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Abstract

The Arg/N-degron pathway targets proteins for degradation by recognizing their specific N-

terminal residues or, alternatively, their non-N-terminal degrons. In mammals, this pathway is 

mediated by the UBR1, UBR2, UBR4, and UBR5 E3 ubiquitin ligases, and by the p62 regulator of 

autophagy. UBR1 and UBR2 are sequelogous, functionally overlapping, and dominate the 

targeting of Arg/N-degron substrates in examined cell lines. We constructed, here, mouse strains in 

which the double mutant [UBR1−/− UBR2−/−] genotype can be induced conditionally, in adult 

mice. We also constructed human [UBR1−/− UBR2−/−] HEK293T cell lines that unconditionally 

lack UBR1/UBR2. ATF3 is a basic leucine zipper transcription factor that regulates hundreds of 

genes and can act as either a repressor or an activator of transcription. Using the above double-

mutant mice and human cells, we found that the levels of endogenous, untagged ATF3 were 

significantly higher in both of these [UBR1−/− UBR2−/−] settings than in wild-type cells. We also 

show, through chase-degradation assays with [UBR1−/− UBR2−/−] and wild-type human cells, that 

the Arg/N-degron pathway mediates a large fraction of ATF3 degradation. Furthermore, we used 

split-ubiquitin and another protein interaction assay to detect the binding of ATF3 to both UBR1 

and UBR2, in agreement with the UBR1/UBR2-mediated degradation of endogenous ATF3. Full-

length 24 kDa ATF3 binds to ∼100 kDa fragments of 200 kDa UBR1 and UBR2 but does not bind 

(in the setting of interaction assays) to full-length UBR1/UBR2. These and other binding patterns, 

whose mechanics remain to be understood, may signify a conditional (regulated) degradation of 

ATF3 by the Arg/N-degron pathway.

Graphical Abstract

Corresponding Author: Alexander Varshavsky – Division of Biology and Biological Engineering, California Institute of 
Technology, Pasadena, California 91125, United States; Phone: 818-606-1908; avarsh@caltech.edu.
Author Contributions
T.T.M.V. and A.V. designed the experiments. T.T.M.V. performed the experiments. T.T.M.V. and A.V. wrote the paper. The authors 
discussed the results and commented on the manuscript.

Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acs.biochem.0c00514.
N-degron pathways (Figure S1), construction of the mmUBR2flox allele (Figure S2), genomic DNA sequences, recombination sites, 
and PCR probes (Figure S3), RT-qPCR analyses (Figure S4), immunoblotting analyses with the anti-ATF3 antibody (Figure S5), split-
Ub interaction assays (Figure S6), BACTH interaction assays (Figure S7), plasmids used in this study (Table S1), oligonucleotide 
primers used in this study (Table S2), and cited references (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2020 November 17.

Published in final edited form as:
Biochemistry. 2020 August 04; 59(30): 2796–2812. doi:10.1021/acs.biochem.0c00514.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acs.biochem.0c00514
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00514/suppl_file/bi0c00514_si_001.pdf


Regulated protein degradation protects cells from mis-folded, aggregated, or otherwise 

abnormal proteins and also controls the levels of proteins that evolved to be short-lived in 

vivo. The intracellular protein degradation is mediated largely by the ubiquitin (Ub)–

proteasome system (UPS) and by autophagosome–endosome–lysosome pathways, with 

molecular chaperones being a part of both systems.1–8 The UPS is a set of pathways that 

have in common two classes of enzymes, E3–E2 Ub ligases and deubiquitylases. A Ub 

ligase recognizes a substrate protein through its degradation signal (degron) and conjugates 

Ub, a 9 kDa protein (usually in the form of a poly-Ub chain), to an amino acid residue of a 

targeted substrate (usually its internal lysine). The functions of deubiquitylases include 

deubiquitylation of Ub-conjugated proteins.1–11 The 26S proteasome, an ATP-dependent 

protease, binds to a poly-Ub of a ubiquitylated protein, unfolds the protein, and processively 

cleaves it to peptides that range in size from ∼3 to ∼25 residues.12–17

N-degron pathways (previously called “N-end rule pathways”) are proteolytic systems that 

have in common their ability to recognize proteins containing N-terminal (Nt) degrons 

called N-degrons, thereby causing degradation of these proteins by the 26S proteasome 

and/or autophagy in eukaryotes, and by ClpS-ClpAP in bacteria (Figure 1 and Figure S1).
2,18–53 Determinants of an N-degron include a destabilizing Nt-residue of a protein, an 

internal Lys residue(s) that functions as a polyubiquitylation site, and a region used by the 

proteasome to initiate degradation.2,19,54,55

Eukaryotic N-degron pathways comprise the Arg/N-degron pathway (it recognizes, in 

particular, specific unacetylated Nt-residues), the Ac/N-degron pathway [it recognizes, in 

particular, the Nα-terminally acetylated (Nt-acetylated) Nt-residues], the Pro/N-degron 

pathway (it recognizes, in particular, the Nt-Pro residue), the Gly/N-degron pathway (it 

recognizes the Nt-Gly residue), and the fMet/N-degron pathway (it recognizes Nt-

formylated proteins) (Figure 1 and Figure S1).2,18–20,24–28,30–44,46–48,50–52,56

Initially, most N-degrons are cryptic (pro-N-degrons). They are converted to active N-

degrons either constitutively (for example, cotranslationally) or via regulated steps. Many 

nonprocessive proteases, including Met-aminopeptidases, caspases, calpains, separases, and 

cathepsins, act as initial targeting components of N-degron pathways, because cleavage of a 

protein can generate a C-terminal (Ct) fragment bearing an N-degron.2,21,40,50,57,58 Active 
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N-degrons can also be formed through enzymatic Nt-acetylation, Nt-deamidation, Nt-

oxidation, Nt-arginylation, Nt-leucylation, and Nt-formylation of specific proteins or their Ct 

fragments (Figure 1 and Figure S1).2,20,26,27,31,39,47,48 Recognition components of N-degron 

pathways are called N-recognins. They are E3 Ub ligases or other proteins, for example, 

mammalian p62 and bacterial ClpS, that can recognize N-degrons.2,6,26,43,46,49,59,60 At least 

some N-recognin E3s can recognize not only N-degrons but also specific non-N-terminal 

degrons in other proteins.2,44,61,62 In cognate sequence contexts, all 20 amino acids of the 

genetic code can function as destabilizing Nt-residues (Figure S1). Thus, many proteins in a 

cell are conditionally short-lived N-degron substrates, either as full-length proteins or as Ct 

fragments.

Regulated degradation of proteins and their natural fragments by N-degron pathways has 

been shown to mediate a multitude of biological processes, including the sensing of oxygen, 

nitric oxide (NO), heme, and short peptides; the control of subunit stoichiometries in protein 

complexes; the elimination of misfolded proteins and of proteins retrotrans-located to the 

cytosol from other compartments; a suppression of neurodegeneration and regulation of 

apoptosis; the control of DNA repair, transcription, replication, and chromosome cohesion/

segregation; the regulation of chaperones, G proteins, cytoskeletal proteins, autophagy, 

gluconeogenesis, peptide transport, meiosis, circadian rhythms, fat metabolism, cell 

migration, adaptive and innate immunity (including inflammation), the cardiovascular 

system, neurogenesis, and spermatogenesis; and plant defenses against pathogens, plant cell 

differentiation, the sensing of oxygen and NO, and many other processes in plants (refs 2, 

18, 21–28, 30–37, 39, 42–51, 53, 56, and 63–67 and references therein).

To keep notations uniform, human (Homo sapiens, hs) genetic terms (all-uppercase letters) 

are used throughout the paper to denote genes and proteins, including those of mouse (Mus 
musculus, mm) and yeast (Saccharomyces cerevisiae, sc). scUBR1 encodes the 225 kDa 

RING-type E3, the sole N-recognin of the S. cerevisiae Arg/N-degron pathway. Unmodified 

N-terminal Arg, Lys, His, Leu, Phe, Tyr, Trp, Ile, and Met (if Nt-Met is followed by a bulky 

hydrophobic residue) are “primary” destabilizing Nt-residues in that they can be bound by 

the type 1 and type 2 sites of scUBR1.2,24,33,68,69 In contrast, Nt-Asp and Nt-Glu are 

destabilizing because of their Nt-arginylation by scATE1 arginyltransferase (R-transferase).
70 The resulting Nt-conjugated Arg can be bound by scUBR1. Nt-Asn and Nt-Gln are 

destabilizing because scNTA1 Nt-amidase converts them to Nt-arginylatable Nt-Asp and Nt-

Glu (Figure S1G).52,71

In contrast to S. cerevisiae, the Arg/N-degron pathway of mammals and other animals is 

mediated by at least four E3 N-recognins: the 200 kDa UBR1 and UBR2, the 570 kDa 

UBR4 (p600, BIG), and the 300 kDa UBR5 (EDD1, HYD) (Figure 1).43,59,60,72–74 Another 

N-recognin of the mammalian Arg/N-degron pathway is p62, an autophagy-regulating 

protein distinct from E3 Ub ligases.6,46 hsUBR1 and hsUBR2 E3s are sequelogous (similar 

in sequence75)a to each other and to S. cerevisiae scUBR1. In contrast, sequelogies 

(sequence similarities75)a between, e.g., hsUBR1/hsUBR2 and hsUBR4 or hsUBR5 are 

a“Sequelog” denotes a sequence that is similar, to a specified extent, to another sequence.75 Derivatives of “sequelog” include 
“sequelogy” (sequence similarity) and “sequelogous” (similar in sequence). The usefulness of “sequelog” and derivative notations 
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confined largely to their ∼80-residue UBR domains, which recognize the N-terminal Arg, 

Lys, or His residues.2,68,69 In contrast to the dual specificity of the S. cerevisiae Asn/Gln/Nt-

amidase scNTA1, animals and plants contain two Nt-amidases, the Nt-Asn-specific NTAN1 

and the Nt-Gln-specific NTAQ1.51,66,76,77

At least in multicellular eukaryotes, Nt-arginylation encompasses not only Nt-Asp and Nt-

Glu but also Nt-Cys, after its oxygen/NO-dependent oxidation to Nt-arginylatable Nt-Cys-

sulfinate or Nt-Cys-sulfonate (Figure 1). Consequently, the Arg/N-degron pathway functions 

as a sensor of oxygen/NO in animals and plants, through the conditional, arginylation-

dependent degradation of transcription factors and other regulators that bear the Nt-Cys 

residue.22,29,47,78,79 Five enzymes of the mammalian Arg/N-degron pathway (UBR1 or 

UBR2 E3, UBE2A or UBE2B E2, the R-transferase ATE1, the Asn/Nt-amidase NTAN1, 

and the Gln/Nt-amidase NTAQ1) form a targeting complex56 (Figure 1). An analogous 

targeting complex mediates the S. cerevisiae Arg/N-degron pathway.56

Homozygous inactivation of the human hsUBR1 gene [with retention of other Arg/N-

recognins (Figure 1)] causes Johanson-Blizzard syndrome (JBS). Its symptoms include 

exocrine pancreatic insufficiency and inflammation, anatomical malformations, mental 

retardation, and deafness.2,80–82 mmUBR1−/− mice have a milder version of JBS.80 

Phenotypes of mmUBR2−/− mice include infertility of males, owing to apoptosis of 

mmUBR2−/− spermatocytes.2,74 Mouse (or human) UBR1 and UBR2 E3s are 47% identical; 

their functions partly overlap.2,24,26 In contrast to the viability of mmUBR1−/− and 

mmUBR2−/− mouse strains, mice that lack both mmUBR1 and mmUBR2 die as 

midgestation embryos, with neural and cardiovascular defects.83

In the study presented here, we used the cre-lox technique84 to ask whether it is possible to 

generate viable adult [mmUBR1−/− mmUBR2−/−] mice, despite the 100% embryonic 

lethality of the [mmUBR1−/− mmUBR2−/−] genotype.83 As described below, the answer is 

yes, with telling qualifications, including the nearly 50% lethality of the adult-onset double-

mutant genotype. We also used, here, the CRISPR-Cas9 method85–87 to construct 

[hsUBR1−/− hsUBR2−/−] human HEK293T cell lines that lack both hsUBR1 and hsUBR2.

