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Abstract

Despite high-resolution structural studies on the USP14-proteasome-substrate
complexes, time-resolved cryo-electron microscopy (cryo-EM) results on
USP14-regulated allostery of the 26S proteasome are still very limited and a quantita-
tive understanding of substrate degradation dynamics remains elusive. In this study,
we propose a mean field model of ordinary differential equations (ODEs) for USP14
regulated substrate degradation in 26S proteasome. The kinetic model incorporates
recent cryo-EM findings on the allostery of 26S proteasome and generates results

in good agreement with time-resolved experimental observations. The model eluci-
dates that USP14 typically reduces the substrate degradation rate and reveals the
functional dependence of this rate on the concentrations of substrate and adenosine
triphosphate (ATP). The half-maximal effective concentration (EC50) of the substrate
for different ATP concentrations is predicted. When multiple substrates are present,
the model suggests that substrates that are easier to insert into the OB-ring and
disengage from the proteasome, or less likely to undergo deubiquitination would

be more favored to be degraded by the USP14-bound proteasome. The mean field
model proposed here quantitatively considers the process of proteasomal substrate
degradation from the perspective of chemical kinetics, and provides a quantitative
framework to decode the dynamic interplay between USP14 and the proteasome.

Author summary

The proteasome is a crucial protein complex involved in the degradation of
damaged or unnecessary proteins within cells, requiring ATP and ubiquitin for
its functioning. It is regulated by cellular factors that transiently associate with it,
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often referred to as proteasome-associated proteins. USP14 is such a protein
that activates its deubiquitination activity through reversible binding to the prote-
asome, thereby decreasing the substrate degradation activity of the proteasome.
In this study, we developed a kinetic model to describe how USP14 regulates
substrate degradation in proteasome based on recent experimental findings. The
model yields result consistent with experimental observations, demonstrating
that the mean-field description of mass action law for chemical reactions also
applies to complex biomolecular machineries.

1. Introduction

The proteasome is the core of the ubiquitin-proteasome system (UPS) in eukary-

otes, playing a pivotal role in regulating protein degradation processes [1,2]. Itis a
2.5-megadalton protein complex composed of core particle (CP) and regulatory particle
(RP) [3]. Substrate proteins tagged with ubiquitin are recognized by ubiquitin recog-
nition sites on RPN1 subunit, deubiquitinated by the subunit and unfolded by ATPase
motor, translocated into the CP, and ultimately degraded into short peptides at the
hydrolytic sites within CP. Previous studies have elucidated the dynamics of the prote-
asome through various experimental approaches, including mutagenesis experiments
[4,5], single-molecule experiments [6,7], and cryo-electron microscopy (cryo-EM)
experiments [3,8—10]. In vivo, the function of the proteasome is regulated by cellular
factors that transiently associate with it, often referred to as proteasome-associated
proteins [11-13]. These include the ubiquitin-specific protease 14 (USP14) [14], deu-
biquitinating enzyme UCH37 [15—17], E3 ubiquitin ligase UBE3C/Hul5 [18,19], parkin
[20], UBE3A/EBAP [21,22], etc. The enzymes interact directly or indirectly with the
proteasome and thereby regulate its function. Among these enzymes, the structure and
function of USP14 have been the focus of previous studies [14,19,23-27].

USP14 (or its homolog UBP6 in yeast) is a deubiquitinating enzyme that activates
its deubiquitination activity by reversible binding to the proteasome, thereby regulating
the UPS system [14]. Biochemical experiments have shown that USP14 can decrease
substrate degradation activity of the proteasome [23,25]. Deletion of UBP6 in yeasts
can leads to growth deficiencies [19]. Cryo-EM experiments have further studied how
USP14/UBP6 binds to the proteasome and modulates its function [24,26,27]. USP14/
UBPG6 binds to the T2 site on the proteasomal regulatory particle non-ATPase (RPN)

1 via its ubiquitin-like (UBL) domain [28] and cleaves the ubiquitin chains through

its ubiquitin-specific protease (USP) domain [25]. Recent time-resolved cryo-EM
experiments have identified 13 distinct high-resolution structures of UPS14-bound
proteasome and their temporal changes, providing a rough outline of transitions
between these complexes [27]. While cryo-EM experiments with temporal resolution
on USP14-regulated allostery of the 26S proteasome are very limited and remain a
significant challenge, an accurate and quantitative understanding of substrate degra-
dation dynamics is elusive. So far, no modeling studies have been reported regarding
the dynamics of proteasomal substrate degradation regulated by USP14.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1012761

