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ABSTRACT

Of all ubiquitin-like small protein modifiers, Rub1/NEDDS is the closest kin of ubiquitin in sequence and in structure.
Despite their profound similarities, prevalence of ubiquitin and of Rubl is starkly different: targets of ubiquitin
modification reach into the thousands, whereas unique targets of Rub1/NEDDS8 appear limited to one family of proteins,
Cullins. This distinction is likely due to dedicated E1 activating enzymes that select either one or the other and relay the
modifier until it is covalently attached to a target. To convert typical neddylation targets for modification by ubiquitin,
and vice versa, we designed reciprocal substitutions at position 72 of Rub1 and of ubiquitin to render them substrates for
activation by their non-cognate E1 activating enzymes. We found that this single amino acid is sufficient to distinguish
between Ub and Rubl in living cells, and determine their targets. Thus, modification of Cullins by UbR2T could
compensate for loss of Rubl, even as it maintained its ability to polymerize and direct conjugates for degradation.
Conversely, Rub1™2R activated by ubiquitin-activating enzyme entered into the ubiquitination cascade, however was not
efficiently polymerized, essentially capping polyubiquitin chains. Upon shortage of free ubiquitin under stress, even
native Rubl spilled-over into the ubiquitinome suppressing polyubiquitination. By contrast, the need to maintain
monomeric modifications on unique targets is a likely explanation for why the Rubl-activating enzyme strictly
discriminates against ubiquitin. Swapping Rubl and ubiquitin signals uncovered a reason for maintaining two separate

pathways across eukaryotic kingdom.
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INTRODUCTION

The ubiquitin-like (UBL) family of small protein modifiers is a class of evolutionary conserved proteins that are
reversibly conjugated to other proteins to regulate a variety of fundamental cellular processes (1-3). Ubiquitin (Ub) is
the most prevalent UBL, and ubiquitination is one of the most active metabolic pathways with hundreds of enzymes
involved in ubiquitination, recognition, or deubiquitination of thousands of target proteins (4-6). By contrast, unique
targets of Rubl (Related to Ubiquitin 1; a.k.a. NEDDS8 for Neural Precursor Cell Expressed Developmentally Down-
Regulated 8 in mammals) are limited to one family of proteins, Cullins (7-10), although hundreds of targets can be
Neddylated in human cells under certain conditions (11). Moreover, only few dedicated proteins have been identified to
distinguish between Ub and Rubl, or dynamically regulate processing of Rubl signals (12-15). The paucity of Rubl
targets and the divergence of Rubl and Ub cellular landscapes are puzzling, given that the two proteins share ~60%
sequence identity, an identical tertiary fold (16), and key recognition elements on their surface (Fig 1 A-C). We note
that genes encoding for Ub and Rubl are found in all eukaryotes (17,18), although conservation of Ub is far greater than
that of Rubl orthologs (Fig 1B). Accordingly, throughout this text we retain the species-specific nomenclature for
RUB1/NEDDS unless addressing general properties of the proteins, in which case we will refer to “Rub1”’.

Cullins are the best studied targets of Rub1/NEDDS (in S. cerevisiae there are three cullins: yCull/Cdc53, yCul3, and
Rtt101, whereas mammals express seven cullin proteins; (7,19,20)). Conjugation of Rubl to a specific lysine on cullins
is mediated by the consecutive action of an E1 activating enzyme (Uba3-Ulal dimer in S. cerevisiae; also referred to as
NEDDS activating enzyme, NAE), an E2 conjugating enzyme (Ubcl12) and an E3 ligase (Rbx1) (19,21,22). Cullin
neddylation is reversed by proteolytic activity of the CSN complex (a.k.a. COP9 Signalosome) (12,23-32). A number of
seemingly unrelated proteins were also shown to be neddylated in different organisms (11,14,33-41), which appear to be
reversed in some organisms by another deconjugase, SENP8/DEN1 (12,42). So far, the biological outcomes of
conjugation of these non-cullin targets is unclear, nor is it clear to what extent enzymatic cascades responsible for “low
level neddylation of non-cullin targets” and those responsible for modification of cullins overlap. Nevertheless, even
considering “atypical neddylation”, the number of bona-fide ubiquitination targets is much greater, a direct outcome of
an expanded repertoire of ubiquitination enzymes, primarily multiple E2s and myriad E3s (6). Moreover, a large portion
of ubiquitination is polymeric via isopeptide linkages between surface amines (primarily lysine residues) on a proximal
Ub unit (M1, K6, K11, K27, K29, K33, K48, K63) to the carboxyl-terminus of the distal unit (43-45). The most
abundant linkages in polyUb are via lysine-48 (hereafter K48), a constitutive signal for targeting conjugated substrates
for proteolysis by 26S proteasomes, and via K63, which generally increase upon stress (5,44-48). The result is a
characteristic heterogeneous landscape of polyUb conjugates that contrasts a more limited repertoire of Rubl

modifications under steady state conditions (Fig 1D).

E1 activating enzymes, the first enzymes in their respective modification cascades, distinguish between Ub and Rubl

despite their structural similarities. Thus, specificity of NAE for NEDD8/Rubl is attributed to an arginine side chain
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(R190 in mammalian APPBP1-UBAB3) that clashes with an arginine residue (R72) near the carboxyl tail of Ub if the
latter enters the enzyme active site (49-52). Although the ubiquitin activating enzyme, UAE (a.k.a. UBAL) shows a
preference for Ub over Rubl (53), without a positive charge at position 72 of Rubl (Fig 1A) some Rubl is likely to
engage UAE when presented at high levels (16,53-55). The leeway afforded by UAE to activate both Ub and Rubl is
one possible explanation for “atypical neddylation” of non-cullin targets upon overexpression of Rub1/NEDDS8 or under
stress that depletes levels of free Ub (16,54-57).

