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Selective autophagy must not only select the correct type obrganelle, but also must
discriminate between individual organelles of the same kihso that some but not all of
the organelles are removed. We propose that physical clusteng of autophagy receptor
proteins on the organelle surface can provide an appropriat all-or-none signal for
organelle degradation. We explore this proposal using a coputational model restricted
to peroxisomes and the relatively well characterized pexdmagy receptor proteins NBR1
and p62. We nd that larger peroxisomes nucleate NBR1 clustes rst and lose them

last through competitive coarsening. This results in sigmiant size-selectivity that favors
large peroxisomes, and can explain the increased catalaseignal that results from
siRNA inhibition of p62. Excess ubiquitin, resulting fromamaged organelles, suppresses
size-selectivity but not cluster formation. Our proposedslectivity mechanism thus allows
all damaged organelles to be degraded, while otherwise set#ing only a portion of
organelles for degradation.

Keywords: pexophagy, selective autophagy, peroxisomes, NB R1, p62, receptor clustering, biological physics,
computational modeling

1. INTRODUCTION

Macroautophagy (hereafter autophagy) can degrade largeBulae substrates such as organelles
and pathogenic bacterialf3]. Selective autophagy can target speci c damaged or surplus
substrates4], and defects in this process often lead to human dise@selp degrade targeted
substrates, the downstream stages of autophagy includeat@m of and recruitment to
phagophores, and formation and maturation of the autophagosofie initial targeting of
substrates involves an “eat-me” sighal such as ubiquitthaubsequent recruitment of autophagy
receptor proteins, with only some receptor types recruited fgiven type of organelleZ].

Selective autophagy involves an all-or-none response, veaetesubstrate is either targeted or
not for degradation, leading to a relatively very high oatelely low respective rate of degradation
by the autophagy system. Such all-or-none responses can beqaddhrough cooperative e ects
[6, 7]. Clustering is a cooperative mechanism that can generatebtgtive all-or-none response,
as illustrated by the regulation of bacteriophage lysisrgmvhere lysis follows only after the
collective formation of holin-clusters on the cell surfg8e9]. The involvement of protein clusters
in autophagy is supported by reports of domains of distinct reaeptoteins on bacteria targeted
for xenophagy 10-17].

Autophagy receptor proteins are relatively well characteri@ mammalian peroxisomes.
Peroxisomes are essential and dynamic cellular organeitesumctions including metabolism
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of hydrogen peroxide and oxidation of fatty acidd3d. shrinkage of NBR1 clusters once they have formed. These aspect
Peroxisomes are approximately spherical with diameters rangi are illustrated inFigures 1A—C
from 0.1 1mm [14]. There can be hundreds of peroxisomes Peroxisomes have surface-displayed ubiquitibg [ 24],
in a single mammalian celllf. In both mammals and yeast and NBR1 have a ubiquitin binding region (UBA)2%-
signi cant peroxisome degradation is through autophagy,Wno 27, so NBR1 can associate with peroxisomes by attaching
as pexophagyll, 17]. In mammalian autophagy, peroxisomesto the surface-displayed ubiquitin. However, the dissdarat
are targeted for degradation by exogenous ubiquitin laigglLg].  constant of the UBA region is much larger than estimated
However, the receptor protein NBRL1 is also both necessary amdBR1 concentrations—strongly suggesting that NBR1 will only
su cient for pexophagy [L9 while the receptor p62 signi cantly transiently associate with ubiquitin (see details in Congtigtnal
contributes though is not essentidlg, 19. The J region of NBR1 Methods). This leaves the amphipathic J domain of NBE] s
[19 allows NBR1 to anchor directly to organelle membranes. the dominant mode of lasting association, following muctvés

We propose that a su cient all-or-none signal for autophagy dissociation constants for amphipathic helices.
selectivity can be provided by the initial formation of reaept We model NBR1 recruitment to the peroxisome surface
clusters on substrate surfaces. Specically, for mammaliaas di usion-limited arrival to and transient association Wit
peroxisomes, we hypothesize that NBR1 can form laterahe ubiquitin on the peroxisome surface via the UBA domain
clusters once it is associated with membranes, and that asf NBR1, immediately followed by long-lived association with
NBRL1 cluster on a peroxisome is necessary for downstreathe peroxisome membrane via the J region of NBR1. This is
degradation while the absence of an NBR1 cluster preventgmantitatively described by a standard equation for di usion
downstream degradation. In this paper we explore this clustefimited association to absorbing targets on a sphere, see
selectivity hypothesis in the context of mammalian peroxiseme Equation (2) below.
Small clusters of receptor proteins, if initially placed onrgve  Once associated with the peroxisomal membrane, our model
subcellular organelle, will subsequently grow and shrinlke d allows NBR1 to self-associate into homo-oligomeric clusters
to receptor exchange between organeli&g.[With such initial  motivated by the coiled-coil domains of NBR19 28], the
cluster placement, selectivity would only emerge at lateesim importance of NBR1 to aggregation formationd, and generic
when only a few organelles are left with clusters of recepties aggregation phenomenon driven by non-specic interactions
consider here the selective initial formation of NBR1 clustthe  [30-33. Formation of clusters from many freely-di using
role of ubiquitin on NBR1 recruitment, and the possible e ectindividual NBR1 already on the peroxisome surface occurs at
of p62 on NBR1 cluster formation. We take a computationak critical concentration of individual NBR1. To determineigh
modeling approach to investigating our hypotheses, so that weritical concentration for cluster formation we require saient
can quantitatively test the self-consistency of our moéé].[ NBR1 to both form a cluster (condition 1) and leave behind

Our computational model is deliberately simple with respecenough individual NBR1 to prevent the cluster from immediately
to the complex biological regulation of cellular processes:. Ouwevaporating (condition 2). The critical concentration igtlowest
goal is simply to demonstrate a physically viable mechanisrooncentration at which both of these conditions can be sdis
by which autophagy selectivity might operate, consistenhwit given by Equation (9) below, which results in the formatidrao
the known biophysical functions of the peroxisomal receptorcluster.
proteins NBR1 and p62. With this computational approach, we Our model of NBR1 cluster size increase and decrease is in
both pose and address three essential questions about agtpphdine with the standard physical picture for such processeswkno
selectivity: (1) what mechanism can provide an all-or-naigeal as Ostwald ripening 34, 35. Clusters described by Ostwald
to target individual organelles for degradation by autophag ripening will shrink if they are below some threshold size, and
(2) how can this mechanism respond exibly to organellegrow if they are above the threshold size, with this threghol
damage, and (3) what needs to be measured in the lab ize growing in time 34, 35. The continuous evolution of an
better characterize mechanisms of autophagy selectivitg? Vihdividual cluster size with timeis given by

also identify robust qualitative implications of our hypotes r

that can be confronted with experiments, even in the face of dNejust

considerable parameter uncertaingZ 23. dt D4 aR w s 1C bNeust (1)

2. RESULTS which is derived below leading up to Equation (18)gyst is
o the number of NBR1 in a cluster, arid is the radius of the

2.1. NBR1 Model Description peroxisome harboring the cluster. The total cellular NBR1 which

We start with an NBR1-only model, since NBR1 is the onlyis not associated with peroxisomes is in a shared cellular podl, a
peroxisomal receptor that is both necessary and su cient forit is through this pool that NBR1 can exchange between di erent
mammalian pexophagylP]. The results of our NBR1 model peroxisomes. Two variablea(t) and w(t), are time-dependent
development are presented here without mathematical detaitombinations of variables such as the cellular concentnatio
(see details below in Computational Methods). Our model forof NBR1, or the number of freely-diusing NBR1 on the
NBR1 dynamics has three aspects: NBR1 association with theroxisome under consideration. The remaining parameters
peroxisome surface, formation of NBR1 clusters from freelys; , , and b) are constants, independent of time or the
di using NBR1 on the peroxisome surface, and the growth orperoxisome under consideration.
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A NBR1 surface association and dissociation B Nucleation and evaporation C Ostwald ripening

