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Highlights

® Thiolreductase active motif of mammalian GILT protein is CXXC, but the GILT homolog of
black tiger shrimp has CXXS instead of CXXC.

® Black tiger shrimp GILT does not have thiolreductase activity.

® Black tiger shrimp GILT significantly inhibits amphotropic murine leukemia virus infection

through complex formation with the viral envelope protein.



ABSTRACT

We have previously reported that gamma-interferon inducible lysosomal thiolreductase (GILT)
functions as a host defense factor against retroviruses by digesting disulfide bonds on viral envelope
proteins. GILT is widely conserved even in plants and fungi as well as animals. The thiolreductase
active site of mammalian GILT is composed of a CXXC amino acid motif, whereas the C-terminal
cysteine residue is changed to serine in arthropods including shrimps, crabs, and flies. GILT from
Penaeus monodon (PmGILT) also has the CXXS motif instead of the CXXC active site. We
demonstrate here that a human GILT mutant (GILT C75S) with the CXXS motif and PmGILT
significantly inhibits amphotropic murine leukemia virus vector infection in human cells without
alterning its expression level and lysosomal localization, showing that the C-terminal cysteine
residue of the active site is not required for the antiviral activity. We have reported that human
GILT suppresses HIV-1 particle production by digestion of disulfide bonds on CD63. However,
GILT C75S mutant and PmGILT did not digest CD63 disulfide bonds, and had no effect on HIV-1
virion production, suggesting that they do not have thiolreductase activity. Taken together, this
study found that antiviral activity, but not thiolreductase activity, is conserved in arthropod GILT
proteins. This finding provides a new insight that the original function of GILT might be inhibition

of viral infection.

Keywords: GILT, antiviral activity, thiolreductase activity



1. Introduction

Redox regulation is involved in many biological events including virus infection. There
are many lines of evidence showing that inhibitors of thioredoxin (TRX) and protein disulfide
isomerase (PDI) attenuate human immunodeficiency virus type 1 (HIV-1) infection and these
enzymes catalyze disulfide bond digestion of HIV-1 envelope protein (Env), showing that TRX and
PDI are involved in infection by HIV-1 (Lundberg et al., 2019; Reiser et al., 2012 and 2016;
Stantchev et al., 2012; Bi et al., 2011; Khan et al., 2011; Papandreou et al., 2010; Bilington et al.,
2007; Ou et al., 2006; Barbouche et al., 2003 and 2005; Markovic et al., 2004; Gallina et al., 2002;
Fenouillet et al., 2001; Ryser et al., 1994). It has been reported that changes in the extracellular
redox environment by a membrane-impermeable sulthydryl blocker or specific antibody inhibitors
of TRX alter cellular localization of CD4 and strongly inhibit HIV-1 infection (Moolla et al., 2016;
Matthias et al., 2002). TRX reduces disulfide bonds on a CD4 recombinant protein, and HIV gp120
protein cannot bind to oxidized CD4 recombinant protein (Cerutti et al., 2014). Glutaredoxin-1 also
catalyzes the reduction of HIV-1 gp120 and CD4 disulfides and its inhibition by an inhibitor or
antibody suppresses HIV-1 infection (Auwerx et al., 2009). A disulfide bond in retroviral envelope
glycoprotein is digested after its interaction with the cell surface receptor (Smith et al., 2007).
Furthermore, disulfide bonds or PDI are involved in other viral infections including hepatitis B
virus (Perez-Vargas et al., 2021), SARS-CoV-2 (Mancek-Keber et al., 2021), and astrovirus
(Aguilar-Hernandez et al., 2020). These results indicate that the redox condition of cellular
infection receptors and viral envelope proteins are key regulators of various virus infections.

We have reported that human y-interferon (y-IFN)-inducible lysosomal thiolreductase

(GILT) functions as a host antiviral factor (Kubo et al., 2016). GILT was initially identified as a



cellular factor that contributes to the generation of peptides presented onto major histocompatibility
complexes (MHCs) by reducing disulfide bonds of antigen proteins (Ewanchuk et al., 2018;
Hastings, 2013; Hastings et al., 2006; West et al., 2013). GILT reduces disulfide bonds of antigen
proteins to enhance their degradation by endosome proteases including cathepsins. In
GILT-deficient mice, the helper T-cell response against mouse herpes virus is not induced (Maric et
al., 2001) and thus, GILT plays an important role in the initiation of adaptive immunity.