So far, the significance of “atypical neddylation” is unclear: is it an artifact of stressing the Rub1l/NEDD8 modification
pathway, or is it a natural manifestation of fluctuations in relative abundance of free Ub and Rub1/NEDD8? Since
induction of NEDDS8 or overreaction of the neddylation enzymatic cascade occurs in certain cancers, intensive
therapeutic efforts have targeted NAE as a treatment (58). However, effects of NAE inhibitors appear to extend beyond
their canonical role in modifying CRLs (59), emphasizing the need to fully map natural targets for NEDD8/Rubl
conjugation. In this regard, S. cerevisiae and C. albicans are potent model systems to test perturbations of the ubiquitin
system, since they are among the very few organisms in which Rub1/NEDDS is not essential (60-62). Depletion of
Rubl in these organisms would enable study of perturbations of both Rubl and ubiquitin conjugation landscapes with
only minimal perturbations to CRL-signaling pathways (since Cull is functional in S. cerevisiae even without Rubl).
By designing reciprocal substitutions of residues 72 in both Rubl and Ub, we directed Rubl to modify targets of
ubiquitination, and targeted ubiquitin to conjugate cullins. Crossover of Ub and Rubl disrupted their cognate cascades

without the inevitable perturbation that overexpression of a wild-type protein would have on its own pathway.

RESULTS
Replacement of Rubl with ubiquitin in vivo

Even in the total absence of Rubl, Ub in S. cerevisiae did not spuriously modify yCull (Fig 1E), pointing to the
stringent specificity of cullin-modification enzymes for Rubl. However, elimination of a single positive charge at
position 72 of Ub (UbR"2T) led to Ub-modified cullins in cells (Fig 1E). UbR"2T was activated by the E1 for Rub1, Uba3,
and conjugated to yCull at the canonical neddylation site; i.e. K760 (Fig 1E, F), indicating it was recognized as Rubl
by key factors of the Rub1 modification cascade. An in vitro MS-based labeling method (63) confirmed that UbR"T was
activated by NAE as efficiently as Rubl (Fig S1). Ub-yCull conjugates were sensitive to hydrolysis by the CSN (Fig
1F), indicating that CSN recognizes modified cullins regardless of whether they are modified by Rubl or Ub. Consistent
with these observations, merely introducing a positive charge at position 72 of Rubl (Rub1™2®) in cells eliminated
modification of yCull (Fig 1E). In a similar result, Rub1™?R was not activated by NAE (Fig S1), supporting the
conclusion that NAE efficiently discriminates between Rubl and ubiquitin. Apparently, a single amino acid is sufficient

for E1s to distinguish between Ub and Rubl in living cells at least in yeast and fungus and determine which E1 activates
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them and by extension, which targets are modified by Ub and which by Rub1. Thus, UbR"2T was able to enter the Rubl
conjugation pathway and behave essentially as a “rubylized Ub”, a tool we then used to dissect the modification

characteristics of Rubl1 and Ub.

Phenotypes of ubiquitin modifying Rubl targets

With the information that UbR"2T modifies typical targets of neddylation, we evaluated the fate of cullin modified by Ub
instead of Rub1. Comparison of biological half-life demonstrated that Ub-modified yCull was turned over faster than
unmodified or Rubl-modified yCull (Fig 2A). Turnover of Ub-modified yCull was likely proteasome-dependent since
it was stabilized by treatment with a proteasome inhibitor, MG132 (Fig 2B). In order to substantiate the link between
ubiquitination and proteolysis of cullin, we repeated the experiment with lysineless (K0) Ub that restricts modification
of targets to a single (mono) Ub (44). Indeed, yCull modified by non-polymerizable UbX®R72T was stable with no
appreciable biological turnover (Fig 2B). Under steady-state conditions, the portion of Cull modified by UbKOR72T oyt
of total Cull in whole cell extract was comparable to the proportion of Rubl-modified Cull in the isogenic wild-type
strain. In both cases, the steady state levels of modified cullin were greater than steady state levels of cullin modified
with polymerizable UbR"2T (Fig 2C). In absence of Csn5, the proteolytically active subunit of the CSN complex, Ub-
modification of cullin — whether lysineless or polymerizable — increased (Fig 2C; right), supporting the observation
from Fig 1F that CSN is not limited to Rubl but rather is able to act on Cullin and deconjugate either Ub or Rubl.

In order to substantiate the observation that cullins behave similarly when modified by either Rubl or a non-
polymerizable Ub, we checked whether non-polymerizable Ub could rescue phenotypes associated with loss of Rubl. In
S cerevisiae, 4rubl phenotypes are mild, but include an effect on mitochondrial respiration (64). Indeed, the mild
mitochondrial defects of Arubl were reversed upon expression of a lysineless “rubylized” Ub: UbKOR72T (Fig S2).
Interestingly, lysine residues responsible for the three most prevalent linkages in polyubiquitin (polyUb) chains (K63,
K48, and K11; (5,44)) are absent from the Rubl sequence in C. albicans (Fig S3), providing a unique opportunity to test
the requirement for these lysine residues on the surface of Rubl. Deletion of RUB1 in C. albicans caused a switch from
yeast morphology in WT to hyphal growth in rubl” (62), probably due to impairment of SCF E3 ligase complex
activity causing increased switching from yeast to hyphal growth (65-67). Expression of either UbR7?T and UbKOR™2T in
rub1™ reversed the C. albicans null hyphal growth phenotype (Fig 3). That non-polymerizable Ub rescues phenotypes
of rubl null in two separate species lends support to the possibility that Rubl does not require modifications on key

surface lysines (including K48), at least as far as cullin modifications are concerned.

