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Protein ubiquitination is central to the regulation of various pathways in eukaryotes.

The process of ubiquitination and its cellular outcome were investigated in hundreds of proteins

to date. Despite this, the evolution of this regulatory mechanism has not yet been addressed

comprehensively. Here, we quantify the rates of evolutionary changes of ubiquitination and

SUMOylation (Small Ubiquitin-like MOdifier) sites. We estimate the time at which they first

appeared, and compare them to acetylation and phosphorylation sites and to unmodified residues.

We observe that the various modification sites studied exhibit similar rates. Mammalian

ubiquitination sites are weakly more conserved than unmodified lysine residues, and a higher

degree of relative conservation is observed when analyzing bona fide ubiquitination sites. Various

reasons can be proposed for the limited level of excess conservation of ubiquitination, including

shifts in locations of the sites, the presence of alternative sites, and changes in the regulatory

pathways. We observe that disappearance of sites may be compensated by the presence of a lysine

residue in close proximity, which is significant when compared to evolutionary patterns of

unmodified lysine residues, especially in disordered regions. This emphasizes the importance of

analyzing a window in the vicinity of functional residues, as well as the capability of the

ubiquitination machinery to ubiquitinate residues in a certain region. Using prokaryotic orthologs

of ubiquitinated proteins, we study how ubiquitination sites were formed, and observe that while

sometimes sequence additions and rearrangements are involved, in many cases the ubiquitination

machinery utilizes an already existing sequence without significantly changing it. Finally, we

examine the evolution of ubiquitination, which is linked with other modifications, to infer how

these complex regulatory modules have evolved. Our study gives initial insights into the formation

of ubiquitination sites, their degree of conservation in various species, and their co-evolution with

other posttranslational modifications.

Introduction

Ubiquitination has emerged as a major regulatory mechanism

that controls protein homeostasis and affects important cellular

pathways, such as DNA repair and protein trafficking.1–7 A

tightly regulated cascade of enzymes leads to the covalent

attachment of a monoubiquitin or a polyubiquitin chain to a

lysine residue of the modified protein, which is subsequently

recognized by specific ubiquitin-binding proteins, affecting its

function, turnover, localization, or interactions.

Ubiquitin-mediated signaling is thought to be universal in

eukaryotes, and its utilization was shown to be prevalent in

various eukaryotic species. However, how this system evolved

from its prokaryotic antecedents and how it has developed

in the course of eukaryotic evolution are less clear.8–11

The presence of analogous ubiquitin-like protein conjugation

systems has been characterized in several prokaryotes.12–14

Sulfur activation and delivery systems, which resemble the

ubiquitination machinery in sequence and in enzymatic mechanism,

were shown to be widespread in bacterial genomes.15 Therefore,

the ubiquitin signaling system was likely to be present in the last

eukaryotic common ancestor.10

While the origins of the ubiquitin system have been uncovered,

the evolution of ubiquitination sites, the modified positions on

the proteins’ surface, has not yet been investigated. Hundreds of

ubiquitination sites are now known experimentally, most of them

from a few mammals and from baker’s yeast (Saccharomyces

cerevisiae) and many of them with characterized functions.

However, the time at which these sites formed and the degree

of their conservation in other uncharacterized species are

rarely known. On account of their important role in regula-

tion and the high specificity required in the ubiquitination

process, ubiquitination sites are expected to be conserved.

On the other hand, a lack of conservation of ubiquitination

sites may be an important source of diversity between species
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reflecting altered regulation. In cases where the ubiquitin

moiety interacts with the substrate to form a specific interface16

or to affect its physical nature,17–19 it is expected that the site

location would be evolutionarily constrained, however in cases

where no important interaction occurs,20 the specific site’s

location may be less important and may therefore be less

conserved.

In some substrates, only a few lysine residues can be

ubiquitinated and their mutation leads to impairment of the

cellular process mediated by ubiquitination.21,22 Other sub-

strates display a high degree of redundancy and have many

lysine residues that can serve as alternative ubiquitination

sites.23,24 Cases where numerous residues may serve as ubiquiti-

nation sites may point to the ability of the ubiquitination

machinery to recognize and conjugate ubiquitin to various

regions, while maintaining a high level of specificity, perhaps

by tight temporal and spatial regulation of E2 and E3

enzymes.4 Redundancy in ubiquitination sites may decrease

the evolutionary constraints on specific sites and increase their

evolutionary rates.

Here, we study the evolutionary conservation and formation

of ubiquitination sites in comparison with other posttransla-

tional modifications, specifically SUMOylation (a ubiquitin-like

modification which regulates various pathways), acetylation

(an unrelated lysine modification), and phosphorylation

(the evolution of the latter two modifications as well as of

glycosylation was studied previously).25–34

We evaluate the time at which these sites appeared and their

evolutionary rates, and compare them to analogous unmodified

residues in the same protein as done previously.28,30 In addition,

in cases where ubiquitination sites seem not to be conserved at

exactly the same position, we test the possibility of a compen-

sating mechanism, in which lysine residues nearby may backup

the disappearance of the site from its original location.

In order to learn about the sequence rearrangements that

occurred prior to the formation of ubiquitination sites, we

study the characteristics of the region in which the ubiquitina-

tion sites reside in prokaryotic orthologs and so gain insights

into how regulatory regions such as ubiquitination sites are

formed within an existing protein. Finally, we investigate

proteins whose ubiquitination is linked to additional modifi-

cations to better comprehend how these complex regulatory

modules were created during evolution.

