer GlcNAc from GlcNAc-phosphate-undecaprenol to

polyrhamnose, GlcNAc bound to the rhamnose backbone may be

involved in xenophagy induction.

GlcNAc residues are involved in recognition by the host
ubiquitination system

To validate the involvement of GlcNAc of GAS in xenophagy, we

complemented gacI to DgacI because deletion of gacI most

profoundly decreased GlcNAc expression on GAS. The recovery of

GlcNAc expression was confirmed by the sWGA binding assay

(Fig 2A). To confirm that gacI was involved in xenophagy induc-

tion, we examined LC3 lipidation levels during infection. The levels

of the lipidated form of LC3 (LC3-II) during DgacI infection were

significantly lower than those during GAS wild-type and DgacI::gacI
infection (Fig 2B and C), suggesting that GlcNAc is involved in

xenophagy induction during GAS infection. We next investigated

which step upstream of LC3 recruitment (endocytosed internaliza-

tion of GAS, cytosolic escape via SLO, or recognition of GAS by the

ubiquitination machinery) was affected by gacI deletion. The inva-

sion efficiency of DgacI GAS cells was comparable to that of wild-

type GAS (Fig EV2A), and recruitment of galectin-3 was unchanged

(Fig EV2B and C), demonstrating that GlcNAc was not associated

with bacterial invasion into the host cytosol. We found that deletion

of gacI resulted in decreased ubiquitin-coated GAS (Fig 2D and E).

To validate whether GlcNAc residues are involved in ubiquitination

during GAS infection, we isolated bacteria from infected cells

through affinity purification using anti-lipoteichoic acid antibodies.

Similar numbers of wild-type and DgacI GAS were isolated from

host cells at 4 h after infection (Fig EV2D). We then detected
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conjugated ubiquitin by immunoblotting and found that isolated

wild-type GAS carried multiple ubiquitinated molecules with 100–

200 and 17 kDa (Fig 2F). In contrast, the size of the bands from

DgacI GAS was 140–200 kDa (Fig 2F), indicating that GlcNAc resi-

dues on the GAS surface are involved in ubiquitination of bacteria

in infected cells.

To confirm the involvement of GlcNAc residues in ubiquitin-

mediated recognition in xenophagy, we pre-treated GAS with sWGA

to mask GlcNAc residues on the bacterial surface and infected cells

with sWGA-coated GAS. Pre-treatment of GAS with sWGA did not

inhibit the recruitment of galectin-3 to GAS (Fig EV2E and F) but

significantly decreased ubiquitin-positive GAS in wild-type and

A

B

C

D

Figure 1. Screening of gac deletion mutant.

A Schematic representation of the group A carbohydrate (GAC) gene cluster. Biogenesis of GAC is obtained with 12 gac operons. Genes from gacA to gacC are
responsible for rhamnose backbone biogenesis, and those from gacI to gacL are involved in GlcNAc side chain addition.

B Expression levels of GlcNAc in wild-type (WT) GAS, DgacG, H, I, J, K, and L were measured as the sWGA fluorescence intensity (normalized to WT GAS).
C, D HeLa cells expressing mCherry-LC3 (magenta) were infected with WT GAS and the indicated gac deletion mutant for 2 h at an MOI of 100 and then stained with

DAPI (cyan); scale bar, 10 lm. (C) Representative confocal images are shown at 2 h post-infection, and (D) percentages of GcAV-positive cells were quantified.

Data information: Data represent the mean � SEM of (B) nine and (D) four independent experiments. Asterisks indicate significant differences (**P > 0.01) as
determined by Student’s t-test.
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DgacI::gacI-infected cells (Fig 2G and H). In contrast, no significant

reduction in ubiquitin-positive GAS was observed after sWGA treat-

ment in DgacI-infected cells (Fig 2G and H). Taken together, these

results demonstrate that GlcNAc residues are involved in bacterial

recognition by the ubiquitination system for xenophagy during GAS

infection.

As ubiquitin-coated GAS is recognized by ubiquitin-binding

autophagy receptors such as p62, we next examined the recruitment

of p62 to invading GAS. Deletion of gacI abolished the recruitment

of p62, whereas complementation of gacI restored the p62 recruit-

ment to GAS (Fig 2I and J). Because targeting of DgacI GAS by ubiq-

uitin, p62, and LC3 was decreased, we next examined whether this

mutant avoided xenophagic degradation. The survival rate of DgacI
GAS was significantly higher than that of the wild-type and DgacI::
gacI GAS strains (Fig 2K). Therefore, GlcNAc is involved in recogni-

tion by host ubiquitin-mediated xenophagy.

GlcNAc residues induce K48- and K63-ubiquitin coating during
GAS infection

K48-, K63-, and M1-linked polyubiquitination is reportedly crucial

for xenophagy (Ito et al, 2013; Noad et al, 2017; Ogawa et al,

2018). K48-ubiquitin signals coated each bacterium, whereas K63-

ubiquitin signals localized around aggregated bacteria (Fig EV3A).

