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Proteasomes are fundamental for the degradation of intracellular proteins,
having a key role in several important metabolic and signaling pathways, in
the cell cycle and in antigen presentation. In vitro proteasomal digestion
assays are widely used in molecular biology and immunology. We
developed a model, ProteaMAlg (proteasome modeling algorithm) that
describes the kinetics of specific protein fragments generated by 20S
proteasomes in different conditions, once the substrate cleavage strengths
are provided. ProteaMAlg was tested on a variety of data available in the
literature as well as on new degradation experiments performed with
polypeptides of different sequences and lengths. The comparison between
in vitro and in silico experiments was used to quantify the effect on
degradation of the sequence and the length of target polypeptides, of the
presence of regulatory molecules such as PA28-ap, and of the type of 20S
proteasome (constitutive- or immunoproteasome). The model showed that
the effect of the PA28 regulatory subunit results in a modification of the
gating functions of the proteasome core particle. Immunoproteasome
digestion experiments suggested that this form of proteasome, which is
involved in generating MHC-class I epitopes, presents modified cleavage
and gating activities. Our analysis improves the current understanding of
the kinetics of proteasome functioning, and provides a tool to quantify and
predict the effect of key parameters during in vitro digestion. ProteaMAlg is
publicly available on the web (http: /www.proteamalg.com).
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Introduction

Proteasomes are multicatalytic enzyme complexes
that are responsible for the degradation of the
majority of intracellular proteins, having a pivotal
role in major histocompatibility complex (MHC)
class I antigen processing. The 26S proteasomes
consist of a catalytic 20S core (a four-ring structure
with seven different subunits in each ring, arrayed
as ayP7Pray) and two 19 S regulatory complexes.
Alternatively, proteasome activators PA28—0L[’> or
—v can bind to the end of the 20S core.” In cells
exposed to IFN-y and TNF-a, the constitutive p
subunits with catalytic activity (31, B2, and Pp5)
are replaced by other catalytic subunits (B1i, p2i,
and P5i, respectively) that are incorporated coop-
eratively into a newly synthesized alternative
proteasome form. This isoform, named immuno-
proteasome, presents an altered activity of the three
catalytic sites,” which may enhance the capacity to
generate antigenic epltopes and the digestion of
specific substrates.” In this work, we specifically
studied the in vitro digestions by 20S proteasome in
complex with PA28—-af and investigated the effects
on the kinetics of digestion. It is generally accepted
that PA28—af3, through the binding to the 20S o-
rings, produces an opening of the gate and conse-
quently increases the degradation of specific
substrates.'” Furthermore, it has been proposed
that PA28—ap could induce further conformational
changes on the 20S proteasomes; ' there have been
several reports that this complex increases the
processing of specific MHC class I epitopes, enhan—
cing the cleavage strength of minor cleavage sites.”
In this work, we address these issues by means of a
mathematical modeling analysis of in vitro degrada-
tion experiments. In the last years, algorithms for the
prediction of proteasomal cleavages and mathema-
tical modeling of kinetics of degradation have been
developed based on in vitro data for polypeptide
degradation.”'’ Here, we propose a new model,
named ProteaMAlg (proteasome modeling algo-
rithm), with the aim to improve the analysis and
predictions of the products and their kinetics of in
vitro proteasome degradation. We show the utility
and the prediction power of our tool by fitting
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several selected data sets from the literature and
from new in vitro experiments. The quantitative
support of ProteaMAlg on the outcomes of in vitro
experiments provides information to improve our
understanding of the mechanisms underlying the
functional diversity between constitutive- and
immunoproteasomes, the effects of substrate length
on the cleavage as well as the PA28-mediated
modulation.

Results

The model

Two main factors characterize ProteaMAlg: the
first is a kinetic description of the proteasome
degradation dynamics based on a system of ordin-
ary differential equations. The second is the use of
the substrate cleavage strengths (SCSs) to assess the
role of substrate specificity in the digestion experi-
ment (for a detailed definition, see below).