Materials and methods

Dataset assembly

Mammalian and yeast proteins with known ubiquitination

and SUMOylation sites were extracted from the ubiprot,35

uniprot36 Release 2011_05, 3-5-2011, and phosphosite37 data-

bases and from a literature search. We manually annotated the

proteins and removed any redundant protein and any protein

whose sites were ambiguous or whose ubiquitination process

was not characterized in vivo. Proteins whose ubiquitination

process may have evolved in a manner different from that

of common modified proteins (such as substrates that are

ubiquitinated by viral proteins, and proteins from the ubiquitin

family) were discarded. For each protein, we extracted

annotated eukaryotic orthologs using the InParanoid database

(version 7.0)38 and in the yeast set we additionally used the

Fungal Orthogroups Repository.39 When more than one

ortholog was assigned, the sequence with the highest similarity

score was used. For further analysis, we used proteins that had

at least 6 orthologs in their defined phylogeny of 19 vertebrates

and 16 yeast species (see Fig. S1 for details, ESIw). Thus, the
final dataset comprised two components, yeast (210 proteins,

16 orthologs) and vertebrate (416 mammalian proteins, 19

vertebrate orthologs), where the 210 yeast proteins and 416

mammalian proteins contain 753 known ubiquitination and

398 known SUMOylation sites (details in Tables S1 and S2,

ESIw). In addition to ubiquitination and SUMOylation sites,

the acetylation and phosphorylation sites of these proteins

were extracted from the same databases and analyzed for

comparison. Additionally, we extracted known cases of cross-

talks between ubiquitination and other modifications and

cases where primary and secondary sites have been identified.

Finally, we divided the mammalian ubiquitinated proteins

by their characterization method—high-throughput MS40 or

functional mutagenesis.

In order to extract prokaryote orthologs, we used the

Inparanoid program,38 with the BLOSUM62 matrix, a cutoff

score of 35, and an overall sequence overlap cutoff of 0.4 with

the complete sequenced genomes of 32 representative prokaryote

species (see Table S4, ESIw).

Sequence analysis

Orthologs were aligned using MUSCLE,41 and were later

manually examined and corrected. A vertebrate phylogenetic

tree was created with PhyML3 with default parameters, using

a concatenated alignment of proteins that had all 19 possible

orthologs, whereas in the yeast phylogeny we used the tree

constructed previously.39 Evolutionary rates were computed

using Rate4Site42 with default parameters using the same

species tree for all proteins (Fig. S1 and S2, ESIw). The

evolutionary model used, JTT, was selected after assessing

the best-fit model using ProtTest;43 other models gave similar

results. Ancestral reconstruction was achieved using PAML,44

and the first appearance of a residue of a certain type was

defined as the earliest appearance of that residue in the

inferred ancestral sequence, which was conserved from that

ancestral node.

Since the evolutionary rates of different structural regions

differ,45–48 we characterized the structural properties of the

substrates (each residue’s tendency to be disordered and its

surface accessibility). The tendency of residues to be in dis-

ordered regions was predicted using IUPred,49,50 and a site

was considered to be disordered if the predictor returned an

average value of Z 0.5 for an 11-residue long window sur-

rounding it (we have repeated this analysis with two additional

disorder predictors—PONDR-FIT51 and foldIndex52—the

results of the three predictors were similar and did not

significantly affect the evolutionary analysis). Ordered regions

were divided into core and surface by assessing surface acces-

sibility (ASA) using the CSUmethod53 in cases where structures

were available (ASA was defined as the ratio of the solvent

accessible surface for a given residue within the structured
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protein versus in completely solvated residue). Residues were

classified as core for ASA r 0.2 and, where no structure was

available, by prediction of Prof PHD.54

Statistical tests

The significance of the results was determined using the Fisher

exact test, Kolmogorov–Smirnov test, and empirical sampling

of subgroups. A P value of r0.05 was considered significant.

All P-values that appear in the main text were determined

using the Kolmogorov–Smirnov test.

In order to statistically test whether modification sites are

relatively conserved, we composed two distributions: the first

‘‘modified’’ distribution was composed of all the sites belonging to

a specific category (for example—ubiquitination sites in ordered

regions in the mammalian set). The second ‘‘unmodified’’

distribution was created so that it will have the same number

of points as in the modified distribution, and that the number of

values from each protein would be identical in both distribu-

tions. To achieve this, for every modified site, a corresponding

value was created in the unmodified distribution, which was

calculated as the median of the respective unmodified residues

in the same protein with similar structural properties (ordered

or disordered regions). In this manner, we controlled for both

protein’s rate variation and distribution size.

In order to examine the presence of Lys residues in the

vicinity of non-conserved ubiquitination sites, we used fish

orthologs of the mammalian functional-mutagenesis set to

determine which Lys residues are conserved (we used the fish

sequences as they are the most distant orthologs in the vertebrate

clade, which gives the highest number of non-conserved Lys

residues and allows a rigorous statistical examination). We then

separated the non-conserved Lys residues into four categories:

ubiquitinated and unmodified Lys residues in ordered and

disordered regions. In each category, we examined how many

of the non-conserved Lys have a Lys residue in a window of

a certain length surrounding the original Lys location

(‘‘compensated Lys’’), and how many do not have it

(‘‘uncompensated Lys’’). We calculated the normalized ratio

between these two types of Lys as (compensated Lys �
uncompensated Lys)/(compensated Lys + uncompensated

Lys). A more positive ratio may reflect a stronger compensation.

Next, we randomly shuffled the fish sequences (still keeping the

ordered and disordered content and locations separated)

10 000 times. In each of these shuffling iterations, we determined

the normalized ratio between the Lys types, and compared it to

the ratio in the original non-shuffled fish sequence. We obtained

empirical P-values by using the number of iterations in which the

shuffled sequence had a higher ratio.

