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1 | INTRODUCTION

The transcription factor p53 is involved in many cellular
processes including cell cycle regulation and apoptosis
(Vogelstein et al., 2000). Because of this, mutations lead-
ing to p53 malfunction are highly correlated with cancer
(Joerger & Fersht, 2016). The central position in cell cycle
regulation is consistent with an ancient origin of p53, as
evident from the presence of genes encoding p53-like
proteins across the animal kingdom (Joerger et al., 2014;
Lane et al., 2010; Zhang et al., 2022). It has been shown
in well-studied vertebrate animals that p53 is kept at
appropriate levels in healthy cells through ubiquitination
and subsequent degradation (Brooks & Gu, 2006). The
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FIGURE 1

ubiquitination process is initiated by binding the intrinsi-
cally disordered p53 transactivation domain (TAD) to the
SWIB domain of the ubiquitin ligase MDM2. The interac-
tion is mediated by a conserved ~12-residue motif within
pS3TAD that folds into an o-helix upon binding to
MDM?2 (Figure 1a,b).

We have previously constructed phylogenetic trees of
both the p53 and MDM2 protein families and examined
their co-evolution across the animal kingdom with
emphasis on their interaction domains p53TAD and
SWIB (Aberg et al., 2017). In agreement with earlier stud-
ies (Lane et al., 2010; Tan et al., 2017) we found that the
interaction domains are present in distantly related ani-
mal phyla, suggesting that the interaction between
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Sequences and structure of the p53TAD-MDM2 complex. (a) Schematic of p53 and MDM2 proteins with indicated folded

domains. (b) Crystal structure of a complex between human p53TAD (yellow) and MDM2 (blue). The three conserved hydrophobic residues
in the p53TAD motif, Phel9, Trp23, and Leu26 as well as Thr18 and Asp21 are shown as sticks. The hydrogen bond between Thr18 and
Asp21 is shown as dots (PDB code: 1YCR). (Kussie et al., 1996) (c) Schematic phylogenetic tree and sequence alignment of the most
conserved region of p53TAD, which entails the canonical binding motif for MDM2, a 12-residue intrinsically disordered region that folds
into an «a helix upon binding to MDM2. The motif contains three hydrophobic residues that points straight down in the binding pocket of
the MDM2 SWIB domain, namely F;oxxxW,3xxL,s in human p53TAD, highlighted in gray. The four residues N-terminal of the Phe residue,
as well as Leu23 are also relatively well conserved. The numbering of motif residues is based on the human sequence throughout the paper
to facilitate comparison. Note that an alternative alignment is possible for T. adhaerens p53TAD with a motif F; sxxxL;9xxxW,3 that has one
extra residue between Leul9 and Trp23. 1R and 2R represent two whole genome duplications in the vertebrate lineage. These genome
duplications gave rise to the paralogs p53, p63, and p73 as well as MDM2 and MDM4 in extant vertebrates. The duplications might have
occurred earlier than indicated, prior to or during (Putnam et al., 2008; Smith et al., 2013) the divergence of jawless fishes, but present-day
p53 paralogs in jawless fish appear not to correspond to those in other vertebrates. Animal silhouettes are from PhyloPic.
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p53TAD and MDM2 dates back to the beginning of ani-
mal life. Furthermore, our analysis suggested that
p53TAD and the SWIB domain of MDM2 is present in all
extant deuterostome animals, but that both protein
regions have disappeared in distinct protostome lineages,
although splice variants (Ingaramo et al., 2018) as well as
coverage and quality of sequence databases complicate
such analysis. In addition, while a SWIB domain-
containing protein is present in Drosophila, it appears not
to be part of an MDM2 homolog (Lane & Verma, 2012).
Among the animals that diverged before the protostome/
deuterostome split, the interaction domains were not
found in cnidarians and porifera. However, they are pre-
sent in the placozoan Trichoplax adhaerens, from an evo-
lutionary branch that diverged before the radiation of all
other extant animal phyla (Figure 1c) (Lane et al., 2010).
Furthermore, pull-down and co-transfection experiments
suggested a functional p53/MDM2 interaction in T.
adhaerens, (Siau et al., 2016) in the protostome Mytilus
trossulus (a mollusk) (Muttray et al., 2010) and also in
the non-jawed vertebrate Japanese lamprey (Coffill
et al., 2016). Thus, available data suggest an intriguing
scenario where MDM2-dependent regulation of p5S3TAD
was present in the last common ancestor of all animals
and has been maintained in most extant animal phyla,
but lost in some of them.

Prior to the radiation of extant vertebrate classes
around 450 million years ago (Mya) two whole genome
duplication events further shaped the evolution of the
p53/MDM2 interaction. The genome duplications clearly
occurred before the split of cartilaginous and bony fish,
(Dehal & Boore, 2005; Vandepoele et al., 2004) but possi-
bly even earlier, before or concurrent with the divergence
of jawless fish (Putnam et al., 2008; Smith et al., 2013). In
either case, the present-day paralogs p53, p63, and p73 as
well as MDM2 and MDM4 likely originated in these
genome duplications. The TAD in p53, p63, and p73 and
the SWIB domain in MDM2 and MDM4 have been
retained in extant vertebrate lineages, but evolution has
subjected the proteins to sub- and neofunctionalization.
Indeed, inspection of the amino acid sequences for verte-
brate p53TAD orthologs reveals dramatic changes
between different animal groups although a 12-residue
binding motif is relatively well conserved (Figures 1c and
S1). Likewise, MDM2 and MDM4 display significant
divergence with around 55% amino acid identity for resi-
dues within the folded part of the SWIB domain, as
defined by the crystal structure of human p53TAD/SWIB
(Kussie et al., 1996). A similar low identity is seen
between human and lamprey MDM2 (53%), consistent
with a split of jawed (gnathostomes) and non-jawed ver-
tebrates (agnatha, including extant lampreys) around the
time of the whole genome duplications when the genes

encoding MDM2 and MDM4 diverged (Kuraku
et al., 2008; McLysaght et al., 2002) (Figure S1). In this
paper we conform to the common naming of “p53” and
“MDM?2” also for non-vertebrate homologs, although it is
not formally correct. In fact, the ancestral p53/p63/p73
protein was likely more similar to extant p63 and p73
than to p53 (Zhang et al., 2022).

Conservation of sequence implies function. However,
while phylogenetic methods are very powerful, the affin-
ity of protein interactions depends on fine molecular
details and needs to be investigated by experiments.
Therefore, since some animals apparently have lost their
p53/MDM?2 interaction while those that retained it dis-
play a significant divergence in amino acid sequence in
the p5S3TAD interaction domains, we set out to directly
assess the evolution of affinity between the conserved
binding motif in p53TAD and the SWIB domain of
MDM2 in the animal kingdom. Using biophysical mea-
surements on extant as well as resurrected ancient pro-
teins we found that the amino acid changes observed
along different evolutionary trajectories have indeed
modulated the affinity of the interaction. The history of
the p5S3TAD/MDM?2 interaction demonstrates the evolu-
tionary plasticity and malleability of intrinsically disor-
dered protein regions involved in protein—protein
interactions.

2 | RESULTS

2.1 | p53TAD/MDM2 affinity across
extant animals

Sequence-based predictions suggest that p53 and MDM2
were present in the last common ancestor of all animals
(Lane et al.,, 2010). However, the interacting regions,
p53TAD, and the MDM2 SWIB domain could not be
found in sequences from insects, crustaceans, and cnidar-
ians (Aberg et al., 2017) or only in minor splice variants
(Bourdon et al., 2005) suggesting that p53 is not regulated
by MDM?2 in these species. To further investigate the co-
evolution between p53 and MDM2 we here mapped the
interaction between p53 and MDM?2 across the animal
kingdom. Specifically, we measured affinity between the
conserved 12-residue binding motif in p53TAD and the
SWIB domain of MDM2 from extant animals represent-
ing different lineages that retained both interaction
domains: mammals (human, Homo sapiens), birds
(chicken, Gallus gallus), bony fishes (Zebra fish, Danio
rerio), jawless fishes (Arctic lamprey, Lethenteron
camtschaticum), arthropods (Deer tick, Ixodes scapularis),
mollusks (Bay mussel, Mytilus trossulus), and the multi-
cellular placozoan T. adhaerens. To facilitate comparison
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of residues at corresponding positions we use the num-
bering of human p53 residues based on a sequence align-
ment of the 12-residue binding motif (Figure 1c).
Sequences of all constructs used in the paper are com-
piled in Excel File 1 in Data S1.

