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Recruitment of Irgb6 to the
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Irgb6 is a member of interferon g-induced immunity related GTPase (IRG), and

one of twenty “effector” IRGs, which coordinately attack parasitophorous

vacuole membrane (PVM), causing death of intracellular pathogen. Although

Irgb6 plays a pivotal role as a pioneer in the process of PVM disruption, the

direct effect of Irgb6 on membrane remained to be elucidated. Here, we

utilized artificial lipid membranes to reconstitute Irgb6-membrane interaction

in vitro, and revealed that Irgb6 directly deformed the membranes. Liposomes

incubated with recombinant Irgb6 were drastically deformed generating

massive tubular protrusions in the absence of guanine nucleotide, or with

GMP-PNP. Liposome deformation was abolished by incubating with Irgb6-

K275A/R371A, pointmutations at membrane targeting residues. Themembrane

tubules generated by Irgb6 were mostly disappeared by the addition of GTP or

GDP, which are caused by detachment of Irgb6 from membrane. Binding of

Irgb6 to the membrane, which was reconstituted in vitro using lipid monolayer,

was stimulated at GTP-bound state. Irgb6 GTPase activity was stimulated by

the presence of liposomes more than eightfold. Irgb6 GTPase activity in the

absence of membrane was also slightly stimulated, by lowering ionic strength,

or by increasing protein concentration, indicating synergistic stimulation of the

GTPase activity. These results suggest that membrane targeting of Irgb6 and

resulting membrane deformation does not require GTP, but converting into

GTP-bound state is crucial for detaching Irgb6 from the membrane, which

might coincident with local membrane disruption.
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Introduction

In mammals, infection by a pathogenic microorganism

prompts the host to produce interferons (IFNs), cytokines that

activate immune systems. Binding of the secreted IFNs to IFN

receptors of infected cells activates JACK-STAT signal pathway,

which stimulate IFN-stimulated genes(ISGs). So far more than

2,000 ISGs have been identified both in mouse and human. ISGs

are highly diverse but integrated in host defense. Among the

ISGs, IFN-inducible GTPase superfamily is prominent in that

they operate against several pathogenic microorganisms (Kim

et al., 2012; MacMicking, 2012; Meunier and Broz, 2016).

Two subfamilies of IFN-inducible GTPases, immunity-related

GTPases (IRGs) and guanylate-binding proteins (GBPs),

specifically target intracellular vacuolar pathogens and restrict

their replication by destroying parasitophorous vacuole (PV),

which enfolds parasitizing pathogens (Howard et al., 2011;

Yamamoto et al., 2012; Saeij and Frickel, 2017). Infection of

Toxoplasma gondii (T. gondii), an intracellular parasite that

causes toxoplasmosis, induces IRGs, which serve for cell-

autonomous immunity. IRGs coordinately function in destroying

paralytic pathogens in a sequential and hierarchical manner. IRGs

are functionally divided into two subfamilies, “regulator” IRGMs

and “effector” IRGs. The latter, which include Irga1-10, Irgb1-7,

and Irgd, target to and disrupt PVM (Bekpen et al., 2005; Hunn

et al., 2008; Khaminets et al., 2010). “Regulator” IRGMs interact

with an “effector” IRGs at GDP-bound state, preventing activation

of the “effector” IRGs before infection of T. gondii. By contrast,

GTP-bound “effector” IRGs dimerize and target to PVM (Hunn

et al., 2008). Among “effector” IRGs, Irgb6 acts as a pioneer for the

recruitment of other “effector” IRGs to PVM (Khaminets et al.,

2010; Lee et al., 2019). Thus,mechanisms of cooperation of IRGs in

targeting to PVM have been gradually clarified. However, it

remains to be solved how Irgb6 attacks PVM.

To analyze the direct effect of Irgb6 on membrane, we tried

to reconstitute the interaction of Irgb6 and artificial lipid

membrane in vitro. Although in vitro reconstitution of

membrane dynamics is widely used for membrane traffic

studies (Takei et al., 2010), and it proved especially useful to

clarify functions and dynamics of Dynamin GTPase (Takei et al.,

1998; Yoshida et al., 2004; Takeda et al., 2018), it is unknown

whether it is applicable for Irgb6. Here we successfully

reconstituted the interaction of Irgb6 and artificial lipid

membrane, and to analized the direct effect of the interaction.
Materials and methods

Recombinant proteins

His-tagged human Irgb6-wild-type (GenBank accession no.