Results and discussion

The level of conservation of ubiquitination sites in comparison

with other posttranslational modifications and with unmodified

lysine residues

To explore the evolutionary history of ubiquitination sites, we

composed a dataset of experimentally characterized ubiquitination

and SUMOylation sites from 210 yeast and 416 mammalian

proteins (Tables S1 and S2, ESIw). We extracted their orthologs

from 16 yeast and 19 vertebrate genomes, respectively (Fig. S1,

ESIw), with divergence estimated to have occurred about 420

or 450 Ma ago, respectively. Thus, we created a dataset with

two components, yeast and vertebrate, where the latter con-

tained sites identified in mammalian species. We estimated the

evolutionary rates of each protein at the residue level using the

Bayesian method implemented in the Rate4Site program,42

and compared the evolutionary rates of modification sites with

those of lysine residues that are not known to be modified

from within the same proteins (see Methods and Fig. S2,

ESIw). Since the evolutionary rate of core residues is different

from that of surface residues45,47 and assuming that modification

sites are on the surface, we discarded any unmodified lysine that

was predicted to be in the core (there was no modified lysine that

was predicted to be in the core). In addition, we compared

ordered and disordered residues separately (both for the modified

and the unmodified sites), since disordered regions tend to evolve

faster than ordered ones.46 Using the same set of proteins, we

repeated this analysis for acetylation and phosphorylation sites.

As expected, we observed that all modification sites tend to

evolve faster in disordered regions than in ordered domains

(Fig. 1 and 2 and Fig. S2, ESIw), in agreement with previous

results on phosphosites.28

We first examined the evolutionary rates of the modified

and unmodified residues at the level of each of the proteins. In

Fig. 1A and B, we show examples of such an analysis by

plotting the evolutionary rates of various types of ubiquitination

sites versus the median rates of the unmodified lysine residues in

the same protein (the proteins are ordered by increasing the

median evolutionary rate for the unmodified lysine residues).

Using this plot, we can specifically analyze in which proteins the

ubiquitination sites seem to be relatively non-conserved and

why. For example, in the case of mammalian ubiquitination sites

located in disordered regions, 52.5% of the sites are more

conserved than their unmodified counterparts (their rates are

below the median rate for unmodified lysine residues), 32.8% of

the sites are less conserved than their unmodified counterparts,

and 14.7% of the sites are similarly conserved.

In order to test the significance of our results, we compared

the distribution of the rates of the modified sites with the

corresponding distribution of the medians of the rates of the

respective unmodified residues in the same protein (so that we

have two distributions with the same size, and with the same

number of values from each protein). For simplicity, we

display in Fig. 2 the average of each of the modified distribu-

tions, with the corresponding unmodified distribution.

Modified lysine residues in ordered regions have average

evolutionary rates that are slower than the mean of the

proteins in both yeast and mammals (for example, the average

evolutionary rates of ubiquitination sites in ordered regions in

mammals and in yeast are 0.72 and 0.67, respectively, which

means that these sites evolve at a rate that is slower by B30%

than the mean of the entire content of the proteins set). In both

clades, all the lysine modification types—ubiquitination,

SUMOylation, and acetylation—have comparable rates ranging

between 0.57–0.72 on average in ordered regions. In disordered

regions, these sites tend to evolve faster, with average rates

ranging between 0.69–1.36. Phosphorylation sites seem to evolve

at rates similar to those of lysine-modification sites, and their
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average rates are usually in good agreement with a previous

study conducted on a different set.28 One exception to this are

the observed rates of Ser- and Thr-phosphosites in mammalian

proteins, which in our dataset exhibited higher evolutionary

rates compared with previous observations, possibly due to the

different set used in that study.

We compared the distributions of the evolutionary rates of

modified sites to those of the corresponding unmodified

Fig. 2 Evolutionary rates of ubiquitination sites and other post-translational modifications in mammalian proteins. Means of evolutionary rate

distributions of ubiquitination, SUMOylation, acetylation, and phosphorylation sites and their analogous unmodified residues (lysine, serine,

threonine and tyrosine) in ordered (A) and disordered (B) regions of mammalian proteins. The numbers of sites of each type are indicated above

each column. The distributions of the modified and unmodified set were compared using the Kolmogorov–Smirnov test. Ubiquitination sites are

significantly more conserved than their unmodified counterparts in both ordered and disordered regions. These sites were further divided into two

groups in two different analyses. (1) Fast and slow evolving proteins: in the fast-evolving set, sites are significantly more conserved than their

unmodified residues. (2) Functional mutagenesis and MS-identified ubiquitination sites: in the functional-mutations set, ubiquitination sites are

significantly more conserved. SUMOylation and acetylation sites were not found to be significantly more conserved, as most phosphorylation sites.

See details in Table S3 (ESIw). (C) The significance of relative conservation of ubiquitination sites in ordered and disordered regions in the entire set

of mammalian proteins, in the fast-evolving subset, and in the functional-mutagenesis set.

Fig. 1 Evolutionary rates of ubiquitination sites and SUMOylation sites and their corresponding unmodified lysine residues. (A and B) The

individual evolutionary rates of ubiquitination and SUMOylation sites and the respective median of the unmodified lysine residues in (A) ordered

and (B) disordered regions (proteins are presented in order of increasing median rate for the unmodified lysine residue).
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residues in the same protein set to examine whether modified

sites have higher evolutionary constraints than unmodified

residues. In most cases, we observe that the rates of the

unmodified residues are similar to those of the modified

residues. In the mammalian set (Fig. 2), ubiquitination sites

are slightly more conserved than unmodified lysine residues in

both ordered and disordered regions (Fig. 2A and B). However

slight, this excess conservation is significant (P = 6.4 � 10�4

for ordered regions, P = 0.047 for disordered regions,

Kolmogorov–Smirnov test).

In the yeast set, ubiquitination sites are not more conserved

than unmodified lysine residues (Fig. S2, ESIw). When com-

paring SUMOylation sites and acetylation sites to unmodified

lysine residues and when comparing phosphosites to their

unmodified counterparts (Ser, Thr or Tyr) we usually do not

observe significant conservation in the modified set. In

summary, with the exception of mammalian ubiquitination

sites, modification sites in our set do not seem to be signifi-

cantly more conserved than analogous unmodified residues,

and even for mammalian proteins, the level of conservation

is small.

