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The tremendous diversity in eukaryotic life forms can ultimately be traced back to evolutionary modifications
at the level of molecular networks. Deep understanding of these modifications will not only explain cellular
diversity, but will also uncover different ways to execute similar processes and expose the evolutionary
‘rules’ that shape themolecular networks. Here, we review the evolutionary dynamics of the spindle assembly
checkpoint (SAC), a signaling network that guards fidelity of chromosome segregation. We illustrate how the
interpretation of divergent SAC systems in eukaryotic species is facilitated by combining detailed molecular
knowledge of the SAC and extensive comparative genome analyses. Ultimately, expanding this to other core
cellular systems and experimentally interrogating such systems in organisms from all major lineages may
start outlining the routes to and eventual manifestation of the cellular diversity of eukaryotic life.
Introduction
Eukaryotes share many cellular structures and functions, yet

their cellular morphology and behavior are extremely diverse.

They range frommulticiliated predators of prokaryotes to photo-

synthetic algae and rapidly dividing cocci (see Figure 1 for a

simplified view of major eukaryotic lineages). The diversity in

cellular morphology and behavior can ultimately be traced

back to the molecular networks that govern cellular processes.

A major question in biology is how the molecular networks that

underlie these huge phenotypic differences arose, evolved,

and diverged. The increasing availability of draft genome and

transcriptome sequences of diverse microbial eukaryotes and

detailed molecular descriptions of pathways and their compo-

nents from variousmodel organisms have sparked a renewed in-

terest in this question. These developments, coming together in

the field of evolutionary cell biology [1], are driving new insights

into how evolution of molecular networks enables innovations

and changes in cellular functions. In a striking example, compar-

ative genomics and detailed knowledge of cell motility predicted

the capacity of amoeboid motility in an early branching fungus,

which was then experimentally verified [2].

A pathway uniquely suited for discovery of the molecular de-

tails of evolutionary change is the spindle assembly checkpoint

(SAC), a mitotic signaling pathway that safeguards chromo-

some segregation fidelity (Figure 2). The SAC is a priori ex-

pected to be universal given the eukaryotic dependency on

microtubule-based spindles for cell division. And, importantly,

its function can be directly assessed across the tree of life by

the ability of species to delay cell division in response to micro-

tubule depolymerization. Finally, its relevance for human cell di-

vision and its relation to various pathologies have resulted in

detailed knowledge of the molecular components and networks

underlying the SAC response. Such knowledge greatly helps to

detect divergent homologs, as well as to interpret functional

changes in predicted homologs as compared with less well
Curren
studied systems. Here, we discuss surprising observations on

the evolution and diversity of the SAC in eukaryotes, and

contextualize them in relation to the evolution of other cellular

pathways.

Molecular Wiring of the Core SAC Response
The SAC translates the lack of interaction of chromosomes with

microtubules to the cell cycle machinery. Our extensive knowl-

edge of the underlying molecular mechanisms during this pro-

cess is largely derived from studies inmetazoan and yeastmodel

organisms. The following summary (and the one in the next para-

graph) is therefore one of a ‘canonical’ SAC, operating in those

organisms. Chromosomes are segregated by microtubule-

based spindles to which they connect via protein complexes

known as kinetochores that are assembled on centromeric chro-

matin [3]. In brief, when not bound bymicrotubules, kinetochores

produce an inhibitor of the anaphase promoting complex/cyclo-

some (APC/C), thereby preventing the APC/C and its co-acti-

vator Cdc20 (APC/CCdc20) from ubiquitylating and hence orches-

trating destruction of substrates such as B-type cyclins (Figure 2)

[4–6]. This buys the cell time to get all chromosomes attached

and ready for segregation. The inhibitor of APC/CCdc20 is known

as the mitotic checkpoint complex (MCC). The MCC consists of

four subunits — BubR1/Mad3, Bub3, Mad2 and Cdc20 — that

are assembled into one diffusible complex by unattached kinet-

ochores [7–11]. Inhibition of APC/CCdc20 occurs predominantly

by the MCC subunit BubR1/Mad3 (MadBub in many lineages;

see ‘A tale of two MadBubs’ below). BubR1/Mad3 operates as

a pseudosubstrate [7,12–16] by virtue of a number of short linear

motifs (SLiMs: KEN-box, D-box, ABBA motif; Figure 3) that in

bona fide substrates direct their interaction with and ubiquityla-

tion by APC/CCdc20 [17,18]. By binding APC/CCdc20, the MCC

binds and inhibits the APC/C-bound Cdc20, prevents substrate

and E2 ubiquitin ligase binding, and re-arranges the catalytic site

to disfavor activity [7,19,20].
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Figure 1. Eukaryotic tree of life.
All current day eukaryotic species stem from a
common ancestor known as the LECA (last eu-
karyotic common ancestor). The molecular di-
versity of eukaryotic species and their evolutionary
relationships have become clearer recently with
the addition of a large number of newly sequenced
genomes and transcriptomes of mostly single-
celled species. These sequences have illuminated
parts of the eukaryotic tree of life that were poorly
resolved. The figure illustrates a current hypothesis
on the eukaryotic tree of life, inspired by a recent
study (some lineages are left out to reduce
complexity) [163]. It shows the unknown position
of the root (dotted lines) of eukaryotes (LECA) and
the subsequent diversification of species into
seven major (super)groups. Cartoons of various
representatives of these groups indicate the
extensive cellular diversity found amongst eu-
karyotes [165]. For some lineages the main sub-
lineages are shown, such as for example the
metazoan, fungal and amoebozoan lineages
forming the Amorphea supergroup, or alveolates,
stramenopiles and rhizarians forming the SAR su-

