
iScience

Article

ll
OPEN ACCESS
Development of luciferase-based highly sensitive
reporters that detect ER-associated protein
biogenesis abnormalities
Hiroshi Kadokura,

Nanshi Harada,

Satoshi Yamaki, ...,

Hideki Taguchi,

Kenji Kohno, Kenji

Inaba

kadokura.h.3c47@m.isct.ac.jp

Highlights
We engineered firefly

luciferase to detect protein

biogenesis abnormalities

at the ER

The reporter proteins

exhibited disulfide-

mediated misfolding under

normal conditions

The reporter system

identified defects in

disulfide bond formation or

ER localization

It detected a localization

defect induced by an

inhibitor of virus receptor

synthesis

Kadokura et al., iScience 27,
111189
November 15, 2024ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.111189

mailto:kadokura.h.3c47@m.isct.ac.jp
https://doi.org/10.1016/j.isci.2024.111189
https://doi.org/10.1016/j.isci.2024.111189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.111189&domain=pdf


OPEN ACCESS

iScience ll
Article

Development of luciferase-based highly
sensitive reporters that detect ER-associated
protein biogenesis abnormalities

Hiroshi Kadokura,1,2,3,8,* Nanshi Harada,1 Satoshi Yamaki,1 Naoya Hirai,1,3 Ryusuke Tsukuda,1 Kota Azuma,1

Yuta Amagai,1,6 Daisuke Nakamura,2 Kota Yanagitani,2,4 Hideki Taguchi,3 Kenji Kohno,2,5 and Kenji Inaba1,6,7
SUMMARY

Localization to the endoplasmic reticulum (ER) and subsequent disulfide bond formation are crucial pro-
cesses governing the biogenesis of secretory pathway proteins in eukaryotes. Hence, comprehending
the mechanisms underlying these processes is important. Here, we have engineered firefly luciferase
(FLuc) as a tool to detect deficiencies in these processes within mammalian cells. To achieve this, we intro-
duced multiple cysteine substitutions into FLuc and targeted it to the ER. The reporter exhibited FLuc ac-
tivity in response to defects in protein localization or disulfide bond formationwithin the ER. Notably, this
system exhibited outstanding sensitivity, reproducibility, and convenience in detecting abnormalities in
these processes. We applied this system to observe a protein translocation defect induced by an inhibitor
of HIV receptor biogenesis. Moreover, utilizing the system, we showed that modulating LMF1 levels
dramatically impacted the ER’s redox environment, confirming that LMF1 plays some critical role in the
redox control of the ER.

INTRODUCTION

Protein translocation into the endoplasmic reticulum (ER) or the ERmembrane is a decisive step in the biosynthesis of secretory pathway pro-

teins.1,2 Additionally, the folding and functionality of many of these proteins necessitate the formation of proper disulfide bonds. Accordingly,

disruptions in these processes can result in pathological conditions.3,4 Thus, understanding the mechanisms governing their ER localization

and subsequent disulfide bond formation is highly important. Despite the extensive accumulation of information regarding these processes,

their detailed mechanisms remain unclear.1–3,5–8

In Escherichia coli, a chromosomally encoded MalF-LacZ fusion expresses b-galactosidase activity when there is a deficiency in protein

disulfide bond formation or protein localization to the cell envelope.9 The utilization of this reporter and similar ones has contributed to

our understanding of protein localization and folding in the bacterial cell envelope10–14 and the discovery of compounds hindering the anaer-

obic growth of gram-negative bacteria through a newmode of action.15 In MalF-LacZ, b-galactosidase (LacZ) is fused to a periplasmic loop of

a membrane protein MalF, resulting in its localization to the periplasmic side of the cytoplasmic membrane. There, b-galactosidase’s 16 cys-

teines (normally in a reduced state in the cytoplasm) undergo oxidation through the disulfide bond formation system of E. coli,9,16 resulting in

the improper folding and nearly complete inactivation of the enzyme. However, if there is a defect in protein disulfide bond formation or local-

ization system, a portion of the b-galactosidase evades the action of disulfide bond-forming enzymes and adopts an enzymatically active

conformation (Figure S1). MalF-LacZ, thereby, serves as a highly sensitive indicator of defects in these processes.9,12,14

Fluorescent protein derivatives equipped with a detector unit have proven effective in observing specific molecules or events in living

mammalian cells. As these detection units are positioned on the surface of folded proteins, their readouts are generally reversible, rendering

them valuable sensors of intracellular changes.17,18 For example, roGFP has a pair of redox active cysteines on green fluorescence protein

(GFP). The excitation properties of roGFP vary between the dithiol (reduced) and disulfide (oxidized) states, enabling real-time ratiometric

imaging of redox fluctuations in the cytosol.18–20

To assess redox changes in the highly oxidative ER environment, a single amino acid was inserted adjacent to cysteine 147 in the roGFP

b-barrel, resulting in roGFPiX, where X represents the inserted amino acid. This modification destabilized the Cys147-Cys204 disulfide in
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roGFPiX, yielding a less reducing protein suitable for detecting redox variations within the oxidizing ER environment.21,22 However, the appli-

cation of this roGFPmutant for detecting redox changes poses challenges due to its negative impact on fluorescent intensity, compromising

sensitivity.23 While increased excitation can mitigate the reduced fluorescence, it introduces issues such as photo-toxicity, disturbance of the

redox environment, and strong autofluorescence, making it hard to obtain reliable data.23 These problems were addressed by employing the

lifetime measurement of roGFPiE, as the dithiol and disulfide states of the roGFP mutant exhibit significantly different fluorescence lifetimes.

However, this method necessitates specialized equipment capable of measuring fluorescence decay within 10 3 10�9 s.23 Furthermore, the

stability and fluorescent intensity of ER-localized roGFPiL were enhanced by introducing mutations known to stabilize GFP.24 Nevertheless, a

great care is required duringmeasurements due to considerable fluctuations in readouts under a given condition, often demanding repeated

measurements to ensure data reliability.25,26

It is widely acknowledged that reporter assays utilizing firefly luciferase (FLuc) are easy to perform and that the results are generally highly

reproducible.27–29 To facilitate the analysis of protein biogenesis within the ER, we aimed to construct a FLuc-based reporter that manifests

enzyme activity when cells experience defects in protein localization or disulfide bond formation within this organelle. To this end, we engi-

neered FLuc based on the principles underlying the bacterial MalF-LacZ reporter’s ability to detect such defects.9,13

Our results show that the new reporters are extremely sensitive in detecting abnormalities in these processes and that the results obtained

are highly reproducible. In fact, the reporter system enabled us to reveal the strong impacts of altering the expression level of LMF125 and

modulating the Ero1a8 activity on the redox environment of the ER in mammalian cells. Furthermore, we demonstrated that the reporter can

be customized to detect a protein translocation defect induced by a small molecule that inhibits the biosynthesis of a virus receptor.30 Thus,

this reporter system will serve as a valuable tool across various fields related to secretory pathway proteins.
RESULTS
Engineering FLuc for detecting a disulfide bond formation defect in the ER