We used kinetics (stopped-flow spectrometry) or equi-
librium experiments (fluorescence polarization, FP, or
isothermal titration calorimetry, ITC) to determine the
affinity of interactions between p53TAD and MDM2.

The affinity between p53TADy  sapiens and
MDM2y gqpiens Was similar to that from previous studies
(Figure 2a, Table 1). Furthermore, human and chicken
p53TAD/MDM?2 complexes displayed similar affinity
(80-100 nM) (Figure 2b,d). In fact, p5S3TADy. sapiens -
displays an apparently higher affinity (~10 nM) with
MDM2y; sapiens; but this is an artifact resulting from the
short length of the peptide. Two longer variants,
P53TADy. sapiens . @nd p53TADy. sapiens - - have Kp
values of 60-100 nM (Aberg et al., 2018). This discrep-
ancy has been previously reported by other groups
(Schon et al., 2002) and suggested to be an effect of a
non-native closing of the N-terminal lid in MDM2 over
the binding cleft which is only possible with the shorter
pS3TAD peptide (Showalter et al., 2008). Thus, while
~100 nM is a good estimate of K, for the native interac-
tion between human p53TAD and MDM2, we use the
short p53TADy sapiens . -0 (Kp ~ 10 nM) for a direct
comparison of binding to MDM2s from different species
(Table 2). Note that several p53TADs display this “non-
native” high affinity with MDM2y spiens-

Human and chicken p53TAD share the same hydro-
phobic triad F,gxxxW,3xxL,s (human p53 numbering)
within the 12-residue binding motif, and their p5S3TAD/
MDM2 complexes had a similar affinity. However, there
were significant differences in the affinity of p5S3TAD/
MDM?2 from other animals. p53TADp, erio- >C @ 12-mer
peptide corresponding to the conserved binding-motif
region but with a deletion of Thr (or Ser) at position
18, showed non-measurable affinity for MDM2p, ,,;, With
stopped-flow spectroscopy. There is an apparent insertion
of an Asn residue at position 26 in the conserved motif.
Either changing Asn26 to Leu (p53TADp.  rerio 05,
Kp = 0.34 pM) or extending the peptide to a 13-mer to
include Leu27 (p53TADp, rerio™ "> Kp = 1.9 pM) resulted
in detectable binding. Lack of a Thr18 helix N-cap also
contributes to a lower affinity of the p53TADp, rerio/
MDM2p, ,erio complex as shown by a peptide where
Thr18 was introduced  (p53TADp.  yerio "5,
Kp = 2.3 pM) (Figure 2, Table 1).

pS3TAD/MDM2 complexes from protostomes and the
non-jawed vertebrate L. camtschaticum (arctic lamprey)
displayed much lower affinities than the bony verte-
brates. For MDM2 from M. trossulus (bay mussel) and
L. camtschaticum we could observe binding with a FITC-

labeled human p53TAD' % peptide in FP experiments
(Figure 3a, Table 1). This labeled peptide could then be
displaced by the respective unlabeled native
P53TADns trossutus (KD =15 HM) or p53TADy. camsschaticum
(Kp = 250 pM), yielding estimates of the native Kp, values
(Figure 3b). However, we could not confirm these inter-
actions by ITC (Figure S2). Furthermore, we could not
detect any binding between p53TAD and MDM2 from
T. adhaerens, the most distantly related of all known ani-
mals, nor from the arthropod I scapularis (deer tick),
with either FP or ITC (Figure 3, Figure S2). For a specific
interaction to the p5S3TAD-binding groove in MDM2, the
unlabeled peptide is expected to compete out the labeled
one. However, the signal did not decrease upon addition
of unlabeled native pS3TAD in the case of T. adhaerens
and I scapularis so the interaction with FITC-labeled
P53TADy. sapiens . was therefore deemed non-specific
(Figure 3b).

A full-length version of p53TAD7 adnaerens (residues
1-126 of T. adhaerens p53) also did not show binding to
MDM27 4anaerens (Figure 3b). We attempted expression
and purification of full-length p53TADs from
L scapularis, M. trossulus and L. camtschaticum, but
could not obtain enough of pure protein for binding
experiments. One problem with absence of binding is
that it is impossible to completely rule out misfolding of
the MDM2 SWIB domain. To minimize the risk for mis-
folding, SWIB domains were subjected to circular dichro-
ism (CD) and binding experiments immediately after
purification. CD spectra and CD-monitored guanidinium
chloride denaturation experiments suggested that all of
the SWIB domains were soluble and folded (Figure S3),
yet they displayed weak or no binding to the correspond-
ing native p53TADs.

Structural prediction of the complexes using Colab-
Fold(Mirdita et al., 2022) suggested that p53TADy;. srossu-
lus» pS3TADL. camtschaticum and p53TADT. adhaerens all form
an alpha helix upon binding to its respective native
MDM2  (Figure S4). p53TADy.  possuws  and
P53TADy; sapiens both have the same hydrophobic triad in
the binding motif (FxxxWxxL) and the M. trossulus com-
plex aligned well with the human complex. In agreement
with the prediction, p53TADy;  gossuius bound
MDM2y. sqpiens With high affinity (Table 2). Close inspec-
tion of the MDM2y, osums ColabFold prediction
revealed several key amino acid differences in the bind-
ing pocket as compared with MDM2p upienss and
explained the low affinity of the native M. trossulus com-
plex, despite the conserved canonical motif in
PS3TADyy srossuius- These differences include Leu54 (Cys),
Gly58 (Lys), Met62 (Gly), and Val93 (Phe) (numbering
according to human MDM?2 and with the M. trossulus
residue in parenthesis; Figure S5), all of which should
interfere with optimal binding of the pS3TAD. On the

858017 SUOWILLOD @A 181D 3cedl (dde ayy Aq pausenob afe ssjole YO ‘@S Jo ss|n. 10y Areiq1]8UIUO AB]IM UO (SUOTIPUOD-PUB-SWBIW0D A8 |IM A eI 1 Ul |UO//SdNL) SUORIPUOD pUe Swie | 8u8eS *[£202/60/T0] Uo AkiqiTaulluo fe|im ‘afog utey AseAuneesddn Aq ¢89101d/z00T 0T/I0p/W00 A8 1w AzeIq Ul |uUO//SCIY WO1) pepeoumoa ‘. ‘€202 ‘X96869T



MIHALIC ET AL.