pergroup. Of note: Excavata, a group containing mostly single-celled flagellates (red colour), is now considered to be polyphyletic, meaning that the exact
phylogenetic affiliation of sub-lineages within the eukaryotic tree is unclear. For clarity we grouped two major lineages, Metamonads and Discoba, but indicate
their uncertain phylogenetic relationship to each other and the LECA (see dotted lines).
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Various protein scaffolds and enzymatic activities bring MCC

components together on kinetochores and facilitate their assem-

bly into a holo-complex (Figure 3) [15,21–23]. The Bub1 protein (a

paralog of BubR1/Mad3; see ‘A tale of two MadBubs’ below) is

central to this. Bub1 directly binds BubR1/Mad3 and Cdc20,

and, through binding the scaffold Mad1, also recruits Mad2.

These interactions occur through various SLiMs, and are pro-

moted by the kinase Mps1 at multiple levels [18,22,24–27].

Bub1’s ABBA motif binds Cdc20, and its CDI motif, upon phos-

phorylation by Cdk1 and Mps1, connects to an RLK sequence in

Mad1 [18,22,24,25,28]. Getting all MCC components together

on kinetochores is not enough, however. The eventual assembly

of MCC requires the conformational ‘closing’ of Mad2 [29]. Sol-

uble, ‘open’ Mad2 molecules adopt a closed conformation upon

homodimerization with a Mad1-bound pool of ‘closed’ Mad2

molecules. The ‘closing’ of soluble Mad2 enables it to interact

with Cdc20 and promote formation of MCC.

Linking the SAC to the Outer Kinetochore
The core SAC network is connected to the kinetochore in a way

that allows it to be responsive to microtubule attachments

[30,31]. Kinetochores are built on centromeric DNA marked by

nucleosomes containing the histone H3 variant CENPA/CenH3

[32,33]. Through various linker complexes, these centromeric

nucleosomes connect with a network of proteins that engagemi-

crotubules (Figure 3) [34–38]. Collectively known as KMN (Knl1

complex, Mis12 complex, Ndc80 complex), this network con-

nects withmicrotubules via the two divergent calponin homology

(CH) domains of the Ndc80–Nuf2 heterodimer and the positively

charged amino terminus of the Knl1 protein (Figure 3) [39–41].

The latter has a disordered region full of SLiMs (MELT (Met-

Glu-Leu-Thr) or derivatives thereof). When phosphorylated by

Mps1, these MELTs serve as docking sites for Bub3, and there-

fore by extension for its partner Bub1 [42–48]. Mps1 itself is

located close to its kinetochore substrates: it transiently binds

the Ndc80–Nuf2 dimer, an interaction that diminishes when

Ndc80–Nuf2 engages microtubules [49–51].
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Correct kinetochore–microtubule interactions cause termina-

tion of SAC signaling. In addition to Mps1 displacement, this

requires removal of the other core SAC components from kinet-

ochores. The most conserved mechanism for this appears to be

the reversal of SAC-activating phosphorylations by PP1 phos-

phatases that bind two SLiMs (SILK and RVSF) near the amino

terminus of Knl1 (Figure 3) [52–56]. Equally important to allow

anaphase initiation is the disassembly of MCC and liberation of

APC/CCdc20. This is achieved predominantly by ubiquitylation

of Cdc20 to destabilise the MCC-APC/CCdc20 interaction,

involving the APC/C subunit Apc15 [57–61]. Animal cells addi-

tionally break up the MCC by remodeling Mad2 via the AAA+

ATPase Trip13 [62–65]. In animals, Cdc20 ubiquitylation and

Mad2 remodeling require the ancient Mad2 paralog p31comet,

which at least for the latter process acts as an adaptor for

Trip13 [62,64,66–68]. Without continuous replenishment of

‘fresh’ MCC, these two mechanisms culminate in unrestricted

APC/CCdc20 activity and thus anaphase initiation (Figure 3)

[57,59,69].

The Deep Evolutionary Origins of the SAC
The target of the SAC (APC/CCdc20) and the core SAC compo-