ATF3 is a basic leucine zipper (bZIP) transcription factor (TF) that regulates hundreds of 

genes (including its own gene) and can act as either a repressor or an activator of 

transcription.88–97 Using the double-mutant mice and human cells described above, we 

found, here, that the levels of endogenous, untagged ATF3 were significantly higher in both 

of these [UBR1−/− UBR2−/−] settings than in wild-type cells. In some double-mutant mice, 

the upregulation of ATF3 was strikingly high. Furthermore, chase-degradation assays with 

[UBR1−/− UBR2−/−] and wild-type human cell lines showed that the Arg/N-degron pathway 

mediates a large fraction of ATF3 degradation. To the best of our knowledge, ATF3 is the 

first physiological substrate of the mammalian Arg/N-degron pathway that is targeted for 

stems from the rigor and clarity of their evolutionary neutrality. By contrast, in settings that use “homolog”, “ortholog”, and “paralog” 
(they denote common descent and functional similarity and dissimilarity, respectively), these terms are often interpretation-laden and 
imprecise. Homologue, ortholog, and paralog are compatible with the sequelog terminology. The former terms can be used to convey 
understanding about common descent and biological functions if this additional information, distinct from sequelogy per se, is actually 
present.75
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degradation through an internal (remaining to be mapped) degron, as distinguished from an 

Arg/N-degron.

Another line of inquiry in this study involved the S. cerevisiae-based split-ubiquitin98,99 and 

E. coli-based BACTH (bacterial two-hybrid)100 protein interaction assays. We found that 

human (and mouse) ATF3 physically interacts with UBR1 and UBR2, in agreement with the 

UBR1/UBR2-mediated degradation of endogenous ATF3. The full-length 24 kDa ATF3 

binds to ∼100 kDa fragments of 200 kDa UBR1 and UBR2 but does not bind (in the setting 

of interaction assays) to full-length UBR1 and UBR2. These and other ATF3 binding 

patterns, whose mechanics remain to be understood, may signify a conditional (regulated) 

degradation of ATF3 by the Arg/N-degron pathway.

MATERIALS AND METHODS

Antibodies and Other Reagents.

The following primary antibodies were used for immunoblotting (IB): anti-flag M2 mouse 

monoclonal antibody (Sigma, F1804), anti-ha rabbit polyclonal antibody (Sigma, H6908), 

anti-ATF3 rabbit polyclonal antibody (Santa Cruz, SC-188), anti-GAPDH 6C5 mouse 

monoclonal antibody to human/mouse glyceraldehyde-3-phosphate dehydrogenase (Santa 

Cruz, SC-32233), anti-hsUBR1 A-5 mouse monoclonal antibody (Santa Cruz, SC-515753), 

and anti-hsUBR2 rabbit polyclonal antibody (Bethyl, A305-416-A). Anti-hsUBR1 and anti-

hsUBR2 also recognized mmUBR1 and mmUBR2, respectively. Secondary antibodies for 

IB were the goat anti-mouse IRDye 800CW conjugate (Li-Cor, C60405-05), the goat anti-

mouse HRP conjugate (Bio-Rad, 1706516), and the goat anti-rabbit HRP conjugate (Bio-

Rad, 1706515). Protein bands on IB membranes were detected and quantified using an 

Odyssey-9120 instrument (Li-Cor, Lincoln, NE) for near-infrared signals, or by 

chemilumenescence, using Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare, RPN2232).

Human cells lines were grown in DMEM containing also 4.5 g/L glucose, L-glutamine, and 

sodium pyruvate (Corning, 10-013-CV). Growth media were supplemented with GlutaMAX 

(Gibco, 35050061) and penicillin-streptomycin (Genesee Scientific, 25-512). For 

propagation of cell cultures, cell monolayers were treated with trypsin-EDTA (VWR, 

0154-0100). Transfections were carried out using GeneJuice Transfection Reagent (Sigma, 

70967) and the manufacturer’s protocol. “Complete protease inhibitor cocktail” (Roche, 

11697498001) was added to lysis buffers for the preparation of cell extracts. SDS–PAGE 

was carried out using 8%, 10%, 12%, or 4–12% NuPAGE Bis-Tris Gels (ThermoFisher). 

Other reagents were phenylmethanesulfonyl fluoride (PMSF) (Sigma, P7626), DNase I 

(Roche, 11284932001), glutathione-Sepharose-4B (GE Healthcare, 17075601), zirconia/

silica beads (0.5 mm) (Biospec, 11079105Z), and restriction endonucleases, T4 DNA ligase, 

and Q5 DNA polymerase (New England Biolabs).

Animal Care and Treatments.

All animal care and procedures in this study were conducted according to relevant National 

Institutes of Health (NIH) guidelines and were approved by the Institutional Animal Care 
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and Use Committee (Protocol 1328), the Office of Laboratory Animal Research (OLAR) at 

the California Institute of Technology, where the study was carried out. Mice were housed at 

22–24 °C and 30–70% humidity in a pathogen-free (barrier) facility at 22 °C, using a 13 h 

light/11 h dark cycle and PicoLab Rodent Diet 20 (LabDiet, 5053), ad libitum. Mice aged 

between 3 and 8 weeks were treated with tamoxifen (TM) (Sigma, T5648) by daily 

intraperitoneal injections (2 mg in 0.2 mL of sesame oil) over 5 days. Both injections with 

TM and post-TM work with these mice were carried out in conventional (nonbarrier) 

facilities. Mice were weighed weekly, starting 3 days before the first TM treatment.

Construction of [CaggCreERtm; mmUBR1−/− mmUBR2flox/flox] and [mmUBR1−/− 

mmUBR2flox/flox] Mouse Strains.

Gt(ROSA)26Sortm1(FLP1)Dym mice (expressing Flp recombinase) were obtained from 

Jackson Laboratory (Bar Harbor, ME). Another mouse strain, mmUBR2tm1a(KOMP)Mbp/+, 

was produced by us, using standard techniques,101,102 from a clone of embryonic stem (ES) 

cells that was generated by the NIH-supported Knockout Mouse Project (KOMP) and was 

obtained from the KOMP Repository (www.komp.org). In mmUBR2tm1a(KOMP)Mbp/+ mice, 

one copy of mmUBR2 was disrupted, downstream from exon 3, by insertion of the frt-
En2SA-PIRES-LacZ-pA-loxP-PhBact-Neo-pA-frt-loxP-exon 4-exon 5-loxP segment that 

contained, among other genetic elements, two frt sites (recognized by Flp recombinase) and 

three loxP sites (recognized by Cre recombinase) (Figure S2).

Heterozygous matings of mmUBR2tm1a(KOMP)Mbp/+ and Gt-(ROSA)26Sortm1(FLP1)Dym 

mice led to the Flp-mediated excision of LacZ-Neo DNA between exons 3 and 4 of the 

mmUBR2 gene (Figure S2). The excision was verified using genomic DNA, oligonucleotide 

primers TV228 and TV229 (Table S2), and PCR, which yielded a 412 bp amplified DNA 

fragment that signified excision versus a predicted 7316 bp fragment before excision (Figure 

S3). Heterozygous matings of the resulting mmUBR2+/flox mouse strains produced 

mmUBR2flox/flox mice, in which both copies of mmUBR2 were “floxed” (containing loxP 
sites flanking exons 4 and 5) (Figure 2A,B and Figure S2).

Conditional double-mutant (2-KO) [CaggCreER; mmUBR1−/− mmUBR2flox/flox] mice were 

generated through a series of heterozygous matings of mmUBR1−/− mice,73 

mmUBR2flox/flox mice [created in this study (Figures S2 and S3)], and CaggCreER mice.103 

The latter mouse strain expressed a conditional (activatable by TM) Cre recombinase from 

the ubiquitously active chimeric PCagg promoter.103 An otherwise identical (and similarly 

produced) control strain, [mmUBR1−/− mmUBR2flox/flox], contained mmUBR2flox/flox but 

lacked the CreER recombinase.

[CaggCreERtm; mmUBR1−/− mmUBR2flox/flox] mice that were aged between 4 and 16 

weeks (and control [mmUBR1−/− mmUBR2flox/flox] mice, as well) were treated by daily 

intraperitoneal injections, over 5 days, of TM [Sigma, T5648; 0.2 mL injections of TM, at 

10 mg/mL in sesame oil (MP Biomedicals)]. Cre-mediated excision of the “floxed” DNA 

segment that encompassed exons 4 and 5 (Figure 2A,B and Figure S2) from both copies of 

the mmUBR2 gene was verified using genomic DNA, primers TV227 and TV228 (Table 

S2), and PCR, which yielded a 269 bp DNA fragment that signified the presence of the 
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functionally inactivated mmUBR2− allele versus a 3340 bp fragment in the absence of 

excision of the DNA segment mentioned above (Figure S3).