~
=3
~

5.20-

5.15
5.10

5.05

Fluorescence intensity

5.00
0.04

0.00 AR,

-0.044 L e

0.00 0.02 0.04 0.06 0.08 0.10
Time (s)

Residuals

—~
(=5
=

4.20

Fluorescence intensity

4.15+

0.03

o.oowwwmwwm
-0.03

0.00 0.05 0.10 0.15 0.20 0.25

Residuals

Time (s)

©

2z

5 0.98-

5

£

[0

&

3

S

2 0.94-

| | | |

2 0.01-

] ]

S 0.00

(7]

& -0.01

I T T T T 1
00 02 04 06 08 1.0
Time (s)

FIGURE 2

THE
PROTEIN 5of17
@ SOCIETY_WI LEY

200
>
§ 4.354
2
| o c
150 0 A& S 4304
o
— 3
» °© S 4.25+
—, 1004 g
o
X £ 420
50+ 2 0.005-
3 0.000"
& -0.005-
0 T T T T T T T T T T T T T T T 1
0 2 4 6 8 10 0 10 20 30 40 50 60
[P53TAD,, ., iens %] (UM) Time (s)
200
2 4.84
€
o 4824
o
o
[0}
» 4.80
[
(s}
3
L 478+
(—‘é’ 0.005+
© 0.000
& -0.005
0 T T T T I T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
[P53TAD, "] (MM) Time (s)
(d)
MDM2 variant  p53 variant p53 sequence k, (UM7's?) Kk (s") K, (uM)
MDM2, ...~ p53TAD, .. '"** -SQETFSDLWKLL--- 25 028  0.011
P53TAD,, 0n,*®  -SQETFSDLWKLLPEN 99 1.0 0.10
MDM2, ... p53TAD,,,,*®  -PTEVFMDLWSML--- 21 1.7 0.09
MDM2, . p53TAD, . .**  DSQE-FAELWEKN--- —
p53TAD, "  DSQE-FAELWEKNL-- 16 31 1.9
p53TAD, Nt DSQE-FAELWEKL--- 16 52 0.34
p53TAD,, """  DSQETFAELWEKN--- 16 37 2.3
P53TAD . rraposs  ~SQETFSDLWNML- - - 25 23 0.09
p63TAD, ... -GQDVLNQLLEML--- 1300
p73TAD, .. -EGPTFEHLWSTL--- 32 37 0.12

Affinity between pS3TAD and MDM2 from extant vertebrate species. Binding was measured using stopped-flow

spectroscopy. (a) Representative traces for the binding (left panel) and the displacement experiments (right panel) of MDM2y; qpiens

interacting with p53TADy, mpiensls

26 k., is determined from the fitting of k,ps values obtained by performing association experiments at

different peptide concentrations (middle panel). (b) Same experiments as in (a) for the chicken MDM2/p53TAD pair. (c) We could not
observe any change in fluorescence upon mixing pS3TADp, rerio- 2% with MDM2p, rerios indicating absence of interaction. (d) Sequence

alignment and kinetic parameters for vertebrate MDM2-p53TAD interactions. The errors are reported in Table 1. *No binding could be
detected with stopped-flow spectroscopy. °The affinity of p63TADp, ,erio Was measured using fluorescence polarization.

other hand, the low affinity of the L. camtschaticum com-

plex is due to changes in the binding motif of

P33TAD;. camischaticun Where only the first two hydropho-
bic residues align because of an extra residue between
the conserved Trp and the third hydrophobic residue
(FxxxWxxxV). p53TAD7. qadnaerens displays two putative
hydrophobic triads in the conserved region (FxxxLxxxW

and LxxxWxxM). A predicted complex between a peptide
containing the first motif and MDM2t ,gngerens aligned
reasonably well with the human complex, while a pep-
tide with the second motif was less well-defined with dif-
ferent directions of the peptide in the structural models
(Figure S4). Finally, p53TAD; scqpuiaris did not adopt the
typical alpha helical conformation seen in the other
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TABLE 1 Affinity and rate constants for resurrected and extant p53TAD-MDM2 interactions.

MDM2 variant
MDM2y. sapiens
MDM2y. sapiens
MDM2g, gaiius
MDM2p, rerio

MDMZL. camtschaticum
MDM2ys. trossutus
MDMzL scapularis
MDM27. aanaerens
MDM2Fishes/TetrapodsML

AltAll
MDMzFisheS/ Tetrapods

THE
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MIHALIC ET AL.

p53TAD variant
PS3TAD 11 sapiens ™
PS3TAD &1 sapiens
PS3TADG, gattus'
P53TADp, yerio ¢
PS3TADp, rerio' ™’
PS3TADD, rerio 0~
PS3TADp, yerio ™™
P53TADrishes/Tetrapods
p73TADp, yerio
P63TADp, rerio
P53TADL. camschaticum
P53TADn. trossutus
P53TADy. scaputaris
P53TAD<. adnaerens

ML
p53TADFishes/ Tetrapods

AltAll
pS 3TAD Fishes/Tetrapods

MDM2geptiles/Mammals P53TADgeptites/Mammals ©
MDM2geptites/Mammals PS3TADReptites/Mammals
MDM2righes/Tetrapods pS3TAD ™"
p53TAD, At
PS3TADgateria
PS3TADgiageria™

Kp (uM) kon (MM s Koge (s7%)
0.011 = 0.002° 2541 0.28 + 0.03
0.10 + 0.002° 9.9 + 0.1 1.0 + 0.02
0.09 + 0.01 21+1 1.7+ 0.1

_c

1.9+ 0.1 159 + 0.6 31+1¢
0.34 + 0.01 155+ 03 52+ 0.1
23+04 16.1 + 0.6 37 +5°
0.093 + 0.01 24.6 + 0.8 2.3+02
0.12 + 0.01 32+1 3.7 + 0.06
130 + 2f

250 + 32

15 + 3

g

g

0.145 + 0.007 28 +1 4.06 + 0.03
0.098 + 0.005 30+1 2.93 + 0.07
0.120 + 0.007 254+ 0.9 3.1+0.1
0.20 + 0.01 18.6 + 0.6 3.7+ 02
0.66 + 0.08 143 + 04 9+1

0.37 + 0.02 183+ 0.6 6.8 + 0.2
2.1+ 04 8.7+ 0.6 18+ 3
0.65 + 0.03 11.6 + 0.3 7.5+ 02

Note: The maximum likelihood (ML) contemporary (phylogenetic tree-matched) and extant interactions are highlighted in bold. AltAll represents alternative
variants with all uncertain positions (posterior probability <0.9) replaced with the second most likely amino acid residue. Point mutations are indicated as
superscripts. Extant species in the table: zebra fish, Danio rerio; chicken, Gallus gallus; human, Homo sapiens; arctic lamprey, Lethenteron camtschaticum; bay
mussel, Mytilus trossulus; deer tick, Ixodes scapularis; and the placozoa Trichoplax adhaerens. The p5S3TAD peptide corresponding to the conserved binding

motif is 12 residues long and corresponds to human residues 15-26 unless otherwise specified.
“The affinity for 12-mer pS3TADyyman is incorrectly high, likely due to a non-native interaction.

"Data acquired at I = 0.20 M from Aberg et al.'s (Aberg et al., 2018).
“The affinity was too low to be measured by stopped flow spectroscopy.
dkoff from extrapolation = 28 + 4 s

®koge from extrapolation = 32 + 357"

Ky from fluorescence polarization displacement experiment with low constant FITC-labeled p53TADyyuman, Which was displaced by excess p53TAD from the

respective species.

8Increase in fluorescence polarization signal was observed with FITC-labeled pSSTADHuman15'26 (see Table 2), but the signal could not be reversed by unlabeled
native p5S3TAD peptide suggesting non-specific binding of p5S3TADjuman’> >°. See Materials section for description of the errors.

complexes. Instead, p53TAD; capuiaris formed a more
extended bound conformation where a Trp was found at
the position of human Phel9, the conserved Leu aligned
with human Trp23 and an Ala occupied the position cor-
responding to Leu26 resulting in a putative WxLxA motif
with a reversed direction of binding compared to other
pS3TAD peptides (Figure S4C). Importantly, the predic-
tions generated for the I scapularis and T. adhaerens com-
plexes exhibited a markedly lower pLDDT confidence
score, as defined by the Colabfold algorithm, with predic-
tion certainty parameters of 50-60 compared to >90 for

other complexes (Figure S4). This low score suggested
non-conservation of the binding motif consistent with the
observed lack of affinity in the binding experiments.

