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Aggregation of initially stably structured proteins is involved in more than 20 human
amyloid diseases. Despite intense research, however, how this class of proteins assem-
bles into amyloid fibrils remains pootly understood, principally because of the complex
effects of amino acid substitutions on protein stability, solubility, and aggregation pro-
pensity. We address this question using f,-microglobulin (f,m) as a model system,
focusing on D76N-f,m that is involved in hereditary amyloidosis. This amino acid
substitution causes the aggregation-resilient wild-type protein to become highly aggre-
gation prone in vitro, although the mechanism by which this occurs remained elusive.
Here, we identify the residues key to protecting f,m from aggregation by coupling
aggregation with antibiotic resistance in E. coli using a tripartite f-lactamase assay
(TPBLA). By performing saturation mutagenesis at three different sites (D53X-,
D76X-, and D98X-f,m) we show that residue 76 has a unique ability to drive f,m
aggregation in vivo and in vitro. Using a randomly mutated D76N-f,m variant library,
we show that all of the mutations found to improve protein behavior involve residues
in a single aggregation-prone region (APR) (residues 60 to 66). Surprisingly, no correla-
tion was found between protein stability and protein aggregation rate or yield, with sev-
eral mutations in the APR decreasing aggregation without affecting stability. Together,
the results demonstrate the power of the TPBLA to develop proteins that are resilient
to aggregation and suggest a model for D76N-f,m aggregation involving the formation
of long-range couplings between the APR and Asn76 in a nonnative state.

amyloid | aggregation | evolution

Protein misfolding and aggregation are involved in more than 50 human diseases,
some of which are the most debilitating disorders that threaten human health today
(1). Despite intense research, understanding why some proteins aggregate while others
are resilient and predicting how alterations in the sequence affect aggregation and path-
ogenicity remain a challenge (2, 3). Proteins that aggregate into amyloid fibrils associ-
ated with disease include intrinsically disordered proteins (IDPs) and peptides, such as
a-synuclein and amyloid beta (Af), as well as folded proteins such as transthyretin
(TTR), antibody light chains, and p,-microglobulin (B,m) (4). In each case, aggrega-
tion results in the formation of fibrils with a cross-f structure that is canonical of amy-
loid fibrils (4). For both types of protein precursor, single amino acid changes via
mutation or posttranslational modification can have dramatic effects on aggregation
propensity and can result in familial or early-onset amyloid disease. For example, the
single substitution S20G in the human islet amyloid polypeptide (IAPP) is associated
with early onset of type II diabetes (5), while an array of single amino acid changes in
AP are associated with familial Alzheimer’s disease (6, 7). More extreme examples
include the 120 mutations in TTR that have been implicated in autosomal-dominant
amyloid disease (8) and the large array of variants associated with light chain amyloid-
osis innate to each germline. These arise as a consequence of somatic hypermutation
(9, 10). Another example is fm, in which aggregation of the wild-type (WT) protein
is associated with the deposition of amyloid fibrils in the joints of patients undergoing
long-term renal dialysis (dialysis-related amyloidosis [DRA]) (11-13). More recently,
two single-point variants of this protein, D76N and V27M, have been identified in
amyloid deposits in the viscera or tongue, respectively, with the former occurring in
the absence of kidney disease (14, 15).

Several algorithms have been developed that aim to predict the outcome of protein
sequence changes on aggregation propensity (reviewed in ref. 3). Each focuses on a spe-
cific set or sets of parameters, such as protein solubility (16), stability (if initially
folded) (17), propensity to form B-aggregates or f-zippers (18), frustration (19, 20), or
a combination of these factors (21-24). Predicting the presence of aggregation-prone
regions (APRs) within a protein sequence (a contiguous sequence typically between
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5 and 15 residues long) can be achieved with confidence using
these algorithms (25, 26). However, when an APR is contained
within a long IDP or is embedded within a globular protein, it
remains challenging to predict whether a particular protein
sequence will assemble into amyloid, since aggregation depends
on each of these criteria (and others) (3).

Recent developments in experimental methods using evolu-
tion and selection approaches have the potential to provide
large datasets of protein sequences with different behavior
in vitro or in a cellular setting (3). We have previously reported
one such approach, the tripartite f-lactamase assay (TPBLA)
(27, 28)—which has been used to enhance the thermodynamic
stability of globular proteins (29, 30)—to rank the aggregation
propensity of variants of AP and IAPP (28), to screen for
small-molecule inhibitors of aggregation (28), and to evolve
aggregation-resistant proteins of relevance to biopharma (27).
In the TPBLA, a peptide or protein of interest is fused
in-frame between the two domains of TEM-1 (Temoneira-1)
f-lactamase (B-lac), and the fusion protein is expressed in the
periplasm of E. coli (Fig. 14). Antibiotic resistance of the result-
ing bacteria (Fig. 1B), measured by an in vivo growth score in
the presence of different concentrations of ampicillin, is then
used to reflect the inherent characteristic (stability/solubility/
aggregatlon propensity or other) of the inserted sequence since a
paucity in any such characteristic will reduce the concentration
of folded fB-lac in the periplasm and, hence, the ability of the
bacteria to grow in the presence of an antibiotic. The TPBLA is
tolerant of the insertion of peptides, as well as longer IDPs and
structured protein domains (single- and two-domain proteins
up to 40 kDa in size have been successfully analyzed to date)
(27, 28, 30). It also has the advantage that the periplasm is oxi-
dizing, enabling analysis of proteins and peptides that contain
disulphide bonds. In the case of short peptides and IDDPs, the
TPBLA yields a relatively simple readout since the overriding
feature dominating selection is the inherent aggregation propen-
sity of the sequence (28). In the case of stably folded proteins,
the TPBLA provides a readout that correlates with protein solu-
bility and stability (27). For proteins that are folded but aggrega-
tion prone, such as the folded precursors of amyloid disease, the
readout is potentially complex, as many parameters can influence
the in vivo growth score, including inter alia protein stability,
aggregation propensity, solubility, and other characteristics.

Here, we report the use of the TPBLA to explore the role of
the protein sequence in determining the aggregation of the
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naturally amyloidogenic protein, fom. fom is 99 residues in
length (10.8 kDa) and has a seven-stranded p-sandwich immuno-
globulin fold that is stabilized by a single disulphide bond linking
Cys25 and Cys80 (31, 32) (Fig. 2A4). The protein forms the non-
covalently bound light chain of the major histocompatibility
complex class 1 (MHC 1) (33) and is important for antigen pre-
sentation (34, 35). In healthy individuals, fym dissociates from
the MHC 1 as part of its catabolic cycle, whereupon it is cleared
from the serum via the kidneys (11). However, in individuals
with renal failure, f,m is no longer efficiently removed from the
blood, resulting in an increased serum P,m concentration and
the formation of amyloid fibrils that deposit in the joints in the
disorder known as DRA (11-13).