The kinetic model is based on our earlier work,"’
where we proposed a model to describe the effect of
the substrate length and concentration on in vitro
degradation. Let (i,j) be a generic fragment, where i
and j (j>i) denote the sequence position of the N
terminus and the C terminus of the fragment within
the initial substrate (1,L). The concentration of
fragment (i) inside and outside the proteasome is
denoted by n;; and N;;, respectively. The length of
this fragment is x;;=j-i+1. The kinetic model
accounts for four elementary processes to describe
the kinetics of the fragment (i,j) (Fig. 1):

(1) Uptake of fragment (i,j) into the proteasome
from the external environment: the corresponding
rate law in the kinetic equation depends linearly
upon the external concentration N;; of fragment (i,f);
i.e., potential competition of fragments for uptake is
not considered in the model. The rate law is
composed of a single rate constant (which has the
same value for all fragments independent of their
length and amino acid composition) and a factor
that takes into account the fact that the uptake rate
decreases with the increase of occupancy of the
interior volume of the proteasome. This volume

Fig.1. Illustration of the elemen-
tary kinetic processes that an arbi-
trary fragment (i,/) may undergo: 1,
uptake into the proteasome; 2,
release from the proteasome; 3, des-
truction by cleavage into smaller
sub-fragments; 4, generation from
larger fragment having either an N-
or C-terminal extension.



ProteaMAlg Predicts Proteasome Cleavage Kinetics

1609

limiting factor is chosen such that the uptake rate is
maximal for an empty proteasome and tends to zero
if the number of amino acid residues (aa) A tends
towards the maximal number of amino acid
residues A, that the proteasome may accommo-
date. The number of residues A(i,j) contributed by
fragment (i,j) residing inside the proteasome is given
by A(i,j)=x;; n;; where x; ;=j-i+1 and n(i,j) denote the
length and the concentration of the fragment (i)
within the proteasome. The total number of aa
residues, Amay, filling the interior of the proteasome
is obtained by summing over all contributions A(i,)
(i=1.Lj=i.L).

(2) Release of fragment (i,j) from the proteasome:
the release rate depends linearly on the proteasomal
concentration #; ; of fragment (i j); thus, the potential
competition of fragments for release is not consid-
ered in the model. The rate function e(x;;) for the
release of fragment (i j) is assumed to depend on the
length x;; of this fragment: the smaller the fragment,
the larger the probability to leave the proteasome.
The impact of the regulator PA28 on the release
probability of fragments is taken into account by
allowing the parameters determining the length-
dependence of the release rate to have different
values in the presence or in the absence of PA28.

(3) and (4) Proteolytic cleavage of peptides inside
the proteasome: two processes account for the loss
and for the gain of each fragment of length (i j). The
first process (process 3 in Fig. 1) is the loss of
fragments of length (i,j) which are cut into shorter
fragments, (i,k) and (k+1,j); the second (process 4 in
Fig. 1) is a gain process in which fragments (i,j) can
be generated from larger precursor peptides ((/,)
and (i,m)). The degradation of peptides is assumed
to proceed via consecutive single cleavage events;
i.e., double-cleavage events, as originally proposed
by the so-called molecular ruler hypothesis,!! are
not taken into account. The cleavage rate is chosen
as a function of the substrate length, in order to
incorporate into the model the enzyme kinetic facts
known for all well-investigated proteases. The
effective binding of the fragment to the active site
requires a sufficiently large number of residues on
both sides of the scissile bond; therefore, the longer
the substrate, the more likely it is that the cleavage
will occur. A detailed description and motivation of

casein

ovalbumin

the rate laws used in the kinetic equations is given in
Materials and Methods.

The second key element of our model is based on
experimental evidence that the overall proteasome
cleavage rate is influenced by each amino acid
position of the given substrate. We therefore defined
the cleavage rate of a given substrate through SCSs,
namely, the relative probability that each amino acid
position of the substrate is cleaved by the protea-
some. This cleavage strength pattern is substrate-
specific and can be obtained by the available
cleavage sites prediction algorithms,®” or by preli-
minary degradation experiments and a computation
through the method here described (see Materials
and Methods). We should recall that experimental
SCSs are a function of substrate aa sequence and of
the specific chemical and physical characteristic of
the substrate structure, which can strongly reduce or
alter the influx and the binding to the relevant
proteasome subunits. We make the assumption that
the polypeptides we considered in this study are
easily attached to the proteasome and the transloca-
tion rate within the chamber depends on the
substrate specificity.

To develop the model, we tested ProteaMAlg on
several published data sets of in vitro degradations
performed by 20S constitutive- or immunoprotea-
some, in the presence or in the absence of the PA28
complexes and with polypeptides differing in
length, concentration and aa sequences.

