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Abstract

Protein degradation is critical for maintaining cellular homeostasis. The 20S proteasome is selective for
unfolded, extended polypeptide chains without ubiquitin tags. Sequestration of such segments by protein
partners, however, may provide a regulatory mechanism. Here we used the AP-1 complex to study how c-Fos
turnover is controlled by interactions with c-Jun. We show that heterodimerization with c-Jun increases c-Fos
half-life. Mutations affecting specific contact sites (L165V, L172V) or charge separation (E175D, E189D,
K190R) with c-Jun both modulate c-Fos turnover, proportionally to their impact on binding affinity. The fuzzy
tail beyond the structured b-HLH/ZIP domain (~ 165 residues) also contributes to the stabilization of the AP-1
complex, removal of which decreases c-Fos half-life. Thus, protein turnover by 20S proteasome is fine-tuned

by both specific and fuzzy interactions, consistently with the previously proposed “nanny” model.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Precise protein quality control is crucial for all
cellular processes. The proteasome system is
responsible for selective degradation of proteins
to eliminate damaged, misfunctional, or foreign
sequences and tightly regulate protein turnover
[1,2]. Alterations in half-life affects proliferation,
apoptosis, DNA repair, immune, and stress re-
sponse, and aberrant protein homeostasis is
associated with developmental problems, cancer,
and neurodegenerative pathologies [3-5]. The
26S proteasome [6] consists of the 20S catalytic
core for proteolysis of unfolded segments [7-9],
and the 19S regulatory particle(s) to recognize
substrates with poly-ubiquitin tags [10,11]. The
unstructured initiation sites exhibit biased amino
acid compositions, which modulate the affinity for
the proteasome [12]. Certain sequence signatures
(e.g., low-complexity motifs), however, may in-
crease stability of unfolded segments and selec-
tively inhibit proteolysis [13,14].

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

Proteomic analysis of the 20S substrates revealed
the enrichment of segments, which lack a well-
defined tertiary structure in their native states [15].
Intrinsically disordered (ID) regions could be de-
graded by “default” via the 20S core particle, in
accord with earlier proposals [16]. Indeed, proteins
possessing long (=30 residues) ID regions exhibit
shorter half-life than those with shorter ID regions
[17]. This presents a challenge for selective degra-
dation: how to distinguish between non-functional,
unfolded segments and exposed, dynamic, regula-
tory regions? Early observations indicated that
turnover of inherently unstable proteins (e.g., orni-
thine decarboxylase) could be inhibited by complex
formation with NAD(P)H quinone oxidoreductase 1
(NQO1) [18], which exerts a negative feedback for
the 20S proteasome [19]. NQO1 is a ubiquitous
enzyme that can also stabilize p53 and p73a
transcription factors to inhibit degradation [16].

Generalization of these observations leads to the
proposal, that protein interactions might shield
exposed, disordered regions and make them
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inaccessible to the 20S catalytic machinery [20]. The
survival of proteins with inherently unstable regions
thus depends on the availability of their interacting
partners (“nannies”) [20]. In accord, the experimen-
tally determined 20S proteome has an increased
interaction capacity [15], which potentially regulates
the degradation by the 20S proteasome. Although
individual examples where complexation extends
protein half-life (e.g., ikBa—NFkB [21], Ku70-Ku80
[22]) have been documented, the detailed molecular
mechanisms remained to be elucidated.

We used the activator protein 1 (AP-1) model
system to study the relationship between protein
interactions and half-life. AP-1 regulates a number of
cellular processes including differentiation, prolifer-
ation, and apoptosis via controlling gene expression
in response to a plethora of signals, including
cytokines, growth factors, stress, and viral infections
[23]. AP-1 is a heterodimer that is composed of
proteins belonging to the c-Fos and c-Jun families
[24]. The c-Fos transcription factor has a short half-
life [25], which could be elongated by its partner, c-
Jun as well as by the 20S proteasome “gatekeeper’
NQO1 [26,27]. Multiple pieces of evidence demon-
strate that c-Fos is degraded by different mecha-
nisms, also independently from ubiquitination [28—
30]. Here we investigated how c-Fos turnover is
modulated by specific mutations at contact sites with
c-Jun and by the presence of the unstructured tail.
Our results demonstrate that both specific and
transient, nonspecific interactions influence half-life
and propose a mechanism to regulate protein
degradation via fine-tuning the interaction affinities
with a binding partner.