To develop a convenient and sensitive reporter for identifying defects in disulfide bond formation or ER localization, we have adopted the

principles underlying the bacterial MalF-LacZ reporter’s ability to detect such defects (Figure S1). Consequently, we envisaged that it

would function as a sensitive reporter of abnormalities in these processes if the reporter protein remained enzymatically active in the

cytosol but becomes inactive upon localization to the ER due to disulfide bond formation (Figure 1Ai). To construct such a reporter,

we used FLuc of Photinus pyralis as a reporter enzyme for reasons: Firstly, this FLuc is active in the cytosol. Secondly, the implementation

of a ‘‘dual luciferase assay’’ using Renilla luciferase (RLuc) as an internal control (Figure 1Aii) greatly reduces experimental errors originating

from variation in growth and transfection efficiency.31 Accordingly, to identify defects in disulfide bond formation or ER localization, we use

two different luciferase constructs that can be differently assayed. One (FLuc variant) is engineered to misfold in the oxidizing environment

of the ER (Figure 1Ai), but the other (RLuc) is not (Figure 1Aii). The latter serves as an internal control. Thirdly, the assay is simple as it is

performed by sequentially measuring luminescence after mixing the sample with ATP, Mg2+, O2, and a substrate for FLuc (D-luciferin), and

then with O2 and a substrate for RLuc (coelenterazine) within a single test tube, usually yielding the results in less than a minute. Finally,

unlike GFP-based reporters, bioluminescence from luciferase does not necessitate excitation light. Thus, there is almost no autofluores-

cence generated, and thus background signals are generally negligible, leading to a high signal-to-noise ratio.32,33 Probably, these advan-

tageous properties contribute to the generally high reproducibility of results.31 Consequently, FLuc has been effectively employed as an

enzyme for various reporting purposes, including gene expression analysis, cell tracking, protein-protein interaction analysis, and assess-

ment of cellular proteostasis status.27–29

As an initial step toward constructing the FLuc-based reporter, we adopted a plasmid expressing an ER-localized FLuc in which a 17-amino

acid residue signal sequence of calreticulin (Calr, 17 aa) and a KDEL ER retrieval signal were fused to the N and C termini of FLuc of P. pyralis,

respectively.35 This FLuc has an N-glycosylation motif at Asn197, which undergoes ‘‘partial’’ N-glycosylation upon translocation into the ER.35

We eliminated this ambiguity by mutating Asn197 to Gln (Figure 1Bii).

For this ER-localized FLuc to effectively serve as a sensitive reporter like bacterial MalF-LacZ, it should be strongly deactivated through

disulfide bond formation (Figure 1A) (FLuc of P. pyralis has 4 cysteines [Figure 1C]). To test if this is the case, HeLa cells expressing the

ER-localized FLuc were cultured for 2 h with or without 1 mM dithiothreitol (DTT), a reductant that breaks disulfide bonds in proteins, and

the cell lysates were subjected to luciferase assay. Notably, the plasmid expressing FLuc was always co-transfected with a plasmid expressing

RLuc, and FLuc activity was normalized against RLuc. Treatment with DTT resulted in a 2-fold increase in FLuc activity (Figure 1D), suggesting

that disulfide bond formation mildly inhibited FLuc folding in the ER.

In contrast to b-galactosidase that possesses 16 cysteines,9 FLuc of P. pyralis has only 4 cysteines (Figure 1C). Thus, to improve the sensi-

tivity of the ER-localized FLuc as a reporter for ER disulfide bond formation deficiencies, we introduced cysteine substitutions to induce mis-

folding through disulfide bond formation. This changemay allow sensitive detection of defects in disulfide bond formation, since the defects

will lead to increased FLuc activity. Importantly, these cysteine substitutions should not adversely affect the enzyme activity when cysteine is in

a reduced state. To find suitable residues for cysteine substitutions, we employed a consensus sequence-driven approach.36 By analyzing

multiple sequence alignments of FLucs and related enzymes, we identified positions where cysteine substitutions may be compatible with

activity (Figure 1C). Indeed, cysteine substitutions at some of these positions only marginally affected the activity of ‘‘cytosolic FLuc’’ (Fig-

ure 1E, green). Therefore, we incorporated eight of the substitutions into the ER-localized FLuc to induce misfolding via disulfide bond for-

mation (Figure 1Biii), yielding a variant containing a total of 12 cysteines (4 endogenous and 8 introduced cysteines).While incorporating these

substitutions into the ER-localized FLuc led to a substantial reduction in luciferase activity (Figure 1F), inhibiting disulfide bond formation by
2 iScience 27, 111189, November 15, 2024
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Figure 1. Engineering FLuc for detecting a disulfide bond formation defect in the ER

(A) (i) Rationale for detecting a disulfide bond formation detect in the ER using a prospective. FLuc-based reporter. (ii)Renilla luciferase (RLuc) serves as an internal

control.

(B) Development of a FLuc-based reporter.

(C) Cysteine residues in FLucs and their close homologs. See Table S1 for the sources of amino acid sequences aligned using ClustalW. Residue numbers

correspond to P. pyralis FLuc. Cysteines occurring more than twice at each position are listed. Proteins from Phengodidae (glowworm), Lampyridae (firefly),

and Elateridae (click beetle) families are denoted in blue, black, and magenta, respectively. They belong to insect luciferases except for Agrypnus binodulus

fatty acyl-CoA synthetase (asterisk).34.

(D) Effect of DTT treatment on FLuc activity in cells expressing Calr (17 aa)-FLuc-KDEL. HeLa cells, cultured in 6-well plates, were transfected with 95 ng of a

plasmid expressing Calr (17 aa)-FLuc-KDEL and 5 ng of pRL-SV40 expressing RLuc. After 24 h, cells lysates were subjected to a dual luciferase assay. Where

indicated, 1 mM DTT was added to the culture 2 h before harvest. The data represent the means G SD from four independent samples. Statistical analysis

utilized a two-tailed Student’s t test. p values are indicated in the graph.

(E) Effects of cysteine substitutions on the activity of FLuc produced in the cytosol. HeLa cells, grown in 6-well plates, were transfected with 380 ng of a plasmid

expressing the indicated FLuc variant in the cytosol, and 20 ng of pRL-SV40. After 24 h, cell lysates were subjected to a dual luciferase assay. The data represent

the means G SD from three independent samples.

(F) Effect of introducing eight cysteine substitutions (V61C, L115C, V128C, S163C, A222C, I282C, S314C, and N463C) into Calr (17 aa)-FLuc-KDEL on Fluc activity.

(G) Effect of DTT treatment on FLuc activity in cells expressing Calr (17 aa)-FLuc-KDEL with eight cysteine substitutions.Where indicated, 1mMDTTwas added to

the culture 2 h before harvest. In (F) and (G), the data represent the meansG SD from four independent samples. Statistical analysis was performed as described

in (D).
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treatment with 1 mMDTT effectively restored the enzyme activity (Figure 1G). Thus, the cysteine substitutions enabled the creation of an ER-

localized FLuc that can detect disulfide bond formation deficiencies in this organelle.
Reporter sensitivity is greatly improved by enhancing the ER translocation of FLuc*

Next, the luciferase portion of the reporter was linked with a triple FLAG tag (FLAG) for detection purposes and with tandemly duplicated

N-glycosylation sites (N-gly) to investigate its ER translocation.37 The resulting luciferase portion was denoted as FLuc*, and the full-length

protein as Calr (17 aa)-FLuc* (Figure 2Aiv). Importantly, the addition of these supplementary sequences did not alter the reporter’s funda-

mental capacity to detect ER disulfide bond formation defects (Figure 2B).

Notably, in the lysates of HeLa cells expressing the reporter, we detected two bands using an anti-FLAG antibody (Figure 2C, lane 3). We

suggest that the lower band (indicated by open arrowhead) represents the reporter protein that failed to enter the ER, as only the upper band

was susceptible to endoglycosidase H (EndoH) treatment (Figure 2C, lanes 3 and 4). Since the cytosol is a reducing environment, the reporter

protein that fails to enter the ER would fold into its active enzyme in the cytosol. Thus, mis-localization of FLuc* to the cytosol would unfavor-

ably elevate the background activity, leading to reduced sensitivity of the reporter for ER disulfide bond formation defects.

