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Abstract 

Endoplasmic reticulum (ER) stress that leads to the accumulation of misfolded proteins in the ER 

initiates the unfolded protein response (UPR). This homeostatic response activates signaling pathways 

that seek to reinstate a proper ER protein folding balance or induce apoptosis if ER stress persists. 

Recently, we and others identified human FICD (Filamentation induced by cyclic AMP domain-

containing protein), an enzyme with adenylyltransferase (aka AMPylation) activity, as a new UPR 

target. Here, we demonstrate that FICD is functionally linked to the UPR, as evidenced by the finding 

that the adenylyltransferase activity of the protein induces ER stress, while FICD silencing increases 

sensitivity to ER stress. We identify BiP, an abundant ER chaperone and key regulator of the UPR, as 

the main substrate of FICD AMPylation in ER-derived microsomes, further emphasizing close 

functional connection of FICD to the UPR and in line with recent reports that AMPylation inactivates 

BiP. Notably, BiP overexpression increased the levels of BiP AMPylation as well as FICD auto-

AMPylation, suggesting a homeostatic response that balances the pool of active BiP to modulate its 

functions in protein folding as well as UPR signaling. Finally, we show that overexpressed FICD 

forms a disulfide-bonded homo-dimer through Cys51 and Cys75 and demonstrate that mutation of 

these two cysteines in the context of a hyperactive FICD mutant leads to increased BiP AMPylation. 

This latter finding opens up the possibility that FICD activity is redox regulated and closely connected 

with ER redox homeostasis.  

 

Introduction 

Stress conditions that perturb endoplasmic reticulum (ER) homeostasis often result in the 

accumulation of misfolded proteins in this organelle. This situation initiates an intricate and 

coordinated transcriptional and translational program known as the unfolded protein response (UPR) 

[1], which can also be induced by ER lipid disequilibrium [2]. ER stress is detected by three UPR 

sensors that all localize to the ER membrane: Protein kinase RNA-like ER kinase (PERK), Inositol-
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requiring protein 1 (IRE1) and Activating transcription factor 6 (ATF6). These proximal UPR 

transducers contain a single membrane-spanning α-helix that separates an ER luminal sensor domain 

from a cytosolic effector domain. The cellular measures initiated by the UPR collectively aim to 

restore ER folding capacity, e.g. by inhibiting protein translation to relieve the protein folding burden 

on the ER [3], degrading a subgroup of mRNAs associated with the ER membrane [4], and increasing 

the production of ER chaperones as well as ER-associated degradation factors that help degrade 

misfolded ER proteins [5-7]. Persistent ER stress resulting from an inability of the cell to restore 

homeostatic conditions will prompt cells to enter apoptosis. 

 The abundant ER protein BiP, a chaperone of the Hsp70 family, has important functions in ER 

protein folding and in targeting misfolded proteins for ER-associated degradation [8]. It recognizes 

substrates through a substrate-binding domain, while a nucleotide-binding domain controls substrate 

binding and release through cycles of ATP binding and hydrolysis. Co-chaperones of the Hsp40 

family – seven of which (ERdj1-7) are expressed in the ER [9] – assist BiP in substrate recognition 

and stimulate BiP’s ATPase activity (see e.g. [10-13]). BiP also plays a crucial role in modulating the 

activity of PERK, IRE1 and ATF6. Under non-stressed conditions, BiP binds each of these three 

proteins but dissociates during ER stress to assist protein folding (reviewed in [1, 14]). This 

dissociation is a prerequisite for activation of the UPR transducers [15].  

 Previously, we have shown that filamentation induced by cyclic AMP domain-containing protein 

(FICD; also referred to as HYPE for “Huntingtin associated protein E”) is upregulated by conditions 

of oxidative stress in the ER that result in a mild UPR [16]. Additional studies have also shown FICD 

[17-19] and Drosophila FICD (dFIC) [20] to be targets of the UPR. FICD is the only mammalian 

protein with a so-called Fic domain, which uses ATP as a substrate to adenylylate (AMPylate) 

substrates on Ser, Thr and Tyr residues. The Fic domain is predicted to occur in almost 3000 proteins 

(most of them bacterial), which are involved in a variety of cellular processes (reviewed in [21, 22]). 

For instance, some pathogenic bacteria inject Fic domain-containing proteins into the target cell 

cytosol where they AMPylate Rho family GTPases, which blocks the interaction of the GTPases with 

downstream effectors and prevents actin polymerization, leading to collapse of the actin cytoskeleton 

[23]. 
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 FICD contains a single predicted transmembrane helix (residues 24-44), two tetratricopeptide 

repeat (TPR) motifs (residues 105-170), and a Fic domain (residues 215-432) (Fig. 1A). A TPR motif 

is a 34 amino acid repeat that forms a helix-loop-helix structure [24]. Most often TPR motifs are 

found in tandem arrays of three or more repeats that mediate protein-protein interactions [24]. The 

crystal structure of a fragment of human FICD (residues 103-432) containing the TPR motifs and the 

Fic domain [25] shows that the TPR motifs are connected to the Fic domain by a single long α-helix. 

The Fic domain was crystallized in the absence and presence of different cofactors [25], e.g. ADP and 

ATP, and displays known key features of this type of domain (reviewed in [21]). These include the 

catalytic loop bridging α-helices 3 and 4 that contains a characteristic catalytic motif harboring a 

critical His (His363 in FICD), as well as an auto-inhibitory helix (Fig. 1A). This helix contains an 

inhibitory motif including a crucial glutamate residue (Glu234 in FICD) that competes with the γ-

phosphate of ATP for binding to the enzyme [26]. In accordance with results obtained for other Fic-

domain containing proteins, the H363A and E234G mutants of FICD are catalytically inactive and 

hyperactive, respectively [17, 25-28]. Moreover, the E234G mutant displays a strongly increased level 

of auto-AMPylation [17, 25, 26, 29]. 

 Data have shown that several histones and cytosolic heat shock proteins are excellent in vitro 

substrates of AMPylation by hyperactive FICD and the C. elegans ortholog, FIC-1 [30-33], and 

translation elongation factors have been identified as AMPylation targets in mammalian cell extracts 

[28] and C. elegans [33]. However, BiP has emerged as an important cellular substrate of human 

FICD. For instance, human FICD was shown to immunoprecipitate BiP [17], and recombinant human 

FICD and dFIC are able to AMPylate both recombinant BiP [17] as well as BiP present in S2 [20] and 

HEK293 whole cell lysates [28]. Importantly, FICD was demonstrated to also AMPylate BiP in cells 

[27], a modification previously ascribed to ADP-ribosylation [34] and known to decrease at high 

protein load (i.e. during the UPR) to activate the protein [34-36]. Accordingly, BiP AMPylation is 

high at steady state (low protein load) and results in inactivation by weakening substrate interactions 

and inhibiting ATPase stimulation by the ERdj6 co-chaperone [27]. The same overall conclusions 

were reached for the Drosophila system [20]. An important cellular function of FICD therefore seems 
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to be AMPylation of BiP under normal cellular conditions to generate a pool of dormant BiP for rapid 

reactivation during ER stress. While it is now clear that FICD also functions to de-AMPylate BiP 

[37], the mechanism that regulates the opposing enzymatic activities of FICD is unknown. 

 Here we investigate in human cells how FICD influences BiP AMPylation in response to cellular 

levels of BiP and upon abrogation of FICD dimerization through mutation of cysteine residues 

involved in intermolecular disulfide-bond formation. Our findings reveal new potential regulatory 

features of the interplay between FICD and BiP, and are discussed in terms of their implications for 

the cell biology and structure-function relations of FICD.  

Materials and Methods 

Plasmids and primers 

The human FICD cDNA clone BC001342 (IMAGE clone ID 3462741) was obtained from Source 

BioScience Lifescience (Nottingham, U.K.). Constructs were made by the cloning of PCR products 

into the pcDNA3 vector (Invitrogen) using BamHI and NotI restriction sites. The correct sequences of 

all generated plasmids were verified by DNA sequencing. For the pcDNA3/FICD-HAWT construct 

encoding the wild-type protein, the FICD cDNA was amplified using the HA-FICD-fwd and HA-

FICD-rev primers (Table 1 provides an overview of all primers used in the present study). The 

resulting construct, pcDNA3/FICD-HAWT, was used as a template for QuikChange mutagenesis 

(Stratagene) to generate the pcDNA3/FICD-HAE234G, pcDNA3/FICD-HAH363A, pcDNA3/FICD-

HAC51A, pcDNA3/FICD-HAC75A, and pcDNA3/FICD-HAC421A mutants using the FICD-HAE234G-fwd 

and FICD-HAE234G-rev primers, FICD-HAH363A-fwd and FICD-HAH363A-rev primers, FICD-HAC51A-

fwd and FICD-HAC51A-rev primers, FICD-HAC75A-fwd and FICD-HAC75A-rev primers and FICD-

HAC421A-fwd and FICD-HAC421A-rev primers, respectively. The pcDNA3/FICD-HAC51A construct was 

used as template for QuikChange mutagenesis to generate the pcDNA3/FICD-HAC51A/C75A double 

mutant with the FICD-HAC75A-fwd and FICD-HAC75A-rev primers.   