Results

Mutant design

The structure of the AP-1 complex is a coiled-coil
(PDB code: 1fos, [31]), which is held together by
interdigitating hydrophobic contacts (“leucine zip-
per’). These are complemented by salt bridges at
specific positions, which stabilize heterodimers as
compared to homodimers. We designed five mu-
tants using the full-length c-Fos: two affecting the
hydrophobic network (L165V, L172V) and three
perturbing the hydrophilic contacts (E175D, E189D,
K190R) (Fig. 1a). In case of L - V and E - D
replacements, the smaller sidechains might cause
deviations from the ideal geometry while maintaining
the polarity of the interaction. The K - R mutation
introduces a bulkier sidechain with additional T
interactions. The C-terminal region of c-Fos com-
prises three PEST sequences [32], which do not
overlap with the designed mutations.

The crystal structure comprises only those seg-
ments of c-Fos and c-Jun (139-200 aa c-Fos and
263-324 aa c-Jun), which adopt a well-defined
helical structure upon binding [31]. The C-terminal
region of c-Fos, however, dynamically fluctuates
among various conformations both in the free form
[33] and bound to c-Jun [34]. This mode of assembly,
with extensive conformational exchange upon part-
ner interactions, is referred to as a fuzzy complex
[35,36]. We also designed a truncation mutant (c-
Fosao14) to probe the effect of the fuzzy C-terminal
tail of c-Fos (215-380 aa).
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Fig. 1. (a) Designed mutations in the structure of the AP-1 complex (1.fos.pdb [31]). Mutations in c-Fos (marine, black
labels) and the contacting residues in c-Jun (cyan, gray labels) are shown by spheres. Fuzzy C-terminal tails are displayed
by dashed lines; the DNA is colored gray. (b) Change in c-Fos degradation rate via c-Jun interactions (V.c.jun/Viree) @S @
function of the binding affinity. The experimental Kp values are shown on a logarithmic scale.
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Table 1. Propensity of unstructured secondary structure
elements (%) as determined by ECD spectroscopy

Unstructured (%)

Free + c-Jun
c-Fos 48.7 44.2
c-Jun 44 .4 —
C'FOSL1 72V 445 42.5
c-Fosg475p 421 46.5
C'FOSA214 46.2 47 1

ECD spectra were recorded on a J-810 spectropolarimeter in 20
mM sodium phosphate (pH 7.4) buffer solution with a 0.2-mm
quartz cell at room temperature. Raw spectra were corrected with
the blank, then were converted to mean residue ellipticities and
were smoothed. Deconvolution was performed by the BeStSel
program [63,64].

c-Fos forms a fuzzy complex with c-Jun

We applied electronic circular dichroism (ECD)
spectroscopy to assess the impact of the mutations
on c-Fos structure in the free form and in complex
with full-length c-Jun (Table S1). In accord with
previous experimental results, almost half of the
residues in c-Fos (185 out of 380 aa) do not possess
regular secondary structures and are disordered
[33]. Interaction with c-dun slightly increases the
helical population of c-Fos as compared to the free
state, but does not induce extensive ordering (Table
1). These data indicate that c-Fos forms a fuzzy
complex with c-Jun, where 45.8 % of the residues
remain to be disordered, consistently with previous
FRET and FCCS results [34]. On the other hand, no
substantial unfolding of the structured part takes
place, as the number of residues with regular
secondary conformations (>200 aa in full-length c-
Fos, 113 aa in c-Fosas14) exceeds the size of the
bHLH/LZ (62 aa). The L172V and E175D substitu-
tions cause only minor increase in the secondary
structures of c-Fos (Table 1). Structural disorder of
the c-Fos 470y and c-Fos 175p mutants is retained
upon assembly with c-Jun, with small impact on the

secondary structure properties as compared to the
wild-type protein. Secondary structure predictions by
the GOR IV algorithm [37] suggest a considerable
reduction in helicity in c-Fos| 1g5v @s compared to the
wild-type protein or c-Fos| 170y (Table S2).