To enhance the translocation of FLuc* into the ER, we utilized that the early mature regions of secreted proteins often facilitate protein

secretion.38We, thus, constructed a reporter in which FLuc* is fusedwith theN-terminal 40 residues of calreticulin, including its signal peptide

and the initial 23 amino acids of the mature protein. This fused protein was designated as Calr (40 aa)-FLuc* (Figure 2A-v). While fusion of the

longer N-terminal sequence led to a significant reduction in FLuc activity (Figure 2D), inhibiting disulfide bond formation by DTT treatment

greatly elevated FLuc activity compared to non-treated cells (Figure 2E). Importantly, DTT treatment did not alter the ER localization of FLuc*

(Figure S2). Thus, fusion of the longer N-terminal sequence to FLuc* rendered the reporter more sensitive to ER disulfide bond formation

defects.
Detection of a protein targeting defect using a simple enzyme assay

Treating cells expressing Calr (40 aa)-FLuc* with 1 mM DTT greatly elevated FLuc activity (Figure 2E), suggesting that FLuc* was inactivated

via disulfide bond formation in the ER (see also Figure 5C, lane 5). Consistently, the majorities of FLuc* formed disulfide-linked oligomers in

cells expressing Calr (40 aa)-FLuc* under normal conditions (data not shown). In contrast, the cytosol is a reducing environment. Thus, in-

hibiting FLuc* targeting to the ER would also enable it to attain enzymatically active conformation within the cytosol. In fact, deleting the

signal sequence-containing N-terminal sequence from Calr (40 aa)-FLuc* generated a constitutively active reporter that is insensitive to

DTT treatment (Figure S3). Therefore, protein localization deficiencies may also be detected as an increase in FLuc activity using a

FLuc* reporter.

To validate this, we investigated the response of a FLuc* reporter to a protein targeting deficiency caused by knockdown of SRP54, an

essential component of the signal recognition particle (SRP) required for ER protein targeting.2 To test the applicability of the FLuc* system

to other ER signal sequence, we employed the signal sequence-containing N-terminal 40 amino acids of the human interleukin-6 receptor

alpha subunit (IL6R) (Figure 3A). SRP54 knockdown (Figure 3B, lanes 2 and 3) led to the accumulation of a fraction of FLuc* that failed to enter

the ER (Figure 3C, lanes 3 and 5, open arrowheads), resulting in significant elevation of FLuc activity (Figure 3D, Rescue (�)). This response was

not due to small interfering RNA (siRNA) off-target effects, as expression of siRNA-resistant SRP54 in knockdown cells (Figure 3B, lanes 5

and 6; Figure 3E, lanes 3 and 5) significantly lowered the FLuc activity (Figure 3D, Rescue (+)). Thus, the FLuc* fusion protein serves as a conve-

nient and sensitive reporter for detecting protein targeting deficiencies induced by SRP54 knockdown.
4 iScience 27, 111189, November 15, 2024
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Figure 2. Reporter sensitivity is greatly improved by enhancing the ER translocation of FLuc*

(A) Modifications implemented in the reporter.

(B) Effect of incorporating tandemly duplicated N-glycosylation sites and a triple FLAG tag on the reporter’s response. HeLa cells expressing Calr (17 aa)-FLuc*

were cultured, treated with or without 1 mM DTT for 2 h, lysed, and subjected to a dual luciferase assay.

(C) Detection of the reporter proteins in HeLa cells (6.0 mg) expressing Calr (17 aa)-FLuc* or Calr (40 aa)-FLuc*. Where indicated, lysates were treated with

endoglycosidase H (Endo H) to identify the glycosylated (Gly.), and non-glycosylated (Non-gly.) forms of FLuc*. Closed arrowheads, glycosylated FLuc*;

open arrowhead, non-glycosylated FLuc*.

(D) Effect of inserting the early mature region of calreticulin on FLuc activity. HeLa cells expressing either Calr (17 aa)-FLuc* or Calr (40 aa)-FLuc* were lysed and

subjected to a dual luciferase assay.

(E) Effect of DTT treatment on FLuc activity of HeLa cells expressing Calr (40 aa)-FLuc*. Where indicated, 1mMDTTwas added to the culture 2 h before harvest. In

(B–E), the data represent the means G SD from four independent samples. Statistical analysis was performed using a two-tailed Student’s t test.
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Creating an assay to evaluate the ability of a small molecule to inhibit virus receptor biosynthesis

Signal sequences play essential roles in the targeting and translocation of numerous proteins into the ER. Yet, they have diverse and unique

amino acid sequences.39 Thus, a small molecule recognizing the signal sequence of a disease-associated protein holds potential as a drug

since it may inhibit its biosynthesis. For instance, cyclotriazadisulfonamide (CADA) (Figure 4A) binds to the signal sequence of human CD4, a

receptor for human immunodeficiency virus (HIV) and thereby prevents its biosynthesis (translocation across the ER membrane) (Figure 4B),

resulting in the inhibition of HIV entry into T cells.30

Although novel small-molecule inhibitors of protein localization may contribute to medicine, developing high-throughput screening as-

says for them is generally difficult.40 Consequently, we examined whether our reporter system can identify a protein translocation deficiency

caused by CADA.30 To this end, we fused the signal sequence-containing N-terminal 40 amino acid residues of human CD4 to FLuc* (Fig-

ure 4C). Remarkably, exposure of HeLa cells expressing the reporter with 2 mM CADA for 4 h resulted in a marked increase in FLuc activity

(Figure 4D), accompanied by accumulation of the non-glycosylated form of FLuc* (Figure 4E, lane 2, open arrowhead). Notably, this response

was not observed with the negative control reporter, bPRL (40 aa)-FLuc*, carrying a CADA-insensitive signal sequence from the bovine pre-

prolactin precursor30 (Figures 4F and 4E, lanes 5–8). Thus, the FLuc* reporter system can effectively identify a protein translocation defect

induced by a small molecule.
Inhibiting Ero1a-dependent oxidation of PDI has a direct impact on the redox environment of the ER

In eukaryotic cells, members of the protein disulfide isomerase (PDI) family introduce disulfide bonds into their target proteins (substrates) in

the ER, which require reoxidation to undergo another catalytic cycle. This reoxidation is facilitated by enzymes known as PDI oxidases. In
iScience 27, 111189, November 15, 2024 5
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Figure 3. Detection of a protein targeting defect using a simple enzyme assay

(A) Structure of IL6R (40 aa)-FLuc*.

(B) Confirmation of siRNA-mediated knockdown of SRP54. HeLa cells, cultured in 6-well plate, were transfected with 20 nM of either a control siRNA (Mock), or

SRP54-specific siRNAs #2, or #3 using Lipofectamine RNAiMAX. After 24 h, cells were further transfected with 95 ng of a plasmid expressing ILR6R (40 aa)-FLuc*,

5 ng of pSV40-RLuc, and 100 ng of an empty vector (pcDNA3.1+) (Knockdown) or a rescue plasmid expressing siRNA-resistant SRP54 (Rescue) using Effectene.

After additional 24 h, cell lysates (3.5 mg) were subjected to reducing SDS-PAGE, and immunoblotting with an antibody against SRP54 (upper) or GAPDH (lower)

for knockdown confirmation.