In 2012, the first familial fom variant involved in hereditary
amyloid disease was identified (15). The amyloid deposits were
found in the visceral organs and contained the variant D76N-
Bom, despite the individuals being heterozygous for the mutation
and having normal serum P,m levels (15). Subsequent analysis
revealed that D76N-B,m is less stable than WT-B,m, but why
the substitution of Asp to Asn in a solvent-exposed loop enhances
the amyloid propensity of the protein remains mysterious since
other amino acid substitutions that reduce stability to a similar,
or an even greater, extent (e.g., V37A-f,m) have no effect on
protein aggregation (36). Substitution of each of the other six
Asn residues in the fom sequence to Asp does not induce amy-
loid formation, highlighting a unique role of residue 76 in con-
trolling aggregation of the protein (37). While aggregation of
WT-B,m is driven by the formation of a partially folded state
containing a nonnative t7ans Pro32 (known as the Ir-state) (38),
the population of the It-state is not enhanced for the more rap-
idly aggregating D76N-,m, suggesting that WT- and D76N-
Bom aggregate through distinct mechanisms (31). Indeed, it has
been hypothesized that a different species, possibly a native-like
state (named the N*-state), could be responsible for D76N-f,m
aggregation (39), highlighting the complex relationship of protein
sequence and aggregation mechanism for this protein.

To explore the relationship between sequence and amyloid
propensity for D76N-f,m in more detail, we here combined
in vivo, in vitro, and in silico methods to search for amino acid
substitutions that reduce the aggregation propensity of the pro-
tein. Using saturation mutagenesis of residue 76 analyzed by the
TPBLA alongside analysis of saturation libraries of two other
solvent-exposed Asp residues (D53 and D98) and in vitro deter-
mination of the structural properties, stability, and aggregation
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Fig. 1. The TPBLA. (A) The test protein (blue) is inserted into a 29-residue glycine/serine-rich linker (green, 11 amino acids at the N-terminal and 18 amino
acids at the C-terminal of the test protein) separating the two domains of the E. coli enzyme TEM-1 p-lac (pink/orange). (B) Structural model of the fusion pro-
tein expressed in the TPBLA (Left). If the two domains of -lac are able to dock together, the enzyme will be active and can hydrolyze p-lactam antibiotics
(Right). (C) Antibiotic survival curves showing the maximal cell dilution (MCDgowtn) allowing growth on solid medium over a range of amp|C|II|n concentra-
tions. The AUCs for a resistant (blue) and more sensitive strain (red) expressing WT- or D76N-p,m, respectively, are shown. An MCDgowtn Of 10" indicates no
growth of an undiluted sample. (D) The antibiotic survival AUC yields a single value that can be used to compare the effect of sequence changes in the guest
protein on the bacterial survival curves. Asterisks denote significance: ***P = 0.002 (t-test: paired two sample for means, two-tail). The error bars in C and D
represent one SD (n = 3 biologically independent experiments), where each point corresponds to one experiment.
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Fig. 2. Comparison of the structure, stability, and amyloid propensity of WT- and D76N-B,m. (A) Crystal structure of WT-po,m (PDB [Protein Data Bank]
1LDS; ref. 61) highlighting Asp53, Asp76, Asp98, and the APR (residues 60 to 66 with gray background). The single disulphide bond linking Cys25 to Cys80 is
also shown. Residue 76 is highlighted in stick and with a gray box. (B) Superposition of the crystal structure of WT- (PDB 1LDS; ref. 61) and D76N-f,m (PDB
4FXL; ref. 15) (RMSD of 0.33 A over all heavy atoms). (C) ThT kinetics of the aggregation of WT- (blue) and D76N-g,m (red) (40 pM protein, 25 mM sodium
phosphate pH 6.2, 115 mM NaCl, and 37 °C with agitation). Note the same color coding is used in all figure parts (WT- [blue] and D76N-B,m [red]). Ten repli-
cates are shown. (Inset) Negative-stain EM micrographs of the endpoint of each sample are shown. Scale bar: 200 nm. (D) Apparent stability of WT- and
D76N-po,m (20 pM) measured using thermal denaturation by far UV CD (25 mM sodium phosphate pH 6.2). (E) The thermodynamic stability monitored by
urea titration using tryptophan fluorescence (see S/ Appendix, Table S1). (F-H) Predictions of the aggregation propensity of WT- and D76N-$,m using (F) struc-
turally corrected Aggrescan 3D 2.0 (23, 24) (values > +1 indicate APRs and < —1 indicate aggregation-resistant regions [dotted black lines]), (G) structure-
corrected CamSol (16) (values > +1 indicate soluble and < —1 indicate insoluble regions [dotted black lines]), and (H) sequence-based Tango (18) (values
>5% correspond to an aggregation-prone sequence). Light gray vertical bars highlight the p-strands in the native structure. The PDB codes used are 1LDS
(61) for WT-pom and 4FXL (15) for D76N-pom, where residue MO was removed and residues R97, D98, and M99 were added to 1LDS (61) to ensure a similar
number of residues to compare with D76N-p,m.

rate of the D76X variants, we show a remarkable specificity of
the identity of residue 76 in determining ,m aggregation in vitro
and in vivo that could not be recapitulated by in silico prediction
methods. Random mutagenesis and selection for enhanced antibi-
otic resistance using the TPBLA was then used to screen for
amino acid substitutions able to reduce D76N-f,m aggregation.
The results revealed a single region of the f,m sequence, involv-
ing residues 60 to 66, that is required for D76N-B,m aggrega-
tion. This region has a high predicted and experimentally
validated aggregation propensity and has been shown previously
to control the rate of aggregation of acid unfolded WT-8,m into
amyloid by tailoring its conformational dynamics (40). The
results are consistent with a model for D76N-f,m aggregation in
which the substitution of Asp76 with Asn destabilizes the native
protein and increases the population of nonnative conformers
that have an enhanced aggregation propensity, in contrast with

PNAS 2022 Vol. 119 No.22 2200468119

WT-Bom and its truncation variant ANG that aggregate via their
Ir-states (41). The results highlight the power of protein evolu-
tion and selection methods to generate proteins able to resist
aggregation that cannot be predicted using current algorithms.
Such data could be used in the future to inform in silico methods
better able to predict aggregation of amyloidogenic proteins.