The excision was further verified using primers TV507 and TV510 (Table S2), cDNA 

produced from RNA that had been isolated from several mouse tissues, and RT-PCR, which 

yielded a 565 bp amplified DNA fragment for the excision-inactivated mmUBR2− allele and 

a 810 bp fragment for the initial mmUBR2flox allele. Figure S4 shows examples of the 

resulting data, for the brain and kidney tissues of a [CaggCreERtm; mmUBR1−/− 

mmUBR2−/−] mouse that was produced upon TM treatment, and for its identically treated 

but Cre-lacking (and mmUBR2flox/flox-retaining) [mmUBR1−/− mmUBR2flox/flox] 

counterpart. TM-induced mmUBR2flox/flox → mmUBR2−/−conversions in examined tissues 

were usually at least 90% complete (Figure S4), were always higher than 60%, and varied, 

within that interval, among specific tissues of a TM-treated mouse and among different TM-

treated mice. Furthermore, and most importantly, we also carried out IBs with anti-UBR2 

and anti-UBR1 antibodies to verify the ablation of the mmUBR2 protein in several tissues of 

[CaggCreERtm; mmUBR1−/− mmUBR2−/−] mice, in addition to the unconditional absence 

of the mmUBR1 protein in these mice (Figure 2D,E).

Mouse Tissue Extracts.

Mouse tissues were processed as previously described.40,41 Briefly, specific tissues were 

lysed in RIPA buffer104 containing “protease inhibitor cocktail” (Roche, 11697498001), 

using an MP FastPrep-24 instrument and Lysing Matrix D (MP Biomedicals), with three 

runs at 6.5 m/s for 20 s each and 5 min incubations on ice between the runs. Extracts were 

centrifuged at 10000g for 10 min at 4 °C. The total protein concentration in supernatants 

was measured by the bicinchoninic acid (BCA) assay (ThermoFisher, 23225). The resulting 

samples [50 μg of total protein in 45 μL of lithium dodecyl sulfate (LDS) sample buffer] 

were heated at 70 °C for 10 min, followed by SDS-PAGE and IB analyses.

Construction of [hsUBR1−/− hsUBR2−/−] Human HEK29T Cell Lines.

Double-mutant [hsUBR1−/− hsUBR2−/−] HEK29T cell lines were constructed through 

sequential knockouts, using the CRISPR-Cas9 technique.85–87 Plasmid PX459 

[pSpCas9(BB)-2A-Puro V2.0]85 (Table S1) was from Addgene (plasmid 62988; http://

n2t.net/addgene:62988; RRID: Addgene, 62988). Guide sequences targeting hsUBR1 and 

hsUBR2 at their exon 5 regions were cloned into PX459 using oligonucleotides TV766–

TV769 (Table S2). The human HEK293T cell line105 (American Type Culture Collection, 

https://www.atcc.org/products/all/crl-3216.aspx) was transfected, using GeneJuice (Sigma, 

70967), with pTV463 (Table S1), which targeted exon 5 of hsUBR2, and transformants were 

selected with puromycin at 1 μg/mL (Sigma, P8833) for 1 day. Surviving cells were 

transfected with pTV462 (Table S1), which targeted exon 5 of hsUBR1, and transformants 

were again selected with puromycin at 1 μg/mL for 1 day. Monoclonal cell populations were 

obtained, then, through limiting dilution into 96-well plates at a density of ∼0.5 cell/well. 

The resulting cell clones were expanded and assayed for hsUBR1 and hsUBR2 using IBs 

with anti-hsUBR1 and anti-hsUBR2 antibodies (Figure 3A,B).
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Chase-Degradation Assays.

They were carried out largely as previously described.40,106 Briefly, wild-type and mutant 

HEK293T cells were seeded at a density of 400000 cells/well in six-well plates in a DMEM-

based medium described above and grown at 37 °C. For degradation assays that involved 

transient transfections, seeded cells were transfected, a day after, with 0.2 μg of indicated 

plasmids per plate, followed by overnight incubation. For degradation assays involving 

endogenous untagged proteins, cells were grown for 2 days. Thereafter, cell monolayers 

were gently washed with phosphate-buffered saline (PBS) at 37 °C, followed by addition of 

fresh DMEM-based medium at 37 °C. At that point, cells in “zero-time” plates were 

removed and processed as described below. At the same time, cycloheximide (CHX) 

(Sigma, C7698) was added to other wells (to a final concentration of 0.25 mg/mL), initiating 

the chase. At indicated times, cells in individual wells were briefly and gently washed with 

ice-cold PBS, harvested into 1.5 mL tubes, and pelleted by centrifugation at 10000g for 1 

min. Cells were then lysed by sonicating a suspension for 10 s in 0.2 mL of RIPA buffer104 

containing “protease inhibitor cocktail” (Roche, 11697498001), using a microtip (Branson 

sonicator, 101-148-062) at 10% duty cycle and output 2, followed by centrifugation at 

10000g for 10 min. The total protein concentration in supernatants was measured by the 

bicinchoninic acid (BCA) assay (ThermoFisher, 23225). The resulting samples (30 μg of 

total protein in 45 μL of LDS sample buffer) were heated at 70 °C for 10 min, followed by 

SDS–PAGE and IB assays. Protein degradation in these assays was quantified using ImageJ.
107 Briefly, ImageJ quantified the brightness of specific IB-detected protein bands versus the 

background brightness.

Immunoblotting.

IB analyses were carried out largely as described previously.40,44,104,106 Briefly, following 

SDS–PAGE, fractionated proteins in a polyacrylamide gel were electroblotted onto a 

nitrocellulose or PVDF membrane using iBlot (Invitrogen, 25-0912; Program 3; 7 min 

transfer for regular detection or 8 min transfer for detection of high-molecular mass 

proteins). Membranes with electroblotted proteins were blocked104 and thereafter incubated 

with a relevant primary antibody, followed by either LI-COR IRDye-conjugated secondary 

antibodies or HRP-conjugated secondary antibodies. Protein bands were detected and 

quantified using an Odyssey-9120 instrument and its software, or using chemilumenescence 

and ImageJ.107

Quantitative Reverse Transcription PCR (RT-qPCR).

RT-qPCR was carried out as described previously.108 Briefly, samples of a mouse tissue or 

cells grown in culture were lysed using QIAshredder (Qiagen, 79654), and RNA was 

purified using the RNeasy Mini Kit (Qiagen, 74104), with an additional treatment by 

RNase-Free DNase (Qiagen, 79254) to preclude DNA contamination. RNA integrity and 

purity were assessed in part by spectrophotometric measurements (with A260/A280 > 1.8, 

and A260/A230 > 1.5), using NanoPhotometer (Implen), and also by agarose gel 

electrophoresis. Reverse transcription, to synthesize cDNA, was carried at 42 °C for 1 h in a 

20 μL reaction sample containing RNA (25 ng/μL), 400 units of M-MulV reverse 

transcriptase (Lucigen, 97065-184), 20 units of RNase Inhibitor (Lucigen, 97065-224), 6 μM 

Vu and Varshavsky Page 8

Biochemistry. Author manuscript; available in PMC 2020 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Random Primer Mix (NEB, S1330S), and 2 mM Deoxynucleotide (dNTP) Solution Mix 

(NEB, N00447S). cDNA synthesis was terminated by heating samples at 85 °C for 1 min. 

qPCR was carried out with 0.5 ng/μL cDNA, 1× SYBR Green I-based qPCR Master Mix 

(Bioland, QP01), and 250 nM mmUBR2 cDNA-specific oligonucleotides, TV282 (5′-
TTTCCCTACCAACCAACCTC-3′) and TV283 (5′-AGCTTATCGCTCCTCTCTCG-3′), in 

a 20 μL reaction sample using Mastercycler RealPlex2 (Eppendorf) and the following qPCR 

program: one cycle at 95 °C for 10 min, 45 cycles at 95 °C for 15 s and at 60 °C for 30 s, 

and one cycle at 95 °C for 15 s and at 60 °C for 15 s. PCR products were then subjected to 

increases in temperature from 60 to 95 °C at a rate of 1.75 °C/min and thereafter incubated 

at 95 °C for 15 s (for melting-curve analyses). All RT-qPCR assays were carried out at least 

in duplicate. Analyses of relative levels of gene expression were carried out using the 2-Δ/

ΔCt method for a gene of interest versus the GAPDH gene, as previously described.109,110

Yeast Strains, Media, and Genetic Techniques.

S. cerevisiae media included YPD (1% yeast extract, 2% peptone, and 2% glucose; only 

most relevant components are cited), SD medium (0.17% yeast nitrogen base, 0.5% 

ammonium sulfate, and 2% glucose), and synthetic complete (SC) medium (0.17% yeast 

nitrogen base, 0.5% ammonium sulfate, and 2% glucose) with a drop-out mixture of 

compounds required by specific auxotrophic strains. S. cerevisiae strains used in this work 

are cited in the next section. Standard techniques were used for the construction of yeast 

strains and transformation by DNA.104,111

Split-Ubiquitin Binding Assay.

The assay’s concept98,99 is described in Results. A version of the split-Ub assay was carried 

out in S. cerevisiae largely as described previously.44,112 S. cerevisiae NMY51 (MATa trp1 
leu2 his3 ade2 LYS2::lexA-HIS3 ade2::lexA-ADE2 URA3::lexA-lacZ) (Dualsystems 

Biotech AG, Schlieren, Switzerland) was cotransformed with split-Ub-based bait and prey 

plasmids (Table S1) using the lithium acetate method.111 Transformants were selected for 

the presence of both bait and prey plasmids during ∼3 days of growth at 30 °C on SC(−Trp, 

−Leu) medium (minimal medium containing 2% glucose, 0.67% yeast nitrogen base, 2% 

bacto-agar, and a complete amino acid mixture that lacked Leu and Trp). Single colonies of 

the resulting cotransformants were grown in SC(-Trp, -Leu) liquid medium to an A600 of 

∼1.0, a near-stationary phase. The cultures were thereafter serially diluted by 3-fold, and 10 

μL samples of cell suspensions were spotted onto either double-dropout SC(-Trp, -Leu), 

triple-dropout SC(-Trp, -Leu, -His), or quadruple-dropout SC(-Trp, -Leu, -His, -Ade) plates, 

which were incubated at 30 °C for 2–4 days.

Bacterial Adenylate Cyclase-Based (BACTH) Protein Binding Assay.

BACTH was carried out as previously described,100 using E. coli strain BTH101 that lacked 

the CyaA adenylate cyclase [F−, cya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, 
mcrA1, mcrB1]. Briefly, the ORFs encoding the Nt-fragment of mmUBR1 
(mmUBR11–1032), the Nt-fragment of mmUBR2 (mmUBR21–1041), and the full-length 24 

kDa mmATF3 (see Results) were cloned into the pKT25 and pUT18 plasmids, yielding 

fusions of mmUBR1/2 fragments with the T25 Nt-fragment of the Bordetella pertussis 
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CyaA cyclase and fusions of mmATF3 with the cyclase’s T18 Ct-fragment. The resulting 

bait and prey plasmids were cotransformed into BTH101 E. coli,108 followed by selection 

for growth at 30 °C on plates containing 4% MacConkey Agar (Difco, 212123), 1% maltose 

(Difco, 216830), 50 μg/mL ampicillin (VWR, 0039), and 25 μg/mL kanamycin (VWR, 

0408). Single colonies of the resulting cotransformants were grown to an A600 of ∼1.0 (a 

near-stationary phase) in LB liquid media containing 2 mM IPTG (VWR, 97063–282), 50 

μg/mL ampicillin, and 25 μg/mL kanamycin. The resulting cultures were serially diluted by 

2-fold, and 10 μL samples of cell suspensions were spotted onto M63/maltose plates 

containing 1× M63 minimal medium at pH 7.0 [76 mM ammonium sulfate, 0.5 M 

monopotassium phosphate, 9 μM iron(II) sulfate heptahydrate, 1.5% agar, 0.2% maltose, and 

2 mM IPTG]. Plates were incubated at 30 °C for 2–7 days.

