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SUMMARY

The amyloid-like aggregation propensity present in
most globular proteins is generally considered to
be a secondary side effect resulting from the require-
ments of protein stability. Here, we demonstrate,
however, that mutations in the globular and amyloid
state are thermodynamically correlated rather than
simply associated. In addition, we show that the
standard genetic code couples this structural corre-
lation into a tight evolutionary relationship. We illus-
trate the extent of this evolutionary entanglement of
amyloid propensity and globular protein stability.
Suppressing a 600-Ma-conserved amyloidogenic
segment in the p53 core domain fold is structurally
feasible but requires 7-bp substitutions to concomi-
tantly introduce two aggregation-suppressing and
three stabilizing amino acid mutations. We speculate
that, rather than being a corollary of protein evolu-
tion, it is equally plausible that positive selection for
amyloid structure could have been a driver for the
emergence of globular protein structure.

INTRODUCTION

The Anfinsen postulate states that protein folding is a thermody-
namically determined process and, thus, that all of the informa-
tion required to adopt the native conformation is encoded in the
amino acid sequence of a protein (Anfinsen, 1973; Anfinsen and
Haber, 1961). For most proteins, however, this principle is
embedded in a more complex reality dictated by physico-chem-
ical constraints on protein folding kinetics and thermodynamics.
Local structural propensities can conflict with the native state
conformation, resulting in structural frustration (Dill et al,
2008). These local versus global structural contradictions are a
source of protein misfolding and lead to less efficient protein

folding. For some proteins, this results in folding kinetics that
are too complex to be resolved without the help of molecular
chaperones (Horwich et al., 1990; Jayaraj et al., 2020). A major
form of structural frustration is the tendency of local sequence
fragments to form intermolecular interactions with the identical
sequence fragment of another protein chain by B strand associ-
ation, resulting in formation of amyloid-like assemblies (ladanza
et al., 2018).

Amyloid assembly is therefore a competitive side reaction of
protein folding that significantly affects folding efficiency and re-
quires a significant amount of metabolic energy to avoid aggre-
gation (Landreh et al., 2016). It is not only detrimental to protein
function, but the amyloid conformation is also associated with
toxic gain of function in a range of degenerative pathologies
(Dobson et al., 2020). It is therefore considered that the high ag-
gregation propensity of proteomes across all kingdoms of life is a
negative side effect of globular protein structure and their
requirement of a hydrophobic core (Ganesan et al., 2016; Rous-
seau et al., 2006). As discussed above, this strained relationship
between protein stability and aggregation led to a redefinition of
the Anfinsen postulate, where the native folding landscape is in
competition with a second aggregation-determining energetic
landscape (Jahn and Radford, 2008). These competing land-
scapes are characterized by very different structural topologies
that are dominated by different non-covalent interactions (la-
danza et al., 2018). The amyloid conformation is a multimolecular
assembly that is dominated by backbone-backbone interac-
tions, whereas the globular structure is generally a monomolec-
ular conformation that is predominantly stabilized by side-chain
interactions (Fitzpatrick et al., 2011; Eisenberg and Sawaya,
2017).

As a result, aggregation is concentration dependent, whereas
folding is concentration independent. Thus, the lower the aggre-
gation propensity of a protein, the higher concentration at which
it can be safely expressed. Many proteins, we now know, have
expression levels reaching or exceeding their critical concentra-
tion so that, in effect, the native state is a meta-stable conforma-
tion (Ciryam et al., 2015; Tartaglia et al., 2007). It is still unclear

Cell Reports 317, 107512, April 14, 2020 © 2020 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:frederic.rousseau@kuleuven.be
mailto:joost.schymkowitz@kuleuven.be
https://doi.org/10.1016/j.celrep.2020.03.076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.03.076&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

OPEN

ACCESS
CellPress

why proteins live at the limit of or above their intrinsic solubility
and why protein folding is, in fact, controlled kinetically rather
than thermodynamically. To approach these questions, we
need to have a better understanding of the structure-activity
relationship between the amyloid and the globular state of pro-
teins. Here we set out to explore the biophysical, structural,
and evolutionary degrees of freedom that are available to ther-
modynamically favor globular structure with respect to the amy-
loid state.

We find that, rather than being simply associated by overlap of
average biophysical properties, mutations in the globular and
amyloid state are thermodynamically correlated. In addition,
we show that the genetic code couples this correlation into a
tight evolutionary relationship. We discuss the structural and
evolutionary implications of this underestimated thermodynamic
relationship. Finally, we speculate how this could have contrib-
uted to an amyloid origin of the globular protein universe.

RESULTS

Proteins with High Thermal Stability Are Enriched in
Amyloid Sequences

It is well established that amyloidogenic segments (aggrega-
tion-prone regions [APRs]) are mostly located in buried posi-
tions in the native structure, but they can, to a lesser extent,
also be found at exposed sites of functional importance, such
as those required for binding or catalysis (Ganesan et al.,
2016; Castillo and Ventura, 2009; Buck et al., 2013). Here we
investigated the relationship between the aggregation propen-
sity of amyloidogenic sequences and the free energy contribu-
tion of the same amino acid residues to the stability of the
native state. To have a set of protein domains that is represen-
tative of the diversity of protein folds, we employed the SCOPe
(structural classification of proteins—extended) database
(release 2.06; Chandonia et al., 2017) and filtered for single-
chain globular domains and 40% sequence identity using the
CD-hit (cluster database at high identity with tolerance) algo-
rithm (Fu et al., 2012). This yielded a dataset of 9,017 PDB
structures of single-protein domains, amounting to 16,4791
residues in 23,329 amyloidogenic segments detected by the
TANGO algorithm (Fernandez-Escamilla et al., 2004). The four
main SCOP (structural classification of proteins) classes (a, B,
a/B, and o+p) are well sampled (Figure 1A, top panel) and
contain similar amounts of sequences of pro- and eukaryotic
origin (Figure 1A, bottom panel), showing that the set reflects
a broad sample of protein sequence space. We first compared
the APR frequency in the different SCOPe classes of globular
protein folds, expressed as the number of APRs per 100 amino
acids, and compared it with a set of intrinsically disordered pro-
teins obtained from DisProt (Hatos et al., 2020; release 8.0.1,
excluding ambiguous and obsolete regions, length larger than
25, resulting in 1,392 intrinsically disordered protein (IDP) re-
gions from 1,039 proteins, amounting to 145,770 amino acid
residues in total; Figure 1B). This showed that the frequency
of APRs is very similar across SCOPe fold classes, although
there is a slight increase in the topologically most complex o/
B class, and it is only really reduced in intrinsically disordered
proteins, confirming earlier observations (Linding et al., 2004).
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At the same time, the analysis revealed many outliers in the
IDP category (i.e., IDPs containing APRs; Figure 1B), consistent
with well-known aggregation-prone IDPs, including yeast prions
and amyloid disease-associated human proteins (Chiti and Dob-
son, 2017). This basic observation already suggests that globular
structure and aggregation propensity are associated properties.
To probe this further, we focused on the globular SCOPe classes
and calculated the thermodynamic contribution of APR residues
to the stability of the native state, for which we employed the
empirical force field FoldX, which computes local protein stabil-
ity contributions per residue as part of its overall stability calcu-
lation (Schymkowitz et al., 2005), whereas the aggregation
strength was determined using TANGO. We observed a clear as-
sociation (Pearson’s correlation coefficient = —0.27 + 0.01, p <
2.2e—16) between the average contribution of an APR to the sta-
bility of its native structure and the aggregation strength of that
same region (Figure 1C), again suggesting an association be-
tween globular protein structure and aggregation. To exclude
that the presence of multiple APRs per domain would influence
our analysis, we used TANGO to compare the intrinsic aggrega-
tion propensity of APRs in domains with a single APR with those
containing more APRs (Figure 1D) and found no significant differ-
ences (Wilcoxon-Mann-Whitney test). Also, the observation that
APRs tend to reside in buried positions (Figures 1E and 1F),
where they contribute to the thermodynamic stability of the pro-
tein (Figure 1G), is even more pronounced in proteins that
contain more than one APR. To address this further, we turned
to a recent dataset on the proteome-wide determination of ther-
mal protein stability in four species: E. coli, T. thermophiles,
S. cerevisiae, and H. sapiens (HelLa cells) (Leuenberger et al.,
2017). We filtered the raw data by LocTree3 subcellular localiza-
tion prediction (Goldberg et al., 2014) to obtain melting temper-
ature (Tm) values of 1,726 proteins with cytoplasmic or nuclear
(“chromosomal” for bacteria) localization. For each species,
we divided the proteins into two groups (Figures 1H-10): one
with proteins that have Tm values above the average for that
species and the other with Tm values below the average (Table
S1). We then calculated the sequence length normalized total
TANGO score for each protein and compared the distribution
of aggregation propensities in the high- and low-Tm groups (Fig-
ures 1TH-10). For the mesophilic HeLa cells (Figures 1H and 1l),
S. cerevisiae (Figures 1J and 1K), and E. coli (Figures 1L and 1M),
the amyloid-like aggregation propensity of proteins from the
high-Tm group was significantly higher than of proteins from
the low-Tm group. Interestingly, in the extremophile
T. thermophilus (Figures 1N and 10), which has an optimal
growth temperature of about 65°C (Henne et al., 2004), the
average length-normalized TANGO score of all proteins is equiv-
alent to the high-Tm group in mesophilic organisms. No further
increase in TANGO score was obtained by splitting the proteins
of this extremophile into low-and high-Tm groups (Figure 10),
indicating that the hydrophobicity and the associated aggrega-
tion propensity are maximized in the entire proteome.