Length distribution of digested fragments

First, we used ProteaMAlg to predict the length
distribution of peptides generated by the 20S
proteasome degradation of casein, ovalbumin and
IGF-1."> For such prediction, the SCSs for each
substrate have been obtained from ProteaSMM,’
and a cleavage strength threshold of 0.65 was used.
As reported in Fig. 2, ProteaMAlg showed an
adequate fit of the experimental results, but an
excess of fragments shorter than 4 aa. Such
discrepancy can be explained by the conclusion of
a further study from the same research group, which
identified in a similar experiment a peak of 2-3mers
in the length distribution of digested casein pro-
ducts. They revealed that the methodological

IGF-1
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Fig. 2. Length distribution of peptides generated by the 20S degradation of casein, ovalbumin and IGF-1. The data
reported by Kisselev et al.'* (black line) and the in silico results of ProteaMAlg (histograms) are shown. The x-axis indicates
peptide length (in aa), and the y-axis indicates the relative amount (percentage).
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improvement of the size-exclusion chromatography
technique allowed the detection of fragments
shorter than 4 aa,'” thus supporting the ProteaMAlg
prediction output.

Substrate and fragment kinetics in digestions by
constitutive- or immunoproteasomes

Through ProteaMAlg we followed the kinetics of
each fragment produced by 20S proteasome during
in silico degradations of the 25mer (pp89) under the
conditions (e.g., SCSs, substrate and proteasome
concentration, fragment re-entry) adopted by
Peters et al.® In the experimental settings, the 20S
constitutive- and immunoproteasomes were used,
and the kinetics of the products were quantified by

(a)

the area delimited by the highest and lowest values
of each degraded fragment measured in different
repetitions of the assay. Thus, the application of
ProteaMAlg to these sets of experiments and the
comparison with the experimental reports allowed
us to test the capability of the model to predict both
the fragment kinetics (either in the presence or in
the absence of product re-entry) and the differences
between constitutive- and immunoproteasome
digestion. As shown in Fig. 3, ProteaMAlg results
mimicked the experimental data, also after long
digestion times when cleaved peptides likely re-
entered the proteasome cavity (re-entry event). The
effect of immunoproteasome on the fragment
kinetics and the substrate degradation was
described by tuning three parameters: increasing e

Fig. 3. pp89 25mer degradation
by 20S constitutive- and immuno-
proteasomes. Substrate and frag-

ment (examples) kinetics of the
digestion by 20S constitutive- (a)
and immunoproteasomes (b) are

reported. The broken lines with

ISR circles represent the experimental
B value of two different experiments
asreported by Peters et al.® The black
line corresponds to the ProteaMAlg
computation. The caption of each
graph indicates the position of the
peptide in the sequence of the 25mer
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(transport rate) and ¢ (cleavage rate), and decreasing
c; (peptide length with 50% maximum cleavage).

Effects of the PA28—af8 complex on substrate
and product kinetics

One of the main challenges of this study was to
predict the effects of PA28 on proteasome degrada-
tion. Therefore, we apphed ProteaMAlg to the data
reported by Dick et al.,” regarding the digestion of
three polypeptides (pp89 JAK-1, and JAK1-D) by 20
S proteasomes in the presence or in the absence of
PA28. They observed, in the presence of the
regulatory complex: an increase of the decay rate
for all substrates but JAK1-D; a greater amount of
double-cut products (DCPs) and a concomitant
decrease of single-cut products (SCPs) (Fig. 4a). In
silico ProteaMAlg tests, performed using the same
conditions and SCSs,” mimicked the PA28-depen-

(a) Dp89

0
8-15 8-19 8-20 5-157-15

1-15 8-25
DCP SCp
JAK1D
12 12
0 0
6-14  8-14 5-14 6-19  5-19 1-14
DCP SCP
JAK1
1.2 12
o0
8-16 10-16 8-21 10-21
DCP SCP

dent effect on the degradation rates (data not
shown) and on the preferential production of
DCPs over SCPs for all the substrates (Fig. 4b).
Intriguingly, only two parameters were changed to
imitate the effect of PA28 on the fragment kinetics
and substrate degradation: e (transport rate) was
increased, while 6 (peptide length with 50% max-
imum transport) was decreased.