Mixed Rubl-Ubiquitin modifications
Having evaluated the effect of replacing Rubl with Ub on cullins, we next assessed the outcome of Rubl that is

activated by the ubiquitin cascade, presumably modifying typical targets of ubiquitination. Overexpression of Rubl led
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to accumulation of Rubl in high MW conjugates (Fig 4A). The resulting heterogeneous profile of Rubl-conjugates
resembles previous results showing an increased repertoire of NEDD8/Rubl targets upon overexpression, many of
which were also typical substrates for ubiquitination (13,16,55-57). No measurable decrease of these high MW Rub1-
conjugates was observed in a UBA3 deletion (Fig S4), indicating that formation of these conjugates was not performed
by NAE but likely carried out by enzymes of the ubiquitination cascade. This phenomenon appears to be a common
feature of both yeast and human cells. For instance, overexpression of NEDDS8 in H1299 cells resulted in neddyylation
of known ubiquitination targets, such as the HECT E3 ubiquitin ligase HERC2, RING ubiquitin E3 ligases Rlim, Livin-
a, or the tumor suppressor p53 (Fig S5A, B). All four of these proteins can be highly ubiquitinated under certain
conditions and subsequently degraded by proteasome (68-77). Moreover, since overexpression of MDM2, a well-
documented E3 ubiquitin ligase for p53, significantly increased the extent of NEDD8-p53 conjugates (Fig S5B, C) it is
likely that neddyylation of these targets also depends on enzymes of the ubiquitination cascade. Mdm2-mediated p53
neddylation has been reported (39), though whether this and other examples of atypical neddylation (11,13) reflect a
dedicated pathway for NEDD8 maodifications or a secondary role of ubiquitination enzymes has not been clarified for
each case yet.

One limitation of Rubl overexpression is the difficulty to distinguish the effects of elevated Rubl on typical targets of
neddylation from the effects of simultaneous spillover of Rubl into the ubiquitin landscape. Realizing that a single
positive charge near the carboxyl tail of Ub is sufficient to block its activation by NAE (49-52), we designed a
“ubiquitinized form of Rub1” to study the outcome of Rubl on the ubiquitin system, without the inevitable perturbation
that overexpression of Rubl would have on NAE function. In cells, expression of Rub1™2® resulted in accumulation of
high MW conjugates of Rub1 accompanied with an almost complete depletion of free (unconjugated) Rubl (Fig 4A).
Deletion of UBA3 had little discernable effect on the Rubl-conjugation pattern (with the exception of bands
corresponding to modified cullins; Fig S4). Although Rub1™2R was not activated by NAE (Fig 1E; Fig S1), it was
activated by UAE in vitro as efficiently as Ub was (Fig S6). This propensity of UAE to activate Rub1™?R is a likely
explanation for how Rub1™2® accumulated in high MW conjugates to a greater extent than similarly expressed Rubl
(Fig 4A). These data are also consistent with the reduced efficiency of UAE to activate UbR"2K or UbR">A shown earlier
(63). Introduction of ubiquitinized Rubl could be a useful tool to probe the Ub system without greatly affecting the

Rubl signaling system because it is inert to NAE.

As Rubl lacks lysine at position 63 (Fig 1A), it would be unable to form polymers with an equivalent conformation to
polyUb K63-linked chains. Therefore, we hypothesized that introducing Rubl into the ubiquitination cascade could alter
the polyUb-linkage profile. Overexpression of RUB1 resulted in a mild decrease of conjugated polyUb, particularly
K63-linkages (Fig S7), suggesting that the two conjugation pathways affect each other. Using Ub AQUA, we quantified
linkage types in high MW Ub-conjugates and found that overexpression of RUBL1 lead to a significant decrease of both

K63- and K48-linkages in whole cell extract (Fig 4A, right). This result is remarkably similar to the outcome of
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expressing non-polymerizable lysineless Ub (UbX®) in a WT background (44). Despite the potential to interfere with any
of the seven lysine-linkage types, published phenotypes of UbX? expression related primarily to endocytosis and protein
sorting that are largely driven by K63-linked polyUb chains (44,78). Likewise, Rubl embedded into polyUb chains
caused sensitivity to canavanine and conversely tolerance to nickel ions (Fig 4B), both hallmarks of defective protein
trafficking documented for induction of non-polymerizable Ub (22,44,79-87). These phenotypes fit with attenuation of
K63-Ub signaling. Evidence for simultaneous modifications by Rubl and Ub on a single target was obtained by affinity
purification of Hiss-Rubl and staining for conjugated Ub (Fig 4C). The evidence for simultaneous modifications of a
single target by Rubl and Ub raises the possibility of mixed Ub/Rubl modifications, either as mixed (heterologous)
chains or alongside each other at different sites on the substrate. We note that both K48-linked and K63-linked polyUb
chains co-purified with Rubl-modified substrates, albeit K63-linkages were relatively enriched. Together, these results
suggest that Rub1 activated by ubiquitination enzymes directly influences the ubiquitin-linkage landscape.

Rubl incorporates into polyubiquitin chains upon heat stress

Having observed that the ratio of Rubl to Ub may influence the nature of the conjugated ubiquitin landscape, we wished
to consider conditions that may influence this ratio. Short-term heat stress increases polyubiquitin, leading to a drop in
free unconjugated Ub levels (88). As free Ub is polymerized into high molecular weight (HMW) conjugates, the pool of
free Ub may diminish, therefore we hypothesized that the resulting shortage of free Ub may facilitate encounter of Rubl
with the Ub E1 activating enzyme, UAE, effectively directing some Rubl into the ubiquitin landscape. Indeed,
following heat stress we observed a greater increase in polyUb chains in 4rubl relative to wild-type cells (Fig 5A; left).
Conjugated Ub in HMW polyUb chains following short-term heat stress was up to three-fold greater in 4rubl compared
to wild-type, as estimated by Ub AQUA, (Fig 5A). The effect was common to both K48- and K63-linkages, both of
which increased in 4rubl to a greater extent than in wild-type (Fig 5B). This result suggests that presence of Rubl in the
ubiquitin landscape results in an apparent reduction of total conjugated ubiquitin. In order to evaluate the outcome of
Rubl that is activated by UAE and is thus potentially conjugated to targets of ubiquitination, we incubated
“ubiquitinized” Rub1™"2®? with UAE and ubiquitin E2 enzymes. We found that although lysine residues K48 and K11 are
conserved between Ub and Rubl, two enzymes UBE2K and UBEZ2S that generate predominantly K48 and K11 linkages
with ubiquitin, respectively, were able to attach Rubl to Ub, yet had difficulties further modifying Rubl (Fig S8). To
summarize, it appears that when Rubl is conjugated to ubiquitin, it acts as a general polyUb chain terminator,
decreasing average length of polyUb modifications on targets. Even when activated by UAE and entering the ubiquitin
landscape, in cases when Rubl is attached directly to a substrate it would presumably be primarily a monomeric