NM_001145164: Irgb6-WT) or K275A/R371A mutant (Irgb6-
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K275A/R371A) were cloned into pEU-E01-MCS expression

vector at EcoRI/NotI sites (CellFree Sciences) for the

recombinant protein expression. The recombinant proteins

were expressed using a wheat germ cell-free expression system

(CellFree Sciences), and purified by immobilized-nickel affinity

chromatography with Ni Sepharose™ 6 Fast Flow

(Cat#17531802, Cytiva). Purification of the proteins were

assessed by SDS-PAGE (Supplementary Figure 1). Purified

proteins were resolved in A buffer (100 mM NaCl, 50 mM

Tris-HCl, 500 mM imidazole, pH8.0), and stored at 4°C

until use.
Preparation for liposomes

Liposomes were prepared as previously described (Takeda et al.,

2018). Ten % (mol/mol) PI5P:phosphatidylinositol-5-phosphate

(Cat#P-5016, Echelon Biosciences), 80% phosphatidylethanolamine

(PE; Cat#840022C, Avanti Polar Lipids), 10% cholesterol (Chol;

Cat#700000, Avanti Polar Lipids) were mixed in chloroform-

methanol mixture (1:3 v/v). Ten % phosphatidylserine (PS;

Cat#840032C, Avanti Polar Lipids) or phosphatidylcholine (PC;

Cat#840051C, Avanti Polar Lipids) containing lipid mixture were

dissolved in chloroform. The lipidswere taken in glass tubes, and the

solventwasevaporatedusingslow-flownitrogengastoproducealipid

filmandthencompletelydriedundervacuumfor1day.The lipidfilm

was rehydrated bywater-saturated nitrogen gas followed by addition

of 250 ml of filtered 0.3 M sucrose for 2 h at 37°C. The resultant

liposomeswerepassedthroughpolycarbonatefilterswith0.4mmpore

11 times using Avanti Mini extruder.
In vitro reconstitution of
Irgb6-membrane interaction

Liposome solution (0.1 mg/ml) was incubated 1 mM Irgb6 in

100 mM NaCl, 20 mM Tris-HCl, 1 mM DTT, pH 7.5 at 37°C for

15 min or room temperature for 30 min. The samples were

absorbed onto a Formvar- and carbon-coated copper grid. To

observe the effect of GTP hydrolysis on the liposome

deformation, 0.1 mM GTP, 0.1 mM GDP or 0.5 mM GMP-

PNP with 1 mM MgCl2 were added onto the grid and incubated

for 5 min. The grids were negative-stained with 3% uranyl

acetate in double deionized H2O for 2 min as described (Takei

et al., 1998), and observed with a transmission electron

microscope (TEM) (H-7650, Hitachi High-Tech Corp.) at a

voltage of 120 kV.
Binding of Irgb6 on lipid-monolayers

Lipid monolayer (PI5P: PE: Chol = 10:80:10 mol/mol) were

formed on the surface of a buffer filled in a Teflon block as
frontiersin.org
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described (Higgins and McMahon, 2005), and 3 mM Irgb6 in 100

mM NaCl, 20 mM Tris-HCl, 1mM MgCl2 1 mM DTT, pH7.5,

with or without 1 mM guanine nucleotides (GTP, GMP-PNP or

GDP) was added. A Formvar- and carbon-coated copper grid

was placed on the monolayer, incubated for 2 h at room

temperature, then the grid was subjected to negative staining

and TEM observation as above. Binding of Irgb6 to lipid

monolayer, which is visible as uranyl acetate-positive spot at

lower magnification images, was quantified as follows. The area

corresponding Irgb6 polymers in TEM image (512x512 pixel)

taken at ×300 magnification was quantified densitometry using

Image J. The 13 images (no nucleotide), 10 images (+ GTP), 11

images (+ GDP) or 13 images (+ GMP-PNP) from independent

three to four grids were used for the quantification.
GTPase assay

To determine the GTPase activity under low ionic- or high

ionic-strength conditions, Irgb6-WT resolved in A buffer was

dialyzed with 15 mM NaCl, 1 mM DTT, 20 mM HEPES/KOH,

pH7.4, or with 100 mM NaCl, 1 mM DTT, 20 mM Tris-HCl,

pH7.5, respectively, at 4°C for 16 h. Irgb6 at indicated

concentrations were incubated with 2 mM MgCl2 and 1 mM

GTP at 37°C for 30 min in the presence or absence of 0.1 mg/ml
Frontiers in Cellular and Infection Microbiology 03
PI5P-containing liposomes. The GTPase reaction was stopped

by adding 0.1 M EDTA. GTP hydrolysis was measured using a

colorimetric assay to detect inorganic phosphate (Pi) release as

previously described (Leonard et al., 2005).
Statistical analysis

Data were analysed for statistical significance using Kaleida

Graph software forMacintosh, version 4.1 (Synergy Software Inc.).