D Disuse selectivity
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FIGURE 1 | Model processes. (A) NBR1 (red circles) in the cytosol surrounding a peroxisomédafge purple sphere) associates with the peroxisome membree via
transient association with ubiquitin (blue squares) bountb the peroxisome membrane (association rate in Equation 2NBR1 on the peroxisome membrane can then
dissociate from the peroxisome membrane (dissociation ratin Equation 4).(B) With suf cient NBR1 present on the peroxisome membrane, a clster of NBR1
nucleates (required concentration in Equation 10). The nulper of NBR1 in a cluster can increase or decrease following raleation (Equation 1). Peroxisomes colored
green harbor an NBR1 cluster and may be selected for degradain by autophagy. (C) Ostwald ripening results in the growth of larger clusters, red shrinking and
evaporation of smaller clusters (Equation 1 describes clsr size dynamics).(D) Under “disuse” conditions that cause the number of ubiquiti on all peroxisomes to
increase, more NBR1 will associate with peroxisome membra facilitating cluster nucleation, and the selection of tger peroxisomes for degradation by autophagy.
(E) Damage may cause the number of ubiquitin on a subset of perogomes to increase, leading to increased NBR1 association othose peroxisomes, possible
cluster nucleation, and selection of those damaged peroxi@mes for degradation by autophagy.

2.2. NBR1 Results nucleation. This decrease is due to the reduced supersatarat
Using our quantitative NBR1 model, we examine NBR1 dynamicsecessary to maintain a larger cluster as compared to the
on individual peroxisomes. This includes the behavior of thesupersaturation necessary to nucleate a smaller cluster (see
number of associated NBR1 with time, the timing of theEquation (7) below and3d]).
formation of NBR1 clusters at a critical concentration, ahe t The behavior of freely-di using and cluster-bound NBR1
growth of clusters after they have formed. illustrates how the existence of clusters can lead to a promypt all
or-none response—either a cluster comprised of a large number
2.2.1. NBR1 Clusters form Promptly and Allow Much of NBR1 is present, or a cluster is not present and qnly a
much smaller number of NBR1 are present on the peroxisome

More NBR1 .to Associate with Pe_romsomes_ . surface. As a result of cluster formation, the total NBR1 on
When peroxisomes are placed in a medium with a bulK

concentration of NBR1 (at time D 0), Figure 2A shows how peroxisomes can greatly exceed the maximal (saturated) leve

the recruitment of NBR1 by ubiquitin leads to an approximatelyOf freely-di using NBR1. After only 1.'000 S, IRigure 24 we
. . S - bserve more than an order of magnitude excess of NBRL1 in the
linear increase of freely diusing surface-associated NBRY

(dashed blue line). At very early times there are no NBR1 efsst Cluster (dotted red line) than in the highest surface coricaion

(dotted red line), so the total NBR1 on the peroxisome (solio(daShed blue line). NBR1 cluster formation provides a prompt
black line) consists only of NBR1 freely di using on the sudac all-or-none response that can be a mechanism for pexophagy

However, once the surface NBR1 concentration surpasses tﬁ%lecuwty'

critical concentration of nucleation, at approximatdlyD 10

s, a cluster is nucleated (top processFigure 1B) and very 2.2.2. Largest Peroxisomes Acquire NBR1 Clusters

quickly grows in size. At late times almost the entire populatio First, and Lose Them Last

of surface-associated NBR1 is in clusters, while the populatiofhe equations describing our quantitative model of NBR1
of freely-diusing NBR1 decreases somewhat after clustedynamics all depend on the peroxisome radiBs-e.g., the
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FIGURE 2 | (A) The amount of NBR1 associated with a peroxisome of radius
R D 0.25 mm vs. time. The initial (D 0) bulk concentration is [NBR1D
10 mm 3, with no surface NBR1. At approximately time D 10's, a cluster is
nucleated and grows thereafter. Cluster growth (dotted redine) allows the total
NBR1 (solid black line) to greatly exceed the saturation lelexhibited by the
free NBR1 (dashed blue line)(B) The total amount of NBR1 vs. time is shown
for each of 10 peroxisomes, with radii exponentially distruted between
R D 0.05 mm and R D 0.50 mm. The largest peroxisomes have the most
NBR1, and the smallest the least NBR1. For each peroxisome aster
nucleation is indicated by a circle, evaporation by a squateand a thicker line
indicates when a cluster is present. Only the largest ve pexisomes form
clusters, starting aroundt D 20 s. For all but the largest peroxisome, the
clusters nucleate, grow, and then shrink again as the clusts coarsen P0].
Inset of (B) shows the NBR1 surface concentration on peroxisomes vs.
time—the concentrations for the different peroxisomes, &bf different radii, are
equal except when a cluster is present(C) The size of the smallest
(Continued),

FIGURE 2 | Continued

peroxisome with a cluster,Rgjyst, VS. time shows how at early and late times
only the largest peroxisomes have clusters. At intermediattimes, clusters
form and remain on all but the smallest peroxisomesR. st reaches a
minimum at intermediate times, indicating the radius of themallest
peroxisome to be occupied by a cluster at any timeR". The legend indicates
the initial bulk NBR1 concentration—higher concentratiosilead to lowerR'.

rate at which NBR1 associates with the peroxisome surface; the
critical concentration for cluster formation; and the chanm
cluster size in time. [See Equations (2), (9), and (15) below
respectively.] Because the NBR1 dynamics depend quantitativel
on the peroxisome size, the behavior of NBR1 on a particular
peroxisome, both freely-di using and cluster-bound, is a ected
by the radius of that particular peroxisome. They are also a ected
by the radii of other peroxisomes, since the NBR1 populations on
all peroxisomes share the same cellular pool of NBR1.

In Figure 2B there is a system of 10 peroxisomes, with
polydisperse radii betweeR D 0.05mm and R D 0.50mm.
(Larger numbers of peroxisomes behave similarly, but are not
as easily visualized. Each line in the gure corresponds ® th
number of NBR1 on a di erent individual peroxisome). Initially,
the freely-diusing NBR1 on all 10 peroxisomes increases
approximately linearly, similar to the behavior &igure 2A.
Larger peroxisomes are able to recruit more NBR1, and so in
Figure 2B the largest peroxisome has the most NBR1, followed
by the next largest peroxisome, and so on. Once the largest
peroxisome reaches the critical concentration of freely-ding
NBR1, soon aftet D 10 s, it nucleates a cluster. This is followed
by the next largest peroxisome nucleating a cluster, etcl Ui
ve largest peroxisomes have a cluster, after which no further
cluster nucleation occurs. The NBR1 pool not associated with
peroxisomes is depleted as the nucleated NBR1 clusters grow
and sequester NBR1; this reduction prevents smaller peroxisome
from reaching the critical NBR1 concentration and forming
clusters.

Figure 2B shows that large peroxisomes form clusters,
while small peroxisomes do not; and that clusters on larger
peroxisomes grow earlier and shrink later than clusters on
smaller peroxisomes. This implies that peroxisomes below a
certain size will not have clusters.

The clusters which have formed on the ve largest
peroxisomes then proceed to compete for material—the smallest
cluster, which is on the smallest peroxisome with a cluster,
shrinks until it evaporates (bottom process iRigure 1B),
followed by the next smallest cluster, until there is only
a single cluster remaining—this is shown schematically in
Figure 1C This competition between clusters for NBR1,
mediated by bulk di usion between clusters, is known as Ostwald
ripening [34, 35. Only the larger drops retain clusters at late
times [20.