This analysis shows that within mesophilic species and be-
tween mesophiles and extremophiles, high thermal stability is
associated with a high amyloid-like aggregation propensity, sug-
gesting that protein stability and amyloid propensity are en-
tangled properties.
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Figure 1. Stability and Aggregation Propensity Are Related
(A) Class and kingdom composition of the SCOPe dataset.

Tm (C)

(B) Boxplot representation of the distribution of APRs in the SCOPe and IDP datasets.
(C) Boxplot showing the contribution of APRs to the stability of the native state calculated by FoldX in the SCOPe dataset in function of the predicted aggregation

propensity by TANGO.

(D-G) Boxplots comparing APRs occurring in domains with one APR to those occurring in domains with more than one APR: the distribution TANGO score of
APRs (D), the average main-chain burial (E), the average side-chain burial (F), and the average contribution of an APR to native-state stability (G, AG calculated by

FoldX, in kilocalories per mole).

(H, J, L, and N) Histograms of the melting temperature (Tm) observed in whole-proteome protein stability measurements (Leuenberger et al., 2017) for HeLa cells
(H), S. cerevisiae (J), E. coli (L), and T. thermophilus (N). The dotted line indicates the mean Tm of the proteome in question.
(I, K, M, and O) Boxplots comparing the normalized TANGO scores of proteins with a high or low Tm value in HelLa cells (l), S. cerevisiae (K), E. coli (M), and

T. thermophilus (O).

The bottoms and tops of the boxes are the first and third quartiles, and the band inside the box represents the median; the dot indicates the mean. The whiskers
encompass the minimum and maximum of the data. Significant differences were computed using a Wilcox rank test. Asterisks denote level of significance: n.s.,

not significant; *p < 0.05, **p < 0.01, ***p < 0.001.

The source files (Data S1) and R-scripts (Data S2) used to generate this figure are available.

Correlated Thermodynamic Response to Mutation

between Tertiary Structure and the Amyloid State

Toinvestigate the interdependence of protein stability and aggre-
gation propensity in more detail, we compared the thermody-
namic effect of point mutations in the native and amyloid
conformation. Searching for proteins for which high-resolution
crystallographic information was available for the globular native
fold as well as for its amyloid state yielded a set of 11 amyloido-
genic fragments derived from seven proteins (Figures 2A-2G):
Bloom syndrome protein, transthyretin, insxulin, super oxide dis-
mutase (SOD1), p53, B2-microglobulin, and lysozyme. We em-
ployed FoldX (Schymkowitz et al., 2005) to perform saturation
mutagenesis (i.e., mutating each amino acid of the APRs to every
other amino acid in the native and the amyloid structure) and
calculated the associated change in free energy (AAG values in
kilocalories per mole) of both structures. The heatmap summari-
zing these 1.368 mutations (Figure 2H) clearly shows that the ef-

fects of mutation on the stability of native and amyloid structures
are correlated (correlation coefficient = 0.46, p < 2.2e-16, Pear-
son’s product moment correlation test), in line with amyloid and
globular structure being associated properties. It is also clear
from Figure 2H that there are outliers; i.e., the regions of the
plot corresponding to mutations that destabilize the amyloid
state without overly perturbing the native state. However, even
when considering liberal thresholds for tolerated native-state
destabilization (<1.0 kcal/mol), only 53 of 1.368 mutations or
3.87% significantly destabilize the amyloid (>1.5 kcal/mol; i.e.,
the equivalent of loss of one backbone-backbone hydrogen
bond; indicated by the green box in Figure 2H). Thus, the number
of mutations that destabilize the amyloid state without simulta-
neously disrupting the structure of its conjugate native tertiary
protein is inherently restricted by the context of globular protein
structure. Strikingly, when we considered the DNA sequences
of the corresponding genes of the proteins under study, we found

Cell Reports 37, 107512, April 14,2020 3
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Figure 2. Mutational Energies of APRs and Native Structures Are Coupled
(A-G) Schematic representations of the crystal structures of APRs and their cognate native states for lysozyme (A), transthyretin (B), insulin (C), SOD1 (D), Bloom
syndrome protein (E), p53 (F), and B2-microglobulin (G). The APR segment is highlighted in color in an otherwise gray native-state structure. The PDB identifiers

used are listed in STAR Methods.

(H) Density plot of the free energy change in thermodynamic stability (AAG, FoldX, in kilocalories per mole) associated with mutation in the native state versus the
APR state. The green box encompasses the APR-destabilizing mutations (AAG at least 1.5 kcal/mol) that may be tolerated at the native structure level at a cutoff
of AAG no larger than 1 kcal/mol. The source files (Data S1) and R-script (Data S2) used to generate this panel are available.

that, of these 53 mutations, only 15 or 1.10% of all mutations are
accessible by a single-base-pair substitution. This suggests that
codon usage further enforces the coupling of these thermody-
namically correlated structural conformations.

4 Cell Reports 31, 107512, April 14, 2020

Thermodynamic Coupling between the Native and
Amyloid State by the Genetic Code

To understand the mechanisms and degree of coupling between
the native and amyloid state by codon usage, we analyzed the
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conservation of both properties by computationally comparing
the ability to suppress amyloid propensity by single amino acid
mutations in a large variety of protein folds. To do this, we set
out to mutate, in silico, each amino acid in each APR in the
SCOPe set described above to glutamate, aspartate, lysine, pro-
line, and arginine. These amino acids have been shown previ-
ously to have the strongest aggregation-reducing effects of
amino acid substitutions and are collectively called gatekeepers
(GKs) (Ganesan et al., 2016; Rousseau et al., 2006; van der Kant
et al.,, 2017; Van Durme et al., 2016). To further illustrate this
aspect here, we performed an exhaustive mutation scan of the
SCOP dataset, selected those that fully suppress (reduce to
zero) an APR with an average TANGO score above 50 (to restrict
the analysis to the strongest regions) and analyzed the type of
substitutions this involved. These data confirm that mutation to
P, R, K, D, and E is required to suppress the stronger APRs, al-
lowing us to restrict our in silico mutation screening to these res-
idues (Figure 3A). Then we reanalyzed a published dataset of
deep mutational scanning of 10 different proteins, where each
mutation was annotated with a normalized fitness score in a
recent meta-analysis (Gray et al., 2017). First, we calculated
which mutations would fully suppress the intrinsic aggregation
propensity of each of the APRs in this dataset, taking only the
TANGO score into account and ignoring the structural or codon
context (Figure 3B). This showed again that, for stronger APRs,
mutations to GK residues are the only effective option, whereas
for weaker APRs, other options are possible. Next, we used a
receiver operating characteristic (ROC) curve analysis to assess
how well FoldX AAG values could predict the fitness outcome
(tolerated or disruptive) of each suppressing mutation (Fig-
ure 3C). In this analysis, a mutation was classified as tolerated
when their normalized fitness effect was reported to be above
0.8. In a ROC curve, the fraction of correct binary classifications
(tolerated or disruptive) at each threshold of the predictor (FoldX)
is plotted against the fraction of false classifications. The area
under the curve gives an indication of the performance of the
predictor, in this case FoldX, at the classification problem, in
this case classifying mutations into tolerated or disruptive. This
showed (Figure 3C) that FoldX performance is overall good at
this task but is best in the case of GK residues. Given these re-
sults and the fact that, for the current analysis, we were mostly
interested in high-scoring, conserved APRs, we restricted sub-
sequent in silico screens for APR-suppressing mutations to P,
R, K, D, and E. For each mutation, we evaluated its effect on
native-state stability using FoldX and its effect on aggregation