It is probable that some of the unmodified lysine residues

are highly conserved since they are part of active sites or

important binding regions, and this is part of the reason for

the mild difference between modified and unmodified sites.

However, when looking at the absolute rate values in Fig. 1

(the y-axis), we note that a significant portion of our dataset

has very low rates for both ubiquitinated and unmodified

lysine residues, which corresponds to highly conserved proteins

overall. In these cases, we cannot draw conclusions from our

comparison of modified residues and unmodified residues, as

we deal with proteins that tend to be conserved within the set of

orthologs we analyzed.

Since the set of mammalian proteins seems to be enriched

with proteins having very old modified and unmodified lysine

residues, we examined whether this may bias our results. A

recent study showed that proteins can be separated into

several groups based on the distribution of their evolutionary

rates.47 In the group whose average rate is r0.5, most

residues, even on the surface, tend to evolve very slowly. While

it was reported that these slow-evolving proteins compose

B2% of the entire proteome, in our set,B22% of the proteins

have an average rate of r0.5. As this may affect our results,

we divided our dataset into slow-evolving proteins (with an

average evolutionary rate of 0.5 or below) and faster-evolving

proteins (Fig. 2 and Fig. S5, ESIw). While in the slow-evolving

set of mammalian proteins we observe that ubiquitination sites

have higher rates than the respective unmodified lysine resi-

dues in the same protein (P = 0.17 and 0.008 for ordered and

disordered regions, respectively, Kolmogorov–Smirnov test),

in the faster-evolving set the opposite trend is seen and the

ubiquitination sites are significantly more conserved than their

unmodified counterparts (P = 1.4 � 10�6 and 0.002 for

ordered and disordered regions, respectively, Kolmogorov–

Smirnov test—see Fig. 2C). However, when repeating this

analysis with SUMOylation and acetylation sites, we did not

observe this significant separation between slow and fast

evolving proteins and the relative evolution of their

modification sites.

If a protein contains uncharacterized modification sites,

they will necessarily be counted as unmodified sites because

they are not known to be otherwise. We therefore wondered to

what extent our analysis might be affected by the fidelity of the

unmodified dataset. We separated the set of mammalian

proteins into ubiquitinated proteins whose sites were charac-

terized by high-throughput Mass-Spectrometry analysis

(MS-based set) and proteins whose sites were characterized

by point mutations (functional-mutations set). We chose the

set of ubiquitinated mammalian proteins as it has a sufficient

number of sites characterized by both Mass-Spectrometry and

functional-mutagenesis to allow statistical analysis. The major

difference between these sets is that in the functional-

mutations set, the entire set of lysine residues that can serve

as ubiquitination sites is often known, as well as the cellular

pathway that this modification regulates. In the MS-based set,

only the wildtype protein is tested, thus alternative ubiquitina-

tion sites that can serve as backup sites upon mutation of the

original sites cannot always be traced. Therefore the MS-based

set may contain only a subset of the possible ubiquitination

sites. By comparing the conservation of modified and unmodified

residues in both sets, we can see whether undetected modified

residues (which are presumably more abundant in the

MS-based set and are considered in our analysis as a subset

of the unmodified residues) may significantly affect our results.

Indeed, in the functional-mutations set, ubiquitination sites are

significantly more conserved than their unmodified counter-

parts (P = 2.5 � 10�8 for the ordered set and P = 4.5 � 10�4

for the disordered set, Kolmogorov–Smirnov test, Fig. 2A

and B), and the difference is much higher than in the entire set,

which includes all types of ubiquitinated proteins (see Fig. 2C).

This difference is diminished in the MS-based set, where

ubiquitination sites are as conserved as the unmodified

lysine set (P > 0.05, Fig. S5, ESIw), possibly because of the

presence of uncharacterized backup sites being part of the

unmodified set.

Why ubiquitination sites are not strongly conserved

From the above discussion, it seems that ubiquitination sites

are weakly more conserved than unmodified lysine residues.

However, while a distinct relative conservation is observed in

some cases, it might be absent in others. A close inspection of

our set revealed that part of this could be explained by the

presence of highly conserved proteins with slow substitution

rates (having a high degree of conservation throughout

their surface) and by uncharacterized modification sites that,

because they are unknown, are included in the unmodified set

by default. Although these two factors may significantly bias

our results and should be examined when additional substrates

are discovered, they are unlikely to be strong enough to

entirely explain them. Therefore, bearing in mind these technical

limitations, it is reasonable to view the observed absence of

strong conservation of ubiquitination sites as related to the

processes through which ubiquitination sites are formed during

evolution, to the mechanisms by which lysine was chosen by the

ubiquitination enzymatic machinery and to changes in regula-

tion or in site location during evolution. In addition, as recently

suggested for phosphorylation sites,28 it is possible that some of
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the ubiquitination sites are non-functional, and therefore are

expected to be less conserved. These important issues are not

completely understood and we will endeavor to address them

with respect to our findings and using specific known

examples.

Several studies on the evolution of phosphorylation sites

observed a varying degree of conservation, which was attri-

buted to several factors. While most of the studies found

evidence for a greater evolutionary constraint on phosphorylation

sites relative to unmodified residues, they also identified a

significant fraction of sites that are not conserved. This lack of

conservation may stem from changes in regulatory pathways.

Indeed, there is evidence of changes in phosphoregulation in

several case studies,55–57 that the rate of change in kinase-

substrate networks is relatively high,58 and that the changes in

phosphorylation patterns may be an important source of

phenotypic diversity.26 The suggestion that some of the sites

may be nonfunctional was also investigated,28,59 and may

explain the lack of conservation in some of these cases.

Another possibility for the apparent lack of conservation is

the existence of alternative sites or a shift in the position of the

modification site from its original location. In these cases,

while the regulation is maintained, the exact location of the

modification is not crucial, and may move over time. This

possibility was explored in studies concerning phosphorylation

sites,27,29,34 where it was shown to be common in some cases,

and in particular in disordered regions.

