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ARTICLE INFO ABSTRACT

Keywords: The 20S immunoproteasome (IP) is an interferon(IFN)-y — and tumor necrosis factor (TNF) —inducible variant
20S proteasome of the 20S constitutive proteasome (CP) in which all its peptidolytically active subunits 31, B2, and B5 are
Immunoproteasome replaced by their cytokine inducible homologues B1i (LMP2), 32i (MECL-1), and 5i (LMP7). These subunit
LMP2 replacements alter the cleavage specificity of the proteasome and the spectrum of proteasome-generated peptide
]I:lj\g;a[s ligands of MHC class I molecules. In addition to antigen processing, the IP has recently been shown to serve
FAT10 unique functions in the generation of pro-inflammatory T helper cell subtypes and cytokines as well as in the

pathogenesis of autoimmune diseases, but the mechanistic involvement of the IP in these processes has remained
elusive. In this study we investigated whether the IP differs from the CP in the interaction with two IFN-y/TNF
inducible factors: the 11S proteasome regulator PA28af} and the ubiquitin-like modifier FAT10 (ubiquitin D).
Using thermophoresis, we determined the affinity of PA28af for the CP and IP to be 12.2 nM +/— 2.8 nM and
15.3nM +/— 2.7 nM, respectively, which is virtually identical. Also the activation of the peptidolytic activities
of the IP and CP by PA28af did not differ. For FAT10 we determined the degradation kinetics in cycloheximide
chase experiments in cells expressing almost exclusively IP or CP as well as in IFN-y stimulated and unstimulated
cells and found no differences between the degradation rates. Taken together, we conclude that neither dif-
ferences in the binding strength to, nor activation by PA28af, nor a difference in the rate of FAT10-mediated

degradation can account for distinct functional capabilities of the IP as compared to the CP.

1. Introduction

Pro-inflammatory cytokines like IFN-y and TNF have a major impact
on protein degradation and fragmentation in the context of an immune
response. They lead to a coordinated up-regulation of numerous factors
involved in antigen presentation on MHC class I molecules including
the ubiquitin-like modifier FAT10 (also called ubiquitin D (UBD)), the
three proteolytically active subunits of the immunoproteasome (IP), the
two subunits of the 11S proteasome regulator PA28af, the cytosolic
leucine aminopeptidase, and the ER aminopeptidases ERAP1 and
ERAP2. A pertinent question posed by this joint induction is whether
there is a preferential functional cooperation between these factors.
Centrally involved in generating peptide ligands of MHC class I mole-
cules is the 26S proteasome (Collins and Goldberg, 2017). It consists of
a barrel-shaped core protease, the 20S proteasome, and one or two
copies of the 19S regulator which bears receptors for poly-ubiquitin
chains and FAT10, ubiquitin deconjugating enzymes, and a ring of
ATPases involved in substrate unfolding (Schweitzer et al., 2016). Most

tissues express predominantly the constitutive 20S proteasome (CP)
with its three proteolytically active subunits 1, 32, and 35 bearing the
proteasomal caspase-like, trypsin-like, and chymotrypsin-like activities,
respectively (Kremer et al., 2010; Stohwasser et al., 1997). Upon in-
fection of mice with viruses, bacteria or fungi, the CP is largely replaced
in infected tissues by the IP featuring the peptidolytic subunits p1i
(LMP2), B2i (MECL-1), and fB5i (LMP7) (Khan et al., 2001) (Barton
et al., 2002). These subunit exchanges lead to an enhancement of the
proteasomal chymotrypsin-like and trypsin-like activities and a sup-
pression of the caspase-like activity (Driscoll et al., 1993; Gaczynska
et al., 1993; Groettrup et al., 1995), which enables the generation of
more MHC class I ligands required for enhanced class I cell surface
expression in IFN-y and TNF stimulated tissues (Boes et al., 1994;
Fehling et al., 1994; Tenzer et al., 2004; Toes et al., 2001). Apart from
the marked effect of the IP on antigen processing, which can be pivotal
for the presentation of certain antigenic peptides (Groettrup et al.,
2010), additional functions of the IP have recently been discovered. IPs
were found to be required for the normal production of the pro-
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inflammatory cytokines TNF, IFN-y, IL-6, IL-17, and IL-23 (Koerner
et al., 2017; Muchamuel et al., 2009), for the differentiation of the pro-
inflammatory T helper cell lineages Thl and Th17 (Kalim et al., 2012;
Vachharajani et al., 2017), and for the pathogenesis of several auto-
immune diseases in pre-clinical models like diabetes, rheumatoid ar-
thritis (Muchamuel et al., 2009), inflammatory bowel disease (Basler
et al., 2010; Fitzpatrick et al., 2006; Schmidt et al., 2010), multiple
sclerosis (Basler et al., 2014), systemic lupus erythematosus (Ichikawa
et al., 2012), and Hashimoto’s thyroidits (Nagayama et al., 2012). It is
enigmatic, how the IP is mechanistically involved in these processes,
but one possibility would be a selective binding or functional co-
operation with other, potentially cytokine-inducible factors, which may
lead to an IP-selective partial processing or degradation of substrates.