nents are present in a wide range of eukaryotes and are thus

inferred to have originated before the birth of the last common

ancestor of all eukaryotes (LECA; Figure 1) [70–72]. But from

what systems were they derived? The Archaeal ancestor to eu-

karyotes is the likely donor of E2–E3-type ubiquitin ligases,

from which the APC/C evolved [73]. Interestingly, ubiquitin-

dependent control of cell division occurs in at least one

Archaeon [74]. As for the core SAC, pre-LECA eukaryotes likely

obtained an ancestral Mad2-p31comet-Trip13 system from pro-

karyotes. Mad2 and p31comet belong to the HORMA-domain

protein family, and many prokaryotes encode an operon in

which one or two HORMA-domain genes co-exist with a

Trip13-like AAA+ ATPase [72,75]. In bacteria, this operon is

involved in bacteriophage immunity [76]. The pre-LECA origin

of the APC/CCdc20 pseudosubstrate inhibitor BubR1/Mad3 is
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Figure 2. The spindle assembly checkpoint response.
During the final phases of cell division, chromosomes interact with the microtubule-based spindle via kinetochores, large protein complexes bound to
centromeric chromatin. During the process of acquiring connections to the spindle (prometaphase), kinetochores signal to the cell cycle machinery whenever
they have not established microtubule interactions. This signal is the spindle assembly checkpoint (SAC). The SAC delays the onset of anaphase by inhibiting the
E3 ubiquitin ligase Anaphase Promoting Complex/Cyclosome (APC/C). Only when all kinetochores have achieved stablemicrotubule connections (metaphase) is
the SAC silenced, the APC/C activated, its substrates ubiquitylated and anaphase allowed to proceed.
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less clear. Its phylogenetically traceable domains are TPR (tet-

ratricopeptide repeat) and kinase, and the latter arose some-

time during eukaryogenesis from unknown origins. TPR do-

mains are commonly found in prokaryotes [77]. The one in

BubR1/Mad3 (and in its paralog Bub1) is most closely related

to the TPR domain in MPS1. Beyond that, our prior analyses

indicated second-closest similarity with HAT repeat proteins

involved in the core spliceosome [72].

More generally, the kinetochore and the SAC may have deep

evolutionary connections with nuclear pore complexes (NPCs).

During the closed mitosis of budding yeast, Mad1 cycles be-

tween unattached kinetochores and the inner ring of NPCs to

modulate transport of a mitotic regulator [78]. Human Mad1

binds the basket of NPCs, where it promotes the production of

a pre-mitotic pool of MCC [79,80]. Consistently, other core hu-

man SAC components (Mps1, Mad2) bind human NPCs too

[81,82]. This SAC–NPC connection has also been observed in,

for example, Arabidopsis thaliana [83], suggesting deep evolu-

tionary origins and a role for SAC proteins at NPCs in the

LECA [83]. The connection may go even further. Bub3 is a pre-

LECA paralog of Rae1 [72], an mRNA transport factor. Rae1

binds a channel component through a GLEBS-like motif [84],

much like how Bub3 binds Bub1 [85]. In addition, members of

the Y-complex of NPCs are among the proteins most closely

co-evolving with the core SAC [71], and proteins from various

NPC subcomplexes localize to kinetochores in human cells

[86–90]. The SAC andNPCsmay thus have extensive and poten-

tially ancient shared functions.

How Conserved Is the SAC?
The canonical SAC system was in place when the eukaryotic lin-

eages started to emanate from the LECA. But does that mean it

is widely conserved in eukaryotes? This question consists of two

parts: do all eukaryotes have a mechanism to delay cell cycle

progression in response to lack of chromosome–spindle interac-

tions? And if so, does that mechanism involve production of an
MCC-like APC/CCdc20 inhibitor? Many metazoan and fungal

model organisms have a SAC response, but several species

such as Giardia intestinalis (Metamonada), Trypanosoma brucei

(Kinetoplastida), Toxoplasma gondii (Apicomplexa) and the

ciliate Tetrahymena thermophila appear unable to delay cell cy-

cle progression in response to effective microtubule depolymer-

ization by spindle poisons such as nocodazole [91–94]. Absence

of a SAC response in T. brucei is in agreement with the absence

of a BubR1/Mad3-like homolog and a kinetochore-independent

function of the Mad2-like homolog (Kinetoplastida in Figure 4)

[95]. G. intestinalis and other (non-parasitic) diplomonads such

as the Spironucleus lineage are unique in that their common

ancestor lost the APC/C as a means to control the cell cycle

[71,96]. Strikingly, however, they retained core SAC components

(Mps1, Mad2, Bub3, Bub1-like), some of which have key but un-

defined roles in chromosome segregation ([97] and our unpub-

lished data in Figure 4).

More remarkable, perhaps, than loss of a SAC response are

species with an intact SAC response but without the canonical

SAC pathway. This is of particular interest because such species

may have supplanted the ancient SAC with novel, yet to be

discovered mechanisms. The critical MCC components Mad2

and BubR1/Mad3 are widely conserved, and BubR1/Mad3 pa-

ralogs in virtually all instances retained its essential pseudosub-

strate motifs [17]. Surprisingly, however, cells of the flatworm

Schmidtea mediterranea can respond to nocodazole with a

G2/M delay but lack Mad2, BubR1/Mad3, and Bub1 [98] (note

that we identified a highly divergent S.mediterraneaMad1 ortho-

log; Figure 4 and sequences in Table S1 and Data S1).

The delay was dependent on the Rod–Zw10–Zwilch (RZZ)

kinetochore complex and likely mediated by APC/CCdc20.

S. mediterranea cells therefore may generate a novel and yet un-

known kinetochore-based APC/CCdc20 inhibitor. Trichomonas

vaginalis (Metamonada) too may have a divergent APC/CCdc20

inhibitor. It responds to nocodazole with a G2/M delay [99], but

its genome does not appear to encode Mad2, and its two
Current Biology 30, R589–R602, May 18, 2020 R591
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BubR1/Mad3/Bub1-like paralogs lack the SLiM motifs to inhibit

APC/CCdc20 (Figure 4).