(C and E) Detection of the reporter protein in cell lysates (4.0 mg) obtained as described in (B). Cell lysates were treated with or without Peptide -N-Glycosidase F

(PNGase F) to identify the glycosylated (Gly.) and non-glycosylated (Non-gly.) forms of FLuc*. Closed arrowheads, glycosylated FLuc*; open arrowheads, non-

glycosylated FLuc*. Note that SRP54 knockdown resulted in the accumulation of FLuc* that failed to enter the ER (open arrowheads in C). This protein export

defect was rescued by co-transfection of a plasmid expressing siRNA-resistant SRP54 as indicated by the disappearance of the non-glycosylated form (E).

(D) Effect of SRP54 knockdown on FLuc activity in cells expressing ILR6R (40 aa)-FLuc* (see B for the knockdown experiments). The data represent themeansG SD

from three independent samples. Statistical analysis utilized one-way ANOVA followed by Tukey’s test. ‘‘ns’’ denotes not significant (p > 0.05).
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mammalian cells, multiple PDI oxidases exist, each with distinct specificities toward PDI family members. These include endoplasmic retic-

ulum oxidoreductase 1 alpha (Ero1a), endoplasmic reticulum oxidoreductase 1 beta (Ero1b), peroxiredoxin 4 (Prx4), and glutathione perox-

idase 7 (GPx7).8,41,42 Among them, Ero1a is presumed to play a central role in disulfide bond formation pathway by oxidizing PDI, a canonical

PDI family member8 (Figure 5A, right). However, the detection of Ero1a activity using ER-localized roGFP variants in mammalian cells is noto-

riously challenging and often necessitates repeated measurements to ensure data reliability26 or a ‘‘DTT pulse experiment.’’ In the latter

experiment, cells expressing an ER-localized roGFP variant are initially treated with a low concentration of DTT to reduce cellular proteins.

After removing DTT from the medium, the recovery of the oxidative conditions of the ER is monitored by measuring the redox-dependent

change in fluorescence properties of the ER-localized roGFP variant.22,23 It is thought that these steps are necessary as multiple mechanisms

operate to preserve the capacity for disulfide bond formation in the ER of mammalian cells.23

Here, we examined the impact of inhibiting Ero1a-dependent oxidation of PDI on the ER’s redox environment using the reporter system.

Given the redundancy in mechanisms preserving the capacity for disulfide bond formation in the ER (see earlier text), we deemed genetic

ablation of Ero1a impractical. Thus, we employed a chemical inhibitor to acutely disrupt Ero1a activity. For this purpose, we utilized bisphenol

A (BPA) (Figure 5A, left), an inhibitor of Ero1a-catalyzed PDI oxidation with a 50% inhibitory concentration (IC50) of 41 mM. This compound

rapidly inhibits PDI reoxidation in HeLa cells, resulting in the accumulation of a substantial amount of PDI in its reduced form.43 Upon treat-

ment of HeLa cells expressing Calr (40 aa)-FLuc* with BPA, we observed a dose-dependent elevation in FLuc activity (Figure 5B). This suggests

that inhibiting Ero1a-dependent oxidation of PDI alters the ER’s redox environment, despite the presence of redundant pathways for disulfide
6 iScience 27, 111189, November 15, 2024
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Figure 4. Creating an assay to evaluate the ability of a small molecule to inhibit virus receptor biosynthesis

(A) Structure of CADA.30.

(B) CADA binds to the signal sequence of human CD4, leading to the inhibition of CD4 biosynthesis.30.

(C) Structures of FLuc* reporters, CD4 (40 aa)-FLuc* and bPRL (40 aa)-FLuc*.

(D) Effect of CADA treatment on FLuc activity of HeLa cells expressing CD4 (40 aa)-FLuc*. HeLa cells were cultured in 6-well plates, transfected with 38 ng of a

plasmid expressing CD4 (40 aa)-FLuc* and 2 ng of pSV40-RLuc. After 20 h, cells were treated with or without 2 mM CADA for 4 h, lysed, and subjected to a dual

luciferase assay.

(E) Effect of CADA treatment on the localization of CD4 (40 aa)-FLuc* or bPRL (40 aa)-FLuc*. Cells lysates (7.5 mg) obtained as described in (D) and (F) were treated

with or without PNGase F and subjected to reducing SDS-PAGE and immunoblotting with anti-FLAG antibody to identify the glycosylated (Gly.) and non-

glycosylated (Non-gly.) forms of FLuc*. Closed arrowheads, glycosylated FLuc*; open arrowheads, non-glycosylated FLuc*.

(F) Effects of CADA treatment on FLuc activity of bPRL (40 aa)-FLuc* expressed in HeLa cells. The experiments were conducted as described in (D), except that

bPRL (40 aa)-FLuc* was used as an FLuc* reporter. In (D) and (F), the data represent the means G SD from three independent samples. Statistical analysis was

performed using a two-tailed Student’s t test.
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bond formation.23 We next investigated the effect of the BPA treatment on the oxidative state of FLuc* (which contains a total of 12 cysteines)

using maleimidyl polyethylene glycol 2000 (Mal-PEG 2000), a reagent that specifically reacts with free cysteines and retards the mobility of

proteins on gels. In mock-treated cells, FLuc* displayed smeared bands between fully oxidized (FLuc* without Mal-PEG) and fully reduced

FLuc* (Figure 5C, lane 5), consistent with that introducing cysteine substitutions into the ER-localized FLuc impaired the enzyme activity

via disulfide bond formation (Figure 2E). Remarkably, treating the cell culture with BPA resulted in the appearance of a fraction of FLuc*

at the fully reduced position (Figure 5C, lane 4, asterisk), consistent with the observed increase in FLuc activity (Figure 5B). This treatment

did not change the ER localization of FLuc* (Figure S4). Thus, despite the redundancy of pathways for disulfide bond formation,23 inhibiting

Ero1a-dependent oxidation of PDI alters the ER’s redox environment. This change can be detected using a simple FLuc assay, highlighting

the convenience of the reporter system.
iScience 27, 111189, November 15, 2024 7
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Figure 5. Modulating the Ero1a activity has significant impacts on the redox environment of the ER

(A) Structure of Bisphenol A (BPA) (left), an inhibitor of the Ero1a-dependent oxidation of PDI (right).43.

(B) Effect of BPA treatment on FLuc activity of HeLa cells expressingCalr (40 aa)-FLuc*. Before assay, the cultures were treatedwith the indicated concentrations of

BPA for 2.5 h. The data represent the meansG SD from four independent samples. One-way ANOVA followed by Dunnett’s test was used for statistical analysis.

(C) Effect of BPA treatment on the oxidative state of FLuc*. HeLa cells expressing Calr (40 aa)-FLuc* were treated with (BPA) or without (Mock) 200 mM BPA for

2.5 h, subjected to alkylation with Mal-PEG 2000 (Mal-PEG 2K), separated by reducing SDS-PAGE, and detected with anti-FLAG antibody. Lane 1, mock-

transfected cells. Lane 2, no alkylation. Lane 3, proteins fully reduced in a buffer (100 mM Tris-HCl [pH 8.0], 100 mM DTT and 1% SDS) before alkylation of

free cysteines with Mal-PEG 2000. An asterisk on lane 4 indicates the fully reduced form of FLuc* appearing upon treatment of cells with BPA.

(D) Effect of overexpressing Ero1a and its hyperactive mutant on FLuc activity of HeLa cells expressing Calr (40 aa)-FLuc*.

(E) Effect of overexpressing Ero1a or its hyperactive mutant on the oxidative states of indicated FLuc* reporter proteins assessed as described in panel C.
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Figure 5. Continued

(F) Structures of Calr (40 aa)-FLuc* and Calr (40 aa)-FLuc* (�2 Cys) reporters.