May 2, 2025 2/15




A Computational
PLOS }. Biology

In this paper, we propose a kinetic model of ordinary differential equations (ODEs) based on recent experimental
findings on the regulatory interactions between USP14 and the 26S proteasome during substrate degradation. The model
well explains the recent experimental observations on the temporal changes in the distribution of human 26S proteasomal
conformations [27]. In consistency with experimental observations, the model illustrates that the proteasome decreases
its substrate degradation rate upon the regulation of USP14. Subsequent analyses with simplified models predict how
the rate depends functionally on the concentrations of substrate and adenosine triphosphate (ATP), and the substrate’s
half-maximal effective concentration (EC50) across a wide range of ATP concentrations. In our model for multiple sub-
strates, USP14 alters the proteasome’s selectivity towards different substrates. Model results predict that the USP14-
bound proteasome preferentially degrades substrates that readily access the OB-ring, are easier to detach from the
proteasome, and are less prone to deubiquitination. The mean field model introduced here quantitatively examines protea-
somal substrate degradation through the viewpoint of chemical kinetics, offering a framework to decipher the dynamic
interaction between USP14 and the proteasome. The coarse-grained kinetic description of proteasome degradation
dynamics is significant for both interpreting the existing experimental results and guiding future experimental studies with
kinetic insights. Given the technical complexities associated with time-resolved cryo-EM investigations of proteasomal
allostery, the theoretical model results are significant in achieving a deeper insight into the intricate process of proteaso-
mal substrate degradation.

2. Results
2.1 Kinetic model of USP14-regulated proteasomal degradation of substrate

2.1.1 Experimental findings on the human 26S proteasomal conformations. In eukaryotes, the 26S proteasome
serves as a central player in the complex process of degradation of proteins. USP14, a ubiquitin-specific protease
acting as a deubiquitinating enzyme, binds to the proteasome in a reversible manner, thereby modulating the process
of substrate degradation. The cartoon in Fig 1A illustrates the structure of 26S proteasome that are bound with USP14.
For more details, we recommend referring to references [3,9,27]. As shown in Fig 1A, USP14 consists of two domains,
namely UBL domain and USP domain. The UBL domain resembles the structure of ubiquitin and can bind to the T2 site
of RPN1 in the proteasome. The USP domain possesses the capability of deubiquitination and contacts the exterior of the
OB-ring opposite RPN11. The OB-ring forms the entrance of the polypeptide substrate into the ATPase motor and CP. The
substrate is unfolded and translocated by the ATPase motor, and hydrolyzed within the CP.

Fig 1B summarizes the recent experimental findings on the human 26S proteasomal conformations and transitions
during substrate degradation [3,9,27]. Four distinct proteasomal conformations (S, Sg, Sc, Sp) in the absence of both
substrate and USP14 have been identified [9], and four types of conformations (Ea, Eg, Ec1.c2, Ep1,p2) in the presence of
substrate have been recognized for the USP14-free proteasome [3]. Specifically, the substrate is not yet bound to the pro-
teasome in E4 (identical to Sp), and is bound to the proteasome via the ubiquitin chain in Eg (without its N- or C-terminus
being inserted into the ATPase motor of the proteasome). In E, the substrate is inserted into the ATPase motor and
deubiquitinated by RPN11. It is subsequently translocated by the ATPase motor into the CP and hydrolyzed in Ep. The
Sg, Sc, Sp conformations have similar structures to Eg, E¢, Ep, respectively, despite the absence of substrate [2,9].

For substrate degradation in 26S proteasome that is regulated by USP14, recent time-resolved cryo-EM experiments
have disclosed a qualitative picture for proteasomal conformations and their temporal changes [27]. As illustrated with
dashed boxes in Fig 1B, the recently observed 13 conformations of USP14-bound proteasome were categorized into E,-
like (EYEL, ERS5, EYBL), E-like (Epg” ™, EYSP14, EpSiMt, EYSAIA, EYSPI4, EpSFIY), and S -like (SYSP4, SESPH4, sysPi4, spoPis
) classes. The E,-like, E-like, and S_-like conformations have structures similar to E,, E,, and S, which are not regulated
by USP14. For more detailed information on the conformational difference in E,-like, E_-like, and S -like proteasomal
states, please refer to the description in Supporting information. As indicated with thick gray links in Fig 1B, transitions
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Fig 1. USP14-bound 26S proteasome in substrate degradation. (A) The structure of USP14-bound proteasome. (B) Conformations of the human
26S proteasome and their transitions known from experiments [3,9,27]. Sa, Sg, Sc, Sp (Ea, Es, Ec1,c2, Ep1,p2) are for proteasomal conformations free of
substrate (in the presence of substrate), with subscripts A, B, C, D (and the numbers) representing conformational (and sub-conformational) differences.
The E,-like, E_-like, and S-like conformations shown in dashed boxes are for USP14-bound proteasome, with structures similar to E,, E;, and S. The
superscript UBL (or USP14) denotes that the proteasome is bound with the UBL domain (or with both UBL and USP domains of USP14). The thin arrows
(or thick gray arrows) are for experimentally certain (or less certain) conformation transitions. (C) The reaction network for USP14-regulated proteasomal
substrate degradation reformulated from (B). Constituents of the proteasomal complex are denoted with P (for 26S proteasome), D (for USP14), and S
(for substrates), respectively.