RESULTS

Construction of “Floxed” [CaggCreERtm; mmUBR1−/− mmUBR2flox/flox] Mouse Strains.

Previous studies by this laboratory produced and characterized single-mutant null 

mmNTAN1−/−, mmNTAQ1−/−, mmATE1−/−, mmUBR1−/−, and mmUBR2−/− mouse strains 

that lacked specific components of the Arg/N-degron pathway41,64,66,73,74,113 (Figure 1). 

mmUBR1−/− mice, which retain all other Arg/N-recognins and thus a significant fraction of 

the pathway’s activity, are counterparts of hsUBR1−/− humans with JBS (see the 

introduction).80–82 mmUBR1−/− mice have a milder version of human JBS. Other abnormal 

phenotypes of mmUBR1−/− mice include a perturbed regulation of fatty acid synthase in the 

skeletal muscle during starvation.73

The 200 kDa mmUBR1 and 200 kDa mmUBR2 E3s are expressed in all or most mouse 

tissues, and their sequences are 47% identical.2,72 One phenotype of adult mmUBR2−/− 

mice in the 129/B6 strain background is infertility of males, owing to the near absence of 

synaptonemal complexes and apoptosis of mmUBR2−/− spermatocytes.74 Embryonic 

fibroblasts (EFs) derived from mmUBR2−/− mice exhibit genomic instability.114 In contrast 

to the viability of mmUBR1−/− and mmUBR2−/− mice, double-mutant [mmUBR1−/− 

mmUBR2−/−] mice die as midgestation embryos, with severe neural and cardiovascular 

defects.73,74,83 We asked whether it might be possible to generate viable adult [mmUBR1−/− 

mmUBR2−/−] mice, despite the 100% embryonic lethality of the [mmUBR1−/− 

mmUBR2−/−] genotype.

To produce, conditionally, a [mmUBR1−/− mmUBR2−/−] mouse strain, we used the 

previously generated mmUBR1−/− mice73 (C57BL/6N strain background), and also 

Gt(ROSA)-26Sortm1(FLP1)Dym, mmUBR2tm1a(KOMP)Mbp/+, and CaggCreERtm mouse strains 

(Figure 2A,B and Figures S2–S4). Our aim was to produce a double mutant [mmUBR1−/− 

mmUBR2flox/flox] strain that was poised to convert both copies of the mmUBR2flox gene 

(which encoded the wild-type mmUBR2 protein) into their inactive counterparts through a 

conditional expression of Cre recombinase. Active Cre would excise an essential mmUBR2 
genomic DNA fragment (Figure 2A,B and Figure S2). Using procedures described in 

Materials and Methods, we constructed, initially, a homozygous mmUBR2flox/flox mouse 

strain, in which both copies of mmUBR2 had two inserted Cre-recognized loxP sites that 

flanked exons 4 and 5 (Figures S2–S4).
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In the next step, we produced conditional [CaggCreER; mmUBR1−/− mmUBR2flox/flox] 

mice, using a series of heterozygous matings among mmUBR1−/− mice,73 mmUBR2flox/flox 

mice, and CaggCreER mice.103 The latter mouse strain contained the CaggCreER gene, 

expressed from the ubiquitously active chimeric Pcagg promoter.103 CaggCreER encodes 

CreER, a fusion between Cre and the mouse estrogen receptor ligand-binding domain that 

can interact with tamoxifen (TM), a synthetic estrogen-like compound that binds to CreER. 

When CreER is expressed in a mouse, it is inactive as a Cre recombinase but can be 

activated by injecting mice intraperitoneally with TM.103

A control strain was [mmUBR1−/− mmUBR2flox/flox], which contained both copies of 

mmUBR2 as mmUBR2flox but lacked the CreER recombinase. The functional intactness of 

the mmUBR2flox allele was inferred from the fact that both [CaggCreER; mmUBR1−/− 

mmUBR2flox/flox] and [mmUBR1−/− mmUBR2flox/flox] mice survived embryogenesis at 

frequencies indistinguishable from those for parental mmUBR1−/− mice, and that the 

resulting adult “floxed” mice were phenotypically similar to single-mutant mmUBR1−/− 

mice. In addition, tissues of these mice contained mmUBR2 E3, as determined by IB (Figure 

2D).

In summary, [CaggCreER; mmUBR1−/− mmUBR2flox/flox], the desired conditional mouse 

strain, unconditionally lacked mmUBR1 and contained apparently normal levels of 

mmUBR2 (Figure 2D,E). Injections of TM into adult (∼2 months old) [CaggCreER; 

mmUBR1−/− mmUBR2flox/flox] mice activated Cre, which inactivated both copies of 

mmUBR2flox in these mice, yielding the [CaggCreER; mmUBR1−/− mmUBR2−/−] genotype 

(Figure 2D,E and Figures S2–S4).

Death of ∼40% of [CaggCreERtm; mmUBR1−/− mmUBR2−/−] Mice within a Month from 
Induction of the Double-Mutant Genotype.

In [mmUBR1−/− mmUBR2flox/flox] control mice, which lacked Cre recombinase, the 

mmUBR2flox allele would not be inactivated by TM (Figure S2). As expected, a 5-day 

regimen of intraperitoneal TM injections was reproducibly (without exceptions) nonlethal to 

[mmUBR1−/− mmUBR2flox/flox] mice over subsequent weeks (Figure 2C, left panel, red 

rectangles). In striking contrast, the same TM injection regimen (carried out, so far, with 33 

[CaggCreER; mmUBR1−/− mmUBR2−/−] mice) resulted in the death of 4 (∼12%), 6 

(∼18%), 3 (∼9%), and 1 (∼3%) of these adult mice during the first, second, third, and fourth 

weeks, respectively, counting from the beginning of the 5-day TM injection period (Figure 

2C). The remainder (∼58%) of this 33-mouse cohort survived for significantly more than 30 

days from the start of injections (Figure 2C, right panel), with some of them surviving for at 

least 300 days.

Given the uniformly nonlethal TM injection results with the control (Cre-lacking) 

[mmUBR1−/− mmUBR2flox/flox] strain, it was the onset of the [CaggCreER; mmUBR1−/− 

mmUBR2−/−] genotype (starting from the initial and robustly viable [CaggCreER; 

mmUBR1−/− mmUBR2flox/flox] genotype) that killed, over the first month, ~42% of 

[CaggCreER; mmUBR1−/− mmUBR2−/−] double-mutant mice (Figure 2C). All data, below, 

about [CaggCreER; mmUBR1−/− mmUBR2−/−] mice were obtained with the surviving 

cohort of these mice. We do not know, at present, specific causes of death of tamoxifen-
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induced [CaggCreER; mmUBR1−/− mmUBR2−/−] mice that died within a month of the start 

of the 5-day tamoxifen regimen (Figure 2C).

Mouse strains were produced and maintained at a pathogen-free (barrier) facility (see 

Materials and Methods). However, both TM injections and post-TM work with these mice 

were performed in conventional (nonbarrier) facilities. Thus, one verifiable possibility, 

which can be addressed by carrying out all procedures with [CaggCreER; mmUBR1−/− 

mmUBR2−/−] mice inside a barrier facility, is that the absence of both mmUBR1 and 

mmUBR2 may compromise specific aspects of the immune system (given the emerging 

immunity/inflammation functions of the Arg/N-degron pathway29,67,115) and therefore 

would make newly generated double-mutant mice at least transiently more susceptible to 

infections that would be lethal in these mice but nonlethal in single-mutant mmUBR1−/− 

mice.

IB assays for hsUBR1 and hsUBR2 involved SDS–PAGE of extracts from mouse tissues and 

antibodies to the E3s mentioned above. As measured by levels of the hsUBR2 protein, the 

penetrance of cre-lox-mediated inactivation of both copies of mmUBR2flox in TM-treated 

(and surviving) [CaggCreER; mmUBR1−/− mmUBR2−/−] mice was nearly 100% in the lung 

and at least 90% in the brain, thymus, and spleen (Figure 2D). In addition, IBs with the anti-

UBR1 antibody confirmed the absence of mmUBR1 in the unconditional mmUBR1−/− 

background (Figure 2E). In agreement with IB results, RT-PCRs with the brain and kidney 

RNA preparations for RNA derived from the intact (mmUBR2flox) versus exon 4/5-deleted 

(mmUBR2−) alleles (see Materials and Methods) showed nearly undetectable (<5%) levels 

of “flox”-derived mmUBR2 RNA sequences (Figure 2A,B,D and Figures S2–S4).

Unconditional Double-Mutant [hsUBR1−/− hsUBR2−/−] Human HEK293T Cells.

In addition to conditional adult double-mutant [CaggCreERtm; mmUBR1−/− mmUBR2−/−] 

mice (Figure 2 and Figures S2–S4), we used the CRISPR-Cas9 technique85–87 to construct, 

sequentially (at first hsUBR2−/− cells and thereafter [hsUBR1−/− hsUBR2−/−] cells), double-

mutant human HEK293T cell lines that lacked both hsUBR1 and hsUBR2 E3s (Figure 

3A,B; see Materials and Methods). The absence of both hsUBR1 and hsUBR2 E3s in two 

independently produced [hsUBR1−/− hsUBR2−/−] HEK293T cell lines was verified by IBs 

with antibodies to these E3s (Figure 3A,B). [hsUBR1−/− hsUBR2−/−] HEK293T cells did 

not seem to differ significantly from parental HEK293T cells in either light-microscopic 

appearance or growth rates.

The mammalian Arg/N-degron pathway is mediated by at least four E3s: UBR1, UBR2, 

UBR4, and UBR5 (Figure 1 and the introduction). In previously characterized cell culture 

settings, UBR1 and UBR2 appeared to mediate the bulk of degradation of model substrates 

bearing Arg/N-degrons.2,24 To address this question with [hsUBR1−/− hsUBR2−/−] 

HEK293T cells, we used plasmids that expressed, from the PCMV promoter, a set of 

previously constructed C-terminally flag-tagged X-RGS4f proteins.116 In these 25 kDa 

proteins, X was either Arg, a destabilizing Nt-residue, or Val, an Nt-residue that is not 

recognized as destabilizing (Figure 1). To produce, in vivo, X-RGS4f proteins bearing a 

desired Nt-X residue, they were expressed as constructs of the Ub reference technique 

(URT), a variant of the Ub fusion technique.22,116,117
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Cycloheximide (CHX) chase-degradation assays,40,106 with chases for 0, 2, and 4 h, used 

wild-type versus [hsUBR1−/− hsUBR2−/−] HEK293T cells that had been transiently 

transfected with plasmids expressing X-RGS4f proteins (X = Arg or Val) (Figure 3C). 