One candidate for such a factor would be the 11S proteasome reg-
ulator (Dubiel et al., 1992), also designated PA28af (Ma et al., 1992).
PA28af} is a heptameric circular proteasome regulator which is as-
sembled from the two non-ATPase subunits PA28a and PA28[3 (Ahn
et al., 1996; Kuehn and Dahlmann, 1996; Song et al., 1996; Zhang et al.,
1999). The recently determined crystal structure of PA28af} revealed an
alternating arrangement of four a and three f chains (Huber and Groll,
2017). PA28 subunits bind to the outer a-rings of the barrel-shaped 20S
proteasome by inserting their C-termini into pockets formed by the a-
subunits of the proteasome. Activation loops of PA28a} then trigger the
opening of the otherwise closed 20S proteasome which allows traf-
ficking of polypeptides through the 2 nm wide pore of the PA28af ring
into the lumen of the IP or CP (Gray et al., 1994; Knowlton et al., 1997;
Sprangers and Kay, 2007; Whitby et al., 2000). This is probably the
reason why PA28af} activates the hydrolysis of fluorogenic peptides by
the 20S proteasome traditionally used to measure its caspase-like,
trypsin-like, and chymotrypsin-like activities to a similar extent (Realini
et al., 1997). PA28af} affects the peptide generation by the 20S pro-
teasome in vitro (Cascio et al., 2002; Dick et al., 1996; Groettrup et al.,
1995) and is required for efficient presentation of T cell epitopes from a
number of viral, bacterial, and tumor-derived antigens (de Graaf et al.,
2011; Groettrup et al., 1996b; Murata et al., 2001; Schwarz et al., 2000;
van Hall et al., 2000; Yamano et al., 2002). While for PA28y, a
homoheptameric homologue of PA28af}, several protein degradation
substrates have been reported (Li et al., 2006; Moriishi et al., 2003;
Zhang and Zhang, 2008), no stably folded proteins are known to date
which are targeted for proteasomal degradation via PA28a3. However,
since it is quite possible that also PA28af3 mediates specific protein
degradation, it is important to investigate if PA28af3 preferentially
binds to the CP or IP. Using recombinant PA28a} to activate purified
mouse IP and CP in vitro, Stohwasser et al. found identical activation
kinetics for the IP and CP suggesting equal binding affinities
(Stohwasser et al., 2000). Yet, Fabre et al. reported recently that after
formaldehyde-mediated protein cross-linking in intact cell lines ex-
pressing equal amounts of IP and CP, PA28af3 was bound to IP at a
fourfold greater amount than to CP when analyzed by gradient cen-
trifugation or co-precipitation (Fabre et al., 2015). This result warrants
a direct measurement of the affinity of PA28af to the IP and CP which
to our knowledge has not been accomplished yet.

A second factor investigated in this study for functional cooperation
with the IP as compared to the CP is the ubiquitin-like modifier FAT10.
FAT10 consists of two ubiquitin-like domains joined by a short linker
(Groettrup et al., 2008; Theng et al., 2014). It gets isopeptide-linked to
lysines of hundreds of substrate proteins via its free C-terminal GG
motif with the help of the E1 activating enzyme UBA6 and the E2
conjugating enzyme USE1 (Aichem et al., 2012; Aichem et al., 2010;
Chiu et al., 2007). FAT10 is the only ubiquitin-like modifier known to
date which directly targets its conjugation substrates for degradation by
the 26S proteasome without the need for ubiquitylation (Hipp et al.,
2005; Rani et al., 2012). In contrast to the fairly long-lived ubiquitin,
which gets cleaved from its degradation substrates at the proteasome
and is recycled, monomeric FAT10 is degraded at the same rate as
FAT10-conjugates with a half-life of one hour (Aichem et al., 2014;
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Schmidtke et al., 2009). No evidence for deconjugation of FAT10 at the
26S proteasome could be obtained suggesting that it is degraded by the
proteasome along with its substrates. The fusion of FAT10 with two
different long-lived viral proteins led to their accelerated degradation
by the proteasome and to markedly enhanced presentation of peptides
from these antigens on MHC class I molecules suggesting that FAT10-
mediated degradation feeds into the class I presentation pathway
(Ebstein et al., 2012; Schliehe et al., 2012). FAT10 is strongly and sy-
nergistically induced with IFN-y and TNF in many tissues (Liu et al.,
1999; Raasi et al., 1999) and is also up-regulated upon the maturation
of dendritic cells and medullary thymic epithelial cells (Bates et al.,
1997; Lukasiak et al., 2008). Consistently, FAT10 deficiency affects the
selection of immature thymocytes in a T cell receptor specificity-de-
pendent manner (Buerger et al., 2015). Whether FAT10 is preferentially
degraded by the 26S IP or CP has not yet been investigated. In this study
we show that FAT10 is degraded at the same pace in cells expressing
almost exclusively IP or CP. Moreover, we show that IP and CP bind to
PA28af} with the same affinity and are equally activated by this 118
proteasome regulator.

2. Material and methods
2.1. Mice, cell lines and cytokines

C57BL/6 mice (H-Zb) were originally purchased from Charles River.
Lmp7 (Fehling et al., 1994), and Mecl-1 (Basler et al., 2006) gene-tar-
geted mice were provided by J. Monaco (Cincinnati, OH, USA). Lmp7~/
~/Mecl-17/~ double deficient mice (L7M~’/7) were generated by
crossing the F1 generation of Lmp7~/~ x Mecl-1~/~ mice. For induc-
tion of the IP in the liver, BALB/c mice were i.v. infected with 200 pfu
lymphocytic choriomeningitis virus (LCMV)-WE eight days before sa-
crifice. Mice were kept in a specific pathogen-free facility and used at
8-12 weeks of age. Animal experiments were approved by the review
board of Regierungsprasidium Freiburg. LCL721.145 and LCL721.174
are subclones of the human B-lymphoblastoid cell line LCL721
(Kavathas et al., 1980). The human embryonic kidney cell line
HEK293T was originally purchased from ATCC. Cells were cultured in
Iscove's Modified Dulbecco's Medium (IMDM) with GlutaMAX supple-
mented with 10% FCS and 100 U/ml penicillin/streptomycin. Media
and supplements were purchased from Invitrogen-Life Technologies.
Recombinant mouse IFN-y was purchased from Peprotech and used at
400 U/ml.