https://doi.org/10.1371/journal.pcbi.1012761.g001

occur among the E,-like, S_-like, and E_-like conformations. Previous studies illustrated that in E,-like conformations,
competition exists between the deubiquitination of USP14 and the tail insertion of substrate [25]. The substrate could not
be stably bound to the proteasome if the substrate ubiquitin is removed by USP14 before the tail insertion completes.
This can make E,-like states change into the S_-like conformations (indicated by gray arrow 1 in Fig 1B). Conversely, if
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ubiquitin is cleaved after tail insertion, the substrate can maintain a stable binding due to the force exerted by ATPase
motor, facilitating subsequent unfolding and degradation processes, i.e., E,-like changes to E_-like (refer to gray arrow 2
in Fig 1B). After the completion of substrate hydrolysis, the proteasome in E_-like conformations returns to the unengaged
S,-like conformations [29], as denoted by gray arrow 3 in Fig 1B. Ultimately, the proteasome in the substrate-resistant S -
like conformations changes back to the E,-like conformations (refer to gray arrow 4 in Fig 1B).

2.1.2 Reaction network and kinetic model for USP14-regulated proteasomal substrate degradation. Based on
the experimental findings as in Fig 1B, we sought to construct a reaction network for USP14-regulated E,-like, E-like, or
S,-like conformations in substrate degradation (Fig 1C). In our model, the 13 distinct conformations are not considered
directly as variables but are classified according to their differences and changes in the constituents of the complex. To
account for conformational changes of the proteasome, the primary components of the complex are represented by
the symbols P for the 26S proteasome, D for USP14, and S for substrates. For instances, the combination PD
represents the 26S proteasome bounded with USP14, and PDS denotes the proteasome-USP14-substrate complex. For
simplicity, the conformational differences in the ATPase motor are ignored in our model, and the proteasomal complex
is characterized by whether it is bound with the ubiquitin chain (denoted by subscript U) and whether the substrate is
engaged with its initial tail inserted into the OB-ring of the proteasome (denoted by superscript /). For an instance, PDy
represents the proteasome-USP14 complex with USP14 bound with the ubiquitin chain. Partially deubiquitination is
permitted in our model. Sy, represents the substrate not deubiquitinated by USP14, and partially deubiquitinated substrate
by USP14 is denoted with Sy. Applying the above scheme, the E,-like conformations ESEL, ESBL, ESPL involved in the
processes before tail insertion or deubiquitination are represented with PD, PDSy,, PDSy in our model. The six E-like
conformations responsible for substrate translocation and degradation are casted briefly in two states PDUS"U and PDyS'

. Similarly, the four S_-like conformations, involved in translocation inhibition, are simplified into two states PDySy and
PDy. In Fig 1C, PD; represents a state before the addition of substrate. It belongs to the S-like class which undergoes a
reversible transition to the PD state in E,-like type conformations in absence of substrate.

To take into account the experimental findings of conformational changes as illustrated in Fig 1B, state transitions occur
in the simplified states in our model (refer to Fig 1C). Substrate binding/unbinding take place in the E,-like states (PD
, PDSy,, PDSy) and in the S-like states (PDySy, PDy), thus cause transitions between the E,-like and S-like states.
Secondly, the E,-like states PDSy,, PDSy can change into E_-like states PDUS{, and PDyS' by tail insertion of substrate
engagement. The accomplishment of substrate translocation and hydrolysis transforms the E_-like states PDyS/, and
PD,S' into the S,-like state PDy. In addition, the initial E,-like state PD (or PDSy;) can be converted to the S_-like state
PDy (or PDySy) by ubiquitin binding (or deubiquitylation of USP14).

In our model, we assume that 26S proteasomes, USP14, and substrates are present in abundance and the reactions
among them follow the mass action law. The chemical reaction dynamics for substrate degradation in 26S proteasome
regulated by USP14 in Fig 1C can be described with eleven variables, eight of which represent the concentrations of E,-
like states (PD, PDSy,, PDSy), E-like (PDyS},, PDyS'), and S,-like (PDySy, PDy, PDy) states for USP14-bound protea-
some, two for the concentrations of substrates (Sys, Sy), and one for the concentration of ubiquitin chain (U). The ordinary
differential equations for the reactions are listed in Supporting information (Equations Ain S1 Text). The parameter values
of Equations A in S1 Text were determined by fitting the time-resolved cryo-EM experimental data [27]. Detailed informa-
tion of fitting is given in Method.