Results

Experimental and Predicted Differences in Stability and
Aggregation of WT- and D76N-p,m. As previously described
(15), WT- and D76N-p,m have similar structures (root-mean-
square deviation [RMSD] of 0.33 A over all heavy atoms)
(Fig. 2B) but profoundly different abilities to aggregate into amy-
loid fibrils in vitro (the half time of aggregation [T} for
D76N-f,m is 13.7 + 1.6 h, while WT-B,m does not aggregate
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over the course of this experiment) (Fig. 2C). Substitution of
Asp76 with Asn reduces protein stability significantly (apparent
melting temperature [Tp,pp] of 65.2 + 0.4°C and 53.8 +
0.2°C, and AG®°yy -29.2 + 0.2 k] mol™" and -18.6 + 0.2 k]
mol ™, for WT- and D76N-,m, respectively) (Fig. 2 D and E
and S/ Appendix, Table S1), consistent with previous reports
(15, 37, 39). FoldX (17) predicts that substitution of Asp to
Asn at position 76 should destabilize p,m by 0.15 kJ mol ™', a
significantly smaller value than that observed experimentally
(AAGP°yy [D76N — WT-pom] = 9.5 k] mol™"). These dra-
matic differences in stability and aggregation propensity are
surprising and difficult to predict or rationalize, as residue 76 is
solvent exposed and found in the loop linking B-strands E and
F (the EF loop) in the native structure of f,m (Fig. 24). Nota-
bly, other B,m variants with similar stability to D76N-f,m, or
in which stability is reduced even further, such as murine-f,m
(42) or V37A-Bom (36), do not aggregate in vitro under the
conditions used, ruling out a simple correlation between pro-
tein stability and aggregation, as has been observed for other
proteins with an immunoglobulin fold, such as variants of anti-
body light chains (30, 43). To explore the origins of the
observed marked difference in aggregation of WT- and D76N-
Bom, online prediction algorithms were also used (Fig. 2 F-H).
The prediction algorithms—Aggrescan 3D 2.0 (23, 24) (pre-
dicts protein aggregation based on protein sequence, stability,
and structure), CamSol (16, 44) (predicts protein solubility
based on sequence and structure), and Tango (18) (predicts
aggregation based on sequence alone)—each failed to show a
difference in predicted behavior of the two proteins. Further
online predictors/algorithms were also used without success (S/

Appendix, Table S2).

Saturation Mutagenesis at Positions 53, 76, and 98 Measured
Using the TPBLA. To confirm the ability of the TPBLA to
detect changes in f,m aggregation, the assay was performed on
WT- and D76N-f,m by inserting these sequences individually
into the linker of B-lac. Each variant exhibited dramatically dif-
ferent scores in the TPBLA (Fig. 1C), with D76N-B,m giving
a significantly lower score compared to WT-f,m (enumerated
as the area under the MCDy oy, curve [AUC] of 680 + 10
AUC and 191 + 31 AUC for WT- and D76N-B,m, respec-
tively), consistent with previous results (28) (Fig. 1D). These
data highlight the sensitivity of the TPBLA to detect the effect
of single-point amino acid substitutions on ,m behavior.
Next, each of the 20 natural amino acids was placed at posi-
tion 76 in the protein sequence using mutagenesis, and the
in vivo growth score of bacteria expressing each of these var-
iants was measured over a range of ampicillin concentrations (0
to 140 pg ml™) (SI Appendix, Fig. S1A). The results (Fig. 34)
were striking, showing that D76-f,m (corresponding to WT-
fom) has by far the highest score (~ 700 AUC), consistent
with this protein being highly resilient to aggregation and/or
degradation in the E. coli periplasm. A second group of resi-
dues, with a significantly reduced score compared to Asp76,
includes the D76E- and D76A-fom variants (~ 400 AUC
[P = 0.01 compared with WT-B,m]), while a third group
contains the remaining 17 D76X-f,m variants, which have sig-
nificantly decreased scores (P = 0.003 compared with D76E/A-
fom) (Fig. 3A4). This last group of variants has gradually
decreasing scores (ranging from ~ 300 [for D76T-f,m] to
~ 50 AUC [for D76R-B,m]). Notably, the substitution D76N
lies in the middle of this third group, but its score is not signifi-
cantly different from those of other variants in this group.
Overall, the results show that the presence of a negatively

https://doi.org/10.1073/pnas.2200468119

charged Asp protects fom from aggregation, at least as judged
by the TPBLA, with the negatively charged D76E-f,m or neu-
tral D76A-B,m providing some, albeit more limited, protection
as judged by this assay.

To better understand the importance of substitutions at resi-
due 76 on the behavior of f,m, two additional Asps were
selected for analysis by the TPBLA: Asp53 (a solvent-exposed
residue in the center of the edge D-strand of the p-sandwich
fold) and Asp98 (also solvent exposed and the penultimate resi-
due of the protein) (Fig. 24). Comparison of the MCDg oy,
curves of D76N-, D53N-, and D98N-f,m showed that each
has a significantly different score compared to WT-B,m (S
Appendix, Fig. S1 A-C), with D98N-f,m having the highest
score (~ 600 AUC), followed by D53N-f,m (~ 500 AUC),
and D76N-B,m with the lowest score (~ 200 AUC) (P < 0.04
for the three variants compared with WT-B,m; SI Appendix,
Fig. S2A). This indicates that an Asp-to-Asn substitution at
these sites affects p,m differently, depending on the residue’s
position in the native structure. Since these variants all involve
an Asp-to-Asn substitution at a solvent-exposed site, the differ-
ence in MCDygoueh of these variants cannot be attributed to
differences in overall protein charge or solubility. Accordingly,
no significant difference in protein solubility or aggregation
propensity was predicted for these three variants using the
algorithms Tango (18), CamSol (16), or Aggrescan 3D (23, 24)
(S Appendix, Figs. S2B and S3 D-F).

Saturation mutagenesis was next carried out at positions 53
and 98, and the MCDg oy Of the resulting 40 variants was
determined using the TPBLA (87 Appendix, Fig. S1 B and ).
By contrast with amino acid substitutions at position 76, which
result in proteins that are sensitive to the identity of the amino
acid at that site, residue 98 is resilient to substitution, with little
change in the in vivo growth score for 19 of the 20 sequences
(the sole exception is D98C, which could be explained by the
formation of an incorrect intra- or intermolecular disulfide
bond) (87 Appendix, Fig. S1C). Notably, Cys substitution at resi-
dues 53 and 76 also results in a reduced in vivo growth score
(Fig. 3 A and B). Interestingly, the D53X-f,m series resulted in
proteins with a behavior in the TPBLA distinct to those of the
resilient D98X-B,m or sensitive D76X-P,m series, with a gradual
change in in vivo growth score across all 20 residue types (S/
Appendix, Fig. S1B). Consistent with this, a poor correlation is
observed between the in vivo growth scores of D98X-B,m and
D53X-/D76X-B,m, as judged by their rank-based Spearman cor-
relations of 28 and 43%, respectively (SI Appendix, Fig. S3).