2.2. Cloning, expression, and purification of PA28af3

For co-expression of mouse PA28 a and f subunits, the respective
genes Psmel and Psme2 were inserted into the pETDuet-1 vector
(Novagen) as previously described (Huber and Groll, 2017). Validated
plasmids were transformed into E. coli BL21 (DE3) and single clones
were grown in liquid LB medium at 37 °C to an optical density (600 nm)
of about 0.5-0.7. Gene expression was induced for 4 h at 37 °C by 1 mM
IPTG. Finally, cells were harvested and frozen at —20 °C until further
use.

PA28af} complexes were purified as previously described (Huber
and Groll, 2017). Briefly, cells were resuspended in 20 mM Tris(hy-
droxymethyl)-aminomethane (Tris)/HCl pH 7.5 supplemented with
1 mM dithiothreitol (DTT) and lysed by sonification. Upon centrifuga-
tion (20 min at 21,000g; 4 °C), the cell lysate was loaded onto a 20 ml
Q-Sepharose column (GE Healthcare). Bound proteins were eluted by
increasing the salt concentration to 500 mM in 7.5 column volumes
(CVs). Fractions containing PA28 subunits were dialysed against 5 mM
KH,PO4/K,HPO,4 pH 7.5, 50 mM NaCl and 1 mM DTT and loaded onto
a 20 ml hydroxyapatite column (BioRad). By applying a linear gradient
over 7.5 CV to 300 mM KH,PO,/K>HPO, pH 7.5 50 mM NaCl and 1 mM
DTT, bound proteins were eluted. PA28a3 samples were concentrated
by 10 kDa centrifugal filter devices and subjected to size exclusion
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chromatography (Superdex 200 16/60; GE Healthcare) with 20 mM
Tris/HCl pH 7.5, 100 mM NaCl and 1 mM DTT. Except for gel filtration,
all purification steps were carried out at 4 °C. Optionally, final polishing
was achieved by Resource Q (1 ml; GE Healthcare) chromatography
using a gradient from 0 to 1 M NaCl in 20 mM Tris/HCl pH 7.5 and
1 mM DTT over 60 CVs. For long-term storage, PA28af3 samples were
supplemented with 20% glycerol and flash-frozen in liquid nitrogen.

2.3. Proteasome purification, activity assays, and affinity measurement

Mouse CP and IP were purified from livers of naive Lmp7 =/~ /Mecl-
17/~ or BALB/c mice which had been infected eight days before sa-
crifice with 200 pfu LCMV-WE, respectively, exactly as previously de-
scribed (Schmidtke et al., 2000). The purity and subunit composition of
the CP and IP samples were analyzed on Coomassie-stained two-di-
mensional NEPHGE/SDS-PAGE and were very similar to the prepara-
tions that have been used previously for structural analyses (Huber
et al., 2012).

The measurement of the catalytic activities of fluorophore-labelled
and unlabelled IP and CP was performed as described before
(Schmidtke et al., 2000), except that the digests were performed in
MST-buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 10 mM MgCl,,
0.05% Tween 20) which is the same buffer as used for the thermo-
phoresis experiments (see below). A mixture (20ul) of constant
amounts of 20S proteasome and titrated amounts of mouse re-
combinant PA28af; were incubated for one hour in the dark in a 384
well plate. After one hour, 20 pl of either 200 uM Succinyl-Leu-Leu-Val-
Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC) or 20 pl of 200 pM Z-
Val-Gly-Arg-AMC (Z-VGR-AMC) was added to measure the chymo-
trypsin- or trypsin-like activity of the proteasome, respectively. The
activity was determined as the increase in fluorescence due to the re-
lease of the AMC fluorogenic leaving group. The fluorescence was de-
termined with a TECAN Infinite” M 200 PRO plate reader at 30, 60, and
90 min after initiation of the reaction by adding the substrate, using
emission and excitation wavelengths of 360 nm and 465 nm, respec-
tively, for AMC. The reaction was incubated at 37 °C. Values from the
linear range of the reaction were used to calculate the activities. Tri-
plicates were measured for all data points.