propensity using TANGO. In addition, we mapped the residues
back to their corresponding codons in the gene sequence to
evaluate effects from codon usage bias. We restricted the data-
set to APRs that had a length of at least five amino acid residues
and an average TANGO score equal to or larger than 5.0% and
classified each amino acid change by accessibility with a single
DNA mutation (Figure 3D). Ultimately, this yielded a dataset of
821,420 mutations to the GK residues D, E, K, R, or P in
23,263 APRs (totaling 164,284 amino acid positions) derived
from 7,876 domains. Of all mutations, 30.7% significantly sup-
pressed aggregation strength (TANGO < 5%), 25.4% were
codon accessible, and 17.8% did not disrupt the native structure
(AAG < 0.5 kcal/mol) (Figure 3D). Cross-sectioning these three
requirements of the restrictions imposed by codon usage and
the structural context leaves only 1.1% of mutations that can
suppress aggregation using codon-allowed single-base muta-
tions without compromising the native structure compared to
4.2% when also considering artificial mutations to any of the
GKs (Figure 3E). Of the five GK residues, arginine is easiest to
place, and the four others appear with approximately half of its
frequency in the group of the possible mutations (Figure S1).
Thus, on a mutation-per-residue basis, it is apparent that codon
usage further strengthens the thermodynamic correlation be-
tween the amyloid and native state.

Because each amyloidogenic segment can potentially be
altered by many single mutations, we can also estimate the
quantity of amyloidogenic segments that can be fully sup-
pressed by codon-allowed and structurally conservative GK mu-
tations. Plotting the percentage of suppressible segments per
native stability bin, we can see that, although globally approxi-
mately one-fourth (24.5%) of all APRs can, in principle, be sup-
pressed by single-nucleotide mutations, the majority of these
consist of APRs with low aggregation propensity in regions
that also have a low contribution to the stability of the native
structure (Figure 3F). It is, however, much more difficult to un-
couple both properties when the thermodynamic stability of
both states is high (Figure 3F). It is therefore to be expected
that sequences that are strongly coupled by high amyloid pro-
pensity and high native-state stability are also strongly
conserved.

Tollustrate this further, we created a network of the transitions
that can occur between amino acids, based on single-base-pair
substitutions and codon usage, the basic evolutionary operator.
The substitution frequency between amino acids is indicated by
colored lines (Figure S2; red and vyellow are frequent

(B) Types of suppressing mutations in the deep mutational scanning dataset. Bars depict the number of mutations predicted to be suppressing to the APRs
identified in the dataset. Colors indicate amino acid type, and APRs are ordered along the x axis according to their TANGO score.

(C) Receiver operating characteristic (ROC) curve for the prediction of the fithess outcome of a mutation (with a fitness score of more than 0.8 corresponding to a
tolerated mutation) from the AAG calculated through FoldX. ROC curves were produced for each amino acid type (color-coded as in B), and area under the curve

(AUC,) is reported for each prediction.

(D) Density plot of the change of free energy of the native state (AAG, FoldX, in kilocalories per mole) upon mutation versus the associated change in predicted
aggregation propensity (TANGO). The top and right insets show histogram projections of the same data, split by whether (CodonPos = 1) or not (CodonPos = 0)
the mutations are accessible through single-base changes in the cognate genes. The segmented lines indicate the means of the respected groups.

(E) Venn diagram grouping the mutations from (A) into three groups: APR suppression (TANGO reduced to 0 by the mutation), codon compatible (mutation
accessible through a single-base change of the cognate gene), and structure compatible (mutations with a AAG value [FoldX] of less than 0.5 kcal/mol).

(F) Heatmap of the percentage of APRs for which suppressing mutations can be identified in function of the contribution to the native-state stability of the APRs

(AAG, FoldX, in kilocalories per mole) and its aggregation propensity (TANGO).

The source files (Data S1) and R-scripts (Data S2) used to generate this figure are available.
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Figure 4. Evolutionary and Protein Engineering Analysis of an APR in the p53DBD

(A) Structures of the APR-free adhesin fold (PDB: 1R17) and of the p53-family fold (PDB: 2ACO) with the APR highlighted red and the equivalent strand in the
adhesin highlighted yellow.

(B) Fraction of charged amino acids and hydrophobicity for the entire fold class B in dataset 1, with fold class B2 members highlighted blue, human p53 red, and
bacterial adhesin yellow.

(C) Degree of sequence conservation of the p53 DNA-binding domain (DBD) in all craniates per residue (black line) and as a rolling average per five residues (red).
Functional residues are marked in blue (DNA-binding) and red (Zn ion coordination), and APR residues are marked in green.

(D) APR sequence logos for several phylogenetic groups in dataset 5.

(E) Total TANGO score of the ILTIITL sequence and selected mutants.

(F) Aggregation kinetics of the indicated peptides monitored by Thioflavin-T fluorescence.

(G) Location of selected mutations in the native structure of p53DBD.

(legend continued on next page)
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substitutions, and blue is rare.). When functional protein
evolution is considered, the amino acids are grouped into hydro-
phobic (HP), polar (PO), and charged (+/—). Single-base-pair
changes favor a conservation of class, which has been noted
before and is generally rationalized to favor mutations that retain
biological function by replacing like with like but also allows a low
frequency of changes between classes, allowing evolutionary
changes. When this scheme is considered from the point of
view of amyloid-like aggregation, the amino acids can be group-
ed very similarly into APR, neutral (NT), or aggregation GK. This
side of the plot clearly shows that codon bias also tends to
conserve amyloid-like propensity along with biological function,
including globular structure.

Amyloid Addiction of the p53 Core Domain Fold
To understand the consequences of codon-enforced thermody-
namic entanglement of native and amyloid-like interactions dur-
ing protein evolution, we took a closer look at fold b.2 (“common
fold of diphtheria toxin/transcription factors/cytochrome ) of
the SCOPe database, which contains the superfamily b.2.5
(“p53-like transcription factors”). For p53 itself, we previously
identified a very-high-scoring amyloidogenic segment in its HP
core (Xu et al., 2011) that was later confirmed by others (Soragni
et al.,, 2016; Wang and Fersht, 2017; Das and Makarov, 2016;
Figure 4A, red), although it has been also shown that the protein,
in addition, can undergo phase separation (Boija et al., 2018) and
amorphous aggregation (Wang and Fersht, 2017). The b.2 fold
has 75 unique PDB entries (corresponding to 78 unique se-
quences) in the SCOPe set, two of which do not have an amy-
loid-prone sequence according to TANGO (at a threshold of
1.0%): Invasin AfaD of Escherichia coli and adhesin SdrG of
Staphylococcus epidermidis, both in superfamily b.2.3. Figure 4A
shows the structures of adhesin SdrG (PDB: 1R17; amino acids
425-582) and human p53 (PDB: 2ACO0; a monomer with the DNA-
binding « helix removed; amino acids 106-275), with the f strand
containing the prototypical APR sequence PILTITLED of p53
colored red and the APR-free corresponding strand in the adhe-
sin colored yellow (the residues constituting the core of the APR
are in bold font, the flanking GK residues are in normal font).
Structural alignment (utilizing MUSTANG; Konagurthu et al.,
2006) of the two superfamilies has a root-mean-square deviation
(RMSD) of 1.815 A over 45 aligned residues with just 2.22%
sequence identity. Both folds are close together at an edge po-
sition in a plot of the fraction of charged amino acids over total
hydrophobicity (Figure 4B), showing that their overall amino
acid composition is very similar. None of the 20 proteins in the
SCOPe set of the p53-like superfamily b.2.5 is APR free, accord-
ing to the TANGO algorithm, suggesting that the aggregation
propensity of the p53 APR ILTIITL (or equivalent) is an exqui-
sitely conserved feature in this superfamily.