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 11, 2017. ; https://doi.org/10.1101/126516doi: bioRxiv preprint 

https://doi.org/10.1101/126516


 6 

For generating the pcDNA3-ERp44ss-HA-BiP construct, the human BiP sequence was 

amplified using pCMV BiP-Myc-KDEL-WT [38] (a gift from Ron Prywes; Addgene plasmid # 

27164) as template and the KpnI-BiP fwd and BiP-XhoI-rev primers (see Table 1). The PCR product 

was then cloned into the pcDNA3–ERp44ss-HA vector [39] to generate a construct encoding the 

signal sequence of human ERp44 followed by HA-tagged full-length human BiP. The correct 

sequence of the construct was verified by DNA sequencing. 

 

Table 1. Overview of oligonucleotide primer sequences 

Primer Sequence Refseq 

FICD-HA-

fwd 
5´-CTAGGGATCCGCACCATGATGATGCTCATACCAATGGC-3´ 

NM_007

076.2 

FICD-HA-

rev 

5´-CGGCGGCCGCTTAAGCGTAATCTGGAACATCGTATGGGTA 

AGAACCGGGCTTCACAGGAAGCGT-3´ 

NM_007

076.2 

FICD-HA 

E234G-fwd 

5´-CTACCACACAGTGGCCATCGGAGGCAACACCCTCACCCTC 

TC-3´ 

NM_007

076.2 

FICD-HA 

E234G-rev 

5´-GAGAGGGTGAGGGTGTTGCCTCCGATGGCCACTGTGTGGT 

AG-3´ 

NM_007

076.2 

FICD-HA 

H363A-fwd 

5´-CATTATAAACTCGTTTACATCGCCCCTTTCATTGATGGCAA 

CG-3´ 

NM_007

076.2 

FICD-HA 

H363A-rev 

5´-CGTTGCCATCAATGAAAGGGGCGATGTAAACGAGTTTATA 

ATG-3´ 

NM_007

076.2 

FICD-HA 

C51A-fwd 
5'-GCTGTGGAGGAGCAGGCATTGGCTGTGCTCAAAG-3' 

NM_007

076.2 

FICD-HA 

C51A-rev 
5'-CTTTGAGCACAGCCAATGCCTGCTCCTCCACAGC-3' 

NM_007

076.2 

FICD-HA 

C75A-fwd 
5'-CGCCACCAAGGCTACCAGCCCG-3' 

NM_007

076.2 
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FICD-HA 

C75A-rev 
5'-CGGGCTGGTAGCCTTGGTGGCG-3' 

NM_007

076.2 

FICD-HA 

C421A-fwd 
5'-CTTCATCGCCAAGGCTACTGAGACCACCC-3' 

NM_007

076.2 

FICD-HA 

C421A-rev 
5'-GGGTGGTCTCAGTAGCCTTGGCGATGAAG-3' 

NM_007

076.2 

FICD 

RTqPCR-

fwd 

5´-TCACCGGCCTCTACCTGCTC-3´ 
NM_007

076.2 

FICD 

RTqPCR-rev 
5´-CTTCCAACTTACCCGCTGGA-3´ 

NM_007

076.2 

ACTIN 

RTqPCR-

fwd 

5´-ACACCCGCCGCCAGCTCAC-3´ 
NM_001

101.3  

ACTIN 

RTqPCR-rev 
5´-CGATGGAGGGGAAGACGGCCC-3´ 

NM_001

101.3  

HsTXDN16-

1-fwd 
5´-TGTCGCCCATGTTCTCTTTGCTCT-3´ 

NM_020

784.2 

HsTXDN16-

1-rev 
5´-GCGGCTTCCATGACTGCTCTGT-3´ 

NM_020

784.2 

HsHERP-1-

fwd 
5´-GAGCAGATTCCTCATGGTCAT-3´ 

NM_001

010990 

HsHERP-1-

rev 
5´-GGCCTCGGTCTAAATGGAAA-3´ 

NM_001

010990 

HsBiP-1-fwd 5´-ACTCCTGCGTCGGCGTGTTC-3´ 
NM_005

347.4  

HsBiP-1-rev 5´-GGCGACATAGGACGGCGTGA-3´ NM_005
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347.4  

Hs_FICD_1 

sense 
5´-CCAUCUCACCCUACCAUGATT-3´ 

NM_007

076.2 

Hs_FICD_1 

antisense 
5´-UCAUGGUAGGGUGAGAUGGTC-3´ 

NM_007

076.2 

Hs_FICD_2 

sense 
5´-GCAUCUUCUCGGAAGAAGATT-3´ 

NM_007

076.2 

Hs_FICD_2 

antisense 
5´-UCUUCUUCCGAGAAGAUGCCA-3´ 

NM_007

076.2 

Hs_SelS_2 

sense  
5´-AGAAGAACUAAAUGCGCATT-3´ 

NM_018

445 

Hs_SelS_2 

antisense  
5´-UUCGCAUUUAGUUUCUUCUTG-3´ 

NM_018

445 

KpnI-BiP-

fwd 
5’-AAAGGTACCGAGGAGGAGGACAAGAAGG-3’ 

NP_0053

38.1 

BiP-XhoI-

rev 
5’-AAACTCGAGCTACAACTCATCTTTTTCTGCTGTATCC-3’ 

NP_0053

38.1 

 

Cell culture and transfection  

Human embryonic kidney (HEK293) cells were maintained in α-minimal essential medium (α-MEM; 

Invitrogen), supplemented with 10% fetal bovine serum (FBS; Sigma Aldrich) at 37°C with 5% CO2. 

Transient transfection of cells was performed using polyethylenimine (PEI). Briefly, PEI 

(Polysciences) was dissolved in water and neutralized with 1 N HCl to a final concentration of 1 

mg/ml and filtered through a 0.22 µm filter. For transfection performed in one well of a 6-well plate, 

2 µg plasmid DNA and 8 µl of PEI were mixed in 100 µl Opti-MEM medium (Gibco) for 10 minutes 

before addition to the cells. Unless otherwise stated, cells were analyzed 18 h post-transfection. For 
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ER stress induction, untransfected HEK293 cells were treated with either 5 µM thapsigargin (Sigma) 

in 0.04% ethanol or 2.5 µg/ml tunicamycin (Sigma) in 0.025% dimethyl sulfoxide (DMSO) for 8 h. 

Control cells for thapsigargin and tunicamycin treatments were incubated with 0.04% ethanol or 

0.025% DMSO, respectively.  

 

Quantitative real-time (qRT)-PCR  

RNA was extracted from cells using TRI Reagent (Sigma). cDNA was synthetized by the RevertAid 

Premium Reverse Transcriptase (Fermentas) using poly-dT primers. Real-time PCR reactions were 

performed on a CFX96 Real-time PCR Detection system (Bio-Rad) using the Power SYBR Green 

PCR Master Mix (Applied Biosystems). qRT-PCR reaction efficiencies were analyzed and threshold 

cycle values were used to assess the relative expression levels normalized to actin or HRPD1 using 

the 2(-ΔΔCt) method. ERp90 was used as negative control as the expression of the gene is unaffected 

by ER stress [16], whereas BiP and HERP were used as positive controls for UPR target genes. Gene-

specific primers are provided in Table 1. Data represent the mean of 3 biological replicates analyzed 

in 3 technical replicates ± SEM. Statistical analysis was performed using Student’s unpaired t test 

(two tailed, heteroschedastic). 

 

Computational analyses   

Chromatin immunoprecipitation sequencing (ChIP-seq), CpG-island, and histone modification data 

were obtained from the University of California–Santa Cruz Genome Browser 

(http://genome.ucsc.edu; [40]). Further sequence analysis was carried out using CLC Main 

Workbench software (CLCBio, Aarhus, Denmark). The FICD gene structure including UTRs, introns 

and exons was visualized using FancyGene (http://bio.ieo.eu/fancygene/; [41]).  
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Antibodies 

The following mouse monoclonal antibodies were used: anti-LDH (Lactate dehydrogenase) (SC-

133123, Santa Cruz Biotechnology), anti-GFP (A6455, Invitrogen), anti-HA (12CA5, Roche; HA.11, 

Covance), and anti-β-actin (AC-15, Sigma). The rabbit polyclonal antisera used were: anti-BiP 

(G8918, Sigma), anti-ERp57 (a gift from A. Helenius, Zürich, Switzerland), anti-HERP (a gift from 

L. Hendershot, Memphis, TN), anti-TMX3 [42], anti-Giantin (ab24586, Abcam), and anti-CD4 (H-

370, Santa Cruz Biotechnology).  