Lower animals, plants, and fungi contain GILT homologs (Fig. 1), which do not have
adaptive immunity, suggesting that these GILT homologs have other unknown function(s)
(Kongton et al., 2014; Kongton et al., 2011). We have found that human GILT directly restricts
HIV-1, vesicular stomatitis virus, and murine leukemia virus infections as one of y-IFN-induced
innate immune factors by digesting disulfide bonds on viral envelope glycoproteins (Kubo et al.,
2016). Consistently, it has been reported that human GILT restricts severe acute respiratory
syndrome-coronavirus, Ebola virus, and Lassa virus infections (Chen et al., 2019). GILT silencing
abrogates antivirus activity of y-IFN in certain human cell lines, and mouse embryonic fibroblasts
(MEFs) from GILT-deficient mice are more susceptible to infection by murine leukemia virus
(MLV) (Kubo et al., 2016) or dengue virus (Teramoto et al., 2013) than MEFs from wild type mice.
Porcine GILT inhibits replication of porcine reproduction and respiratory syndrome virus (Guo et
al., 2018). It has been also reported that GILT homologs function as a host defense factor against
many infectious agents in lower animals as follows: Mosquito GILT homolog reportedly inhibits
Plasmodium sporozoite transmission (Schleicher et al., 2018). Bacterial growth is elevated in GILT
homolog-deficient fruit flies versus wild type flies (Kongton et al., 2014). Shrimp GILT homolog

restricts white spot syndrome virus infection (Thipwong et al., 2019). Planarian GILT homolog is



required for gram-negative bacterial clearance (Gao et al., 2021). Therefore, it is thought that lower

animal GILT homologs function as host defense factors against infectious agents like mammalian

GILT, and hosts subsequently evolved to utilize GILT to generate peptides presented onto MHCs.

Like other thiolreductases including TRX and PDI, mammalian GILT has a CXXC motif

in the thiolreductase active site (Arunachalam et al., 2000: Phan et al., 2000). GILT mutants

containing amino acid substitutions at the conserved cysteine residues do not have thiolreductase

activity (Arunachalam et al., 2000: Phan et al., 2000). However, GILT proteins isolated from

arthropods including flies, shrimps, and crabs have a CXXS motif instead of CXXC (Fig. 1A)

(Kongton et al.,2014; Kongton et al., 2011; Huang et al., 2015). In addition, the C-terminal cysteine

residue of the thiolreductase active motif is changed to other amino acids in planarian (Gao et al.,

2021) and fungi (Gao et al., 2011). It has been reported that a human GILT mutant containing

CXXS motif does not have thiolreductase activity (Schleicher et al., 2018; Arunachalam et al.,

2000). These reports prompted us to herein address the hypothesis that arthropod GILT containing a

CXXS motif has antiviral activity but not thiolreductase activity, which might suggest that GILT

originally functions as a host defense factor against infectious agents without thiolreductase activity.

To assess the hypothesis, we analyzed antiviral activity of the black tiger shrimp GILT and a human

GILT mutant that contains an amino acid substitution of the C-terminal cysteine residue in the

active site CXXC to serine.



2 Results

2.1. The thiolreductase active motif is not conserved

Examination of the amino acid sequences of GILT proteins from vertebrate species shows

that CXXC motif of the thiolreductase active site is conserved, whereas the C-terminal cysteine

residue of the GILT thiolreductase active motif from shrimps, crabs, insects, planarian, and fungi

are changed to serine, threonine, or alanine (Fig. 1). This result suggests that the latter GILT

proteins might not have thiolreductase activity.

2.2. Penaeus monodon GILT has antiviral activity

To assess whether the CXXS motif-containing GILT protein inhibits retrovirus infection,

the GILT protein-coding sequence of black tiger shrimp (Penaeus monodon) (PmGILT) was

artificially synthesized, because it has been reported that PmGILT has antiviral activity (Thipwong

et al., 2019). The complete amino acid sequence is annotated in supplementary Fig. 1. We also

constructed a human GILT mutant having an amino acid substitution of the cysteine residue at the

position 75 to serine (GILT C75S) (Kubo et al., 2016). A human GILT DSC mutant containing

amino acid substitutions of cysteine residues at the positions 72 and 75 was also constructed. The

GILT C75S and DSC mutants do not reportedly have thiolreductase activity (Arunachalam et al.,

2000; Phan et al., 2000). To detect the GILT proteins, we generated plasmids encoding

C-terminally FLAG-tagged human GILT wild type (Wt), DCS, C75S, and PmGILT. When HeLa

cells were transduced by an MLV vector expressing GILT Wt to generate stably expressing cells,

mature GILT protein (20 kDa) was detected at a much lower level than in transiently transfected

293T cells by western blotting using the antibody recognizing the mature GILT protein (Fig. 2A).