modification, in line with Rubl serving primarily as a monomeric signal on its canonical targets.
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DISCUSSION

Although Ub and Rubl/NEDDS8 are present as separate modifiers across Eukarya, this study suggests that they are
partially interchangeable. Apparently, the cellular machinery allows for some naturally-occurring cross-activation,
although we find greater leeway for one-directional cross-over of Rubl into Ub signaling cascades rather than of Ub
modifying typical targets of neddylation. There is mounting evidence for Rubl/NEDDS8 conjugates beyond cullins.
Targets of so-called atypical neddylation are prevalent, though when and to what purpose remains unclear. While Rubl
modifies some of these targets directly (10,11,89), the mere prevalence of Ub in the cell compounded by experimental
difficulties in distinguishing between conjugated Rub1/NEDD8 and Ub (90,91) raises the possibility that a large portion
of atypical neddylation is indirect through mixed chains. Overall, thousands of proteins may be modified by polymeric
chains of ubiquitin, yet one of the most abundant cellular proteins, and one of the most heavily modified by ubiquitin, is
Ub itself. This study touches on the outcome of Ub modified by Rub1, essentially forming mixed chains on targets.

By utilizing an experimental strategy that enhances cross-activation of Ub and Rubl, we addressed consequences of Ub
or Rubl entering each other’s respective signaling pathways, both in cells and in reconstituted enzymatic cascades. This
experimental approach made it possible to study the perturbation that Rubl introduces to ubiquitin signaling system
without the inherent stress that overexpressed Rubl would instill onto typical targets of neddylation. Apparently, residue
72 is the key to be recognized by E1 (either UAE or NAE), however, some ubiquitin E2 conjugating enzymes do
recognize residues other than 72 and therefore Rubl that does get activated by UAE is distributed differently than
ubiquitin in the ubiquitin landscape. Moreover, some deubiquitinases also recognize unique surface of Ub and hence
cleave Ub-Rubl or Rub1-Ub conjugates differentially (92), in effect guaranteeing a distinct fate for mixed UBL-Ub
polymers over polyubiquitin (although CSN or proteasome are able to remove Rubl from Ub (16)). In this manner,
introduction of Rubl mutated at position 72 is a new tool for specifically affecting the Ub system without greatly
affecting the Rub1 signaling system because it is inert to NAE. Thus ubiquitinized Rub1/NEDD8 may be added to other
experimental tools for perturbing the ubiquitination landscape such as expression of lysineless non-polymerizable Ub
(44), ubistatins (93,94), or the anti-cancer drug bortezomib (95).

Selection of either Ub or Rubl by their preferred activating enzyme is largely dependent on the identity of residue 72 of
the UBL (Fig 6). A single site substitution at position 72 was sufficient to enable NAE to activate Ub leading to cullin
ubiquitination and subsequent degradation. UAE is naturally less selective than NAE, allowing some Rubl to be
activated by UAE. When the ratio of free Rubl to Ub increases, as occurs under certain stress conditions such as heat
stress or upon heterologous overexpression, greater is the chance that Rubl could be activated by UAE. Such UAE-
activated Rubl is one mechanism that leads to “atypical Neddylation” of targets (Fig 6). Once activated by UAE, Rubl
can be relayed to E2 ubiquitin conjugating enzymes and eventually be conjugated to proteins, or to Ub generating mixed
chains. Since E2 enzymes require information in the globular body of Ub beyond the C-terminal stretch required for

activation by E1 (96) they may handle Rubl differently than Ub and hence also participate in shaping the nature of the
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modification. Indeed, we found that some E2s were more efficient at attaching Rubl to Ub than to Rubl, essentially
terminating chain elongation with RubZl. This result is in line with Rub1l serving primarily as a monomeric modification

on its typical substrates.

When would cells need to regulate polyUb-chain length? Possibly, uncontrolled chain elongation is unnecessary or even
detrimental for cells under normal growth conditions, especially given that four Ub units linked via K48 are an efficient
proteasome-targeting signal (97,98). K63-linked polyUb chains are typically shorter (79,99,100). Short-term heat stress
or acute oxidative stress are examples of conditions that entail greater need for protein removal and hence the need for
enhanced ubiquitination activity. With a greater portion of Ub tied up in polyUb chains, a shortage of free Ub available
for conjugation may ensue (101-103). As the ratio of free Ub to free Rubl decreases, some Rubl may be activated by
UAE thereby entering the Ub landscape where it ends up modifying typical targets of ubiquitination. Our results suggest
that introducing Rubl into the ubiquitinome decreases the average length of heterologous mixed Rubl-Ub chains
relative to homogenous polyUb, with a more pronounced effect on pathways that rely on K63-linked polyUb signaling.