 

Gel electrophoresis and Western blotting 

Transfected HEK293 cells were washed and incubated with 20 mM N-ethylmaleimide (NEM) 

(Sigma) in PBS (phosphate-buffered saline; 154 mM NaCl, 1.9 mM KH2PO4, 8.1 mM Na2HPO4, pH 

7.3, 1 mM CaCl2, 0.5 mM MgCl2), 20 min on ice. Cells were scraped off in lysis buffer (80 mM Tris-

HCl, pH 6.8, 1% SDS, 200 µM phenylmethanesulfonylfluoride (PMSF)). Samples for Western 

blotting were boiled in SDS-PAGE loading buffer (25 mM Tris-HCl, pH 6.8, 1% SDS, 10% glycerol, 

0.002% bromophenol blue) without reducing agents, unless otherwise stated. Samples were separated 

by SDS-PAGE on Tris-glycine polyacrylamide Hoeffer minigels (GE Healthcare) and transferred 

onto a polyvinylidene difluoride (PVDF) membrane. Membranes were probed with primary 

antibodies in the following dilutions: anti-HA, 1:1,000; anti-β-actin, 1:25,000; anti-ERp57, 1:1,000; 

anti-HERP, 1:2,000; anti-BiP, 1:5,000; anti-TMX3, 1:500; anti-LDH, 1:1000. After the addition of 

horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (Pierce) secondary antibody 

(1:100,000), the bound antibody was detected with the ECL Select detection reagent (GE Healthcare).  

 

Confocal immunofluorescence microscopy 

Transfected HEK293 cells on microscope coverslips were fixed 18 h post-transfection using 4% 

paraformaldehyde (PFA). To study ER colocalization cells were co-transfected with pcDNA3/FICD-
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HAWT and pCMV/myc/ER/GFP (Invitrogen). To stain intracellular proteins, cells were blocked with a 

solution of 3% bovine serum albumin (BSA) in PBS for 15 min and treated with Permeabilization 

buffer (P-buffer; 0.05% saponin, 3% BSA in PBS) at room temperature, for 30 min. Next, cells were 

incubated with primary antibody for 1 h at room temperature in the following dilutions: anti-HA, 

1:1000; anti-GFP, 1:1000; anti-Giantin, 1:1000; anti-CD4, 1:100. Cells were then washed three times 

in PBS and incubated for 45 min with secondary antibodies diluted 1:1000 in P-buffer. Alexa 594 

goat anti-mouse and Alexa 488 goat anti-rabbit were used as secondary antibodies (Molecular 

Probes). Coverslips were rinsed with PBS and finally water, and mounted on slides with Gel MountTM 

Aqueous Mounting Medium (Sigma). For immunofluorescence microscopy of cell surface exposed 

proteins on non-permeabilized cells, transfected cells were fixed in 4% PFA, blocked with a solution 

of 3% BSA in PBS, and incubated with primary and secondary antibodies diluted in PBS, avoiding 

the use of saponin. Nuclei were stained with the Hoechst 33342 dye (1 µM in PBS) for 5 min. 

Confocal images of fixed cells were acquired using a Point-scanning Confocal Microscope SP5-X 

MP, Leica Microsystems. 

 

Cell fractionation 

HEK293 cells were first transfected with FICD or BiP-encoding constructs, as specified below. After 

18 h cells were washed with PBS and incubated with 20 mM NEM (Sigma) in PBS for 20 min on ice. 

Cells were scraped off in PBS and harvested by centrifugation at 4,000 g for 5 min at 4°C. The cells 

were resuspended in homogenization buffer (20 mM HEPES-NaOH pH 7.5, 0.25 M sucrose, 200 µM 

PMSF, 1x cOmplete EDTA-free protease inhibitor cocktail (Sigma-Aldrich) and 20 mM NEM) as 

indicated. The cells were homogenized by passing 10 times through a 27-gauge needle. After removal 

of cell debris by centrifugation at 500 g for 5 min at 4°C, crude membranes were isolated through 

centrifugation at 100,000 g for 1h at 4°C.  
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Proteinase K protection assay  

To determine the topology of FICD, HEK293 cells were transfected with constructs to express FICD-

HAWT. Crude membranes isolated as described above were resuspended in assay buffer (25 mM Tris-

HCl, pH 8, 500 mM NaCl) and treated with 0.2 mg/ml Proteinase K (Roche Molecular Biochemicals) 

at room temperature for 20 min in the presence or absence of 1% Triton X-100. After inhibition of 

Proteinase K with 5 mM PMSF, samples were separated by SDS-PAGE under non-reducing 

conditions and proteins were visualized by Western blotting.  

 

Pulse-chase analysis and immunoprecipitation (IP) 

8 h post-transfection, cells were washed with starvation medium (Dulbecco’s modified Eagle’s 

medium without methionine and cysteine from Sigma), incubated in starvation medium for 15 min at 

37°C, and pulsed overnight at 37°C with 100 µCi/ml [35S]-methionine/cysteine (PerkinElmer). Cells 

were washed once in chase medium (α-MEM/10% FCS containing 10 mM methionine) and incubated 

in the same medium for 30 min at 37°C. After the chase, dishes were transferred to ice and washed 

with PBS. Cells were scraped off in 200 µl lysis buffer (30 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5 

mM EDTA, 1.5% SDS). Lysates were homogenized by sonication using a UP50H ultrasonic 

processor (Hielscher) (20 cycles of 0.9 s, 90% amplitude) and diluted 1:4 in denaturing IP buffer (30 

mM Tris-HCl, pH 8.0, 100 mM NaCl, 5mM EDTA, 2.5% Triton X-100). After 1 h incubation on ice, 

samples were centrifuged at 25,000 g for 30 min at 4°C, and the supernatant was rotated overnight at 

4°C with 30 µl Protein A-Sepharose beads (GE Healthcare) preadsorbed with 1 µl anti-HA antibody. 

After purifying the protein of interest overnight with the Protein A-bound antibodies, the supernatant 

was removed. The beads were washed 4 times with denaturing IP buffer + 1% Triton X-100 and one 

time with denaturing IP buffer without Triton X-100. The supernatant was removed, and 12 µl SDS-

PAGE loading buffer was added to each sample. Proteins were eluted from the beads by boiling in 

SDS-PAGE loading buffer.  
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Endoglycosidase H digestion 

Endoglycosidase H (Endo H) digestions were performed on pulse-labeled immunoprecipitates after 

release from the beads by denaturation at 100°C for 5 min in lysis buffer (80 mM Tris-HCl, pH 6.8, 

1% SDS, 200 µM PMSF). Samples were then supplemented with 1/10 volume of NEB G5 buffer, and 

treated with Endo H (New England Biolabs) for 1 h at 37°C.  

 

RNA interference 

For gene silencing mediated by RNA interference, HEK293 cells were transfected using 

Lipofectamine RNAiMax reagent (Invitrogen). To silence FICD, cells were transfected with two 

different Silencer Select (Ambion) short interfering RNAs (siRNAs) targeting FICD (Hs_FICD_1 and 

Hs_FICD_2) at a concentration of 5 nM. Using this procedure, the level of FICD was reduced by 80% 

after 24 h transfection as evaluated by qRT-PCR (Supplementary S1 Fig.). To silence Selenoprotein 

S/VIMP, cells were transfected with 10 nM Hs_SelS_2 siRNA from Qiagen. Gene-specific 

oligonucleotide sequences are provided in Table 1. As negative control, cells were transfected with 10 

nM non-targeting siRNA (ntRNA) (Qiagen, 1022076). 