Extracts of these cells were fractionated by SDS–PAGE, followed by IBs with anti-flag to 

detect X-RGS4f, and with an antibody to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) (as well as Coomassie staining of total protein patterns) to verify the uniformity 

of protein loads (Figure 3C).

Arg-RGS4f, known to be rapidly degraded by the Arg/N-degron pathway,22,116 was so short-

lived in wild-type HEK293T cells that it could be detected but barely so even at the start of 

the CHX chase (at the level of IB sensitivity in these assays) (Figure 3C, lanes 2–4). In 

contrast, Arg-RGS4f was readily detectable and stable in [hsUBR1−/− hsUBR2−/−] double-

mutant cells (Figure 3C, lanes 2–4; compare with lanes 8–10). However, the otherwise 

identical Val-RGS4f was a long-lived protein in both wild-type and [hsUBR1−/− hsUBR2−/−] 

cells (Figure 3C, lanes 5–7 and 11–13; compare with lanes 2–4). These chase-degradation 

results (Figure 3C) indicated that hsUBR1 and hsUBR2 are the major contributors, in human 

HEK293T cells, to the targeting of protein substrates that bear Arg/N-degrons, as 

distinguished from substrates bearing other degrons recognized by the Arg/N-degron 

pathway (see the introduction).

Increased Levels of the Endogenous, Untagged mmATF3 Transcription Factor in 
[mmUBR1−/− mmUBR2−/−] Mice.

[hsUBR1−/− hsUBR2−/−] human cell lines and [CaggCreER; mmUBR1−/− mmUBR2−/−] 

adult mice that have been generated in this study (Figures 2 and 3 and Figures S2–S4) 

became complementary tools in our work. The data about ATF3 in this section and the 

following sections stem from the use of these tools. We concentrated, initially, on ATF3 in 

preference to other proteins because our split-Ub binding assays have revealed, at early 

stages of this study, a physical binding of ATF3 to UBR1/UBR2 (see below), and also 

because a readily available anti-ATF3 antibody was of uncommonly high quality (see 

Materials and Methods).

Mammalian ATF3 is a 24 kDa bZIP TF. It contains a positively charged DNA-binding 

region next to a leucine zipper coiled coil motif that mediates the formation of a homodimer 

ATF3 or its complexes with other bZIP TFs, other TFs, or non-TF proteins.88–97 ATF3 is a 

member of a family of bZIP TFs that includes the JUN, FOS, ATF/CREB, and JDP 

subfamilies and consists of nearly 60 distinct bZIP-coding genes in a mouse or human.97 

Mammalian ATF3 is induced by many different stresses, controls hundreds of genes, 

regulates its own gene, as well, and can act as either a repressor or an activator of 

transcription.88–96 ATF3 is short-lived in vivo. The MDM2 E3 Ub ligase has been shown to 

mediate a fraction of ATF3 degradation.94 Other E3s that can target ATF3 for degradation 

were unknown until this study.

The levels of endogenous, untagged mmATF3 were assayed by IB in tissues of either 

double-mutant [CaggCreER; mmUBR1−/− mmUBR2−/−] or single-mutant (mmUBR1-

lacking, mmUBR2-containing) [mmUBR1−/− mmUBR2flox/flox] adult mice. We found that 

the level of mmATF3 was reproducibly and significantly increased in (at least) kidneys and 
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thymi of [CaggCreER; mmUBR1−/− mmUBR2−/−] mice, relative to levels of mmATF3 in 

these tissues of [mmUBR1−/− mmUBR2flox/flox] mice (Figure 4A, lane 1, compared to lane 

2, and lane 3, compared to lane 4). A parsimonious interpretation of these results was that 

the increases in the steady-state levels of mmATF3 in tissues of double-mutant mice (Figure 

4A) were caused, at least in part, by metabolic stabilization of mmATF3 in the absence of 

both mmUBR1 and mmUBR2 E3s. This interpretation is in agreement with the results of 

chase-degradation assays in the setting of HEK293T human cells that lack both hsUBR1 and 

hsUBR2 (see below and Figure 4C–E).

Remarkably, in the thymi of two [CaggCreER; mmUBR1−/− mmUBR2−/−] mice (but not in 

four other mice of the double-mutant genotype that had been examined by IB), the 

significant increases in the levels of mmATF3 mentioned above (Figure 4A) were dwarfed 

by strikingly high levels of the mmATF3 protein in these mice (Figure 4B). Specifically, 

those levels of mmATF3, assayed by IB, were so high (vs undetectably low levels of 

mmATF3 in the thymi of control [mmUBR1−/− mmUBR2flox/flox] mice) that the normally 

scarce mmATF3 protein apparently became a significant band in the Coomassie-stained total 

protein pattern (Figure 4B, lanes 1 and 3 vs lanes 2 and 4; see the legend of Figure 4B for 

additional details).

Depending on the nucleotide sequences of specific transcriptional promoters and on 

interactions of ATF3 with itself and other TFs, ATF3 can act as either a repressor or an 

activator of transcription of many genes, including its own.88−96 ATF3 can be upregulated by 

many stresses, including inflammation.89,91,92 Significant (but not runaway) increases in the 

level of mmATF3 were observed in (at least) the kidneys and thymi of all other examined 

mice of the [mmUBR1−/− mmUBR2−/−] genotype (Figure 4A). It is possible that the two 

exceptional cases of double-mutant mice with particularly high levels of the mmATF3 

protein in their thymi (Figure 4B) had occurred when a metabolic stabilization of mmATF3 

in the absence of both mmUBR1 and mmUBR2 Ub ligases was accompanied, in addition, 

by a transcriptional/translational upregulation (mediated by inflammation?) of the mmATF3 

protein that led to a runaway positive feedback. Molecular circuits that underlie this 

phenomenon in the thymus (the only tissue, among examined ones, in which the effect was 

observed) remain to be addressed.

Interestingly, ATF3 apparently represses its own gene,90 making the cases of runaway levels 

of the mmATF3 protein in the thymi of two exceptional double-mutant mice (Figure 4B) 

more difficult to explain and therefore particularly worthy of reproduction and 

understanding. In summary, the hypothesis presented above ascribes strikingly high 

increases in the level of the mmATF3 protein in two [CaggCreERtm; mmUBR1−/− 

mmUBR2−/−] mice (of six examined double-mutant mice) (Figure 4B) to a combination of 

two inputs: (i) the absence, in all mice of the double-mutant genotype, of the mmUBR1 and 

mmUBR2 E3s that normally target mmATF3 for degradation and (ii) a sporadic (in only two 

such mice so far) infection/inflammation process that unleashed a transcription/translation 

positive feedback (apparently confined to the thymus) that increased the level of 

metabolically stabilized mmATF3 protein to strikingly high levels in these thymi (Figure 4B; 

compare to Figure 4A). One approach to verifying this conjecture would be to determine 

mmATF3 levels in [CaggCreER; mmUBR1−/− mmUBR2−/−] mice, in comparison to both 
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[mmUBR1−/− mmUBR2flox/flox] and wild-type mice, under inflammation-inducing 

conditions, for example upon treatments with bacterial lipopolysaccharide (LPS).

Increased Levels of Endogenous hsATF3 in [hsUBR1−/− hsUBR2−/−] Human Cells.

The results of comparing steady-state levels of endogenous, untagged human hsATF3 (its 

amino acid sequence is >95% identical to that of mmATF3) between exponentially growing 

wild-type HEK293T cells and their [hsUBR1−/− hsUBR2−/−] counter-parts were similar to 

findings with [CaggCreER; mmUBR1−/− mmUBR2−/−] double-mutant mice versus 

mmUBR1-lacking, mmUBR2-containing single-mutant mice (Figure 4A,B and Figure S5). 

Specifically, whereas the endogenous hsATF3 was barely detectable in wild-type HEK293T 

cells, its levels, while variable, were always significantly higher in cells lacking both 

hsUBR1 and hsUBR2 E3s, e.g., ∼5-fold higher in the example shown in Figure S5.

The relative level of hsATF3 mRNA (measured by RT-qPCR) in wild-type HEK293T cells 

versus their [hsUBR1−/− hsUBR2−/−] counterparts was 2.1-fold higher in wild-type cells 

(Figure 4F). Thus, a significant increase in the level of the hsATF3 protein in [hsUBR1−/− 

hsUBR2−/−] HEK293T cells took place despite a >2-fold decrease in the level of hsATF3 
mRNA in these cells, in comparison to wild-type HEK293T cells (Figure 4F and Figure S5). 

A decrease in the level of hsATF3 mRNA in cells that overproduce the hsATF3 protein 

(Figure 4F and Figure S5) is in agreement with evidence that ATF3 represses transcription of 

its own gene.90 It remains to be determined whether the observed increase in the level of 

hsATF3 in [hsUBR1−/− hsUBR2−/−] HEK293T cells (Figure 4C–E and Figure S5) stems 

entirely from the metabolic stabilization of hsATF3 in hsUBR1/hsUBR2-lacking cells or 

whether, for example, a translational upregulation of hsATF3 is involved, as well.

hsATF3 as a Short-Lived Substrate of the Arg/N-Degron Pathway.

We also carried out CHX-based chase-degradation assays with the endogenous, untagged 

hsATF3 in [hsUBR1−/− hsUBR2−/−] HEK293T cells versus their wild-type counterparts. 

The rate of degradation of hsATF3 in wild-type HEK293T cells (t1/2 < 1 h) was found to be 

much higher than in [hsUBR1−/− hsUBR2−/−] double-mutant cells (t1/2 ∼ 4 h), thereby 

identifying hsUBR1 and hsUBR2 as functionally overlapping Ub ligases that mediate the 

degradation of hsATF3 (Figure 4C,E).