In contrast, minimal M1-linked linear ubiquitin signals were

detected around GAS (Fig EV3A). This observation is consistent

with the localization of ubiquitin during Streptococcus pneumoniae

(Ogawa et al, 2018). To determine the types of polyubiquitin chains

induced via GAS surface GlcNAc residues, we observed chain-

specific ubiquitin signals on gacI mutants. Confocal microscopic

images revealed that the recruitment of both K48 ubiquitin and K63

ubiquitin during DgacI infection was reduced compared with that

during wild-type and DgacI::gacI infection (Fig EV3B and C). There-

fore, GlcNAc on the GAS surface is involved in inducing both K48

ubiquitination and K63 ubiquitination during xenophagy of GAS.

GAS is targeted by FBXO2 through GlcNAc residues

Because GlcNAc residues on the GAS surface carbohydrate were

suggested to be involved in ubiquitin-mediated recognition during

GAS infection, we focused on glycoprotein-specific F-box proteins

(FBXO2, FBXO6, and FBXO27), which are components of the SCF

ubiquitin ligase complex (Yoshida et al, 2002). We determined the

subcellular localization of EmGFP-tagged FBXO2, FBXO6, and

FBXO27 during GAS infection. EmGFP-FBXO2 and EmGRP-FBXO6

were recruited to intracellular GAS, whereas EmGFP-FBXO27 was

not (Fig 3A). More than 50 and 30% of infected cells exhibited

FBXO2- and FBXO6-positive GAS, respectively (Fig 3B). Confocal

microscopy images show that FBXO2 and FBXO6 were co-localized

with LC3, and some GAS-associated FBXO2 signals were LC3-

negative (Fig 3C, arrowhead). Furthermore, signal-intensity plots of

FBXO2 and LC3 revealed that the signal peaks of FBXO2 were inside

the LC3-positive circles (Fig 3C), suggesting that FBXO2 targets

bacteria rather than LC3 vacuoles. We also examined the kinetics of

the recruitment of FBXO2 and LC3 to GAS and found that FBXO2

was recruited to GAS more frequently than LC3 at 2 and 4 h after

infection (Fig 3D). To determine whether FBXO2 targeted cytosolic

GAS, we observed the localization of FBXO2 during WT or Dslo GAS

infection. As shown in Fig EV4A–D, galectin-3, LC3, and FBXO2

were not recruited to Dslo GAS, suggesting that FBXO2 translocation

occurred proximal to invading bacteria upon cytosolic escape

through SLO during GAS infection. Because LC3 recruitment to GAS

was ubiquitination-dependent and decreased after infection with a

GlcNAc deletion mutant, we examined the recruitment of FBXO2 to

DgacI GAS. Recruitment of FBXO2 to GAS decreased after gacI dele-

tion (Fig 3E and F), suggesting that GlcNAc is involved in targeting

FBXO2 to GAS. Taken together, these results suggest that invading

GAS is targeted by FBXO2 through GAS surface GlcNAc residues.

FBXO2 targets intracellular GAS through sugar-binding motifs

FBXO2 consists of four distinct domains: the PEST domain (residues

1–54), F-box domain (FBD; residues 55–95), linker domain (residues

96–124), and sugar-binding domain (SBD; residues 125–297). FBD

binds to SKP1 and SBD binds to the innermost chitobiose in high-

mannose N-glycans, but mutations Y279 and W280 in SBD prevent

this binding (Mizushima et al, 2004). To investigate the transloca-

tion mechanism of FBXO2 to GAS in more detail, we constructed a

series of deletion and substitution mutants of FBXO2 (Fig 4A).

FBXO2 DFBD was localized to GAS, whereas the FBXO2 Y279A,

W280A, and Y279A/W280A mutants showed cytosol and nuclear

localization and were not recruited to GAS (Fig 4B and C), demon-

strating that the sugar-binding motif is critical for targeting of

FBXO2 to invading GAS.

◀ Figure 2. GlcNAc affects ubiquitination of GAS.

A Expression levels of GlcNAc in WT GAS, DgacI, and DgacI::gacI were measured as the sWGA fluorescence intensity (normalized to WT GAS).
B, C Accumulation of LC3-II. (B) Representative Western blot of LC3-II during non-infection (NI), WT GAS, DgacI, and DgacI::gacI. (C) LC3-II intensity normalized to NI.
D, E Recruitment of ubiquitin in GAS-infected cells. HeLa cells were infected with WT GAS, DgacI, and DgacI::gacI for 4 h, fixed, and immunostained for ubiquitin (FK2:

magenta). Cellular and bacterial DNAs were stained with DAPI (cyan). (D) Representative confocal images and (E) percentage of cells with ubiquitin-positive GAS.
Scale bar, 10 lm.

F Immunoblot of the indicated GAS isolated from host cells. Lysate of GAS-infected HeLa cells was precipitated with anti-lipoteichoic acid antibody to isolate GAS,
and the immunoprecipitates were analyzed by immunoblotting.

G, H Localization of ubiquitin in sWGA-treated GAS. HeLa WT was infected with the indicated GAS strains masked with sWGA for 4 h, fixed, and immunostained for
ubiquitin (magenta). (G) Representative confocal images and (H) percentages of cell with ubiquitin-positive GAS. Scale bar, 10 lm.