2.1.3 The dynamics of USP14-bound proteasomal substrate degradation. The coupled ordinary differential
equations (Equations A in S1 Text) for the kinetic model of USP14-regulated proteasomal substrate degradation have
been numerically solved, and the results are presented in Fig 2. The time evolution in the proportions of E,-like (PD
, PDSy,, PDSy), E-like (PDyS},, PDyS'), and S,-like (PDySy, PDy, PDy) conformations is readily obtained from the
simulated dynamics of eight variables for USP14-bound proteasome concentrations, as illustrated in Fig 3A. The temporal
change in the ratio of the residual substrate concentration (Sys, Sy) relative to the initial amount is also shown. Upon
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Fig 3. Dynamics of the USP14-bound proteasome. (A) Time evolution of the proportions of E,-like, E_-like, and S -like categories of conformation, as
well as the concentration of residual substrate (Sy2, Sy) relative to the initial amount over time. (B) Temporal changes in the proportions of Ej{fL, EXE’@,

and EYBL conformations within the E,-like conformation. (C) Temporal changes in the proportions of Egot ™4, EUSP14, EJSFIL pUSPLA pUSPIA gng EZSPL
conformations within the E-like conformation. (D) Temporal changes in the proportions of SYSP14, SgSF14, SUSPL4 and SESPM conformations within the

S,-like conformation. Solid lines represent simulation results, and dots are from the experimental data [27].

https://doi.org/10.1371/journal.pcbi.1012761.g003

substrate addition at zero minute, the proportion of E -like conformations, which are involved in substrate engagement,
translocation, and hydrolysis, increases rapidly in the first minute, and falls slowly from the peak value in the following
thirty minutes. On the contrary, the proportion of E,-like conformations, which are responsible for the processes before
substrate tail insertion or deubiquitination, decreases rapidly to the bottom value and recovers slowly as the substrate is
degraded. The two opposing trends arise naturally due to the conservation of the total proteasome concentration. The
proportion of S, -like conformations, which are associated with degradation inhibition mediated by ubiquitin-bound USP14,
maintains at low percentages and has no prominent changes during degradation as the residual substrate concentration
decreases continuously. At 30 minutes, there are approximately 25% of the substrate remained undegraded. Recent
time-resolved cryo-electron microscopy (cryo-EM) experiments have elucidated the dynamic shifts in the proportions of
13 distinct conformational states as well as the progressive decrease in residual substrate levels over time [27]. These
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experimental findings were obtained at a temperature of 10°C under specific conditions: 1mM ATP, 10 uM substrate
Sic1PY, and 1 yM USP14-bound proteasome. As illustrated in Fig 3A, the model results (curves) agree closely with the
experimental findings (the dots).

As the 13 intermediate conformations are not explicitly included in our model as dynamical variables (due to lack of
detailed experimental information of conformational changes), the proportions and their dynamical changes cannot be
directly obtained in our simulations. Based on reasonable assumptions, the experimentally observed changes in the pro-
portions of 13 intermediate conformations can still be inferred in our model. Firstly, the six E_-like conformations (E4SP1
EUSP14 EYSPLA pUSPL4 FUSPI4 gnd EZSPM) are involved primarily in fast changes of the ATPase motor during substrate
unfolding and translocations. As they represent a series of intermediates changing much faster than the complete rounds
of substrate translocation, the transitions between the six E_-like conformations are effectively in quasi-equilibrium. It is
reasonable to assume that the proportions of these six intermediates in the whole of E -like conformations are fixed during
the substrate degradation. In our simulations, the fixed percentages are obtained by fitting the experimental results, which
are 2.5% for EUSP14, 3.0% for EZSF', 15.5% for Eps’ 4, 11.0% for EYSP14, 39.0% for EBSH'*, and 29.0% for EUSF14, respec-
tively. As shown in Fig 3C, the dynamical changes in the proportions of the six E_-like conformations obtained from our
simulations closely match the experimental data.

For the three E,-like conformations, E{E- lacks any visible substrate, ES5L shows ubiquitin bound at the RPN11, and
ESBL exhibits both ubiquitin and subtle substrate density on RPN11. Given the difficulty of cryo-EM in visualizing substrate
conformations outside the OB-ring, we consider EYBL to encompass both PDS; and PDS, states in our model, i.e.,

A2.1
[EYBL] = [PDSu»] + [PDSy]. We hypothesize that Exs represents an unstable binding of ubiquitin (possibly originated in
substrate-tagged ubiquitin chains or ubiquitin chains generated by USP14 deubiquitination). Considering the constant total
number of ubiquitin chains in experiment, we assume that EXQB_% maintains a rapid equilibrium with Efq’fL and corresponds
concurrently to the PD state in the model. Thus, the percentages of EY2- and E45% in the whole of PD conformation can
be considered as fixed, which are similarly fitted to be 62.0% and 38.0%, respectively. The results in Fig 3B show that the
model results are in good agreement with the experimental data.