In addition, chase-degradation assays with endogenous hsATF3 and wild-type versus 

[hsUBR1−/− hsUBR2−/−] HEK292T cells have also revealed a significant “time-zero” effect 

of ablating both hsUBR1 and hsUBR2 (Figure 4C–E). Specifically, the level of hsATF3 in 

wild-type cells at the start of the chase, i.e., the steady-state level of the hsATF3 protein, was 

∼2-fold lower than the analogous time-zero level of hsATF3 in [hsUBR1−/− hsUBR2−/−] 

cells (Figure 4C–E). This effect was qualitatively similar to the results of independent 

steady-state IB analyses described in Figure S5. The increases of the steady-state levels of 

hsATF3 in [hsUBR1−/− hsUBR2−/−] HEK293T cells described above varied between ∼2- 

and ∼5-fold in different experiments. The reason for this variability remains to be 

understood. In summary, the significantly slower degradation of hsATF3 during the chase in 

[hsUBR1−/− hsUBR2−/−] human cells was accompanied, in addition, by a significant 

increase in the time-zero (start of chase) level of hsATF3 in these cells (Figure 4C–E).
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An incomplete in vivo stabilization of hsATF3 in the absence of hsUBR1/hsUBR2 (Figure 

4C–E) was expected, as many TFs contain more than one degron.97,118 In addition, the 

degradation of hsATF3 was previously shown to be mediated, in part, by the hsMDM2 Ub 

ligase.94 Together, our analyses of the endogenous, untagged ATF3 in adult [CaggCreER; 

mmUBR1−/− mmUBR2−/−] mice and in [hsUBR1−/− hsUBR2−/−] HEK293T human cells (in 

the latter case, using chase-degradation assays) indicated that mammalian ATF3 is a short-

lived substrate of the Arg/N-degron pathway (Figure 4). This conclusion is supported, 

independently, by the findings, described below, that human and mouse ATF3 proteins 

specifically interact with fragments of the 200 kDa UBR1 and UBR2 E3 Ub ligases.

Protein Binding Assays.

A majority of TFs are autoactivating in the classic two-hybrid protein interaction assay.119 In 

part for this reason, our analyses of mammalian TFs employed a version of the split-Ub 

technique44,98,99,112 (Figure 5A). In this method, two test proteins are expressed, in S. 
cerevisiae, as fusions to a Ct-half of Ub (CUb) and to its mutant Nt-half (NUb). A mutation in 

the Nt-half of Ub serves to weaken the constitutive binding of NUb to CUb. An interaction 

between test proteins that contain linked Ub halves would reconstitute a quasinative Ub 

moiety from CUb and mutant NUb, causing the in vivo cleavage of a CUb-containing test 

fusion by (constitutively present) deubiquitylases immediately downstream from the 

reconstituted Ub moiety. This cleavage acts, through additional steps, as readout of split-Ub 

assays98,99 (Figure 5A).

Specific readouts, in the S. cerevisiae strain for split-Ub assays (Figure 5A and Materials 

and Methods), comprise, independently, an induction of the scHIS3 gene, the scADE2 gene, 

and the E. coli lacZ gene (Figure 5A). The activity of scHIS3 and scADE2 makes possible 

yeast growth assays on minimal medium plates that lack either histidine (His) or both His 

and adenine (Ade) (Figure 5A). Controls included IBs to examine the in vivo levels of split-

Ub fusions, and also verifying that binding positive fusions were not autoactivating, i.e., that 

none of them were positive in split-Ub assays that contained just one of two fusions. The 

results summarized below passed all of these controls. As described below, this study also 

employed a different, E. coli-based, and mechanistically distinct BACTH protein interaction 

assay120 (Figure S7).

The ATF3 Transcription Factor Binds to the N-Terminal Fragment of UBR1 but Not to Full-
Length UBR1.

In agreement with chase-degradation results, indicating the hsUBR1/hsUBR2-mediated 

degradation of hsATF3 in HEK293T cells (Figure 4C–E), split-Ub protein interaction assays 

revealed the binding of the 123 kDa Nt-fragment of the 200 kDa human hsUBR1 

(hsUBR11–1059) to full-length 24 kDa hsATF3 (Figure 5B, row 2, Figure 5D, row 6, and 

Figure 5E, row 6). Similar split-Ub results were obtained with mouse mmATF3 versus the 

119 kDa Nt-fragment of mouse mmUBR1 (mmUBR11–1032) (Figure S6A,B).

In contrast, hsATF3 did not bind to either full-length hsUBR1 or its 77 kDa Ct-fragment 

(hsUBR11060–1749) (Figure 5B, rows 1 and 3, compared with row 2; Figure 5D, row 5, and 

Figure 5E, row 7). Similar results were obtained with mmATF3 versus mmUBR1 (Figure 
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S6A). The absence of hsATF3 binding to full-length UBR1 was unexpected, given the robust 

binding of, for example, hsATF3 to the hsUBR11–1059 Nt-fragment (Figure 5B, rows 1 and 

3, compared with row 2; Figure 5D, row 5, and Figure 5E, row 7).

The binding of a physiological substrate of UBR1 to its Nt-fragment but not to full-length 

UBR1 has been encountered earlier, in this lab’s studies of the conditional degradation of S. 
cerevisiae CUP9, a homeodomain transcriptional repressor, by the yeast Arg/N-degron 

pathway.61,62,121 Specifically, scCUP9 binds unconditionally to an Nt-fragment of scUBR1 

but would bind to full-length scUBR1 only in the presence of dipeptides bearing 

destabilizing (type 1/type 2) Nt-residues. As shown previously, such peptides can interact 

with the substrate-binding sites of scUBR1, thereby altering its conformation and enabling 

the binding of the scCUP9 repressor.62 The resulting circuit, regulated by short peptides, 

mediates the control of peptide import in yeast.61,62,121,122 Thus far, our binding assays did 

not indicate any influence of short peptides on interactions between hsATF3 and hsUBR1 or 

its fragments.

Our initial attempts to identify a UBR1-binding segment of ATF3 (i.e., to map ATF3 degron) 

by carrying out split-Ub assays with hsUBR11–1059 versus hsATF3 fragments were 

unsuccessful, owing to autoactivation by ATF3 fragments (but not by full-length ATF3). 

Specifically, positive split-Ub readouts were observed with ATF3 fragments in the absence 

of a partner ligand. We are addressing this problem by exploring other protein interaction 

assays. To assess the specificity of UBR1-ATF3 interactions in a different way, split-Ub 

assays were also performed with full-length hsUBR1, its Nt-fragment (hsUBR11–1059), and 

its Ct-fragment (hsUBR11060–1749) versus other, non-ATF3 TFs, specifically hsCREB1 

(another bZIP TF)97 and hsREST (a Krüppel-type zinc finger TF).97 In contrast to results 

with hsATF3 (Figure 5B,C), split-Ub assays did not detect a binding of either hsCREB1 or 

hsREST to any one of the hsUBR1-based proteins mentioned above (Figure 5D,E). Similar 

results (no binding to hsCREB1) were also obtained with hsUBR2 and its fragments versus 

hsCREB1 (Figure S6C).

BACTH, an E. coli-Based Protein Interaction Assay, Detects the Binding of ATF3 to the N-
Terminal Fragment of UBR1.

To verify the discovered interaction between ATF3 and the Nt-fragment of UBR1 by 

changing a binding-detection method, we used the BACTH (“bacterial two-hybrid”) system, 

an in vivo interaction assay that is carried out in E. coli and is based on conditional 

reconstitution of a split bacterial (Bordetella pertussis) CyaA adenylate cyclase that forms 

cAMP from AMP (Figure S7).120 In this assay, a pair of potentially interacting proteins is 

expressed, in E. coli, as fusions to the T25 Nt-part and the T18 Ct-part of CyaA cyclase 

(Figure S7A–C). Interactions between two test proteins that contain the linked T25 and T18 

parts of CyaA would reconstitute the ability of CyaA to produce cAMP. An increase in the 

level of cAMP would trigger cAMP-dependent transcriptional activation of E. coli catabolic 

circuits, including the lac and mal operons. Thus, an interaction between test proteins can be 

detected, for example, through the ability of a BACTH E. coli strain to grow on a minimal 

medium with maltose as the sole carbon source120 (Figure S7A–C).
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The results of BACTH assays (ability to grow on maltose) with mouse mmATF3 versus Nt- 

and Ct-fragments of mmUBR1 and mmUBR2 are shown in Figure S7D. First, both 

mmATF3 alone and mmUBR11–1032 alone are not autoactivating in the BACTH assay 

(Figure S7D, rows 3 and 4). Second, a robust E. coli growth with mmATF3 versus 

mmUBR11–1032 indicates their interaction (Figure S7D, row 1, compared with rows 3 and 

4), in agreement with the results by split-Ub assays (Figure 5B, row 2, Figure 5D, row 6, and 

Figure 5E, row 6). In summary, the binding of human or mouse ATF3 to the Nt-fragment 

mentioned above of human or mouse UBR1 could be detected using both the S. cerevisiae-

based split-Ub assay and the mechanistically distinct E. coli-based BACTH assay.

ATF3 Binds to the C-Terminal Fragment of UBR2 but Not to Full-Length UBR2 or Its N-
Terminal Fragment.

Split-Ub assays were also carried out with hsATF3 versus hsUBR2. The latter is of the same 

size (200 kDa) as hsUBR1, and the sequences of two E3s are 47% identical. Similarly to the 

observed absence of binding of hsATF3 to full-length hsUBR1 (Figure 5B, rows 1 and 3; 

compare with row 2; Figure 5D, row 5, and Figure 5E, row 7), the split-Ub assay detected no 

binding of hsATF3 to full-length hsUBR2 (Figure 5C, row 1). Surprisingly, however, 

hsATF3 also did not bind to the Nt-fragment of hsUBR2 (hsUBR21–1071), in contrast to the 

binding of the same hsATF3 to the Nt-fragment of hsUBR1 (hsUBR11–1059) (Figure 5C, 

row 2, compared with Figure 5A, row 2).

Even more unexpectedly, hsATF3 was found to bind to the Ct-fragment of hsUBR2 

(hsUBR21072–1755) (Figure 5C, row 3, compared with rows 1, 3, and 4). This pattern of 

hsATF3 binding vis-à-vis the Nt- and Ct-fragments of hsUBR2 (it is reproducible among 

independent split-Ub assays) is the “opposite” of that observed with hsUBR1 Nt- and Ct-

fragments. Specifically, hsATF3 binds to the Nt-fragment of hsUBR1 (hsUBR11–1059), but 

not to its Ct-fragment (hsUBR11–1059) (Figure 5B; compare with Figure 5C). The absence of 

binding of hsATF3 to the Nt-fragment of hsUBR2 that was observed using the S. cerevisiae-

based split-Ub assay (Figure 5C, row 2) was reproduced using BACTH, the E. coli-based 

and mechanistically distinct interaction assay (Figure S7B, row 2, compared with row 1).

On the likely assumption that these surprising but robust and reproducible in vivo interaction 

results by split-Ub and BACTH assays (Figure 5B,C and Figure S7) would be confirmed 

through further verifications by other methods, the current set of findings suggests that a 

functional overlap between sequelogous UBR1 and UBR2 is far from complete, in that the 

two Ub ligases may play distinct roles in their (possibly conditional) targeting of ATF3 for 

degradation. A major priority in our ongoing studies of the ATF3-UBR1/UBR2 circuit is to 

map and understand a degron(s) of ATF3 that is recognized by UBR1 and/or UBR2.