(G) Effect of overexpressing Ero1a and its hyperactive mutant on FLuc activity of HeLa cells expressing Calr (40 aa)-FLuc* (�2 Cys). For comparison, the activities

were normalized with that of cells expressing Calr (40 aa)-FLuc*. In (D) and (G), the data represent the means G SD from five independent samples. Statistical

analysis utilized one-way ANOVA followed by Tukey’s test.

ll
OPEN ACCESS

iScience
Article
Tailoring FLuc* for sensitive detection of increases in disulfide bond formation capacity

We then assessed if the FLuc* reporter could detect ER alternation resulting from Ero1a overexpression. Upon Ero1a overexpression, we

observed the diminished FLuc activity (Figure 5D) and enhanced oxidation of FLuc*, as demonstrated by its increased mobility on SDS-

PAGE (Figure 5E, lanes 4 and 5). Moreover, overexpression of Ero1a or its hyperactive mutant (see in the following) did not alter the ER local-

ization of FLuc* (Figure S5). Thus, the FLuc* reporter can detect ER oxidation induced by Ero1a overexpression.

Ero1a is thought to undergo feedback regulation to prevent ER hyper-oxidation in a process dependent on Cys104 and Cys131. Mutating

these cysteines generates a constitutively active Ero1a.44–46 To examine if these mutations affect the disulfide bond formation capacity of the

ER, we overexpressed the hyperactive mutant of Ero1a in HeLa cells carrying the Calr (40 aa)-FLuc* reporter. However, no statistically signif-

icant difference was observed in FLuc activity between cells overexpressing the wild-type Ero1a and those overexpressing the hyperactive

mutant of Ero1a (Figure 5D). Thus, discriminating between these two conditions seems difficult with the reporter assay, suggesting that nearly

all ER-localized FLuc* molecules were inactivated by disulfide bond formation under these conditions (Figure 5E, lanes 4–6).

Accordingly, we considered that raising the basal luciferase activity by reducing the number of cysteine substitutions in FLuc* might

enhance the reporter’s ability to detect a wider range of ‘‘increases’’ in disulfide bond formation capacity. Consequently, we removed two

cysteine substitutions from Calr (40 aa)-FLuc* to construct a reporter named ‘‘Calr (40 aa)-FLuc*(-2 Cys)’’ (Figure 5F). As expected, the basal

luciferase activity increased with the new reporter (Figure 5G, Mock, �2 Cys). Remarkably, this reporter allowed us to detect changes in di-

sulfide bond formation capacity resulting from the introduction of hyperactivemutations into Ero1a (Figures 5G and 5E, lanes 10–12). Thus, by

reducing the number of cysteine substitutions in FLuc*, we successfully constructed a reporter that is more suited for detecting increases in

disulfide bond formation capacity of the ER.

These findings indicate thatmodulation of the Ero1a activity, by either a specific inhibitor of Ero1a-dependent oxidation of PDI ormutating

a regulatory cysteine pair, does alter the redox environment of the ER toward a more reducing or oxidizing state. Furthermore, we effectively

identified these changes simply by measuring FLuc activity in cell lysates, emphasizing the exceptional convenience of the reporter system.
LMF1 participates in the redox control of the ER

In a protein with three or more cysteines, two cysteines can be joined in a disulfide bond that does not appear in the native structure. Such

nonnative disulfide bonds can indeed be transiently formed during the biosynthesis of secretory pathway proteins in various organisms.6,16,47

It is thought that the supply of reducing equivalents (electrons) to the site of oxidative folding is essential for efficiently breaking and repairing

nonnative disulfide bonds in proteins.16,48,49 Notably, Roberts et al.25 showed that the absence of an ER membrane protein, LMF1, leads to a

more oxidizing ER and that this protein is required for the folding of certain proteins requiring the reduction of nonnative disulfide bonds

during their folding. Their findings led to the proposal that LMF1 affects ER redox homeostasis by directly or indirectly providing reducing

equivalents (electrons) to this compartment25 (Figure 6A). However, using an roGFP reporter, Roberts et al.25 could detect significant alter-

ations to the redox environment upon LMF1 overexpression only in cells also expressing a disulfide-rich, ER client protein, lipoprotein

lipase (LPL).

If LMF1 participates in providing electrons to the ER, and FLuc* can receive these electrons, disulfide bonds in FLuc* would be cleaved,

leading to the activation of FLuc*. To test this, we overexpressed or silenced LMF1 in HeLa cells carrying the Calr (40 aa)-FLuc* reporter.While

LMF1 overexpression greatly elevated FLuc activity (Figure 6B), silencing LMF1 significantly lowered the activity (Figure 6C, LMF1-KD), consis-

tent with that LMF1 supplies electrons to the ER. Importantly, expression of a silencing-resistant LMF1 variant in the silenced cells restored

FLuc activity (Figure 6C, Rescue) (see also Figure S6). Furthermore, LMF1-overexpression-mediated increase in FLuc activity was accompanied

by disulfide bond cleavage in FLuc* (Figure 6D, lane 5). Importantly, the changes in FLuc activity were not caused by mis-localization of FLuc*

to the cytosol, as FLuc* remained fully N-glycosylated under the conditions (Figure 6E, lanes 3 and 5; Figure S7). Thus, alteration of LMF1 levels

significantly influenced the ER’s redox environment. These findings are consistent with the proposal that LMF1 participates in the redox con-

trol of the ER by directly or indirectly providing reducing equivalents to this compartment.25

Notably, Roberts et al.25 measured multiple cells per condition to assess the effects of LMF1 overexpression or knockdown using ERro-

GFP-S4, a roGFP derivative optimized for measuring the redox environment in the ER. Yet, they could only detect effect of LMF1 overexpres-

sion on the redox environment in cells also expressing LPL. By contrast, our measurements with FLuc* showed an over 10-fold increase in

activity upon LMF1 overexpression in unstressed cells, and a �50% decrease in activity upon LMF1 knockdown. These findings underscore

the high sensitivity and reproducibility of the FLuc* reporter assay for evaluating changes to the ER redox environment.
DISCUSSION

Approximately 30% of the human proteome enters the ER and undergoes disulfide bond formation to facilitate proper folding and function-

ality. Consequently, understanding the mechanisms governing these processes is highly important. Here, we describe the successful
iScience 27, 111189, November 15, 2024 9
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Figure 6. LMF1 participates in the redox control of the ER

(A) Model illustrating the putative function of LMF1.

(B) Effect of overexpressing LMF1 on FLuc activity of HeLa cells expressing Calr (40 aa)-FLuc*. The data represent meansG SD from four independent samples.

Statistical analysis was performed using a two-tailed Student’s t test.

(C) Effect of siRNA-mediated knockdown of LMF1 on FLuc activity of HeLa cells expressingCalr (40 aa)-FLuc*. HeLa cells were initially transfectedwith 20 nMof control

(Mock) or LMF1-specific siRNA(LMF1-KD) usingLipofectamineRNAiMAXandgrown in6-wellplates.After 24h,cellswere transfectedwith38ngofaplasmidexpressing

Calr (40 aa)-FLuc*, and 2 ng of pRL-SV40. Where indicated, LMF1-knockdown cells were co-transfected with an indicated amount of a plasmid expressing an siRNA-

resistant PA-LMF1 (Rescue). After 24 h, cells lysates were subjected to a dual luciferase assay. The data represent the meansG SD from four independent samples.