Student’s t-tests were used to analyse statistical significance

between two groups. All data are displayed as means ± standard

error of the means (S.E.M.) with P < 0.05 considered

statistically significant.
Results

Irgb6 deforms PI5P- or PS-containing
liposomes in the absence of
guanine nucleotides

To examine direct effect of Irgb6 on lipid membrane, sized

unilamellar spherical liposomes containing either 10% of PI5P, PS

or PC (Figures 1E–G) were incubated with recombinant full length
FIGURE 1

Irgb6 deforms PS or PI5P-containing liposomes. Negative stain EM of 10% PI5P-, PS- or PC-containing liposomes (0.1 mg/ml) incubated with 1
mM Irgb6-WT or K275A/R371A (A–D). Liposome alone were shown (E–G). Note that remarkable membrane deformation of PI5P- or PS-
containing liposomes (A, B). Scale bar: 1000 nm (A–G).
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Irgb6 (Irgb6-WT) or mutant Irgb6 (Irgb6-K275A/R371A) in the

absence of guanine nucleotides, and observed by TEM. Irgb6-WT

prominently deformed PI5P- or PS-containing liposomes, forming

multiple bulbar tubules with various length, 20-30 nm in diameter

(Figures 1A, B). By contrast, deformation and tubulationwasmuch

less on PC-containing liposomes (Figure 1C). Deformation of

PI5P-containing liposomes was drastically reduced by replacing

Irgb6-WT with Irgb6-K275A/R371A, a mutant which does not

bind to PI5P or PS by dot-blot assay (Lee et al., 2019) (Figure 1D).

Thus, Irgb6 deformed PI5P- or PS-containing liposomes even in

the absence of guanine nucleotide.
The membrane deformation by
Irgb6 is altered by the guanine
nucleotide conditions

Since Irga6, an “effector” IRG, is recruited to PVM at

GTP-bound state (Hunn et al., 2008), we next examined
Frontiers in Cellular and Infection Microbiology 04
whether the membrane deformation by Irgb6 is changed by

its guanine nucleotide conditions. Toward this end, PI5P-

containing liposomes deformed by Irgb6 were absorbed on

grids, then subjected to various guanine nucleotides

(Supplemental Figure 2). As described above, membrane

deformation by Irgb6 with no nucleotide was mostly tubulo-

bulbar, with diameters (26.4 ± 0.5 nm, n = 100) at the dilated

portion and (14.0 ± 0.24 nm, n = 80) at the constricted

portion (Figures 2A, E, I). Addition of GMP-PNP, a

unhydrolyzable GTP analogue, which would retain Irgb6 at

GTP bound state, resulted in remarkable tubulation.

Interestingly, the tubules had a constant diameter, (23.7 ±

0.64 nm, n = 62) (Figures 2B, F, J). In contrast, addition of

GTP or GDP dramatical ly lessened the membrane

deformation (Figures 2C, D, G, H). Thus, membrane

deformation by Irgb6 considerably varied depending on

guanine nucleotide conditions. This is attributed partly to

Irgb6’s membrane affinity changed in guanine nucleotide-

dependent manner.
FIGURE 2

Effect of nucleotide on membrane deformation of Irgb6-WT. Negative stain EM showing deformation of PI5P-containing liposomes by Irgb6-WT under
nucleotide conditions as indicated. PI5P-containing liposomes (0.1 mg/ml) incubated 1 mM Irgb6-WT as in Figure 1 were absorbed on the grids. Then,
buffer alone (A, E, I), GMP-PNP at 0.5 mM (B, F, J), GTP at 0.1 mM (C, G) or GDP at 0.1 mM (D, H) was added and incubated for 5 min as is in
Supplemental Figure 1. Scale bar: 1000 nm for upper panels (A–D), 200 nm for middle panels (E–H), 75 nm in bottom panels (I , J).
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GTPase activity of Irgb6 is stimulated in
the presence of lipid membranes