I, J Recruitment of p62 to gacI mutants. HeLa cells were infected with WT GAS, DgacI, and DgacI::gacI for 4 h, fixed, and immunostained for p62 (magenta). Cellular
and bacterial DNAs were stained with DAPI (cyan). (I) Representative confocal images and (J) percentage of cells with p62-positive GAS. Scale bar, 10 lm.

K Bacterial viability rates of GAS mutants in cells (CFU recovered at 6 h post-infection/CFU at 2 h post-infection).

Data information: Data are shown as the mean � SEM of (A) nine and (C, E, H, J, and K) three independent experiments. Asterisks indicate significant differences
(*P > 0.05, **P > 0.01) as determined by Student’s t-test.
Source data are available online for this figure.
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To further examine whether FBXO2 directly binds to the GAS

surface, we incubated GAS cells with EmGFP-FBXO2 or EmGFP-

FBXO2Y279A/W280A in vitro. Interestingly, EmGFP-FBXO2 was precip-

itated with wild-type GAS in a sugar-binding motif-dependent

manner in vitro but not with DgacI GAS (Fig 4D). These results indi-

cate that FBXO2 directly binds to GAS cells through the GlcNAc side

chain of GAS and sugar-binding properties. Although we examined

the involvement of SCF components in FBXO2 localization, SKP1,

CUL1, and ROC1 were not required to recruit FBXO2 to GAS (Fig 4E

and F).

FBXO2 is involved in xenophagy

In human cell lines, FBXO2 expression was detected by Western

blotting in epithelial cell lines (HeLa and A549 cells) but not in

endothelial cells (HUVEC and HMEC-1; Fig 5A). To understand the

A

C

D

E
F

B

Figure 3.
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role of FBXO2 in xenophagy against GAS, we constructed FBXO2-

knockout (KO) HeLa cells using CRISPR/Cas9 genome editing

(Fig EV4E). FBXO2-KO did not change bacterial invasion efficiency

in host cells; however, GAS survival at 6 h after infection was signif-

icantly increased in FBXO2-KO cells compared with WT cells (Fig 5B

and C), suggesting that FBXO2 is involved in the elimination of

intracellular bacteria. We next observed intracellular GAS and found

that knockout of FBXO2 did not inhibit GAS invasion into the host

cytosol (Fig 5D) but reduced ubiquitin-, p62-, and LC3-positive GAS

(Fig 5E–J). To confirm these results, we examined the conversion of

LC3-I to LC3-II to evaluate xenophagy induction. LC3-II levels

increased upon GAS infection in WT cells, whereas LC3-II accumu-

lation was not observed from 2 to 4 h after infection in FBXO2-KO

cells (Fig 5K and L). Therefore, FBXO2 may be involved in ubiquiti-

nation against GAS infection to induce xenophagy.

Because FBXO2 was recruited to GlcNAc-harboring GAS through

a sugar-binding motif (Fig 4B and C), we investigated whether recruit-

ment of FBXO2 to GAS was functionally required for ubiquitination

and xenophagy. We expressed WT FBXO2 or FBXO2Y289A/W290A in

FBXO2-KO cells and observed ubiquitin and LC3 levels during GAS

infection. Both ubiquitin- and LC3-positive GAS were recovered by

WT FBXO2 expression, but FBXO2Y289A/W290A did not increase

ubiquitin-coated or LC3-positive GAS in FBXO2-KO cells (Figs 5M and

N, and EV4F). These results suggest that sugar-binding properties are

required for FBXO2-mediated ubiquitination and LC3 recruitment

during GAS infection.

To examine whether FBXO6 also functions redundantly or coop-

eratively with FBXO2, we knocked down the expression of FBXO2

and FBXO6 (Fig EV5A). Ubiquitin coating the bacteria was reduced

in FBXO6-knockdown cells, although not to the same extent as in

FBXO2-knockdown cells (Fig EV5B). However, knockdown of

FBXO6 did not significantly decrease LC3-positive GAS, and double

knockdown of FBXO2 and FBXO6 did not further enhance the effect

of FBXO2 knockdown (Fig EV5C). Thus, taken together, FBXO6

appears to be involved in ubiquitination during GAS infection,

although FBXO2 plays a prominent role in this process.

FBXO2-containing SCF complex is involved in xenophagy

To examine whether FBXO2 functions as a component of the SCF ubiq-

uitin ligase complex, we knocked down SKP1, CUL1, and ROC1 expres-

sion using siRNA in HeLa cells (Fig EV5D). Recruitment of ubiquitin

and LC3 to GAS was significantly decreased after knockdown of SKP1,

CUL1, and ROC1 (Fig 6A–C). To confirm the involvement of FBXO2-

mediated SCF components in ubiquitination and xenophagy during

GAS infection, we treated the cells with an NEDD-8 inhibitor

(MLN4924) and examined the number of ubiquitin- and LC3-positive

bacteria. Treatment with MLN4924 significantly decreased ubiquitin-

and LC3-positive GAS (Fig 6D and E). Therefore, the SCF complex is

involved in ubiquitination and xenophagy against GAS infection.