 

Metabolic activity assay 

To evaluate cell viability, HEK293 cells were seeded in 96-well culture plates at a density of 1x103 

cells per well. After 24 h, cells were transfected with siRNA targeting FICD (Hs_FICD_1 and 

Hs_FICD_2,) or siRNA targeting Selenoprotein S/VIMP (Hs_SelS_2) as positive control. Cells 

transfected with non-targeting siRNA (Invitrogen, AM4635) were used as negative control. After 48 h 

of transfection cells were treated, where indicated, with 2 µg/ml tunicamycin or with 5 µM 

thapsigargin for 24 h to induce ER stress. As positive control for cytotoxicity, 500 mM DMSO was 

added for 24 h. The metabolic activity was then measured by incubating the cells with 0.4 mg/ml 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) in α-MEM at 37°C for 4 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 11, 2017. ; https://doi.org/10.1101/126516doi: bioRxiv preprint 

https://doi.org/10.1101/126516


 14 

h. Upon removal of the medium, formazan crystals were solubilized in 200 µl of 0.04 M HCl in 

absolute isopropanol. The absorbance of reduced dye was measured at 540 nm. Data represent three 

independent experiments with 6 technical replicates in each experiment. Statistical significance 

(p<0.05) was assessed by performing Student’s unpaired t test (two tail, heteroschedastic). 

 

AMPylation assay  

To determine the substrates of AMPylation by FICD in a crude membrane preparation, HEK293 cells 

were transfected with pcDNA3/FICD-HAE234G. Crude membranes isolated from transfected cells (as 

described above) were re-suspended in assay buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 

200 µM PMSF, 1x cOmplete EDTA-free protease inhibitor cocktail (Sigma-Aldrich), 100 µM 

unlabeled (“cold”) ATP and 50 µCi [α-32P] ATP). The assay was carried out at room temperature for 

1 h. After incubation, an excess of cold ATP (1 mM) was added to the membrane preparations. Next, 

the membranes were solubilized by adding 1% Triton X-100 (v/v) and heated to 95°C for 5 min in 1x 

SDS-PAGE loading buffer. Where indicated, samples were treated with 2 units of snake venom type I 

phosphodiesterase (PDE) for 1 h at room temperature, or 100 ng/µl subtilase cytotoxin SubAB or 

inactive SubAA272B for 1h at 30°C. When treated with SubAB, no protease inhibitors were added to 

the assay buffer (see above). 

 To study the effect of mutating Cys51 and Cys75 in FICD on AMPylation activity, the 

membranes were isolated from untransfected cells or HEK293 cells expressing FICD-HAWT, FICD-

HAC51A/C75A, FICD-HAE234G or FICD-HAE234G/C51A/C75A, and subjected to the AMPylation assay as 

described above. Following the addition of cold ATP, the crude membrane fractions were diluted in 5 

µl lysis buffer (10 mM HEPES, pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1% Triton X-

100 (v/v), 200 µM PMSF and 1x cOmplete EDTA-free protease inhibitor cocktail (Sigma-Aldrich) 

and lysed for 40 min on ice, with vortexing every 10 min. The insoluble material was collected by 

centrifugation at 100,000 g for 60 min at 4°C. The supernatant was combined with SDS-PAGE 

loading buffer (reducing or non-reducing, as indicated in the figure legends) and heated to 95°C. 

Upon SDS-PAGE, the samples were analysed by phosphorimaging and Western blotting. 
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Immunoprecipitation (IP) from crude membrane preparations 

For immunoprecipitation (IP) FICD-HAWT, FICD-HAH363A, or FICD-HAE234G were co-expressed with 

BiP-HA in HEK293 cells. The membranes were isolated and subjected to the AMPylation assay as 

described above. After addition of 1 mM cold ATP, membrane preparations were diluted in 500 µl of 

lysis buffer (10 mM HEPES, pH 7.4, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100 

(v/v), 200 µM PMSF and 1x cOmplete EDTA-free protease inhibitor cocktail (Sigma-Aldrich)) and 

lysed by rotating at 4°C for 40 min. The insoluble material was collected by centrifugation at 100,000 

g for 60 min at 4°C. 5% of the supernatant was saved as an input sample for SDS-PAGE, and the rest 

of the cleared lysate was combined with 40 µl of Protein A-Sepharose beads (GE Healthcare), 

preadsorbed with 2 µl of anti-HA antibody in lysis buffer, and rotated at 4°C overnight.  

 Captured proteins were harvested by centrifugation at 500 g at 4°C for 2 min. The beads were 

washed three times in 1 ml of lysis buffer, and proteins were eluted by adding 25 µl of loading buffer 

and heating to 95°C for 5 min. Proteins were separated by SDS-PAGE under non-reducing conditions 

and transferred onto a PVDF membrane. The PVDF membranes were first analyzed by 

phosphorimaging and then by Western blotting. 

 

Sample preparation for mass spectrometry (MS)  

18 h post-transfection, HEK293 cells were washed with PBS containing 20 mM NEM, incubated in 

the same buffer for 20 min on ice, and scraped off in 4 ml lysis buffer (20 mM HEPES, 150 mM 

NaCl, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 200 µM PMSF, 20 mM NEM). Cells were 

homogenized by passing the suspension 10 times through a 27-gauge needle. After removal of cell 

debris by centrifugation at 25,000 g for 30 min at 4°C, the supernatant was dialyzed overnight against 

1 l of dialysis buffer (20 mM HEPES, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM EDTA). 

The dialyzed sample was rotated overnight at 4°C with 120 µl Protein A-Sepharose beads (GE 

Healthcare) preadsorbed with 4 µl anti-HA antibody. The supernatant was removed and the beads 
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were washed 5 times with wash buffer (20 mM HEPES, 150 mM NaCl, 10% glycerol, 1 mM EDTA) 

without Triton X-100. Proteins were eluted from the beads by incubating in 40 µl of elution buffer (6 

M Urea, 1 mM EDTA, 10 mM Tris-HCl pH 6.8, 20 mM NEM) for 30 min at room temperature. 

Proteins were boiled in loading buffer and separated by SDS-PAGE under non-reducing conditions. 

The gel was either stained with Coomassie blue or colloidal Coomassie blue and the band 

corresponding to the FICD dimer was excised from the gel and analyzed by MS. 

 

MS analysis  

Prior to MS analysis, the excised gel bands were in-gel digested with trypsin [43] and the tryptic 

peptides were micro-purified using C18 PTFE membrane disks [44]. Liquid chromatography-MS/MS 

analyses were performed on an EASY-nLC II system (ThermoScientific) connected to a TripleTOF 

5600 mass spectrometer (AB Sciex) equipped with a NanoSpray III source (AB Sciex) operated under 

Analyst TF 1.5.1 control. The micro-purified sample was suspended in 0.1% formic acid, injected, 

trapped and desalted on a 2 cm x 100 µm trap column packed in-house with RP ReproSil-Pur C18-

AQ 3 µm resin (Dr. Marisch GmbH, Ammerbuch-Entringen, Germany). The peptides were eluted 

from the trap column and separated on a 15-cm analytical column (75 µm i.d.) packed in-house in a 

pulled emitter with RP ReproSil-Pur C18-AQ 3 µm resin (Dr. Marisch GmbH, Ammerbuch-

Entringen, Germany). Peptides were separated using a 20 min gradient from 5% to 35% phase B 

(0.1% formic acid and 90% acetonitrile) and a flow rate of 250 nl/min. For protein identification, the 

collected MS files were converted to Mascot generic format (MGF) using the AB SCIEX MS Data 

Converter beta 1.1 (AB SCIEX) and the “proteinpilot MGF” parameters. The generated peak lists 

were searched against the Swiss-Prot database (human) using the Mascot search engine (Matrix 

Science). Search parameters had NEM and propionamide as variable modifications of Cys, and 

peptide tolerance and MS/MS tolerance were set to 10 ppm and 0.1 Da respectively. Disulfide-bonded 

peptides were identified using Peakview 1.2 (AB Sciex) by manually inspecting and annotating 

MS/MS spectra with precursor masses matching the theoretical values. 
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Results 

ER stress induces FICD expression 

Constitutive overexpression of a hyperactive mutant of Ero1α, an ER flavoprotein oxidase, induces a 

mild UPR [16]. Under these conditions, we previously showed that FICD expression is significantly 

upregulated [16]. Employing FICD sequence analysis with the ENCODE consortium [45], we 

observed that the genomic data predict FICD to have one single promoter region characterized by the 

presence of a putative CpG island, but no TATA-box. Notably, we identified a region in the 5´UTR, 

in position −1832, that shows a typical ER stress response element (CCAAT-N(9)-CCACG) [46] 

(Fig. 1B). Additional potential UPR elements have recently been identified [17]. To test if the FICD 

transcript was upregulated by different stress conditions that induce the UPR, we treated HEK293 

cells with either tunicamycin or thapsigargin, drugs known to initiate a strong UPR. We confirmed 

induction of ER stress by the transcriptional upregulation of two well-established UPR targets, BiP 

and HERP [47]. Under these conditions, we observed a significant increase in FICD transcript levels 

when compared to untreated HEK293 cells (Fig. 1C). These results demonstrate that FICD is a UPR 

target and corroborate recent findings from other studies [17, 20]. 