Dynamin self-assembles under low ionic strength conditions

(<50 mM NaCl) (Warnock et al., 1996) or on the lipid

membranes (Tuma et al., 1993), and the assembly results in

enhancement of dynamin’s GTPase activity. Therefore, we

determined the GTPase activity of Irgb6 under low ionic

strength conditions or in the presence of liposomes. Under

high ionic strength conditions (100 mM NaCl), the GTPase

activity of Irgb6-WT was measurable at 3 mM, but undetectable

at 0.5 or 1 mM (Figure 3A right). By contrast, under low ionic

strength condition (15 mM NaCl), the GTPase activity was

detectable even at 0.5 mM, and it increased dose-dependent

manner (Figure 3A left). Irgb6 GTPase activity was even higher

in the presence of PI5P-containing liposomes under high ionic

strength conditions (Figure 3B). The GTPase activity of 3 mM
Irgb6 was enhanced by approximately 8.5-fold by the presence of

liposomes (compare Figure 3A rightmost bar and Figure 3B

rightmost bar).
Binding of Irgb6 is changed by the
guanine nucleotide conditions

Irgb6 differentially deformed liposome membrane

depending on the guanine nucleotide conditions (Figure 2),

suggesting that the binding of Irgb6 to the membrane is varied

in guanine nucleotide dependent manner. Therefore, we tried to
Frontiers in Cellular and Infection Microbiology 05
examine Irgb6-membrane interaction in a more immediate

manner. For this purpose, Irgb6 was absorbed on lipid

monolayer, and the Irgb6 molecules were observed “en face”

by TEM. Irgb6 was recognized as uranyl acetate-positive spot at

low magnification (Figures 4B–E), and the arrangement was

visible at higher magnification (Figures 4G–J). Under no

nucleotide conditions, majority of Irgb6 appeared as small

globular clusters and some formed insular clusters (Figure

4G). In the presence of GMP-PNP, Irgb6 globules were larger,

condensed (Figure 4H), some of which appeared three

dimensionally convexed (Figure 4H arrows). In the presence

of GTP or GDP, Irgb6 formed irregular clusters, but much less

crowded compared to these formed in the presence of GMP-

PNP (Figures 4I, J). Morphometric quantification revealed that

the binding of Irgb6 on the membrane was increased more than

five-fold compared to other guanine nucleotide conditions

(Figure 4K).
Discussion

In this study, we reconstituted Irgb6-membrane interaction

using liposomes or lipid monolayer, and demonstrated that

Irgb6 prominently deformed liposomes containing PI5P or PS

(Figure 1). Consistently, Irgb6 binds to PI5P intensely, and to PS,

PI3P, and PI4P strongly by protein-lipid overlay assay (Lee et al.,

2019). Considering that both PI5P and PS are components of

the T. gondii PVM, the liposome deformation by Irgb6 is likely

to reflect its PV-disrupting function. Irgb6 tubulated liposomes
A B

FIGURE 3

PI5P-containing liposomes stimulate Irgb6 GTPase activity. (A) GTPase activity of Irgb6-WT under low (15 mM NaCl) or high (100 mM NaCl)
ionic strength conditions. Irgb6-WT at indicated concentrations was incubated in the buffer containing 15 mM or 100 mM NaCl at 37°C for
30 min. Data are means ± S.E.M. of three independent experiments. (*P < 0.05). (B) PI5P-containing liposomes stimulate GTPase activity of
Irgb6-WT. Irgb6-WT at indicated concentrations were incubated with 0.1 mg/ml PI5P-containing liposomes in high ionic strength condition
(100 mM NaCl) at 37°C for 30 min. Data are means ± S.E.M. of three independent experiments. (**P < 0.01).
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both without nucleotides or at GTP-bound condition (+ GMP-

PNP), but the tubules formed with GMP-PNP had constant, and

slightly thinner diameters (Figures 2I, J). Densely arranged Irgb6

on the membrane at GTP-bound condition (Figures 4C, H

GMP-PNP) might have caused further deformation.