Effects of substrate length on the degradation
rate and on fragment kinetics

There have been various reports that substrate
length impinges upon the proteasome degradation
rate. In this study, we tested ProteaMAlg on data
published by Dolenc et al.,'* which described the
digestion by 20S proteasome of polypeptides with
similar sequence and length between 12 aa and 30
aa. The authors observed a slight decrease in the

(b)

pp89
1200 400
800 -
200
400 -
0
8-15 8-19 8-20 5-15 7-15 1-15 8-25
W+ PA28 DCP SCP
O - PA28
JAK1D
1200 800
800
400
400
0 0
614 8-14  5-14 6-19 5-19  1-14
DCP SCpP
JAK1
1200 800
800
400
400
Q 4
8-16 10-16 8-21 10-21
DCP SCP

Fig. 4. PA28 increases DCPs and decreases SCPs. (a) Relative amounts of DCPs and SCPs originated from the dlgestlon
by 20S proteasomes, with or without PA28, of the three polypeptldes (pp89, JAK1D and JAKT1), as reported by Dick et al®
The amount of DCPs in the presence of PA28 and of SCPs in the absence of PA28 were arbitrarily set to 1 (y—ax1s) (b)
Absolute amount of DCPs and SCPs derived from the in silico digestion, through ProteaMAlg, of the three polypeptides
by 20S proteasome with or without PA28. The product amounts were obtamed after 300 min of in silico digestion of 9 nmol
of substrate in 300 pl of solution, similar to the experimental settings.” The y-axis indicates the amount (pmol).
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Table 1. Influence of substrate length on rate constant K;

lémer 23mer

0.0029  0.0032

12mer 14mer

K; 0.0028 0.0031

30mer (insulin- chain)

0.0035

The in silico digestion of substrates with different length computed
through ProteaMAlg (data from Dick et al. Ref. 14). The rate
constant K; (1/min) was calculated for each substrate. The
digestion conditions were 40 nmol of substrate in a volume of
200 pl with 10 pg of 20S proteasomes.

degradation rate from 14mer to 23mer, and an
increase for the longest insulin B chain (30mer).
Intriguingly, the 12mer showed a very slow degra-
dation and they inferred that proteasome has a
substrate length threshold around 12-14 aa, below
which the proteolysis is inefficient. In agreement
with the experimental results, we predicted the
highest degradation rate for the insulin % chain, the
lowest for peptide p12 and an intermediate cleavage
rate of the other substrates. These results were
described through the computation of the rate
constant K for each substrate (Table 1).

In order to test the prediction power of Protea-
MAlg and to achieve a better understanding of the
mechanisms that regulate proteasome function, we
performed new in vitro experiments, focusing our
attention on the effect of the PA28 complex and of
the substrate length on the degradation kinetics.
Degradations of different substrates (see Materials
and Methods) were performed with immunoprotea-
somes, the isoforms more involved in antigen
processing,' to further test ProteaMAlg in experi-
ments of immunological relevance.

@, (6)

0
0 100 200 300 400

TESPSFSAGDNPPVLFSSDFRISGAPEKYESERR

TESPSFSAGDNPPVLFSSDFRISGAPEKY

Effects of substrate length on kinetics of
degradation

To verify the effect of substrate length on the
kinetics of degradation, four polypeptides derived
from myelin associated glycoprotein (MAG) (Kloe
260, Kloe 316, Kloe 317, and Kloe 320) with
overlapping sequences and different lengths were
digested by 20S immunoproteasomes. The sub-
strates showed differences in their degradation
rate (Fig. 5a) and in the residue cleavage strength
(Fig. 5b), although no clear length-dependent effect
emerged. In silico ProteaMAlg experiments vali-
dated such observation, because the digestion of the
longest polypeptide, Kloe 316, was faster than that
for the 28mer and 29mer but slower than that for the
34mer (Fig. 5¢).

Effects of the PA28—af3 complex on substrate
and product kinetics

To investigate the PA28 effects, we performed in
vitro digestion of polypeptides Kloe 256, Kloe 258,
and Kloe 260 by 20S immunoproteasomes in the
presence or in the absence of PA28, and we
compared the experimental results with in silico
ProteaMAlg computations. The digestion rates of
polypeptides Kloe 256 and Kloe 260 were not altered
by the presence of PA28 (data not shown), whereas
the proteolysis of Kloe 258 was increased signifi-
cantly (Fig. 6a). In the presence of the regulatory
complex this polypeptide showed different SCSs
and length distribution (data not shown). Because of
these characteristics, we focused our attention on
polypeptide Kloe 258 and on its fragment kinetics,

N AR
TESPSFSAGDNPPVLFSSDFRISGAPEKYESERRAGDNPPAGDN Kloe 316

¥ Kloe 260

<«

Kloe 317

LLH;