For thermophoresis experiments, the proteasome was labelled as
described in the manual of the Monolith protein labelling kit blue-NHS
(Nanotemper Technologies). The proteasome was concentrated to
1 mg/ml using Amicon ultra centrifugal filters (Amicon). The filters had
an exclusion limit of 30 kDa. The buffer was exchanged to the labelling
buffer supplied in the kit. We used 100 pl of 1 mg/ml of proteasome and
a fivefold molar excess of the labelling dye. The labelling was per-
formed for 1 h at room temperature in the dark. Then, the buffer was
exchanged to the MST-buffer (see above) supplemented with 20%
glycerol, as recommended by the supplier of the Monolith Nt. 115 in-
strument (Nanotemper Technologies, Munich). The concentration of IP
and CP was adjusted to 500 ug/ml. The proteasome and PA28af}, both
in MST-buffer with 20% glycerol, were stored at —80 °C. The protein
concentration was determined with the Pierce BCA protein assay kit
(Thermo Scientific). For the binding assay, a serial twofold dilution of
the not labelled binding partner, PA28af, in MST-buffer/20% glycerol
was prepared and 10 pl aliquots of each dilution series were dispensed
into 15 small micro reaction tubes. The undiluted PA28af} had a con-
centration of 2.5 uM (0.5 pg/pl). The 20S proteasome (0.5 pg/ml) was
diluted 1:100 in MST-buffer/20% glycerol yielding a concentration of
7.14 nM, and 10 pl of diluted proteasome was mixed with each dilution
of PA28af}. The binding was allowed to proceed for one hour at RT in
the dark. We used the Monolith Nt. 115 instrument for the measure-
ment of the titration curve. The setting on the Monolith instrument was
80% power for the detection laser, yielding a signal of about 320
fluorescence units for the fluorophore-labelled proteasome at the used
dilution. The MST-laser power was set to 20% or 40% for the analysis of
the binding curve. The samples of the PA28af} dilution series mixed
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with labelled proteasomes were centrifuged at 20 000 Xg in an
Eppendorf 5417R centrifuge for 15 min, and filled into capillaries by
aspiration. The affinity constants were calculated using the software
provided by Nanotemper Technologies. Both experiments, the ther-
mophoresis and the measurement of the proteolytic activities were
performed with two different preparations of PA28af, and two dif-
ferent preparations of IP and CP.

2.4. Cloning of lentiviral vector construct and production of lentiviral
particles

The coding sequence of human FAT10 with a C-terminal 6xHis-
3xFlag tag was cloned from pcDNA3.1-6xHis-3xFlag-FAT10 (Chiu et al.,
2007) into the Nhel and NotI sites of the HIV-based lentiviral expression
vector pCDH-EF1a-MCS-IRES-copGFP (System Biosciences) to get
pCDH-EF1a-hFAT10-IRES-cGFP. The vector sequence was verified by
sequencing (GATC Biotech).

Lentiviral particles were produced by transient co-transfection of
the expression vector pCDH-EF1a-hFAT10-IRES-cGFP, the envelope
vector pMD2.G, and the packaging vector psPAX2 into HEK293T cells
using polyethylenimine (PEL linear, MW 25,000, Polysciences). For this
purpose HEK293T cells were cultured in Iscove's Modified Dulbecco's
Medium (IMDM) containing GlutaMAX (Gibco - Life Technologies)
supplemented with 10% FCS, 100 U/mL penicillin, and 100 mg/ml
streptomycin and grown to 80-90% confluency. Prior to transfection
the medium was changed to antibiotics-free IMDM supplemented with
10% FCS. For transfection, lentiviral vector DNA was mixed at a ratio of
1 ug pMD2.G: 1.84 ug psPAX2: 2.1 ug expression vector in serum-free
IMDM, then mixed with PEI at a ratio of 3 ug PEIL: 1 ug vector DNA, and
dropwise added to the cells. After 8-16 h, the medium was removed
and the cells replenished with IMDM supplemented with 15% FCS,
100 U/mL penicillin, and 100 mg/ml streptomycin. Supernatant con-
taining lentiviral particles was harvested 48 h and 72 h post-transfec-
tion. In order to purify lentiviral particles, contaminating vector DNA
was digested by adding 1 pg/ml DNase I (Roche) and 1 mM MgCl, for
20 min at 37 °C. Then, the supernatant was sterile filtered (0.45 pm,
polyethersulfone membrane) and mixed with 8% polyethylene glycol
6000 (PEG; average molecular weight 6000 Da) and 0.3 M NaCl to
precipitate lentiviral particles overnight at 4 °C. Precipitated lentiviral
particles were pelleted by centrifugation (4600 g, 25 min, and 4 °C).
The cleared supernatant was discarded, and the pellet was dried for
5 min. Then the pellet was covered with 100-200 pl of cold PBS and
dissolved overnight at 4 °C. On the next day, the lentiviral particles
were carefully re-suspended and aliquoted, then snap-frozen in liquid
nitrogen and stored at -80 °C. Lentiviral stocks were titrated in
HEK293T cells using tenfold serial dilutions and measuring GFP-ex-
pressing cells by flow cytometry. For calculating the titer, dilutions
resulting in 1 — 25% GFP-positive cells were used.