Finally, to validate whether FBXO2 recruits SCF complex to

invading GAS, we examined the interaction between FBXO2 and

SCF components during infection. Co-immunoprecipitation revealed

that SKP1, CUL1, and ROC1 interact with FBXO2 during GAS infec-

tion (Fig EV5E). We also isolated GAS from WT and FBXO2-KO cells

and detected precipitated SCF components. As expected, intracellu-

lar GAS carried CUL1, SKP1, and ROC1 in an FBXO2-dependent

manner (Fig 6F), indicating that FBXO2 recruits the SCF complex to

intracellular GAS for ubiquitination.

Discussion

Ubiquitination is a critical step in xenophagy, but the underlying

mechanism by which ubiquitin ligase selectively targets the

substrate is poorly understood. Furthermore, ubiquitin ligases that

▸Figure 4. FBXO2 targets intracellular GAS through sugar-binding motifs.

A Schematic representation of wild-type FBXO2 and domain deletion mutants of FBXO2. Numbers above the constructs represent the amino acid positions of FBXO2.
PEST (residues 1–54) and F-box domains (residues 55–95), linker sequence (residues 96–124), and sugar-binding domain (residues 125–297) are indicated by P, FBD,
linker, and SBD, respectively.

B, C HeLa cells transfected the indicated GFP-FBXO2 mutants (green) were infected with WT GAS for 4 h; scale bar, 10 lm. Representative confocal images (B) and
percentages of each FBXO2 mutants localized to GAS (C).

D EmGFP intensities bound to GAS cells in vitro. GAS cells were incubated cell lysate expressing EmGFP, EmGFP-FBXO2, or EmGFP-FBXO2Y279A/W280A and
precipitated EmGFP with GAS cells.

E, F Recruitment of FBXO2 to intracellular GAS in SKP1/CUL1/ROC1 knockdown cells. HeLa cells transfected with GFP-FBXO2 (green) and the indicated siRNAs were
infected with GAS, fixed at 4 h; scale bar, 10 lm. Representative confocal images (E) and percentages of FBXO2 localized to GAS (F).

Data information: Data are shown as the mean � SEM of three independent experiments. Asterisks indicate significant differences (**P > 0.01) as determined by
Student’s t-test.

◀ Figure 3. FBXO2 targets GAS and is involved in xenophagy.

A, B Co-localization of GFP-FBXO2 and mCherry-LC3 in GAS-infected cells. HeLa cells transfected with the indicated EmGFP-FBXO (green) and mCherry-LC3 (magenta)
were infected with WT GAS for 2 h; scale bar, 10 lm. Representative confocal images (A) and (B) percentages of FBXO-positive cells.

C Enlarged image of GAS-associated FBXO2 of (A). Graphs show the signal intensities of EmGFP-FBXO2 and mCherry-LC3 measured along the arrows in the merged
image. Green and red arrows indicate the signal peaks observed in EmGFP-FBXO2 and mCherry-LC3, respectively. White arrow indicates bacteria that are targeted
by FBXO2 but not by LC3. Scale bar, 10 lm.

D Time course of FBXO2 and LC3 recruitment during GAS infection.
E, F Localization of EmGFP-FBXO2 in GAS-infected cells. HeLa cells transfected with GFP-FBXO2 (green) were infected with the indicated GAS strains for 2 or 4 h at an

MOI of 100; scale bar, 10 lm. Representative confocal images at 4 h of WT GAS, DgacI, and DgacI::gacI (E) and (F) percentages of FBXO2-positive cells.

Data information: Data are shown as the mean � SEM of (B–D, F; n > 200 cells per condition) three independent experiments. Asterisks indicate significant differences
(**P > 0.01) as determined by Student’s t-test.
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directly recognize bacterial components have not been reported. In

this study, we found that the bacterial surface glycan is one of the

SCF ubiquitin ligase complex targets through the glycoprotein-

specific receptor FBXO2 (Fig 6G).

Because glycan recognition is an important event in the xeno-

phagy process, we used GAS GAC mutants to show that mutants

defective in GlcNAc addition to the rhamnose backbone were

recognized less effectively by xenophagy. Notably, despite DgacL

A

B

D E F

C

Figure 4.
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showing GlcNAc expression at a level comparable to WT GAS,

recognition of this mutant by xenophagy was lower (Fig 1B–D).