SAGDNPPVLFSSDFRISGAPEKYESERR Kloe 320

—— Kloe 260
—— Kloe 317
---- Kloe 320
--@- Kloe 316

Fig. 5. Impact of substrate length on proteasomal degradation. (a) The decay rate of Kloe 260 (34mer), Kloe 316
(44mer), Kloe 317 (29mer) and Kloe 320 (28mer), digested by immunoproteasomes, are reported. (b) The amino acid
sequences of the four substrates with major (long arrows) middle (middle arrows) and minor (shorter arrows) cleavage
sites are shown. Both substrate length and sequence influenced the degradation rate, although no general rule has
emerged. (c) The in silico ProteaMAlg predictions of this assay. As for the in vitro experiments, the degradation rate is not
inversely related to the substrate length. In (a) and (c) the y-axis represents the substrate amount (pmol), while the x-axis

is the incubation time (min).
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Fig. 6. Effects of PA28 on the degradation of Kloe 258
by immunoproteasomes. (a) The degradation kinetics of
Kloe 258 with and without PA28. The broken and con-
tinuous lines represent the data obtained in in vitro and in
silico experiments, respectively. The substrate amount
(pmol) is on the y-axis and the incubation time (min) is
on the x-axis. (b) Peptide amounts observed in both in vitro
and in silico are reported. The y-axis represents the peptide
amount (pmol). With PA28, fragments longer that 13 aa
(such as peptide 13-28 shown here) originated from single
cuts (SCPs) are generated in smaller amounts, while the
double cleavage products (such as peptides 12-25 and 17-
25 shown here) increase. Such an effect is less evident with
fragments shorter than 14 aa: DCPs (such as peptide 17-25
shown here) are processed in greater amounts in presence
of PA28, as well as SCPs (such as peptide 1-9 reported
here).

adopting the following strategy: (i) in order to
minimize the impact of re-entry, the amount of
fragment was compared when at least 50% of the
substrate was still in solution; (ii) the comparison of
the amounts of fragments with same length was
performed among samples where the same amount
of substrate was digested; i.e., after 10 min of in vitro
digestion in the presence of PA28 and 40 min in the
absence of PA28; this last condition was chosen in
order to avoid the bias due to the accelerated
degradation with the PA28 complex and its impact
on the average length of fragments. Through such a
strategy, digestion experiments in the presence of

PA28 showed an increased amount of DCPs and a
reduction of SCPs for fragments longer than 13 aa,
whereas, with shorter peptides a general increase of
products emerged in the presence of the PA28
complex (Fig. 6b). In agreement with what was
observed with the ProteaMAlg computations with
data from Dick et al.,” the fit of the Kloe 258 showed
an increase of ¢ and a decrease of 6 (Fig. 6). The
peptide amounts, predicted by ProteaMAlg and
reported in Fig. 6b, were obtained comparing the
10 min (in the presence of PA28) and 23 min (in the
absence of PA28) digestions, in order to have the
same amount of substrate digested.

Discussion

One of the great challenges of the current bio-
chemistry is the comprehension of the kinetic
mechanisms underlying the in vitro proteasome-
mediated degradation of proteins and how different
factors, such as the length of the substrate and the
presence of regulatory molecules, influence the
proteolysis. Mathematical modeling is a well-estab-
lished approach to elucidating the kinetic mechan-
ism of complex enzymes. The aims of this approach
are to postulate a reaction scheme, to translate it into
kinetic equations, and to compare the predicted
initial rates and the time-courses of product forma-
tion with experimental measurements. In the case of
the proteasome kinetic modelling, this procedure
can be extremely difficult to achieve due to the
complex biological events that occur during the
proteolytic degradation of the protein substrate.
These events include spatial processes such as the
unfolding of the protein chain before entrance, the
substrate translocation through the openings in
the a-rings, and its subsequent movement through
the interior chamber. It cannot be excluded that a
partial re-folding of the substrate takes place
inside the proteasome.!®> Moreover, it is very likely
that there are multiple sites of the peptide chain
interacting with the inner wall of the proteasome,
thus influencing the binding to the active sites.
These spatial processes could partially account for
the still enigmatic cleavage patterns observed with
different substrates. As practically nothing is
known about these spatial processes, all modelling
attempts — including that presented here — are
based on compartment models that consider the
interior of the proteasome as a homogeneous reac-
tion space where several elementary processes occur
with probabilities that depend upon the length and
aa sequence of the peptide fragments.