The initial nucleation of clusters is prompt and selects
for larger peroxisomes. Furthermore, the initial nucleatiof
clusters is orders of magnitude faster than the slow regmiutf
clusters through Ostwald ripening dynamics.
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2.2.3. Long Lifetime for NBR1 Clusters on Even the zero size selectivity, peroxisomes are selected randomly for
Smallest Occupied Peroxisomes degradation. This corresponds to the hypothesis that NBR1-
Figure 2Cexamines how the smallest peroxisomal radius that haglusters play no role in autophagy selectivity.
a cluster,Ry,s, changes in time. We consider an exponentially A common measure of pexophagy activity is relative changes
distributed polydisperse distribution of peroxisome radiiin the amount of catalaself 19 37, since catalase is an
betweerR D 0.05mm andR D 0.50mm, using a system of 100 abundant peroxisomal marker. We will show that size-seldgtivi
peroxisomes for good size resolution. We track the radiusief t can signi cantly a ect a volumetric measure such as totabtade
smallest peroxisome that has a clus®y,s;, vs. time. Changes uorescence intensity, even when the number of degraded
in Reust are due to the combined e ect of nucleation of new organelles remains unchanged.
clusters and evaporation of existing clusteRgy,st shows that
large peroxisomes are selected for cluster formation andtiro ~ 2.3.1. Size Selectivity Signi cantly Affects Catalase
At aroundt D 10 s cluster nucleation begins with the largestAbundance
peroxisomes, followed by nucleation on progressively smalléaximum, partial, and zero size selectivity are illustrated
peroxisomes. Eventually cluster formation halts, even giou in Figure 3A for exponentially distributed peroxisomal radii
not all peroxisomes are occupied by a cluster. As the largdetweerRyin D 0.05nm andRnax D 0.5mm. The red shaded
peroxisomes formed clusters rst, the end of cluster forrmati region corresponds to a xed fraction of degraded peroxisomes
de nes the radius of the smallest peroxisome occupied by ender the three scenarios of maximal, partial, or zero sifiegt
cluster at any timeR . Peroxisomes of radiuR and larger (asindicated). For maximum size selectivity, all peroxisewi¢h
harbor a cluster at some time, while smaller peroxisomes ar@dii greater thanR are degraded. For partial size selectivity,
always unoccupied. Later, arourid D 600 s, clusters begin only peroxisomes with radii greater thaR are degraded,
to evaporate from the smaller occupied peroxisomes—and thRRowever only a fractiop of the peroxisomes in this size range
“Ostwald ripening” causeR; s to slowly increase with time. are randomly degraded. For zero size selectivity, peroxisome
Each curve inFigure 2C represents a dierent NBR1 are selected for degradation randomly, so that peroxisomes of
concentration, as indicated in the legend. Higher NBR1dierent size are selected in proportion to their abundance.
concentrations lead to earlier nucleation and evaporatian, Maximum and zero selectivity correspond to limiting cases of
lower Ry, at all times, and a loweR . In every case, we see partial selectivity, witpp D 1 orR D Rmin, respectively.
that there is more than a decade in time where the smallest We consider a scenario where a certain fraction of the
occupied peroxisome retains a cluster. During this period the s total number of peroxisomes are degraded, with a fraction
of that cluster is rst growing and then shrinking. Clusters o I remaining. For the same number of peroxisomes removed,
larger peroxisomes thaR survive even longer, as illustrated in maximum, partial, and zero size selectivity will each resul i
Figure 2B di erent fraction of the total peroxisomal volume being remalve
upon degradation. We calculate the volume fraction remagras
. o peroxisomes are degraded (shown in Computational Methods),
2.3. Size Selectivity and Average and the results of these calculations are showRigure 3B For
Peroxisome Size zero size selectivity, the remaining peroxisomal volumeristlst
Under our hypothesis that NBR1 clusters are required foproportional to the remaining peroxisomal number (dashed red
pexophagy selectivity, the absence of NBR1 clusters on tlige). For maximum selectivity, the remaining volume friact
smallest peroxisomes suggests some size-selectivitynjileéel ~ decreases sharply as the number fraction is decreased (solid
by R ). While our model does not directly address downstreanblack line). This is because only the largest peroxisomes are
pexophagy processes, if they are either fast enough to respotadgeted when size-selectivity is maximal. Partial seigct
immediately to cluster formation (which progresses from the(dotted blue line) interpolates between maximum seledtisitd
largest to the smallest peroxisomes) or slow enough to albow f no autophagy (at D 1). Only one interpolating line is shown for
evaporation of smaller NBR1 clusters (which progresses fram thllustrative purposes.
smallest to the largest peroxisomes) then size-selectiwitid be We see that the reduction in peroxisome volume, and the
even more substantial. corresponding reduction in catalase intensity, is a comtiima
We can explore some downstream e ects of size-selectivitpf the number of peroxisomes removed and the size selection of
using R . We explore three simpli ed cases: maximal, partial those peroxisomes. Many more peroxisomes need to be removed
or zero size selectivity. For maximum size selectivity &ll owith zero selectivity to match the same volume reduction at
the largest peroxisomes, de ned as those with a radius greatgmaximum selectivity. Since a change of catalase intersity i
than R , are degraded. Since larger peroxisomes are expectetbxy for a change in peroxisomal volume, our results indicate
to harbor larger clustersFigure 2B), maximum size selectivity that catalase intensity can be aected by either changing the
corresponds to the hypothesis that downstream processes rgiumber of peroxisomes degradeat by changing the size-
select peroxisomes with the largest NBR1 clusters. For partig¢lectivity.
size selectivity, a fraction of all peroxisomes with radéager
than R are degraded. This corresponds to the hypothesis tha2.4. p62 Model Description
downstream processes randomly select peroxisomes with NBREkperimental p62 inhibition with siRNA causes an increase in
clusters, but do not otherwise di erentiate between themr Fothe catalase signal{]. This relative increase of catalase has been
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FIGURE 3 | (A) Maximum size selectivity in pexophagy is achieved when alf the largest peroxisomes, of radiuR > R , are degraded (shaded red area) from a
distribution of peroxisome sizes (solid black line, illusiting an exponential distribution of abundancd(R) vs. radiusR). Partial size selectivity is achieved when a
fraction p of the larger peroxisomes, withR > R, are degraded. Zero size selectivity is achieved when perégsomes are randomly chosen for degradation, independent|
of size. (B) The remaining peroxisomal volume fraction vs. the remairgmumber fractionr, after various amounts of zero selectivity degradation (é¢hed diagonal red
line) or maximal selectivity degradation (solid black lingiven by Equation 16). Partial selectivity is equivalerd maximum selectivity a fractiorp of the time, and so lies
on a line interpolating between maximum selectivity with thsame R and no autophagy (atr D 1). One such interpolating line (dotted blue) is illustrade

previously interpreted as a decrease in the pexophagy rate dise associated with p62 to participate in cluster formation or

to p62 inhibition [19], but any change in size-selectivity could growth.

confound this interpretation. To explore this possibility, wew

extend our model to consider how p62 could a ect size selagtivi 2.5. p62 Results

of peroxisomes. The results of our p62 model development ang our quantitative model a p62 lament on a membrane-

presented here without mathematical details (see detdidswie  associated NBR1 prevents that NBR1 from participating in

Computational Methods). Our model for p62 dynamics has twocluster formation or growth—which should reduce NBR1

aspects: p62 association with and recruitment to peroxisomesumbers. Despite this cluster-inhibition mechanism, NBRd an

and p62 inhibition of NBR1 clusters. p62 both contain a LIR domain, which interacts with the
Similar to NBR1, p62 can in principle bind to ubiquitin machinery for the formation of autophagosomés[47]. Given

associated with peroxisome membranes using its UBA domaihese opposing e ects, how does the number of membrane-

[38 39. However (details in Computational Methods), the associated LIR domains change as the p62 concentration

dissociation constant is too large to expect signi cant p6Riing  is varied? How does greater or lesser amounts of surface

to ubiquitin. Nevertheless, the p62 PB1 domain has a strongbiquitination a ect the function of p62?