2.2 | Phylogenetic reconstruction of
ancient p53TAD and SWIB domain
sequences

The large differences in affinity observed for the p53TAD/
MDM2 interaction across the animal kingdom prompted
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TABLE 2 Affinity and rate constants for binding of human MDM?2 to extant and ancient p53TAD and for binding of human p53TAD to
extant and ancient MDM2 variants

MDM2 variant p53TAD variant Kp (M) kon (@M ts™) Ko (57Y)
MDM2y; sapiens PS3TADy, sapiens >° 0.011 =+ 0.002 24 +1 0.28 + 0.03
MDM2y; sapiens PS3TADgiateria 0.6 £0.1 19+1 11+2
MDM2y;. sapiens P53TADgiateria A1 0.17 + 0.02 15+1 2.6 +03
MDM2y sapiens p53TAD, M 0.082 =+ 0.006 16.7 + 0.9 1.37 + 0.06
MDM24; sapiens pS3TAD, AL 0.024 + 0.002 29+2 0.70 + 0.04
MDM2y; sapiens P53TADkishes/Tetrapods 0.008 =+ 0.001 43 +1 0.36 + 0.05
MDM2y;. sapiens P53TADrighes/ Tetrapods 0.019 + 0.001 27.3+0.7 0.52 + 0.04
MDM2y sapiens P53TADReptiles/Mammals - 0.008 + 0.001 42+2 0.32 + 0.04
MDM2y; sapiens P53TAD geptites/Mammals 0.0095 + 0.0005 38 +2 0.36 + 0.01
MDM2y sapiens P53TADp, yerio' ¢ -2

MDM24; sapiens P53TADp, rerio™* " 51+0.7 4.0 + 0.6 20.5 +0.1°
MDM2y sapiens p53TADp, rerio 20" 0.19 + 0.02 7.4 +0.7 1.4 + 0.03
MDM2y; sapiens PS3TADp, yerio "5 T18 4.9 +0.9 6+1 29 +1°
MDM2y sapiens p53TADg, gattus™ 2° 0.012 + 0.001 30+ 2 0.32 + 0.014
MDM2y;. sapiens P53TADy, camtschaticum 120 + 14¢ - -

MDM24;. sapiens PS3TAD\ rossulus 0.021 + 0.002 23 +2 0.49 + 0.02
MDM2y. sapiens PS3TAD scaputaris 400 + 130°¢ - -
MDM2y;_sapicns PS3TADY. aanaerens 94 +1%°

MDM2gishes/Tetrapods PS3TADy, sapiens 0.180 + 0.006 18.0 + 0.6 3.24 + 0.05
MDM2pishes/Tetrapods 0.083 + 0.003 227+ 0.5 1.87 + 0.06
MDM2gepiiles/ Mammals 0.15 + 0.01 157 + 0.4 24+02
MDM2geptites/Mammats - 0.16 + 0.02 154 + 04 24+03
MDM2p, erio 0.086 + 0.007 29 +2 2.5+0.1
MDM2¢ gaitus 0.077 + 0.008 142+ 0.8 1.1+0.1
MDM2y;. sapiens 0.018 + 0.006°

MDM2,. camischaticum 27+03"

MDM2y. trossutus 34 +1f

MDM2; scaputaris 71 + 4%

MDM27. adhaerens 360 + 33"

Note: The p53TAD peptide corresponding to the conserved binding motif is 12 residues long and corresponds to human residues 15-26 unless otherwise
specified. The non-native interaction leading to high affinity between p53TADgyman'> 2> and MDM2yyuman is likely present also for the other 12-mer peptides
such that relative affinities can be compared between the 12-mer peptides corresponding to human numbering 15-26.

*The affinity was too low to be measured by stopped flow.

Ok from extrapolation = 24.5 + 3.3 s,

kofe from extrapolation = 27 + 4 sh

9IThe affinity was too low to be measured by stopped flow spectroscopy.

°Kp from fluorescence polarization displacement experiment with low constant FITC-labeled p53TADguman, Which was displaced by excess pS3TAD from the
respective species.

fKD from fluorescence polarization experiment with constant FITC-labeled p53TADyjyman and excess MDM2 concentration.

8Uncertain data since the MDM2/FITC-labeled p5S3TADyyman complex could not be dissociated with native pS3TAD. See Materials section for description of
the errors.

reconstruction of ancient sequences, which could then be
expressed in Escherichia coli, purified and subjected to
binding studies. Thus, to map the evolutionary trajectory
of binding affinity between p53TAD and MDM2 we

us to investigate the evolution of affinity in greater detail
in deuterostome lineages, where high affinity is observed
(Kp = 100 nM-2 pM). The abundance of vertebrate
sequences in public databases allowed for phylogenetic
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FIGURE 3

pS3TADy sapiensls'zﬁ was measured using a fluorescence polarization-based saturation experiment. Kp, for FITC labeled p53TADy; sapiens

H.sapiens

Affinity between pS3TAD and MDM2 from non-vertebrate extant species. (a) Binding between MDM2s and FITC labeled

15-26

was estimated from the curve fitting. (b) In the next step, FITC labeled p53TADy; mpl-ensls’% was competed out by an unlabeled peptide

corresponding to the native p53TAD binding motif, as indicated on the x-axis. ICs, values from the resulting displacement data were used to
estimate Kp, of the native p53TAD/MDM?2 interaction. For T. adhaerens displacement experiments, both a short p53TAD'*>™ (dark purple)
and a full-length p53TAD (light purple, see Excel File 1 in Data S1) were tested, but both failed to displace the weakly bound labeled

peptide. (c) Saturation and displacement experiments showing the interaction between human MDM2 and p53TA

15-26
D

peptide for

comparison. (d) Alignment of the binding motif of p53TAD from human, different non-vertebrate animal species, and the jawless vertebrate
arctic lamprey (L. camtschaticum). Approximate K, values were determined from the data in panels a-c. Error bars for data points indicate

standard deviation from technical replicates; n = 3. Errors for the parameters in panel d are shown in the Excel File 2 in Data S1. *No

binding was detected.

reconstructed and resurrected ancient contemporary (phy-
logenetic tree-matched) sequences in the jawed vertebrate
lineage. Maximum likelihood (ML) ancestral protein
sequences were predicted for the most recent common
ancestor of different extant groups of organisms based on
an alignment of proteins from extant species and their
relationship in a phylogenetic tree. The amino acid posi-
tions with low probability in the reconstructed sequences
(Excel File 3 and 4 in Data S1) were analyzed with regard
to their potential impact on binding using alternative vari-
ants denoted AltAll, (Eick et al., 2016) in which all posi-
tions with a probability below a chosen threshold (0.90)
were changed to the second most likely amino acid residue
(if the probability was at least 0.10). The binding properties
of this “unlikely but not impossible” variant were com-
pared to those of the corresponding ML variant to assess

whether the results were robust with regard to the uncer-
tainty in the reconstruction.

We previously generated alignments and phylogenetic
trees for both p53 and MDM2 family proteins (Aberg
et al., 2017) that were used in the current reconstruction.
Following the whole genome duplications >450 Mya the
vertebrate paralogs of MDM2 and MDM4 have obtained
a substantial number of amino acid substitutions relative
to each other resulting in a low sequence identity, which
precluded reconstruction of the ancestral MDM2/MDM4
protein at 1R (Figure S1). Thus, for MDM2, we recon-
structed the sequence of the common ancestor of “rep-
tiles” (including birds, turtles, crocodiles, snakes, and
lizards) and mammals living ~325 Mya, and for that of
ray-finned fishes and tetrapods (~420 Mya) (Excel File
3 in Data S1).
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Likewise, the p5S3TAD region has experienced substan-
tial changes in terms of substitutions, insertions, and dele-
tions, even in evolutionarily recent times. In fact, the large
number of changes precludes a reliable sequence align-
ment outside of the 12-residue region that facilitates bind-
ing to MDM2 SWIB (Figures 1, S1, S6, S7, and Excel File
4 in Data S1). Thus, the 12-residue binding motif was
reconstructed for the fishes/tetrapods and reptiles/
mammals nodes, allowing a direct assessment of binding
to phylogenetic tree-matched MDM2. We also recon-
structed pS3TAD;x™" and p53TAD,™M" from the time of
the whole genome duplications 1R and 2R (~450 Mya),
corresponding to the ancestral p53/p63/p73 protein
(1R) and p63/p73 (2R), respectively (and assuming that the
duplications occurred in an ancestral gnathostome). Fur-
thermore, we reconstructed the even older p5S3TADgiater-
ME from the common ancestor of all bilaterian animals
(protostomes and deuterostomes) living ~600 Mya.