To analyze this in more detail, we wanted to find out whether
p53 homologs without the ILTIITL amyloid can be identified alto-

gether. To this end, we performed a HMMER (Prakash et al.,
2017) search of UniProtKB with the p53DBD (DNA-binding
domain). At an E-value of <0.03 for hits, this yielded 1,278 se-
quences. We filtered this set at 95% sequence identity, and to
ensure that we only compared bona fide homologous structures,
we removed sequences missing the entire amyloid-containing
segment as well as those that lacked more than one equivalent
of the zinc-ion-coordinating residues C176, H179, C238, and
C242 of the (human) p53DBD. Of the final 337 proteins (dataset
5), we find that only six have a TANGO score of less than 1.0% in
the equivalent of the ILTIITL stretch, whereas another 10 score
between 1.0% and 5.0% (Table S2). Of the six, the closest diver-
gence time from humans is about 800 million years ago (Ma), and
of the 10, about 700 Ma (www.timetree.org; Kumar et al., 2017).
The identity with the human p53DBD ranges between 27% and
40%. We find that the ILTIITL sequence is highly conserved
throughout nearly the entire subphylum Craniata (average
TANGO score, 76 + 13 in 136 members; Table S3), which, in da-
taset 5, covers an evolutionary distance to humans of 615 Ma at
an average sequence identity of 66%. Of all amino acids in the
DBD, the amyloidogenic residues are among the most highly
conserved (Figure 4C). At increasing evolutionary distance to
craniates, the sequence diversity of that segment generally in-
creases, and along with it, the TANGO score standard deviation
for members of a clade (Table S3; Figure 4D).

The ILTIITL segment thus appears to be an integral part of the
p53 family DBD structure. p53-like folds with weaker variants of
it, or even entirely lacking this sequence stretch, can only be
found at very long evolutionary distances. On the other hand,
the evolutionarily unrelated instances of the p53-like fold that
lack this segment altogether show that it is not required to
generate a functional instance of this fold. Thus it appears that
the amyloidogenicity of this segment is in an evolutionary cul-
de-sac; by its strong contribution to the stability of the native
state, its amyloidogenic propensity was also conserved over
long evolutionary distances.

Suppressing a 600-Ma-0Old APR Requires Multiple
Concomitant Aggregation-Inhibiting and Compensatory
Stabilizing Mutations

To validate that the coupling between the stability of the amyloid
and native states is evolutionarily enforced, we investigated
whether it is possible to uncouple amyloid aggregation and
native-state stability using protein engineering. Given that the
p53 fold is possible without the ILTIITL sequence, we wondered
how many mutational steps it would take to eliminate the aggre-
gation propensity of the ILTIITL segment from the p53 sequence
itself: is this feasible by small steps, or does it require evolu-
tionary improbable alterations? We calculated the predicted en-
ergy changes based on the DNA-bound tetrameric structure
(PDB: 2ACO; Kitayner et al., 2006) using FoldX. Given its high
average TANGO score (89%), strong contribution to native-state

(H) Backbone alignment of the crystal structures of p53cc (gold) and the WT (blue).
(l) Surface rendering of the crystal structure of p53cc with the introduced side chains highlighted. A blue surface marks a positive charge and a red surface a

negative charge.

(J) Electron density maps (contoured to 1c) around the zinc binding site (H179) and mutated residues in p53cc.
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stability (i.e., low summed free energy contribution according to
FoldX, AGgym = —12.4 kcal/mol), and very strong evolutionary
conservation, the p53DBD APR represents a case of high amy-
loid-native state coupling that appears difficult to suppress by
codon- and structure-compatible mutations. Indeed, there is
not a single mutation to a GK residue that is predicted to be
compatible with the thermodynamic stability of the native state
(AAG of < 0.5 kcal/mol). Of the two least destabilizing aggrega-
tion-reducing mutations (T256R and L252K; Figure 4E; Table
S4), only the less effective one (T256R) is accessible by a single
base change, whereas L252K would require changing all three
bases. Moreover, each mutation is predicted by FoldX to still
significantly destabilize the folded p53DBD domain (2ACO0) by
an extent that has been shown previously to lead to misfolding
and aggregation of the protein (De Smet et al., 2017; Xu et al.,
2011) (AAG T256R = 1.88 kcal/mol and AAG L252K =
1.24 kcal/mol per monomeric unit). Hence, neither mutation is
likely to be selected during the course of evolution, and more-
over, TANGO suggests that the combination of both is required
to completely suppress aggregation of this APR (Figure 4E). We
corroborated experimentally that the aggregation kinetics of the
double mutant version of the ILTIITL peptide were indeed sup-
pressed (Figure 4F), both with and without the natural sequence
context of the peptide.

To introduce both mutations while maintaining the native state
of the protein, the AAG analysis above showed that, for each
aggregation-reducing mutation, at least one concomitant
compensatory mutation would need to be found to rescue the
thermodynamic stability of the native p53DBD. A FoldX scan
for compensatory mutations identified R267L and N268D on
the adjacent B strand and A138G in a distal loop. So to
completely suppress aggregation while maintaining protein
structure and DNA binding, we had to introduce two aggrega-
tion-suppressing mutations (L252K/T256R) and three compen-
sating stabilizing mutations (A138G, R267L, and N268D) (Fig-
ure 4G). We dubbed the final quintuple mutant (A138G/L252K/
T256R/R267L/N268D) “p53 charged core” or p53cc. The need
for combining two aggregation-breaking residues with three
compensatory stabilizing mutations again illustrates the high de-
gree of coupling between both properties and makes it highly un-
likely for natural variation to eliminate the amyloid propensity of
this segment; this would require four concomitant single-base
substitutions to suppress the amyloid propensity together with
three additional single-base substitutions to maintain a stable
native fold.

To verify the structural integrity of p53cc, we expressed the
p53DBD (residues 89-311) containing the five-amino-acid-resi-
due mutations in bacteria and purified and crystallized the pro-
tein. We collected data from a single crystal that diffracted to
1.63 A. The structure was solved by molecular replacement us-
ing the p53 wild-type (WT) DBD structure already deposited in
the PDB as a search model (accession code of the search model,
PDB: 2XWR; chain A, resulting structure, PDB: 6SL6; Table S5).
The backbone alignment of p53WT and p53cc has an RMSD of
0.49 A over 199 aligned residues (Figure 4H). We find all muta-
tions to be well resolved and placed without energetic clashes
(Figures 4l and 4J). The structures of other central features of
the p53DBD, such as the zinc ion and its coordinating residues,

are virtually identical to the WT. Importantly, as predicted by
FoldX, the charges at the end of the long side chains of arginine
and lysine that we placed in the APR in the core of the DBD reach
the surface of the structure (Figure 4l). When we measured the
thermal stability of the WT and mutant p53, we observed a lower
Tm value for the mutant (Figure 5A; Tm = 37.7°C + 0.55°C) than
the WT (Figure 5B; Tm = 42.4°C + 0.50°C) (Figure 5C). To assess
the functional integrity of the mutant p53, we first measured the
DNA-binding activity of the purified DBD by two orthogonal
methods using fluorescently labeled DNA oligonucleotides:
microscale thermophoresis (MST; Figure S3) and fluorescence
anisotropy (FA; Figure 5D). Both methods are in general agree-
ment and show that the affinity of the mutant for an oligo contain-
ing the consensus p53 DNA-binding motif is the same as the WT
(mutant Kp = 1.28 uM = 0.28 uM; WT Kp = 1.23 uM + 0.20 uM in
FA). To test the ability of p53 to engage with its target promoters
in a natural context, which requires more complex steps than just
DNA binding and, hence, tests the mutant in a more complex
biological function, we transfected full-length WT or p53cc into
the p53-negative human cell line Saos-2 (Sarcoma Osteo-
genic-2) and measured promoter activation for seven different
genes by gPCR (Figure 5E). Across the seven promoters,
p53cc had an average activity of 0.95 compared with the WT
protein, a difference that was not statistically significant,
although individual genes showed some differences. In sum-
mary, these results demonstrate that we did not disrupt protein
structure and function by reducing amyloid propensity.