Previously, we proposed a model of proteasome
digestion dynamics, where the distribution of
fragments observed experimentally was explained
by assuming a cleavage mechanism that depends
only upon the substrate length and concentration,
and a gating function of the proteasome.'’ Here, we
offer a new model (ProteaMAlg) that extends our
previous work and enables the description of the
dynamics of each single fragment and accounts for a
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sequence-specific cleavage mechanism. Moreover,
ProteaMAlg allows us to address the effects of
several variables on each possible fragment arising
during the in vitro digestion, offering to the re-
searcher the opportunity to estimate in advance the
best experimental conditions to apply. The key input
of this new model is the knowledge of the SCSs.
Several cleavage prediction algorithms have been
proposed,®~ and their prediction power increase
with the availability of new experimental data. Our
analysis shows that the simulations with the SCSs
obtained from prediction algorithms provide a
satisfactory description only of the experimental
distributions of fragment lengths (data from Ref.12),
while a more detailed description of the observa-
tions on the fragment kinetics is reproduced
correctly only when the SCSs are obtained expe-
rimentally. Hence, we suggest calculation of the
SCSs patterns from preliminary digestion experi-
ments in order to have an exhaustive description of
the degradation product kinetic, at least until
prediction algorithms will be improved and conse-
quently more detailed models will be available.

Besides its utility in the design of in vitro expe-
riments, ProteaMAlg offers new inputs into the
understanding of the mechanisms that underlie the
proteasome function. On the basis of analysis of the
in silico and in vitro experiments with polypeptides of
different lengths and overlapping sequences, we
conclude that both the substrate length and the aa
composition affect the SCSs and the overall substrate
degradation rate. The aa composition has a major
role in driving the kinetics of digested fragments.
However, for substrates shorter than 12 aa, a well-
defined decrease of the proteasome cleavage rate
with the decrease of substrate length has been
observed,?'*1® and validated here with ProteaMAlg.

PA28 generally affects proteasome cleavage activ-
ity, notwithstanding a few exceptions among the
substrates tested, as reported by others.’” It is not
known whether the effect of PA28 on degradation is
driven by substrate hydrophobicity, by specific
transport sequences that influence the PA28 trans-
port activity,'”'® or by some other mechanism(s).
Our study confirmed that DCPs, in contrast to SCPs,
are favoured in the presence of PA28, although this
effect is evident only for fragments longer than 13
aa. Intriguingly, with ProteaMAlg we quantify the
effect of PA28 by tuning only two parameters, i.e.,
the transport rate coefficient e, and 0, the peptide
length with 50% maximum transport; this for all the
polypeptides tested. The increase in the rate e may
be explained by PA28-mediated opening of the gate,
as generally accepted.' The decrease of , on the
contrary, is more difficult to interpret. One possible
interpretation is that unknown conformational
modifications of 20S proteasome due to PA28'
promote a different transport mechanism of long
fragments within the proteasome chamber.

In addition, we quantitatively predict the differ-
ences between the kinetics of constitutive- and
immunoproteasome activities.®* Modifying the value
of only three parameters (¢, c and c;) we obtained the

best agreement between in silico and in vitro data
taken from the literature. The increase of the efflux
rate e with immunoproteasomes may be interpreted
as a proteasome with a larger opening of the gate,
while the increase of the cleavage rate ¢ and the
decrease of c; may be related to the conformational
modification gathered with the substitution of the
catalytic subunits. Results in the literature suggest
that such an increase in the degradation rate is
substrate—dependent;4 hence, the modulation of the
gating and cleavage parameters in other in silico
experiments might differ significantly. Structural
and biochemical analyses linked to the ProteaMAlg
outputs may allow deciphering these interesting
and still unknown topics.

As we have shown, ProteaMAlg quantitatively
describes the in wvitro digestion patterns of sub-
strates with relatively simple dynamics. It is likely
that the transport within the proteasome core
particle is not a limiting factor for the degradation
of these substrates, and therefore our simplified
assumptions are sufficient to describe the digestion
dynamics. On the contrary, more complex sub-
strates could be modeled via a more realistic
description of the transport mechanisms, including
the substrate-gate interaction and the dynamical
opening of the gate.'” Because proteasome translo-
cation into 20S does not require ATP hydrolysis, a
potential mechanism of translocation that could be
implemented is a passive unidirectional transport.
Few models have been proposed, including a model
in which the transport is dictated by a spatially
asymmetric proteasome—protein interaction.?92! We
have recently discussed that transport of substrate
can be described by a stochastic model where
stochastic fluctuations and interaction forces
between substrate and proteasome gate subunits
provide the passive mechanism to translocate
polypeptides within the proteasome core particle
ie, without a requirement for external energy.”’
Experimental studies suggested this type of
mechanism in many biological systems involving
protein transport.”” A stochastic approach allows us
to model the degradation dynamics assuming a
specific transport function, without the require-
ment for detailed information on the translocation
mechanisms.?! On the other hand, a detailed
description of the proteasome translocation func-
tioning could probably be very important, especially
in the understanding of proteasome impairment and
inhibition. An attempt to reconstruct the substrate
transport rate from the experimental data without
resolving the unknown mechanism of the peptide
translocation might be a further step of model
improvement: as soon as more data are available,
the universality of the mechanistic approach in the
ProteAMalg will enable us to merge the transloca-
tion function into the influx coefficients and inves-
tigate the potential influence of the proteasome
transport properties.