Irgb6 shares the basic structure with Irga6 and Irgb10,

consisting of a GTPase domain, N-terminal domain, and C-

terminal domain (Ghosh et al., 2004; Saijo-Hamano et al., 2021;

Ha et al., 2021). The N- and C-domains stand side by side and

they are composed of parallel or anti-parallel 11 helices, and two

long helices located at the center. The long helices bind to the

membrane at the bottom, opposite side of GTPase domain

(Saijo-Hamano et al., 2021). Irga6 and Irgb10 recognize

membrane via myristoylated glycine at the N-terminus, which

is close to the central pair helices (Ha et al., 2021). Irgb6 lacks

such a myristylations site, instead it utilizes two basic residues,

K275 and R371, located at the edge of central pair helices. A

substitution mutation, Irgb6-K275A/R371A, abolishes lipid
Frontiers in Cellular and Infection Microbiology 06
binding by protein-lipid overlay assay, and accumulation on

PVM of T. gondii in infected cells (Lee et al., 2019). By docking

simulation, the head groups of PI5P and PS were docked at high

affinity on the central helix pair of Irgb6 (Saijo-Hamano et al.,

2021). Consistently, membrane deformation by Irgb6 was

prominent with PI5P- or PS-containing liposomes, and

suppressed with PC-containing liposomes, or with Irgb6-

K275A/R371A (Figure 1). Thus, Irgb6-membrane interaction,

which is dependent on specific lipid species and amino acid

residues, and consequent membrane deformation was

successfully reconstituted in vitro.

IFN-inducible GTPases were formerly grouped in the

dynamin GTPase superfamily phylogenetically (Praefcke and

McMahon, 2004), and latterly IFN-inducible GTPase

superfamily, which includes subfamilies of IRG and GBP, was

established (Kim et al., 2012). Compared to other GTPases such

as small GTPases, members of dynamin GTPase are relatively

higher in molecular weight (∼100 kDa), have a low affinity for
FIGURE 4

Nucleotide-dependent binding of Irgb6 to PI5P-containing lipid monolayers. (A–J) Increased binding of Irgb6 to the lipid monolayers
containing PI5P in the presence of GMP-PNP. Three mM Irgb6-WT was absorbed to the lipid monolayers without nucleotide (B, G), or with 1
mM GMP-PNP (C, H), GTP (D, I) or GDP (E, J) at room temperature for 3 h. TEM image of monolayer without Irgb6 is shown as a negative
control (A, F). TEM images taken at 300× (upper panels) or at 30000× (bottom panels) were shown. Note that binding of Irgb6-WT to
monolayers was remarkedly increased in the presence of GMP-PNP (H), and some appeared bulged (arrowheads in H). Scale bar: 8.6 mm in
upper panels (A–E), 100 nm in bottom panels (F–J). (K) Quantification of binding of Irgb6-WT to monolayers. Irgb6-WT on the lipid monolayers
could be visible in negatively stained TEM images (512 x 512 pixel) taken as in (A–E) at low magnification. The area corresponding Irgb6-WT in
TEM image was quantified using Image J from three to four independent grids. (***P < 0.0001). (L) Model for the molecular machinery of Irgb6
in PVM disruption. Recruitment of Irgb6 to the membrane leads to membrane deformation. The membrane binding is increased at GTP-binding
state because of GTP-dependent polymerization of Irgb6. Dense packing of Irgb6 on lipid membrane results in the stimulation of GTPase
activity, and upon GTP hydrolysis Irgb6 detaches from the membrane accompanying membrane damage.
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GTP (KM∼10–25 mM), a high basal rate of GTP hydrolysis

(kcat∼8–30×10−3 sec−1), and an extremely high stimulated rate of

GTP hydrolysis (kcat 1–5 sec−1). Furthermore, the rates for

association of GTP (7×105 M-1sec−1) and for dissociation of

GDP (95 sec−1) are very rapid. Based on these properties and the

intracellular GTP level (≒1 mM), dynamin is thought to exist at

nucleotide-free state or GDP bound state only transiently (1–10

ms), and GTP hydrolysis is the rate-limiting step in dynamin’s

GTPase cycle (Sever et al., 2000). Given that Irgb6’s GTPase

activity is stimulated by self-assembly or by the presence of

membrane as is the case for dynamin (Figure 3), the GTPase

cycle of Irgb6 might be similar to that of dynamin.

GTPase activities of small G proteins are controlled by

GTPase-activating proteins (GAPs) and guanine nucleotide

exchange factor (GEFs), whereas those of Dynamin

superfamily and IFN-inducible GTPase superfamily are

activated by oligomerization/polymerization, and by

interaction with lipid membranes (Prakash et al., 2000;

Praefcke and McMahon, 2004). Dynamin’s conformation is

drastically changed by the presence of membrane. Without

membranes, Dynamin is at “closed” conformation having

membrane-binding pleckstrin homology domain (PHD)

docked near the stalk, a region responsible for dimerization.