Whether a protein aggregates depends on the balance of
many factors—including protein structure, stability, solubility,
and inherent aggregation propensity—and can be modulated
by the sequence (such as the inclusion of charges or gatekeeper
residues local to an APR; ref. 45). The predicted properties
of the 20 sequence variants at positions 76, 53, and 98 were
determined using the algorithms Tango (18), CamSol (16),
and Aggrescan 3D (23, 24) and compared with the in vivo
growth scores of the variants at each position. For D76X-8,m,
a perfect correlation (r = 100% using a rank-based Spearman
correlation; ST Appendix, Fig. S4) was observed between protein
solubility and in vivo growth score, while Tango (18) and
Aggrescan3D (23, 24) did not correlate (Fig. 3D). For D98X-
fom, the in vivo growth score and the predictions of all three
algorithms were not significantly affected by substitution, sug-
gesting that the identity of this residue plays little or no role in
determining aggregation in vivo or in silico (Fig. 3F). For
D53X-f,m, where the substitution site is at an edge-strand, a
different scenario ensues. For this series of variants, protein
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Fig. 3. Saturation mutagenesis of f,m at positions 76, 53, or 98. (A-C) In vivo growth score (AUC) of the 20 (A) D76X-, (B) D53X-, or (C) D98X-p,m variants. In
each case, the residues are ordered from highest to lowest in vivo growth score. Data represent mean values (n = 3 biologically independent experiments),
where each point corresponds to one experiment. The error bar shows one SD from the mean. Asterisks denote significance (t-test: paired two sample for
means, two-tail) where *P = 0.03, **P = 0.01, ***P = 0.003, and ****P = 0.002. (D-F) Aggrescan 3D 2.0 (23, 24), structurally corrected CamSol (16), and
sequence-based Tango (18) score for each variant. The vertical black lines demark the different groups that are statistically different (P > 0.05). Each amino
acid type is colored the same in the six plots and ordered in the same way for D76X- (A and D), D53-X (B and E), or D98X- (C and F). Note that the Asp (“D")

corresponds to the amino acid in WT-pom.

behavior can be divided roughly into four groups, depending
on amino acid type (with a statistically significant difference
between each group: P < 0.05; Fig. 3B). The first group con-
tains WT- and D53E-f,m, indicating that increasing the size
of the acidic sidechain does not affect the protein’s behavior.
The second group contains mostly positively charged or
polar residues (D53Q-, D53K-, D53T-, D53S-, D53R-, and
D53N-B,m), as well as D53A-, D53P-, and D53G-p,m. The
third group contains the remaining hydrophobic residues
(D53V-, D53L-, D53H-, D53M-, D53I-, D53Y-, D53W-,
and D53F-f,m), while the fourth group contains only
D53C-pom. Aggrescan3D (23, 24) and CamSol (16) were able
to capture the rank order and in vivo growth scores of the
D53X-f,m variants, with Tango performing less well (Fig. 3E
and SI Appendix, Fig. S5). Interestingly, an inverse correlation
was observed between B-strand propensity and the rank order
of the in vivo growth score (= 75% using a rank-based Spear-
man correlation) for the variants at residue 53 (i.e., residues
with a higher B-strand propensity resulted in a lower in vivo
growth score; SI Appendix, Fig. S5 E and F). This observation
could be rationalized by the known selection against structures
with edge B-strands that are solvent exposed and straight, pre-
sumably as a protective mechanism against in vivo aggregation
(ST Appendix, Fig. S51) (46). Overall, the results portray the

sensitivity of the TPBLA to single amino acid substitutions in a

PNAS 2022 Vol. 119 No.22 2200468119

protein sequence and reveal the different responses to substitu-
tions at the three different sites in f,m analyzed here.

Stability and Aggregation of Purified Proteins Mutated at
Position 76. To better understand the effect of the amino acid
substitutions at residue 76 on structure, stability, and aggrega-
tion potential, the 20 D76X-p,m variants were cloned (in the
absence of f-lac), expressed in E. coli, and purified (57
Appendix, Materials and Methods). The yields of pure protein
varied markedly, from 40 mg pure protein/L of culture for
WT-,m (Asp76) to 0.4 mg pure protein/L of culture for
D76L-Bom (SI Appendix, Table S3). The apparent thermal
stability (T ,pp) of each protein measured by far-UV CD (far
ultra-violet circular dichroism) also varied markedly, from 65.2
+ 0.4°C for WT-f,m to 37.9 + 0.8°C for D76R-f,m (Fig.
44; see also SI Appendix, Fig. S6 and Table S3). This variation
is surprising, given that the sidechain of residue 76 is solvent
exposed and makes just three hydrogen bonds (to the side-
chains of N42, T73, and Y78) in the crystal structure of WT-
and D76N-B,m (S Appendix, Fig. S7 A and E). Nonetheless, a
clear correlation (» = 86% using rank-based Spearman correla-
tion; SI Appendix, Fig. S8 A and B) is observed between T 0
and the in vivo growth score, suggesting that stability (as well
as solubility) is an important parameter in determining the
readout of the TPBLA for this series of variants (Fig. 3D).
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Finally, the aggregation rate of each variant was determined
(monitored by thioflavin T [ThT] fluorescence) (SI Appendix,
Fig. S6). Here, again, a wide variation in behavior was
observed. As expected, WT-B,m did not form detectable amy-
loid fibrils under the conditions employed (40 pM protein, 25
mM sodium phosphate buffer, 115 mM NaCl, pH 6.2, 37 °C,
and shaking), while D76N-B,m formed amyloid-like fibrils the
most rapidly of all 20 variants under the conditions employed
(Thae 9.6 + 3.8 h) (SI Appendix, Table S3). Of the remaining
variants, nine (D76A-, D76T-, D76S-, D76V-, D76Q-,
D76G-, D76H-, D76M-, and D76K-B,m) formed amyloid-
like fibrils rapidly (Tpur < 30 h; below the lower dashed line in
Fig. 4B), while the other seven either failed to form fibrils
(D76Y-, D76L-, D761-, D76W-, D76F-, D76C-, and D76R-
B,m; above the higher dashed line in Fig. 4B) or formed fibrils
very slowly (Thas 60 to 70 h for D76E- and D76P-B,m; Fig.
4B and SI Appendix, Table S3). Indeed, there is only a poor
correlation between the in vivo growth score and the Ty, value
(r = 28% using rank-based Spearman correlation; S/ Appendix,
Fig. S8 Cand D), with the four variants with the lowest in vivo
growth score (worst behavior; D76W-, D76F-, D76C-, and
D76R-B,m) failing to aggregate in vitro under the conditions
employed. D76N-, D76Q-, and D76M-f,m, which have inter-
mediate in vivo growth scores, aggregate the most rapidly (Fig.
4B). Comparing protein stability and aggregation (Fig. 4 A and
B) suggests that variants that are most (T ,pp > 60°C; WT-
Bom) or least stable (T, < 48°C; D76L-, D76P-, D76I-,
D76W-, D76F-, D76C-, and D76R-B,m) (Fig. 44) either lose
the ability to form amyloid fibrils or do so very slowly (with
the sole exception of D76M-Bom: Ty0pp 48.7 + 0.4°C and
Thar 10.3 = 1.2 h). This observation indicates that a “sweet
spot” for Pom aggregation involves residue 76 in that a highly
stable native protein does not aggregate, presumably since it is
“trapped” in the native state, while for destabilized variants, the
ability to unfold provides the potential to aggregate, depending
on the precise amino acid sequence of the unfolded state.