It has been proposed recently that proteasome
starts degrading large substrates (polypeptides)
from their most flexible domains.” Depending on
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the substrate, this flexible initiation site can be
situated at the C or N terminus of the polypeptide,
or internally. The latter implies that the substrate
may enter the proteasome core particle also via loop
structures, eventually with the terminal sites
remaining outside the proteasome. For these more
complex phenomena of substrate translocation, a
more comprehensive study is required to assess the
effect of the specific flexible sites on the estimate of
SCSs. If these types of substrate were to be
considered in an in silico simulation, the internal
flexibility could be taken into account by modifying
the SCSs and the transport rates according to the
observed experimental data.

In summary, we tested ProteaMAlg in several
conditions of digestion, predicting the differences
between constitutive- and immunoproteasome and
the effect of PA28-af; only four parameters
emerged as pivotal (¢, 0, c and c¢;). The parameters
e; and ¢, vary only between two values, while the
influx rate, a, and the volume of the internal
chamber, v, are kept constant. We propose as default
conditions, variation of parameters to predict the
effect of PA28 on the digestion to increase e up to
sixfold and to decrease 6 by ~30%. The software
implementation of ProteaMAlg is publicly available
on the webf.

Materials and Methods

The model

ProteaMAlg describes the in vitro degradation of a
substrate of length L characterized by a defined prob-
ability F; (i=1..L) that each aa position is cleaved by
purified proteasomes. Suppose that F; is the cleavage
strength at position i, and N;; (¢) is the concentration of the
fragment (i,j) outside the proteasome that starts at position
i and ends at position j at any time ¢. The length of this
fragment is denoted by x;;=j-i+1. Taking the initial
substrate concentration Ny, (0) and its cleavage pattern
F; as input, we predict the kinetics of the digested
substrate N7, (t) and of all possible fragments generated
during degradation N;; (t). The predictions are obtained
by the solution of L*(L + 1) first order kinetic equations:

dN,] L L
pr 17\12 Zxklnkl Nij + e(xij)ni;

k=1 I=k

dnij L L
ar 1- VZ Z Xk 1Mk ] e(xir]-)n,-tj
k:1 1=k
-1
(xij anFH (1)
L i—1
F]‘ Z C(x,}k)i’l,'#k +Fi 4 Zc(xk,j)nkj (2)
k=41 =1

where n;; is the concentration of the fragment (i,j) in the
proteasome chamber and i=1..L, j=i..L are the N terminus
and the C terminus of the fragment, respectively. The first
term in both equations describes the uptake of the

+http:/ /www.proteamalg.com

fragment into the proteasome chamber. The parameter a
represents the transport rate of the substrate within the
proteasome chamber and in this work is assumed to be a
constant. The second factor in the term uptake function
describes the filling of the proteolytic chamber: the uptake
of fragments decreases with the filling of the proteolytic
chamber and becomes zero when the internal amount of
fragments is equal to the volume 1/v. The second term in
both Egs. (1) and (2) stands for the efflux of fragments. We
assume that long peptides have more residues than the
number that can bind to the 20S proteasome,'* thus
impairing their passage through the narrow pore: a
natural assumption for the efflux rate can be a steep Hill
function, e.g.,:

e(xij) = W 3)

where the rate is maximum (e) for the shortest fragments
and decreases to zero with the increase of the fragment
length x;;=j-i+1. The parameter 6 is the critical length at
which the efflux rate is half of the maximum e (Fig. 7a),
while the index e; shapes the slope of the curve e(x;)): the
higher the value of ¢; the steepest is the decline of the
curve around the length 6. See Ref. 10 for a more detailed
description of the influx and efflux functions.