a nity to other PB1 domains §(, and so p62 can bind to

membrane-associated NBR1 through its PB1 domain. Thereaft@.5.1. p62 Inhibits NBR1 Clusters

associated p62 can form laments through PB1-PB1 interastio For an individual peroxisome, we show Figure 4A how the

[41,47. total steady-state number of LIR on a peroxisome changes
p62 recruitment to NBR1 on the peroxisome surface isas both the global p62 concentration and the peroxisomal

modeled as diusion-limited arrival to and association with number of ubiquitin are varied. For larger p62 concentrat{time

NBR1 on the peroxisome membrane, or to p62 already associatpdrple/red region) NBR1 clusters are suppressed, dramatically

with NBR1. These are both quantitatively described by a stethd reducing LIR content. Within this non-clustering regimeghIR

equation for di usion-limited association to absorbing tsts on  content slowly increases with increasing p62. For smaller p62

a sphere (Equation 3 below). concentration (the yellow region) we see a striking incréasee
Polymer physics leads us to hypothesize that polymeriCIR count due to formation of an NBR1 cluster. The clustering

chains of p62 associated with NBR1 could reduce NBR1 sellegime has approximately 10the number of LIR domains as the

association through steric repulsion. Such a repulsion adses non-clustering regime. Within the clustering regime, inasing

the entropic contribution to the free-energy of the polymersp62decreasdhe LIR count by decreasing the cluster size.

is decreased when brought close togethéf.[ Such steric

repulsion of membrane associated proteins can prevent growtk.5.2. p62 Inhibition of NBR1 Clusters Enhances Size

of protein clusters44], can lead to cluster segregatioff], and  Selectivity

can even inhibit phase separation of associated lipids [To  In Figure 2Cwe showed how there is a time-dependent threshold

explore the consequences of a strong steric repulsion betwepsroxisome sizeR; st - below this size the peroxisomes do

p62-associated NBR1, our model does not allow NBR1 thatot have a cluster, and above this size peroxisomes harbor a
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FIGURE 4 | (A) The steady-state number of LIR domains on a single peroxisomafter equilibration, given by the sum of the number of NBR1 ahp62, as cellular
[p62] (inmm 3) and number of ubiquitin are variedR D 0.25 nm, [NBR1]D 10 mm 3, and V D 100 mm3. NBR1 clusters are present below the dashed line.
Increasing ubiquitin increases the LIR count, and so does ineasing [p62] when no clusters are present. However, increasg [p62] suppresses cluster formation and
decreases the LIR count within the clustering regime(B) The radius of the smallest peroxisome with a clusteRgyst, vs. time, following induction of cluster formation
after increase of the ubiquitin coef cient att D tstep. [P62] is varied as indicated, and we otherwise use the sameanditions as inFigure 2C . Initially the largest
peroxisomes form clusters, then for a decade of time no more lasters are formed, followed by cluster evaporation from # smallest occupied peroxisomes.
Increasing [p62] leads to more selective cluster formationwith only the larger peroxisomes occupied by clusters(C) Lines indicate the boundary between regimes
with at least one NBR1 cluster on some peroxisome (above) anthose with no clustering on any peroxisome (below), as bothallular [p62] and ubiquitin are varied as|
indicated. Different lines correspond to cellular [NBR1]saindicated by the legend. Other conditions are the same as iffigure 2C . For higher ubiquitin, lower [p62], or
higher [NBR1] we observe clusters. Even for higher [p62], $aiently high ubiquitin will still lead to NBR1 clusters—tbugh note the logarithmic scale(D) After the
ubiquitin coef cient ng is suddenly raised (as indicated by the legend), the data shws the radius of the smallest peroxisome with a cluster at an§ime, R", vs. cellular
p62 concentration. The disuse and damage scenarios correspnd to ubiquitin being increased on all peroxisomes (“alldiamonds and triangles) or increased only on
a single peroxisomes (“one," circles and squares), respeieely. The damage scenario leads to signi cantly smalléR”, as does a larger nal ubiquitin coef cient. While
the data points represent an initial ubiquitin coef cient ohg D 10, the black lines represent initial ubiquitin coef cient bng D 25, and their agreement indicates that
the initial ubiquitin coef cient is not signi cant. The numbe of ubiquitin on a peroxisome isNyp D nO(R:RO)z, with Ry D 0.25 mm.

cluster. Here we investigate how p62 can change this thréshasize for peroxisome degradation, and thus enhances size
peroxisome size. selectivity.

In Figure 4Bwe show the radius of the smallest peroxisome
with an NBR1 cluster,Rys; Vvs. elapsed time after the 2.5.3. Suf cient Ubiquitin Allows NBR1 Clusters to
ubiquitin level is simultaneously increased on all perories. Form on Larger Peroxisomes Despite p62
(We use ubiquitin increase to initiate autophagy here sincen Figure 4Cwe show that su ciently high p62 concentrations
it recruits both NBR1 and p62.) We use the same radiugor low ubiquitin coverage) can completely inhibit
distribution as Figure 2C The ubiquitin increase induces clusters on all peroxisomes. Each curve indicates the
NBR1 uptake to peroxisome surfaces. We consider variouginimum ubiquitin coe cient that leads to NBR1 cluster
p62 concentrations, as indicated by the legend. Increasirigrmation on any peroxisome, under the same radius
the p62 concentration causes an increase in the size @fstribution asFigure 2C. Below the line, no NBR1 clusters
the smallest peroxisome with a cluster, and limits NBRXorm, while above the line there is at least one NBR1
clusters to larger peroxisomes. If only peroxisomes witltluster. The dierent lines, as indicated by the legend,
clusters are degraded by autophagy, p62 increases the thtesheorrespond to dierent cellular NBR1 concentrations. We
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see that increasing NBR1 leads to more peroxisomes wittxplore our primary hypothesis by quantitatively modeling the
clusters. dynamics of NBR1 cluster formation on individual peroxisomes.
While su ciently high ubiquitination allows NBR1 cluster With su cient cellular NBR1 and peroxisomal ubiquitin, our
formation at any given p62 concentration, the clusters stily = model leads to the formation and growth of NBR1 clusters.
form on larger peroxisomes. This is shownkigure 4D, where Clusters are found to form rapidly on the largest peroxisomes,
the radius of the smallest peroxisome with an NBR1 clu®er, and subsequently on smaller ones. After cluster nucleation,
vs. [p62] is shown. With more p62, the radius of the smallestompetitive Ostwald ripening progressively removes initial

peroxisome occupied by a cluster increases. clusters—starting from the smaller peroxisomes. The sntalles
peroxisomes (below a critical radil® ) never form clusters.

2.5.4. Single Organelle Damage has Weaker Size Thus, we nd that NBR1 clustering is strongly size-selective—

Selectivity than Multi-Organelle Disuse NBR1 clusters are found on large peroxisomes and not on