PHD sticks out to converting dynamin to “open” conformation,

which facilitates membrane binding and polymerization (Kong

et al., 2018). Furthermore, Dynamin GTPase domain dimerizes

across the helical rungs in GTP-dependent manner, which leads

to assembly-stimulated GTPase activity and power stroke

(Chappie et al., 2010; Chappie et al., 2011). Likewise, GBP1

and Irga6 undergoes GTP-dependent homodimerization, which

generates a conformation of GBP1 for efficient catalysis (Ghosh

et al., 2006), or accelerates the GTPase activity of Irga6 (Hunn

et al., 2008). The recruitment of Irgb6 at GTP-bound state is

enhanced approximately 5 – 7.5 fold compared to other guanine

nucleotide conditions (Figures 4A–K) and the GTPase activity is

stimulated eight-fold in the presence of liposomes (Figure 3).

These properties, together with reported strong homotypic

interaction of Irgb6 (Hunn et al., 2008), suggest that Irgb6 also

undergoe s d imer i z a t i on /po l ymer i z a t i on in GTP-

dependent manner.

Taken together, we reconstituted Irgb6-membrane

interaction in vitro, and demonstrated that Irgb6 directly

deformed lipid membrane. The membrane recruitment was

controlled in GTPase-dependent manner, and Irgb6 GTPase

activity was significantly stimulated by binding to the

membrane. Possible molecular machinery of “effector” Irgb6 in

PVM disruption is depicted in Figure 4L. Currently, it remains

unclear how Irgb6 packed on the membrane could disrupt the

membrane, although a power stroke of N- and C-domains of is

suggested (Saijo-Hamano et al., 2021). Further structural

analyses of membrane-bound Irgb6 would solve the

open question.
Frontiers in Cellular and Infection Microbiology 07
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.

Author contributions

HY and KT designed the research and wrote the paper. HY,

HN, ET, and TA performed the experiments. MY and RN

contributed new reagents or analytic tools. All authors read

and approved the final manuscript.

Funding

This work was supported, in part, by grants from the

Ministry of Education, Science, Sports, and Culture of Japan

(grant numbers 21K19484 to KT, 20K08591 to HY, and

22K06580 to TA), and by the Joint Usage/Research Center for

Proteo-Interactome (PRiME), the Proteo-Science Center, Ehime

University to HY. This work was supported by the Japan Agency

for Medica l Research and Deve lopment (AMED)

(JP22wm0325010 to KT, MY, and RN).

Acknowledgments

The work was supported by Okayama University Central

Research Laboratory.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fcimb.2022.992198/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2022.992198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.992198/full#supplementary-material
https://doi.org/10.3389/fcimb.2022.992198
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Yamada et al. 10.3389/fcimb.2022.992198
References
Bekpen, C., Hunn, J. P., Rohde, C., Parvanova, I., Guethlein, L., Dunn, D. M.,
et al. (2005). The interferon-inducible p47 (IRG) GTPases in vertebrates: loss of the
cell autonomous resistance mechanism in the human lineage. Genome Biol. 6, R92.
doi: 10.1186/gb-2005-6-11-r92

Chappie, J. S., Acharya, S., Leonard, M., Schmid, S. L., and Dyda, F. (2010). G
domain dimerization controls dynamin's assembly-stimulated GTPase activity.
Nature 465, 435–440. doi: 10.1038/nature09032

Chappie, J. S., Mears, J. A., Fang, S., Leonard, M., Schmid, S. L., Milligan, R. A.,
et al. (2011). A pseudoatomic model of the dynamin polymer identifies a
hydrolysis-dependent powerstroke. Cell 147, 209–222. doi: 10.1016/
j.cell.2011.09.003

Ghosh, A., Praefcke, G. J., Renault, L., Wittinghofer, A., and Herrmann, C.
(2006). How guanylate-binding proteins achieve assembly-stimulated processive
cleavage of GTP to GMP. Nature 440, 101–104. doi: 10.1038/nature04510

Ghosh, A., Uthaiah, R., Howard, J., Herrmann, C., and Wolf, E. (2004). Crystal
structure of IIGP1: a paradigm for interferon-inducible p47 resistance GTPases.
Mol. Cell 15, 727–739. doi: 10.1016/j.molcel.2004.07.017

Ha, H. J., Chun, H. L., Lee, S. Y., Jeong, J. H., Kim, Y. G., and Park, H. H. (2021).
Molecular basis of IRGB10 oligomerization and membrane association for
pathogen membrane disruption. Commun. Biol. 4, 92. doi: 10.1038/s42003-020-
01640-7