2.3 | Evolution of the p53TAD/MDM?2
affinity in the vertebrate lineage

Reconstructed ancestral protein sequences were resur-
rected through peptide synthesis or expression in E. coli.
Peptides corresponding to p53TADM" and purified
MDM2M"s and their AltAll versions were subjected to
stopped-flow experiments in order to determine affini-
ties. (Figure 4a, Table 1). Finally, as a common refer-
ence, we measured affinities for ancestral p53TAD
variants against MDM2y gpiens and ancestral MDM2s
against p53TADy sapiens . (Table 2).

(a) Placozoa s@® | K ™= > 300 uM

& ey WILEY-L 2o

The binding affinity of the most ancient contempo-
rary complex we could resurrect, that between
MDMzFishes/TetrapodsML and p53TADFishes/TetrapodsML’ was
145 nM (98 nM, for the AltAll complex) (Table 1). For
MDM2gcptites/Mammals ~ and  p53TADgeptites/Mammals >
we obtained a K, of 120 nM (200 nM for the AltAll com-
plex), which is very similar to that of the older fishes/tet-
rapod complex. Further diversification in the reptile and
mammalian lineages retained or even increased the affin-
ity of the complex, as shown by the native interactions of
human and chicken p53TAD/MDM2 (Table 1), but also
by the very similar (and artificially low) Kp values
between MDM2y qpiens and extant as well as ancient
reconstructed p53TADs: p53TADy Sapiens,15_26 p53TADg,
gallus,15726 p53TADFishes/TetrapodsML, and p53TADReptiles/
Mammals' ¥ (7.5-11 nM, Table 2). Furthermore, the ances-
tral MDMZFishes/Tetrapods and MDM2Reptiles/Mammals dis-
play a similar affinity with human p53TAD (Kp = 80-
180 nM) as with their reconstructed contemporary
p53TADs corroborating an overall retained affinity
among tetrapods.

2.4 | Deeper evolution of the TAD

The three paralogs in the gnathostome p53 family, p53,
p63, and p73, probably originated from a gene present in
an ancestral vertebrate at the time of the first whole
genome duplication 1R (McLysaght et al., 2002). Gener-
ally, all three proteins have the three highly conserved
hydrophobic residues FjoxxxW,3xxL,s within the
12-residue binding motif, although fish p63TADs usually

(b) psatap,,,

o SQETFNHLWNTL
M.trossulus =
Mollusks @ | K, 15 M p53TAD, M- SOETFNHLWNML
Arthropods @' | K=" > 300 uM
‘ Ko = 0.7-2 pM with MDM2,, ... oo M ‘ PS3TAD, rapoce” SQETFSDLWNML
Jawless fishes =3 ‘ K eamtschaticum ~ 250 M ‘
o Ky =0.4-0.7 uM with MDM2,,_ ... W | P53TAD, e SQETFSDLWNLL
Bilaterian ancestor Bony fishes y@ | K Drero = 2 M P!
D
K =0.1-0.2 uM p53TAD 5%  SQETFSDLWKLL
1RI2R o . sapiens
duplications . —> Mammals IR K Hsapions = 0.1 M g
Fishes vs Tetrapods node K,=0.1-0.2 yM p63TAD,, sapions SPEVFQHIWDFL
. Birds N [ K59 = 0.08 uM
Reptiles v.s Mammals node D — p73TADH_ wons GGTTFEHLWSSL

750 500 250 Present time

Million years ago (approximately)

T
15 20 25

FIGURE 4 Evolution of MDM2-p53 interaction. (a) Simplified phylogenetic tree depicting the evolution of p53TAD/MDM2 affinity. Kp
values for ancestral and extant complexes in selected lineages were determined by stopped-flow spectroscopy and fluorescence polarization
experiments (see Table 1 for errors). The p5S3TAD in the 1R node corresponds to the most recent common ancestral p53/p63/p73 protein
reconstructed from extant jawed vertebrates (gnathostomes). The genome duplications giving rise to the p53 family paralogs may have
occurred prior to the split with jawless fish (agnatha), but this putative earlier p53TAD;x motif could not be reconstructed due to few
agnatha sequences and unclear phylogeny of the L. camtschaticum paralogs. (b) Alignment of the reconstructed p53TAD binding motifs and

the human p53TAD, p63TAD, and p73TAD paralogs.
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contain Leu at position 23. However, outside of the bind-
ing motif, their TADs differ substantially in amino acid
sequence following 450 Mya of evolution. In particular,
p53TADs differ considerably between orthologs whereas
p63TAD and p73TAD, respectively, are much more con-
served (Figure S7). Previous experiments demonstrated
that p53TADy. sapiens and p73TADy. sapiens have high
affinity for MDM2p sqpiens in contrast to p63TADy sapienss
which has low affinity (K = 6.1 pM) despite conserva-
tion of the FioxxxW,3xxL,e motif (Aberg et al., 2018;
Schon et al., 2002; Zdzalik et al., 2010). In the present
study we included the p63 and p73 paralogs from
D. rerio. Unlike p53TADp, 0, the conserved motif of its
paralog p73TADp, ,erio retained high affinity toward
MDM2p, yerio (Kp = 0.12 pM). p73TADp. ,erio has the
FoxxxW,3xxL,¢ motif whereas p63TADp i, has a Leu
residue in all three positions and very low if any affinity
for MDM2p, ;erio (Kp > 100 pM as estimated by fluores-
cence polarization) (Figure 2D). While there is some
remaining redundancy in function, p53, p63, and p73
provide an example of gene duplication(s) followed by
neofunctionalization, that is, divergent evolution result-
ing in new functions where p53 is more involved in cell
cycle arrest and apoptosis while p63 and p73 play a role
in development (Levrero et al, 2000; Rozenberg
et al., 2020; Rozenberg et al., 2021).

We could not resurrect 1R and bilaterian MDM2 vari-
ants. Therefore, the affinities of the reconstructed
pS3TAD ;™" and pS3TADz**! (from the most recent
ancestral p53/p63/p73 protein) and of p53TADgijaceria -
and p53TADgiateria " (from the most recent ancestral
bilaterian p53), were measured toward MDM2y upiens
and MDM 2gishes/Tetrapods '~ (Tables 1 and 2). p53TAD,g
showed higher affinity for both MDM2y; qpiens (Kp = 24—
82nM) and MDM2gishes/Tetrapods .~ (Kp = 370-660 nM)
than p53TADgijateria (Kp = 170-600 nM and 1.3-1.7 pM,
respectively). Thus, in particular p53TADgjjateria binds
much weaker than the historically younger
p53TADH sapienss15726 pSSTADG gallus’14726 pS3TADFiSheS/
Tetrapods > and PS3TADgeptiles/Mammals - Comparison of
sequences (Figure 4b, Excel File 4 in Data S1) suggests
that two substitutions underlie the increased affinity of
the younger p53TADs. First, Ser (or Thr) at position
25 was replaced by the hydrophobic residue Met
(or possibly Gln), before the genome duplications and
later with Leu in the tetrapod lineage. Second, the crystal
structure of the human p53TAD/MDM2 interaction
shows that Thrl8 in p53TAD hydrogen bonds intramo-
lecularly with Asp21, stabilizing the bound helix confor-
mation (Kussie et al., 1996). The present work suggests
that His21 — Asp was the original substitution that
allowed formation of an N-cap, resulting in higher

affinity, and which occurred between the genome dupli-
cations and the divergence of bony fishes and tetrapods.
We also note that p53TAD,z™" (which is the most recent
ancestral p63/p73 protein) was very similar to
p53TAD ™", but with a higher probability of Asp
instead of Glu at position 17 (Excel File 4 in Data S1),
reflecting that the genome duplications 1R and 2R likely
occurred relatively close in time, irrespective of when the
agnatha lineage branched off.