Deletion of the disordered C-terminal region (215-
380 aa) has a negligible impact on c-Fos structure
(Table 1). This is due to the removal of only 166 out
of 323 disordered residues. The remaining unstruc-
tured fraction also includes a 15-residue disordered
segment flanking the leucine zipper (200-214 aa),
which reduces termination effects. Interactions with
full-length c-dun have a moderate influence on the
secondary structure properties of c-Fosao14. Taken
together, c-Fos and all the studied variants form a
fuzzy complex with c-Jun and do not completely fold
upon binding.

Both specific and fuzzy interactions modulate
binding affinity

To assess the effect of binding affinity on the
degradation rate of c-Fos, specific contacts between
c-Fos/c-Jun complex were perturbed (Fig. 1a). In
contrast to most previous studies (Table S3 and
references therein), we used the full-length c-Fos
(380 aa) and c-Jun (331 aa) to investigate the
interplay between the specific interactions by the
structured elements and the transient interactions by
the fuzzy tail. All substitutions decrease binding
affinity by less than 2 orders of magnitude, except
the K190R mutation (Table 2). Perturbing the
hydrophobic interface (L165V, L172V) has the
most considerable effect on the stability of the
complex due to looser zipper contacts. Reducing
the size of the negatively charged residues (E175D,
E189D) has a moderate impact on Kp due to weaker
electrostatic interactions. The K190R mutation
slightly stabilizes the heterodimer via additional
T—TT interactions with Q313. Mutations in full-length
c-Fos mostly affect the association kinetics, in line
with previous data [38,39].

Table 2. Experimental binding affinities and computed interaction energies of c-Fos mutants with c-Jun

ky (x10° M7 s71) kg (x10* 871 Ko (nM) Affinity ratio to wild type AAGi™ ! (kcal/mol)

c-Fos 80.30 + 18.50 32.40 + 1.95 40.4 £22.6 - -

c-Fos_1gsv 1.82 + 0.038 23.80 + 0.90 1310 + 73.8 0.03 0.77

c-Fosi172v 8.16 = 0.20 55.10 + 2.28 676 = 79.7 0.06 1.51

c-Fosg17sp 7.76 +0.12 11.60 = 0.74 149 + 85.3 0.27 0.01

c-Fosg1gen 5.53 = 0.064 7.02 +0.47 127 + 125 0.32 -0.01

c-Fosk1sor 76.40 + 0.88 7.75+0.48 10.1 £5.79 4.0 -0.17

c-FoSpz14 3.11+0.42 77.80 + 1.44 2500 + 511 0.02 -

Association and dissociation curves were determined at 37 °C by BLItz analysis [62] using a 1:1 binding model. c-Fos mutants were added
to Jun-labeled biosensors in different concentrations. Jun was marked by 60A8 Jun antibody (Cell Signaling Technologies). The
equilibrium dissociation constant was determined as Kp = ka/ka, Where kq is the dissociation and k is the association rate. AA G~ ™" was
computed by the FoldX program [48]. Amino acid replacements were carried out on the 1fos.pdb structure [31], and mutated residues were
subjected to short relaxation. As the fuzzy C-terminal tail of c-Fos was not included, the changes in interaction energy between the

structured segments were computed.
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Binding of full-length proteins without complete
folding might exhibit complex kinetics [40,41] (and
references therein) as compared to protein frag-
ments, which become structured upon binding [42].
Therefore, inclusion of the fuzzy tails in full-length c-
Fos (380 aa) and c-Jun (331 aa) improves binding
affinity (40 nM, Table 2) as compared to the
interactions between leucine zippers (63 aa, Kp =
54 nM, [43]). Indeed, removal of the disordered tail in
c-Fospo14 considerably destabilizes the dimer (Table
2). A similar trend has been observed in c-Max and
c-Myc assembly, where the fuzzy tail masks the
electrostatic repulsion between the coiled-coil re-
gions [44,45].