Structural Differences of D76X-p.m Variants. Le Marchand
et al. recently hypothesized that changes in the hydrogen bond
network involving Asp-76 of WT-B,m could play a role in

determining the uniquely high aggregation propensity of
D76N-B,m (39). To examine the structural effect of other
amino acid substitutions at this site, the crystal structures of
seven variants (D76E-, D76A-, D76S-, D76G-, D76Q-,
D76Y-, and D76K-B,m) were determined at high resolution
(1.15 to 1.52 A) (S Appendix, Fig. S7 and Table S4). Six var-
iants could not be crystallized or yielded crystals too small to
be fished (D76H-, D76C-, D76l-, D76W-, D76T-, and
D76V-p,m), and the yield of the remaining five proteins was
too low to enable crystallization trials. Comparison of the crys-
tal structures of D76E-, D76A-, D76S-, D76G-, D76Q-,
D76Y-, and D76K-f,m with those of WT- and D76N-f,m
revealed no substantial differences that could explain their dif-
ferent stabilities and aggregation propensities (RMSD < 0.6 A
over all heavy atoms; SI Appendix, Table S5 and Fig. 40). In
WT-Bom, a salt bridge is formed between the negatively
charged residue Asp-76 and the highly conserved Lys41. This
interaction is preserved in D76E-B,m (SI Appendix, Fig. S7B)
and may explain, at least in part, the protection of f,m from
aggregation for these two proteins (Fig. 34). Indeed, a recent
study has highlighted the importance of this salt bridge for
D76N-B,m stability and aggregation (47). Interestingly, two of
the most rapidly aggregating variants (D76N- and D76Q-f,m)
share an amide sidechain. For D76N-f,m, the network of
hydrogen bonds involving the sidechains of N42, T73, and
Y78 found in the CD and EF loops of WT-B,m is maintained
in the variant (87 Appendix, Fig. S7 A and E). By contrast, the
sidechain of GIn76 moves away from Asn42 in the variant
D76Q-P,m; instead, GIn76 hydrogen bonds with Lys41 (87
Appendix, Fig. S7 E and F), similar to D76E-B,m (SI Appendix,
Fig. S7B). For other variants, the loop structure is maintained
despite these hydrogen bonds either not forming (D76A-,
D76G-, and D76Y-Bom; SI Appendix, Fig. S7 C, G, and H,
respectively), or being reduced in number (D76K-B,m hydro-
gen bonds to N42, and D76S-f,m hydrogen bonds to N42
and T73; SI Appendix, Fig. S7 Iand D, respectively). Together,
these observations indicate that the sidechain chemistry at resi-
due 76 plays a role in protein stability and aggregation, but the
behavior of the variants cannot be rationalized by their crystal
structures alone.
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Fig. 4. Stability, aggregation, and crystal structures of the D76X-B,m variants. (A) Protein stability represented by Tp,app Was determined for the 20 D76X-f,m
variants using temperature ramp monitored by far-UV CD at 216 nm (S/ Appendix, Materials and Methods) The error bars represent the fitting error. The dashed
line at 60 °C identifies proteins (WT-p,m) whose high T2, prevents aggregation, while the line at 48 °C indicates the Tmapp below which the D76X-p,m variants
fail to aggregate over the course of these experiments or do slow very slowly (note: D76M-p,m has a thermal stability slightly above 48 °C). (B) Protein aggrega-
tion rate represented by Thar calculated for all D76X-B,m variants using ThT fluorescence measurements. The error bars represent one SD of the mean from
8 to 10 technical repeats (two biological replicates were performed, but only one is shown here). The dotted lines separate the stable versus unstable variants in
A and the aggregation-prone and aggregation-resilient variants in B. Each amino acid type is colored the same in A and B, and the variants are ordered identically
to Fig. 3A (i.e., high to low in vivo growth score). “D" corresponds to WT-p,m. The asterisk in B corresponds to variants that started to aggregate just before the
endpoint (100 h). (C) Superposition of the crystal structures of nine p,m variants: WT- (PDB 1LDS; ref. 61), D76A- (PDB 7NMO), D76E- (PDB 7NMC), D76S- (PDB
7NMR), D76N- (PDB 4FXL; ref. 15), D76Q- (PDB 7NMV), D76G- (PDB 7NMT), D76K- (PDB 7NN5), and D76Y-g,m (PDB 7NMY) showing that the amino acid substitu-
tions at residue 76 do not alter the structure of the proteins significantly, including the EF loop that contains residue 76.
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Evolving D76N-g,m to Reduce Its Aggregation Propensity.
Having established that the TPBLA can be used to differentiate
the effects of amino acid substitutions at positions 53, 76, and
98 in P,m, we next sought to use the assay as a screen for
directed evolution to select for D76N-f,m variants with
improved properties, selected by an increased in vivo growth
score. Genetic variation was introduced into the gene encoding
D76N-B,m using error-prone PCR before inserting the result-
ing library (BLa-D76N-f,m*) into the pB-lac vector (87
Appendix, Materials and Methods). The DNA sequences of
22 clones in the naive library revealed an average mutational
frequency of 10.9 base pair (b.p.) mutations per 1,000 b.p.
(corresponding to 3.2 b.p. mutations per D76N-f,m gene,
equivalent to 2.4 amino acid substitutions per protein
sequence). To screen for variants with enhanced properties, the
BLa-D76N-B,m* plasmid library was transformed into E. coli
SCS1 cells, and the bacteria were plated onto agar containing
120 or 140 pg mL ™! of ampicillin. In total, 1,000 and 100 col-
onies, respectively, were observed after transformation with
BLa-D76N-B,m*. Transformation with the undiversified BLa-
D76N-B,m plasmid yielded five and zero colonies at 120 or
140 pg mL™" of ampicillin, respectively, suggesting that some
mutations in fLa-D76N-,m* increase the expression of func-
tional pLa-B,m. DNA sequencing of 209 colonies selected ran-
domly at these two antibiotic concentrations yielded 56 unique
sequences involving amino acid substitutions at 52 different
sites that are scattered throughout the protein sequence, includ-
ing residues in the P-strands and their connecting loops (S
Appendix, Fig. S9A). Ten of these unique sequences result in an
amino acid substitution at residue 76, of which nine contain
the WT reversion substitution (N76D), either in isolation or in
combination with either one or two additional amino acid
changes, while one contained the substitution N76S in combi-
nation with a mutation in the APR predicted by Tango (18)
(WO60R) (SI Appendix, Table S6). Interestingly, for the 46
unique sequences that did not involve substitution of residue
76, all contained one or more amino acid changes in the region
spanning residues 60 to 66, which contains the loop linking
B-strands D and E (the DE loop) and p-strand E in the native
structure (Fig. 54 and SI Appendix, Table S7 and Fig. S9A).
Notably, this region is the single most aggregation-prone region
of the sequence predicted by Tango (18) (Fig. 2H) and has
been shown previously to be highly aggregation prone in isola-
tion (48). Consistent with this, all but one of the sequences
were predicted by Solubis (21, 22) to decrease the aggregation
propensity (ATango) or to decrease stability (AAG®), deter-
mined using FoldX (17) (8] Appendix, Fig. S10A).