Because high proportion of precursor GILT is cleaved, the level of precursor GILT was too low to
detect in the transfected 293T cells. This result suggests that GILT Wt has cytotoxity or inhibits cell
growth as reported (Barjaktarevic et al., 2006). Thus, HeLa cells were transiently transfected by
pcDNA3.1, GILT Wt, DCS, C75S, or PmGILT expression plasmid, and then inoculated with an
amphotropic MLV vector encoding LacZ marker gene 24 h after the transfection. Transduction
titers were estimated by X-Gal staining of the inoculated cells. GILT C75S and PmGILT
significantly reduced transduction titers as GILT Wt in a dose-dependent manner (Fig. 2B).
Transfection of GILT DCS mutant expression plasmid at 300 ng attenuated the infection, but the
inhibitory effect was much lower than those of GILT Wt, C75S, and PmGILT. When cells were
transfected with the expression plasmid at 300 ng, the amounts of these GILT proteins were similar
(Fig. 2C). The higher amount of expression plasmid induced the higher level of GILT protein (Fig.
2D). These results indicate that GILT C75S and PmGILT inhibit amphotropic MLV infection as
efficiently as the Wt GILT, but not DCS mutant.

The molecular sizes of the precursor, signal peptide-digested, and mature human GILT
proteins are predicted to be 30, 25, and 20 kDa, respectively (supplementary Fig. 2A). A 28 kDa
band was detected in mock transfected-HeLa cells, showing that it is a nonspecific band. When
HeLa cells were transfected with the human GILT Wt expression plasmid, intensity of the 28 kDa
band was significantly elevated (Figs. 2C and D). Because the GILT protein was C-terminally
tagged with FLAG and the C-terminal prodomain is cleaved during its maturation process, and
because the GILT protein is glycosylated, the 28 kDa band represented signal peptide-cleaved

GILT protein, and mature 20 kDa protein could not be detected by anti-FLAG antibody.



The molecular sizes of precursor, signal peptide-cleaved PmGILT, and C-terminal
prodomain-cleaved mature proteins are expected to be 24, 22, and 15 kDa, respectively
(supplementgary Fig. 2B). When HeLa cells were transfected with the PmGILT expression plasmid,
proteins at 24 and 22 kDa were detected (Fig. 2C). If the PmGILT C-terminal domain is digested
like human GILT, then mature protein cannot be detected. Since the arginine residue at the
C-terminal prodomain cleavage site in human GILT is substituted by threonine in PmGILT
(supplementary Fig. 1), the C-terminal domain of PmGILT protein may not be digested. To assess
this hypothesis, an expression plasmid of human GILT mutant containing an amino acid
substitution of the arginine residue by threonine (K232T) was constructed. HeLa cells were
transfected with the GILT Wt or K232T expression plasmids, and cell lysates prepared from the
transfected cells were analyzed by western blotting using anti-GILT antibody. Matute GILT protein
was detected in GILT Wt- and K232T-transfected cells, suggesting that the substitution of the

arginine residue by threonine does not affect the cleavage (supplementary Fig. 2C).

2.3. PmGILT and GILT C75S do not inhibit HIV-1 virion production

We have reported that GILT decreases HIV-1 Gag protein level through reduction of
CD63 disulfide bonds (Kubo et al., 2016). To assess whether PmGILT and GILT C75S decrease
Gag protein level, COS7 cells were transfected with VSV-G-pseudotyped HIV-1 vector
construction plasmids together with pcDNA3.1, GILT Wt, DCS, C75S, or PmGILT expression
plasmid, and culture supernatants from the transfected cells were inoculated into TE671 cells to
estimate transduction titers. As we reported (Kubo et al., 2016), GILT Wt attenuated transduction

titers, but not GILT DSC, C75S, and PmGILT (Fig. 3A). Then, cell lysates prepared from the



transfected cells were analyzed by western blotting using anti-HIV-1 p24 antibody. Amount of

HIV-1 Gag protein in the GILT Wt-transfected cells was much lower than that in cells transfected

with pcDNA3.1, GILT DSC, C75S, or PmGILT (Fig. 3B), showing that GILT DSC, C758S, and

shrimp GILT do not decrease HIV-1 Gag level, unlike GILT Wt.

We have previously shown that GILT decreases HIV-1 Gag level through digestion of

disulfide bonds within CD63 (Kubo et al., 2016), which is involved in HIV-1 virion formation

(Chen et al., 2008; Fu et al., 2015; Li et al., 2014). To assess whether PmGILT digests CD63

disulfide bonds, COS7 cells that stably express C-terminally HA-tagged CD63 (CD63-HA) (Kubo

et al., 2016) were transfected with pcDNA3.1, GILT Wt, DSC, C75S, or PmGILT. The transfected

cells were treated with biotin-maleimide (2 mM) to biotinylated free cysteine residues of cell

surface proteins, and cell lysates were prepared from the treated cells. Biotinylated proteins were

precipitated using avidin-agarose, and analyzed by western blotting using HA antibody. CD63-HA

protein was detected in the precipitates prepared from GILT Wt-transfected cells, but not from cells

transfected with GILT DSC, C75S, and PmGILT (Fig. 3C). This result indicates that PmGILT does

not digest CD63 disulfide bonds as well as the GILT DCS and C75S mutants, suggesting that

PmGILT does not have thiolreductase activity, as reported (Schleicher et al., 2018; Arunachalam et

al., 2000).