Statistical analysis utilized one-way ANOVA followed by Tukey’s test. Note that PA-LMF1 is an LMF1 derivative fused with a PA tag (12 amino acid residues) at its N

terminus for detection purposes. Expression of PA-LMF1 in the knockdown cells at levels comparable to endogenous LMF1 restored FLuc* activity (Figures 6

and S6), confirming that the decrease in FLuc* activity observed in LMF1-knockdown cells was not caused by secondary effects of the siRNA used.

(D) Effect of LMF1 overexpression on the oxidative states of FLuc* assessed using Mal-PEG 2000 (Mal-PEG 2K) as described in Figure 5C.

(E) Effect of LMF1 overexpression on the N-glycosylation status of the reporter protein assessed as described in Figure 3C and 3E.
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development of a new reporter system capable of sensitively and reproducibly detecting abnormalities in these two crucial steps of secretory

pathway protein biosynthesis, simply by measuring luciferase activity of the cell lysates.

The reporter system was developed by introducing cysteine substitutions into ER-localized FLuc. This approach was inspired by the ratio-

nale underlying bacterial MalF-LacZ and similar fusions used for detecting defects in bacterial cell envelope protein biogenesis.9,13 Notably,

similarly to other luciferase-based reporters, the developed system exhibited high sensitivity, reproducibility, and convenience in detecting

defects in the processes (Figures 1, 2, 3, 4, 5, and 6).
10 iScience 27, 111189, November 15, 2024
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It should be noted that failure to enter the ER or impaired disulfide bond formation can promote the enzyme activity. When it is necessary

to distinguish between these two effects, it can be achieved by examining the localization of the probe (FLuc*) by N-glycosylation assay and/

or its oxidative state by Mal-PEG alkylation assay as described (Figures 2C, 3C, 4E, 5C, 5E, 6D, and 6E).

We have constructed various FLuc-based reporters. While Calr (40 aa)-FLuc* can detect general defects in protein disulfide bond forma-

tion (Figures 2, 5, and 6), its variant lacking two cysteine substitutions, Calr (40 aa)-FLuc* (�2Cys), is suitable for observing increases in disulfide

bond formation capacity of the ER (Figure 5). Although we presented that IL6R (40 aa)-FLuc* can detect a protein translocation deficiency

originating from SRP54 knockdown (Figure 3), any FLuc* fusions containing an efficient ER signal sequence will serve the same purpose.

Furthermore, the reporter can be tailored to assess the protein localization capacity of a specific signal sequence by fusing the precursor pro-

tein’s N-terminal sequence to FLuc* (Figure 4, and see in the following).

It is important to note that FLuc-based-reporters often lack dynamic readout (reversibility) due to their continued activity once properly

folded.29 Additionally, cell lysis is basically needed for the assay as FLuc relies on ATP, magnesium ions, oxygen, and D-luciferin substrate

for luminescence.32 Consequently, FLuc-based reporters, including our FLuc* reporters, are less suitable for a real-time, in-cell sensor, unlike

fluorescent probes.29

Yet, despite their lack of dynamic readout, these reporters offer the advantage of accumulating a signal over extended periods, allowing

discrimination of even subtle changes in the environment.17 Furthermore, due to their lack of reversibility, assays can be conducted using pre-

prepared cell lysates, contributing to the easiness of the measurement compared to real-time sensors susceptible to environmental

fluctuations.17

These features of the reporter system, lacking in fluorescent reporters, enabled us to demonstrate thatmodulation of the Ero1a activity, by

either a specific inhibitor of Ero1a-dependent oxidation of PDI or mutating a regulatory cysteine pair, does affect the ER’s redox environment

despite redundant pathways for disulfide bond formation23 (Figure 5) and that LMF1 has a great impact on the redox environment of the ER25

(Figure 6). Given the critical role of maintaining the proper redox environment for efficient oxidative protein folding,8 these findings provide

the basis for our understanding of the ER as the primary folding compartment for numerous secretory pathway proteins.

Here, we showed several lines of evidence that FLuc* reporters serve as sensitive, reproducible, and convenient probes of defects in ER

protein translocation or protein disulfide bond formation (Figures 2, 3, 4, 5, and 6). Thus, the reporters will be invaluable for investigating fac-

tors or mechanisms related to critical steps in the biogenesis of numerous cell surface proteins, including studies on redox balance mainte-

nance and protein translocation.

Importantly, the utility of the reporter system will extend beyond fundamental studies. Some cell surface proteins contribute to disease

development, including those involved in virus entry into human cells,50 and autoimmune diseases.51 Here, we demonstrated that fusing

the N-terminal sequence of an HIV receptor to FLuc* allowed easy evaluation of the ability of CADA, to hinder HIV receptor’s signal sequence

function (Figure 4). Given that luciferase-based assays are well-suited for high-throughput platforms,31 we suggest that this approachwill facil-

itate large-scale screening of small molecules that specifically block the biosynthesis of a harmful secretory pathway protein.
Limitations of the study

While our study supports the model by Roberts et al., which suggests that LMF1 influences ER redox homeostasis by directly or indirectly

supplying reducing equivalents to this compartment,25 many aspects of LMF1’s function remain unclear. Further investigation is necessary

to clarify the molecular function of LMF1.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG (clone M2),

horseradish peroxidase-conjugated

Sigma-Aldrich Cat#A8592; RRID: AB_439702

Mouse monoclonal anti-GAPDH

(clone GAPDH-71.1), horseradish

peroxidase-conjugated

Sigma-Aldrich Cat#G9295; RRID: AB_1078992

Mouse monoclonal anti-SRP54

(clone 30/SRP54)

BD Biosciences Cat#610940; RRID: AB_398254

Rabbit polyclonal anti-LMF1 This paper N/A

Rat monoclonal anti-PA tag (clone NZ-1),

horseradish peroxidase-conjugated

Fujifilm Wako Cat#015-25951

m-IgG Fc BP, horseradish peroxidase-conjugated Santa Cruz Biotechnology Cat#sc-525409; RRID: AB_3101828

Mouse anti-Rabbit IgG, horseradish

peroxidase-conjugated

Santa Cruz Biotechnology Cat#sc-2357; RRID: AB_628497

Bacterial and virus strains

E-cosTM Escherichia coli BL21 (DE3) Nippon Gene Cat#318-06531

Chemicals, peptides, and recombinant proteins

Benzamide Nacalai Tesque Cat#04011-82

Bisphenol A Nacalai Tesque Cat#05032-24

CNBr-activated Sepharose 4B Sigma Aldrich Cat#17-0430-01

Cyclotriazadisulfonamide (CADA) Sigma Aldrich Cat#534337

Dithiothreitol (DTT) Nacalai Tesque Cat#14128-91

Diamide Sigma Aldrich Cat#D3648

DMEM Nacalai Tesque Cat#08458

Endoglycosidase H (Endo H) New England Biolabs Cat#P0702S

Effectene Qiagen Cat#301425

Fetal bovine serum (FBS) Nichirei Biosciences Cat#175012

Gibson Assembly Master Mix New England Biolabs Cat#E2611

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat#13778150

Ni-NTA agarose Qiagen Cat#30210

nProtein A SepharoseTM 4 FAST FLOW GE Healthcare Cat#17-5280-01

Nonidiet P40 (NP-40) Nacalai Tesque Cat#23640-65

Opti-MEM Gibco Cat#31985-070

Pepstatin A Nacalai Tesque Cat#26435-52

Phenylmethylsulfonyl fluoride (PMSF) Nacalai Tesque Cat#27327-81

Peptide -N-Glycosidase F（PNGase F) New England Biolabs Cat#: P0704S

QuikChange Lightning Site-Directed Mutagenesis Kit Agilent Cat#210518,

QuikChange Lightning Multi Site-Directed Mutagenesis Kit Agilent Cat#210515

Sunbright� ME-020MA (Mal-PEG 2000) NOF Cat#ME-020MA

Critical commercial assays

Chemi-Lumi One Ultra Nacalai Tesque Cat#11644-24

Clarity Western ECL substrate Bio-Rad Cat#1705061

(Continued on next page)
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Dual-Luciferase� Reporter 1000 Assay System Promega Cat#E1980