Because GacL is a GT-C glycosyltransferase that transfers GlcNAc

from GlcNAc-P-Und to polyrhamnose, the DgacI mutant binds to

sWGA via GlcNAc exposed on the cell surface (Rush et al, 2017),

and therefore, the GlcNAc-attached rhamnose backbone may be

A

E

F

K

M N

L

G

H

I

J

B C D

Figure 5.
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necessary for recognition by FBXO2. This result is consistent with

previous results showing that FBXO2 recognizes N-glycan rather

than GlcNAc residues (Yoshida et al, 2002; Mizushima et al, 2004;

Glenn et al, 2008). Importantly, although lower recruitment of

FBXO2, ubiquitin, and LC3 occurred in the DgacI mutant than in

the WT GAS, more than 20% of cells showed FBXO2-, ubiquitin-,

and LC3-positive DgacI GAS (Figs 1D, 2E, and 3F). Thus, despite

the fact that GlcNAc may not be completely absent from the GAS

surface after deletion of gacI, the host GlcNAc residues may have

been recognized by FBXO2 because GlcNAc is abundant in the cell

membrane and FBXO2 binds to the lysosomal glycoprotein LAMP1

(Yoshida et al, 2017; Liu et al, 2020). Therefore, the FBXO2-

mediated SCF ubiquitin ligase complex is involved in xenophagy

during GAS infection through bacterial glycan recognition, but this

ubiquitination machinery may also function in xenophagy against

other pathogenic bacteria via host glycan sensing.

FBXO2, FBXO6, and FBXO27 are F-box-associated (FBA) fami-

lies of F-box proteins, which contain a domain that mediates

carbohydrate substrate binding. This domain is structurally

homologous to the glycan binding domains of two other mamma-

lian lectins, galectin (Mizushima et al, 2004) and PNGase F (Zhou

et al, 2006). FBXO2, FBXO6, and FBXO27 bind high-mannose N-

linked glycoproteins and function as ubiquitin ligase subunits for

endoplasmic reticulum-associated degradation (Yoshida et al,

2002). Of these FBA family proteins, FBXO2 was most frequently

recruited to intracellular GAS in HeLa cells (Fig 3A and B). We

also investigated effects of FBXO6 knockdown in xenophagy of

GAS, but the involvement of FBXO6 was modest compared with

that of FBXO2. Although FBXO2 and FBXO6 show a homologous

motif arrangement, it has been reported that FBXO6 binds glyco-

proteins less tightly compared with FBXO2 because the total

length of SBD is slightly shorter in FBXO6 and the hydrophobic

pocket required for binding to glycoproteins differs from that of

FBXO2 (Glenn et al, 2008). Therefore, FBXO6 may be involved in

an unrecognized target other than GAS. Previous reports showed

that the FBXO27-containing SCF complex ubiquitinates lysosomal

glycoprotein for lysophagy (Yoshida et al, 2017). However,

FBXO27 expression is restricted to several tissues such as the

brain, and its expression has not been detected in some human

epithelial cells, including HeLa cells (Yoshida et al, 2017). FBXO2

is broadly expressed in systemic cells and is expressed at high

levels in the nervous system. Liu et al (2020) recently reported

that FBXO2 mediates lysophagy in the central nervous system.

Therefore, the FBA-containing SCF complex is suggested to medi-

ate lysophagy and xenophagy in various tissues, and functional

differences between FBA families may be related to FBA protein

expression patterns. Here, we show that FBXO2 was expressed

in human epithelial cells such as HeLa and A549 cells but not

in endothelial cells (HUVECs and HMEC-1 cells). Because GAS

can survive in endothelial cells because of the ubiquitination

deficiency (Lu et al, 2017), reduced FBXO2 expression may be

one reason for intrinsically defective xenophagy in endothelial

cells.

We showed that bacterial surface glycan is recognized by

the FBXO2-mediated SCF complex for ubiquitination in xenophagy

during GAS infection because recognition of GlcNAc-deficient

mutants or GlcNAc-masked GAS by FBXO2 and the autophagy

machinery was reduced. However, which bacterial and/or host

protein(s) are ubiquitinated remains unknown. FBXO2 is involved

in clearing damaged lysosomes and binds to LAMP1, and SCFFBXO27

ubiquitinates VAMP3, VAMP7, LAMP1, LAMP2, GNS, PSAP, and

TMEM192 during lysophagy (Yoshida et al, 2017). Although

ubiquitin-binding bacterial proteins that promote xenophagy have

been identified in M. tuberculosis (Chai et al, 2019), the bacterial

proteins ubiquitinated by ubiquitin ligase during xenophagy have

not been identified. Notably, Otten et al (2021) reported that non-

proteinaceous lipopolysaccharide of Salmonella is ubiquitinated,

which directs ubiquitin-dependent xenophagy.

Given that our results were showing that isolated bacteria from

host cells carried multiple ubiquitinated products and that the band

pattern differed among WT and DgacI mutants, the surface compo-

nents of gram-positive GAS may be ubiquitinated. Further studies to

explore ubiquitinated bacterial components would reveal the molec-

ular mechanism of xenophagy. In addition, FBXO proteins play

physiological roles other than as substrate receptors for the SCF

complex, and identifying the functions of FBXO2 in xenophagy other

than ubiquitination may lead to the detection of a novel xenophagy

induction pathway.

In conclusion, we demonstrated the involvement of the GAC side

chain and SCF ubiquitin ligase complex in bacterial infection. Obser-

vation of the interactions between GAS and host cells provides

insights into the mechanisms by which host defense systems sense

◀ Figure 5. FBXO2 is required for GAS xenophagy.