To examine the effect of PmGILT on HIV-1 replication, CD4-expressing HeLa cells were

transfected with pcDNA3.1, GILT Wt, C75S, or PmGILT expression plasmid, and the NL4-3 strain

of HIV-1 was inoculated into these transfected cells 2 days after the transfection. The amounts of

p24 protein in culture supernatants of the inoculated cells were measured by ELISA. GILT C75S



and PmGILT reduced p24 levels, but less efficiently than GILT Wt (Fig. 3D). Taken together, these
results show that PmGILT inhibits HIV-1 replication, but does not have thiolreductase activity.
Human GILT protein is localized to endosomes or lysosomes and can approach to CD63
that is an endosome/lysosome marker. It is possible that PmGILT is not localized to endosomes or
lysosomes and the disulfide bonds on CD63 are not digested in human cells. To assess the
possibility, cellular localization of PmGILT was analyzed. HeLa cells were transfected with
expression plasmids of C-terminally DsRed-tagged PmGILT (PmGILT-DsRed) and GFP-tagged
CD63 (Kubo et al., 2016). PmGILT-DsRed was co-localized with CD63-GFP (Fig. 4), showing that
PmGILT protein is localized to endosomes or lysosomes and co-localized with CD63-GFP in

human HeLa cells like hGILT (Kubo et al., 2016).

2.4. Complex formation of GILT C75S and PmGILT with substrate MLV Env protein

Despite lacking thiolreductase activity, PmGILT and GILT C75S were able to inhibit
amphotropic MLV vector infection. How do they suppress viral infection? In the cascade of
disulfide bond digestion, GILT Wt firstly binds to a substrate protein via disulfide bond, and then
the disulfide bond between GILT and substrate proteins is digested (Maric et al., 2001). It has been
reported that the GILT C75S mutant binds to a substrate protein via a disulfide bond, but cannot
proceed to the next step. Thus, complex of a substrate protein with GILT C75S is formed. To
examine whether GILT C75S and PmGILT bind to amphotropic MLV Env protein, HeLa cells
were transfected with the pcDNA3.1, GILT Wt, C75S, or PmGILT expression plasmid, and then
incubated with amphotropic MLV vector at 37 °C for 5 h. Cell lysates were prepared from the

incubated cells. GILT proteins were precipitated using anti-FLAG antibody, and precipitates were



analyzed by western blotting using anti-MLV SU antibody. MLV SU protein was detected in the

precipitate prepared from GILT C75S- (Fig. 5 left panel) and PmGILT- (Fig. 5 right panel)

expressing cells, but not from GILT Wt-expressing cells. This result indicates that GILT C75S and

PmGILT form complexes with MLV SU protein.

2.5. PmGILT inhibits baculovirus infection in arthropod cells

Because baculovirus can infect shrimp cells (Anoop et al., 2021), impact of PmGILT on

baculovirus vector infection in arthropod S9 cells. Sf9 cells were transfected with an expression

plasmid of a replication-competent baculovirus vector encoding the LacZ gene together with empty

or PmGILT expression plasmid. The LacZ activities were measured in the culture supernatant of the

transfected cells 3 days after the transfection. The LacZ activities in PmGILT-transfected cells were

lower than those in the empty plasmid-transfected cells (Fig. 6 left panel). Protein bands with

expected molecular sizes were detected in the transfected cells by western blotting using anti-FLAG

antibody (Fig. 6 right panel). These results show that PmGILT inhibits baculovirus replication in

S19 cells.

3. Discussion

This study found that PmGILT inhibits amphotropic MLV Env protein-mediated

infection. PmGILT has the CXXS motif instead of the CXXC thiolreductase active site, and the

protein did not digest disulfide bonds on CD63. It has been already reported that fly GILT with a

CXXS motif does not have thiolreductase activity (Schleicher et al., 2018). The C-terminal cysteine

residue in the active motif is required for thiolreductase activity (Arunachalam et al., 2000; Phan et



al., 2000). GILT proteins from shrimps, crabs, insects, and planarian function as host defense factor

against infectious agents, but should not have thiolreductase activity. Thus, thiolreductase activity

of GILT is not required for its function as a host defense factor. As GILT DCS mutant did not have

antiviral activity, the N-terminal cysteine residue of the thiolreductase active site is required for the

antiviral activity.