How many other lineages may have evolved alternative SAC

mechanisms? Most species tested from the Opisthokonta (ani-

mals, fungi) and Archaeplastida (plant) supergroups (reviewed

in [100,101]), mount a SAC response and express BubR1/

Mad3 and Mad2 orthologs. At least conceptually, their SAC

thus appears ancestral. We and others have nevertheless iden-

tified quite a number of species from various supergroups with

no detectable Mad3/BubR1 and Mad2 orthologs (Figure 4).

These are often parasites, possibly explaining extreme genome

reduction [102,103]. Yet the free-living, non-parasitic ciliate Par-

amecium tetraurelia (SAR supergroup) is also devoid of SAC

components [71,104]. In addition, while species with no detect-

able Mad2 can have a BubR1/Mad3 ortholog, this ortholog then

often lacks the key SLiMs that make it an APC/CCdc20 inhibitor

(see, for example, T. thermophila and other ciliates, and the

ancient budding yeast lineage Hanseniaspora (Fast Evolving Lin-

eages) in Figure 4 [71,104]). In such species a BubR1/Mad3/

Bub1-like ortholog is thus likely retained for functions other

than the SAC.

Evolutionary Dynamics of SAC Scaffolds and Catalysts
A Tale of Two MadBubs

Bub1, the vital SAC scaffold, shares ancestry with BubR1/Mad3

in a most striking manner. The LECA had a single Bub1/BubR1/

Mad3-like gene (dubbed MadBub) that we envision acted as

scaffold and APC/CCdc20 inhibitor. Such a singleMadBub protein

is present in many eukaryotes, and a Kluyveromyces polysporus

MadBub gene can indeed replace Bub1 and Mad3 in Saccharo-

myces cerevisiae [105]. On at least 16 independent occasions,

a MadBub gene duplicated to give rise to two paralogs

[17,106,107]. Remarkably, those paralogous pairs followed

similar evolutionary trajectories where one retained only scaffold

functionalities (e.g., CDI motif and kinase) while the other re-

tained only MCC functionalities (e.g., KEN, D-box and ABBA

motif; Figure 5). Bub1-like genes (and by extension BubR1/

Mad3-like genes) are therefore not one-to-one orthologous if

they arose after independent gene duplications (e.g., budding

yeast Bub1 and vertebrate Bub1). This is not a trivial point —

an X-ray structure of the kinase domain of Drosophila mela-

nogaster BubR1 was recently used to model the (pseudo)kinase

domain of its human namesake using the faulty assumption that

they are 1-to-1 orthologous [108], where using the X-ray struc-

ture of human BUB1 kinase would have been more relevant

and may have yielded different insights [106]. Of note, MadBub

duplication in the ancestor of flies (e.g., fruit flies and mosquitos)
Figure 3. Molecular wirings of the canonical SAC network.
When unbound by microtubules (left), the outer kinetochore recruits a host of S
MadBub (TPR+SLiMs+Bub kinase), Bub3 (B3), Mad2 (M2), Cdc20 (C20)), thus pr
signaling by (I) dynein-mediated SAC protein removal; (II) PP1-mediated protein
ubiquitylation (III) and by Trip13-p31comet-mediated Mad2 extraction (IV). SAC p
annotated in the lower panel: APC/CCdc20 inhibitor (red: MCC components), regul
(Rod-Zwilch-Zw10) or KMN network (Knl1-, Mis12- and Ndc80-complexes)). See
the MadBub protein instead of separate Bub1 and BubR1/Mad3 paralogs, as Ma
(containing, among others, all fungal and animal lineages). Various protein–protein
inhibition, are mediated by SLiMs (short linear motifs). Their location in a protei
symbols, consensus sequence logos andmain interactors are listed in the bottom
phospho-regulated residues. Non-interacting SLiMs are represented as white and
is active.
yielded unique pairs of paralogs, where the Bub1-like protein lost

almost all SLiMs, while the BubR1/Mad3-like one retained all [17]

(Figure 5B).

What can explain such widespread, parallel evolution of paral-

ogous gene pairs? Duplication of the MadBub gene may have

opened ways to resolve an adaptive conflict between the two

functions residing in one gene, as was shown for galactose

pathway evolution in budding yeasts [109]. Interestingly, Mad3

gene expression in fission yeast is 3–4-fold higher than that of

Bub1, and reducing Mad3 expression back to Bub1 levels sub-

stantially compromised the SAC [110]. In an alternative but not

mutually exclusive scenario, MadBub evolutionmay be a striking

case of the duplication–degeneration–complementation (DDC)

model of protein evolution [111]. In this model, MadBub A and

B (paralogs directly after duplication) can co-exist neutrally until

A loses one of its essential functionalities (e.g., APC/CCdc20 in-

hibitor), after which B is ‘forced’ to retain it. If B then loses the

other function (scaffold), A is forced to retain it, leading to the pa-

ralogous pairs we see today. If A loses scaffold function after it

lost APC/CCdc20 inhibitor function, only B will be retained in

extant species. Indeed, instances of retention of only one Mad-

Bub gene after whole genome duplication have been reported

[112], and fitness experiments with budding yeast strains

mimicking steps in subfunctionalization did not find evidence

for adaptive conflict resolution [105].