As a small protein modifier, Rubl seemingly “resembles monoUb” (rather than “resembles ubiquitin”, as its name
implies), explaining why some of its functions can be replaced by a lysineless non-polymerizable Ub (Fig 2, 3). The
fundamental property of Ub as a polymeric signal may explain why NAE is more stringent in selecting Rubl1 over Ub
than UAE is in discriminating between the two. By preferring Rubl to Ub, NAE essentially guarantees mono-
modification of its targets with a single Ub-like domain (Fig 6). Although Ub is the most conserved protein in
eukaryotes (yeast and human orthologues differ by only three amino acids (104)), the protein is subject to variations in
the form of post-translational modifications (PTMs; (47,105)). Ub itself is the most prevalent modifier of ubiquitin;
roughly half of all Ub is modified on one or more lysine residues by another Ub molecule (5,44). The current study
demonstrates that another Ub-like protein, Rub1l/NEDDS, is also a Ub-modifier. One outcome of this modification is an
interference in chain elongation. Since Rub1/NEDDS lack a lysine residue at position 63, the direct outcome is on K63-
linked chains, however we observed an effect on other linkages as well, probably due to the different ability of E2
enzymes to modify Rubl. We conclude that although the two proteins are quite similar (Fig 1), sharing a similar 3-D
fold and key residues on their surface that can be recognized by similar receptors or processing enzymes (16,61,92),

Rubl and Ub diverge in their potential to polymerize or form elongated chains.

EXPERIMENTAL PROCEDURES

Strains, Plasmids and growth conditions - Strains and plasmids used in this study are described in Table S1 and Table
S2. Transformations of yeasts with the relevant plasmids were performed by standard lithium acetate/polyethylene
glycol 3350 procedure. Double mutants were produced through mating followed by sporulation and random spore

analysis (106). Genotypes of haploid progeny were determined by mating with haploid reference strains, PCR and
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immunoblotting. Plasmids including mutated genes were constructed through PCR and were sequenced to confirm the
positioning of the mutations. Maintenance of yeast strains was achieved by culturing plasmid-containing strains in a
Synthetic Defined (SD) dropout medium composing of Yeast Nitrogen Base 0.69% [w/v] (Formedium, Hunstanton,
Norfolk, UK), amino acid mix 0.14% [w/v] (Formedium), Dextrose 2%. Transformants were grown in SD medium
excluding specific amino acids (leucine, tryptophan) or nucleotide (uracil). Experiments were performed when cells
have reached an ODsyo Of 0.8. Yeast strains were grown at 30°C. For heat stress, cultures at 0.8 ODey Were incubated
for 30 minutes at 45°C. For Candida albicans, an isogenic rubl1-/- strain was grown and transformed as described (62).

Drop assay - Cultures transformed by plasmids bearing either RGS-Hisg-KO Ub or RGS-Hisg-Rub1™"2R were grown
overnight. At the next morning, the cultures were harvested and washed twice with sterile distilled water. Finally, equal
number of cells were confirmed by cell counting before five-fold serial dilutions in sterile double distilled water (DDW)
followed by spotting 2 pl on SD agar plates with or without 1 pg/ml Canavanine, or 1 mM NiSO.. Plates were incubated
at 30 °C.

Microscopy - Candida albicans cells were visualized with a Zeiss Axiolmager M1 microscope equipped with
differential interference contrast (DIC) optics, using a 40x objective.

Immunoblotting - Cells were harvested in trichloroacetic acid (TCA) as we previously described (107). After lysis, a
buffering solution of 1 M Tris pH 11 was added to TCA lysed samples to neutralize any residual TCA. Laemmli buffer
was added to all TCA precipitates before separation on SDS-PAGE. Experiments were repeated at least three times and
a representative image is shown. In several cases, quantification of immunoblots was performed, using ImageJ v1.40f
software (http://imagej.net/). Antibodies: Ubiqutin (Dakocytomation); Cdc53/yCull (Santa Cruz Biotechnology, Santa
Cruz, CA sc-6717); K48-linked polyUb chains (Millipore 05-1307), K63-linked polyUb chains (Millipore 05-1308),
Rub1/Nedd8 (Abcam ab4751-500). Actin (Abcam ab14128), Pgkl (Abcam ab113687).

Inhibition of protein synthesis and degradation — To follow after the decay of Cdc53/yCull expression in WT or mutant
yeast cells, protein synthesis was inhibited by Cycloheximide (CHX). A freshly prepared 250 pg/ml CHX (from a stock
of 10 mg/ml in DMSO) was added to equal amount of cultures for indicated times. To inhibit the turnover of
Cdc53/yCull, 75 uM of the proteasome inhibitor MG132 was added to the cultures, 15 minutes after adding CHX for 6
hours. Following the treatment, cells were harvested in TCA at indicated times and separated on an SDS-PAGE for

immunoblotting.

Isolation of neddylated conjugates — Isolation of conjugates was performed as described (44). In brief, WT cells
transformed with either RGS-Hiss-WT Rubl or untagged Rub1 at the logarithmic phase were lysed with glass beads in a
20% TCA solution. The final cell lysate of each sample was adjusted to 12% TCA for efficient protein precipitation.
Cell lysates were incubated in ice for 1h, followed by full-speed centrifugation at 4C during 10min to separate the

precipitated proteins from supernatants. The acidic pH of the precipitated proteins was adjusted to neutral using 1 M
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Tris pH11 and destined for nickel pullout were resuspended in loading buffer (6 M guanidine hydrochloride (GUHCI),
20 mM Tris pH8, 100 mM K;HPO., 10 mM imidazole, 100 mM NaCl, 0.1% triton X-100). Equal amounts of each
sample were loaded onto a mini NiNTA column (Qiagen, The Netherlands) and incubated at 4°C during 2 hours. The
columns were subsequently washed with wash buffer 1 (20 mM Tris pH 8, 100 mM K;HPO,, 20 mM imidazole, 100
mM NaCl, 0.1% triton X-100), followed by washes with wash buffer 2 (20 mM Tris pH8, 100 mM K;HPQ,4, 10 mM
imidazole, 1M NaCl, 0.1% triton X-100), followed by washes with wash buffer 3 (20 mM Tris pH8, 100 mM K;HPOQO,,
10 mM imidazole, 100 mM NaCl), followed by imidazole elution (500 mM imidazole). Elutions were concentrated
using 12% TCA overnight at 4°C, followed by acetone precipitation at -20°C. The samples were then resuspended in
Laemmli buffer and immunoblotted of K48- and K63-linked polyUb chains. Human NAE plasmid (pGST-E1-NEDDS)
was obtained from Brenda Schulman and expressed in BL21 (DE3) cells and purified using GST affinity columns from
GE.(108).