We determined the aggregation kinetics of WT and mutant
DBD using the amyloid-specific dye pentameric formyl thio-
phene acetic acid (p-FTAA; Figure 5C) and 8-anilinonaphtha-
lene-1-sulfonic acid (ANS; Figure 5F), a dye that shows
increased fluorescence upon binding to exposed HP patches.
The dye binding kinetics for p-FTAA and ANS show a similar
decrease in the aggregation kinetics for the mutant compared
with the WT protein (Figures 5F and 5G). Moreover, according
to transmission electron microscopy performed at the end of
the kinetics studies, the aggregates formed by WT DBD are
larger, and fibrillar structures can be observed (Figure 5H),
whereas for mutant DBD, only smaller, spherical structures
were seen (Figure 5l), suggesting non-amyloid aggregation or
phase separation. Taken together, these data show that a small
number of mutations is sufficient to eliminate an important amy-
loidogenic segment from the p53 structure without disrupting
DNA binding and transcriptional activation. Moreover, the case
shows that such mutations can be detected with reasonable ac-
curacy using our computational approach. However, our data
also illustrate why a buried APR is an evolutionary cul-de-sac;
to reach this combination of mutations by natural variation would
involve intermediate sequences that would be severely function-
ally impaired. In addition, one of the crucial mutations (L252K) re-
quires changing all three bases of the codon at once, making an
evolutionary path toward this solution extremely improbable.

Generalization: Topological Invariance of Amyloid
Addiction

To investigate whether the results obtained with p53 are repre-
sentative of many globular folds, we investigated, in the SCOPe
set, the difference between APRs that can be fully suppressed
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Figure 5. Biophysical Analysis of p53cc

(A) Heat denaturation of WT p53DBD, monitored by intrinsic fluorescence plotted as the barycentric mean (BCM) of the emission spectrum. The black line in-

dicates the fit performed to determine the midpoint of the transition.
(B) Same as (A) but for the CC mutant.
(C) Average Tm values obtained from five biological replicate measurements.

(D) DNA-binding affinity of p53cc and the WT, measured by FA. Error bars indicate standard deviation of five biological replicates, each measured in three

technical replicates.

(E) Degree of promoter activation of p53cc relative to WT p53 in Saos-2 cells, measured by qPCR. Error bars indicate standard deviation of three biological

replicates, each measured in three technical replicates.

(F) Aggregation kinetics of p53cc and the WT, measured by p-FTAA fluorescence.

(G) Aggregation kinetics of p53cc and the WT, measured by ANS fluorescence.

(F and G) Error bars indicate standard deviation of five biological replicates, each measured in three technical replicates.

(H) Transmission electron microscopy (TEM) analysis of aggregates of WT p53.
() TEM analysis of p53cc.
(H and |) Representative images from three biological replicates.

(TANGO reduced to zero) by a single, codon-compatible, and
structure-compatible (FoldX AAG < 0.5 kcal/mol) mutation
(called rescuable) versus those that cannot (called non-rescu-
able). First of all, we found a similar frequency of non-rescuable
APRs in each of the four main SCOP classes (Figure 6A) and also
found no apparent bias toward any specific secondary structure
element of the segment in the native state (Figure 6B). This is in
agreement with earlier observations that APRs occur in all ele-
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ments of secondary structure despite the fact that the segment
will adopt a B sheet conformation in the aggregated state (Rous-
seau et al., 2006; Linding et al., 2004). Because we already
showed that intrinsic aggregation propensity, codon usage,
and the native state structural context are strong determinants
of how easily an APR can be suppressed (Figure 3C), we used
these parameters to take a closer look at three cases from the
main SCOP classes other than the one to which p53DBD
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Figure 6. Topological Invariance of Amyloid
Addiction
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belongs (b). To this end we searched the SCOP set for human
domains with an APR with a high TANGO score (>80%), a high
average side-chain burial (>0.8), and a minimum length of 7
amino acids that have no mutation that reduces the TANGO
score to zero with a predicted AAG below 1.5 kcal/mol. In the
all-a-helical folds (class a), we identified the VPS9 domain of
the Rab5 guanosine diphosphate (GDP)/guanosine triphosphate
(GTP) exchange factor (Figure 6C). This contains an a-helical
stretch with the sequence TLIYIVL that has a TANGO score of
86.5 per residue and an average side-chain burial of 0.91 in the
native state and contributes — 13.1 kcal/mol to native state sta-
bility. AHMMER search for homologs with an E-value cutoff, fol-
lowed by redundancy filtering at 95% (CD-hit), left 2,302 unique
sequences. Of these, only 8 had a TANGO score below 1, with a
closest divergence time of 600 Ma to humans. In the o/ class (c),
which is generally regarded as the topologically most complex
class that is enriched in obligate chaperone clients (Kerner
et al., 2005), we further looked at glutaminyl-peptide cyclotrans-
ferase (Figure 6D), which contains an APR with the sequence
ILQVFVL, a native helical conformation and an average TANGO
score of 95.2% per residue, an average side-chain burial of
0.93 in the native state, and a contribution to its thermodynamic
stability of —14.4 kcal/mol. HMMER searching with redundancy
filtering yielded 1,285 homologous sequences, 117 of which
have a TANGO score below 1, of which the closest evolutionary
distance to human was 800 Ma. Finally, in the o+ fold class, we
investigated the E3 ubiquitin protein ligase NRDP1 (Figure 6E).
This contains an APR with a native B strand conformation and
the sequence LVMIFA, with a TANGO score of 85.5% per resi-
due, a side-chain burial in the native state of 0.84, and a contri-
bution to its stability of —9.91 kcal/mol. HMMER searching
followed by redundancy filtering identified 109 homologous se-
quences, of which only one had a TANGO score below 1, corre-
sponding to an evolutionary distance of 800 Ma.

Taken together, these cases and the wider studies shown in
Figures 6A and 6B clearly show that the evolutionary and ther-
modynamic profile of the APR studied in the p53 cases is not
an exception, and a general picture emerges that regions with
a high aggregation propensity and a high contribution to native
state stability show high evolutionary conservation (Figure 6F).

DISCUSSION

Here, we find that cognate globular and amyloid structures
possess correlated thermodynamic responses toward mutation,
which is in line with earlier results obtained by Lee et al. (2010)
that translationally optimal codons associate with APRs. In addi-
tion, we find that the genetic code couples this thermodynamic
correlation into an evolutionary relationship. These findings entail
several structural and evolutionary implications. First, they sug-
gest that the observed association between protein stability
and protein aggregation is not a mere side effect of similar
average biophysical properties (hydrophobicity, B strand pro-
pensity, charge) but is determined by fundamental and highly
sequence-dependent structural similarities between both con-
formations. This explains why only a minority of mutations in a
protein can lower amyloid-like propensity without affecting sta-
bility (Ganesan et al., 2016). Second, the restrictions on amino
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acid substitutions by the genetic code further tighten this rela-
tionship by favoring mutations that conserve both structural
properties. Accordingly, we find that the amyloidogenicity of
segments that are strong contributors to protein stability are
also strongly conserved and cannot be uncoupled by single-
base substitutions. Third, this means that evolutionary pressure
toward increased protein stability will also increase the amyloid-
like propensity of proteins, and we find here that thermostable
proteins in mesophiles and the entire proteome of thermophiles
are indeed more amyloidogenic. Fourth, more stable proteins will
therefore be less efficient at folding because of kinetic competi-
tion with aggregation. As a result, allowing selection of stable
protein variants will require the support of mechanisms for ki-
netic compartmentalization between folding and aggregation,
including aggregation GKs (De Baets et al., 2014; Reumers
et al., 2009; Rousseau et al., 2006; Monsellier and Chiti, 2007)
and chaperones (Ramakrishnan et al., 2020; Scior et al., 2016).
In agreement, it has been shown recently that inhibition of
Hsp90 function results in selection of polio virus variants with
reduced aggregation but at the expense of protein stability (Gel-
ler et al., 2018). This suggests Hsp90 indeed supports the selec-
tion of stabilizing protein mutations by managing their correlated
aggregation propensity. Finally, from all of the above, we specu-
late that amyloid propensity could have been a driver for the evo-
lution of globular protein structure by reciprocal selective
enrichment.