The thiolreductase activity of GILT is required for the inhibition of virion production, but

not for the inhibition of Env-mediated entry. GILT C75S mutant and PmGILT attenuated

amphotropic MLV vector infection like hGILT Wt, showing that thiolreductase activity is not

necessary for the inhibition of viral entry into host cells. However, GILT C75S did not digest CD63

disulfide bonds and did not inhibit HIV-1 virion production. GILT C75S and PmGILT have less

efficient antiviral activity against HIV-1 replication than GILT Wt. These results indicate that the

thiolreductase activity of GILT is required for the inhibition of HIV-1 virion production.

PmGILT inhibits baculovirus replication in arthropod Sf9 cells. Baculovirus can infect

shrimps (Anoop et al., 2021) and encodes sulthydryl oxidase P33. The deletion of P33 impairs

baculovirus replication (Wu and Passarelli, 2010). Per os infectivity factors (PIFs) are components

of the viral envelope complex. Recently it has been reported that PIF-5 protein is oxidized by viral

sulthydryl oxidase P33 to form disulfide bonds and all of cysteine-to-serine mutants of PIF-5 lost

oral infectivity without affecting viral production and morphogenesis, showing that disulfide bonds

on PIF-5 is required for oral infection (Zhang et al., 2020). These results indicate that formation of

disulfide bonds is required for baculovirus replication. PmGILT may inhibit baculovirus vector

infection by disruption of the disulfide bond formation.



PmGILT inhibits viral infection through binding to viral Env protein. It has been reported

that GILT C75S mutant binds to its substrate protein via a disulfide bond (Maric et al., 2001). Since

a complex of GILT C75S or PmGILT with MLV surface (SU) proteins was detected, it is thought

that GILT C75S and PmGILT inhibit MLV Env-mediated infection by complex formation with

MLV Env protein.

Inconsistent with our result, Chen et al. have reported that GILT C75S mutant does not

inhibit infection by SARS-CoV, Ebola virus, and influenza A virus (Chen et al., 2019). However, in

their study, the mutant restricts Lassa virus infection. GILT expression significantly inhibited

amphotropic MLV infection in COS7, HeLa, and TE671 cells, but moderately in 293T cells (Kubo

et al., 2016). Thus, GILT antiviral activity may depend on cell lines and on virus types used.

It has been shown that mammalian GILT is involved in the initiation of adaptive

immunity (Hastings et al., 2006). GILT is required for the generation of peptides presented on

MHC by digestion of disulfide bonds of antigen proteins. Therefore, the thiolreductase activity of

mammalian GILT is absolutely needed for this function. However, lower animals have GILT

homologs but do not adaptive immunity. Their expression is elevated by lipopolysaccharide or

bacterial infection in lower animals (Cui et al., 2011 and 2012; Kongton et al., 2011 and 2014;

Huang et al., 2015; Ren et al., 2015; Cao et al., 2018; Fu et al., 2019; Pang et al., 2019), suggesting

that GILT homologs of lower animals have another unknown function in innate immunity.

Furthermore, the thiolreductase active CXXC motif of mammalian GILT is not conserved in

arthropod GILT homologs. These results prompted us to speculate that thiolreductase is not

required for the unknown function of GILT. Indeed, mosquite GILT with the CXXS sequence does

not have thiolreductase activity (Schleicher et al., 2018). In contrast, GILT C75S and PmGILT



inhibited viral infection in human and arthropod cells, respectively. Many other arthropod GILT

homologs have CXXS sequence like PmGILT. These results show that the function of arthropod

GILT homologs is antiviral activity, but not thiolreductase.

As GILT with thiolreductase activity has higher antiviral activity, the CXXC motif rather

than CXXS is conserved in mammals. In higher animals that have adaptive immunity, GILT is

utilized to generate peptides presented on MHC, in addition to direct inhibition of viral infection.

Taken together, GILT is a key factor involved in both innate and adaptive immunities and bridges

between these immune activities.

4. Materials and methods

4.1. Cells

African green monkey COS7, human 293T, human HeLa, and human TE671 cells are

routinely maintained in our laboratory. They were cultured in Dulbecco’s modified Eagle’s medium

(Wako) with 8% fetal bovine serum (FBS) and 1% penicillin-streptomycin. COS7 cells stably

expressing C-terminally HA-tagged CD63 were constructed in our previous study (Kubo et al.,

2016). Arthropod S9 cells were purchased from TaKaRa Bio, and culture in BacPAK Grace’s

basic medium (Clontech) with 10% FBS.