Figure 4Bshows how increasing the p62 concentration restrictsmall peroxisomes. Nevertheless, higher NBR1 concentgation
NBR1 clusters to larger peroxisomes. For each curve ior peroxisomal ubiquitin levels can reduce size selection by
Figure 4B, the radius of the smallest peroxisome with a clustereducingr .
reaches a minimumR . This is the radius of the smallest While p62 is not essential for pexophagy, experiments
peroxisome that ever has a cluster. show that lower p62 levels increase the cellular abundance
In Figure 4Dwe see thaR increases as the p62 concentrationof peroxisomal catalase—indicating a signicant role in
increases. We consider two values of the initial ubiquitinpexophagy 9. We echo our primary hypothesis with a
coe cient (np D 10 with colored points as indicated by the secondary hypothesis that p62 in uences pexophagy by a ecting
legend andhg D 25 with corresponding thin black lines) and two NBR1 cluster formation. Speci cally, we hypothesize that p62
values of the nal ubiquitin coe cient iy D 100 with circles association with NBR1 and subsequent p62 lament formation
and diamonds, or 150 with squares and triangles, as indicatewill sterically hinder andinhibit NBR1-NBR1 association. By
in the legend). We suddenly change the ubiquitin number onmodeling this hypothesis, we nd that p62 can signi cantly a ect
peroxisomes from the low initial value, which does not supporisize-selectivity and that this alone may be su cient to expla
clustering, to a high nal value that does support clusterilige  the catalase response of p62 inhibition.
agreement between points and black lines indicates thanttial
ubiquitin coe cient does not signi cantly a ect the clusteng.
However, the nal ubiquitin coe cient does a ect clustering 3.2. NBR1 Clusters and Size-Selectivity
When we compare the minimum peroxisome size with aDeosaran et al.1[g introduced the idea that a “critical mass” of
cluster,R , between a “disuse” scenario (shown schematicallgutophagy receptor proteins is necessary to target peroxisomes
in Figure 1D), whereall peroxisomes increase their ubiquitin to autophagosomes. Supporting this idea, when NBR1 exceeds a
(green diamonds and orange triangles Higure 4D), and a critical concentration on the peroxisomal surface nucleatid
“damage” scenario Fjgure 1E), where only one peroxisome an NBR1 cluster is followed by a sudden and localized further
increases its ubiquitin (red circles and blue squardsigure 4D)  increase in LIR numbers, and provides an all-or-none sigmal o
we see that for damage signi cantly smaller peroxisomes wilhdividual peroxisomes.
form NBR1 clusters. Hence the damage scenario decreases siz&Ve found that cluster formation favors larger peroxisomes
selectivity, allowing more damaged peroxisomes to be selectbecause of a lower surface concentration threshold for etust

with moderate amounts of ubiquitin. formation. This is seen irFigures 2B,G with the rst cluster
forming on the largest peroxisome and then progressing toward

3. DISCUSSION smaller peroxisomes. Subsequent cluster evaporation begins o
the smallest peroxisome with a cluster (peroxisomal ratRus

3.1. Summary and progresses toward larger peroxison&$.[NBR1 clustering

Autophagy selectivity amounts to an all-or-none responsesneh provides a consistent signal for autophagy to target and alegra
each substrate is either selected or not selected. Sélectiarge peroxisomes. This size-selectivity of cluster formaaioc
is thought to be mediated by autophagy receptor proteinsevaporation, in combination with our hypothesis that NBR1
Some autophagy receptor proteins can be observed to forelusters are an essential part of pexophagy selectivity, sstent
microdomains on substrate®,[10-17]. Our primary hypothesis with early reports that larger peroxisomes are preferentially
is that the presence or absence of receptor clusters ategraded by pexophagyd] and that the required proteins for
individual organelles provides a necessary all-or-nonparse pexophagy depend on peroxisome siz€] [
for autophagy selectivity, for at least some types of orgesiell Cluster formation occurs very quickly, with the number of
There can be hundreds of peroxisomes in a single mammaliaciusters peaking after an increase in the ubiquitin level in
cell, and pexophagy can result from either damage of indiMidue80 s in Figure 4B Following cluster formation, evaporation
peroxisomes or from more generic deproliferatiohS]. The of clusters is slower, beginning after?2Q0" s in Figure 4B
signaling protein ubiquitin and the autophagy receptor protein This evaporation is nevertheless faster than reported for pre-
NBR1 and p62 participate in pexophagig] 19, 24]. NBR1 is  existing clustersZ( because some clusters are nucleated close
essential for pexophagy; also essential are the speci ¢ demaito the threshold for evaporation. These cluster formation and
of NBR1 that govern NBR1 association with itself, with plasmavaporation timescales suggest that the selection of perogso
membranes, with ubiquitin, and with autophagosomes. Weby NBRL1 cluster formation could occur well within the timescale
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of mammalian or yeast pexophagy, which take day& $0 or  larger peroxisomes are preferentially degraded when reducin
hours [51, 57, respectively. peroxisome numbersif].

While we hypothesize that NBR1 receptor clusters are For the damage scenario, there is little competition for the
necessary for autophagy selectivity, they may not be sutien NBR1 needed to form clusters since only a few peroxisomes
Our scenario of partial selectivity, illustrated iRigure 3A, have an elevated ubiquitin level. This results in less size-
re ects this possibility. selection (lowerR ) than in the disuse scenario, as seen in

While NBR1 clusters on peroxisomes and their preference fdrigure 4D. Nevertheless, even in the damage scenario larger
larger peroxisomes appear to be viable selectivity mechanismperoxisomes more easily form NBR1 clusters, suggesting that
according to our quantitative modeling, they remain hypaths. larger peroxisomes may need less damage to be selected for
We do note that organelle-size dependent activity arisimgnfr autophagy.
cluster size modi cations has been previously proposed in the
context of membrane recyclings§|. Moreover, our proposed 3.4, Selectivity with p62
mechanism may apply for mitochondria in a cellular anti-viral The autophagy receptor protein p62 is important for pexophagy
response mediated by MAVS (also known as CARD or IP)1g]. Inhibition of p62 with SIRNA increases total peroxisomal
proteins 4. Before viral infection, MAVS are not activated, catalase ]9. We have demonstrated that when p62 inhibits
and are spread out on the mitochondrial membrangS[ NBR1 clustering in our model, increased p62 levels causeagreat
and are evenly distributed between mitochondriz]f Upon  size-selectivity: the size threshold above which peroxisdraee
viral infection MAVS are activated, and subsequently clusteNBR1 clusters is pushed to larger peroxisomes by increased p62
on the mitochondrial membrane5p, 57). Signi cantly, some  concentrations. This in itself would be su cient to explain¢h
mitochondria have signi cant MAVS while other mitochondria catalase increase following p62 inhibition. Volumetric meas
have little to no MAVS §6]. Limited data suggests that large of autophagy such as catalase will report the combination of
mitochondria retain MAVS while small mitochondria do not number and volume. To assess the number of organelles target
[56]. The MAVS anti-viral phenomenology appears qualitativelyby autophagy, the number should be directly assessed.
similar to our NBR1 model, and so provides some support for our

model behavior. 3.5. Experimental Signatures of NBR1

Clusters
3.3. Pexophagy Selectivity: Disuse vs. (@) The most striking result of our hypothesis, that NBR1
Damage clusters are necessary for downstream degradation by

the autophagy system, is signi cant size-selectivity. Large
peroxisomes will be preferentially degraded over small
peroxisomes. One way of measuring this e ect would
be to measure the uorescence intensity of a tagged
peroxisomal protein, such as catalase, together with the
degree of colocalization with a protein associated with
autophagosomes, such as LC34[ Our model results
indicate that peroxisomes with signi cant colocalization
would have a larger average catalase intensity compared to
peroxisomes with little or no colocalization.

(b) Our model also indicates that formation of NBR1 clusters
will signi cantly a ect the number of NBR1 associated with
peroxisomes of similar size. For the parameteiSigfire 4A,

the dierences are approximately 10-fold. While surface
ubiquitin concentrations may di er between peroxisomes
of similar sizes, and so could determine which peroxisomes
have clusters, ubiquitin alone appears unlikely to be able to
directly a ect non-cluster NBR1 to the same exteat].