Neddylation assays in mammalian cells- H1299 cells at 90% confluency in 6 cm plates were transfected using
Lipofectamine 2000. After 20-24 hours transfection, the cells were lysed in 500 ul GUHCI buffer and 20 pl of protein A
sepharose beads (equilibrated in guanidine hydrochloride, GUHCI buffer) were added. The samples were incubated at
4°C with rotation for 1 hour. After 1 hour, samples were centrifuged and 50 pl of Ni-Agarose beads (equilibrated in
GuHCI buffer) were added to the supernatant followed by incubation at 4°C for 3-4 hours or overnight. The beads were
then washed two times with GUHCI buffer followed by two more washes in a buffer containing one part of GuHCI
buffer and four part of 50 mM Tris-Cl (pH 6.8) containing 20 mM imidazole. Finally, the samples were washed two
times with 50 mM Tris-Cl (pH 6.8) buffer containing 20 mM imidazole. The samples were boiled at 95°C for 5 minutes
in 100 pl of laemmli buffer containing 200 mM imidazole and loaded onto SDS-PAGE gels.

Ubiquitin linkage quantification - We adopted a strategy to identify the linkage types of the polyUb chains that can be
assembled through isopeptide bonds with any of the seven internal lysine residues. Each linkage type generates a unique
peptide signature upon trypsin digestion that can be discriminated by mass spectrometry and quantitated by comparison
with isotopically labelled standard. Whole cell extracts of yeast strains were resolved by 8% SDS PAGE. Top section of
each lane corresponding to migration of proteins with molecular weight greater than ~120 kDa (to exclude cullins) was
excised. Proteins were digested in-gel using trypsin and subject to quantitative MS/MS by Ub-AQUA following earlier
protocols (44,109-112). K48- and K63-signature polyUb chain peptides of were quantitated by comparison of signal

intensity of isotopically labelled standards using mass spectrometry.

Samples from three technical replicates were loaded on an 8% stacking gel and proteins compressed in one band.
Proteins were digested in-gel using trypsin, and purified as described above. The peptides were separated on a 25 cm
reverse phase column (75 pm inner diameter, 3 um reprosil beads, Dr. Maisch, GmbH, in house packed) using 5 to 50%
acetonitrile gradient (VWR) with a flowrate of 250 nl/min (Eksigent nano-LC Ultra). The peptides were ionized on

a Nano3 ion source (ABSciex) and directly sprayed into a QTRAP 5500 triple-quadrupole mass spectrometer, run in
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MRM mode to detect branched Ub-derived peptides and their synthetic isotopically labelled counterparts (44,113,114).
Each sample was injected as technical triplicates. Two transitions for each peptide, i.e., UbTotal, Ub#14, UB#15, K48,
K63, were acquired (supplementary Table S3). After the measurement peaks were integrated and light/heavy ratios
calculated (115) using the Skyline software package (116) reflecting the abundance of the linkage type compared to the

internal heavy standard.

Peptides ESTLHLVLR or TLSDYNIQK were used to measure the amount of Ub in the sample. The measurement of the
two peptides were averaged. SRM conditions for the unlabeled ubiquitin peptides are listed in supplementary Table S3.

Mass Spectrometry: All ESI-MS spectra were acquired on JEOL AccuTOF-CS mass spectrometer in a positive
electrospray mode. High-resolution mass spectra of m/z 250-2500 were acquired for all samples. Spectra were
deconvoluted using MagTran software with a 2-30 charge range combined with S/N of 3 to determine molecular mass.

12


https://doi.org/10.1101/2020.06.18.159145

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.18.159145; this version posted June 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gurevich S. et al.

Acknowledgments: We would like to thank Oded Kleifeld for advice and suggestions on this work. Funding for this
project was provided by an NSF-BSF grant MCB1818280 to MHG and DF, and Israel science foundation grants
2512/18 and 755/2019 to MHG and 162/17 to EP.

Author contributions: SG performed most experiments in yeast and some in vitro assays. NR and SG performed
molecular biology and genetic manipulations. AS, AT, NR and SG mapped ubiquitin landscape and Rub1 modifications.
BEL performed most in vitro assays of Rubl conjugation and synthesized mixed chains in vitro. RKS quantified E1
activity and carried out assays in mammalian cell culture. DK aided with experiments in C albicans. MS aided with
experiments in mammalian cells. JL, OP, and GD performed mass spectrometry and Ub AQUA analysis. SG, NR, EP,
DF, GD, and MHG designed experiments and monitored progress. All authors participated in writing and commenting
on the manuscript. MHG, EP, DF, and GD wrote the first draft of the manuscript.

Conflict of interest: The authors declare that they have no conflicts of interest with the contents of this article.