Indeed, the hypothesis for an amyloid-driven origin of life has
been posited recently by several groups (Dale, 2006; Maury,
2009; Greenwald and Riek, 2012). Amyloid peptides possess
many of the properties that would make them stronger candi-
dates than RNA for being the first self-replicating and catalytic
molecules of life. Small amyloidogenic peptides can be sponta-
neously generated by organic chemical reactions under condi-
tions prevailing on prebiotic earth (Miller, 1953; Parker et al.,
2014; Bada, 2013). Amyloids can condensate under such harsh
conditions (Greenwald et al., 2016), conformationally perpetu-
ating their sequence information in a selective manner (Maury,
2015), but also allow variation and divergent evolution (Wickner
et al., 2009). Additionally, it has been demonstrated recently
that amyloid fibrils can catalyze peptide bond condensation in
a templated manner (Rout et al.,, 2018). From a functional
perspective, amyloid assembly can provide catalytic surfaces
that further promote their proliferation (Cohen et al., 2013) as
well as diverse enzymatic activities (Tena-Solsona et al., 2016;
Omosun et al., 2017; Al-Garawi et al., 2017; Ivnitski et al.,
2014). Their mode of assembly can also provide binding inter-
faces stabilizing nucleic acid interactions and vice versa (Braun
et al.,, 2011; Macedo and Cordeiro, 2017). Amyloid assembly
can mediate compartmentalization and membrane formation
(Boke et al., 2016; Mahalka et al., 2011; Domanov and Kinnunen,
2008). Finally, nature still exploits the amyloid conformation for
functional purposes (Fowler et al., 2007; Otzen and Riek,
2019). It has therefore been proposed that the amyloid state is
a “common ancestor” fold from which the globular protein uni-
verse could have emerged (Greenwald and Riek, 2012; Maury,
2009), but a proximate structural mechanism that could drive
the transition from linear amyloid peptides to globular protein-
like structures has not yet been identified. Our current findings



suggest that the intrinsic structural properties of amyloid and
globular structure possess similar thermodynamic proclivities
that could easily provide the gradient for their co-evolutionary
selection. Amyloid toxic gain of function in human disease is
believed to be largely exerted by meta-stable soluble amyloid-
like oligomers (Breydo and Uversky, 2015; Chiti and Dobson,
2017; Benilova et al., 2012). The globular-like structure of these
oligomers (Laganowsky et al., 2012) suggests that the same
mechanism leading to amyloid toxicity in human disease could
have served the emergence of globular structure. A large fraction
of proteins supersaturated under physiological conditions (Cir-
yam et al., 2015; Tartaglia et al., 2007) could be a relic of this pro-
cess, along with the requirement of tight protein quality control
and the devastating effect of the loss thereof with aging (Hipp
et al., 2019; Labbadia and Morimoto, 2015).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

PWO DNA polymerase Sigma 11644947001
restriction enzymes Nde1 and BamH1 NEB R0111 and R3136

HEPES

Merck / Sigma-Aldrich

RDD002

n-octyl-p-D-glucoside Merck / Sigma-Aldrich 08001

imidazole Merck / Sigma-Aldrich 792527

NaCl Merck / Sigma-Aldrich S7653

IPTG Duchefa DUC.11401.0025

zinc chloride Merck / Sigma-Aldrich 229997
beta-mercaptoethanol Merck / Sigma-Aldrich 6250

DTT Duchefa DUC.D1309.0025

Triton X-100 Merck / Sigma-Aldrich 1.08603

sodium deoxycholate Merck / Sigma-Aldrich D6750

glycerol VWR 444485B

ammonium bisulfate Merck / Sigma-Aldrich 09849

Critical Commercial Assays

Qb5 Site-Directed Mutagenesis Kit NEB E0554S

GenElute mammalian total RNA extraction kit Merck / Sigma-Aldrich RTN70

RevertAid H Minus First Strand cDNA Synthesis Kit Thermo Fisher Scientific K1631

GoTaq Probe gPCR Master Mix Promega A6101

Deposited Data

Structure of p53cc this paper PDB: 6SL6

Experimental Models: Cell Lines

Saos-2 ATCC ATB-85

Oligonucleotides

p53 consensus binding site: TGGTGTTTTGCAGGCA this paper Integrated DNA Technologies
TGTCTAGGCATGTCT

p53 binding site control: TGGTGTTTTGCAGGACGT this paper Integrated DNA Technologies
TCTAGGACGTTCT

T256R mutagenesis primer forward cccatcctcacca this paper Integrated DNA Technologies
tcatcagactggaagactcc

T256R mutagenesis primer reverse ggagtcttccagt this paper Integrated DNA Technologies
ctgatgatggtgaggatggg

L252K (+T256R) mutagenesis primer forward this paper Integrated DNA Technologies
catgaaccggaggcccatcaagaccatcatcagactggaag

L252K (+T256R) mutagenesis primer reverse this paper Integrated DNA Technologies
cttccagtctgatgatggtcttgatgggcectccggttcatg

A138G mutagenesis primer forward gttttgccaactg this paper Integrated DNA Technologies
ggcaagacctgccctg

A138G mutagenesis primer reverse cagggcaggt this paper Integrated DNA Technologies
cttgcccagttggcaaaac

R267L mutagenesis primer forward tggtaatctact this paper Integrated DNA Technologies
gggactgaacagctttgaggtgc

R267L mutagenesis primer reverse gcacctcaaag this paper Integrated DNA Technologies

ctgttcagtcccagtagattacca
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N268D (+R267L) mutagenesis primer forward this paper Integrated DNA Technologies
acgcacctcaaagctgtccagtcccagtagattac
N268D (+R267L) mutagenesis primer reverse this paper Integrated DNA Technologies
gtaatctactgggactggacagctttgaggtgcgt
RRM2B gPCR assay forward primer: ggtcttatgc this paper Integrated DNA Technologies
caggactcac
RRM2B gPCR assay reverse primer: caatgatctc this paper Integrated DNA Technologies
cctgaccectttc, probe:ctgtgactttgcttgcctgatgttce
RRM2B gPCR assay hydrolysis probe: ctgtgactt this paper Integrated DNA Technologies
tgcttgcctgatgttce
TNFRSF10B gPCR assay forward primer: accacgac this paper Integrated DNA Technologies
cagaaacacag
TNFRSF10B gPCR assay reverse primer: cattcgatgt this paper Integrated DNA Technologies
cactccaggg
TNFRSF10B gPCR assay hydrolysis probe: acaatca this paper Integrated DNA Technologies
ccgaccttgaccatcce
TP53INP1 gPCR assay forward primer: ctcattgaac this paper Integrated DNA Technologies
atcccagcatg
TP53INP1 gPCR assay reverse primer: atttcattttgagc this paper Integrated DNA Technologies
ttccactctg
TP53INP1 gPCR assay hydrolysis probe: ctgtgcataa this paper Integrated DNA Technologies
ctcectgeectggt
BAX gPCR assay forward primer: gacatgttttctgac this paper Integrated DNA Technologies
ggc aac
BAX gPCR assay reverse primer: aagtccaatgtccagccc this paper Integrated DNA Technologies
BAX gPCR assay hydrolysis probe: ctggcaaagtagaaa this paper Integrated DNA Technologies
agggcgacaac
MDM2 gPCR assay forward primer: tgccaagcttctc this paper Integrated DNA Technologies
tgtgaaag
MDM2 gPCR assay reverse primer: tccttttgatcactc this paper Integrated DNA Technologies
ccacc
MDM2 gPCR assay hydrolysis probe: acctgagtccga this paper Integrated DNA Technologies
tgattcctgetg
P21 gPCR assay forward primer: tgtcactgtcttgtacccttg this paper Integrated DNA Technologies
P21 qPCR assay reverse primer: ggcgtttggagtggtagaa this paper Integrated DNA Technologies
P21 gPCR assay hydrolysis probe: tctgtcatgctggt this paper Integrated DNA Technologies
ctgeege
PUMA gPCR assay forward primer: cctaattgggctc this paper Integrated DNA Technologies
catctcg
PUMA gPCR assay reverse primer: cgacctcaacgca this paper Integrated DNA Technologies
cagtac
PUMA gPCR assay hydrolysis probe: atcatgggactcc this paper Integrated DNA Technologies
tgcccttac
Recombinant DNA
PET15b-TEV with p53 DBD WT MerckMillipore, this paper 69661-3
pET15b-TEV with p53 DBD CC MerckMillipore, this paper 69661-3
PCDNAB.1 with full-length p53 WT Thermo Fisher Scientific / V79020