 

FICD is a type II transmembrane glycoprotein of the ER  

To analyze the subcellular localization of FICD we created a C-terminally HA-tagged fusion protein 

(FICD-HAWT). HEK293 cells transfected with the construct encoding FICD-HAWT were analyzed by 

confocal immunofluorescence microscopy, using GFP-KDEL as a marker for the ER and staining for 

giantin and CD4 to label the Golgi and plasma membrane, respectively. As judged by the strongly 

overlapping signals for FICD-HAWT and GFP-KDEL, FICD-HAWT localized to the ER (Fig. 2).  

The presence of two predicted N-glycosylation sites, the conserved Asn275 as well as Asn446 

(Fig. 1A), prompted us to investigate the glycosylation status of FICD-HAWT expressed in HEK293 

cells. The protein migrated as three distinct bands by SDS-PAGE (Fig. 3A). When treated with Endo 
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H, an endoglycosidase that cleaves only high mannose type N-glycans, the three bands collapsed into 

the lower molecular weight band (Fig. 3A), indicating that FICD-HAWT exists as three forms 

containing 0, 1 or 2 Endo H-sensitive N-glycans. Indeed, mutation of Asn275 and Asn446 abolishes 

FICD N-glycosylation as shown by the Mattoo lab [17]. 

The presence of Endo H-sensitive glycans in the C-terminal portion of the protein strongly 

indicated FICD to have a type II orientation. Yet, FICD lacks an apparent arginine-based ER-retention 

signal typical of many type II transmembrane proteins. Therefore, we used a Proteinase K protection 

assay to determine the membrane topology of FICD-HAWT (Fig. 3B). A crude membrane preparation 

containing ER-derived microsomes isolated from HEK293 cells transfected with FICD-HAWT was left 

untreated or treated with Proteinase K in the presence or absence of Triton X-100. The untreated 

sample displayed the three bands at the expected size for FICD-HAWT of ~53 kDa (Fig. 3B, square 

bracket). Upon Proteinase K treatment in the absence of detergent, all bands corresponding to FICD-

HAWT were still detectable, but showed a small downward shift in migration, likely corresponding to 

the cleavage of at least a portion of the N-terminal 23 residues not protected by the ER membrane. 

Upon membrane solubilization, the signal for FICD-HAWT disappeared, demonstrating that the HA-

tagged C-terminus of FICD protein was protected by the ER membrane. The soluble luminal ER 

protein, ERp57, was used as a control for membrane integrity, and an antibody raised against the 

cytosolic C-terminus of TMX3, a type I ER membrane protein, was used to demonstrate efficient 

Proteinase K digestion of a protein for which the epitope faces the cytosolic side of the ER membrane 

[42]. Taken together, the data show that FICD is a type II transmembrane protein of the ER with the 

Fic domain facing the ER lumen as schematically depicted in Fig. 3C. Using the ER fraction of rat 

liver tissue and trypsin as the protease [17] or in vitro translation in the presence of microsomes [48], 

similar results have been obtained for endogenous human FICD and dFIC, respectively.  
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FICD-HAWT forms a disulfide-bonded homo-dimer involving Cys51 and 

Cys75 

As revealed in Fig. 3B, an anti-HA reactive species appeared at ∼115 kDa (black arrowhead), roughly 

corresponding to the size of a FICD-HAWT homo-dimer. We therefore tested the sensitivity of this 

FICD-HAWT complex to reducing conditions. While the FICD-HAWT complex was clearly visible 

under non-reducing conditions (Fig. 4A, lane 1), it disappeared upon DTT treatment (Fig. 4A, lane 2). 

Moreover, no additional band appeared upon reduction suggesting that the FICD-HAWT complex 

comprised solely two molecules of FICD-HAWT held together by one or more disulfide-bonds. 

To investigate this possibility, the NEM-alkylated and immunoisolated FICD-HAWT complex 

was excised from a Coomassie-stained SDS-PAGE gel, and analyzed by LC-MS/MS. The analysis 

clearly identified FICD as the major constituent in the sample with a Mascot score of 4831 and an 

exponentially modified Protein Abundance Index (emPAI) of 13.9, more than 4 times higher than the 

second most abundant protein (Human C1CT). Since the Mascot search engine only identifies linear 

peptides, a manual search for disulfide-bonded peptides was performed. Based on the precursor mass 

and MS/MS spectra, we could identify the presence of a Cys75 disulfide-bonded homo-peptide (Fig. 

4B). We were not able to identify any disulfide-bonded peptides involving Cys51 or Cys421, the 

other two cysteines in FICD. 

To further investigate the involvement of Cys75, Cys51 and Cys421 in disulfide-bond 

formation, we generated three single point mutants, FICD-HAC51A, FICD-HAC75A and FICD-HAC421A, 

as well as the FICD-HAC51A/C75A double mutant. We observed a decrease in the amount of the dimer 

band for FICD-HAC51A and FICD-HAC75A relative to FICD-HAWT, whereas no difference was 

observed for FICD-HAC421A (Fig. 4C). Western blot analysis of the double mutant FICD-HAC51A/C75A 

showed complete loss of the dimer (Fig. 4C, lane 5), demonstrating the involvement of both Cys51 

and Cys75 in the formation of the disulfide-bonded dimer.  
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FICD overexpression induces ER stress  

We next asked whether FICD-HA overexpression would induce the UPR. To investigate this question 

in relation to FICD AMPylation activity, we created two mutants of FICD-HA known to increase 

AMPylation activity by relieving auto-inhibition (E234G) or strongly decrease catalytic activity by 

replacement of a critical residue in the active site (H363A) [17, 20, 25-27]. 

To study the potential effects of wild-type or mutant FICD-HA overexpression on the UPR, 

we analyzed the expression levels of BiP and HERP by qRT-PCR at various time-points after 

transfection of HEK293 cells (Fig. 5). Treatment of cells with tunicamycin was used as a positive 

control, and showed a time-dependent increase in BiP and HERP transcript levels. Likewise, 

overexpression of the constitutively active FICD-HAE234G mutant resulted in increasing levels of BiP 

and HERP transcripts over time. The same effect, although to a somewhat lesser extent, was observed 

upon overexpression of FICD-HAWT. In contrast, overexpression of the inactive FICD-HAH363A 

mutant only slightly increased the BiP transcript levels, and did not affect HERP transcripts. Western 

blot analysis of BiP and HERP confirmed their upregulation at the protein level in a manner closely 

similar to the transcriptional upregulation, whereas no significant difference in the expression levels 

of the various FICD-HA constructs was observed (Supplementary S2 Fig.). Based on these results we 

concluded that UPR induction resulting from FICD-HA overexpression is dependent on and directly 

linked to the AMPylation activity of the protein, in agreement with similar recent findings [27].  

 

FICD silencing increases sensitivity to ER stress 

To further evaluate the role of FICD in the UPR, we investigated whether siRNA-mediated 

knockdown of FICD sensitized cells to ER stress induced by a low dose of tunicamycin (2 µg/ml for 

24 h) or thapsigargin (5 µM for 24 h). As a positive control, we used knockdown of selenoprotein 

S/VIMP, which has previously been shown to sensitize cells to treatment with tunicamycin [49]. 

Sensitivity to ER stress was analyzed with an MTT assay, which measures the metabolic activity of 

mitochondrial dehydrogenases as readout for cell viability. To knock down FICD, we used two 
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siRNAs designed to target different sequences each providing >80% FICD knock-down after 24 h of 

transfection as evaluated by qRT-PCR (Supplementary Fig. S1). As indicated by the significant 

decrease in cell viability (Fig. 6), knockdown of FICD clearly sensitized HEK293 cells to ER stress 

induced with tunicamycin and thapsigargin providing further evidence for a role of FICD in the UPR. 

This result is in agreement with previous work that has shown cell death to increase in response to 

tunicamycin treatment when downregulating FICD [17]. 

 

BiP is the main ER target of AMPylation by FICD 

Previous work has identified BiP as a substrate for AMPylation by FICD. Most studies have been 

performed either in vitro using purified components or in whole cell extracts [17, 20, 25, 28]. The 

cellular identification of BiP as a FICD substrate focused solely on BiP, which precluded information 

about other potential cellular substrates [27]. Here, we wanted to assess the relative importance of BiP 

as a substrate for FICD-mediated AMPylation compared to other ER proteins in a native environment.  

 To identify cellular targets of FICD AMPylation, we isolated the crude membrane fraction 

containing ER-derived microsomes from cells overexpressing FICD-HAE234G and subjected the intact 

membranes to an AMPylation assay using [α-32P] ATP as the nucleotide source for FICD (as detailed 

in the Materials and Methods). Protein AMPylation was visualized by autoradiography. Here, we 

detected one main radioactive band appearing at an apparent molecular weight of ~75 kDa (Fig. 7A). 