4.2. Plasmids

The MLV Gag-Pol expression plasmid was purchased from TaKaRa. An expression

plasmid of the MLV vector genome encoding the LacZ marker gene was kindly provided by Dr. D.

Baltimore (Mann et al., 1983). The amphotropic MLV Env protein expression plasmid was



constructed in our laboratory (Kubo et al., 2007). The HIV-1 Gag-Pol-Tat-Rev expression plasmid
was kindly provided by Dr. D. Trono (Naldini et al., 1996). The LacZ-encoding HIV-1 vector
genome expression plasmid was obtained from Dr. L. Chang through the AIDS Research and
Reference Reagent Program, NIAID, NIH, USA (Chang et al., 1999). The human GILT expression
plasmid was constructed from GILT cDNA prepared from HeLa cells by RT-PCR (Kubo et al.,
2016). The expression plasmids of GILT DCS and C75S mutants were constructed by
PCR-mediated mutagenesis (TaKaRa). Nucleotide sequences of the mutants were confirmed using
the BigDye terminator (Applied Biosystems). The PmGILT coding sequence was artificially
synthesized (Eurofins Genomics), and subcloned into pTargeT mammalian expression plasmid
(Promega). The HIV-1 NL4-3 infectious DNA was kindly obtained from Dr. A. Adachi (Adachi et
al., 1987). Expression plasmids of C-terminally DsRed-tagged PmGILT and C-terminally
GFP-tagged CD63 were constructed in our laboratory (Kubo et al., 2016). To construct the
expression plasmid of C-terminally FLAG-tagged PmGILT in Sf9 cells, its coding sequence was

subcloned to pIX-3 (Clontech).

4.3. GILT amino acid sequences of many species

Amino acid sequences were obtained from GenBank for GILT from human (AF097362)
(Arunachalam et al., 2000), golden snub-nosed monkey (XM_010386631), cow (NM_001101251)
(Zimin et al., 2009), horse (XM _023625483), sheep (HM017967) (Ai et al., 2011), pig (EF644197)
(Dan et al., 2008), mouse (AF309649), rat (BC099774), bat (JX853968), chicken (JX843734)
(Yang et al., 2013), Chinese soft-shelled turtle (NM_001317044) (Fu et al., 2019), African clawed

frog (JN202725) (Cui et al., 2011), silver carp (KU935714) (Cao et al., 2018), golden pompano



(MF929063) (Zhu et al., 2018), largemouth bass (KR270996) (Yang et al., 2015), goldfish

(HQ610621) (Li et al., 2015), Atlantic salmon (NM_001314702) (Leong et al., 2010), zebrafish

(BC083267) (Cui et al., 2012), Chinese cuttlefish (MH513610) (Pang et al., 2019), Pacific white

shrimp (HQ317497) (Qin et al., 2018), black tiger shrimp (EU837195) (Kongton et al., 2011),

planarian (MH602290) (Gao et al., 2021), water strider (LT986713), fruit fly (NM_142030) (Sim et

al., 2015), melon fly (GBXI01010654) (Sim et al., 2015), yellow sugarcane aphid

(GGMS01003461), Asian longhorned beetle (GALX01001173), mud crab (KJ728650) (Huang et

al., 2015), sea cucumber (KM201329) (Ren et al., 2015), thale cress (NM_117365) (Meyer et al.,

1999), and three species of fungi (XM 007814565, XM 035462522, and XM 022536862) (Gao et

al., 2011; Moore et al., 2016).

4.4. Amphotropic MLV vector

To construct a replication-defective amphotropic MLV vector, 293T cells were

transfected with the MLV Gag-Pol (1 pg), amphotropic Env protein (1 pg), and LacZ-encoding

MLV vector genome (1 pg) expression plasmids using the Fugene transfection reagent (5 pL)

(Promega) in a 6-cm dish. Culture media of the transfected cells were changed to fresh media 24 h

after the transfection to remove the transfected DNA and transfection reagent. Culture supernatants

of the transfected cells were inoculated to transfected HeLa cells in the presence of polybrene (4

pg/mL) (Sigma-Aldrich). Target HeLa cells were transfected with indicated expression plasmid.

The total amount of transfected expression plasmid was adjusted to 300 ng with pcDNA3.1. The

transfected HeLa cells were inoculated with the amphotropic MLV vector 24 h after the transfection.



The inoculated cells were stained with X-Gal (Wako), and numbers of blue cells in 8 randomly

selected microscopic fields were counted and the total numbers of blue cells were compared.

Target HeLa cells were transfected with pcDNA3.1, GILT Wt, C75S, DCS, or PmGILT

expression plasmid using the transfection reagent (3 pL) in a 3-cm culture dish. Total amounts (300

ng) of transfected plasmids were adjusted with pcDNA3.1. The transfected cells were washed with

media 3 times to remove the transfected DNA and transfection reagent 24 h after the transfection,

and inoculated with culture supernatants of the amphotropic MLV vector-producing cells.