In our model an increase in ubiquitin number acts as an initia
signal that can lead to additional NBR1 and p62 accumulation,
possibly followed by autophagic degradation. Ubiquitinatiaf
peroxisomes has been shown su cient to induce pexophddy, [
ubiquitin is thought to recruit NBR1, the primary autophagy
receptor protein for peroxisomes, to the peroxisomes membrane
[19; and earlier modeling suggests that an increase in ubiguit
could be a natural and self-correcting response of the cell to
requiring fewer peroxisome2{]. Ubiquitin is known to play a
role in the routine import of peroxisome matrix proteing4],
and is part of the quality control system for damaged proteins o
peroxisomesg8-6(] that is distinct from the well known role of
ubiquitin as a signal for the ubiquitin-proteasome systeif |

In Figure 4D we explored two extreme cases of increases in
the ubiquitin level: a global increase, where ubiquitinelsvon
all peroxisomes increase, and an increase of the ubiquitiel le
on a single peroxisome. A global increase (shown schemgtical
in Figure 1D) could be due to the removal of peroxisome
proliferators p1] or a change in growth mediuml], both  With NBR1 clustering, we have shown that peroxisomes will
of which can result in a decrease in peroxisome numbers asther have a cluster and have a large amount of NBR1, or not
super uous peroxisomes are degraded. An increase on a singhave a cluster and have a small amount of NBR1. After pexophagy
peroxisome (shown schematicallyfigure 15 could be due to is induced, e.g., by the removal of peroxisome proliferators,
damage 2, 63. the uorescence of NBR1 colocalizing with catalase should

For a disuse scenario, size-selectivity would lead to thinerefore have a bimodal distribution. Qualitatively, tHea-
expectation that larger peroxisomes would be preferentiallpone colocalization of NBR1 with peroxisomes suggested hy, e.g
degraded until the decrease in peroxisome numbers had beéigure 5 of Deosaran et alLy] is consistent with our model.
achieved and ubiquitin levels reducet] so that NBR1 clusters With time-resolved imaging, NBR1 localization to individua
are no longer formed. This is consistent with observatidmstt peroxisomes is expected to be similaFigure 2B. The signature
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of cluster formation would be a sudden increase of NBR1 numbe#.2. NBR1 and p62 Association with
on peroxisomes with clusters at the same time as NBR1 numbeReroxisomes and Each Other

gradually decrease on peroxisomes without clusters. NBR1 and p62 both contain ubiquitin-interacting UBA regions

(c) Our secondary hypothesis is that p62 inhibits NBR1 clustek? /s 66l However, these UBA regions have relatively weak
formation. If true, we would not expect p62 to have a bimodal® hities compared to expectgd ceII.uIar abundances.. For NBR1,
distribution since p62 would decorate the freely-di using Kdusa D 3 4mM [66 while typical abundances in human
NBR1 (which does not change with cluster formation), butC€!! linés are no more than 125 ppm [7], or a concentration
not the NBRL in clusters (which does). We caution thatNBR1]. 0.6mM since 1 ppm corresponds to approximately
this lack of bimodality may only apply at the early stages oP "M [68]. For p62,Kguga D 540  750mM [38 39 with

substrate selection, due to the many cellular roles of p62.  tyPical abundances in human cell lines no more tha00 ppm,
or [p62]. 1.5mM. While phosphorylation of p62 signi cantly

If p62 inhibits NBR1 clustering, then when p62 expression isncreases polyubiquitin association, the enhancement apioar
knocked down by siRNA, there should then beiaareasénthe  pe no more than three-folddd). Phosphorylation decreases the

number of NBR1 clusters on peroxisomes. association of NBR1 with ubiquitin2F]. The relatively weak

a nities of NBR1 and p62 UBA regions with ubiquitin implies
3.6. Important Challenges of Selective that there should only be a small fraction of these receptars o
Autophagy surface-displayed ubiquitin.

We have argued that selective autophagy requires an “all or How can NBR1 signi cantly associate with peroxisomes, if not

none” signal to decide whether or not to degrade a substrat y association with ubiquitin? The essential J region of NBR1

We have proposed a receptor clustering mechanism for this aﬂ\edlates membrane association even without ubiquiti[Ky

or none signal for peroxisomes, which leads to a prediction tha?:f pr!gal amp?lp;\.thlgt.hellczs can bbe as low ?St.ﬁ)gm;“'[
large substrates are more likely to be selected for degomdat Ol?c(j:lf etr|11ce g ubiqu 't?] an rtr_1em ][ane a;’SOC'a' ’[. f]
This is consistent with some reports of a preference fopould turther decrease the € ec k& of membrane association

degradation of large peroxisomes. However, larger perommthrough an lenhanged on'\:gts.lOncle frtlaely assptilateci mth th}?
might simply be older and/or more damaged. Distinguishingperox"':’om"’1 membrane, molecules can Interact throug

damage-induced selective autophagy from, e.g., disuseatd _00|Ied-c_0|l dlsmalrl;s 19,_d28]._V\éh|Ie nob speC|bc NiRl'NBRl
selective autophagy is an interesting challenge. Our stigges Interactions have been identi ed, membrane-bound protesas

that damage-induced selective autophagy shoulddsssize- form cllusters t.hrough. non-spect ¢ mte.ra(j,tlc.)ns. The aclyvpf
selective may help in this regard. the holin protein, leading to precise lysis timing and showing
Although our cluster selectivity hypothesis does not unigue cooperative e ects across distinct holin speciéd,[is thought

explain size-selectivity, our model does present a workin follow frow clustering _duel to n_on-spfemc |gteractl;ons.d
hypothesis for the basic mechanism for substrate selection ore generally, non-specic clustering of membrane-boun

selective autophagy. Furthermore, the long lifetime of peme prote@ns_ can r_esult from attractive I_ipid-mgdigted _protein-
clusters (seeFigure 1C or Figure 3B allows ample time for protein interactions BC-37. NBR1 oligomerization is also

downstream processes to positively recognize the all or nor?éjggested by experiments that show an important role for NBR1

signal provided by the receptor clusters, and to avoid “alsel the formation of protein aggregates prior to their degradat

positive” triggers on e.g., stochastic uctuations. Suctabls all- b% a_utolpf:ggy 9. fGn;]en a weak ?ttlgactn_/e d_lntfracttlﬁnt, the
or-none signal is a challenge both for time-resolved micopy physical theory of phase separatioB indicates that a

studies of receptor dynamics, but also a challenge for a ?}J ciently high concentration of NBR1 on a membrane wil

competing models of the selectivity mechanism of selecti ad to a cqncentrated NBRl phase—l.e., cluster formation.
autophagy that arise in the future uch formation of homo-oligomeric clusters following NBR1

membrane association through the J region is our clustevetri
selectivity hypothesis.

4. COMPUTATIONAL METHODS While p62 has no identi ed membrane binding domain, its
PB1 region has a strong a nityg D 4 10 nM 40) which can
4.1. NBR1 and p62 Structure lead to association with corresponding NBR1 PB1 regions and

Each NBR1 molecule contains several regions that are esisentj|so to self-association into p62 laments][ 42]. While p62 has
for pexophagy. The LC3-interacting region (LIR) interactshwit two binding faces on its PB1 region, NBR1 only has ot &nd
the proteins of the autophagy syste2b[47]. The UBA region  sg cannot form laments.
can bind to ubiquitin P5 27], and allows attachment to  we know that knockdown of p62 signicantly aects
ubiquitin-tagged substrate?f]. The Phox and Bemlp (PB1) pexophagy 9, but the mechanism is unknown. Given the
region can bind PB1 regions on other proteinsl], and coiled- weak anity of p62 to ubiquitin, it appears unlikely that
coil regions promote self-interactionl]. The distinctive “J* p62 competition for NBR1 binding to ubiquitin is signi cant.
region allows NBR1 to anchor to membranésj While p62 binding to NBR1 and subsequent polymerization
Similarly, p62 also has LIR, UBA, and PB1 regidiis 6,41, of p62 through PB1 domains would increase the number of
47). Distinctively, the PB1 region of p62 can bind two other PB1LIR domains associated with an organelle, this in itself would
regions, forming chains of p63§], unlike NBR1 which canonly be in proportion to the amount of NBR1 associated with
bind one other PB141]. Unlike NBR1, p62 has no J region. the organelle and would not a ect NBR1 clustering. However,
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polymer physics leads us to hypothesize that polymeric chairgphere, the dissociation rates have been determirigld From
of p62 associated with NBRfeduce NBR1 self-association Ghosh et al.T5), the e ective dissociation rate for NBR1 is
through steric repulsion. Such a repulsion arises as the pittro
contribution to the free-energy of polymers is decreasedrnwhe
brought close togetheri[]. Such steric repulsion of membrane

associated proteins can inhibit lipid phase separatiofi,jor Where ko neru is the dissociation rate of NBR1 from the
prevent growth of protein clustergj. membrane andnsrt Nupib=(Nupsub C - R) is the fraction of