3 | DISCUSSION

The evolution of functional traits is very complex and
depends on interactions between multiple proteins.
Despite the complexity, deciphering the molecular evolu-
tion of proteins can inform about structure—function rela-
tionships and evolutionary mechanisms governing their
emergence (Harms & Thornton, 2013; Siddiq et al., 2017;
Steube et al., 2023). Intrinsically disordered regions
(Wright & Dyson, 2015) in proteins often contain motifs
recognized by folded interaction domains (Fuxreiter
et al., 2004; Tompa et al., 2014). The interaction between
disordered binding motifs and domains are common in
signaling pathways and transcriptional regulation and sev-
eral aspects make such protein—protein interactions
involving disordered protein regions particularly interest-
ing from an evolutionary perspective. For example, except
for certain key positions, such interactions appear robust
to changes in the amino acid sequence increasing the pos-
sibility for permissive neutral substitutions, which may
allow new functions to evolve upon further mutation and
selection (Hultgvist et al., 2017). In addition, interactions
of this type are often hijacked by viral proteins, (Mihalic
et al., 2023) potentially imposing additional selection pres-
sure. While we here attempted to pinpoint historical
amino acid substitutions shaping the affinity between the
p53TAD binding motif and MDM2, as done for other short
motifs, (Laursen et al., 2021) conformational heterogeneity
among the bound conformations of p53TAD is also likely
contributing to the variation in affinity. Such structural
plasticity, previously observed in evolution of protein-
protein interactions, (Hultqvist et al, 2017; Jemth
et al., 2018) is likely connected to general frustration of
binding involving disordered regions, where several possi-
ble conformations compete and where none is perfectly
optimized (Gianni et al., 2021).

Our present study suggests an ongoing and dynamic
evolution of affinity in the interaction between the intrin-
sically disordered p53TAD and the folded SWIB domain
of MDM2. In particular, we observe a wide range of affin-
ities for the p53TAD/MDM2 complex among extant
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bilaterian animals. This raises the question about the
affinity of the ancestral bilaterian p53TAD/MDM?2 com-
plex present 600 Myr. Since reconstruction of an ances-
tral bilaterian MDM2 was not possible, we cannot be
confident about the affinity of the ancestral complex.
However, based on experimental data obtained with the
reconstructed ancient p53TADgiateria > P53TADgilater.
oM and MDM2gighes/Tetrapoas > and with the extant
MDM2y. gapiens We speculate that the conserved binding
motif in the bilaterian complex had a Kp, value in the low
pM range. Subsequently, higher affinity evolved in the
lineage leading to fishes and tetrapods by formation of an
N-cap in the p53TAD helix between position 18 and
21, and new hydrophobic interactions formed by the resi-
due at position 25. After the split of the paralogs p53,
p63, and p73 in an ancestral vertebrate, further evolution
occurred in the motif in the respective paralog. For exam-
ple, human and D. rerio p73TAD have high affinity for
MDM2 and can likely form the N-cap, whereas p63TAD
lacks hydrogen bond donor/acceptors at the correspond-
ing positions, which results in a shorter helix and lower
affinity (Shin et al., 2015). Moreover, the canonical bind-
ing motif in p53TADp, ,erio has evolved a lower affinity
for MDM2 by loss of the hydrogen bond donor at position
18. In addition, an Asn residue at position 26 in the con-
served interaction motif of p5S3TADp, e, instead of Leu,
further reduces affinity for MDM2. Nevertheless, the reg-
ulatory interplay between p53 and MDM2 is present: Pre-
vious studies have shown that DNA damage activates p53
in D. rerio (Lee et al.,, 2008) and that knockdown of
MDM2 in embryos is lethal due to p53 activation and
apoptosis (Langheinrich et al., 2002; Chua et al., 2015).
Turning to non-vertebrates, the p53/MDM2 system
appears functional in mollusks (Muttray et al., 2010) and
in T. adhaerens (Siau et al., 2016) despite the very low or
even absent apparent affinity between their p53TAD and
MDM2 SWIB domains. The low affinity can be explained
by either a degenerate binding motif in p53TAD
(L. camtschaticum), a suboptimal binding pocket in
MDM2 (M. trossulus) or both (I. scapularis and
T. adhaerens). The question arises: How can the observed
radical differences in p5S3TAD/MDM?2 affinity across bila-
terian animals be compatible with a similar function?
Obviously, while pivotal for binding to occur, affinity
from interactions formed in the binding interface is not
the sole determinant of a protein interaction. Concentra-
tions of the interacting proteins could be regulated to
compensate for suboptimal affinity. Affinity could also be
modulated by disordered regions and domains outside of
the central binding interface (Bugge et al., 2020; Karlsson
et al., 2022). Indeed, for p53 and MDM2, an interaction
between the DNA-binding domain of p53 and the acidic

domain of MDM2 was identified (Shimizu et al., 2002)
and shown to be important for ubiquitination (Wallace
et al., 2006). This interaction may directly increase the
affinity between the proteins and be part of the co-
evolution of all factors influencing p53 regulation. Never-
theless, for the human interaction, and focusing on the
TAD, the conserved binding motif is sufficient for high-
affinity MDM2 binding with little contribution from
flanking regions, including the second less-conserved
binding motif AD2, which binds CBP/p300 (Aberg
et al., 2018; Schon et al., 2002; Teufel et al., 2007; Teufel
et al., 2009; Ferreon et al., 2009). In addition, we observed
no binding with a full-length p53TAD from T. adhaerens.
Thus, the lack of measurable p53TAD/MDM?2 affinity in
proteins from T. adhaerens and deer tick as well as the
low affinity in Japanese lamprey and bay mussel
p53TAD/MDM2 is intriguing. One possibility is that p53
is not controlled by MDM?2 in all species, or at least that
the p53TAD/MDM2 interaction is not necessary. The
observed low affinity could then be a relic from an ear-
lier functional interaction in the most recent bilaterian
ancestor. In the insect Drosophila melanogaster and
the nematode Caenorhabditis elegans, which both lack
a gene encoding MDM2, p53 is regulated by other
proteins (Lane & Verma, 2012; Brodsky et al., 2000;
Sekelsky et al., 2000), showing that a loss of MDM2-
mediated p53 regulation is biologically feasible. It is
therefore not unreasonable that the functional interac-
tion between p53 and MDM2 has been lost in other
arthropod subphyla closely related to insects, such as
Chelicerata (ticks, spiders), although the interaction
domains are still present in the proteins. However, as
noted above, other interaction surfaces may promote
the association between p53 and MDM2 and maintain
the regulation.

The dynamic evolution of p53TAD affinity, as illus-
trated by the changes at positions 18 and 25, is also visi-
ble in its phosphorylation sites. Phosphorylation of Thr18
has been shown to reduce affinity for MDM2 while
increasing affinity for the transcriptional coregulators
CBP/p300 (Teufel et al., 2009; Ferreon et al., 2009). Fur-
thermore, phosphorylation of Thrl8 is contingent on
prior phosphorylation of Serl5 (Sakaguchi et al., 2000).
In agreement with these findings, both Ser15 and Thr18
(or Ser18) are highly conserved among vertebrates, but,
surprisingly, both have been lost in the bird clade
(Figure S6). Another example involving phosphorylation
is an apparently recent innovation in the primate lineage
at Thr55, positioned in the second interaction motif AD2,
which is much less conserved than the N-terminal motif.
In human p53, AD2 was recently shown to regulate DNA
binding via an intramolecular interaction with the
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adjacent DNA-binding domain, thereby promoting spe-
cific over non-specific DNA binding (Krois et al., 2018;
He et al., 2019). Phosphorylation of Thr55 further modu-
lates this interaction by increasing the affinity of AD2 for
the DNA-binding domain and thereby impeding binding
cooperativity for the tetrameric p53 to DNA (Sun
et al., 2021). Thr55 (or Ser55) is present in our closest rel-
atives (monkeys, lemurs, and tarsiers). However, p53s
from mouse, rat (Asp55), and dog (Glu55) have a perma-
nent negative charge in the corresponding position, sug-
gesting a constitutively high affinity for the DNA-binding
domain (Figure S6).