We used the mammalian functional-mutagenesis set, in

which all the sites were experimentally validated and manually

curated by us, to examine the possibility of utilization of a

nearby lysine residue or shifts in site locations (a possible

compensation mechanism in cases of lack of conservation at

the specific location). We first quantified how many Lys

residues from each group—ubiquitinated and unmodified

residues, in ordered regions and disordered regions—are con-

served in orthologs’ sequences of fish species—the most distant

group of species in the vertebrate clade. Since almost all of the

dataset is composed of sites characterized in human, mouse

and rat, using their most distant orthologs in the clade allows a

rigorous statistical examination, as Lys residues are signifi-

cantly less conserved in fish orthologs than in orthologs from

other species which are closer to mammals (for example, Lys

residues in the frog X. tropicalis, the next furthest species are

more conserved by 8–12%).

Next, we determined how many of the residues that are not

conserved have a Lys residue in a small window surrounding

the original site (Fig. 3A). For example, in a window size of

�2, 12 non-conserved ubiquitination sites in ordered regions

have a Lys residue in this window (‘‘compensated sites’’), while

27 sites lack any Lys residue in this window (‘‘uncompensated

sites’’). We repeated this analysis with windows of varying

lengths (3–11 residues in total). In Fig. 3B and C the percen-

tages of compensated and uncompensated Lys residues appear

for each of these windows from the total number of non-

conserved Lys residues.

In order to test the significance of our findings, we shuffled

the fish sequences (still separating the ordered and disordered

regions as in the non-shuffled fish sequences), and evaluated

the ratio between the compensated sites and the uncompensated

sites within the examined window in the shuffled sequences.

Fig. 3 Analysis of non-conserved ubiquitination sites. (A) We compared ubiquitination sites and unmodified Lys residues from the annotated

mammalian functional-mutagenesis set to the corresponding sites in orthologous fish sequences. Each Lys can be either conserved (top), or non-

conserved (middle and bottom). Non-conserved Lys residues can be either ‘‘compensated’’ by the presence of a Lys residue in a defined window

surrounding the original Lys (middle), or ‘‘uncompensated’’ (bottom). The numbers of Lys residues (and their percentages) from each of these

categories in a window of�2 residues appear in the right (for ubiquitination and unmodified Lys in ordered and disordered regions). (B and C) The

percentages of compensated and uncompensated ubiquitination sites and unmodified Lys residues in ordered regions (B) and disordered regions

(C) from the total non-conserved Lys. The windows examined are of �1–�5 residues, centered on the non-conserved Lys. (D) The P-values

obtained by shuffling of fish sequences and comparing the normalized ratios between compensated and uncompensated Lys residues in the original

and shuffled fish sequence. Note that the percentage in panel A was calculated relative to all types of Lys (conserved, compensated, and

uncompensated) while the percentages in panels C and D are relative to the compensated and uncompensated Lys only.
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The P-values were determined after repeating this procedure

10 000 times and comparing the ratio in the original non-

shuffled sequence with the ratio in the shuffled sequence

(see Methods for a detailed description of the procedure).

We observed that the appearance of a ‘‘compensating’’ Lys

residue in the vicinity is more common in ubiquitination sites,

in comparison with this pattern in respective unmodified Lys

residues. In disordered regions, the putative compensation

appears to be stronger and is highly significant (see Fig. 3D

for details on P-values). These findings were strong and

consistent for sites in disordered regions for all window lengths

that were examined, and were apparent in windows of �2 and

�3 residues in the case of ordered sites, although to a lesser

extent. The enrichment of Lys residues in the vicinity of

ubiquitination sites was observed previously on different sets

of proteins.60,61 Our finding that ubiquitination sites in

disordered regions may be compensated by the presence of

nearby Lys is similar to findings on phosphosites, where it was

suggested that a compensation mechanism may exist in several

kinase systems, and that phosphosites location in disordered

regions may rapidly change.27

In various ubiquitination substrates it was shown that site

mutagenesis does not significantly impair ubiquitination, and

that other lysine residues can be utilized as backup.1 The fact

that ubiquitination is thought to be achieved by increasing the

effective concentrations of the region to be modified in the

substrate at the active site of the E2 ubiquitin in RING E3s62

lends support to the idea that the exact position of the lysine

may not be crucial and may move along the sequence. In several

ubiquitination substrates, the lysine position was engineered to

be located further away from the original location.63,64 In

these cases it was shown that the engineered substrate may still

be ubiquitinated; however the reaction kinetics may slow.

Additionally, in several proteins the ubiquitin or SUMO

modifications were fused to the substrates’ termini and other

regions,65,66 yet they achieved the same function as the

modified substrate in the original location.

PCNA is ubiquitinated and SUMOylated in response to

certain DNA damage and can serve as a good example for

examination of the above arguments. In these events, PCNA is

alternatively ubiquitinated and SUMOylated on Lys164, and

Lys127 serves as a backup site for SUMOylation.67 While Lys164

is highly conserved across the eukaryotic kingdom, Lys127, which

is part of the IDCL loop, is not as conserved, and changes in that

region may be related to changes in interactions of PCNA with

several of its partners68 (see Fig. 4A and B). The fact that it

only serves as an auxiliary position may reflect the decreased

evolutionary constraints on it.

Yeast PCNA is also ubiquitinated on Lys107 in response to

a deficiency in DNA ligase I.69 While this residue is the sole

acceptor of ubiquitin in this pathway, and this regulation was

shown to be conserved in humans as well, the lysine residue at

position 107 is mutated in mammals (Fig. 4C). However, it

was suggested that Lys110 (which does not appear in yeast)

can be used as the ubiquitin acceptor site, and that a shift in

the location of the site occurred.69 We observed a few similar

cases where the experimentally known site disappears in

several orthologs and another lysine residue emerges at the same

time (Fig. S6, ESIw and examples in the following section).