2.5. Transfection, SDS-PAGE, and western blot

LCL721.174 and LCL721.145 cells were infected with the lentiviral
particles encoding human 3xFLAG-hFAT10 (described in Section 2.4)
with an M.O.I. of 30. After three days of cultivation, the cells were
treated with 50 pg/ml cycloheximide and chased for the indicated time
periods. HEK293T cells were stimulated for two days with 400 U/ml
IFN-y (Peprotech), transfected with the pcDNA3.1(+)-6xHis-3xFLAG-
hFAT10 expression plasmid using the TransIT-LT1 transfection reagent
(Mirus), and were then cultivated with IFN-y for one more day. Sub-
sequently, a cycloheximide chase experiment was performed. After
harvest and washing with PBS, the cells were lysed in RIPA buffer
(150 mM NacCl, 50 mM Tris pH 8, 1% (v/v) Nonidet P-40, 0.5% (v/v)
sodiumdesoxycholate, 0.1% (w/v) SDS) including protease inhibitors
(cOmplete EDTA-free, Roche). Lysates were centrifuged at 14,000 rpm
for 15 min and supernatants were boiled with SDS sample buffer for
5 min at 95 °C. Proteins were separated by conventional reducing (1%
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(-mercaptoethanol) SDS-PAGE and blotted onto nitrocellulose mem-
branes (Whatman). After blocking in 1 X Roti-Block solution (Roth) for
1 h at RT, membranes were incubated with primary antibodies at 4 °C
over night. Membranes were washed and probed with appropriate
peroxidase-conjugated secondary antibodies for 2 h at RT. Membranes
were washed again and proteins were visualized with enhanced che-
miluminescence using SuperSignal West Femto solution (Thermo Sci-
entific). Primary antibodies used were: anti-FLAG M2-HRP conjugate
(Sigma) and anti-y-tubulin (clone GTU-88, Sigma) followed by a second
stage goat anti-mouse IgG-HRP conjugate (Dako).

3. Results

3.1. PA28ap activates the CP and IP to the same extent and binds to them
with the same affinity

The binding strength of PA28af to the 20S proteasome has only
been determined via the cleavage of fluorogenic peptides, not via direct
binding. This prompted us to use the relatively new method of ther-
mophoresis to study the interaction of PA28af3 with the CP and IP. The
method is based on the fact that the hydration shell of a molecule is
changed as it binds to another molecule. This change leads to either
faster or slower movement if the temperature of the solution is raised by
a few centigrades. This movement is detected via a fluorophore in one
of the binding partners. As a source of the IP, we purified the 20S
proteasome from the liver of mice which had been infected with lym-
phocytic choriomeningitis virus (LCMV) eight days before sacrifice.
Previously, we have shown that LCMV infection leads to an almost
complete conversion of CP to IP in the liver (Khan et al., 2001). The CP
was purified from the liver of LMP7 ~/“MECL-1~/~ doubly deficient
mice, which are completely devoid of IP because in the absence of
LMP7 and MECL-1 the precursor for LMP2 cannot be incorporated into
the proteasome (De et al., 2003). The subunit compositions and purities
of the mouse IP and CP were validated on two-dimensional non-equi-
librium pH gradient gel electrophoresis (NEPHGE)/SDS-PAGE and were
similar to previously documented preparations (Huber et al., 2012).
The IP and CP preparations were labelled with the fluorophore Blue dye
NT-495-NHS as described in the materials and methods section. To
analyze whether the labelling changed the activity or the binding be-
haviour of the 20S proteasome, we performed proteolytic digests with
fluorogenic peptides and increasing amounts of recombinant mouse
PA28af purified from E. coli as described in the materials and methods
section (Fig. 1). We compared the values obtained for labelled and
unlabelled CP and IP, and found no difference, thus indicating that the
covalently bound fluorophores did not affect the binding to and acti-
vation of 20S proteasomes. The specific activities for the CP, unlabelled
or linked to the fluorophore, was 1.7 nM/hour/ug proteasome with Suc-
LLVY-AMC as substrate, and 0.065 nM/hour/ug proteasome for Z-VGR-
AMC. The respective values for the two types of IP were 0.35 nM/hour/
ug proteasome and 0.025nM/hour/pg proteasome. Therefore, the
proteolytic activity of both CP and IP was not affected by the in-
troduction of the fluorophore. Next, we analyzed the activation of all
four types of proteasome by binding to titrated amounts of PA28af3 and
found that the chymotrypsin-like (Fig. 1A) and trypsin-like (Fig. 1B)
activities of mouse CP and IP were stimulated by PA28af} similarly in a
dose-dependent manner.

After we had shown that no difference between the unlabeled and
fluorophore-linked proteasome preparations were apparent, we in-
vestigated the binding strength of mouse CP and IP to recombinant
mouse PA28af via thermophoresis on a Nanotemper Monolith instru-
ment. The binding curves for CP (Fig. 2A) and IP (Fig. 2B) were similar
and the calculated affinity constants were 12.2 nM +/— 2.8 nM for CP
and 15.3nM +/—2.7 nM for IP which is virtually identical. In con-
clusion, CP and IP were equally strongly bound and activated by
PA28ap.
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3.2. CP and IP degrade FATI10 at the same rate