4.5. HIV-1 vector

To construct amphotropic MLV-pseudotyped HIV-1 vector, COS7 cells were transfected

with HIV-1 Gag-Pol-Tat-Rev (1 pg), LacZ-encoding HIV-1 vector genome (1 pg), and

amphotropic Env (1 pg) expression plasmids together with pcDNA3.1, GILT Wt, C75S, DSC, or

PmGILT expression plasmid (1 pg) using the Fugene transfection reagent (5 pL) in a 6-cm dish.

Culture media of the transfected cells were changed to fresh media to remove the transfected DNA

and transfection reagent 24 h after the transfection, and the transfected cells were cultured for an

additional 24 h. Culture supernatants of the transfected cells were inoculated to 293T or TE671

cells in the presence of polybrene (4 pg/mL). The inoculated cells were stained with X-Gal, and the

numbers of blue cells in 8 randomly selected microscopic fields were counted, and the total

numbers of blue cells were compared.

4.6. Western blotting



Protein samples were separated by SDS-polyacrylamide gel electrophoresis (BioRad),
and then transferred onto a PVDF membrane (Millipore). The membrane was treated with 10%
skimmed milk in PBS, and then with appropriate antibody, followed with HRP-conjugated
secondary antibody. The antibody-bound proteins on the membrane were visualized using the ECL
reagent (BioRad). Mouse anti-FLAG, mouse anti-HA (Convance), mouse anti-actin (Santa Cruz
Biotechnology), goat anti-GILT (Santa Cruz Biotechnology), and goat anti-MLV SU (ViroMed
Biosafety Laboratories) antibodies were used in this study as the first antibodies. HRP-conjugated
anti-mouse IgG antibody and protein G (BioRad) were used as the secondary antibody. No protein
bands were detected with western blotting using anti-HIV-1 p24 or anti-HA antibody

(supplementary Fig. 1).

4.7. Cellular localization of PmGILT

HeLa cells were transfected with the expression plasmids of C-terminally DsRed-tagged
PmGILT (PmGILT-DsRed) and C-terminally GFP-tagged CD63 (CD63-GFP). The transfected
cells were permeabilized with methanol, and then were treated with DAPI. The cells were observed

under a confocal fluorescence microscopy (KEYENCE).

4.8. HIV-1 replication
Human 293T cells were transfected with HIV-1 NL4-3 infectious DNA (3 pg) using the
FuGene transfection reagent (5 pL) in a 6-cm culture dish. Culture media were changed with fresh

media 24 h after the transfection, and the transfected cells were cultured for additional 24 h. Culture



supernatants (100 uL) of the transfected cells were inoculated to transfected HeLa cells expressing

CD4. Amounts of HIV-1 p24 in the culture media were measured by ELISA (ZeptoMetrix).

4.9. Immunoprecipitation

HelLa cells were transfected with the amphotropic MLV Env protein expression plasmid

(1.5 pg) together with human GILT Wt or PmGILT expression plasmid (1.5 pg) in a 6-cm dish.

Culture media of the transfected cells were changed to culture supernatants of amphotropic MLV

vector-producing cells in the presence of polybrene, and the inoculated cells were incubated at 37°C

for 5 h. Cell lysates were prepared from the inoculated cells using the immunoprecipitation solution

(Sigma-Aldrich). The cell lysates were incubated with mouse anti-FLAG antibody and anti-mouse

IgG-agarose beads (Sigma-Aldrich) at 4°C for 24 h. The agarose beads were washed with the

immunoprecipitation solution 5 times, and proteins bound to the beads were eluted with

SDS-containing sample buffer. The elution was analyzed by western blotting.

4.10. Analysis of CD63 disulfide bonds

COS7 cells stably expressing C-terminally HA-tagged CD63 were transfected with

pcDNA3.1, GILT Wt, C75S, DCS, or PmGILT expression plasmid (3 pg) using the Fugene

transfection reagent (5 uL) in a 6-cm dish. The cells were treated with biotin-maleimide (2 mM)

(Sigma-Aldrich) for 1 h at 37°C to biotinylate free cysteine residues of proteins, and cell lysates

were prepared from the treated cells. Biotinylated proteins were precipitated using avidin-agarose

(Thermo Scientific), and the precipitates were analyzed by western blotting.