Footnotes

i. Abbreviations used are: Ubiquitin-activating enzyme, UAE; Ubiquitin-activating enzyme, UBA; NEDD8-activating
enzyme NAE; Ubiquitin conjugating enzyme, UBC; Cullin related ligase, CRL; Ubiquitin, Ub; Polyubiquitin, polyUb;
Related to ubiquitin 1, Rubl; ubiquitin-like, UBL; Neural Precursor Cell Expressed Developmentally Down-Regulated
8, NEDD8; COP9 signalosome complex, CSN; guanidine hydrochloride, GUHCI

ii. in this manuscript we will preferentially refer to this ubiquitin-like modifier as Rubl (to highlight its resemblance to

ubiquitin), unless addressing specific properties of the mammalian gene product NEDDS.
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FIGURE LEDGENDS

Figure 1. Ubiquitin R72T modifies yCull, a neddylation target. (A) Clustal W multiple sequence alignment of Ub
and Rub1/Nedd8 from Saccharomyces cerevisiae (Sc) and human (Hs). The hydrophobic patch residues of Ub (L8, 144,
and V70) are framed in green. lysine residues are colored blue, and boxed if conserved in Ub or in Rubl. arginine 72 of
Ub is colored red. (B) Percent sequence identity between Ub, ScRubl, and HSNEDDS. (C) Left: Structure alignment of
Rub1l (cyan) and Ub (green). The hydrophobic patch residues are shown in sphere representation, the lysine side chains
are shown as sticks. Consensus lysine side chains are indicated as sticks. Right: Surface representation of Ub and Rubl
from Saccharomyces cerevisiae based on published structures (16); surface hydrophobic patch is colored green, lysine
residues are in red. (D) Whole cell extract of logarithmic S. cerevisiae culture resolved by 8% SDS PAGE and immuno-
blotted for Rubl (left) or Ub (right). Migration of neddylated yCul4/Rtt101, yCul1/Cdc53 and Cul3 is noted on left. (E,
F) Whole cell extract of logarithmic phase wild-type, yCul1X7®® or rubl, csn5, or uba3 deletants and double mutants
complemented with empty plasmids [-], or plasmids expressing proteins as noted, resolved by 8% SDS PAGE and
immuno-blotted for yCull/Cdc53. Lower band corresponds to unmodified yCull. * marks migration of Rubl1-yCull.

Figure 2| Ubiquitin-modified yCull is turned over faster than unmodified or Rub1-modified yCull. (A) Half-life
of Cull. S. cerevisiae yeast strains as noted were grown to mid-log growth (t=0) and treated with 250ug/mi
cyclohexamide (CHX). Cells were harvested at indicated times, resolved by 8% SDS PAGE and immuno-blotted for
yCull (top). Quantification of immunoblots was performed using ImageJ v1.40f software (http://imagej.net/), relative
intensity of 2 or more repeats was normalized to pre-treated yCull levels (t-0), and plotted over time (bottom). (B) Cell
cultures of ArublAcsn5 expressing either [UbR'2T] or [UbKOR72T] treated with 250 pg/ml CHX for 15 min before the
addition of 75uM of proteasome inhibitor MG132 for 6 hours. Samples were resolved by 8% SDS PAGE and
immunoblotted for yCull or Pgkl as a loading control. (C) Whole cell extract of isogenic wild-type, Arubl, Acsn5 or
double mutants expressing Ub mutants as noted, resolved by 8% SDS PAGE and immunoblotted for yCull. * marks
migration of Ub/Rubl-modified yCull.

Figure 3 | UbXOR72T rescues Arubl phenotypes. C. albicans cells deleted for rubl (Carub1”) and expressing Rub1 or
Ub or mutated forms of Ub (UbK®, UbR™T or UbKOR™2T)  Alterations in cell morphology were visualized by light

microscopy.

Figure 4 | Effects of elevated Rubl on the Ubiquitin landscape. (A) Right: Whole cell extracts from log phase wild-
type, or wild-type cells overexpressing either Rubl or Rub1™2® resolved by 15% SDS PAGE and immuno-blotted for
Rubl. Left: Top section of each of the lanes, corresponding to migration of proteins with molecular weight greater than
~120 KDa (to exclude cullins) was excised, trypsinized and subject to quantitative MS/MS by Ub-AQUA following
earlier protocols (44,109-112). K48- and K63-signature polyUb chain peptides were quantitated by comparison of signal
intensity of isotopically labelled standards using mass spectrometry. Graph shows fold-change of polyUb chain linkages

found in wild-type vs induced Rub1l cells. Error bars indicate standard deviation of three technical replicates. (B) Drop
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assay of wild-type or wild-type cells overexpressing either Ub*? or Rub1™2R were seeded in serial dilutions onto SD-
agar plates (top) or SD-agar plates supplemented with the amino acid analog canavanine (middle) or nickel sulfate
(bottom). (C) Whole cell extracts of Arubl cells overexpressing either Rubl or Hise-Rubl1 were affinity purified by Ni-
NTA chromatography. Samples of input (load) and imidazole elutions were resolved by SDA PAGE and immunoblotted
with antibodies specific for K48-linked polyUb (left), or K63-linked polyUb (right).

Figure 5| Abundance of polyUb chains increases in the absence of Rubl. (A) Cell cultures of wild-type or Arubl
cells heat stressed for 30 minutes at 45°C were separated by SDS PAGE and blotted for ubiquitin, K48-Ub linkages or
K63-Ub linkages using specific antibodies as indicated. Levels of yCull or actin serve as controls. (B) High molecular
weight regions (above 100 kDa) were excised from gel and subjected for targeted mass spectrometry analysis for
ubiquitin linkages types using Ub AQUA. Signature polyUb chain peptides were quantitated by comparison with
isotopically labelled standards using mass spectrometry. Graph shows fold change of polyUb chain linkages found in
wild-type or Arubl cell extracts. Error bars indicate standard deviation of three technical replicates of total Ub, K48- or
K63-linkages measured in heat stress relative to untreated wild-type or Arubl cell extracts

Figure 6 | Model describing spillover of Rubl into the ubiquitin system for protein modification. The
Rubl/NEDDS activating enzyme, NAE, stringently discriminates between NEDD8 and its close paralog Ub, showing a
substantial preference for the former. By contrast, the Ub activating enzyme, UAE, is more flexible allowing some
activation of Rubl protein, which can account for some common targets of Ub and Rubl, including Ub itself. Ub E2
conjugating enzymes appear to be less efficient at modifying Rubl, hence the majority of Rub1 ends up as a terminal
modification (as a monomeric signal or capping polymers of ubiquitin). Crossover of Rubl into the Ub conjugating
System can occur under certain stress conditions that alter the balance between available “free” forms of these small
protein modifiers. A single-site mutation at position 72 of each protein generates proteins that retain all their properties
as Ub/UBL signals yet are readily activated by enzymes of the respective pathways. The mutant proteins provide a
powerful tool to probe the essence of the ubiquitin signal and the evolutionary constrains of these highly conserved

protein signals.