Invitrogen, this paper
pCDNAB.1 with full-length p53 CC Thermo Fisher Scientific / V79020

Invitrogen, this paper
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Software and Algorithms
cd-hit 16731699 http://weizhongli-lab.org/cd-hit/
AliView 25095880 https://github.com/AliView/AliView
AGADIR 7664054 http://agadir.crg.es/
FoldX 15980494 http://foldxsuite.crg.eu/
TANGO 156313629 http://tango.crg.es/
YASARA YASARA Biosciences GmbH http://www.yasara.org/
XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/
Phaser 19461840 https://www.phaser.cimr.cam.ac.uk/index.
php/Phaser_Crystallographic_Software
Phenix 31588918 https://www.phenix-online.org/
Coot 20383002 https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/
MolProbity 17452350 http://molprobity.biochem.duke.edu/
PyMOL The PyMOL Molecular https://pymol.org/2/
Graphics System, Version
2.0 Schrodinger, LLC.
REFMAC 25075342 http://www.ccp4.ac.uk/html/refmac5/
keywords/xray-principal.html
CCP4i2 29533233 http://www.ccp4.ac.uk/ccp4i2/
Origin OriginLab https://www.originlab.com/
Cytoscape 14597658 https://cytoscape.org/
gbase+ 17291332 https://www.gbaseplus.com/
R The R Project for Statistical https://www.r-project.org/
Computing
R Studio R Studio https://rstudio.com/
HMMER 29220076 https://www.ebi.ac.uk/Tools/hmmer/
search/phmmer
Other
Transfection reagent Transit X2 Mirus Bio
Complete protease inhibitor Merck / Sigma-Aldrich 04693116001

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Frederic
Rousseau (frederic.rousseau@kuleuven.be) or by Joost Schymkowitz (joost.schymkowitz@kuleuven.be). All unique/stable reagents
generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Saos-2 cells (ATCC ATB-85, osteosarcoma from a 11-year old female Caucasian) were cultured in DMEM with 10% fetal bovine
serum (GIBCO) with minimum non-essential amino acid and sodium pyruvate supplements (GIBCO) in a cell culture incubator at
5% CO, and 37°C. The cells were obtained directly from ATCC, expanded and vials were kept in cryostorage. A fresh vial of cryo-
preserved cells was thawed out after every 20 passages. The identity of the line was monitored by the absence of p53.

METHOD DETAILS
Transfection
1.5 ng DNA and 4.5 pL transfection reagent (TransIT X2, Mirus Bio) per reaction were mixed in 200 pL OptiMEM medium (GIBCO),

incubated for at least 10 min and then added to 2 mL of a cell suspension at 150000 cells/ml in 6well plates. Cells were harvested
20-24 hours later.
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Cloning and mutation of p53 DBD

Mutations A138G, L252K, T256R, R267L and N268D were generated by QuickChange PCR in the CDS of full-length p53 in the
pCDNAS3 backbone. For protein purification the mutated and wt DBD were amplified (residues 89-311) by PCR and cloned (Nde1/
BamH1) into a modified version of the vector pET15b containing an N-terminal HIS-tag followed by a TEV-protease cleavage site
(PET15b-TEV). For transfection, the full-length p53 versions in the pCDNA3.1 backbone were used.

Protein expression and purification

Production of p53 DBD wt or cc was induced from an overnight starter culture of freshly transformed E. coli strain NiCo21 (DE3) (NEB)
at an OD of 0.8 to 1.0 with 1 mM IPTG at 28°C o/n in the presence of 20 uM ZnCl,. The next day, cells were lysed (in 50 mM HEPES,
300 mM NacCl, 3% glycerol, 5 mM beta-mercaptoethanol and protease inhibitors) using a French Press, followed by sonification and
centrifugation at 40,000 g for 30 min. The p53 DBD was purified from the supernatant by IMAC (HisTrapFF 5 ml, GE Healthcare), fol-
lowed by size exclusion on a HiLoad 26/60 Superdex 75 column (Amersham Biosciences) on an Akta Pure system (GE Healthcare) in
50 mM HEPES, 300 mM NaCl, 5 mM DTT and 10 mM ammonium bisulfate. The insoluble fraction was purified from the pellet after
centrifugation by several washes in increasing detergent concentration (Triton X-100 and sodium deoxycholate), and finally by dis-
solving in buffered 8 M urea, followed by IMAC. Protein identity was verified by mass spectrometry.

Crystallization and structure determination

Purified p53cc was dialyzed against buffer C (50 mM HEPES, 50 mM NaCl, 10 mM DTT, pH 7.5) containing 0.4 % w/v n-octyl-B-D-gluco-
side for 24 hours at 4°C. After dialysis, the protein was concentrated to 5.1 mg/ml using centrifugal concentrators of MWCO 3000 Da
(Millipore) operated at 3500 g at 4°C. The concentrated protein stock was filtered through 0.2 um PVDF filters (Millipore) and kept onice
until use. Crystallization screenings were carried out using the sitting-drop vapor diffusion method and several commercially available
crystallization screens from Hampton Research (California, U.S.A.) and Molecular Dimensions (Suffolk, UK). To this end 100 nL drops of
protein stock were dispensed and mixed 1:1 with crystallization buffer using a Mosquito nanoliter crystallization robot (TTP Labtech,
Melbourn, UK) and incubated at either 4°C or 20°C. Rod-shape crystals appeared after one week and grew to > 50 um in the longest
axis direction over four weeks at 4°C in the following condition: 200 mM ammonium citrate tribasic pH 7.0, 20% w/v polyethylene glycol
3350 (H4 condition of Index screen, Hampton Research). Crystals were flash-cooled in liquid nitrogen after a quick passage through
cryo-protection solution (75% crystallization solution plus 25% glycerol). X-ray diffraction data were collected to a resolution of
1.67 A at the PROXIMA-| beam line of the SOLEIL synchrotron (Saint-Aubin, France). Data were indexed, integrated and scaled with
XDS (Kabsch, 2010), and merged with Aimless (Evans and Murshudov, 2013). The phase problem was solved by molecular replacement
using Phaser (McCoy, 2007) and the p53 wt structure 2XWR (Natan et al., 2011) as a search model. Only the A chain of 2XWR, of which
metal ions and water molecules were removed, was used in molecular replacement. The molecular replacement solution was refined by
iterative cycles of manual structure building using Coot (Emsley et al., 2010) and REFMAC5 (Murshudov et al., 2011) until R-factors
converged to 16.4% and 18.0% (Rwork and Rgee, respectively). Structure validation was done using MOLPROBITY (Chen et al.,
2010) and a final round of structure refinement was carried out in PHENIX (Adams et al., 2010). All figures were prepared using PyMOL
(Schrodinger). Aimless, Phaser, REFMACS5 and Coot were used as implemented in CCP4i2 (Potterton et al., 2018). The full statistics of
structure building and refinement can be seen in Table S1. The PDB accession code for the p53cc structure is 6SL6.

Dynamic light scattering

Purified protein was diluted to 0.25 mg/ml (in 50 mM HEPES, 300 mM NaCl, 5 mM DTT, 10 mM ammonium bisulfate), filtered using
0.1 mM syringe-tip PVDF filters and measured in a flat-bottom 96-well microclear plate (Greiner, Frickenhausen, Germany) on a Wyatt
DynaPro plate reader equipped with a 830 nm laser source (Wyatt, Santa Barbara, CA, USA) every 5 min with auto-attenuation of
laser power.