A Western blotting of FBXO2 in human cell lines.
B Bacterial invasion rates into host cells (CFU recovered at 2 h post-infection/CFU at 1 h post-infection) which were normalized to that in wild-type cells.
C Intracellular bacterial survival rates (CFU recovered at 6 h post-infection/CFU at 2 h post-infection) which were normalized to that in wild-type cells.
D HeLa WT or FBXO2-KO cells transfected with mCherry-Gal3 (magenta) were infected with WT GAS for 2 or 4 h, and percentages of Gal3-positive GAS-containing

cells were quantified.
E–J Localization of ubiquitin, LC3 and p62 in FBXO2-KO cells. HeLa WT or FBXO2-KO cells were infected with WT GAS for 4 h, fixed, and immunostained for ubiquitin

(FK2: magenta) or LC3 (magenta) or p62 (magenta). Representative confocal images (E, G, and I) and percentages of cells with ubiquitin, LC3, or p62-positive GAS
(F, H, and J).

K, L Accumulation of LC3-II during GAS infection. (K) Representative Western blot of LC3 during infection. (L) LC3-II intensities normalized to non-infection condition of
wild-type cells.

M, N GlcNAc recognition of FBXO2 required for GAS xenophagy. Non-transfected HeLa WT cells and HeLa FBXO2-KO cells transfected GFP, GFP-FBXO2, and GFP-FBXO2
YW/AA were infected with GAS WT for 4 h, fixed, and immunostained for ubiquitin. Percentages of cells with LC3 (M) or ubiquitin (N)-positive GAS were quantified.

Data information: Data are shown as the mean � SEM of more than three independent experiments (B–D, F, H, J, and L–N), n > 200 cells per condition. Asterisks
indicate significant differences (*P > 0.05, **P > 0.01) as determined by Student’s t-test.
Source data are available online for this figure.
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Figure 6. SCF complex is involved in ubiquitination and xenophagy against GAS infection.

A–C Recruitment of LC3 and ubiquitin to intracellular GAS in SKP1/CUL1/ROC1 knockdown cells. HeLa cells transfected with mCherry-LC3 (magenta) and the indicated
siRNAs were infected with GAS for 4 h. Cells were immunostained for ubiquitin (FK2); scale bar, 10 lm. Representative confocal images (A) and percentages of cells
with ubiquitin (B) and LC3 (C)-positive GAS.

D, E Neddylated cullin inhibitor: MLN4924-treated HeLa cells were infected with WT GAS and fixed at 4 h. Cells were immunostained for ubiquitin (FK2: magenta) or
LC3 (magenta); scale bar, 10 lm. Representative images and quantification of cells with ubiquitin-positive GAS (D) and LC3-positive GAS (E).

F Lysates from HeLa cells infected with GAS were immunoprecipitated with an anti-lipoteichoic acid antibody and Protein G-Magnetic Beads. Immunoprecipitates
were analyzed by immunoblotting.

G Proposed model for FBXO2-mediated recognition of bacterial glycan in xenophagy. GAS internalized via endocytosis enters the cytosol, and then, GAS escapes into
the cytoplasm by SLO secretion. Escaped GAS is targeted by FBXO2 via recognition of GlcNAc and is ubiquitinated by the SCF complex. Finally, LC3 is recruited to
ubiquitinated GAS for autophagy formation.

Data information: Data are shown as the mean � SEM of three independent experiments (B–E), n > 200 cells per condition. Asterisks indicate significant differences
(**P > 0.01) as determined by Student’s t-test.
Source data are available online for this figure.
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GAS, which may improve the understanding of the pathogenesis of

various diseases and lead to the identification of therapeutic targets.

Materials and Methods

Bacterial strains

GAS strain JRS4 (M6+, F1+) and gene deletion mutants were grown

in Todd Hewitt broth (BD Diagnostic Systems, San Jose, CA, USA)

supplemented with 0.2% yeast extract (THY), and tryptic-soy broth

supplemented with 0.2% yeast extract for bacterial adhesion, inter-

nalization, and survival assays.

Generation of gac mutants and complemented strains

The 800-base pair (bp) upstream and downstream regions of the

target gene were amplified from JRS4 genomic DNA using

PrimeSTAR Max (TaKaRa, Shiga, Japan) and cloned into a ther-

mosensitive suicide vector, pSET4s using the Gibson Assembly

system (New England Biolabs, Ipswich, MA, USA). The recombi-

nant plasmid was incorporated into GAS by electroporation, and

transgenic GAS was spread onto THY agar media supplemented

with spectinomycin, incubated for 2 days at 28°C, and transplanted

into a 37°C chamber overnight to select single-crossover mutants.

The single-crossover mutants were spread onto THY agar media and

kept at 28°C for approximately 1 week with occasional transplanta-

tions. To generate complemented strains, the full-length deleted

genes covering 800 bp upstream and downstream were amplified,

cloned, and transfected into gac mutants using the same procedure

described above.