Subsequent treatment with snake venom type I phosphodiesterase (PDE), which is known to remove 

AMPylation [50], resulted in a strong decrease in the observed signal. In addition, we detected two 

weakly labeled proteins at around 45 kDa and 55 kDa, the latter most likely representing FICD auto-

AMPylation. 

 Given that BiP migrates at 78 kDa, we expected this to be the AMPylated protein detected in Fig. 

7A. To confirm BiP as the target of FICD-mediated AMPylation, we transfected cells with FICD-

HAE234G and subjected crude membranes to the AMPylation assay described above. After membrane 

solubilization the lysates were treated with SubAB [51], a subtilase cytotoxin that specifically cleaves 

BiP at the linker between the nucleotide-binding domain (NBD) and substrate-binding domain (SBD) 
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[52]. The main radioactive band around 75 kDa was readily cleaved by SubAB to generate a 

radioactively labeled protein migrating at around 28 kDa, and was left uncleaved by the inactive 

SubAA272B mutant (Fig. 7B and C). This finding agrees with recent data where BiP AMPylation was 

mapped to Thr518 in the SBD of BiP [27], which migrates at 28 kDa. Together our data confirm the 

identity of the FICD target protein as BiP and suggest that it is the main FICD substrate in the native-

like environment of ER-derived microsomes. 

 

BiP-HA overexpression increases BiP AMPylation and FICD auto-

AMPylation  

Next, to investigate the changes in the BiP and FICD AMPylation levels in response to FICD variant 

and BiP overexpression, we co-transfected cells with plasmids encoding FICD-HAWT, FICD-HAH363A 

or FICD-HAE234G, and BiP-HA. As controls we also expressed BiP-HA or FICD-HAE234G alone, or 

left cells untransfected. We then subjected the crude membranes to an AMPylation assay as described 

above, followed by immunoprecipitation with an anti-HA antibody. As a reference for IP efficiency 

and total protein content, 5% of the total microsomal lysate was included on the gels. 

 In the autoradiogram (Fig. 8A; see also S3 Fig.) we detected AMPylation of both the higher 

mobility endogenous BiP (5% input lanes) and lower mobility BiP-HA (only visible upon enrichment 

in the IP lanes). Moreover, hyperactive FICD-HAE234G also displayed (weak) auto-AMPylation (lanes 

10 and 12), suggesting that the signal observed in Fig. 7 at around 55 kDa represents FICD auto-

AMPylation. Western blots (Fig. 8B and C) show IP efficiency and relative migration of FICD-HA 

constructs, endogenous BiP and BiP-HA. 

 Contrary to expectations, we detected BiP AMPylation in the samples containing no exogenous 

FICD, and when overexpressing inactive (H363A) or FICD-HAWT (lanes 3, 5, 7). In fact, 

overexpression of BiP-HA alone was sufficient to increase the AMPylation signal of the endogenous 

BiP (compare lanes 1 and 3). Likewise, co-expression of BiP-HA with FICD-HAE234G (lane 9) gave 

rise to a higher radioactive signal for endogenous BiP than when FICD-HAE234G was expressed alone 

(lane 11). Thus, while BiP AMPylation was increased by overexpression of the hyperactive FICD-
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HAE234G as expected (compare lane 9 with lanes 5 and 7, and lane 11 with lane 1), exogenous 

expression of BiP-HA resulted in a higher AMPylation of endogenous BiP. In addition to the increase 

in AMPylation of endogenous BiP, the auto-AMPylation signal of FICD-HAE234G (lanes 10 and 12) 

was higher when BiP-HA was co-expressed (see also S3 Fig.). 

The results in Fig. 7 and Fig. 8 indicated that under the given experimental conditions, BiP is 

the main ER substrate of FICD. Moreover, BiP-HA overexpression correlated with increased 

AMPylation of both FICD and BiP itself.  

 

Abrogation of covalent dimerization increases BiP AMPylation by 

hyperactive FICD 

In a final set of experiments, we studied the effect of cysteine mutations in FICD-HA on AMPylation 

activity. We expressed FICD-HAWT, FICD-HAC51A/C75A, FICD-HAE234G and FICD-HAE234G/C51A/C75A in 

HEK293 cells, and subjected the isolated membranes to the AMPylation assay. Protein levels of 

endogenous BiP as well as FICD-HA constructs were probed by Western blotting. 

While low protein levels of the hyperactive FICD-HA variants (E234G and 

E234G/C51A/C75A) prevented a direct comparison of BiP AMPylation levels caused by the WT and 

hyperactive FICD, the analysis showed that mutating both Cys51 and Cys75 to alanine did not impact 

BiP AMPylation by FICD-HAWT (Fig. 9, lanes 2 and 3; Supplementary S4 Fig.). On the contrary, 

when mutating both Cys51 and Cys75 to alanine in the context of the hyperactive FICD-HAE234G 

mutant, BiP AMPylation clearly increased (Fig. 9, lanes 4 and 5; Supplementary S4 Fig.), suggesting 

that covalent dimerization has the potential to modulate FICD activity.  

 

Discussion 

Proper regulation of the UPR is of central importance in the cellular decision between stress 

adaptation and apoptosis, and its misregulation is involved in various diseases such as diabetes, cancer 

and different neurodegenerative diseases [53-55]. Here, we have performed a cell biological 
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characterization of human FICD, a newly discovered target of the UPR. The finding that human 

FICD-HA is a type II transmembrane protein of the ER confirms previous findings for dFIC obtained 

in S2 cells [48], where ER localization was inferred from cell fractionation data. The same authors 

also observed a dFIC-HRP fusion protein on the surface of glia cells by electron microscopy [48]. 

Here, we did not observe any FICD-HAWT on the cell surface of HEK293 cells by confocal 

microscopy. Rather, in addition to the reticular ER signal, we detected a clear signal at the nuclear rim 

(Fig. 2, top panel). Likewise, in other recent work endogenous human FICD was shown also to 

localize to the ER and the nuclear envelope [17, 31]. A similar localization has been demonstrated for 

the C. elegans FIC-1 protein, for which a small fraction was also detected in the cytosol [33]. The 

physiological consequences of these differences between human FICD, dFIC and FIC-1 localization 

still need to be determined. 

We extend our previous finding that FICD expression is upregulated by oxidative ER stress 

that turns on a mild UPR [16] to show here that FICD is a genuine UPR target. Similar results were 

published for both dFIC [20] and human FICD [17], and have also been found in large-scale studies 

of the UPR [18, 19]. Moreover, a close functional connection to the UPR is demonstrated by the 

sensitization of cells to ER stress under conditions of FICD silencing (Fig. 6) [17], as well as the 

induction of the UPR through overexpression of FICD-HAWT or FICD-HAE234G (Fig. 5). Notably, in 

contrast to HERP transcript levels that were quite unresponsive to FICD-HAWT overexpression (Fig. 

5A), BiP expression levels were readily increased not only by E234G but also by FICD-HAWT 

overexpression (Fig. 5B). Given the ability of FICD to de-AMPylate BiP at low ER protein load [37], 

we speculate that increased levels of FICD could activate BiP, which would induce ER stress and thus 

increase BiP transcript levels as observed. Overexpression of FICD E234G has previously been 

demonstrated to negatively affect cell viability and induce cell death [17, 27, 31, 37].  

The mechanism underlying these observations likely relates to FICD-mediated inactivation of 

BiP by AMPylation [20, 27] (although it has also been reported that AMPylation activates BiP 

ATPase activity [17]). Thus, when inactivated by AMPylation through overexpression of FICD 

E234G, the cell responds by activating the UPR to create a pool of active BiP [27]. Eventually, the 

cell can no longer cope with unchecked FICD AMPylation activity and undergoes apoptosis. 
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Moreover, FICD knockout has been shown to cause a delay in the activation of the UPR sensors 

PERK and IRE1[27], as a result of excess active BiP. Whether AMPylation directly modulates the 

interaction of BiP with the UPR sensor proteins in addition to interfering with BiP chaperone activity 

to influence UPR activation remains to be seen.  