ThT and pFTAA binding

Purified protein was filtered through 0.1 mM PVDF filters, concentrated to 1 mg/ml and dye binding was measured on a FluoStar plate
reader in a flat-bottom 96-well microclear plate (Greiner, Frickenhausen, Germany) every 5 min with 30 s shaking prior to each mea-
surement. Filter settings: 440-10 nm excitation / 480-10 nm emission for ThT and 480-10 nm excitation / 520-10 nm emission for
pFTAA.

Fluorescence anisotropy

Fluorescence anisotropy (FA) was recorded at room temperature in a FlexStation 3 (Molecular Devices, USA) and a PolarStar Optima
plate reader (BMG labtech, Germany), with 490 nm excitation and 525 nm emission filters, using 10 nm band-pass. DNA binding affinities
were determined as monitored changes in the anisotropy of 5'-Alexa488-labeled oligomers containing the consensus binding sequence
(5-TGGTGTTTTGCAGGCATGTCTAGGCATGTCT-3'), as well as the control sequence (5-TGGTGTTTTGCAGGACGTTCTAG
GACGTTCT-3'). Measurements were obtained in 50 mM HEPES (pH 7.5), 0.2 M NaCl and 5 mM dithiothreitol (DTT), containing 0.2%
Tween20 and 0.4% PEG,qo. Protein concentration was varied up to 70 uM and labeled-DNA concentration was fixed at 25 nM.
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Dissociation constants were calculated by fitting the anisotropy (A) experimental data to a one-site binding model to the following
quadratic equation:

(L) +Ko + R)) = \/(IL] + Ko+ [R)? — 41LIR)
2

where Ag and At are the initial and total fluorescence, Ky is the equilibrium constant, [R] is the protein concentration and [L] is the DNA
oligomer concentration.

A=Ao+Ar

Microscale thermophoresis

DNA binding affinities of the WT DBD domain, as well as the mutant were also determined with microscale thermophoresis (MST).
DNA oligomer concentration was kept constant at 25 nM, whereas both proteins were titrated down from 70 uM. Buffer composition
was similar to FA measurements. Measurements were recorded on a Monolith NT automated instrument (NanoTemper Technologies
GmbH, Germany) with a blue-laser channel at 40% LED excitation power and 60% MST power at ambient conditions. Affinity con-
stants and experimental data fitting was performed using the NanoTemper analysis software (v2.2.4). The thermophoretic movement
of bound and unbound state superpose linearly, therefore the fraction bound (f) is described as:

F, norm = (1 —f )F ‘norm.unbound t (f)F norm bound

where Fom is the normalized fluorescence, Frorm, unbound COrresponds to normalized fluorescence of the unbound state and Form,
bound IS the normalized fluorescence of the bound state.

Quantitative PCR

Cells were lysed for at least 15 min on ice in 300 pL lysis buffer (1% NP40 in PBS with nuclease (Pierce Universal Nuclease for Cell
Lysis)). After centrifugation at 4°C for 15 min in a table-top centrifuge, RNA was extracted from the supernatant using the GenElute
mammalian total RNA extraction kit with on-column DNase treatment (Sigma). RNA was reverse transcribed using RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Quantitative PCR was carried out with 6FAM or HEX-labeled probe/primer
mixes (ZEN/IBFQ quenched, Integrated DNA Technologies) and GoTaqg Probe gPCR Master Mix (Promega) in a C1000Touch/CFX96
cycler (BioRad) using the following settings: 20 s 95°C (1 cycle), 5 s 95°C, 25 s 60°C (40 cycles). Primers and probes were designed
using the RealTime qPCR Assay tool (Integrated DNA Technologies). Data were analyzed in gbase+ (Biogazelle) with normalization to
two reference genes out of eight tested that performed best in the geNorm analysis in gbase+.

QUANTIFICATION AND STATISTICAL ANALYSIS

SCOPe analysis and artificial protein datasets

The entire SCOPe database (release 2.06; Chandonia et al., 2017) was filtered at 40% identity using cd-hit (Fu et al., 2012), sequences
with gaps were removed and finally, because the subject of this study are single chain globular proteins, all folds not belonging to
SCOPe classes a (all alpha), b (all beta), ¢ (alpha and beta interspersed - «/B) or d (alpha and beta largely separated - a+f) were
removed. Average hydrophobicity per fold was determined according to the Eisenberg scale using a custom plugin to the AGADIR
algorithm (Eisenberg et al., 1984).

Evolutionary analysis of p53

Residues 89-311 of the human p53 protein were used to run HMMER (Prakash et al., 2017) (EMBL-EBI) against the UniProtKB (Uni-
prot, 2008) at significance E-values for sequence and hit of 0.01 and 0.03, respectively. The initial 1294 hits were reduced to 337 by
running cd-hit at 95% sequence identity and further manual curation using AliView, removing all sequences with large gaps at or near
the ILTIITL APR or lacking more than one of the conserved Zn-coordinating residues of p53 family proteins. Phylogenetic information
was extracted from the UniProtKB.

PDB entries of APRs and corresponding full-length protein structures

Protein APR Full-length PMIDs

Bloom syndrome protein L. Serpell, personal communication 403M 23252554, 24816114
Transthyretin 4XFN 4QXV 26459562, 26020516

Insulin 3HYD 5E7W 19864624, 29086855

SOD1 5DLI, 4NIN, 4NIP 2C9V 29453800, 24344300, 16406071
Tp53 4RP6 2XWR 26748848, 21457718
B2-microglobulin 3LOZ, 4E0K, 4EOL 2YXF 21131979, 23213214, 17646174
Lysozyme 4ROP 2NWD 25474758, 17360367
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Deep mutational scanning analysis for suppressing mutations

Deep mutational scanning information was retrieved from earlier work by Gray et al. (2017). This dataset combines several studies in
which protein fitness was assessed upon exhaustive mutations in virtually every position in the primary protein sequence. Gray et al.
(2017) gathered these data and performed normalizations on the fitness scores therein, yielding a large database of the effects of
amino acid substitutions spanning 10 different proteins. In this dataset, we identified APRs using the TANGO algorithm, after which
each APR position was mutated to all other amino acids, and reanalysed through TANGO. Mutations were then classified as “sup-
pressing” when they fully disrupted their parent APR. Next, suppressing mutations were cross-referenced with the deep mutational
scanning data to find suppressing mutations for which a fithess score was actually reported. Finally, structure files for each protein
were obtained from the PDB, and the list of suppressing mutations was further filtered on their occurrence in a pdb-structure. These
filtering steps resulted in a list of 14 APRs from 3 different proteins (uniport IDs P02829, P28482 and P62593), for which a total of 664
suppressing mutations were identified. To analyze the structural effects of these mutations, the corresponding pdb-structures (2cg9,
2y9q and 1erm, respectively) were first repaired in FoldX using the RepairPDB command, after which stability effects of mutations
were predicted using the Buildmodel command, with default settings. Statistical analyses on and visualization of these data were
performed using the R statistical computing software. The source files and R-scripts used are available in the files Data S1 (Source
files) and Data S2 (R-scripts).

Codon usage correlation analysis
Individual weights were attributed to codon transitions induced by single-nucleotide mutation events (AAansition), USINg:

n
AAtransition = Z freq(i)perAA «C (i)prop
i=0
where freqperan is the codon frequency usage per residue, Cpop COrresponds to the number of possible single-mutation codon tran-
sitions per property (referring to residue side chain physicochemical properties or aggregation propensity) and n is the number of
codons encoding for a single amino acid. Network construction and analysis was performed utilizing Cytoscape 3 (Smoot et al.,
2011).

Statistical testing

Normality was assessed both visually (using R’s hist and ggnorm functions) and by using the Shapiro test for normality (R function
shapiro.test). Significance of the difference between the mean of two groups was then either calculated using Student’s unpaired t
test for normal or near-normal distributions, or the unpaired Wilcoxon-Mann-Whitney U test for non-normal distributions (R functions
t.test and wilcox.test, respectively). Significance is denoted as “**’, p value between 0 and 0.001; “*’ p value between 0.001 and 0.01;
. p value between 0.01 and 0.05; ‘n.s.’, p value > 0.05.

DATA AND CODE AVAILABILITY

The crystallographic dataset generated during this study is available at the Protein Data Bank (https://www.rcsb.org/) under ID 6SL6.
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