Higgins, M. K., and McMahon, H. T. (2005). In vitro reconstitution of discrete
stages of dynamin-dependent endocytosis. Methods Enzymol. 404, 597–611.
doi: 10.1016/S0076-6879(05)04052-8

Howard, J. C., Hunn, J. P., and Steinfeldt, T. (2011). The IRG protein-based
resistance mechanism in mice and its relation to virulence in Toxoplasma gondii.
Curr. Opin. Microbiol. 14, 414–421. doi: 10.1016/j.mib.2011.07.002

Hunn, J. P., Koenen-Waisman, S., Papic, N., Schroeder, N., Pawlowski, N.,
Lange, R., et al. (2008). Regulatory interactions between IRG resistance GTPases in
the cellular response to Toxoplasma gondii. EMBO J. 27, 2495–2509. doi: 10.1038/
emboj.2008.176

Khaminets, A., Hunn, J. P., Könen-Waisman, S., Zhao, Y. O., Preukschat, D.,
Coers, J., et al. (2010). Coordinated loading of IRG resistance GTPases on to the
Toxoplasma gondii parasitophorous vacuole. Cell Microbiol. 12, 939–961.
doi: 10.1111/j.1462-5822.2010.01443.x

Kim, B. H., Shenoy, A. R., Kumar, P., Bradfield, C. J., and MacMicking, J. D.
(2012). IFN-inducible GTPases in host cell defense. Cell Host Microbe 12, 432–444.
doi: 10.1016/j.chom.2012.09.007

Kong, L., Sochacki, K. A., Wang, H., Fang, S., Canagarajah, B., Kehr, A. D., et al.
(2018). Cryo-EM of the dynamin polymer assembled on lipid membrane. Nature
560, 258–262. doi: 10.1038/s41586-018-0378-6

Lee, Y., Yamada, H., Pradipta, A., Ma, J. S., Okamoto, M., Nagaoka, H., et al.
(2019). Initial phospholipid-dependent Irgb6 targeting to Toxoplasma gondii
vacuoles mediates host defense. Life Sci. Alliance 3, e201900549. doi: 10.26508/
lsa.201900549
Frontiers in Cellular and Infection Microbiology 08
Leonard, M., Song, B. D., Ramachandran, R., and Schmid, S. L. (2005). Robust
colorimetric assays for dynamin's basal and stimulated GTPase activities. Methods
Enzymol. 404, 490–503. doi: 10.1016/S0076-6879(05)04043-7

MacMicking, J. (2012). Interferon-inducible effector mechanisms in cell-
autonomous immunity. Nat. Rev. Immunol. 12, 367–382. doi: 10.1038/nri3210

Meunier, E., and Broz, P. (2016). Interferon-inducible GTPases in cell autonomous
and innate immunity. Cell Microbiol. 18, 168–180. doi: 10.1111/cmi.12546

Praefcke, G. J., andMcMahon, H. T. (2004). The dynamin superfamily: universal
membrane tubulation and fission molecules? Nat. Rev. Mol. Cell Biol. 5, 133–147.
doi: 10.1038/nrm1313

Prakash, B., Praefcke, G. J., Renault, L., Wittinghofer, A., and Herrmann, C.
(2000). Structure of human guanylate-binding protein 1 representing a unique class
of GTP-binding proteins. Nature 403, 567–571. doi: 10.1038/35000617

Saeij, J. P., and Frickel, E. M. (2017). Exposing Toxoplasma gondii hiding inside
the vacuole: a role for GBPs, autophagy and host cell death. Curr. Opin. Microbiol.
40, 72–80. doi: 10.1016/j.mib.2017.10.021

Saijo-Hamano, Y., Sherif, A. A., Pradipta, A., Sasai, M., Sakai, N., Sakihama, Y.,
et al. (2021). Structural basis of membrane recognition of Toxoplasma gondii
vacuole by Irgb6. Life Sci. Alliance 5, e202101149. doi: 10.26508/lsa.202101149

Sever, S., Damke, H., and Schmid, S. L. (2000). Garrotes, springs, ratchets, and
whips: putting dynamin models to the test. Traffic 1, 385–392. doi: 10.1034/j.1600-
0854.2000.010503.x

Takeda, T., Kozai, T., Yang, H., Ishikuro, D., Seyama, K., Kumagai, Y., et al.
(2018). Dynamic clustering of dynamin-amphiphysin helices regulates membrane
constriction and fission coupled with GTP hydrolysis. eLife. 7, e30246.
doi: 10.7554/eLife.30246