The in vivo growth score was measured for the 46 unique
sequence variants (excluding the 10 sequences that contain a sub-
stitution at residue 76), and each was compared with the score
for WT- and D76N-B,m. All 46 of the evolved variants displayed
an enhanced in vivo growth score relative to D76N-,m, and 22
variants had a score that exceeds that of WT-B,m (SI Appendix,
Fig. S10B). All these sequences have at least one amino acid sub-
stitution in the region spanning residues 60 to 66, which spans
the APR defined by Tango (predicted to span residues 60 to 68)
(Fig. 2H). Residue 59 was not altered in our screen. Residue 66
was substituted in only one unique sequence (in combination
with F22L and K48E [D76N_F221-K48E-Y66N-f,m]), while
residue 67 was found in two unique sequences but always in
combination with either an amino acid substitution at residues
63 or 64 (SI Appendix, Table S7). This suggests that substitutions
at F22 and K48 may be passively selected due to the presence of
additional beneficial mutations in the APR. Consistent with this,

PNAS 2022 Vol. 119 No.22 2200468119

analysis of the D76N_F22L- and D76N_K48E-f,m variants
individually using the TPBLA yielded proteins with slightly
reduced 77 vivo growth scores compared with D76N-f,m, indi-
cating that individual alteration of these three residues has no
beneficial effect on D76N-Bom (SI Appendix, Fig. S9B). We,
thus, define the APR of D76N-B,m as spanning residues 60 to
66 (“"WSFYLLY®).

In all, 13 different amino acid substitutions in the APR (resi-
dues 60 to 66, 6O\WSFYLLYGG) were found either singly, in com-
bination with other substitutions in the APR or elsewhere, or
both (87 Appendix, Table S7). These 13 single variants were cloned
into fLa-D76N-B,m, and their in vivo growth scores were deter-
mined using the TPBLA. All increased the in vivo growth score of
D76N-B,m (colored green for residues 60 to 66 in Fig. 5B), with
two substitutions (W60G and Y63D) giving scores higher than
WT-B,m (Fig. 5B). This highlights a key role of the APR in
defining the properties of D76N-B,m in the TPBLA. Notably,
the best-scoring substitution of all evolved variants was W60G
(Fig. 5B). This solvent-exposed tryptophan lies in the DE loop
of native f,m and is required for its function (49). Substitution
with glycine has been shown to stabilize the native protein and
to reduce its aggregation propensity (49, 50). Instead of glycine,
arginine was found in four of the nine variants substituted for
W60. This accords with previous work showing that either
W60R or W60C also reduces aggregation propensity (39, 51).

To confirm the importance of residues 60 to 66 in determin-
ing the behavior of D76N-B,m in the TPBLA, Solubis (21, 22)
was used to design two single-residue substitutions in the APR
that are each predicted to significantly reduce the aggregation
propensity of D76N-B,m (L64D ATango —750.9 and L65K
ATango —560.0). These substitutions are also predicted to
destabilize the protein (AAG® 4.70 and 1.17 keal mol ™! for
L64D and L65K, respectively, calculated using FoldX; ref. 17).
As predicted, the introduction of a negatively charged (Asp) or
positively charged (Lys) residue into the center of the APR (at
residue 64 or 65, respectively) each improved the in vivo
growth score of D76N-f,m (colored orange in Fig. 5B). While
L64D only slightly (but significantly) improves the in vivo
growth score of D76N-f,m, the substitution L65K improves
the score dramatically, such that this variant behaves similarly
to WT-B,m. Notably, no correlation is observed between the
in vivo growth score and the predictors Tango (18), CamSol
(16), or Aggrescan 3D (23, 24) (» < 25% using rank-based
Spearman correlation; SI Appendix, Fig. S11), consistent with
the complexity in factors that determines the behavior of
D76N-B,m variant in the TPBLA.

The APR of B,m, SOWSFYLLY®®, is composed mainly of aro-
matic and hydrophobic residues, consistent with its high pre-
dicted Tango score (18) (Fig. 2H) and measured aggregation
propensity (as an isolated peptide; ref. 48). All amino acid sub-
stitutions resulting from the error-prone PCR decrease the
hydrophobicity of the APR by substitution with a polar or
charged residue (Lys, His, Arg, Asp, Ser, Asn, or Gln), by
reducing the size of the sidechain (e.g., Phe to Leu or Gly), or
by incorporation of the B-strand breaking residue Pro. Consis-
tent with this, analysis of the properties of the 46 unique
sequences using Solubis (21, 22) predicts that 45 of the 46
variants have reduced aggregation propensity compared to WT-
and D76N-f,m (the sole exception is D76N_F62L-H84R-
W95R-B,m [clone 27], which is the only substitution in the
APR that maintains a hydrophobic residue [other than substitu-
tion with Pro]; S/ Appendix, Fig. S10A). Most of these variants
(44 of the 46 unique sequences) have a concomitant predicted
decrease in stability (AAG® > 1 kcal mol™Y; S7 Appendix, Fig.
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Fig. 5. Evolving D76N-p,m to improve its properties. (A) Frequency of amino acid substitutions for the 56 unique sequences during screening of the D76N-
pom* library reveals the APR (residues 60 to 66, in green), with five of these residues having a mutational frequency higher than 1c (residues 60, 62, 63, 64,
and 65). Residue 76 (in blue) corresponds to the substitution that restores WT-p,m. Residue 66 was the only residue with a mutational frequency lower than
1o to have a positive effect on D76N-B,m. (B) In vivo growth scores of 15 variants (D76N + X) compared with WT-p,m and D76N-p,m. In total, 13 variants
were found in the APR (A, in green), and two variants were selected using Solubis (in orange; S/ Appendix, Fig. S12). Data represent the mean (n = three bio-
logically independent repeats), where each point corresponds to one experiment. The variants are ordered from the highest to lowest in vivo growth score
(AUC) (Left to Right). The error bar represents one SD. Note that a larger range of ampicillin concentration was used to determine the behavior of these
improved variants (0 to 280 pg mL N (s! Appendix, Materials and Methods); hence, the AUC is greater than those shown for D76N-p,m and WT-p>m in Figs. 1D
and 3. (C) Protein stability (Tm;app) for WT-pom, D76N-p,m, and six variants containing amino acid changes in the APR (i.e., double variants D76N + X, where
X is a residue in the APR) obtained using temperature ramp monitored by far-UV CD. The error bar is the fitting error. (D) Protein aggregation rate (Thai) for
WT-B,m, D76N-B,m, and four of the double variants, determined using ThT fluorescence. The error bar represents one SD of 8 to 10 repeats. Note that
insufficient D76N_L64P- and D76N_L65P-p,m could be purified to perform the aggregation assay. Asterisks denote significance (t test: paired two sample for
means, two-tail) where *P = 0.04 and ***P < 0.0001. Note that the same color code is used for B-D.