Dynamic SLiM Arrays for the Kinetochore–SAC

Connection

In Opisthokonta model organisms, Knl1 indirectly recruits all

MCC components by virtue of repeats of a MELT motif. When

phosphorylated, these motifs bind Bub3–Bub1 dimers and

without them, the SAC is inactive [42–46]. While the carboxy-ter-

minal tandem RWD domains and the amino-terminal RVSFmotif

are well conserved in Knl1 orthologs, the interior MELT motifs

diverge extensively across eukaryotes. They undergo recurrent

episodes of repeat duplications and deletions, sequence degen-

eration and sequence alteration to change phospho-signatures

(Figure 5) [113]. Such patterns are reminiscent of genetic arms

races. Intriguingly, Bub1 levels at kinetochores during mouse

meiosis dictate the direction of centromere drive — stronger

centromeres recruit more Bub1 to create higher depolymeriza-

tion capacity and thus higher reorientation probability for

retention in the egg [114]. The arms race between ‘selfish’ cen-

tromeres and the host may thus be impacted by the ability of

Knl1 motifs to recruit Bub1. Although centromere drive is pro-

posed to be restricted to species with asymmetric meiosis

[115], it is conceivable that a similar mechanism accounts for

repeat evolution in other eukaryotes. After all, anisogamy
AC proteins to generate a four-component APC/CCdc20 inhibitor (MCC (red):
eventing anaphase initiation. End-onmicrotubule binding (right) eliminates SAC
dephosphorylation; and (III,IV) MCC disassembly by Apc15-dependent Cdc20
roteins and relevant protein domains are color-coded by function, and further
ators (dark green: enzymes and co-factors) or scaffold (light yellow: Mad1, RZZ
main text for more details on protein functions. Please note that we here depict
dBub is the more common situation among eukaryotes (including in Amorphea
interactions required for SAC activity, including those required for APC/CCdc20

n sequence and their relevant interactions are depicted in the cartoon. SLiM
panel. Conserved amino acid positions in SLiMs are colored; asterisk indicates
engaged SLiMs are shown in colour, to distinguish where each of these motifs
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(substantial size differences between the gametes) is a widely

occurring feature of eukaryotic sexual reproduction. Of note: a

single MELT motif suffices for maintaining a robust SAC in

human cells, but more are needed for high fidelity chromo-

some biorientation and this correlates with Bub1 levels at kinet-

ochores [46].

Evolving Kinase Control of the SAC Response

The changes to motif sequence in Knl1 repeats may underlie al-

terations to the kinetochore kinases that regulate Knl1–Bub1/

MadBub interactions. The MELT motifs have an optimal

sequence for phosphorylation by the kinase Mps1 [116,117],

but this regulatory input has diversified. Mps1 was lost inCaeno-

rhabditis elegans, and Plk1 has taken over its role [118]. In other

lineages, the motif does not adhere to the Mps1 consensus

sequence, or has no phosphorylatable amino acid. The MEED

motif in drosophilids, for example, cannot be regulated by phos-

phorylation [113]. This does not mean that the Knl1–Bub interac-

tion is unregulated in drosophilids: a motif preceding MEED and

known to be essential for Bub3-Bub1 recruitment in human cells

[46] has a strong Aurora kinase substrates signature [119]

(Figure 5B). Likewise, alterations to MELT to include extra S/T

residues (Lepidoptera, Dictyostelids) may accommodate addi-

tional kinase input or alterations to substrate preference of the

Mps1 kinase [113].

In addition to its conserved, carboxy-terminal dual specificity

kinase domain [120], Mps1 contains a TPR domain near its

amino terminus that is most closely related to the TPR domains

of Bub1 and BubR1/Mad3 (or MadBub) [121]. Their kinase do-

mains are not closely related, suggesting independent fusions

of the two kinase domains to the same TPR-domain-containing

protein [72,121]. Because Mps1 andMadBub both localize to ki-

netochores, this ancestral TPR-domain-containing protein was

likely already dedicated to kinetochore function. Interestingly, a

similar paralog expansion of a protein operating in a primordial

kinetochore gave rise to all current kinetochore proteins with

RWD domains [72], signaling perhaps a common theme in kinet-

ochore evolution. Although the TPR domain of Mps1 was part of

the LECA, it is often absent from current-day Mps1 orthologs

(Figure 4) [121]. In human cells, this domain contributes to kinet-

ochore localization of Mps1 and auto-regulation [121,122]. It is

conceivable that its role in these events is dispensable or

achieved by other means.

Interpreting Variations in SAC Systems
The detailed knowledge of the mechanisms by which SAC com-

ponents interact with each other and with the kinetochore en-

ables interpretation of divergent protein architectures in specific

lineages. Flowering plants such asA. thaliana (Magnoliapohyta in

Figure 4) have three MadBub-related genes (BMF1–3), obtained

by two gene duplication events [17,106]. BMF2 is BubR1/Mad3-

like, while BMF1 and BMF3 both are Bub1-like that further sub-

functionalized: BMF1 retained the kinase domain but shed all

other functional motifs, while BMF3 did the opposite and in

fact expanded the ABBA and CDI motifs to three each (see
with MadBub duplications, numbers indicate the number of paralogs and the ca
harbor a Mad2-interacting motif (MIM), which plays a role in MCC formation a
Hanseniaspora FEL, but lacks both RVSF and MELT motifs. **The Mad1 sequen
interacting motif is present in this Mad1 ortholog. ***Trichomonas vaginalis has f
Magnoliophyta in Figure 4 or flowering plants in Figure 5A)

[17,106]. Since Bub1 kinase activity is important for chromo-

some biorientation in human cells [18,25,123–125], BMF1 is

likely involved only in chromosome biorientation, leaving SAC

scaffold function to BMF3. As predicted by this, BMF1 is

dispensable for theA. thaliana SAC [83]. Intriguingly, the connec-

tion of the SAC to kinetochores also diverged in flowering plants.