Within the framework of the fly-casting model,
disordered regions increase local concentration
nearby the target via nonspecific (e.g., electrostatic)
interactions [46,47]. Along these lines, fuzzy regions
in protein complexes can serve as nonspecific
anchors, which remain attached and decrease
dissociation rates even in the absence of specific
contacts [36]. Indeed, the removal of the fuzzy C-
terminal region in c-Fosp»14 considerably increases
the dissociation rate from c-Jun as compared to the
wild-type protein (Table 2). Replacements of
charged residues in full-length c-Fos also slow
down the dissociation rates by 3- to 4-folds (Table
2), consistently with the fly-casting model. The more
complex kinetics is also illustrated in case of the c-
Fos|1e5v and c-Fos, 170y mutants, where data could
be fitted better using a two-state model (Table S4).

We also determined the changes in interaction
energies (AA Giv~™") using the FoldX program [48]
based on the coiled-coil structure (1fos.pdb [31]).
Although the computed AAG"™" results qualita-
tively reproduce the experimental trends (i.e., the
K190R mutation is stabilizing, and the L - V
mutations at the helix—helix interface are destabiliz-
ing), they are considerably smaller than those
deduced from the experimental binding affinities of
the full models. These results corroborate the
interactions between fuzzy tail and the helical
interface.

Changes in c-Fos degradation rates correlate to
interaction strength

c-Fos is degraded via both ubiquitination and
ubiquitin-independent mechanisms [25]. The disor-
dered regions can contribute to both pathways [49],
out of which the “default” degradation mechanism
mediated by the 20S proteasome was addressed
[16,26]. Using a purified proteasome assay [50,51],
we followed c-Fos degradation in the absence and
presence of c-Jun. The E - D replacements stabilize
the free c-Fos, whereas the K190R and A214
shorten c-Fos half-life. The initial degradation rates
of free c-Fos, however, are not affected considerably
by the site-specific mutations or C-terminal trunca-
tion (Table 3), consistently with moderate change in
c-Fos structure (Tables 1 and S1). These results
indicate that the mutations do not alter interactions
with the 20S proteasome, and changes in c-Fos
degradation are due to the partnership with c-Jun.

Interactions with c-Jun impair c-Fos degradation
by the 20S proteasome, in accord with previous
results [26]. All the mutations have a larger impact on
c-Fos half-life in the presence than in the absence of
c-Jun, indicating that interactions with the binding
partner influence c-Fos degradation (Table 3). c-Fos
turnover is prolonged in all cases, independently
whether the mutation stabilize or destabilize the
complex (Vic-yun/Viree < 1, Table 3). The impact on
the initial degradation rates, however, parallels the
interaction strength of the mutant (Table 3, Fig. 1b).
Destabilizing the complex reduces the protecting
role of the binding partner as compared to the wild-
type. In accord, the destabilizing L172V mutation,
which affects hydrophobic contacts, exhibits smaller
decrease in the initial degradation rates than those
affecting hydrophilic interactions (E175D, E189D). In
contrast, the stabilizing K190R mutation slows down
the initial degradation as compared to the wild-type
c-Fos (Fig. 1b). The c-Fos 15y, however, exhibits
substantial deviation from these trends, owing to its
considerably decreased helicity (Table S2) and
decreased dissociation rates (Table 2).

Table 3. Half-lifes and initial degradation rates of c-Fos in the absence and in the presence of c-Jun

Half-life (min) Initial degradation rate (O.D./min)
Free +c-Jun Free (x1072) + c-Jun (x107%) Vicgun/ Vireo
c-Fos 11.64 + 0.44 19.18 £ 9.00 3.00 + 0.14 0.74 + 0.60 0.247
c-Fos_1gsv 10.84 + 0.13 14.16 + 3.74 3.46 + 0.04 1.01 +0.22 0.292
c-Fos| 17ov 10.93 + 3.53 15.69 + 2.76 3.31 £0.77 1.98 + 0.46 0.598
c-Fosg17sp 23.95+2.35 23.67 + 7.90 3.08 £ 0.18 1.29 + 0.30 0.419
c-Fosg1gep 17.36 £ 1.15 20.73 +2.32 3.07 + 0.09 1.46 + 0.66 0.476
c-Foskigor 9.28 + 2.86 151.95 + 33.87 246 +£0.72 0.24 + 0.08 0.097
c-Fospo14 9.07 £ 1.25 13.85 + 4.09 2.86 + 0.48 2.69 +0.48 0.941