Overall, the large differences in the p53TAD sequence
observed among extant animals as well as the observed
differences in affinity between the binding motif and the
SWIB domain of MDM2 demonstrate high evolutionary
plasticity in p53TAD and in its interaction with MDM2.
By inference, the interactions between p53TAD and the
transcriptional coregulators CBP/p300 may also be sub-
ject to changes over evolutionary time, as suggested by
the striking changes at regulatory phosphorylation sites
in p53TAD. In general, transcription factors regulating
development and morphological phenotype are con-
served (Carroll, 2008). It is interesting to contrast the low
conservation of p53TAD with the much higher conserva-
tion in p63TAD and p73TAD (Figure S7), which
(in particular p63) are proposed to be involved in devel-
opment (Levrero et al., 2000) and protection of DNA in
the germ line, the likely ancestral function
(Levine, 2020). Apparently, following the genome
duplications 450 Myr, in the ancestral gnathostome lin-
eage, p53 evolved toward a new and central role in
monitoring DNA damage in somatic cells. On the face
of it, the high evolutionary rate of changes in the
amino acid sequence in p53TAD, evident from the
comparison of different extant tetrapods (Figure S6), is
hard to reconcile with its interactions with both MDM?2
and CBP/p300, and the centrality of p53 as a pleiotro-
pic hub protein involved in multiple pathways
(Levine, 2020). However, recent studies have shown
that the exact sequence of TADs are often not crucial
for binding coactivators as long as key elements are
present in the binding motif, in particular hydrophobic
residues (Trp, Leu) separated by negatively charged
Asp or Glu (Zarin et al., 2017; Sanborn et al., 2021;
Staller et al., 2022; Mar et al., 2023). It has also been
shown that hub proteins such as p53 that connect dif-
ferent biological “modules” (intermodule hubs) are
generally less constrained and evolve faster than hub
proteins regulating a specific biological process (intra-
module hubs). (Han et al., 2004; Fraser, 2005) Further-
more, it is likely that p53 has slightly different roles
related to life cycle and lifespan even among

vertebrates. Thus, considering these points, evolution
of p53TAD by relative fast neutral drift in uncon-
strained disordered regions (Brown et al., 2010) may
underlie functional adaptation in different lineages and
explain the observed low sequence conservation in
p53TAD and variation in affinity for MDM2.

4 | EXPERIMENTAL PROCEDURES

4.1 | Ancestral sequence reconstruction
Sequence alignment of p53 was conducted in Guidance
using the MAFFT algorithm with advanced options where
the pairwise alignment option set to local pair and max-
iterate option set to 1000 iterations. The full alignment
contained 342 species (Text Files 1 and 2 in Data S1). The
alignment was modified by removing gaps with a gap tol-
erance set to 95%. For p53, the alignment of bird
sequences was manually curated such that they grouped
with reptiles, which are closer relatives than mammals
according to the established tree of life. Furthermore, echi-
noderm, hemichordate, and lamprey sequences were
removed since they did not group according to the tree of
life. A phylogenetic tree was generated in MEGA X using
maximum likelihood and the JTT substitution model. The
tree was rooted against p53 from T. adhaerens and used to
reconstruct ancestral sequences. The MDM2 alignment
was performed with ClustalO and included sequences
from 123 species (Text File 3 in Data S1). A maximum
likelihood tree was generated (JTT, MEGA X) and rooted
against MDM2 from Callorhinchus milli, a chondrichthyes
(cartilaginous fish). The alignment and phylogenetic tree
were updated for MDM?2 using additional fish and bird
sequences as compared to the previous study (Aberg
et al., 2017). Thus, ancestral reconstruction was performed
using MEGA X to obtain maximum likelihood sequences
for p53TAD and the SWIB domain of MDM2, which are
presented with posterior probabilities in Data S1 (Excel
File 3 and 4 in Data S1). AltAll variants of the recon-
structed sequences included residues for which the poste-
rior probability of the ML residue was lower than 0.90 and
where the probability for the second most likely residue
was at least 0.10.

The reconstructed sequences for p53TAD from the
most recent common ancestor of fishes and tetrapods
(p53TADFiSheS/TetrapodsML) showed high confidence in
many positions such as the three key residues defining
the core motif: F;oxxxW,3xxL,e. On the other hand, the
residues at positions 20, 21, and 25 were less certain
(Excel File 4 in Data S1). Two p53TADs were included in
reconstructed ancient complexes (where both p53TAD
and MDM2 were reconstructed): p53TADFisheS/TetrapodsML
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and p53TADxgeptiles/Mammals - The second most probable
residues were included in pS3TADFishes/TetrapodsA“A“ at
two positions (Serl8 and Leu25) and at one position
(Met18) in  P53TADgeptiles/Mammals - The ML
sequences from 1R and 2R differed at one position and
since p53TAD,y represents the ancestral p63/p73 motif,
only p53TAD,g was used in the experiments, since it rep-
resents the ancestral gnathostome p53/p63/p73 motif.
Both p53TAD; and the older p53TADg;jaeria WeTe recon-
structed with less confidence than the more recent
p53TADFisheS/TetrapodS and p5 3TADReptiles/Mammals-

The reconstructed MDM2 variants used in the present
study correspond to residues 17-125 of human MDM2, that
is, the ones visible in the crystal structure. Out of these
109 residues, 29 residues had a posterior probability below
0.90 in the MDMZFisheS/TmapodSML variant and six residues a
probability below 0.50. The majority of the uncertain resi-
dues are in either the N- or C-terminus. In the MDM2gep,-
dles/Mammals |~ variant, 12 residues had a posterior
probability less than 0.90 of which only one was below 0.50
(the last one in the sequence). AltAll variants contained
23 (MDMzFishes/TetrapodsAltAll) and 12 (MDMZReptiles/Mammal-
AIADY - qnbstitutions  as compared to their respective
MDM2M* variant (Excel File 3 in Data S1).

4.2 | ColabFold predictions

We used the ColabFold: AlphaFold2 using MMseqs2
(Mirdita et al., 2022; Jumper et al, 2021; Evans
et al., 2021) to predict complexes between the SWIB
domain of MDM2 and peptides corresponding to the con-
served binding motif in p53TAD, from different species.
The structures of MDM2 were similar to that of the crys-
tal structure of the human MDM2/p53TAD complex
(Kussie et al., 1996). p53TAD peptides were often, but not
always predicted to bind in a similar fashion as in the
human complex. The predictions were used to aid
sequence alignment and interpretation of binding data as
described in the Results section.

4.3 | Protein expression and purification
Extant and reconstructed cDNA encoding MDM2 vari-
ants were purchased from GenScript in either a pSY10
plasmid resulting in a construct with an N-terminal
NusA domain followed by a TEV protease site, a His-tag,
a PreScission protease site and the MDM2 variant: NusA-
TEV-Hisg-PreScission-MDM2, or a pETM33 plasmid
resulting in Hiss-GST-PreScission-MDM2  construct.
Thus, the MDM2 SWIB domains shown in Figure 1