BMF3 lacks a GLEBS motif that mediates the interaction with

Bub3 and thus Knl1 [17]. Furthermore, while Knl1 does have a

MELT-like motif (a single, divergent one; Figure 5A) [113],

Mps1 does not regulate BMF3 orMAD1 kinetochore localization.

Instead,Mps1 appears to directly regulateMad2 [83,126], a twist

to the SAC architecture that is, as far as we know, unique to

plants.

In the moss Physcomitrella patens (Figures 5A), the BubR1/

Mad3-like paralog has expanded its carboxy-terminal ABBAmo-

tifs (known to bind Cdc20) 10-fold [17]. The Bub1-like paralog

likewise has a four-fold repeat of the CDI motif, which binds to

the MAD1 scaffold. Remarkably, arraying CDI motifs in human

Bub1 to make it P. patens-like increased Mad1 kinetochore

levels �5-fold [127], supporting the hypothesis that P. patens

evolved to enhance its SAC signaling capacity. This may not

be unique to mosses — MadBubs in the Stramenopila lineage

(SAR supergroup) can have similar ABBA arrays [17]. Whether

this represents a ‘super-SAC’ or an adaptation to loss of SAC

signaling efficiency at other levels is an exciting subject for future

study.

Co-evolutionary Patterns in the SAC–Kinetochore
Network
As illustrated by the plant SAC network, knowledge of the func-

tion and evolution of SAC proteins helps experimental investiga-

tion of SAC networks that diverge from the ancestral version. The

analysis of co-evolution patterns within the SAC network takes

this to the next level. In a recent study of presence/absence pat-

terns of kinetochore and SAC proteins, the Mad1 ortholog in

�20% of species with both Mad1 and Mad2 orthologs had no

detectable Mad2-interaction motif (MIM) [71]. This is a strong

predictor of absence of an interaction, because the MIM was al-

ways absent from Mad1 orthologs in species in which no Mad2

ortholog could be found. (Of note, theMad1 ortholog we found in

the flatworm S. mediterranea genome also does not have aMIM;

Figure 4)). This was true also for Cdc20, which interacts with

Mad2 via a similar MIM [71]. This example illustrates how looking

at functional motifs sheds new light on the likelihood of

conserved interaction between Mad2 and its binding partners,

and how such analysis increased confidence that Mad2 had

really been lost in species in which Mad2 could not be found.

One can take such analyses one step further and use pres-

ence/absence patterns of proteins or of particular functional

moduleswithin proteins topredict novel functions or interactions.

The strong co-evolution of some NPC Y-complex members with

the core SAC is an example of an unbiased, genome-wide

‘screen’ for novel functional interactions. Conversely, poor
rtoon shows which paralog has which domains/SLiMs. Cdc20 and Mad1 both
nd Mad2 kinetochore recruitment, respectively (Figure 3). *Knl1 is present in
ce in Kipferlia bialata is incomplete; therefore, it is unclear whether the Mad2-
our Rod paralogs.
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co-evolution can help dispel notions of conserved functional in-

teractions, as we and others showed for a proposed interaction

between the kinetochore protein Zwint-1 and the RZZ complex

[71,128]. Moreover, in-depth co-evolution analyses within a

network can lead to striking new insights. The unique evolution

of MadBub-derived paralogs enabled identification of a cassette

of SLiMs (ABBA1–KEN2–ABBA2) that tightly co-segregated with

the amino-terminal KEN-box inBubR1/Mad3-like genes [17]. Cell

biological and structural analyses verified that, like the KEN box,

this cassette is crucial for the ability of BubR1/Mad3 and thus

MCC to inhibit APC/CCdc20 [7,17,129].

Expanding on Core SAC Systems
The core of the SAC is highly similar inmost fungal andmetazoan

species [4,71]. But various lineage-specific losses — of which

some examples were discussed above — and add-ons have

become apparent. The bicaudal-like dynactin adapter Spindly,

for example, was invented in the Opisthokonta ancestor, re-

tained in nearly all holozoa (animals and their closest single cell

relatives) and lost in many fungal lineages [71]. Together with

RZZ, Spindly forms a fibrous corona meshwork at the outer

kinetochore [130,131], without which Mad1 cannot efficiently

bind or be maintained at unattached kinetochores of animal

cells, attenuating the SAC (Figure 3) [132]. RZZ most likely was

present in the LECA. Rod and Zwilch were frequently lost in later

lineages, but Zw10 was widely retained, likely due to its other

role in vesicular trafficking [71,133,134]. RZZ is structurally

similar to COP proteins, suggesting it was derived from proteins

involved in the formation of the (pre)eukaryotic endomembrane

systems [135]. Intriguingly, RZZ is crucial for the SAC response

in cells of the flatworm S. mediterranea, whose genome does

not contain orthologs of Mad2 and BubR1/Mad3 [98]. Some

other lineages without MCC components (e.g., Blastocladiomy-

cota) or whose MadBub is without MCC SLiMs (e.g., Apicom-

plexa, T. vaginalis) also retained RZZ (Figure 4). It is conceivable,

therefore, that its ancestral role in the SAC may have more di-

mensions than we currently know of.