EZ-PCR Mycoplasma Detection Kit Biological Industries Cat#20-700-20

Experimental models: Cell lines

HeLa Tet-Off (HeLa cells) Clontech Cat#C3005-1; RRID: CVCL_V352

Oligonucleotides

Control siRNA Thermo Fisher Scientific (Ambion�) Cat#4390843

SRP54 siRNA #2 (siSRP54 #2)：

50-GAAGGAGUAGAGAAAUUUATT-3’;

50-UAAAUUUCUCUACUCCUUCAG-30

Thermo Fisher Scientific (Ambion�) Cat#s57088

SRP54 siRNA #3 (siSRP54 #3):

50- GACUGAUAGAUAAAGUCAATT-30

50-UUGACUUUAUCUAUCAGUCCT-3

Thermo Fisher Scientific (Ambion�) Cat#s57090

LMF1 siRNA (siLMF1):

50-GGCAGGUCAUGAACACCCATT-30

50-UGGGUGUUCAUGACCUGCCTG-30

Thermo Fisher Scientific (Ambion�) Cat#s34950

See Tables S3–S5 for primers used for plasmid construction This study N/A

Recombinant DNA

pcDNA3.1+ Invitrogen Cat#V79020

pET15b Novagen Cat#69661

pRL-SV40 Promega Cat#E2231

pFL-SV40-ER [pRL-SV40 DRLuc Calr

(17 aa)-FLuc-KDEL w/o N197Q]

Nakamura et al.35 N/A

pHK960 [pRL-SV40 DRLuc Calr (17 aa)-FLuc-KDEL] This paper N/A

pHK961 [pRL-SV40 DRLuc FLuc-KDEL WT] This paper N/A

pHK1023 [pRL-SV40 DRLuc FLuc-KDEL S85C] This paper N/A

pHK1024 [pRL-SV40 DRLuc FLuc-KDEL L93C] This paper N/A

pHK1025 [pRL-SV40 DRLuc FLuc-KDEL I145C] This paper N/A

pHK1026 [pRL-SV40 DRLuc FLuc-KDEL A222C] This paper N/A

pHK1027 [pRL-SV40 DRLuc FLuc-KDEL V362C] This paper N/A

pHK1032 [pRL-SV40 DRLuc FLuc-KDEL V61C] This paper N/A

pHK1033 [pRL-SV40 DRLuc FLuc-KDEL V128C] This paper N/A

pHK1034 [pRL-SV40 DRLuc FLuc-KDEL S163C] This paper N/A

pHK1035 [pRL-SV40 DRLuc FLuc-KDEL I282C] This paper N/A

pHK1036 [pRL-SV40 DRLuc FLuc-KDEL S314C] This paper N/A

pHK1037 [pRL-SV40 DRLuc FLuc-KDEL N463C] This paper N/A

pHK1042 [pRL-SV40 DRLuc FLuc-KDEL L115C] This paper N/A

pHK1110 [pRL-SV40 DRLuc Calr (17 aa)-FLuc-KDEL +8 Cys] This paper N/A

pHK1548 [pRL-SV40 DRLuc Calr (17 aa)-FLuc*] This paper N/A

pSY107 [pRL-SV40 DRLuc Calr (40 aa)-FLuc*] This paper N/A

pSY108 [pRL-SV40 DRLuc CD4 (40 aa)-FLuc*] This paper N/A

pSY109 [pRL-SV40 DRLuc bPRL (40 aa)-FLuc*] This paper N/A

pHK1411 [pRL-SV40 DRLuc Calr (40 aa)-FLuc* (�2 Cys)] This paper N/A

pHK1608 [pRL-SV40 DRLuc Met-FLuc*] This paper N/A

pHK1061 [pcDNA3.1 Ero1a-Myc] N/A

pHK1124 [pcDNA3.1 Ero1a-Myc C104A

C131A (hyperactive Ero1a)]

This paper N/A

(Continued on next page)
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pHK1407 [pcDNA3.1+ siRNA-resistant mSRP54] This paper N/A

pHK1434 [pcDNA3.1+ LMF1] This paper N/A

pHK1514 [pcDNA3.1+ siRNA-resistant PA-LMF1] This paper N/A

pHK1616 [pcDNA3.1+ with siRNA-resistant LMF1] This paper N/A

pHK1486 [pET15b C-terminal 179 amino acid residues

of LMF1 containing a hexahistidiine tag at its C-terminus]

This paper N/A

See Table S2 for detailed information on plasmids

constructed in this study

This paper N/A

Software and algorithms

GraphPad Prism 10.2 GraphPad Software RRID: SCR_002798
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HeLa cells (HeLa Tet-off; Clontech) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Nacalai Tesque) supplemented with

10% fetal bovine serum (FBS) Nichirei Biosciences) at 37�C in 5%CO2 air. The cell line has not been authenticated in this study. The absence of

mycoplasma in cells was confirmed using EZ-PCR Mycoplasma Detection Kit (Biological Industries).
METHOD DETAILS

Plasmid construction

Detailed information on the plasmids constructed in this study are listed in Table S2. Plasmids listed in Table S3 were constructed by site-

directed mutagenesis using the indicated template, primer(s) and either the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent)

or the QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent). Plasmids listed in Table S4 were constructed by assembling two

fragments using the Gibson Assembly Master Mix (New England Biolabs). These fragments were amplified from templates using primer sets

indicated in the table. The sequences of oligonucleotides (primers) used for plasmid construction are listed in Table S5. The other plasmids

were created as follow. pFL-SV40-ER is a derivative of pRL-SV40 (Promega) designed to express an ER-localized FLuc under the control of the

SV40 promoter. This protein was constructed by fusing the human calreticulin signal sequence (17 amino acids) and the KDEL motif at the N-

and C-termini of FLuc from P. pyralis, respectively35 and was named as Calr (17 aa)-FLuc-KDEL w/o N197Q. To remove the signal sequence

from the FLuc construct in pFL-SV40-ER, the latter plasmid was used as a template for PCR amplification using FLucH21 and FLucH22, di-

gested at NheI in the primers, and self-ligated to yield pHK955. To insert a 22-amino acid sequence containing an N-glycosylation site37 be-

tween the FLuc and KDEL sequences in pHK1110, pHK1110 was used as the template for PCR amplification with FLucH76 and FLucH78, and

with FLucH77, and FLucH79. The products were digested at NgoMIV, and BglII sites in the primers and ligated to yield pHK1126. To introduce

an additional N-glycosylation site after the FLuc sequence of pHK1126, two oligonucleotides, FLucH92 and FLucH93, were annealed and in-

serted into the XhoI site of pHK1126, yielding pHK1138. A human cDNA clone for Ero1a (IRAK013H07) and a human cDNA fragment encoding

the C-terminal 490 amino acid residues of LMF1 (IRAK014N12) were obtained from the RIKEN BioResource Research Center.52 To construct

pHK1061, which expresses hEro1a-Myc, a DNA fragment encoding hEro1a-Myc was amplified from IRAK013H07 using primers hEro1LaH1,

and hEro1LaH2, digested with KpnI, and XbaI in primers, and cloned into pcDNA3.1+ (Invitrogen). Plasmid pHK1434 is a derivative of

pcDNA3.1+ that expresses human LMF1. It was constructed by assembling three DNA fragment fragments: a 5.4-kb fragment amplified

from pcDNA3.1+ using primers (pcDNAH1, and pcDNAH2), a 2.1-kb fragment amplified from IRAK014N12 (see above) using primers