Cell lines, culture conditions, and transfection

The HeLa and A549 cell lines were purchased from ATCC, and

HUVECs and HMEC-1 cells were purchased from PromoCell (Heidel-

berg, Germany). HeLa, A549, and HMEC-1 cells were maintained in

Dulbecco’s modified Eagle’s medium (Nacalai Tesque, Kyoto,

Japan) supplemented with 10% fetal bovine serum (Gibco, Grand

Island, NY, USA) and 50 lg/ml gentamicin (Nacalai Tesque) in a

5% CO2 incubator at 37°C. HUVECs were maintained with endothe-

lial cell growth medium 2 kit (PromoCell) supplemented with 10%

fetal bovine serum and 50 lg/ml gentamicin. The transfection

reagents used were polyethylenimine (Polysciences, Warrington,

PA, USA) and Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).

Binding of sWGA to bacteria

WT JRS4 and the JRS4 GAC deletion mutant strains grown in THY

medium were washed three times with phosphate-buffered saline

(PBS) and resuspended in PBS. GlcNAc-specific fluorescein–sWGA

(FL-1021S; Vector Laboratories, Burlingame, CA, USA) was added

to a final concentration of 10 lg/ml. After 30 min of incubation at

room temperature with mixing, the bacterial cells were centrifuged,

washed twice, and resuspended in PBS. Bound fluorescein–sWGA

was quantified in a multi-label plate reader Wallac 1420 ARVOsx

(PerkinElmer, Waltham, MA, USA) at excitation and emission wave-

lengths of 544 and 590 nm, respectively.

Plasmids construction and siRNA transfection

Human FBXO2, FBXO6, and FBXO27 genes were amplified by poly-

merase chain reaction from total mRNA derived from HeLa cells

pcDNA-6.2/N-EmGFP-DEST using Gateway technology (Invitrogen).

Mutations, including FBXO2 DFBD, FBXO2 Y279A, FBXO2 W280A,

and FBXO2 F279A/W280A, were generated by site-directed mutage-

nesis using a PrimeSTAR Mutagenesis Basal Kit (Takara). For

knockdown experiments, cells were transfected with CUL1 siRNA

oligonucleotides (D-004086; Dharmacon, Lafayette, CO, USA),

SKP1 siRNA oligonucleotides (M-003323; Dharmacon), ROC1 siRNA

oligonucleotides (CTM-583074; Dharmacon), FBXO2 siRNA

(s25266, Thermo Fisher Scientific, Waltham, MA, USA), FBXO6

siRNA (s25337, Thermo Fisher Scientific), or non-targeting siRNAs

(12935300, Thermo Fisher Scientific) using Lipofectamine 3000

(Invitrogen). Knockdown was confirmed by immunoblotting.

Antibodies and reagents

For Western blotting and immunofluorescence assays, the following

antibodies were used: anti-FBXO2 (NBP2-55140; Novus Biologicals,

Littleton, CO, USA), anti-FBXO2 (E-9; sc398111, Santa Cruz Biotech-

nology, Dallas, TX, USA, 1:1,000), anti-FBXO6 (NBP2-16451; Novus

Biologicals), anti-SKP1 p19 (H-6; sc5281, Santa Cruz Biotechnology,

1:1,000), anti-CUL1 (D-5; sc17775, Santa Cruz Biotechnology,

1:1,000), anti-Rbx1/Roc1 (E-11; sc393640, Santa Cruz Biotechnol-

ogy, 1:1,000), anti-p62 (H-290, Santa Cruz Biotechnology, 1:100),

anti-FK2 (0918-2; Nippon Bio-Test Laboratories, Kyoto, Japan,

1:1,000), anti-LC3B (ab51520; Abcam, Cambridge, UK, 1:1,000),

anti-LC3B (CTB-LC3-2-IC; Cosmo Bio, Japan, 1:100), anti-b-actin
(D6A8; 8457; Cell Signaling Technology, Danvers, MA, USA,

1:1,000), anti-GAPDH (6C5; sc-32233; Santa Cruz Biotechnology,

1:1,000), and anti-GFP (GF200; 04363-24; Nacalai Tesque, 1:1,000).

Horseradish peroxidase-conjugated anti-rabbit IgG (Jackson Labora-

tories, Bar Harbor, ME, USA), anti-mouse IgG (Jackson Laborato-

ries), and anti-rabbit IgG (conformation-specific; L27A9; 5127; Cell

Signaling Technology) were used as secondary antibodies for

immunoblotting. Alexa Fluor 488-conjugated anti-mouse IgG

(A32723; Invitrogen), Alexa Fluor 594-conjugated anti-mouse IgG

(A32742; Invitrogen), and Alexa Fluor 594-conjugated anti-rabbit

IgG (A32754; Invitrogen) were used as secondary antibodies for

immunofluorescence. PYR41 (15226; 10 mM) and MLN4924

(15217; 0.3 lM) were purchased from Cayman Chemical (Ann

Arbor, MI, USA).