It is thus clear that the cell closely monitors the level of AMPylation-active FICD, which in 

turn influences BiP levels and activity to modulate the UPR. Here we show (Fig. 8, S3 Fig.) that 

increasing the cellular pool of BiP by exogenous expression causes two effects: i) more endogenous 

BiP becomes AMPylated and ii) FICD-HAE234G auto-AMPylation increases. The latter result suggests 

that the observed increase in BiP AMPylation resulting from BiP-HA overexpression is not merely 

due to a potential increase in the cellular pool of endogenous BiP, but likely associated with an 

increase in FICD AMPylation activity. It is noteworthy that the increase in BiP AMPylation occurs 

independently of FICD overexpression, indicating that the activity of endogenous FICD can be 

regulated solely by the cellular levels of its substrate BiP. This principle apparently also applies to the 

level of FICD auto-AMPylation (at least for the hyperactive E234G mutant). Whether auto-

AMPylation represents a side effect of FICD activity, or actively partakes in its regulation remains to 

be seen. Overall, we propose that excess BiP is inactivated by AMPylation in order to maintain an 

optimal level of the active protein that allows it to carry out its functions in protein folding as well as 

UPR signaling.  

Despite the recent advances in understanding the cellular function of FICD in relation to BiP, 

it has been unclear whether other significant cellular substrates exist. For instance, a number of 

potential substrates were identified in a whole cell extract upon AMPylation with purified 

recombinant FICD, but no other ER proteins than BiP were identified [28]. Here, we demonstrate that 

in the native-like setting of ER-derived microsomes isolated from HEK293 cells, BiP is clearly the 

predominant target of FICD-HA AMPylation. While FICD potentially has additional substrates of 

low abundance, AMPylated below the detection level of our assay (with a band at ~45 kDa as a 

possible exception; Fig. 7), the present data argue that BiP is indeed the main ER substrate of FICD 

and suggest that the primary biological function of FICD, at least in this cellular system, is to control 
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the AMPylation status of BiP. The same seems to be the case in S2 cells, where at steady state BiP is 

the predominant protein recognized by an antibody raised against AMPylated threonine [20].  

The BiP AMPylation site has been a matter of some debate, with residues identified as target 

sites both in the NBD and SBD, depending on the experimental system [17, 20, 27]. In the present 

work, we observed BiP AMPylation on the SBD of BiP (Fig. 7), in agreement with the cell biological 

characterization performed by the Ron lab [27]. 

 Our work further demonstrates that FICD-HA forms disulfide-bonded dimers when expressed 

in HEK293 cells. Unfortunately, we have not yet been able to identify a commercial FICD antibody 

that convincingly detects the endogenous protein by Western blotting. Neither have our efforts to use 

affinity purified anti-FICD serum for detection of endogenous FICD been successful. While we can 

therefore not exclude that the observed dimer appears as a result of FICD overexpression, we 

routinely observe a large fraction (about half) of the protein in the dimeric form as judged by Western 

blotting (see e.g. Fig. 4). Moreover, we see little evidence of other disulfide-bonded species involving 

FICD-HA. Based on these observations, our findings likely reflect the situation for the endogenous 

protein.  

The crystal structure of human FICD shows that the protein forms a non-covalent dimer, not 

only in the crystals but also in solution [25]. FIC-1 also crystallizes as a non-covalent dimer [33]. The 

structural organization of the dimer is such that the interface is constituted exclusively by residues 

from the Fic domain, and with the two TPR regions placed at either end of the dimer pointing away 

from each other [25]. Although the evolutionarily strictly conserved Cys421 is positioned relatively 

close to the dimer interface, it does not engage in a disulfide bond in the crystal structure, a finding 

that was confirmed here in human cells (Fig. 4). Instead, we find by MS analysis that in HEK293 cells 

FICD-HAWT Cys75 forms a disulfide with Cys75 in a neighboring molecule of FICD-HAWT. Based 

on the finding that only the FICD-HAC51A/C75A double mutant did not form disulfide-linked dimers, 

while the FICD-HAC51A and FICD-HAC75A single cysteine mutants were still able to do so, Cys51-

Cys51 disulfide-bonds likely also form. In terms of evolutionary conservation, Cys51 is very well 

conserved among species, whereas Cys75 is less conserved. Only very few species are apparently 

missing both cysteines in the protein; these proteins then often harbor a Cys in a proximal position 
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that potentially fulfills the same function as Cys51 and Cys75. The most notable exception seems to 

be the distantly related dFIC, which does not harbor any cysteines in this region of the protein. 

Disrupting covalent dimerization is apparently not sufficient to turn on the AMPylation 

activity of the wild-type enzyme. Intriguingly, FICD-HAE234G/C51A/C75A on the other hand displays 

higher AMPylation activity towards BiP than FICD-HAE234G (Fig. 8), suggesting that preventing 

covalent dimerization either directly increases AMPylation activity or allows binding of a partner 

protein that promotes AMPylation by FICD E234G. Whether FICD activity is redox regulated, and 

thus potentially modulated by the action of PDIs as is the case for the proximal UPR sensors ATF6 

and IRE1 [56], remains to be seen.  
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Fig. 1. FICD expression is induced by the UPR. (A) Schematic representation of FICD. TM, 

transmembrane domain (residues 24-44); TPR, Tetratricopeptide repeat region (TPR1: residues 105-

135, TPR2: residues 140-170); Fic, Filamentation induced by cyclic AMP domain (residues 215-432). 

Residues 230TVAIEG235 constitute the auto-inhibitory motif and residues 363HPFIDGNGR371 represent 

the active site motif. N-glycosylation sites are shown in purple (residues N275 and N446), cysteine 

residues are shown in green (C51, C75 and C421), and auto-AMPylation sites in orange (S79, T80, 

T168, T183). (B) Chromatin immunoprecipitation sequencing data obtained from the University of 

California-Santa Cruz Genome Browser indicate the presence of a single promoter region at position 

−1832. This region contains a typical ERSE9 consensus sequence (CCAAT-N9-CCACG) as shown in 

the figure. The FICD gene structure including untranslated regions (UTRs), introns and exons was 

visualized using FancyGene [41]. (C) Relative abundance of FICD mRNA in HEK293 cells analyzed 

by qRT-PCR. Cells were treated for 8 h with solvent (0.04% ethanol or 0.025% DMSO) or with the 

ER stress inducers thapsigargin (5 µM in 0.04% ethanol) or tunicamycin (2.5 µg/ml in 0.025% 

DMSO). mRNA levels were normalized to β-actin. ERp90 served as a negative control (i.e. a gene not 

responsive to ER stress), and BiP and HERP were positive controls. Data represent the mean of 3 

biological replicates analyzed in 3 technical replicates ± SEM. Statistical analysis was performed 

using Student´s unpaired t test (two tailed, heteroschedastic). 

 

Fig. 2. FICD localizes to the ER by confocal fluorescence microscopy. HEK293 cells expressing 

FICD-HAWT for 18 h, stained for FICD-HAWT (red) and organelle markers (green): GFP-KDEL (ER), 
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giantin (Golgi), and CD4 (cell surface). FICD-HAWT exclusively shows colocalization with the ER 

marker GFP-KDEL. In addition to the reticular staining pattern, a clear signal is observed at the 

nuclear rim. Nuclei (blue) were stained with Hoechst. Scale bar: 10 µm. 

 

Fig. 3. FICD is a type II transmembrane glycoprotein. (A) HEK293 cells expressing FICD-HAWT 

were labeled with [35S]-methionine. Samples were immunoprecipitated with anti-HA antibody and 

treated with Endo H as indicated. 0, 1 and 2 refer to the number of N-glycans present on FICD-HAWT. 

(B) Determination of FICD membrane topology. Crude membranes isolated from HEK293 cells 

expressing FICD-HAWT were treated with Proteinase K (PK) in the presence or absence of 1% Triton 

X-100. The square bracket indicates the FICD-HAWT monomer at the predicted size of 53 kDa, and 

the black arrowhead the presence of a higher molecular weight complex involving FICD-HAWT. 

ERp57, a soluble protein of the ER lumen, was used to demonstrate intactness of microsomes. TMX3, 

a type I membrane protein of the ER, was included to show the efficiency of PK towards a protein for 

which the epitope faces the cytosolic side of the ER membrane. The position of molecular weight 

marker bands is indicated to the left of the gel in kDa. This gel was run under non-reducing 

conditions. (C) Schematic representation of FICD-HAWT membrane topology. N-glycans are shown in 

purple (Ψ), cysteines as green circles, and auto-AMPylation sites as red circles. Domain coloring is 

given as in Fig. 1A; C-terminal HA tag is shown in green.  