Degradation assays have been performed using purified human 20S proteasomes [50] by measuring c-Fos concentration at 0, 15, 40, and
80 min. Initial degradation rates were obtained by nonlinear data fitting of the decay curves using the R program. All reactions were run in
triplicates. v,c.yun/Viree IS the ratio of the initial degradation rates of c-Fos in the complex and the free form.
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The presence of the c-Fos fuzzy tail also de-
creases the degradation rate almost by 4-fold (Table
3), consistently with its significant contribution to the
stability of the AP-1 complex (Table 2). Thus,
removal of the fuzzy C-terminal segment decreases
c-Fos protection via weakening the complexation
with c-dun (Table 3). Taken together, although
interaction affinity is likely to be the major determi-
nant in stabilizing c-Fos, the relationship appears to
be rather complex.

Discussion

The nanny hypothesis provides a plausible model
for how regulatory regions, which do not adopt a
folded structure, can survive degradation by the 20S
proteasome machinery [20]. This model is particu-
larly relevant for proteins with ID regions [52], which
constitute about one third of the human proteome
[53]. Although structural data indicate the lack of a
compact structure also in vivo [54], persistence of
this feature challenges the quality control mecha-
nisms of the cell. A possible solution is to link the
expression of an ID protein to an interacting partner,
which can mask and thus protect the fluctuating,
unfolded segment from degradation [20]. This may
drive protein assembly in vivo [21,22], molecular
details of which have remained to be enigmatic.

Here we aimed to explore how specificity and
affinity of protein interactions influence degradation
by the 20S proteasome. Using the AP-1 as a model
system, we demonstrated that both hydrophobic and
hydrophilic contacts at the helix—helix interface affect
c-Fos degradation. We also showed that protection
by the partner qualitatively correlates to the binding
affinity, and destabilizing the assembly reduces the
impact of the mutation on degradation rates. There
are additional factors, however, that can also
influence stabilization, for example, decreased
dissociation rates, or steric effects (in larger sys-
tems, not studied here) indicating a rather complex
protection mechanism. Taken together, these results
suggest that protein turnover can be modulated via
fine-tuning the association with a binding partner.

ECD measurements evidence that the C-terminal
tail of c-Fos retains its disordered state in
complex with c-Jun. This supports that protection
of disordered regions can be achieved without
inducing a stable structure, and many binding
configurations could be visited in the bound state
without decreasing the conformational entropy [36].
Thus, 20S proteasome degradation can be impaired
via a fuzzy assembly between the nanny and its
client(s) and may not require specific chaperones
[55]. Consequently, fine-tuning the dynamics of
fuzzy regions, for example, via post-translational
modifications could significantly affect half-life
[56,57].

The protective role of fuzzy interactions from the
20S proteasome could also provide a plausible
explanation for how low-complexity sequence motifs
might serve as selective inhibitors of proteolysis
[13,14]. Tandem repeats of short, linear sequences
are frequently associated with proteins, which form
higher-order protein structures or undergo liquid—
liquid phase transition [58]. Interactions between
these motifs are often not specific or well defined,
and multivalency [59] or fuzziness [60] is a ubiqui-
tous feature of these associations. We may assume
that such weak, heterogeneous contacts could also
serve to protect disordered stretches with multiva-
lent, low-complexity motifs [61] from the ubiquitin-
independent degradation pathway.

Conclusion

Our work highlights a novel aspect of protein
fuzziness in regulating of protein half-life. First, we
demonstrate that protection of disordered regions
from degradation could be achieved without inducing
a stable structure. Binding to a partner generates a
fuzzy complex, where significant conformational
entropy is retained. Second, we show that both
specific contacts and fuzzy interactions can impair
protein degradation, proportionally to their contribu-
tion to binding affinity, suggesting that protein
turnover can be regulated via fine-tuning protein
assembly. Third, low-complexity motifs may selec-
tively inhibit proteolysis by generating higher-order
structures via fuzzy interactions, suggesting the role
of membraneless cellular compartments in protect-
ing disordered regions from degradation. Investigat-
ing this aspect of the model is ongoing in our
laboratory.