Next, we compared the rates at which the IFN-y/TNF inducible
ubiquitin-like modifier FAT10 is degraded by CP and IP in two different
human cell line systems. The first cell line system is based on the human
B cell line LCL721, that originally had been obtained by in vitro infec-
tion of human peripheral blood lymphocytes with Epstein Barr Virus
(Kavathas et al., 1980). The 20S proteasome of a sub-clone of this line,
designated LCL721.145, was purified and its subunit composition was
determined on Coomassie stained two-dimensional NEPHGE/SDS-
PAGE. The migratory positions of 20S CP and IP subunits allow their
assignment based on previous mass spectrometric analyses (Groettrup
et al,, 1996a) (Fig. 3A, right panel). Remarkably, LCL721.145 cells
express barely detectable levels of the constitutive proteasome subunits
B1 and 5 and very high levels of LMP2 and LMP7 indicating that they
contain almost exclusively IP and hardly any CP. The subclone
LCL721.174 has been obtained from parental LCL721 cells by y-irra-
diation, which led to the loss of Lmp2 and Lmp7 genes (Kavathas et al.,
1980). Accordingly, we could show with NEPHGE/SDS-PAGE that 20S
proteasomes purified from LCL721.174 cells do not contain any LMP2
and LMP?7. Since it has been shown that MECL-1 cannot be incorporated
into the proteasome when LMP7 and LMP2 are missing (De et al., 2003;
Groettrup et al., 1997), LCL721.174 contain exclusively CP and no IP.
In order to express FAT10 in the CP-containing LCL721.174 and IP-
containing LCL721.145 cells, we generated a lentiviral vector expres-
sing human 3xFLAG-tagged FAT10 and GFP under the same promotor
using an internal ribosome entry site (IRES) for GFP. Flow cytometric
analysis of GFP expression confirmed a high transfection efficiency
(data not shown). Three days after lentiviral infection, cycloheximide
chase experiments were performed over a time period of four hours and
FLAG-FAT10 expression was monitored on western blots (Fig. 3B).
Consistent with previous radioactive pulse-chase and cycloheximide-
chase experiments with tagged or endogenous FAT10, FLAG-FAT10 was
degraded by the proteasome with a half-life of approximately one hour
(Aichem et al., 2014; Hipp et al., 2005). The western blots and the
densitometric evaluation of three independent experiments shown in
Fig. 3B reveal that FLAG-FAT10 is degraded in the CP-containing
LCL721.174 and IP-containing LCL721.145 cells at exactly the same
rate indicating that CP and IP do not differ in their capability to degrade
monomeric FAT10. In addition, the smear of FLAG-FAT10 conjugates
was similarly degraded in both cell lines.

To investigate if cells, in which IP expression was induced by IFN-y,
would differ from uninduced cells with respect to the rate of FAT10
degradation, we performed experiments with the human embryonic cell
line HEK293T. HEK293T cells express very low levels of IP and high
levels of CP in the un-induced state, but over a three-day period of
cultivation in the presence of IFN-y, the CP is replaced largely by the IP
as previously reported (Fabre et al., 2015) and confirmed by us (data
not shown). HEK293T cells grown for three days in the presence or
absence of IFN-y were transiently transfected with a FLAG-FAT10 ex-
pression construct and again cycloheximide chase experiments were
performed. The FLAG-FAT10 monomer and FLAG-FAT10 conjugates
were rapidly degraded and their respective rates of degradation were
similar in the IFN-y stimulated and unstimulated HEK293T cells
(Fig. 4). Taken together, we conclude that in both cell line systems
tested, FAT10 and FAT10 conjugates were degraded equally fast by the
CP and IP.

4. Discussion

The recent discoveries of IP functions that are unrelated to antigen
processing have posed the pertinent question as to underlying me-
chanisms that differ between IP and CP: (1) Lmp2~/~, Mecl-1~/~, and
Lmp7~/~ mice are all protected from dextran sodium sulfate (DSS)-
induced colitis (Basler et al., 2010; Fitzpatrick et al., 2006; Schmidt
et al., 2010). (2) Both Lmp2~/~ and Mecl-1~/~ mice show 20-40%
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Suc-LLVY-AMC Fig. 1. Equal activation of CP and IP by PA28af.
A c . .
100 [kDa] M PA28ap Mouse constitutive proteasome (CP) or immunoproteasome (IP) was
0 — CP 200 incubated with indicated concentrations of mouse recombinant
€0 - - P 119 |- PA28af for one hour. Then, digestions of the fluorogenic peptide
= 7 — CP* 66 substrates Suc-LLVY-AMC (A) and Z-VGR-AMC (B) were performed for
'% &0 —  |P* one hour and the fluorescence of the AMC leaving group was mea-
R iu 431 sured. Plotted is the per cent activation by PA28af. 20S proteasome
2 0 preparations labelled with an asterisk had been covalently labelled
X 30 . . .
2 with a fluorescent dye and were used for thermophoresis experiments
10 3> shown in Fig. 2. (C) Coomassie-stained SDS-PAGE (15%) of purified
o 29| W recombinant mouse PA28af. As PA28a (28.7 kDa) and B (27.1 kDa)
O T L FE L Y .\\:‘é’ LSgReg subunits show similar in-gel migration behaviour, only one band is
. ) observed for PA28af.
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reductions of CD8* T cells in lymphoid organs which was shown in
mixed bone marrow chimeras to be a T cell intrinsic effect and not due
to altered antigen processing (Basler et al., 2006; Van Kaer et al., 1994;
Zaiss et al., 2008). (3) The adoptive transfer of IP-deficient but not wild
type T cells and B cells into virus-infected mice led to their apoptotic
death (Chen et al., 2001; Hensley et al., 2010; Moebius et al., 2010).
The need to address a functional difference between IP and CP is further
posed by their different expression profiles: while most tissues express
mainly CP, lymph nodes, spleen and thymus contain very high levels of
IP and this ‘constitutively’ high IP content at least in the spleen was
shown not to rely on IFN-y (Barton et al., 2002). We have shown already
in 1997 by Northern blotting that lymphoid tissues not only express
much higher mRNA levels for LMP2, MECL-1, and LMP7 but also much
lower amounts of 31, B2, and 35 mRNA showing that the strong bias for
IP expression in lymphoid tissues is tightly transcriptionally regulated
(Stohwasser et al., 1997). Why then do immune cells, among them
notoriously poor antigen presenting cells like T cells or NK cells, need
high IP rather than CP expression?