S104) (with the exception of D76N_W60R-B,m [clone 9] and expressed, and purified, creating the proteins D76N_F62P-,
D76N_S57G-W60R-p,m [clone 11], which only slightly dec- D76N_Y63D-, D76N_L64D-, D76N_L64P-, D76N_L65P-,
rease the predicted aggregation propensity; ATango ~ —130),  and D76N_L65K-fm. These variants span the APR and

consistent with previous results suggesting that reducing aggrega- include the four sequence substitutions with the highest in vivo
tion by sequence alteration generally comes at the cost of reduc-  growth scores at each site from the TPBLA, along with the two
ing protein stability (52). designed variants, D76N_L64D- and D76N_L65K-B,m,

Finally, to explore whether amino acid substitutions at resi- ~ which were predicted to be highly aggregation resilient but not
dues outside of the APR could decrease aggregation—even  severely destabilized using Solubis (S7 Appendix, Fig. S12). The
though they were not observed here experimentally—saturation stability (T';,pp) for the six variants was determined, while only

mutagenesis of every residue in D76N-B,m was performed in  four of the variants could be purified in an amount sufficient
silico using Solubis (21, 22) (S7 Appendix, Fig. S12). Consistent ~ for analysis of their aggregation rate (T}, (D76N_L65K-,
with the single dominant APR in the B,m sequence, these D76N_F62P-, D76N_Y63D-, and D76N_L64D-p,m) (87
results showed that of the 1,900 possible amino acid sub-  Appendix, Materials and Methods; Fig. 5 C and D and S/
stitutions, the only substitutions that decrease aggregation  Appendix, Table S8 and Fig. S13). Surprisingly, and in contrast
(53 single-point variants for which ATango > —200; S/  with predictions based on Solubis (21, 22) (SI Appendix, Fig.
Appendix, Fig. S12) involve residues in the APR (with the sole S12) and previous predictions (52)—which suggest, in general,
exception of Y67P, ATango —303). Of these 53 single-point var- that reducing aggregation comes with the cost of destabilizing a
iants, 89% are predicted to be destabilized (AAG® > 1 kcal  protein—several counterexamples were found for D76N-f,m.
mol ™) relative to D76N-p,m, while only six variants (11%)  For example, using Solubis, D76N_L64D-B,m is predicted to
either have no effect on stability (D76N_L65E-, D76N_L65R-, abolish the APR (21, 22) (8] Appendix, Fig. S12) by adding a
D76N_Y63K-, D76N _WG60E-, and D76N_S61D-f,m; AAG® gatekeeper residue in the middle of the APR (cutting the APR
< 1 keal mol™) or marginally stablhze D76N-f,m (D76N_ in two), but the aggregation rate (Tj¢) of this variant is only
SG1E-B,m; AAG® —0.85 keal mol ") (ST Appendix, Fig. S12). marginally longer than that of D76N-f,m (Fig. 5D and S/
Appendix, Fig. S13C). Moreover, D76N_F62P- and D76N_

Purified Proteins with Sequence Substitutions in the APR Have  Y63D-f,m have similar stability as D76N-f,m (Fig. 5C and S/
Decreased Stability and Decreased Aggregation Propensity. To  Appendix, Fig. S13 A and B), yet Solubis predicts these muta-
determine how sequence alterations in the APR of D76N-f,m tions to be destabilizing (S/ Appendix, Fig. S12). Finally, only
affect protein stability and aggregation propensity, six of the one mutation (L65K) was found to abolish aggregation (Fig.
variants with an enhanced in vivo growth score were cloned, 5C and SI Appendix, Fig. S13D), in agreement with Solubis
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(21, 22) (SI Appendix, Fig. S12). These results highlight the
complexity of predicting the effect of a mutation on aggregation,
which we show depends on a critical balance of native-state sta-
bility, solubility, the presence of the APR in the sequence, and
the properties of nonnative states that are formed at different
stages of the aggregation cascade (S/ Appendix, Fig. S14).

Finally, to determine whether amino acid substitutions in
the APR of D76N-B,m have a similar effect on the WT pro-
tein, the six sequence alterations in the APR of D76N-f,m dis-
cussed above were introduced into WT-f,m, and the in vivo
growth score of each was determined using the TPBLA. Strik-
ingly, the results revealed that the effects of the amino acid sub-
stitutions are different for WT- and D76N-f,m, dependent on
the site of substitution and the identity of the residue intro-
duced (87 Appendix, Fig. S15). In WT-f,m, three of the var-
iants in the APR increased the 7 vivo growth score (F62P,
Y63D, and L65K), one had little effect (L64D), and two
reduced the score (L64P and L65P). By contrast, all six variants
increased the in vivo growth score of D76N-f,m. This suggests
a difference in the stability/aggregation tradeoff and/or differ-
ences in the mechanisms of aggregation of the two proteins,
despite the fact that the proteins differ by only a single amino
acid substitution in a solvent-exposed loop that is distant in
sequence and space to residues in the APR.

Natural Evolution of p,m Sequences. We next wondered
whether the APR of f,m is conserved among species, especially
given that this sequence appears to drive aggregation of D76N-
Bom. Analysis of 262 sequences of B,m from animals through-
out Mammalia showed that residues in the APR (particularly
Trp60, Phe62, Tyr63, Leu64, and Leu65) and Asp76 are
highly conserved (SI Appendix, Fig. S16 A-C). With 100%
identity across all 262 sequences, Trp60 and Phe62 form key
contacts with the MHC 1 heavy chain, which is vital for its
function (34). Leu64 (88% identity) forms part of the hydro-
phobic core of the protein, suggesting that this residue may be
beneficial for stability, while Leu65 (100% conserved) is solvent
exposed and may be important for folding rather than for sta-
bility or function. A total of 16 amino acid substitutions were
found in the APR in these 262 sequences (0 substitutions at
positions 60, 62, and 65; three substitutions at position 61;
four substitutions at position 63; and five substitutions at posi-
tions 64 and 66). As we show above, residue 76 plays a unique
role in determining the aggregation of human B,m (Fig. 3).
Position 76 is Asp in 96% of the 262 mammalian sequences of
Bom (ST Appendix, Fig. S16C). Six substitutions are observed at
residue 76 (Ala, His, Asn, Ser, Thr, and Val). Interestingly, sat-
uration mutagenesis of residue 76 showed that these six substi-
tutions are among those that have the least effect on the in vivo
growth score and on protein stability compared with Asp76
(Figs. 34 and 44).