Takei, K., Haucke, V., Slepnev, V., Farsad, K., Salazar, M., Chen, H., et al. (1998).
Generation of coated intermediates of clathrin-mediated endocytosis on protein-
free liposomes. Cell 94, 131–141. doi: 10.1016/s0092-8674(00)81228-3

Takei, K., Yamada, H., and Abe, T. (2010). Use of liposomes to study vesicular
transport. Methods Mol. Biol. 606, 531–542. doi: 10.1007/978-1-60761-447-0_36

Tuma, P. L., Stachniak, M. C., and Collins, C. A. (1993). Activation of dynamin
GTPase by acidic phospholipids and endogenous rat brain vesicles. J. Biol. Chem.
268, 17240–17246. doi: 10.1016/S0021-9258(19)85328-0

Warnock, D. E., Hinshaw, J. E., and Schmid, S. L. (1996). Dynamin self-assembly
stimulates its GTPase activity. J. Biol. Chem. 271, 22310–22314. doi: 10.1074/
jbc.271.37.22310

Yamamoto, M., Okuyama, M., Ma, J. S., Kimura, T., Kamiyama, N., Saiga, H.,
et al. (2012). A cluster of interferon-g-Inducible p65 GTPases plays a critical role in
host defense against Toxoplasma gondii. Immunity 37, 302–313. doi: 10.1016/
j.immuni.2012.06.009

Yoshida, Y., Kinuta, M., Abe, T., Liang, S., Araki, K., Cremona, O., et al. (2004).
The stimulatory action of amphiphysin on dynamin function is dependent on lipid
bilayer curvature. EMBO J. 23, 3483–3491. doi: 10.1038/sj.emboj.7600355
frontiersin.org

https://doi.org/10.1186/gb-2005-6-11-r92
https://doi.org/10.1038/nature09032
https://doi.org/10.1016/j.cell.2011.09.003
https://doi.org/10.1016/j.cell.2011.09.003
https://doi.org/10.1038/nature04510
https://doi.org/10.1016/j.molcel.2004.07.017
https://doi.org/10.1038/s42003-020-01640-7
https://doi.org/10.1038/s42003-020-01640-7
https://doi.org/10.1016/S0076-6879(05)04052-8
https://doi.org/10.1016/j.mib.2011.07.002
https://doi.org/10.1038/emboj.2008.176
https://doi.org/10.1038/emboj.2008.176
https://doi.org/10.1111/j.1462-5822.2010.01443.x
https://doi.org/10.1016/j.chom.2012.09.007
https://doi.org/10.1038/s41586-018-0378-6
https://doi.org/10.26508/lsa.201900549
https://doi.org/10.26508/lsa.201900549
https://doi.org/10.1016/S0076-6879(05)04043-7
https://doi.org/10.1038/nri3210
https://doi.org/10.1111/cmi.12546
https://doi.org/10.1038/nrm1313
https://doi.org/10.1038/35000617
https://doi.org/10.1016/j.mib.2017.10.021
https://doi.org/10.26508/lsa.202101149
https://doi.org/10.1034/j.1600-0854.2000.010503.x
https://doi.org/10.1034/j.1600-0854.2000.010503.x
https://doi.org/10.7554/eLife.30246
https://doi.org/10.1016/s0092-8674(00)81228-3
https://doi.org/10.1007/978-1-60761-447-0_36
https://doi.org/10.1016/S0021-9258(19)85328-0
https://doi.org/10.1074/jbc.271.37.22310
https://doi.org/10.1074/jbc.271.37.22310
https://doi.org/10.1016/j.immuni.2012.06.009
https://doi.org/10.1016/j.immuni.2012.06.009
https://doi.org/10.1038/sj.emboj.7600355
https://doi.org/10.3389/fcimb.2022.992198
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Recruitment of Irgb6 to the membrane is a direct trigger for membrane deformation
	Introduction
	Materials and methods
	Recombinant proteins
	Preparation for liposomes
	In vitro reconstitution of Irgb6-membrane interaction
	Binding of Irgb6 on lipid-monolayers
	GTPase assay
	Statistical analysis

	Results
	Irgb6 deforms PI5P- or PS-containing liposomes in the absence of guanine nucleotides
	The membrane deformation by Irgb6 is altered by the guanine nucleotide conditions
	GTPase activity of Irgb6 is stimulated in the presence of lipid membranes
	Binding of Irgb6 is changed by the guanine nucleotide conditions

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