One possibility would be that IP degrade or partially process bio-
logically active factors differently than CP. Nevertheless, up to date no
evidence for such factors or IP-selective substrates have been identified.

A B

Since plain 20S IP and CP exist in the cell in a latent state in which the
N-termini of proteasomal a-subunits preclude the entry of folded pro-
teins into the lumen of the 20S particle, the access of protein substrates
needs to be facilitated by regulators like the 19S regulator, PA28y or
perhaps PA28af3 which open the entrance of the 20S. Following this
rationale, proteasome regulators would need to preferentially bind to
either CP or IP in order to enable a differential selection of substrates.
The high resolution x-ray crystallographic structures of mouse CP and
IP, however, showed identical a-endplates of both proteasome types
(Huber et al., 2012) and Stohwasser et al. found that recombinant
PA28af} activated the cleavage of fluorogenic proteasome substrates by
CP and IP to the same extent (Stohwasser et al., 2000). Therefore, it
came as a surprise when it was recently shown that after protein cross-
linking in intact cells, IP-PA28af3 complexes were found in fourfold
higher abundance than CP-PA28a3 which did not correlate with the IP/
CP distribution in the investigated cells (Fabre et al., 2015). The 19S
regulator, in contrast, showed equal binding to the CP and IP while for
the proteasome regulator PI31 an eightfold higher association was
found with the CP as opposed to the IP. These intriguing findings were
an incentive for us to not only compare the effect of PA28af; on CP and
IP activation but also to measure for the first time directly the affinity of

Fig. 2. PA28af binds to CP and IP with equal affinity.

9BD { e e
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Mouse constitutive proteasome (A) or immunoproteasome
(B) were labelled with a fluorescent dye. At a concentration of
7.1 nM, proteasomes were incubated for one hour with in-
dicated concentrations of recombinant mouse PA28a} before
determination of the binding affinities in two independent
thermopheresis experiments (top and bottom panels) with
separate proteasome and PA28af} preparations. Plotted is the
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Fig. 3. FAT10 is degraded at the same rate by human

H+ NEPHGE -> OH- H* NEPHGE -> OH- B cells expressing CP or IP.
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(A) Two-dimensional non equilibrium pH gradient
gel electrophoresis (NEPHGE)/SDS-PAGE of purified
20S proteasomes from the CP expressing LMP2/
l— 30 kD LMP7-deficient B-lymphoblastoid cell line
LCL721.174 (left panel) and the B cell line
LCL721.145, which expresses high levels of IP. The
20S proteasome subunits were visualized by
| 21kD Coomassie staining. The positions of the subunits f1,
LMP2 (B1i), B5, and LMP7 (f5i) are indicated by
arrows. (B) The cell lines LCL721.174 (left panels)

™,
(4}

LCL721.174 LCL721.145 and LCL721.145 (right panels) were transduced with

a lentivirus encoding 3xFLAG-hFAT10 and GFP, and
after three days cycloheximide chase experiments
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PA28af-binding to the CP and IP.

The thermophoresis method, which we have used, bears the po-
tential caveat that one of the binding partners has to carry a fluor-
ophore. We labelled the purified CP and IP by N-Hydroxysuccinimide
(NHS) technology via the primary amine of lysines in the proteasome
and used a molar dye to proteasome ratio of 5:1. This means that a
maximum of five lysines per proteasome will be randomly labelled
which is probably negligible for regulator-binding to a 700 kDa com-
plex and which is very unlikely to result in a bias for or against CP vs.
IP. Nevertheless, to exclude a disturbing effect of the bound dye on the
binding and functional properties of mouse CP and IP, we compared the
activation of the labelled and unlabelled proteasomes by titrated
amounts of PA28af side by side using the fluorogenic substrates Suc-
LLVY-AMC (chymotrypsin-like activity) and Z-VGR-AMC (trypsin-like
activity) (Fig. 1). We found no significant difference between the la-
belled and unlabelled 20S proteasomes thus demonstrating that the
thermophoresis approach is valid to measure the affinities of CP and IP
for PA28af. We found in the activation assays that CP and IP were

equally activated by PA28af} in agreement with a previous report
(Stohwasser et al., 2000). In two independent thermophoresis experi-
ments we obtained the affinity constants of 12.2 nM +/— 2.8 nM for
PA28af-binding to mouse CP (Fig. 2A) and 15.3nM+/— 2.7 nM for
PA28af-binding to mouse IP (Fig. 2B). These values differ considerably
from the affinity constants deduced from the previously reported acti-
vation assays, which were 100 nM for PA28af-binding to CP and
88 nM for PA28 af-binding to IP (Stohwasser et al., 2000). Notably,
Stohwasser et al. reconstituted the PA28af3 heterocomplex from in-
dividually purified recombinant mouse PA28 a and 3 subunits, whereas
the PA28af} preparation for our study was obtained by co-expression of
both subunits in E. coli. Thus, our PA28af} samples and those used by
Stohwasser et al. might differ in the stoichiometry of a and f entities.
Moreover, these authors used 20S proteasomes purified from the mouse
fibroblast line B8 which expresses considerable amounts of LMP7 (but
not LMP2) as source of ‘CP’, and the LMP2/MECL-1/LMP7 triple
transfectant of B8 as a source of IP (Groettrup et al., 1997). In contrast,
we used 20S proteasomes purified from the livers of Lmp7~/~ Mecl-1~/

Fig. 4. FAT10 is degraded equally fast in HEK293T cells be-
fore and after IFN-y stimulation.