 

Fig. 4. FICD-HA forms a disulfide-bonded homo-dimer involving Cys51 and Cys75. (A) 

HEK293 cells expressing FICD-HAWT were labeled with [35S]-methionine. Samples were 

immunoprecipitated with anti-HA antibody and separated by SDS-PAGE under non-reducing (-) or 

reducing (+; 10 mM DTT) conditions. The square bracket indicates FICD-HAWT monomeric forms, 

and the black arrowhead the disulfide-bonded dimer of FICD-HAWT. (B) The FICD-HAWT dimer was 

isolated by SDS-PAGE, in-gel digested with trypsin and analyzed by LC-MS/MS. An annotated 

MS/MS spectrum matching the disulfide-bonded Cys75 homo-dimer is shown. The y-ion series is 

labeled and includes fragments covering the disulfide bond.  (C) Cell were transfected with FICD-

HAWT, FICD-HAC51A, FICD-HAC75A, FICD-HAC421A, or FICD-HAC51A/C75A as indicated. FICD dimer 
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formation was analyzed by Western blotting under non-reducing conditions. β-actin was used as 

loading control. The square bracket indicates FICD-HA monomeric forms, and the black arrowhead 

the disulfide-bonded dimer of FICD-HA. 

 

Fig. 5. FICD overexpression induces ER stress. (A) Relative abundance of HERP mRNA. Relative 

gene expression was analyzed by qRT-PCR in HEK293 cells after transfection to express FICD-

HAWT, FICD-HAE234G or FICD-HAH363A. Gene expression was analyzed 4, 12 and 18 h post-

transfection, respectively. Cells treated with 2.5 µg/ml tunicamycin were used as positive controls. 

mRNA levels were normalized to actin. Data represent the mean of 3 biological replicates analyzed in 

3 technical replicates ± SEM. Statistical analysis was performed using Student’s unpaired t test (two 

tailed, heteroschedastic). (B) Relative abundance of BiP mRNA. The experiment and analysis was 

performed as in panel (A). 

 

Fig. 6. FICD silencing increases sensitivity to ER stress. MTT cell viability assay performed on 

HEK293 cells treated with the ER stress inducer tunicamycin (A) (TUN; 2 µg/ml for 24 hours) or 

thapsigargin (B) (THAP; 5µM for 24 hours). Cells treated with 500 mM DMSO were used as positive 

control for cytotoxicity. RNAi-mediated selenoprotein S/VIMP silencing, known to cause increased 

sensitivity to ER stress [49], was used for comparison. A non-targeting RNA oligonucleotide 

(ntRNA) was used as a negative control, and two different oligos (#1 and #2) were used to target 

FICD. UNT: untreated. Data represent the mean of 6 biological replicates analyzed in 3 technical 

replicates ± SEM. Statistical analysis was performed using Student´s unpaired t test (two tailed, 

heteroschedastic). 

 

Fig. 7: BiP is the main target of FICD AMPylation in ER-derived microsomes. (A) Crude 

membranes containing ER-derived microsomes prepared from HEK293 cells expressing hyperactive 

FICD-HAE234G were incubated with [α-32P]-ATP before solubilization and analysis by non-reducing 

SDS-PAGE and autoradiography. FICD-HAE234G overexpression gave rise to one main radiolabeled 
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band at around 75 kDa. Upon PDE treatment the AMPylation signal disappeared. Two potential 

AMPylation targets around 55 kDa (square) and 45 kDa (asterisk) are indicated, the former most 

likely corresponding to FICD auto-AMPylation. (B) Crude membranes expressing FICD-HAE234G 

were subjected to the AMPylation assay as above. Solubilized membranes were treated with the 

subtilase cytotoxin SubAB or the inactive SubAA272B mutant. The active SubAB readily cleaved 

radiolabelled BiP to generate radiolabeled substrate-binding domain (SBD). (C) Immunoblot analysis 

of the same membrane shown in Panel B probed with an anti-BiP antibody directed against an epitope 

in the SBD reveals full length BiP (FL BiP) and cleaved SBD levels. A signal from an unknown 

protein is indicated (diamond). 

 

Fig. 8: BiP-HA overexpression correlates with increased BiP and FICD AMPylation. HEK293 

cells were transfected with combinations of BiP-HA and FICD-HAWT, FICD-HAH363A and FICD-

HAE234G, or left untransfected (UNT), as indicated. Crude membranes were isolated by cell 

fractionation. The membranes were incubated with [α-32P]-ATP, chased with an excess of “cold” 

ATP, EDTA, and EGTA, and solubilised with Triton X-100. 5% of the total lysate was kept as an 

input reference (5%), and the remaining cleared lysates were subjected to immunoprecipitation by 

anti-HA antibody (IP). The samples were resolved on a non-reducing SDS-PAGE gel and transferred 

onto a PVDF membrane for autoradiography (A). The same membrane was blotted with anti-HA (B). 

Signals from two unknown proteins are labelled with an asterisk. The signal from the antibody heavy 

chain (HC) is denoted with an arrowhead. The anti-HA blot was directly re-blotted with anti-BiP 

antibody to detect both endogenous BiP and BiP-HA (C). 

 

Fig. 9: Mutation of Cys51 and Cys75 in FICD-HAE234G increases BiP AMPylation. Crude 

membranes isolated from untransfected (UNT) cells or HEK293 cells expressing FICD-HAWT, FICD-

HAC51A/C75A, FICD-HAE234G or FICD-HAE234G/C51A/C75A (lanes 1-5), were incubated with [α-32P]-ATP 

before separation by non-reducing SDS-PAGE and autoradiography (A). The membrane was 

subsequently probed with anti-BiP (B) and anti-HA (to verify the overexpression of the FICD 

variants; (C). Low protein levels of the hyperactive FICD-HA variants (E234G and 
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E234G/C51A/C75A; see also Supplementary S4 Fig.) precluded a direct comparison of BiP 

AMPylation levels caused by the “WT enzymes” (FICD-HA or FICD-HAC51A/C75A) and the 

“hyperactive enzymes” (FICD-HAE234G or FICD-HAE234G/C51A/C75A). Two independently performed 

experiments are shown in Supplementary S4 Fig. 

 

Supporting Information 

 

S1 Fig. Relative abundance of FICD mRNA after siRNA-mediated silencing. Relative abundance 

of FICD mRNA in HEK293 cells analyzed by qRT-PCR. Cells were treated for 48 h with two 

different siRNAs targeting FICD (Hs_FICD_1 and Hs_FICD_2) at a concentration of 5 nM. mRNA 

levels were normalized to actin. As negative control, cells were transfected with 10 nM non-targeting 

siRNA (ntRNA). Data represent the mean of 2 biological replicates analyzed in 3 technical replicates 

± SEM. Numbers indicate the remaining fraction of FICD mRNA. 

 

S2 Fig. FICD overexpression induces ER stress.  

Cells expressing FICD-HAWT, FICD-HAE234G and FICD-HAH363A as indicated, were analyzed by 

Western blotting at different time points after transfection to determine the protein levels of BiP and 

HERP. LDH was used as loading control. Cells treated with 2.5 µg/ml tunicamycin for 8 hours were 

used to generate positive control lysates for UPR induction. Anti-HA immunoblotting shows the level 

of transfection.  

 

S3 Fig. BiP-HA overexpression correlates with increased BiP and FICD AMPylation. HEK293 

cells were transfected with combinations of BiP-HA and FICD-HAWT, FICD-HAH363A and FICD-

HAE234G, as indicated. Crude membranes were isolated by cell fractionation. The membranes were 

incubated with [α-32P]-ATP, chased with an excess of “cold” ATP, EDTA, and EGTA, and 

solubilised with Triton X-100. 5% of the total lysate was kept as an input reference (5%), and the 

remaining cleared lysates were subjected to immunoprecipitation by anti-HA antibody (IP). The 
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samples were resolved on a non-reducing SDS-PAGE gel and transferred onto a PVDF membrane for 

autoradiography (A). The same membrane was blotted with anti-BiP (B) and anti-HA (C). Signal 

from an unknown protein is labelled with an asterisk. The signal from the antibody heavy chain (HC) 

is denoted with an arrowhead.  

 

S4 Fig: Mutation of Cys51 and Cys75 in FICD-HAE234G increases BiP AMPylation. Crude 

membranes isolated from untransfected (UNT) cells or HEK293 cells expressing FICD-HAWT, FICD-

HAC51A/C75A, FICD-HAE234G or FICD-HAE234G/C51A/C75A (lanes 1-5), were incubated with [α-32P]-ATP 

before separation by non-reducing SDS-PAGE and autoradiography (A). The membrane was 

subsequently probed with anti-BiP (B) and anti-HA (to verify the overexpression of the FICD 

variants; (C). Low protein levels of the hyperactive FICD-HA variants (E234G and 

E234G/C51A/C75A) precluded a direct comparison of BiP AMPylation levels caused by the “WT 

enzymes” (FICD-HA or FICD-HAC51A/C75A) and the “hyperactive enzymes” (FICD-HAE234G or FICD-

HAE234G/C51A/C75A). Two independently performed experiments are shown. 
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