The four S_-like conformations primarily differ in the status of the CP gate and the conformation of the ATPase motor,
making it challenging to establish a direct correspondence to our model based solely on their conformational features. In
our simulations, we hypothesize that SYSP'4 directly corresponds to the PD; state (i.e., [S§SF'4] = [PDy]), and that SZ57*4,
ng’m, and Sg§P14 correspond to the PDySy and PDy, states. Due to the reduced affinity between the substrate and the
proteasome after USP14-mediated deubiquitination, cryo-EM images are likely unable to differentiate the PDySy and PDy
states. The transitions among SZ5F'4, SUSP14, and SEEF'* may achieve rapid equilibrium. Their percentages in the whole
of PDySy and PDy are fixed, which have been fitted to be 20.5% (SZ5F4), 45.0% (SYSP14), and 35.0% (Sps"'*), respec-
tively. In Fig 3D, the simulation results are also consistent with the experimental data for S4'*and SZ5F4. The deviation
between theory and experiment partially exists in SgSP14and ngpl‘*. The inconsistency might be due to the relatively low
proportions of SYSF14 and SYF14 conformations (less than 5% at maximum) in the total of 13 conformations, making the

experimental measurements of their proportions more susceptible to measurement uncertainties.

2.2 Simplified model and the influence of USP14, substrate and ATP on substrate degradation

2.2.1 The effect of USP14 on substrate degradation rate. To check into the influence of USP14 on substrate
degradation by the proteasome, we proceed with additional simplifications to the kinetic model that we have
discussed above. Specifically, we neglect the more detailed PDS;, and PDyS' states in Fig 1C and consider only
the case where substrate not deubiquitinated by USP14 binds to the proteasome. In considering the homeostasis
within the cell, we assume that the concentrations of Sy, Sy, and U remain constant. In Fig 4A, the reaction network
for USP14-regulated proteasomal substrate degradation in Fig 1C is simplified as the substrate degradation loop
PD — PDSy, — PDUS’O — PDy — PD coupled with the loop of deubiquitination PD — PDSy, — PDySy — PDy — PD.
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In comparison, Fig 4B illustrates a simple loop of substrate degradation P — PSy2 — PS"U2 — PS"U — P, in which the
proteasome is not regulated by USP14. The kinetic equations of mass action law are assumed for the networks in Fig 4A
and 4B and are given in Supporting information (Equations B and C in S1 Text) together with the parameters (Tables B
and C in S1 Text).

The influence of USP14 on the rate of proteasomal substrate degradation can be obtained by analyzing the simplified
model for USP14-regulated substrate degradation (Fig 4A) in comparison with the simple reaction model for the degra-
dation without USP14 (Fig 4B). For both cases, the steady-state substrate degradation rates can be obtained analytically
by setting the right-hand sides of Equations B and C in S1 Text to zero. In Fig 4B, the processes of substrate insertion,
translocation and hydrolysis, deubiquitination, unbinding of ubiquitin and deubiquitinated substrate are nearly irreversible,
the relevant parameters in Table C in S1 Text are negligible with f7 = I; = [, ~ 0. The substrate degradation rate v_ysp;4 for
the USP14-free process can be deduced to be,

_ N — Ve [P [Suz]
vuses = [PS] = Seziss), 0

where I,T is the+ @tg of substrate hydrolysis, [P{] is the total concentration of all proteasomal states,

) U .
_ d'h i su2
K uyspia = TR and v, _ysp14 is the saturated rate,

su2
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1

Vm-USP14 = T 1 T
PR 2)

Similarly, for the case of substrate degradation regulated by USP14 (Fig 4A), the relevant rate parameters in Table B in S1
Text for the negligible inverse reactions are assumed as zero with k7 = ky = k;, =k, = ki =~ 0, the substrate degradation
rate v, yspia, Which is ki [PDyS),], for USP14-regulated proteasomal degradation rate takes the form,

Vin,+Usp14[Pt][Suz]

Viuspi4 = Kyuspia+[Suz] (3)
in which, the saturated degradation rate is,
— 1
Vm,+USP14 = G TS
E+g+ﬁ+3(ﬁ+§) (4)

o ik, (K 4K 4Ky ) (Ke+iH)
Kook (K sk kit b (K kg ) kg K (Ks+kg))

and Ky ysp14 =

The effect of USP14 on degradation can be obtained by checking the substrate degradation rates of Eq. 3 in com-
parison with Eqg. 1. As the expressions of Egs. 1 and 3 are complex, it is not convenient to evaluate the relative size
of v_ysp14 and v, ysp14 to determine whether the influence of USP14 on the substrate degradation rate is positive or
not. Take a step back, the saturated degradation rates v, _ysp14 and v, 1 ysp14 Of Eqs. 2 and 4 can be compared due
to their simpler forms. Typically, the processes of substrate insertion and hydrolysis are not influenced by the bind-
ing of USP14, thus kfr R~ /,.+and k,f = I,J:. The parameter /j in Eq. 2 is the deubiquitination rate constant of RPN11 in
the absence of USP14, and kj in Eq. 4 is the rate constant for ubiquitin falling off USP14 in the presence of USP14.
According to recent experiments, lj is from one to two orders of magnitude larger than k; [7]. As /j; in Eq. 2 is generally
much greater than k; in Eq. 4, it is always the case that vy, ; usp1a < Vm-usp14. Therefore, under conditions of substrate
saturation, the typical effect of USP14 regulation is to reduce the rate at which substrates are degraded by the prote-
asome. The model result is consistent with the experimental findings that demonstrated USP14 inhibits the substrate
degradation by the proteasome [23,25,27].