Spindly has an important second role in the SAC in animals: it

recruits the dynein microtubule motor complex to kinetochores

[136,137]. Dynein uses kinetochore-bound microtubules to carry

away cargo such asMad1–Mad2 andBubR1. Their removal from

kinetochores is a crucial step in shutting off SAC signaling

(Figure 3) [138]. Given the limited phylogenetic distribution of

Spindly, this is apparently restricted to holozoa and early-

branching fungi (Figure 4). Whether other lineages use dynein

to silence the SAC is unknown, but at least in the yeast models,

no such mechanism appears to operate.

Of the other two SAC silencing pathways in animals, the one

driven by PP1-like phosphatases appears very conserved. It op-

erates also in fungi, and the PP1-recruiting SLiM in Knl1 (RVSF) is

a hallmark of Knl1 orthologs across the eukaryotic tree of life

[6,42,49,50,53,56,71,113]. The MCC disassembly pathway

showcases more diversity. The Trip13 ortholog Pch2 does not

appear to be important for SAC silencing in budding yeast and

p31comet was lost very frequently, leading to its absence in

most fungi, excavates and alveolates [6,71,139]. The loss of

this mechanismmay be related to cell volume in certain species:

large but not small C. elegans cells require Pch2 to replenish

‘open’ Mad2 and thereby strengthen the SAC [140]. In budding
yeast, Apc15-dependent ubiquitylation of Cdc20 appears to suf-

fice for MCC disassembly. Since Apc15 is ancestral to eukary-

otes and is also involved in SAC silencing in human cells,

perhaps this is the ancient MCC dismantling mechanism.

Whether Trip13-p31comet is an add-on or was part of the LECA

SAC response will await experimental interrogation of MCC

disassembly in species outside of the Opisthokont lineage [141].

How Unique Are the Evolutionary Dynamics of the SAC?
The extent of lineage-specific innovations is unclear, as they are

in principle difficult to predict from comparative genomics.

Conversely, because most of the known SAC proteins were pre-

sent in the LECA, the most obvious differences between species

are the result of gene losses that are sometimes extensive. The

losses extend to domains and SLiMs. As discussed, such

repeated losses can often be corroborated by co-evolutionary

loss of interacting proteins or of interaction motifs or domains.

They are thus not random, instead revealing that functional mod-

ules act as evolutionary modules.

The general pattern of complex ancestors and pervasive sec-

ondary loss is observed in many other cellular systems [142–

146]. A number of explanations for this pattern have been pro-

posed, including pressures for genomic streamlining (e.g., as a

result of a parasitic lifestyle, or of Muller’s ratchet [103,147]), or

neutral loss (‘use it or lose it’ [148]). The SAC loss patterns are

consistent with the streamlining hypothesis. The SAC is main-

tained in the majority of lineages (and thus ‘used’), and lineages

known to have undergone genome streamlining also seem to

have lost one or more submodules of the SAC (see blue plus

signs in Figure 4). Whatever the process for loss, the question re-

mains if it was a (nearly) neutral process, or may even have been

beneficial. For example, when correct chromosome attachment

to the spindle is very efficient, the SAC is superfluous in several

animal and yeast models [149–152]. In addition, a certain degree

of chromosome missegregation may improve adaptability

[153–155].

As a group, SAC and kinetochore proteins display relatively

high amino acid substitution rates and high dN:dS ratios (as a

measure of positive selection) [71]. While some, like Bub3,

behave as an average protein, others like p31comet and Zwint-1

are amongst the 20% fastest evolving proteins in human [71].

Moreover, like some other kinetochore proteins in primates

[156], KNL1 is under positive selection in modern man [157]. Se-

lection on KNL1 is reasoned to be due to its involvement in brain

development [158], and its recently suggested contribution to

meiotic drive [114] may also play a role. Whether these are

related to KNL1 participation in the SAC, and whether similar

functions may explain fast evolution of other SAC/kinetochore

proteins remains to be determined. It is of interest to note in

this regard that BUBR1 insufficiency causes various defects in

neurodevelopment [159–162].

Outlook: Comparative Cell Biology of the SAC
Deep understanding of the evolution of biochemical networks in

cells will be vital for explaining cellular diversity in biology, for un-

covering different ways to perform similar processes, and for

exposing the evolutionary ‘rules’ that shape such networks.

Here, we outlined evolutionary dynamics of the SAC, amolecular

pathway for which functional knowledge and computational
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investigations enable detailed interpretation of its evolutionary

trajectories and diversity in eukaryotes. But detailed compara-

tive genomics can only take us so far. Experimental interrogation

of proteins and molecular pathways in divergent species are

needed to, for example, uncover lineage-specific innovations,

to test if gene orthologs are also functional orthologs, and to

reveal difficult-to-detect orthologs. Such investigations are

pivotal to expose and fill fundamental gaps in our overview of

SAC function and evolution, especially considering the limited

evolutionary diversity represented by animals and fungi,

compared to the many other — mostly unicellular — eukaryotes

making up the vast eukaryotic tree of life [163]. Experimentation

and comparative genomics can really synergise in this way. A

global description of kinetochore diversity in eukaryotes [71],

for example, inspired the discovery of unique, mosaic point

and regional centromeres in early branching fungi [164]. It is

exciting to imagine which diversifications to the SAC and other

core cellular systems might be uncovered by experiments in

other under-studied lineages. In the end, overlaying genomic

and experimental analyses with various details on subcellular

features and lifestyles may start outlining the routes to and even-

tual manifestation of cellular diversity of eukaryotes.
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S.G.D., Snel, B., et al. (2012). The vertebrate mitotic checkpoint protein
BUBR1 is an unusual pseudokinase. Dev. Cell 22, 1321–1329.