These examples, in addition to the statistically significant bias

we observe towards the appearance of lysine residues in close

proximity to non-conserved sites, may imply that indeed a

mechanism of compensation exists which can be utilized by the

ubiquitination machinery to modify nearby lysine residues.

How ubiquitination sites are formed

We calculated the age of each of the lysine residues in our

analysis, and the predicted time at which it first appeared,

using ancestral reconstruction as implemented using the

Maximum Likelihood method in PAML.44 From this method,

the most probable ancestral sequences of existing sequences

may be inferred. By looking at the analogue position of a

modified (or unmodified) residue in the ancestral sequence, we

can derive the presumed identity of this residue (or, in our

case, whether it is predicted to be a lysine or other residue). In

this manner, we analyzed the predicted time of appearance of

modified and unmodified lysine residues in our full set of

ubiquitinated proteins (Fig. 5 and Fig. S4, ESIw). In the

mammalian set, we observe that 76.9% and 63.5% of the

residues that serve as ubiquitination sites in ordered and

disordered regions, respectively, are predicated to appear

before the split of fish and tetrapods B450 Ma ago. Similar

observations are seen in analyses of SUMOylation sites and

acetylation sites in vertebrates. However, unmodified lysine

Fig. 4 The evolutionary history of PCNA ubiquitination and

SUMOylation sites. The regions of PCNA ubiquitination and

SUMOylation as characterized in yeast (S. cerevisiae) and in their

corresponding regions in representative eukaryotes. Ubiquitination

and SUMOylation sites are highlighted in the sequence in red, putative

alternative ubiquitination site at K110 is marked with red letters.

(A) K164 is mono- or polyubiquitinated and alternatively SUMOylated

in response to certain types of DNA damage. (B) K127 is SUMOylated

to a lesser extent and serves as a secondary site. (C) K107 was shown to

be ubiquitinated in S. cerevisiae in DNA-ligase-I deficiency. While this

regulatory pathway was shown to occur in humans, the exact site is not

known, and it was suggested that it is shifted to K110. (D) PCNA

structure and the ubiquitin and SUMO acceptor residues (which are

shown with spheres).
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residues appear to be relatively ancient as well, as 70% and

57.8% of the unmodified lysine residues in ordered and

disordered regions, respectively, appeared at the same time

(Fig. 5). In the yeast dataset, we again observe similar age

distributions of ubiquitinated and unmodified lysine residues,

although in this case both the modified and unmodified lysine

residues seem to appear in later times than in the vertebrate

phylogeny (Fig. S4, ESIw). For example, in ordered regions

only 25% and 21% of the ubiquitinated and unmodified lysine

residues, respectively, are predicted to appear before the split

of S. cerevisiae and S. pombe B420 Ma ago.

In order to gain insights into how new ubiquitination sites

are formed, we analyzed the sequences of representative

eukaryotic proteins from our combined yeast and mammalian

datasets with their prokaryote orthologs. Since ubiquitination

is predominantly used by eukaryotes,10,15 such a comparison

can estimate the extent to which the ubiquitination machinery

scavenged already-existing surface lysine residues in a ‘piggy-

back’ mechanism. We found 69 yeast and 67 mammalian

proteins from our database that have at least two prokaryote

orthologs in the prokaryotic genomes we analyzed (see methods

and Table S4, ESIw), and examined the analogous location of

the ubiquitination (and SUMOylation) sites in the prokaryotic

species and the region surrounding it. We found that 54%

of the sites in yeast proteins and 27% in mammalian proteins

have analogous lysine residues in at least one of the prokaryotic

species. This analysis gives a conservative rough estimation

of the utilization of already-existing lysine residues by the

ubiquitin machinery. In other cases, however, the site and

its region are either very different or completely absent in

prokaryote analogs.

In Fig. 6, we show examples illustrating how ubiquitination

sites and their neighboring regions appear in prokaryote

orthologs. In the first substrate, plasma membrane ATPase 1

(Fig. 6A and B), the ubiquitination site on Lys555 and its

surrounding region are highly conserved in prokaryotic species,

however a nearby site, Lys566, appears to significantly differ

between eukaryotic and prokaryotic species. Similarly, in PCNA,

Lys164, which serves as a major site for ubiquitination and

Fig. 6 Ubiquitination sites and their prokaryotic antecedents. Representative examples of proteins that are known to be ubiquitinated in

S. cerevisiae and the corresponding regions in other yeast and prokaryotic orthologues. (A) Yeast plasma membrane ATPase 1 is ubiquitinated at

K555 and K566. While K555 and its surrounding regions are highly conserved in both eukaryotes and prokaryotes, K566 is not as conserved.

(B) High-affinity glutamine permease is ubiquitinated and phosphorylated at various sites on its disordered tail. These sites are not conserved in

distant yeast species and the disordered tail is evolving relatively rapidly in yeast and is absent almost entirely in the prokaryotic species examined.

However, a higher degree of conservation is observed in all species in the globular domain.

Fig. 5 Inferred age of ubiquitination sites and their analogous

unmodified lysine residues in vertebrate proteins. The inferred ancestral

nodes of ordered and disordered ubiquitination sites (in red) and of the

analogous unmodified Lys residues (in gray). The node was inferred by

ancestral reconstruction using the tree and the given multi-sequence

alignment. Each lysine was assigned a node based on the most ancient

node at which it was predicted to exist using the PAML program.44

Numbers of nodes are indicated on the tree (to the left), and the

percentages of lysine residues in each node are shown to the right.
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SUMOylation and which is almost entirely conserved in

eukaryotes, is absent in prokaryotes and the region surrounding

it undergoes many alterations. In several cases, the region

surrounding the modification sites seems to be entirely missing

in prokaryotic orthologs, such as in the high-affinity glutamine

permease. In this protein ubiquitination (and phosphoryl-

ation) sites are found at the disordered N-terminal tail of the

S. cerevisiae ortholog. While the disordered tail itself is absent

in prokaryotic species, the ordered globular domain is rela-

tively conserved in all examined species (Fig. 6B). In this case,

it seems that the ordered parts of the protein are relatively

conserved because of functional constraints, while the regula-

tory region resides in the disordered tail and evolves relatively

rapidly as suggested previously.70,71 This analysis suggests a

wide spectrum of evolutionary origins for ubiquitination sites

and their regions; although some of the sites and their regions

appeared prior to their utilization by the ubiquitination

machinery, others underwent various substitutions and

insertions.