The last three terms in Eq. (2) describe the cleavage
mechanism. The first term is the loss of the fragment (i)
that is cleaved at position k with cleavage strength Fy,
while the last two terms represent the gain in the
concentration of the fragment (i,j) due to the cleavage of
longer fragments that include the amino acid sequence ().
The cleavage rate c(x;) is assumed to have the following
dependence on the fragment length x; ;

(c) (xij/c1)®
c(xij) = ————~ 4
i) =+ Gagfen)®) @
This dependence is motivated by the fact that the
fragment should be of a certain minimal length to dock
to the binding groove of the catalytic sites.®!3-16 Thus, in
Eq. (4) we propose:(i) the parameter c; representing the

(a),

0,5

(b),

0,5

0 /

0 50

Fig. 7. The transport and cleavage rate of the Protea-
Malg algorithm. The transport rate (a) and the cleavage
rate (b) coefficients are on the y-axis as a function of the
fragment length in aa (x-axis). 6 (a) and c¢; (b) are shown
graphically.
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substrate length at which the binding affinity between the
catalytic site of the proteasome and the fragment is half of
the maximum cleavage rate (c); (ii) the parameter c, that
shapes the slope of the curve representing the relation-
ship between the cleavage rate and the fragment length
(Fig. 7b). For an overview of the simulation algorithm
parameters see Table 2. The terms F; are SCSs that may be
obtained from experimental evaluation or from Cleavage
sites predlctlon algorithms such as ProteasMM,’ Paproc,®
or Netchop.” Furthermore, we assume that any fragment
generated will have the SCSs as the initial substrate from
which it has been generated. Finally, we assume that
cleavages are only single-cut events; with this assump-
tion, double-cleavage products (DCPs) can be explained
as fragments generated by two single cuts on the same
fragment. The re-entry, the degradation of previously
generated fragments, can be forbidden by setting the
transport rate a positive only for the substrate (and zero
for all other fragments).

Materials and Chemicals

The polypeptides (synthesized by Charité, Berlin,
Germany) represent the following sequences:

Kloe 256, sequence 44-70 of Matrix-1 of the
influenza virus HIN1
TRPILSPLTKGILGFVFTLTVPSERGLQR;

Kloe 258, sequence 101-128 of human myelin
basic protein
PSQGKGRGLSLSRFSWGAEGQRPGFGYG;
Kloe 260, sequence 543-576 of human MAG
TESPSFSAGDNPPVLFSSDFRISGAPEKYESERR;
Kloe 316 (Kloe 260 modified), sequence 543-571 of
MAG
TESPSFSAGDNPPVLFSSDFRISGAPEKYESER-
RAGDNPPAGDN;

Kloe 317
TESPSFSAGDNPPVLFSSDFRISGAPEKY;

Kloe 320, sequence 549-576 of MAG
SAGDNPPVLFSSDFRISGAPEKYESERR.

Cell cultures

Lymphoblastoid cell lines (LcLs) are B lympho-
cytes 1mmortahzed with Epstein Barr virus (EBV), as
described.**

Table 2. List of the parameters present in ProteaMAlg,
their description and units

Parameter Description Dimension
Uptake rate time™"

e Maximum transport rate time™

0 Peptide length with 50% max. transport® aa

e Slope of efflux rate -

c Maximum cleavage rate time™

Cq Peptide length with 50% max. cleavage® aa

1 Slope of cleavage rate -

v Proteasome volume factor aa™!

 Critical length at which substrates are transported at 50% of
the maximum transport rate e.

b Critical length at which 50% of the maximum cleavage rate ¢
is reached.

The 20S proteasome and PA28—-af3 purifications

Proteasomes and PA28 complex were purified
from LcLs as described.”*

In vitro digestion of long substrates and peptide
quantification

Synthetic polypeptides were digested with 0.25-
1 pg of 20S with or without 3-12 ul of PA28 and
samples were analyzed as described.”* The proteo-
lytic inactivity of PA28 preparation and the pureness
of 20S preparation were tested. For each experiment,
digestions were repeated at least twice. The amount
of substrate in the digestion solution was computed
from a calibration curve constructed with different
amounts of substrate. The amount of peptide
product was calculated using the mass balance
method.®

Substrate cleavage strength computation

In order to calculate the cleavage strengths of the
substrates tested in the new biochemical experi-
ments, we used the following method: for each
residue of the substrate (e.g., residue 7), we summed
the amount (in pmol) of each peptide that had this
residue at the C terminus (e.g., peptide 1-7) or the
following residue at the N terminus (e.g., peptide 8-
21). Since the production of DCPs depends on the
cleavage of both peptide ends. For DCPs, we added
to the sum only half of the value (in pmol), while for
the SCPs we summed the entire amount. Hence, the
residue sum was divided by the total amount of
peptides, giving the cleavage strength value (from 0
to 1). We summed the amount of peptides at a
specific time-point, when less than 50% of substrate
was digested, to avoid the re-entry effect.
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