DISCUSSION

This paper describes the following main results.

1. We constructed conditionally double-mutant [CaggCreER; mmUBR1−/− 

mmUBR2flox/flox] mouse strains that lacked the mmUBR1 E3 Ub ligase and lost 

another, sequelogous mmUBR2 E3 in adulthood, upon TM-mediated induction 
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of Cre recombinase, thus bypassing the 100% embryonic lethality of the 

unconditional [mmUBR1−/− mmUBR2−/−] genotype (Figure 2). The induced 

[mmUBR1−/− mmUBR2−/−] genotype led to the death of nearly 50% of adult 

[mmUBR1−/− mmUBR2−/−] mice within a month of the genotype’s onset 

(Figure 2C).

2. The CRISPR-Cas9 technique85–87 was used to produce double-mutant 

[hsUBR1−/− hsUBR2−/−] human HEK293T cell lines that lacked both hsUBR1 

and hsUBR2 (Figure 3A,B). A normally short-lived test protein bearing an 

Arg/N-degron became long-lived in [hsUBR1−/− hsUBR2−/−] human cells 

(Figure 3C).

3. The levels of the endogenous, untagged mmATF3 bZIP TF protein in examined 

tissues of mmUBR1/mmUBR2-lacking [CaggCreER; mmUBR1−/− 

mmUBR2−/−] mice were significantly higher than in mmUBR1-lacking single-

mutant mice (Figure 4A). In the thymi of two (of six examined) [CaggCreER; 

mmUBR1−/− mmUBR2−/−] mice, the levels of the normally scarce mmATF3 

protein were strikingly high, indicating a runaway positive feedback (Figure 4B). 

One verifiable possibility is that a major increase in the level of the mmATF3 

protein (Figure 4B) stemmed from both a metabolic stabilization of mmATF3 (in 

the absence of the mmUBR1/mmUBR2 Ub ligases) and a strong upregulation of 

mmATF3 expression that may have been caused by infection and inflammation 

in these double-mutant mice.

4. Chase-degradation assays with the endogenous, untagged hsATF3 in human 

[hsUBR1−/− hsUBR2−/−] HEK293T cells and their wild-type counterparts 

showed that the Arg/N-degron pathway mediates a large fraction of hsATF3 

degradation in wild-type cells (Figure 4C–E). To the best of our knowledge, 

ATF3 is the first physiological substrate of the mammalian Arg/N-degron 

pathway that is targeted for degradation through an internal (remaining to be 

mapped) degron, as distinguished from an Arg/N-degron.

5. Split-Ub interaction assays revealed the binding of the 123 kDa Nt-fragment of 

the 200 kDa human hsUBR1 to full-length 24 kDa hsATF3 (Figure 5B,D,E). In 

contrast, hsATF3 did not bind to either full-length hsUBR1 or its 77 kDa Ct-

fragment (Figure 5B). The binding of hsATF3 to the Nt-fragment of hsUBR1 

was in agreement with the identification of hsATF3 as a short-lived substrate of 

the Arg/N-degron pathway (Figure 4C–E). These findings, obtained through the 

S. cerevisiae-based split-Ub assay (Figure 5), were reproduced using the E. coli-
based and mechanistically distinct BACTH protein interaction assay (Figure S7).

6. Two other human TFs, hsCREB1 and hsREST, did not bind to either hsUBR1, 

hsUBR2, or their examined fragments (Figure 5D,E and Figure S6C), supporting 

the specificity of hsATF3-hsUBR1 interaction.

7. hsUBR1 and hsUBR2 of the Arg/N-degron pathway are both 200 kDa in size and 

highly sequelogous (47% identical), and there is a significant (though not 

complete) functional overlap among these E3s (Figure 1).2,72 Therefore, it was 
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particularly unexpected to find that while hsATF3 interacts with the 123 kDa Nt-

fragment of hsUBR1, the same hsATF3 exhibits an “opposite” binding pattern 

with hsUBR2, in that hsATF3 binds to the 81 kDa Ct-fragment of hsUBR2 

(Figure 5B,C).

Broad spans of mammalian DNA occupied by transcriptional promoters (if their definition 

includes the often remote enhancer and silencer sites); a number of different TF-binding 

sites in a complete promoter; the ∼1600 distinct TFs encoded by the human genome;97 the 

tendency of TFs to form not only homo-oligomers but also hetero-oligomeric complexes 

with other proteins, including other TFs; the functionally relevant shuttling of TFs between 

the nucleus and cytosol; and the conditional degradation of most TFs123–126 make 

transcriptional regulation an uncommonly complex setting, particularly vis-à-vis TFs that 

regulate hundreds of genes.

The ATF3 bZIP TF is a previously studied TF of the latter kind.88–97 It can form a 

homodimer and also heterodimers with other bZIP TFs (of which there are –60 in a mouse 

or human97), and with other proteins, as well. Mammalian ATF3 is induced by many 

different stresses (including infection and inflammation), controls hundreds of functionally 

diverse genes, regulates its own gene, as well, and can act as either a repressor or an 

activator of transcription.88–96 To this complexity of ATF3 roles and functional interactions 

is now added its degradation, as ATF3 is shown, here, to be targeted for destruction by the 

Arg/N-degron pathway (Figure 4C–E) and has also been shown to be targeted by the MDM2 

E3 Ub ligase.94

Rape, Mena, and colleagues recently discovered the first example of dimerization quality 

control.123,124 It involves specific folded domains called BTBs, which are present in TFs and 

other proteins. Although the functionally relevant configuration of a BTB domain is usually 

a homodimer, a BTB domain can also heterodimerize with other BTB domains. It was found 

that while a homodimeric BTB-containing protein does not expose its conditional BTB-

localized degron, such a degron becomes active (exposed) in a heterodimeric (incorrectly 

assembled) protein, leading to its selective degradation.123,124

Homodimeric versus heterodimeric alternatives are also relevant to a number of other 

protein domains, including the leucine zipper domain of ATF3, a bZIP TF. Specific DNA-

binding properties and transcriptional functions of ATF3 depend on whether it acts, in vivo, 

as a homodimer or as a heterodimer with other bZIP TFs or other proteins, including other 

TFs.88–97 One verifiable possibility is that distinct dimeric configurations of ATF3 may have 

different in vivo half-lives, because a degron(s) recognized by UBR1/UBR2 in ATF3 may be 

either active (exposed) or sterically shielded, depending on a particular homodimeric/

heterodimeric state of ATF3 in its complexes with itself or other proteins. One possibility is 

that the observed binding of ATF3 to specific fragments of UBR1 and UBR2 (but not to full-

length UBR1/UBR2) in split-Ub and BACTH interaction assays (Figure 5B,C and Figures 

S6A and S7B) may signify a conditionality of the ATF3 degron vis-à-vis its recognition by 

the Arg/N-degron pathway.

Our recent analyses of in vivo interactions, by the UBR1 and UBR2 E3 Ub ligases, with TFs 

other than ATF3 showed that UBR1/UBR2 can specifically bind to a number of different TF 
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proteins, including TFs of structural classes that are distinct from bZIP. We work to 

determine a set of human TFs that can be recognized and targeted for degradation by UBR1/

UBR2. We also work to map and understand a specific degron(s) of ATF3 that mediates the 

UBR1/UBR2-dependent degradation of ATF3, a process identified in this study.

These results about mammalian bZIP ATF3 and the UBR1/UBR2 E3 Ub ligases (Figures 2–

5) complement the earlier discovery that the Arg/N-degron pathway mediates the 

degradation of S. cerevisiae scCUP9, a homeodomain transcriptional repressor that 

downregulates, in particular, the expression of the transmembrane peptide transporter 

scPTR2. The resulting circuit, which involves the conditional (modulated by short peptides) 

scUBR1-mediated degradation of scCUP9 (a specific TF), controls the import of di/

tripeptides in yeast.61,62,121,122 Mammalian cells contain sequelogs (and thus potential 

functional counterparts) of scCUP9, suggesting that the mammalian Arg/N-degron pathway 

may also regulate the transport of peptides through a conditional degradation of a cognate 

transcriptional repressor(s). Together, the present and earlier advances identify the Arg/N-

degron pathway as a regulator of gene expression. A significant aspect of this regulation in 

mammals includes the UBR1/UBR2-mediated degradation of ATF3 TF, and possibly of 

other TFs, as well.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BACTH bacterial two-hybrid

bZIP basic leucine zipper

CHX cycloheximide

DUB deubiquitylase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

IB immunoblotting

ORF open reading frame

RT-qPCR reverse transcription/quantitative polymerase chain reaction

SDS–PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis
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TM tamoxifen

Ub ubiquitin

UPS ubiquitin–proteasome system

wt wild-type
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Figure 1. 
Mammalian Arg/N-degron pathway.2,24,26 Yellow ovals denote the rest of a protein 

substrate. Nt-residues are denoted by single-letter abbreviations. This pathway targets 

proteins for either proteasome-mediated degradation (via UBR1, UBR2, UBR4, and UBR5 

E3s) or lysosome-mediated degradation (via p62). The cited E3 Ub ligases (N-recognins) of 

the pathway can recognize not only the indicated (destabilizing) Nt-residues but also specific 

non-N-terminal degrons. “Primary”, “secondary”, and “tertiary” refer to mechanistically 

distinct classes of destabilizing Nt-residues. NTAN1 and NTAQ1 are Nt-amidases that 

convert the tertiary destabilizing Nt-Asn and Nt-Gln to Nt-Asp and Nt-Glu, respectively. C* 

denotes oxidized N-terminal Cys, either Cys-sulfinate or Cys-sulfonate, produced in vivo 

through reactions that involve oxygen and nitric oxide. The ATE1 Arg-tRNA-protein 

transferase (arginyltransferase or R-transferase) conjugates Arg, a primary destabilizing 

residue, to Nt-Asp, Nt-Glu, and (oxidized) Nt-Cys. Hemin (Fe3+-heme) inhibits the 

enzymatic activity of R-transferase and accelerates its degradation in vivo. Hemin also binds 

to UBR1/UBR2 E3s and inhibits specific aspects of their activity. Type 1 and type 2 refer to 

two sets of primary destabilizing Nt-residues, basic (Arg, Lys, and His) and bulky 

hydrophobic [Leu, Phe, Trp, Tyr, Ile, and also Met, if the latter is followed by a bulky 

hydrophobic residue (Φ)], respectively. These Nt-residues are recognized by substrate-

binding sites of the pathway’s E3 Ub ligases UBR1, UBR2, UBR4, and UBR5. Another N-

recognin is p62, an autophagy-regulating protein distinct from Ub ligases. p62 can bind, in 

particular, to Nt-arginylated proteins and mediate their targeting for degradation through the 

autophagosome–lysosome pathway. UBR1 and UBR2 E3s are sequelogous to each other and 

to S. cerevisiae UBR1. In contrast, sequelogies between UBR1/UBR2 and UBR4 or UBR5 

are confined largely to their ∼80-residue UBR domains, which recognize the N-terminal 