contains GPGS or GPMG at the N-terminus after PreScis-
sion digestion. A complete list of constructs is provided
in Excel File 1 in Data S1. The cDNA was transformed
into Escherichia coli BL21 (DE3) pLys or Escherichia coli
BL21 (DE3) cells (Invitrogen) using heat-shock. The cells
were grown in LB medium at 37°C and overexpression of
the fusion protein was induced with 1 mM isopropyl-p-D-
thiogalactopyranoside when the optical density at
600 nm reached 0.7-0.8. The induced cultures were incu-
bated overnight in a rotary shaker at 18°C. Cells were
centrifuged and the pellet was resuspended in a binding
buffer (400 mM sodium chloride, 50 mM sodium phos-
phate, pH 7.8, 10% glycerol) followed by sonication to
lyse the cells. Thereafter, cells were centrifuged at 4°C to
remove cell debris and the supernatant was filtered and
loaded onto a Nickel Sepharose Fast Flow column
(GE Healthcare) in the case of pSY10 constructs. The
fusion protein was eluted using binding buffer with
250 mM imidazole and then further purified using size-
exclusion chromatography on a Hi load 16/60 Sephacryl
S-100 column (GE Healthcare) in the binding buffer with
pH adjusted to 7.4. The fusion protein was then cleaved
with PreScission (produced in house) protease overnight
at 4°C followed by a second run on the size-exclusion
chromatography column to remove the NusA protein. in
the case of pETM33 constructs, after removing cell debris
the supernatant was loaded onto Pierce™ Glutathione
Agarose beads (Thermo Scientific), washed with wash
buffer (50 mM Tris, 300 mM NacCl, pH 7.8) and eluted in
GST elution buffer (50 mM Tris, 300 mM NaCl, 10 mM
reduced glutathione, pH 7.8). Fusion protein was cleaved
with PreScission protease overnight at 4°C and applied to
Nickel Sepharose Fast Flow column to remove the tag.
To remove any residual impurities final step of size-exclu-
sion chromatography on a Hi load 16/60 Sephacryl S-100
column (GE Healthcare) in the binding buffer with pH
adjusted to 7.4 was employed. Purity of all samples was
checked with SDS-PAGE and MALDI-TOF mass spec-
trometry and pure samples were dialyzed against the
experimental buffer (20 mM sodium phosphate, pH 7.4,
150 mM NacCl, 1 mM TCEP). Protein concentration was
determined by measuring the absorbance at 280 nm and
using extinction coefficients calculated from the amino
acid sequence.

All p53TAD peptides were ordered as acetylated
peptides (Ontores Biotechnology, GL Biochem Shang-
hai Ltd, and GeneCust [France]) and dissolved in the
experimental buffer (20 mM sodium phosphate, pH 7.4,
150 mM NaCl). The peptide identity was checked
with MALDI-TOF mass spectroscopy and the concen-
tration was determined by measuring Trp absorbance at
280 nm.
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44 | Kinetic experiments

Affinity from kinetics was determined from measured
values of association and dissociation rate constants
(Kp = kogi/kon), which can be determined with high pre-
cision and accuracy in stopped-flow spectroscopy experi-
ments (Aberg et al., 2018). All experiments were
performed at 10°C in 20 mM sodium phosphate, pH 7.4,
150 mM NaCl with addition of 1 mM of the reducing
agent TCEP (experimental buffer). Kinetic experiments
were performed in order to determine the association
and dissociation rate constants, k., and kg, and the dis-
sociation equilibrium constant, Ky (i.e., as the ratio of
the rate constants, kog/kon). All experiments were per-
formed on an upgraded SX-17 MV stopped-flow spec-
trometer (Applied Photophysics). The binding was
monitored using the change in emission of Trp23 in
p53TAD which binds in a hydrophobic pocket of
MDM2. The excitation wavelength was set to 280 nm
and emission was monitored at 330 + 25 nm using an
optical interference (band-pass) filter. The rate con-
stants, k., and kg, were determined in separate experi-
ments. In both cases, the change in fluorescence was
recorded with time and fitted to a single exponential
equation to extract the observed rate constant kops. To
determine the association rate constant, MDM2 was
held at a constant concentration of 0.5-2 pM (depending
on the affinity of the complex and the change in fluores-
cence upon binding) and mixed with varying p53TAD
concentrations in the range 1-10 pM. The observed
rate constant, k,,s, was plotted against the p53TAD
concentration and fitted to a reversible bimolecular
interaction (Malatesta, 2005), from which k,, was
extracted. To determine the dissociation rate constant
ko, a pre-formed complex of pS3TAD and MDM2
(1 pM:1 pM) was mixed with excess (10-20 uM) of an
N-terminally dansylated human p53TAD peptide (D-
ETFSDLWKLLP), which displaced unlabeled p53TAD
in the complex. The observed rate constant k,,s was
plotted against the concentration of dansylated p5S3TAD
and kg was determined at high concentrations of dis-
placer, where it equals k. For low-affinity complexes,
where ko was >20s !, ko could be independently
determined from binding experiments and shown to be
similar to those from displacement experiments. kg
values are given with the curve fitting error and errors
in kog are standard deviation from two or three repli-
cates (displacement experiment) or fitting error (extrap-
olation in binding experiment). Errors for Kp values
(= kott/kon) were calculated from propagating the errors
of kg and kgp.

4.5 | Fluorescence polarization
experiments

FP can detect weak affinities (Kp values in the high pM
range), although the accuracy is lower than for the
other methods. In FP experiments we observed direct
binding using a FITC-labeled p53TAD peptide and
used unlabeled peptides containing the binding motif
to displace the labeled one. FP experiments were per-
formed at room temperature using the same buffer as
kinetic experiments. For saturation experiments the
FITC labeled human peptide was held at a constant
concentration of 6 or 10 nM and mixed with the 1:1
dilution series of different MDM2 proteins (the highest
concentration of proteins were 89, 37, 50, 22, and
7.3 uM for T. adhaerens, M. trossulus, I. scapularis,
L. camtschaticum and H. sapiens MDM2, respectively)
in black, non-binding surface, flat bottom 96-well
plates (Corning Life Sciences). The polarization was
measured at excitation/emission wavelengths of
485/535 nm on a SpectraMax iD5 plate reader. Satura-
tion binding curves were fitted to a hyperbolic binding
equation to obtain Kp. For the displacement experi-
ments, the concentration of labeled human peptide and
MDM?2 protein (p53TADy sapiens 0 peptide at 6 or
10 nM, MDM2 proteins at 50, 25, 32, 10, and 2 uM for
T. adhaerens, M. trossulus, I. scapularis, L. camtschati-
cum, and H. sapeins MDM2, respectively) were held
constant and mixed with the 1:1 dilution series of the
competing peptides (highest concentrations of peptides
were 382, 187, 1060, 924, 775, and 29.5pM for
T. adhaerens, T. adhaerens full length, M. trossulus,
L scapularis, and L. camtschaticum p53TAD, respec-
tively). The resulting displacement curve was fit to a
sigmoidal dose-response (variable slope) equation to
obtain an ICs, value, which was in turn used to calcu-
late Kp values for the competing peptides as described
previously(Nikolovska-Coleska et al., 2004) (Excel File
2 in Data S1). Errors were calculated as standard error
of mean (SEM) of calculated Ky, values for the displacer
peptides resulting from independent fit of ICsy values
for the replicate measurements.

4.6 | Isothermal titration calorimetry

ITC experiments were performed with MicroCal iTC200
(GE Healthcare) at 25°C. To minimize buffer mismatch
the MDM2 proteins and p53TAD peptides were dialyzed
against experimental buffer prior to experiments. The
concentrations of MDM2 proteins in the cell was 59.4,
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57.2, 62, and 44 pM for T. adhaerens, M. trossulus,
L scapularis, and L. camtschaticum MDM2, respectively
and the concentration of p53TAD peptides in the syringe
was 594, 587, 645, and 440 uM for T. adhaerens,
M. trossulus, I. scapularis, and L. camtschaticum p53TAD,
respectively. The data were analyzed using the built-in
software and the two-state binding model was assumed.

4.7 | Circular dichroism spectroscopy

To assess the secondary structure content of various
MDM?2 domains, CD was monitored between 200 and
250 nm with a 1 nm bandwidth, scanning speed 50 nm/
min and data pitch 1 nm. Experiments were performed
on a J-1500 spectrometer (JASCO) in an experimental
buffer at 25°C and at 20 pM MDM2 concentration. To
monitor protein unfolding the proteins were mixed with
increasing concentration of guanidinium chloride
(GdnCl) up to a final concentration of 6 M and the CD
signal was measured at 222 nm. The data (CD signal
vs. GdnCl concentration) were analyzed according to a
two-state unfolding mechanism to obtain mpy value,
and (GdnCl) midpoint of denaturation (Fersht, 1999). A
cooperative sigmoidal denaturation suggested that the
MDM2 proteins were folded in the experimental buffer.
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