The human embryonic kidney cell line HEK293T was stimu-
FAT10 lated or not with IFN-y for two days and then transiently
conjugates  transfected with a 3xFLAG-hFAT10 expression construct.

After one further day of IFN-y stimulation, cycloheximide
— FAT10 chase experiments were performed for the indicated time
periods followed by western blotting for FLAG-FAT10 and y-

tubulin loading control as indicated. The graphs below the
blots show the means +/— SEM of three independent ex-
periments with similar outcomes.
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~ mice and LCMV-infected wild type mice. Another source of dis-
crepany could be that the kinetic models used to calculate the affinity
constants by Stohwasser et al. did not adequately mirror the binding of
the 20S proteasomes to PA28af3. Remarkably, in another publication,
the same group published an affinity constant for B8-derived im-
munoproteasome and PA28af purified from cells ectopically expres-
sing mouse PA28af of 44.4 uM (van Hall et al., 2000) which is quite
different from our results and those reported by Stohwasser et al.
Nevertheless, both the latter studies and our data agree that PA28af3
activates and binds to CP and IP equally. How can this result be re-
conciled with a preferential association of PA28af and IP within cells
as reported by Fabre et al. (Fabre et al., 2015)? One possibility is that
the interaction surfaces of the 20S IP or CP or PA28af} get post-trans-
lationally modified in cells which would not be represented by re-
combinant PA28af. In this respect it is interesting to note that there is
increasing and convincing evidence that the activity of the 26S pro-
teasome is regulated by phosphorylation (Guo et al., 2016; Lokireddy
et al., 2015). Since the preparations of mouse CP and IP, which we have
used in this study, and previously for determination of the three-di-
mensional structures of the CP and IP (Huber et al., 2012), have been
purified in the absence of phosphatase inhibition, we cannot rule out
that in cells the IP and CP may be differentially phosphorylated which
might affect their association with proteasome regulators.

Both types of curves, obtained with thermophoresis or by the ana-
lysis of peptide cleavage activation, do not provide any evidence that
two binding sites may exist. Because it is known how PA28 binds to the
proteasome (Gray et al., 1994; Knowlton et al., 1997; Whitby et al.,
2000; Sprangers and Kay, 2007; Huber et al., 2012), the conclusion can
be drawn that both a-endplates of the proteasome are bound by
PA28af} with the same affinity. That means that the calculated affinity
is correct for the 20S proteasome, but because each proteasome has two
a-endplates, the affinity for each plate is two times lower. Another
important conclusion can be drawn from the comparison of the binding
curves. The maximal stimulation of peptide cleavage is achieved at
maximum binding of PA28. That means the proteasome can take up
substrates at the same time from both sites and possibly use both -
rings for catalytic processing.

The second IFN-y/TNF induced factor, which we investigated for a
preferential cooperation with CP or IP, was the ubiquitin-like modifier
FAT10. The rapid, well reproducible and entirely proteasome-depen-
dent degradation of FAT10 (Aichem et al., 2014; Rani et al., 2012;
Spinnenhirn et al., 2014) served as a read out in two different cell lines.
In the CP-containing LCL721.174 and IP-containing LCL721.145 cells
FLAG-FAT10 was degraded at the same rate (Fig. 3). These two clones,
both derived from the human B cell line LCL721, were ideal for this
investigation because they expressed almost exclusively CP and IP, re-
spectively. In order to study FAT10 degradation in a cell line which
expresses no detectable IP in the absence of stimulation and very high
levels of IP after three days of stimulation with IFN-y and TNF (Fabre
et al., 2015), we performed a second series of experiments in HEK293T
cells. Again ectopically expressed FLAG-FAT10 was degraded at the
same rate in the absence and presence of cytokine-induced IP expres-
sion. Thus, also in the physiological situation of IFN-y stimulation, the
degradation rate of FAT10 by CP and IP was the same. A slight dis-
advantage of this system may be that in IFN-y-stimulated cells low le-
vels of endogenous FAT10 are expressed in addition to the monitored
ectopically expressed FLAG-FAT10 (Raasi et al., 1999). However, in
contrast to the IP, which is fully induced by sole stimulation with IFN-y,
strong FAT10 induction occurs only when HEK293T cells are stimulated
both, with IFN-y and TNF (Aichem et al., 2010; Raasi et al., 1999).
Apparently, the low level of endogenous FAT10 induced by IFN-y alone
in HEK293T cells did not affect the degradation rate of ectopic FLAG-
FAT10 (Fig. 4), suggesting that the proteasomal degradation capacity
for FAT10 and its conjugates was not limiting. Since FAT10 binds to the
26S proteasome via the 19S regulator subunit RPN10 (Rani et al.,
2012), our results suggest that the 20S CP and IP associate equally well
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with the 19S regulator which is in accordance with cross-linking (Fabre
et al., 2015) and structural studies (Huber et al., 2012).

In conclusion, we show in this study that PA28af} equally activates
and binds to CP and IP and that FAT10 is degraded by both proteasome
types at the same rate. Therefore it will be pertinent to search for fur-
ther molecular and mechanistic differences between CP and IP which
may account for their unique functions in cytokine production, T helper
cell differentiation, lymphocyte survival as well as the pathogenesis of
autoimmune diseases, colon cancer, and transplant rejection.
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