2.2.2 The dependency of the degradation rate on substrate and ATP concentrations for USP14-bound
proteasome. The rate v ysp14 in Eq. 3 for USP14-regulated proteasomal protein degradation not only depends on
the concentration of substrate [Sy.], but also a function of the substrate hydrolysis rate k,T which is determined by the
concentration of ATP. Previous biochemical experiments have highlighted that the rate of substrate translocation in the
proteasome doesn’t rise monotonically with increasing ATP concentration [30]. As depicted in Fig 4C (dots), the rate
follows a biphasic pattern. Initially, the rate increases as ATP concentration goes up, then paradoxically decreases at
higher ATP levels. The experimental substrate translocation rate in (30) is found to be best fitted with the following Hill
functional form (curve in Fig 4C):

I, _ vi[ATP] _ wIATP]
trans — K, 1[ATP] ~ Ko+ [ATP]" (5)

Where v; = 7.214 s’%, Vs = 5.165 s’%, Ki = 5.666 x 10° M, and K, = 3.962 x 10~ M. The rate of substrate hydrolysis
depends linearly on the translocation rate,

k; = C - Ians, (6)
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where C is the coefficient. It is estimated here to be 0.307(mi(£"_§29p) from the experimentally observed translocation rate in

(30) under conditions of 1mM ATP and the hydrolysis rate k;,r we use in our simulations of Equations Ain S1 Text.

The dependence of the USP14-regulated proteasomal hydrolysis rate on both substrate and ATP concentrations
can be readily obtained by substituting Eq. 6 into Eq. 3. Fig 4D depicts the substrate degradation rate v, ysp14 as the
function of [Syz] and [ATP] concentrations with the parameter values in Table B in S1 Text. The peak of the translo-
cation rate does not appear in the upper-right corner of [Sy»]-[ATP] space due to the biphasic relationship between
the substrate translocation rate and ATP concentration. From Fig 4D, the range of ATP concentration for optimal
degradation remains consistent for different substrate concentrations larger than 0.01 mM. Also illustrated in Fig 4D
is the black dashed line denoting the half-maximal effective concentration (EC50) of the substrate across different
ATP concentrations. EC50 is defined as the substrate concentration corresponding to half the maximum degradation
rate at each ATP concentration. It rises as the ATP concentration increases, and then declines once the optimal ATP
concentration has been exceeded. The EC50 curve represents the interplay between the ATPase motor’s dynamics
and other processes occurring in the proteasome bound by USP14, a relationship that can be verified through future
experimental studies.

2.2.3 The influence of USP14 on substrate preference in proteasomal degradation. Within living cells,
proteasomes frequently encounter the task of concurrently degrading multiple types of substrates. Given the
distinct properties of these substrates, the degradation rates often differ significantly, and proteasomes exhibit
preferences in the degradation of substrates [31]. The interplay between proteasomes and USP14 modulates the
kinetics of substrate degradation, thereby would shape the selective preferences of the 26S proteasome towards
various substrates. To investigate the influence of USP14 on substrate selectivity, we consider that two different
substrates, denoted as S and T, are present in the reactions of Fig 4A and 4B. The reaction kinetic equations, for
both with and without the regulation of USP14, are detailed in Supporting information (Equations D and E in S1°
Text). The degradation preference of substrate S over substrate T can be quantified by the ratio of their respective
degradation rates., i.e., Pst = vs/vr. The influence of USP14 on the substrate preference during degradation can
be estimated by comparing the relative magnitudes of the preferences Psr_ysp14 in the presence of USP14 and
Pst_usp14 in its absence. It is reasonable to assume that USP14 would not influence substrate binding/unbinding
and tail insertion into the proteasome, and the relevant rate constants for substrate S (k's) and substrate T (I's) are
approximately equal (refer to Method). On this basis, the preference ratio n = Psr_rysp14/PsT-usp14 at the stationary

state is found to be,
+ _
IS
77 = b
<1+f+f) <1+ ‘its+ s"2>
ki,t :s k/,s (7)

where kg5, k:;s, k+(and Kaos k:,“t, k,*t,) are the rate constant of substrate unbinding, deubiquitination of USP14, and sub-
strate insertion into the ATPase motor for S (and T). The rate constants of unbinding (k;,,/kg,,), deubiquitination (kgs/k;ﬁ,
), and insertion k / ) for substrate S relative to substrate T determine the preference ratio 7 in combination. For USP14
to enhance the degradat|on preference of substrate S, it is necessary that n > 1 or, equivalently.

k+ K3

ki,t ""’%2

Ktk (8)