22


https://doi.org/10.1101/2020.06.18.159145

Figure 1

A
6 8 11 27 29 33 44 48 63 70 72
Ub Hs: MOT LT ITLEVEPSDTIE rQ GIPPDQORLIFA LEDGRTLSDYNI STLHL RGG
Ub_ Sc: MOI LT ITLEVESSDTID rQ GIPPDQORLIFA LEDGRTLSDYNI STLHL RGG
Nedd8 Hs: ML LT IEIDIEPTDKVERIKERVE GIPPQQORLIYS MNDEKTAADYKILGGSVLHLVLALRGG
Rubl Sc: MI LT ISVELKESDLVYHIKELLE GIPPSQQRLIFQ IDDKLTVTDAHLVEGMQLHLVLTLRGG
B C

bioRxiv preprint doi: https://det®rg/10.1101/2020.06.18. I8€145; this version p d Jeae 19, 2020. The copyright holder, is prepHEL
(which was not géfttified by peer review) is thefauthoru . i . reuse allowed without perm 4

g K ) ' S 3} / ],\ T_g
Rubl_ka 4 =) Rub1_Ks3

J Rubl_K18
Ub_K63
Rubl
Arubl yCull1K760R “Arybl

wit

170kDa

- polyUb

Rtt101- \'
yCuIl (CdC53)-‘ \ ’ ‘ ’
Cul3- —
AT 55kDa

IB: aRubl a Ub

[U bR72T] [Rub1T72R]


https://doi.org/10.1101/2020.06.18.159145

Figure 2

A B

ArublAcsn5 [UbR72T] Arub1Acsn5 [UbKO-R72T]
CHX
MG132
CHX chase (h): O | 1 2 Chase (h)
. h -— - -+yCull
T R vt ho s russiouedue. e
ArublAcsnb, [UbR72T] e =5 "yCull
)
£ ¢ S S
—100 - Q@ x
g Arub1 C SRS R
=80 - Acsn5 ~ 9 ~ o~ ~ 9 N W
s S & 8§ § 3§ S § 35§ S
260 - v v v < v~ v v <
= wit < wi
[
- 40 -
§ - *yCull
> 20 - - yCull
5 ArublAcsn5 [UbR72T] y
<
<0 !

0 1 2 6
CHX Chase (hrs)


https://doi.org/10.1101/2020.06.18.159145

Figure 3

rubl-/- [empty V] rubl-/- [Rubl]

rubl-/- [Ub] rubl-/- [UbR72T]
rubl1-/- [UbX9] rubl1-/- [UbKO.R72T]



https://doi.org/10.1101/2020.06.18.159145

Figure 4

A

Arubl \ total ubiquitin  K48-linked K63-linked
&
D)
,\\ N Y p.val = 0.68 p.val = 0.0022 p.val = 0.00062
wit Q§Q Q§o p.val = 0.83 p.val = 0.0016 p.val = 0.0027
T e  IPEn ' g .. ] ih 1
Ub-AQUA 170 1 I H o i
Cullins 1 -100 58 o _ .
-70 5D T [t T
g% T B
bioRxiv preprint doi: https://doi.org/10.1101/2020.06.18.159145; t Lne 19, 2020. The copyright holder for this p%prfx o _| J‘ J_
(which was not certified by peer review) is the|author/fun ed. No reuse allowed without permission. = % «w
-40 c®
=8 § -
6 —
8 =
Free Rubl- -
B - aRubl [Rub1] O @

O 00O OeOl
Rubl™®] O O@® OO @® OO0 e

B wit C Ni-NTA affinity purification
A\ A\
wt [UbK?] N <2§0 N Q\go .
N '\%, N '\%, N '\%,
wt [Rub1T72R] \@\30\@‘3‘ €§0 \Q)‘e‘ &60\6‘\‘?\
Can lug/ml .
wi ,,_,=
wt [UbX?] B -
wt [Rub1T72R] —
NiSO4 1mM |
wt " 25kDa
wt [UbKo] Lod Elution Load Elution
wt [Rub1T72R] | IB: a-K48 IB: a-K63



https://doi.org/10.1101/2020.06.18.159145

Figure 5

A B

a-Ub a K48 a K63
Wit Arubl wt  Arubl wit Arubl

Arubl |

H&ﬂi@p&ﬁ&ﬁ&dm o@ 110.20 0@59'h|s version posted June 19@ Th&yrlg@der‘ls preprlnt O ‘ O ‘

(which was not certified by peer review) is the author/funder. All rights reserved, 0

=

w

N

H
o Ul R, O1TN U1 W o1 N
|

|
75 -

o

PolyUb Ratio HS/untreated

100-

- yCull*
75- ..2 '—w - yCull
45-

35- 4 !
& B S 2T
: g


https://doi.org/10.1101/2020.06.18.159145

Figure 6

NAE
UBC12 ™ | E2s

-
~~
~
~
~~
~
-~
-~
-~
-~
~
-~
-~
~
-~
~~
~
-~
~
~~
~
-~
~~
~
-~
~~
~
~
~~
~
-~
~
-
-~
~
-~
-~
~
~~
~
~
-~

\
v < v

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.18.159145; this version posted June 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[Rub1 T72R] [Ub R72T]
- -

NAE UAE .
NAE B UAE
E2s
UBC12 UBC12 . | E2s

oo oo

D> @

coeoeo

?‘ o @ ?—.—.—.



https://doi.org/10.1101/2020.06.18.159145