The evolution of posttranslational crosstalks

The evolution of complex regulation and of protein networks

in general has been the focus of recent studies. In various case

studies, substrate ubiquitination is linked with other modifica-

tions that either compete, promote, or inhibit it, in order to

achieve tight and timely regulation.1,4 The development of

these complex crosstalks between various posttranslational

modifications has received scant research attention. Here, we

collected a number of ubiquitination substrates that are

known to undergo additional modifications linked to the

ubiquitination events with the aim of studying the origins and

development of crosstalks between the various modifications.

As suggested earlier,72,73 many of these complex regulatory

modules have ancient origins. For example, in the case of

b-catenin, in which a cascade of phosphorylation events

precedes ubiquitination, all the sites seem to be highly con-

served from higher invertebrates to humans (see Fig. 7A).

However, in other substrates, such as Ikba, the modified sites

are not as conserved (Fig. S7A, ESIw).
In other cases, however, this high level of conservation is not

apparent and the sites of some of the modifications are altered.

For example, in HIF1a, which undergoes hydroxylation prior

to ubiquitination and degradation, the hydroxylated proline

residues are highly conserved, and this degradation pathway

was shown to be conserved experimentally from Trichoplax

adhaerens, a basal metazoa to humans.72 However, the lysine

residues, which have been characterized in human to be

ubiquitinated, are absent in many organisms (Fig. 7B). Since

the regulatory pathway is conserved, a probable shift in the

location of the lysine residues has occurred. As discussed

previously, the precise location of the site may not be critical

so long as the ubiquitination machinery is able to successfully

ligate ubiquitin to the substrate. Indeed, in the case of HIF1a,
it was shown that when lysine residues are shifted (in certain

constructs, up to 15 residues away from the original site),

ubiquitination of the substrate still occurs, albeit more

slowly.74

A similar case may be the complex regulation of NEMO,

which is first SUMOylated on Lys277 and Lys 309, then

phosphorylated on Ser85 by the ATM kinase, which leads to

the SUMO attachment being replaced with ubiquitin.65 This

complex cascade of events was characterized in humans and is

conserved in many placental mammals. However, in orthologs

Fig. 7 The evolution of ubiquitination and its crosstalk with other post-translational modifications in b-catenin and HIF1a. Representative

examples of proteins that are known to be regulated by several interlinked posttranslational modifications in humans and their corresponding

regions in several representative orthologues: (A) b-catenin is phosphorylated at a number of sites (the blue-highlighted S33, S37, T41, S45 sites)

before being polyubiquitinated (at the red-highlighted sites) and degraded. (B) HIF1a is hydroxylated at two (yellow-highlighted) proline residues

prior to being ubiquitinated (at the red-highlighted sites) and degraded.
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of other organisms, from placental mammals to insects, while

the ubiquitination site is conserved, the phosphosite is absent

in the original characterized location (Fig. S7b, ESIw). The
disappearance of the consensus phosphorylation site (SQ) may

point to a change in the regulation of NEMO or to a shift in its

location. Without experimental evidence, we cannot rule out

either of these two hypotheses. However, the existence of

ATM in all these organisms as well as the appearance of SQ

at least once in each of the examined orthologs in a different

location (although this can occur at random) may suggest that,

while the complex regulation in NEMO was conserved during

the evolution from insects to mammals, the exact location of

the different regulatory modules changed.

The CDK-inhibitor p194inkd was shown in some cases to

undergo two phosphorylation events preceding its degradation-

dependent ubiquitination. The roles of these phosphorylation

events were studied by mutating them to the phosphomimetic

residue glutamic acid. While the phosphorylation of Ser76 is

thought to act as a conformational switch perturbing the

folded substrate to assist in proteasomal degradation, the

phosphorylation of Ser66 was shown to increase the efficiency of

the subsequent ubiquitination. When looking at its evolutionary

history, an interesting picture emerges. The phosphorylation

and ubiquitination sites are highly conserved in tetrapods

(the phosphosite at Ser66 becomes asparagine in two species).

In fish, however, there are prominent changes – the phospho-

site at Ser76 becomes alanine, the phosphosite at Ser66

becomes the phosphomimetic aspartic acid, and Lys62, which

serves as a ubiquitination site in tetrapods, is absent, while

another lysine at position 63 emerges (Fig. 8).

As the fish and tetrapod proteins are almost identical in

sequence, and since no other candidate for phosphorylation

sites seems to appear in fish in the vicinity of that found in the

tetrapods (and in this case, the physical proximity of the

phosphosite to the ubiquitination site appears important), it

seems that the phosphosites are not shifted in location.

Instead, we putatively observe here a case of the development

of the complex regulation of p194inkd degradation during the

evolution of vertebrates. While the ubiquitination site is pre-

sumed to exist in all vertebrates, the additional layer of control

by phosphorylation seems to have been added on top of it only

after the split between fish and tetrapods. Interestingly, while

the phosphorylation site, which acts as a conformational

switch, appears in fish as a neutral alanine residue (site 76),

the second site (whose phosphorylation increases ubiquiti-

nation efficiency) appears as the phosphomimetic residue

aspartic-acid (site 66). This raises the possibility that the

second phosphorylation site in fish acts as a constitutive weak

signal, as suggested recently in various phosphosites.75 It may

also be related to the shift in location observed in the

ubiquitination site. In fish species, the lysine residue is located

one residue closer to the ‘phosphosite’, perhaps because the

aspartic-acid charge does not mimic the phospho-serine well

enough. As the kinase and the ligase involved in this process

are unknown, this hypothesis awaits experimental verification.