In case n = 1, the above inequality holds with equality. The influence of USP14, quantified by Eq. 7, on the preferential
degradation of substrate S over T is vividly depicted through the heat maps in Fig 5. The maps illustrate the relationship
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Fig 5. Effects o{ USP14 on substrate pr}(eference in proteasomal degradation. The preference ratio n in Eq. 8 is illustrated in the relative rate
space fversus % (A), and in 5“2 versus k“ space (B). The black dashed line indicates n = 1 where the degradation preferences of substrate Sto T
in USP14-bound éhd USP14- free proteasof’ﬁes are equal. Parameters: Ko = Ky = 1.785 x 107! s, kf, =107 s7!, K, = 6.364 x 1072 s7* for (A), and
Kl =kl =107 s, kg, = 1.785 x 107! 57!, kf, = 6.364 x 1072 s™* for (B).

https://doi.org/10.1371/journal.pcbi.1012761.9005

in the relative rate space ’S versus '“ (Fig 5A), and further in the alternative relative rate space * Koz plotted against ’fs
(Fig 5B). The mtermedlate d|V|d|ng I|ne W|th n= 1is marked. From Egs. 7 and 8 and Fig 5, it can be concluded that with
relatively large ratios of 5“2 or ‘j, or small ﬁ — in other words, when the substrate is easier to dissociate from the pro-
teasome, or readily mserted mto the OB- r|ng or less sensitive to ubiquitination — its proteasomal degradation would be
enhanced by the binding of USP14 to the proteasome.

3. Discussion

The ubiquitin-proteasome system (UPS), which includes USP14 and the 26S proteasome, is crucial for the regulation of
protein turnover in cells. Studying their interaction provides insight into the mechanisms underlying protein degradation,
which is fundamental to cellular homeostasis. The process of proteasome-mediated protein degradation occurs rapidly,
with timescales on the order of milliseconds to seconds. Capturing intermediate states during this process is technically
challenging due to the fast kinetics involved. The addition of USP14 introduces further complexity to its conformational
changes. Distinguishing and classifying these dynamic states at high resolution requires sophisticated cryo-EM imaging
analysis and classification algorithms. Up to now, time-resolved cryo-EM experiments on USP14-regulated allostery of the
26S proteasome are very limited, and an accurate understanding of the highly dynamic machine in substrate degradation
remains elusive [27]. For instances, cryo-EM experiments have provided only fragmentary and vague views on the rapid
conformational changes of the ATPase motor, and it is difficult to obtain cryo-EM images for substrate conformations out-
side the OB-ring due to its structural flexibility under thermal noise.

The limitations in experimental studies necessitate the use of mathematical modeling to hypothesize in experimental
uncertainties and to gain complementary insights into the intricate substrate degradation process. This is particularly
pertinent when detailed cryo-EM studies, aiming to capture time-resolved proteasomal allostery, are challenging to
achieve. In this paper, we presented a kinetic model which is based on recent experimental findings in USP14-bound
proteasomal conformations in substrate degradation. Our model accurately interpreted the recent experimental data on
the time-resolved variations in the conformational landscape of human 26S proteasomes, as detailed in the study of [27].
Consistent with experimental findings, the model demonstrated that the proteasome’s rate of substrate degradation is
reduced under the regulatory influence of USP14. Our model illustrated how the rate of degradation is influenced by the
concentrations of substrate and ATP, and it predicted the EC50 value of the substrate for varying ATP concentrations.
When confronted with multiple substrates, USP14 influences the proteasome’s preference, leading it to favor substrates
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that can readily engage with the OB-ring, are weaker bound to the proteasome, and are less susceptible to deubiquitina-
tion processes.

The regulatory role of USP14 on the proteasome has been a focus in study of the USP14-proteasome complex. Sev-
eral studies have demonstrated its inhibitory effect on substrate degradation [23,25,27]. It is important to note that the
present experimental evidence is not comprehensive enough to definitively ascertain the inhibitory role of USP14 across
the entire spectrum of substrates. Our model suggested that the inhibitory effect of USP14 depends on several parame-
ters that are rooted in the structural characteristics of the substrate. Theoretically, there might exist a class of substrates
upon which USP14 could have a facilitative impact. In fact, USP14 has been recently found to exert activating effects on
the proteasome [32]. It was reported that if the proteasome binds to USP14 with only the UBL domain, it can up-regulate
the degradation rate of substrates by the proteasome. The precise mechanism underlying the heightened degradation rate
observed with the UBL-domain-only USP14 remains unclear. As such an incomplete USP14 does not exist under in vivo
conditions, the observation may not apply to the case of complete USP 14 with both UBL and USP domains. In fact, the
absence of the USP domain in the truncated form prevents USP14 from executing its deubiquitinating function on sub-
strates. The regulation of USP14 without the USP domain to the 26S proteasome might be very different from the situation
we considered here. To date, there have been no experimental reports indicating that complete USP14 can achieve an
increase in degradation rates.