Bacterial infection and viability assay

HeLa cells (5 × 104 cells/well) were cultured in 24-well culture

plates and infected GAS strains at a multiplicity of infection (MOI)

100. After an appropriate incubation period, the cells were washed

with PBS, treated with 100 lg/ml gentamicin in DMEM to kill extra-

cellular bacteria, and lysed in sterile distilled water. Serial dilutions

of the lysates were plated on THY agar plates. Colony counting was

used to determine the number of invading and surviving GAS; the

bacterial invasion data are presented as the ratio of “total intracellu-

lar GAS at 2 h” to “total adhesion GAS at 1 h”, and the bacterial

survival data are presented as the ratio of “intracellular live GAS at

6 h” to “total intracellular GAS at 2 h”.
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Generation of knockout cell lines using CRISPR/Cas9

CRISPR/Cas9 was used to knockout FBXO2. CRISPR guide (g)RNAs

were designed to target an exon common to all splicing variants of

the gene of interest (50-ACCTTCTGCGTAACCCGTGTGGG-30). HeLa
cells were transfected with the vector hCAS9 (Addgene, Watertown,

MA, USA, #41815) and gRNA-hyg vector containing the CRISPR

target sequence. Untransfected cells were removed by selecting

plates containing 300 lg/ml hygromycin B (Nacalai Tesque) and

750 lg/ml neomycin (G418; Nacalai Tesque). Single colonies were

expanded, and depletion of the target gene was confirmed by

immunoblotting. As a secondary screen for some KO cell lines,

genomic DNA was isolated, and target regions were amplified by

PCR and sequenced to confirm the presence of the desired frame-

shift insertions and deletions.

Fluorescence microscopy

Cells were seeded onto 0.1% gelatin-coated coverslips in a 24-well

plate at 5 × 104 cells/well, followed by infection with GAS at an

MOI of 100. Cells were fixed for 15 min with 4% paraformaldehyde

in PBS, washed with PBS, permeabilized with 0.1% Triton X-100 in

PBS for 10 min, and blocked with 2% bovine serum albumin and

0.02% NaN3 in PBS at room temperature for 1 h. The cells were

then probed with primary antibody in blocking solution at 4°C over-

night and labeled with secondary antibody at room temperature for

2 h. Cellular and bacterial DNAs were stained with DAPI. Confocal

fluorescence micrographs were acquired using an FV1000 laser-

scanning microscope (Olympus, Tokyo, Japan). To quantify the

recruitment of marker (or proteins of interest) to intracellular bacte-

ria, we counted the number of cells with a marker by eye using a

confocal lase-scanning microscope (FV1000). We previously con-

firmed that the percentage of cells with LC3-positive bacteria and

percentage of LC3-positive bacteria showed similar results (Toh

et al, 2020).

In vitro GAS-FBXO2 binding assay

Logarithmic phase bacterial cultures (1 ml) were harvested,

washed, and resuspended in PBS. Bacterial cells (WT and DgacI
GAS) were mixed with HeLa cell lysate expressing EmGFP, EmGFP-

FBXO2, or EmGFP-FBXP2 mutants. After incubation at 4°C for 2 h,

the bacteria were extensively washed with PBS and then precipi-

tated by centrifugation at 3,600 g at 4°C for 5 min. We repeated the

washing step 4 times and measured fluorescence intensity with a

multi-label plate reader Wallac 1420 ARVOsx (PerkinElmer).

Bacteria isolation from host cells

To isolate bacteria from infected host cells for biochemical analysis,

HeLa cells were seeded into six-well plate and infected with GAS at

an MOI 100. At 1 h after infection, the cells were washed with PBS

and further incubated for 3 h in medium containing 100 lg/ml

gentamicin (total 4-h infection). The cells were washed PBS and

treated with distilled water to cause osmotic imbalance that

disrupted the host plasma membrane and endosomal membranes.

The lysates were reacted with anti-lipoteichoic acid antibody (MA1-

40134, Thermo Fisher Scientific) for 2 h at 4°C and incubated with

Protein G-Magnetic Beads (MBL Life Science, Woburn, MA, USA)

for 1 h. Immunoprecipitates were collected by a magnet and washed

five times with PBS for analysis by immunoblotting. We determined

the number of isolated bacteria by colony counting.

Immunoprecipitation

Cells expressing the indicated proteins were harvested, washed with

PBS, and lysed for 30 min on ice in lysis buffer containing 10 mM

Tris–HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1%

Triton X-100, and proteinase inhibitor cocktail (Nacalai Tesque).

Lysates were then centrifuged, and the supernatants were pre-

cleared for 30 min at 4°C with Protein G Sepharose Fast Flow (GE

Healthcare Life Sciences, Little Chalfont, UK). After brief centrifuga-

tion, the supernatants were reacted for 2 h at 4°C with appropriate

antibodies and incubated in Protein G Sepharose beads, with

mixing, for another 1 h at 4°C. Immunoprecipitates were collected

by brief centrifugation, washed five times with lysis buffer, and

analyzed by immunoblotting.

Statistical analysis

Each protein-positive GAS was quantified by direct visualization

using a confocal microscope. Unless otherwise indicated, values

included in graphs represent the mean � standard error of the mean.

Statistical analysis was performed by two-tailed Student’s t-test at two

groups and by pairwise t-test (P-value was adjusted by Bonferroni

correction) for more than two groups. P-values < 0.05 were consid-

ered to indicate statistical significance and aremarkedwith asterisks.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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