Materials and Methods

Protein expression and purification

The coding sequences of human c-Fos (Uniprot:
P01100), c-Fosaz14, and c-Jun (donated by Joerg
Langowski, DKFZ in Heidelberg, Germany [34])
were cloned into the pET-Duet-1 vector. Site-
directed mutagenesis was carried out by the
QuikChange Il Site-Directed Mutagenesis Kit (Agi-
lent Technologies). Proteins were expressed in
Escherichia coli bacterial cultures (Rosetta2(DE3)
pLysS, Novagen) using IPTG induction for 3 h.
Protein purification was performed by immobilized
metal affinity chromatography using a Ni-Sepha-
rose™ 6 Fast Flow resin (GE Healthcare) with a
lysis buffer containing 250 mM imidazole. Proteins
were dialyzed against 100 volumes of 4,2, and 1 M
urea consecutively, then the buffer was changed to
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25 mM Tris—HCI (pH 7.4) and 100 mM NaCl. The
eluted proteins were concentrated with an Amicon-
Ultra 50 10000 MWCO ultrafiltration device. Protein
concentrations were determined by BCA protein
assay.

Determination of binding kinetics

The binding kinetics of c-Fos variants to c-Jun
were measured with a BLItz (PALL-ForteBio) bio-
layer interferometer [62]. c-Jun of 1.5 pg was pre-
complexed with 60A8 anti-Jun antibody (Cell Sig-
naling Technologies) at 37 °C until saturation has
been reached. The antibody does not compete with
c-Jun for binding to c-Fos (c-Jun does not signif-
icantly reduce the signal intensity of 6A9 Ab in the
ELISA assay, see below) and is not specific to the C-
terminus (it can also detect the c-Fosasq4 variant).
The complex was loaded onto Protein-A Dip and
Read biosensors to a spectral shift of 3.5 nm. c-Fos
variants were diluted into PBS containing 0.1%
Tween-20 to various concentrations, and their
association to c-Jun was measured before the
biosensor was dipped into the same buffer to record
the dissociation of the proteins. The binding curves
were fitted to a 1:1 binding model using the BLItz
Pro™ software.

In vitro 20S proteasome assay

c-Fos variants and human 20S proteasome
(Boston Biochem, cat. no. E-360) were diluted in
solution of 25 mM Tris—HCI (pH 7.5), 100 mM NacCl,
and 0.5 mM DTT to concentrations of 400 nM (c-Fos)
and 8 nM (20S proteasome). The degradation assay
was performed by mixing 12.5 pl of each solution.
Degradation of the c-Fos was followed at 37 °C, and
2 pl samples were collected at 0, 15, 40, and 80 min,
which were transferred into a solution containing 98
pl of PBS, 0.1% Tween-20, 1% BSA, 1 uM PS341,
and protease inhibitors (EDTA free protease inhibitor
cocktail; Roche). The amount of c-Fos at each time
point was determined using an ELISA assay. The c-
Fos solution was loaded onto 96-well Pierce Nickel-
coated plates (Thermo Scientific, cat. no. 15442) at
25 °C. After 1 h, the wells were washed with PBS—
0.1% Tween-20 three times and 9F6 anti-cFos
antibody (Cell Signaling Technologies, 0.002 dilu-
tion) was added. This was followed by a reaction with
HRP-conjugated anti-rabbit IgG (1:1000) and tetra-
methyl-benzidine (Sigma, T4444). The reaction was
terminated by 1 M HCI, and intensity was measured
at A = 450 nm using Synergy H1 microplate reader
(BioTeK Instruments). Protein amounts were com-
puted based on a calibration curve obtained with
BSA-determined concentrations. Nonlinear fitting of
the decay curves was performed by the R program
using a 1:1 binding model. All reactions were run in
triplicates.
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