Experimental findings regarding substrate preference and selectivity of the 26S proteasome in substrate degradation
have been accumulated. Several factors have been revealed that can influence the substrate selectivity, including the
amino acid sequence and the length of the initiation region of substrate [33—36], the number of ubiquitin chains, as well as
the position, length, and type of each ubiquitin chain [31,37]. The specific role of USP14 in altering proteasomal substrate
selectivity is still unclear. Our model analyses suggest that a substrate, when compared to others, which is more readily
inserted into the OB-ring and easily disengaged from the proteasome, while simultaneously being less susceptible to deu-
biquitination by USP14, would be preferentially targeted for degradation by the proteasome complexed with USP14. This
provides a fresh perspective on the potential biological roles of USP14 and encourages further experimental exploration to
better understand its functions.

4. Method

In the simulations of Equations A in S1 Text, the ordinary differential equations are numerically solved and analyzed
using Python SciPy (version 1.7.3) and NumPYy library (version 1.22.4). We assume that before the addition of substrate,
the transition between the USP14-bound proteasome PD state and the PD; state, in which the entry to the OB-ring is
blocked by RPN11, is at equilibrium. In accordance with the experimental setup [27], we set the initial concentrations

for PD, PDy, and Sy, as [PD]o = 0.949 uM, [PDy], = 0.051 uM, [Syz], = 10 uM, while all other variables are initialized

to zero. The rate constants for substrate binding and dissociation from the proteasome, as well as those for substrate
insertion and translocation in the ODEs of Equations A in S1 Text, can be adopted from experimental measurements
[6,30,31]. Since these experiments were conducted at temperatures higher than those of the time-resolved cryo-EM
experiments (below 10 °C), we use the experimentally measured rates as upper bounds for fitting. The remaining rate
constants have no upper bounds and are free to vary during fitting. The rate constants were determined by fitting the
simulation results to the time-resolved cryo-EM experimental data in Fig 3A, including the proportions of E,-like, E-like,
and S -like categories of conformation, as well as the concentration of residual substrate relative to the initial amount.
The full parameter values and the settings of upper bounds during fitting for Equations Ain S1 Text are listed in Support-
ing information (Table A in S1 Text). We also conduct a parameter sensitivity analysis (Fig A in S1 Text), which high-
lights the critical roles of the substrate binding rate, tail insertion rate, deubiquitination rate, and substrate translocation
hydrolysis rate in USP14-mediated regulation of proteasomal processes. In our simulations of the temporal changes in
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the percentage populations of 13 intermediate conformations of the USP14-bound proteasome (shown in Fig 3B-3D),
we assume that quasi-equilibriums have been achieved within the E,-like, E -like, and S -like classes during substrate
degradation. While the concentrations in each class undergo temporal changes, the ratios between them should remain
roughly constant. In our simulations, the fixed ratios are determined by fitting the model results to the experimental
observations.

To evaluate the effects of USP14 on proteasomal degradation and substrate preferences, we adopt the simplified
model in Fig 4A and compare it to the scenario depicted in Fig 4B, which lacks USP14. The kinetic equations for the
reaction networks in Fig 4A and 4B are listed in Supporting information (Equations B and C in S1 Text), with rate con-
stants denoted differently by ks and I's, respectively. For both USP14-free and USP14-bound proteasomes, we use
identical concentrations of proteasome, substrate, and ATP at the same temperature in our analyses to compare the
degradation processes. We also assume that the influences of USP14 on substrate binding and release, tail insertion, and
translocation and hydrolysis rates can be disregard, i.e., kI ~ I, kt ~ /;”, Ko I .2 in considering the effect of USP14
on proteasome degradation rates. Similarly, when assessing the effect of USP14 on proteasome substrate preference,
Keuo % gy Keuz = Tsuzs Ky = I Ko = s k/+s ~ I/+s' k/th ~ I+ are assumed.

The expression of 1 (Eq. 7) is derived from the steady- state of Egs. 4 and 5 The preference of substrate S over sub-

strate T in USP14-regulated proteasomal degradation, which is calculated as W is determined and given by,

k+ 1+ dt+ tu2>
- ( ki ki . [Sue]

Psr,+usp1a = o]
i (1152
is is

I+ [PS

For the case of USP14-free degradation, the preference, which is equal to i [P;“]], has the form,
ht U

Isu2 <1+ M2)
i) s
Pst-usp14 = ' Hﬂ :
U

l,s

(10)

where k,, and k3, (and Iu2 and [, ,) are the rate constants for binding and unbinding of ubiquitin-tagged substrate Sy,
(and Ty2) to the proteasome, with subscripts ‘s’ and ‘t’ for substrate S and substrate T, respectively. The magnitudes of
Pst +usp14 @and Psr_ysp14 in Egs. 9 and 10 depend on the parameters k’'s and I's. The ratio of Egs. 9 and 10 gives the
equation for 7 (Eq. 7). Inequality Eq. 8 is deduced from expression Eq. 7 by letting n > 1.

Supporting information

S1 Text. Supporting information, including Text A, Table A-C, Equations A—E and Figure A.
(DOCX)
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