However, a similar case, which was experimentally proven,

was found in activation-induced cytidine deaminase, where

phosphorylation at Ser38 in tetrapods is missing in fish, but an

aspartic acid which is exclusively found nearby in the fish

species was shown to act as its replacement that gives a

constitutive signal76 (see Fig. S8, ESIw).

Conclusions

In this work, we studied the formation and evolution of

ubiquitination sites in comparison to other modifications.

We showed that various lysine modifications—ubiquitination,

SUMOylation and acetylation—exhibit similar evolutionary

rates. Mammalian ubiquitination sites are significantly but

weakly more conserved than unmodified lysine residues within

the same proteins. In a non-negligible number of cases, a similar

degree of conservation was observed for the modified and

analogous unmodified lysine residues. The observed lack of

additional evolutionary constraints on the modified lysine

residues may stem from changes in the regulatory mechanism

or simply from changes in the locations of the modification sites

during evolution. In addition, non-functional ubiquitination

sites which may be present in the dataset may also rapidly

evolve. However, to some extent, these observations may stem

from methodological factors, such as there being a high fraction

of highly conserved proteins in the current set of ubiquitinated

proteins and insufficient characterization of modification sites

leading to modified lysine residues being erroneously treated as

unmodified residues because they were not yet characterized.

These issues may be resolved when the experimental characteri-

zation of ubiquitination sites would be extended to a larger set.

In cases where an interface is formed between the sub-

strates and the ubiquitin-like moiety, such as in SUMOylated

Fig. 8 The evolution of ubiquitination and related phosphorylation

in p194inkd. (A) The structure (pdb: 1bd8) and (B) the multi-sequence

alignment of the region in p194inkd that is known to undergo phos-

phorylation and ubiquitination prior to its degradation in humans. In

tetrapod organisms (mammals and amphibians) residues Ser66, Ser76

and Lys62, which were characterized in human cells as phosphoryl-

ation and ubiquitination sites, are almost entirely conserved. However,

in fish (below the line), Ser76 is replaced by Ala, Ser66 is replaced by

Asp, and Lys62 is replaced by Glu. Putatively, while the phosphoryl-

ation event at Ser76 is absent in fish, the phosphorylation at Ser66 is

putatively replaced by a constitutive weak negative signal, and the

ubiquitination site has shifted one residue closer to it (marked in red).

The phosphorylation sites are marked in blue and the ubiquitination

site is marked in red in both A and B.
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uracil/thymine DNA glycosylase,16 or in cases where the

ubiquitin moiety may physically destabilize the protein prior

to its degradation,17 it is expected that the modification would

be confined to a specific location. However, in other cases,

where no important interactions occur, such as in modified

PCNA,20 other lysine residues may be utilized as modification

sites, or the original location may shift. Indeed, we found a

significant enrichment of Lys residues in the vicinity of non-

conserved ubiquitination sites. The fact that a significant

portion of the lysine residues that serve as ubiquitination sites

was found in prokaryotic species implies that, at least in

some cases, already-existing residues were ‘scavenged’ by the

ubiquitination machinery, and may lend support to the notion

that the location of the sites is not always important. Indeed, it

was shown that engineered ubiquitinated-PCNA with lysine

residues at different locations on the surface functions

similarly to the ubiquitinated wildtype.66 It is not clear how

common these cases are, and the data on the capabilities of

different E3 ligases to direct ubiquitin conjugation to different

locations are relatively scarce. It would be interesting to

compare between types of ubiquitination machineries and

the use of different available residues or shifts that may have

occurred in modification sites over the course of evolution

when sufficient data become available. It is important to note,

however, that in cases where various lysine residues can be

utilized by the ubiquitination machinery, the tight regulation

of this process must stem from other origins—such as the

effective concentration of the enzymatic ubiquitination

machinery components in the vicinity of the substrates.

Additionally, our analysis of lysine residues’ presence in the

vicinity of non-conserved ubiquitination sites highlights the

importance of looking at windows surrounding functional

sites, when testing for their evolutionary conservation.

We also studied the development of complex posttransla-

tional regulation as manifested in several modifications that

affect one another. While some of these complex regulatory

modules seem to be very ancient, and we could not trace

their gradual evolution, in others cases we saw evidence for

variations in orthologous sequences from the experimentally

characterized proteins. In some of these cases, this variation

may reflect a shift in the location of components of the

regulation modules—as exemplified in the ubiquitination sites

in HIF1a and, putatively, the ubiquitination-related phospho-

site in NEMO. In other cases, these variations may reflect

the course the complex regulation followed during its

emergence—such as in the case of p194inkd, where phosphorylation

sites that are thought to precede ubiquitination in mammals

seem to be missing in fish, perhaps reflecting the recent

addition of a regulatory layer on top of the basal ubiquitina-

tion process. Further studies on the evolution of complex

posttranslational regulations are needed to shed light on

how these intricate regulation processes have developed.

In summary, our study gives primary insights into the

origins and evolution of ubiquitination sites. Characterization

of additional ubiquitination sites by either comprehensive

proteomic approaches or mutational studies in the future will

allow researchers to address additional fundamental questions.

These include exploring the relationship between the class of

ubiquitination enzymes and the evolutionary conservation of

the sites they modify, and investigating how changes in

ubiquitination patterns are related to changes in regulatory

pathways. In addition, it would be interesting to investigate

evolutionary patterns of ubiquitination which are related to

specific pathways, when sufficient data will become available.
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