4.11. Baculovirus vector

S19 cells were transfected with pBacPAKO9 that express LacZ gene-encoding baculovirus

vector (Clontech) together with empty or PmGILT expression plasmid using the Bacfectin

transfection reagent (Clontech). To express PmGILT protein in Sf9 cells, pIEx-3 expression

plasmid was used in this study. The FLAG-tagged PmGILT sequence was subcloned into pIEx-3

plasmid. pIEx-3 itself was used as a negative control (empty). LacZ activities of the culture media

were measured 3 days after the transfection by the highly sensitive 3-galactosidase assay kit

(Stratagene).

4.12. Statistics

Differences between two groups of data were determined using Student’s #-test. Statistical

significance was set at p < 0.05 for all tests.
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Figure legends
Fig. 1 Thiolreductase active motifs of GILT from select species. Blue letters indicate conserved

cysteine residues. Red letters show amino acid residues different from conserved cysteine residues.

Fig. 2 Amino acid sequences of human and black tiger shrimp GILT protein. (A) Arrows
indicate cleavage sites of signal peptide, N-terminal prodomain, and C-terminal prodomain. Letters
shaded in grey indicate identical amino acid residues. Conserved cysteine residues are indicated by
dark shading. Dots indicate deletions. Boxed amino acid motifs indicate N-glycosylation sites. (B)

Precursor and processed polypeptides of human and black tiger shrimp GILT proteins are indicated.

Fig. 3 PmGILT inhibits amphotropic MLV vector infection. (A) Cell lysates were prepared
from empty (control) or GILT-encoding retrovirus vector-transduced HeLa cells. Cell lysates were
also prepared from 293T cells transiently transfected with pcDNA3.1 (control) or GILT Wt
expression plasmid. The cell lysates were analyzed by western blotting using anti-GILT antibody.
(B) Amphotropic MLV vector was inoculated to HeLa cells transiently transfected by indicated
expression plasmids. Total amount of transfected DNA was adjusted with pcDNA3.1. Blue cell
numbers in pcDNA3.1-transfected cells were always set to 1, and relative values to blue cell
numbers in pcDNA3.1 alone-transfected cells are indicated. Error bars indicate standard deviations,
and asterisks show statistically significant differences compared to pcDNA3.1-transfected cells
(n=3). (C and D) HeLa cells were transfected with indicated expression plasmid, and cell lysates

prepared from the transfected cells were analyzed by western blotting using anti-FLAG antibody.



Fig. 4 PmGILT is localized to endosomes or lysosomes. HeLa cells were transfected with the
expression plasmids of C-terminally DsRed-tagged PmGILT (PmGILT-DsRed) and C-terminally
GFP-tagged CD63 (CD63-GFP), an endosome/lysosome marker. The transfected cells with treated

with DAPI, and observed under a confocal fluorescence microscope.

Fig. S PmGILT does not have thiolreductase activity. (A) COS7 cells were transfected with the
amphotropic MLV-pseudotyped HIV-1 vector construction plasmids together with indicated
expression plasmid. Culture supernatants of the transfected cells were inoculated to TE671 cells.
Blue cell numbers in cells inoculated with culture supernatant from the pcDNA3.1-transfected cells
were always set to 1, and relative values to the blue cell numbers are indicated. Error bars indicate
standard deviations, and asterisks show statistically significant differences compared to

pcDNA3. 1-transfected cells (n=3). (B) Cell lysates prepared from the transfected COS7 cells were
analyzed by western blotting using anti-HIV-1 p24, anti-FLAG, or anti-actin antibody. (C) COS7
cells expressing C-terminally HA-tagged CD63 were transfected with indicated expression plasmid.
Biotinylated proteins (upper panel) and cell lysates (lower panel) were analyzed by western blotting
using anti-HA, anti-FLAG, or anti-actin antibody. (D) CD4-expressing HeLa cells were transfection
with the indicated expression plasmids, and inoculated with the replication-competent NL4-3 HIV-1.
Amounts of HIV-1 p24 protein in culture supernatants were measured by ELISA. Error bars

indicate standard deviations (n=3).

Fig. 6 PmGILT forms a complex with MLV Env protein. HeLa cells were transfected with the

indicated expression plasmids, and incubated with amphotropic MLV vector at 37°C for 5 h.



FLAG-tagged GILT protein was precipitated by anti-FLAG antibody. The precipitates (upper
panel) and cell lysates (lower panel) were analyzed by western blotting using anti-FLAG, and MLV

gp70, or anti-actin antibody.

Fig. 7 Mechanism of GILT antiviral activity. Firstly, the conserved N-terminal cysteine residue
of the thiolreductase active motif of mammalian and shrimp GILTs binds to a cysteine residue of a
substrate protein. This complex formation is sufficient for the infection inhibition. Finally, disulfide
bonds of a substrate protein are digested by mammalian GILT, but not by shrimp GILT. This
disulfide bond digestion induces inhibition of virion production and generation of peptides

presented onto MHC.