Arg, Lys, or His residues. Enzymes of the mammalian Arg/N-degron pathway (UBR1 or 

UBR2, UBE2A or UBE2B, the R-transferase ATE1, the Asn/Nt-amidase NTAN1, and the 

Gln/Nt-amidase NTAQ1) form a targeting complex.56 An analogous targeting complex 
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mediates the S. cerevisiae Arg/N-degron pathway. A “generic” targeting complex (red circle 

on the right) is envisioned as a set of analogous complexes, only one of which (containing 

either UBR1 E3 or UBR2 E3) has already been discovered.56 The other (likely to exist but 

remaining to be identified) complexes of this pathway would contain either UBR4 or UBR5 

E3s, together with pathway’s “upstream” enzymes such as R-transferase and Nt-amidases. A 

targeting complex apparently includes the 26S proteasome, as well,56 as shown in the 

diagram. Also indicated, in a targeting complex, is the E1 (Ub-activating) enzyme, a 

transient component of the complex that binds to E2. See the introduction for other details 

and additional references.
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Figure 2. 
Mouse strains lacking both mmUBR1 and mmUBR2 E3 ubiquitin ligases. (A) The 200 kDa 

mmUBR2 and its domains.2,24,26 BRR is the basic residue-rich domain. RING is a Cys-His-

rich domain that is present in a large class of E3 Ub ligases. (B) The first 11 exons (of 48 

exons total) of the mmUBR2 gene, with exons and introns not to scale.72 Inserted 34 bp 

loxP sites, recognized by Cre recombinase, are colored red. “Floxed” exons 4 and 5, which 

are deleted upon activation of Cre by tamoxifen (TM), are colored green. (C) Percentages of 

[CaggCreER; mmUBR1−/− mmUBR2flox/flox] mice (black bars) vs Cre-lacking 

[mmUBR1−/− mmUBR2flox/flox] mice (red bars) that died by the indicated days after five 
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daily injections of TM. On the right, these percentages are summed to tabulate survival of 

these mice more than 30 days after TM injections, with 100% survival of Cre-lacking 

[mmUBR1−/− mmUBR2flox/flox] mice. See also Materials and Methods. (D) Immunoblotting 

(IB) analyses of specific tissues of mice (with the indicated mmUBR1/mmUBR2 
genotypes), using the anti-UBR2 antibody. In UBR2 notations, a plus sign denotes the 

UBR2flox allele. Note undetectable (lanes 3, 4, 8, 12, and 15) or nearly undetectable (lanes 7 

and 11) levels of mmUBR2 in TM-generated [CaggCreERtm; mmUBR1−/− mmUBR2−/−] 

mice, in contrast to readily detectable mmUBR2 in identically treated Cre-lacking 

[mmUBR1−/− mmUBR2flox/flox] mice (lanes 1, 2, 5, 6, 9, 10, and 14). (E) Same as panel D 

but IB with the anti-UBR1 antibody. Note the absence of detectable mmUBR1 in 

unconditionally mmUBR1-lacking mice (lanes 1–3, 5–7, and 9–11) vs its presence in the 

mmUBR1+/− heterozygous genetic background (lanes 4, 8, and 12).

Vu and Varshavsky Page 32

Biochemistry. Author manuscript; available in PMC 2020 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Human HEK293T cell lines lacking both hsUBR1 and hsUBR2 E3s. (A) Sequential, 

CRISPR-based85–87 construction of double-mutant [hsUBR1−/− hsUBR2−/−] human 

HEK293T cell lines (see Materials and Methods). (B) IB analyses of the wild-type (parental) 

HEK293T cell line and two independently produced [hsUBR1−/− hsUBR2−/−] HEK293T 

cell lines [denoted as 2-KO (knockout) (#1) and 2-KO (#2)], using anti-hsUBR1 and anti-

hsUBR2 antibodies. (C) Metabolic stabilization of an Arg/N-degron protein substrate in 2-

KO (#1) HEK293T cells. Lane 1, molecular mass markers, with values in kilodaltons 

indicated on the left. Lanes 2–4, cycloheximide (CHX) chase, for 0, 2, and 4 h, respectively, 

of wild-type HEK293T cells transiently transfected by a plasmid expressing C-terminally 
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flag-tagged Arg-RGS4f (R-RGS4) (see Materials and Methods and Results). Lanes 5–7, 

same as lanes 2–4, respectively, but with Val-RGS4f (V-RGS4), bearing an Nt-residue (Val) 

that is not recognized by the Arg/N-degron pathway (Figure 1). Lanes 8–10, same as lanes 

2–4, respectively, but with 2-KO (#1) double-mutant HEK293T cells. Lanes 11–13, same as 

lanes 5–7, respectively, but with 2-KO (#1) HEK293T cells. The bands of X-RGS4 and 

glyceraldehyde-3-phosphate dehydrogenase (hsGAPDH, a loading control, detected by the 

anti-GAPDH antibody) are indicated on the right.
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Figure 4. 
Increases in the levels of the ATF3 transcription factor in [CaggCreERtm; mmUBR1−/− 

mmUBR2−/−] mice and [hsUBR1−/− hsUBR2−/−] HEK293T human cells, and the 

degradation of hsATF3 by the human Arg/N-degron pathway. (A) Lanes 1 and 2, IB 

comparisons, using the anti-ATF3 antibody, of the levels of mmATF3 in extracts from 

kidneys of a [CaggCreERtm; mmUBR1−/− mmUBR2−/−] mouse (lane 1) and a mmUBR2-

containing [mmUBR1−/− mmUBR2flox/flox] mouse (lane 2) (see Materials and Methods). 

Lanes 3 and 4, same as lanes 1 and 2, respectively, but in extracts from thymi of the same 

mice. Lanes 5–8, same as lanes 1–4, respectively, Coomassie-stained total protein patterns. 
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(B) Lanes 1 and 2, Coomassie-stained total protein patterns of extracts from thymi of 

another (“exceptional”) [CaggCreERtm; mmUBR1−/− mmUBR2−/−] mouse vs a 

[mmUBR1−/− mmUBR2flox/flox] mouse. Lanes 3 and 4, same as lanes 1 and 2, respectively, 

but IB with the anti-ATF3 antibody. The bottom panel shows the corresponding IB-

determined levels of GAPDH. Whereas the level of mmATF3 was undetectably low in the 

thymus of the [mmUBR1−/− mmUBR2flox/flox] mouse (lane 4; similar to results in lane 4 of 

panel A), the level of mmATF3 in the thymus of the exceptional [CaggCreERtm; 

mmUBR1−/− mmUBR2−/−] mouse (lane 3) was so high that the band of mmATF3 may have 

become detectable as a distinct Coomassie-stained band in the total protein pattern (this 

remains to be verified; lane 1, denoted with a question mark on the left). Only two (of six) 

examined [CaggCreERtm; mmUBR1−/− mmUBR2−/−] mice, and only in the thymus, 

exhibited this “runaway” increase in the level of mmATF3, as distinguished from significant 

but much lower increases in the level of mmATF3 in other [CaggCreERtm; mmUBR1−/− 

mmUBR2−/−] mice (panel A, lanes 1 and 3). See Results for additional discussion. (C) 

CHX-based chase-degradation analysis of the endogenous, untagged hsATF3 in wild-type vs 

[hsUBR1−/− hsUBR2−/−] human HEK293T cells. Lanes 1–3, CHX chase with hsATF3 for 0, 

2, and 4 h, respectively, in wild-type HEK293T cells. Lanes 4–6, same as lanes 1–3, 

respectively, but with [hsUBR1−/− hsUBR2−/−] HEK293T cells. (D) Levels of GAPDH 

(loading control) in the same experiment, determined by IB with the anti-GAPDH antibody. 

(E) Quantification (a semilog graph) of the results in panel C. These curves are a direct 

quantification of the patterns in panel C, hence the absence of standard deviations. All 

degradation assays were performed at least twice, yielding results that differed by <10%. (F) 

RT-qPCR analysis of the levels of hsATF3 mRNA in wild-type (wt) HEK293T cells vs 

[hsUBR1−/− hsUBR2−/−] cells (relative to the levels of GAPDH mRNA, a calibration 

control), with the level of hsATF3 mRNA in [hsUBR1−/− hsUBR2−/−] HEK293T cells taken 

as 1.0.
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Figure 5. 
Split-ubiquitin protein interaction assays with human transcription factors ATF3, CREB1, 

and REST vs human UBR1 and UBR2 E3 ubiquitin ligases. (A) Design of split-Ub 

assays44,98,99,112 (see Materials and Methods). (B) Row 1, hsATF3 vs full-length hsUBR1. 

Row 2, hsATF3 vs the Nt-fragment of hsUBR1 (hsUBR11–1059). Row 3, hsATF3 vs the Ct-

fragment of hsUBR1 (hsUBR11060–1749). Row 4, hsATF3 vs the vector alone. (C) Row 1, 

hsATF3 vs full-length hsUBR2. Row 2, hsATF3 vs the Nt-fragment of hsUBR2 

(hsUBR21–1071). Row 3, hsATF3 vs the Ct-fragment of hsUBR2 (hsUBR11072–1755). Row 4, 

hsATF3 vs the vector alone. (D) Row 1, hsCREB1 vs full-length hsUBR1. Row 2, hsCREB1 

vs the Nt-fragment of hsUBR1 (hsUBR11–1059). Row 3, hsCREB1 vs the Ct-fragment of 

hsUBR1 (hsUBR11060–1749). Row 4, hsCREB1 vs the vector alone. Row 5, hsATF3 vs full-

length hsUBR1 (the same as in row 1 of panel A but an independent split-Ub assay). Row 6, 

hsATF3 vs the Nt-fragment of hsUBR1 (hsUBR11–1059) (the same as in row 2 of panel B but 

an independent split-Ub assay). (E) Row 1, hsREST vs full-length hsUBR1. Row 2, hsREST 

vs the Nt-fragment of hsUBR1 (hsUBR11–1059). Row 3, hsREST vs the Ct-fragment of 

hsUBR1 (hsUBR11060–1749). Row 4, hsREST vs the vector alone. Row 5, vectors alone. 

Row 6, hsATF3 vs the Nt-fragment of hsUBR1 (hsUBR11–1059) (the same as in row 2 of 
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panel B but an independent split-Ub assay). Row 7, hsATF3 vs full-length hsUBR1 (the 

same as in row 1 of panel A but an independent split-Ub assay).
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