(hLMF1H3, and hLMF1H4), and a 267-bp fragment amplified from synthetic DNA (encoding the N-terminal 77 amino acid residues of human

LMF1) using primers (hLMF1H1 and hLMF1H2). Plasmid pcDNA3.1+-mSRP54, encodingmouse SRP54, was kindly provided by Satoshi Kanda,

a former lab member of Kenji Kohno Lab. Plasmid pNH101 is a derivative of pcDNA3.1+ that expresses siRNA-resistant SRP54. It was con-

structed by assembling these fragments: a 4.0-kb, a 405-bp, and a 2.6-kb fragment amplified from pcDNA3.1+-mSRP54 using the following

primer sets: (mSRP54H1, and NeoRH1), (mSRP54H2 and mSPR54H3), and (mSRP54H4 and NeoRH2), respectively. All clones were verified by

sequencing the entire ORF.
Luciferase assay

HeLa cells, cultured as described above, were seeded at a density of 1.5 3 10⁵ cells/well in a 6-well plate. After 24 h, cells were transfected,

unless otherwise specified, with 95 ng of an appropriate FLuc-based reporter plasmid and 5 ng of pRL-SV40 (Promega) expressing Renilla

luciferase (RLuc) using Effectene (Qiagen) according to the manufacturer’s instructions, with the exception that Opti-MEM (Gibco) was

used to dilute DNA. Effectene was used at a concentration of 12.5 mL/mg DNA. Twenty-four hours post-transfection, cells were washed twice

with phosphate-buffered saline (PBS) [137 mMNaCl, 2.7 mM KCl, 8 mMNa2HPO4, 1.5 mM KH2PO4 (pH7.4)] and lysed with 500 mL of cell lysis
16 iScience 27, 111189, November 15, 2024
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buffer [PBS, 1% Nonidiet P40 (NP40) (Nacalai Tesque), 1 mM phenylmethylsulfonyl fluoride (PMSF) (Nacalai Tesque), 1 mM benzamide (Na-

calai Tesque) and 1 mg/mL pepstatin A (Nacalai Tesque)]. A 2 mL aliquot of the lysate was subjected to a dual luciferase assay using a lumin-

ometer (ATTO model AB-2270) to measure FLuc and RLuc activities. For this purpose, the Dual Luciferase Reporter System (Promega) was

used. Briefly, 50 mL of firefly luciferase reagent (LAR II) was added to the sample and mixed immediately to measure luminescence (FLuc ac-

tivity) for 10 s. Subsequently, 50 mL of Renilla luciferase reagent and firefly quenching reagent (Stop & Glo) was added to the sample to mea-

sure luminescence (RLuc activity) for 10 s. Relative FLuc activity was calculated by dividing FLuc activity by RLuc activity (FLuc/RLuc). For data

comparison, values were further normalized to those of mock-treated samples and expressed as normalized relative FLuc activity.
RNA interference

The Silencer Select siRNAs targeting human SRP54 and LMF1 were obtained from Thermo Fisher Scientific, and delivered into cells using

Lipofectamine RNAiMAX (Thermo Fisher Scientific) following the manufacturer’s reverse transfection protocol. The siRNA was used at a final

concentration of 20 nM, and cells were seeded at a density of 1.53 10⁵ cells/well in a 6-well plate. Twenty-four hours after siRNA transfection,

reporter plasmids were introduced into the cells for the luciferase assay, as described above.
Antibodies

Mouse anti-SRP54 antibody (BD Biosciences), horseradish peroxidase-conjugated anti-GAPDH antibody (Sigma-Aldrich) and anti-FLAG M2

antibody (Sigma-Aldrich), and rabbit anti-LMF1 antibody were used for immunoblotting. Rabbit anti-LMF1 antibody was generated as fol-

lows: The C-terminal 179 amino acid residues of human LMF1, including a hexahistidine tag at its C-terminus, were expressed from

pHK1485, a derivative of pET15b (Novagen), in BL21 (DE3) (Nippon Gene). Cells were suspended in lysis buffer [50 mM Tris-HCl (pH8.1),

300 mMNaCl, and 0.5 mM EDTA], lysed using a French Pressure Cell, and centrifuged at 10,000 x g at 4�C for 20 min to obtain the C-terminal

domain of LMF1 in the pellet. The protein was then solubilized in solubilization buffer [50 mM Tris-HCl (pH8.1), 300 mM NaCl, and 6 M gua-

nidine HCl] and subjected to affinity purification using Ni-NTA agarose (Qiagen) following the manufacturer’s protocol. Rabbit immunization

with the purified protein was performed by Eurofins. Anti-LMF1 antibody in the antiserum was purified first with the antigen conjugated to

CNBr-activated Sepharose 4B (Sigma-Aldrich) and then with nProtein A Sepharose 4 FAST FLOW (GE Healthcare). The resulting affinity-pu-

rified immunoglobulin G was used as an antibody to detect endogenous LMF1 in HeLa cells.
Immunoblotting

Proteins were separated using 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to an

Immobilon-P membrane (Millipore), incubated with a primary antibody and then with an appropriate secondary antibody if the primary anti-

bodywas not conjugatedwith horseradish peroxidase, and detected usingClarityWestern ECL Substrate (Bio-Rad), or Chemi-LumiOneUltra

(Nacali Tesque) and ChemiDoc Touch Imaging System (Bio-Rad) or LAS 4000 MC (Fujifilm). Second antibodies used were horseradish perox-

idase-conjugated mouse anti-Rabbit IgG (Santa Cruz Biotechnology), and horseradish peroxidase-conjugated m-IgG Fc BP (Santa Cruz

Biotechnology) for detection with anti-LMF1 and anti-SRP54 antibodies (see above), respectively.
Analyzing the oxidation status of FLuc* in cells

To analyze the redox states of FLuc* in cells, the free cysteine residues of cellular proteins were acid-trapped and alkylated with the high mo-

lecular mass reagent Mal-PEG 2000 (SUNBRIGHT ME-020MA) (NOF).43 Briefly, cells expressing an appropriate reporter were washed twice

with PBS and treated directly with ice-cold 10% trichloroacetic acid (TCA). After a 20-min incubation on ice, cells were collected, washed twice

with ice-cold acetone to remove acid, and dissolved in alkylation buffer [100 mM Tris-HCl (pH 7.2), 2% SDS] containing 5.5 mMMal-PEG 2000

and protease inhibitors (10 mg/mL pepstatin A, 1 mM benzamide, and 1 mM phenylmethylsulfonyl fluoride). The samples were then agitated

for 20 min and incubated for an additional 30 min at 37�C to obtain Mal-PEG 2000-treated cell lysates. Proteins from the resulting cell lysates

were separated using 10% SDS-PAGE under reducing conditions and subjected to immunoblotting using horseradish peroxidase-conju-

gated anti-FLAG M2 antibody as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted with Prism software version 7.0a, 9.20, 9.3. or 10.0.2 (GraphPad Software), using a two-tailed unpaired

t-test or one-way ANOVA followed by Dunnett’s test or Tukey’s test for comparison of multiple datasets. Data represent the means of the

indicated number of independent experiments. Error bars indicate the standard deviation (SD). A p-value less than 0.05 was considered

significant.
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