Accordingly, we computationally model the associationNBR1 thatimmediately rebind7[. By equating the on and o
and disassociation of NBR1 on the surfaces of multiplé@t€s of NBR1 to the peroxisome surfadgner andb neri
peroxisomes—as recruited by ubiquitin. NBR1 can form clusterV® Se€ that the steady-std¥gapour is proportional toNyp, and
when its surface concentration is su ciently high, and tilees Otherwise independent of the peroxisomal radris
clusters subsequently grow or shrink as determined by the
available NBRL1. In the model, p62 can be recruited to membrane-
associated NBR1, and subsequently polymerize. Becausgof ste
repulsion, NBR1 that is associated with p62 does not partidpat@quivalently,
in cluster formation or growth.

4.3. Rates of NBR1 and p62 Association

b nBre D Ko nBriNvapoull — nBRU), 4)

4DNBRISUb NBRL

Nub- (5)

Nsteady state vapounD ko NBRL

the steady-state surface concentration cRNB
proportional to that of ubiquitin.

In our model we assume that when NBR1 dissociates, any
While some equilibrium association constants are deteetifor associated p62 chains dissociate as well. In addition, PBdsbon

NBR1 and p62, kinetic rate constants have not yet been measuréaﬁz'pehzbor plf Z;NBRtl) within membrane-associated polymers
We use di usion-limited association rateg4, 75. In our model, wilt each break atarate

we require rates for NBR1 to bind to ubiquitin targets on the D 1 6
surface of a peroxisome, or for p62 to bind to NBR1 targets on b 62D o psal ©)
the surface of a peroxisome. The di usion-limited arrival ratehere 62 Nvapousieri=(Nvapousigrs C  R) [75. When a

is known for arrival at small circular targets on a larger Sghe pp1 hond breaks, the portion of the p62 chain beyond the bond
[74], and within our model it is used for the arrival rate of NBR1 (i.e., further from the NBR1 than the bond) dissociates. &inc

and p62. For NBR1, we use an association rate of NBR1 to eaguation (6) is the rate per PB1 bond, the rate of any PB1 in a

p62),

peroxisome

NubSub

_ubwb 2
NupsbC R @

bnnsri D 4 R nerDasrI
with Dngre is the bulk NBRL1 di usivity, ngre is the bulk NBR1
concentration,R the peroxisome radiusN,, the number of
ubiquitin on the peroxisome, ang,, the target ubiquitin radius.
As discussed in the model motivation, we have su ciently $ima

bulk concentrations of NBR1 and p62 that a negligible fractioqarge cluster. Qualitatively

of ubiquitin are occupied, so the number of ubiquitin avaikab

for binding remains constant as NBR1 bind. We assume thaf

NBR1 transiently bound to ubiquitin immediately associatéwi

chain of length’ breaking is proportional to.

4.5. NBR1 Cluster Formation

Large domains or clusters are generally only thermodynahyic
stable above some saturation density of particles. Smaller
clusters are less stable and require a higher density of fetic
to avoid shrinkage and evaporation; this is known as the Gibbs
Thomson e ect B6. The Gibbs-Thomson e ect is due to the
increased curvature of the edge of a small cluster compared to a
the increased curvature lettuces
local bonding and allows particles more directions to eschpe.
quilibrium, these lead to a higher vapor concentration nér t
cluster edge to balance the increased escape rate. We need to

the peroxisomal membrane using their J regions. This allows,gjger the Gibbs-Thompson e ect for small NBR1 clusters.

signi cant NBR1 to accumulate on the peroxisome.
For p62, we similarly have di usion-limited rates to surface
associated NBR1

Nngri(")SNBRL
Nvapousvsr C R’

bnps2(") D 4 R ps2Dpe2 (3

where Dpgy is the bulk p62 di usivity, ps2 is the bulk p62
concentration,sygrt is the (target) NBR1 radiud\Nyapour is the
total number of NBR1 on the peroxisome surface that are not i
clusters, andNngri(') is the number of NBR1 with a p62-chain
of length™. Association extends the p62 chain length 10 1.

4.4. NBR1 and p62 Dissociation

Before cluster nucleation there will be freely di using NBR1
on a peroxisome of area &2 with surface concentration and
total NBR1 ofN D 4 R? , whereRis the peroxisomal radius.
After cluster nucleation, there will be a cluster of radiuwith
Neiust NBR1 in equilibrium with a surface concentrationyt.
Since the cluster is small, the surface concentration \atisfy
Neut D 4 R2 gt- Since the number of NBR1 doesn't change, we
haveN D Ngust C Ngurf. We also satisfy the Gibbs-Thomson

£ ect [36], with the cluster radius,

gtD 1 1CF [ (7)

where is a constant “capillary length” associated with NBR1

NBRL1 on the surface of the peroxisome can dissociate from theusters.

membrane and return to the cytosol. We also model this as We cannot simply allow nucleation when

a di usion-limited process, and for circular targets on a larg

gt: Since the
original surface concentration must also provide the NBR1 for
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the cluster formation. Ifb is the area per NBR1 in a cluster, arrival of NBR1 from the cytosol. The third term represents the
then the cluster arear? D bNyys Since D (Ngust C  dissociation of NBR1 from the surface. The fourth term gives t

Neurf)=(4 R%) D Ngus=(4 R3) C gt, then we require addition of p62 to an NBR1 with no p62, so thatit has p62 and can
no longer participate in cluster growth. The fth termre ectee
r2 dissociation of p62 chains from NBR1, which allows those NBR1
D-——C ;1 1C- . (8) - : )
4R2h r to then participate in cluster formation.

After substituting the full expressions folbnnsre from
While we can therefore accommodate a range of possiblequation (2), J, ngr from Equation (3), b, nsre from
cluster sizesr, there will be a smallest determined by Equation (4), and}, pe2 from Equation 6 into Equation 11, and

minimizing Equation (8) with respect to. This determines a assuming close to steady state (d&=dt D 0) we obtain
critical (minimal) surface concentration that allows foluster

nucleation, , where Do 23D afy, (12)
23
D;C3 p— . @ wherewedendd fo w,
4 bR
2 3
o . . nBRIDONBRINUBSUD

We see that the minimum supersaturation required 12 R(NubsunC R) P g

for nucleation is lower for larger peroxisomes3g. WP 74k 22 NNvapourSNBgl - Nngri(') ™ (13)

We also determine the cluster size after nucleation, 4 vapouNBRL :

_ p_ 23
NogD R 21 =1Db . an
Following our assumption that NBR1 associated with p62
does not participate in cluster formation, only NBR1 with NubSub 4 R pe2Dps2SuBRL

no associated p62 chailNfgr(l D 0)) contribute to the aDko ner 1 NubsubC R NyapousvriC R’ (14)

concentration required for nucleation in Equation (9), $@at we
must have Equation (12) is solved in Appendix B of Brown and
Rutenberg 20 to determine the net ux to the cluster. This
D Nngri(0)=(4 RP). (10)  getermines the dynamics of a cluster wify,s; molecules on a

We have assumed that each peroxisome will harbor either orfeeroxisome of radiug,

or zero clusters. For other small biological systems witistelrs, r
including bacterial holin domains& 9] and yeast polarity dNetust D4 aR w s; 1C (15)
clusters €], multiple clusters rapidly resolve to a single cluster. dt PNeiust

We also note that any supersaturation will be quickly absdtie . ) o .
the rstcluster to nucleate, suppressing further clusterleation W€ use Equation (15) to determine the change in time of the siz
by Equation (9). of every NBR1 cluster in our model.