107. Murray, A.W., and Marks, D. (2001). Can sequencing shed light on cell
cycling? Nature 409, 844–846.

108. Huang, Y., Lin, L., Liu, X., Ye, S., Yao, P.Y., Wang, W., Yang, F., Gao, X.,
Li, J., Zhang, Y., et al. (2019). BubR1 phosphorylates CENP-E as a switch
enabling the transition from lateral association to end-on capture of spin-
dle microtubules. Cell Res. 29, 562–578.

109. Hittinger, C.T., and Carroll, S.B. (2007). Gene duplication and the adap-
tive evolution of a classic genetic switch. Nature 449, 677–681.

110. Heinrich, S., Geissen, E.-M., Kamenz, J., Trautmann, S., Widmer, C.,
Drewe, P., Knop, M., Radde, N., Hasenauer, J., and Hauf, S. (2013). De-
terminants of robustness in spindle assembly checkpoint signalling. Nat.
Cell Biol. 15, 1328.

111. Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.L., and Post-
lethwait, J. (1999). Preservation of duplicate genes by complementary,
degenerative mutations. Genetics 151, 1531–1545.

112. Murray, A.W. (2012). Don’t make me mad, Bub! Dev. Cell 22, 1123–1125.

113. Tromer, E., Snel, B., and Kops, G.J.P.L. (2015). Widespread recurrent
patterns of rapid repeat evolution in the kinetochore scaffold KNL1.
Genome Biol. Evol. 7, 2383–2393.

114. Akera, T., Trimm, E., and Lampson, M.A. (2019). Molecular strategies of
meiotic cheating by selfish centromeres. Cell 178, 1132–1144.e10.

115. Malik, H.S. (2009). The centromere-drive hypothesis: a simple basis for
centromere complexity. Prog. Mol. Subcell. Biol. 48, 33–52.

116. Hennrich, M.L., Marino, F., Groenewold, V., Kops, G.J.P.L., Mohammed,
S., and Heck, A.J.R. (2013). Universal quantitative kinase assay based on
diagonal SCX chromatography and stable isotope dimethyl labeling pro-
vides high-definition kinase consensus motifs for PKA and human Mps1.
J. Proteome Res. 12, 2214–2224.

117. Dou, Z., von Schubert, C., Körner, R., Santamaria, A., Elowe, S., and
Nigg, E.A. (2011). Quantitative mass spectrometry analysis reveals
similar substrate consensus motif for human Mps1 kinase and Plk1.
PLoS One 6, e18793.

118. Espeut, J., Lara-Gonzalez, P., Sassine, M., Shiau, A.K., Desai, A., and
Abrieu, A. (2015). Natural loss of Mps1 kinase in nematodes uncovers a
role for Polo-like kinase 1 in spindle checkpoint initiation. Cell Rep. 12,
58–65.

119. Alexander, J., Lim, D., Joughin, B.A., Hegemann, B., Hutchins, J.R.A.,
Ehrenberger, T., Ivins, F., Sessa, F., Hudecz, O., Nigg, E.A., et al.
(2011). Spatial exclusivity combined with positive and negative selection
of phosphorylation motifs is the basis for context-dependent mitotic
signaling. Sci. Signal. 4, ra42.

120. Pachis, S.T., and Kops, G.J.P.L. (2018). Leader of the SAC: molecular
mechanisms of Mps1/TTK regulation in mitosis. Open Biol. 8, 180109,
180109.

121. Nijenhuis, W., von Castelmur, E., Littler, D., De Marco, V., Tromer, E.,
Vleugel, M., van Osch, M.H.J., Snel, B., Perrakis, A., and Kops,
G.J.P.L. (2013). A TPR domain-containing N-terminal module of MPS1
is required for its kinetochore localization by Aurora B. J. Cell Biol. 201,
217–231.
122. Pachis, S.T., Hiruma, Y., Tromer, E.C., Perrakis, A., and Kops, G.J.P.L.
(2019). Interactions between N-terminal modules in MPS1 enable spindle
checkpoint silencing. Cell Rep. 26, 2101–2112.e6.

123. Vleugel, M., Hoek, T.A., Tromer, E., Sliedrecht, T., Groenewold, V.,
Omerzu, M., and Kops, G.J.P.L. (2015). Dissecting the roles of human
BUB1 in the spindle assembly checkpoint. J. Cell Sci. 128, 2975–2982.

124. Klebig, C., Korinth, D., and Meraldi, P. (2009). Bub1 regulates chromo-
some segregation in a kinetochore-independent manner. J. Cell Biol.
185, 841–858.

125. Baron, A.P., von Schubert, C., Cubizolles, F., Siemeister, G., Hitchcock,
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