4.6. NBR1 Cluster Growth 4.7. Kinetic Model

Existing NBR1 clusters can gain NBR1 and grow, or lose NBRWE implement our kinetic rates to continually update the

and shrink. To determine the growth of an existing NBR1 clusteNBR1 in our system. Approximately 50% of NBR1 colocalizes

on a peroxisome we adapt the derivation in Appendix B of BrowriVith catalase and PMP701§], a peroxisome matrix and

and Rutenbergdd. membrane protein, respectively, indicating that NBR1 dynamic
Only NBR1 without a p62 chain (withh D 0) can ©ON peroxisomes are probably not signi cantly bu ered by other

contribute to cluster growth. The number of such NBR1 onCellular processes. For every peroxisome, we trackiagh (")

the peroxisome surfacdl(0), divided by the surface area B2, ~ BNdNcius: The peroxisomal NBR1 is thé¥heroxisomal NeustC

gives a surface concentratidg In principle, fo is a spatial eld - Nneru('), and we can sum that over all peroxisomes to_obtam

over the peroxisome surface, varying depending on locatiod\Vtotperoxisomal W€ conserve the total amount of NBR1 in the

The dynamics ofy is then described by the partial di erential SyStem, SO thalitpuk D Ntot - Niotperoxisomai@nd the bulk
equation density ngri D Niotpuik=V, WhereV is the total system volume.

Only approximately 10% of p62 colocalizes with peroxisomes
bnonrt b NBRL Dnps2(0) [19, which is consistent with the many roles of p62 for
4 R? 4 R2 4 R? autophagy P] as well as other cellular pathways7]. As a

result, we expect that uptake by peroxisomes of p62 will not
b pe2Nnere()- (11) signi cantly change cytosolic concentrations. Accordingwe
1 hold p62 concentrations constant.

dfp

1
2
4 R

The rst term on the right hand side captures diusion of 4.8. Selectivity Calculation
NBR1 on the surface, witlDs the surface di usivity andr 2 In Figure 3B we show how the remaining peroxisomal volume
a two-dimensional Laplacian. The second term describes tHeaction depends on size-selectivity when a xed number fact
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of peroxisomes are degraded. With zero selectivity, witgges  value similar to a 20 nM value measured for amphipathic helices
randomly chosen, the remaining volume and number fractiong71]. We choose&k, ps» D 0.04 s 1 for the dissociation rate of
are proportional. With maximum selectivity, i.e., with onlge  p62 from NBR1 and p62 (interaction through the PB1 domain
larger peroxisomes selected for degradation, the volunotidrm  [40, 41, 65]) using the K4 range of 4 - 10 nM for PB1-PB1
remaining at number fractiom is bonds EQ.

Z Ronax
Vmax D (4=3) RP(R ARV, (16)

Rmin

4.10. Model Limitations

In this section we address some of the limitations of our
approach. Our results should not be qualitatively a ected
whereRnmin is the radius of the smallest peroxisonihax(r) is by these limitations, whereas precise quantitative predistio
the radius of the largest peroxisome not selected for degi@tla \ould need a more realistic and dynamic cellular geometry,

P(R) is the distribution function of peroxisomal radii, and; is  precise parameterization, and a fully stochastic multiecal
the total initial peroxisomal volume. The corresponding nuenb  approach.

fraction is We have used deterministic dynamics in our modeling
ax approach; this was necessary for computational e ciency since
rD P(RdR (17)  our system spans many length and time scales. Our model
Rmin does not include stochastic e ects for the change in molecule
and we see thdyax is determined by. number on peroxisomes or in clusters, or for the nucleation
. . of clusters. Change in molecule numbers on peroxisomes
4.9. Parameters, Initial Conditions, and and in clusters is determined by the net ux, with frequent
Numerical Details molecular association and dissociation. Our deterministi

The radius of a globular protein is approximatéhyD 0.06811=  approach re ects an average behavior, and has two limitations
for Rin nmwith M in Daltons [7§]. We use this radius to estimate First it does not account for the discrete nature of molesule
the size of di usive targets on peroxisomes. For ubiquitin, ofon peroxisomes or in clusters. The discreteness will a ect our
mass 8 kDaT9, 80, ryp D 1.32 nm. For NBR1, with mass of nucleation threshold, and we could impose that the number of
approximately 107 kDaZd, 81], rngre D 3.14 nm. molecules in a nucleated clusthl, . is atleast one. Sineé,
While the di usivity of NBR1 or p62 have not been measured,is stronglyR dependent, a larger minimum cluster size due to
we can scale the diusivity of EYFP which is approximatelydiscreteness will raise the minimum peroxisome diethat
Dyep D 1mm?/s [87] (with massMygp D 27 kDa). Assuming nucleates clusters. This will enhance our predicted sizetbgtg
spherical (globular) proteins and corresponding Stokes+€ins e ect, and so amounts to a conservative approximation. Second,
di usivity, the di usivity scales with inverse radius (or celroot we assume that cluster nucleation occurs determinisyicall
of the mass), and we obtabwgr. D 0.63mm?/s and with a p62 at the threshold. Since nucleation rates typically strongly
mass of 62 kDaf3, 84] Dps2 D 0.83mm?/s. increase with concentration, the threshold approximation
Within our model, systems of many peroxisomes havas expected to reproduce the qualitative nucleation
peroxisome radii distributed exponentially, qualitativelkeli behavior.
measured peroxisome size distributiors5[ 8€]. In ensemble We have also abstracted the cellular context into uniform
systemsP(R) e s whereP(R) is the probability of a concentrations of bulk solutes, rather than an exact stetiba
peroxisome of radiu®, and we usd&s D 0.1mm. The number particle-based approach that includes cellular synthesis and
of ubiquitin on a given peroxisome will be proportional to the degradation—again for computational e ciency. A signi can
surface ared\y,(R) D ng(R=Rp)?, with the ubiquitin coe cient  additional advantage of a uniform solute approximation isttha
np typically 100 unless otherwise stated, &y 0.25mm. it does not require us to model the precise cellular geometry,
We use a system voluméD Npv, whereNp is the number of  such as peroxisome locations. This does mean, however, that
peroxisomes, ang D 10 mm? is the volume per peroxisome, we cannot treat screening e ects between peroxisomes. ldgntic
unless otherwise stated. 300 peroxisomes has been reportedpasoxisomes will behave identically in our model but not withi
an average number for mammalian cels/]. Therefore, the the cell.
volume inside a spherical cell of radius &#n, divided among An important stochastic e ect that we do not include
300 peroxisomes, is approximatelyrith? per peroxisome. is the downstream autophagy process that removes
For cluster formation, we assume the capillary lengik the  peroxisomes from the system. We would expect this
size of a single NBR1 protein, s rygre D 3.14 nm, and that (missing) process to limit the growth of NBRL1 clusters.
the area per molecule 5D 2 D 9.86 nnt. This is consistent Without it, NBR1 clusters, according to Equation (15),
with capillary lengths of one3[] and severalgg particle widths  could grow inde nitely. For the parameters of our model,
for 2d and 3 systems, respectively. The vapor pressureis clusters on typical peroxisomes of radil® D 0.25 mm
taken to be 16rm 2 on the peroxisome membrane. For a typicalcould reach 10-20% surface coverage at late times. The
peroxisome of radiuR D 0.25mm, this is approximately a single absence of downstream degradation is most signi cant fa th
molecule on the peroxisomal surface. maximum selectivity case dfigure 3 since in that case the
We usek, ngrt D 0.1mm s ! for the dissociation rate largest remaining peroxisome should retain its cluster until
of NBR1 from the peroxisome membrane, which yieldk@a degradation.
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