One P,m sequence was found (European rabbit) that con-
tains an Asn at position 76 and retains a strong APR involving
residues 60 to 66 (C°WSFYLLV®®, which differs from human
Bom only at residue 66). To determine whether rabbit-f,m is
as aggregation prone as its sequence might predict, the protein
was expressed and purified, and its rate of aggregation, stability,
and in vivo growth score were determined. Surprisingly, the
results revealed that rabbit-P,m is more resilient to aggregation
than human D76N-f,m, with a high in vivo growth score, a
similar T, 0pp to human D76N-B,m, and little or no aggrega-
tion over 100 h (87 Appendix, Fig. S16 D-F). Thus, even with
an Asn at position 76 and a strong APR, the sequence of rabbit
B>m must have evolved other means of preventing aggregation.

PNAS 2022 Vol. 119 No.22 2200468119

Discussion

The TPBLA has been used previously to select for proteins
with increased kinetic and thermodynamic stability (29, 30); to
rank the aggregation propensity of amyloidogenic peptides
(28); to screen for small-molecule inhibitors of protein aggrega-
tion (28); and, most recently, to evolve antibody fragments for
increased aggregation resistance (27). Here, we have exploited
the powers of the TPBLA to investigate the relationship among
sequence, stability, and aggregation of the amyloidogenic pro-
tein D76N-B,m. This protein was selected for our study as its
aggregation mechanism is complex, commencing from an ini-
tially stably structured protein with an all-antiparallel immuno-
globulin fold, which presumably must reorganize substantially
during formation of the cross-p structure of amyloid (4). The
protein has also been shown to differ in its aggregation mecha-
nism from WT-B,m (31, 39), despite the proteins differing by
only a single amino acid in a solvent-exposed loop (15). Finally,
previous studies of aggregation of WT-f,m under acidic condi-
tions have shown that there is no relationship between aggrega-
tion rate and thermodynamic stability (36), suggesting that the
high aggregation propensity of D76N-B,m cannot be rational-
ized by the protein’s reduced global stability alone.

The results presented here highlight the ability of the
TPBLA to differentiate the behavior of f,m variants that differ
by only a single residue, opening the door to the use of the
assay to select for D76N-B,m sequence variants with enhanced
properties. Firstly, using saturation mutagenesis at three differ-
ent positions that each target a solvent-exposed Asp (residues
53, 76, and 98), we used the TPBLA to reveal the unique
importance of residue 76 in defining the aggregation of B,m.
The native Asp was most protective, Glu and Ala showed some
protection, and all other residues (including Asn) resulted in a
low in vivo growth score when introduced at this site. In
marked contrast, there is no effect of amino acid substitution at
residue 98, while residue 53 revealed behavior that is entirely
consistent with its location in an edge strand (46).

The potential of a folded protein to assemble into amyloid
fibrils depends on a complex combination of interdependent
characteristics, each of which is affected by the protein
sequence. These include properties of the native protein, such
as thermodynamic and kinetic stability, solubility, cooperativity
of the native fold, and the solvent accessibility of its usually
buried APR(s) (52). The properties of the protein sequence—
such as its inherent solubility; B-sheet propensity; the presence
of APRs; and the type of residues that flank an APR, such as
gatekeeper residues (Glu, Lys, Arg, Asp, and Pro) that suppress
aggregation—also play a key role in determining whether a pro-
tein aggregates under a defined set of solution conditions (45).
Aggregation may also be initiated from the native state; a struc-
tured, but nonnative, conformation (such as the Ir-state for
WT-B,m; ref. 41); the unfolded state; or a combination of
these different species. As a consequence, predicting whether a
folded protein will self-assemble into amyloid fibrils under a
defined set of conditions remains challenging (3). Here, using
the TPBLA to evolve sequence variants of D76N-f,m with
higher in vivo growth scores, we show that the assay detects the
“limiting factor” or “Achilles heel” of the protein sequence (i.e.,
the property that is least evolved and places the protein at the
threshold of aggregation). Such residues make the protein
hypersensitive to sequence alterations at that site. Saturation
mutagenesis revealed that the in vivo growth score of fom is
sensitive to the identity of residue 76, with two other solvent-
exposed sites in the protein (residues 53 and 98) displaying
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strikingly different behavior. The results also demonstrate the
power of the TPBLA to reveal hotspots in a protein sequence
that may cause its aggregation/insolubility and to select for
sequence variants at different sites with improved properties.
For the 20 D76X-B,m variants, a “sweet spot” between pro-
tein stability and aggregation was revealed, with the D76N
variant aggregating rapidly in vitro, while proteins that are
destabilized or stabilized relative to D76N-p,m aggregate
more slowly, at least under the conditions explored here.
Similar concepts of proteins at the “knife edge” have been
described previously, in which protein stability and expres-
sion levels in vivo are critically balanced relative to their
aggregation propensity (46, 53, 54).

In vivo evolution of D76N-B,m using the TPBLA confirmed
the unique importance of residue 76 in determining the high
aggregation propensity of this protein relative to WT-B,m,
since sequences that revert Asn to the WT Asp were commonly
detected (notably, the only other [one copy] substitution at this
site was D76S; SI Appendix, Table S6). All other amino acid
substitutions that improved the properties of D76N-f,m
involved residues that lie in the APR (®“WSFYLLY®),
highlighting the dual importance of the identity of residue 76
and the APR in determining D76N-B,m aggregation. In silico
analysis of the amino acid substitutions within the APR selected
to improve the properties of D76N-B,m (using Solubis; ref.
21, 22) predict that 41% of the sequence changes that reduce
the aggregation propensity of the APR (as judged by Tango;
ref. 18) will also reduce protein stability (using FoldX; ref. 17)
(S Appendix, Fig. S12). This prediction is consistent with pre-
vious results that suggest that the presence of APRs is main-
tained in evolution since such regions stabilize a protein’s fold,
but bring the associated cost that aggregation propensity is
increased (52). In practice, however, the situation for D76N-
Bom is more complex, with some substitutions in the APR hav-
ing little effect on stability (e.g., F62P and Y63D), while others
reduce stability (e.g., L64D, L64P, L65K, and L65P), and
some reduce aggregation (e.g., F62P and L65K), while others
have little effect (e.g., L64D) (Fig. 5 Cand D).

Another striking finding from our study is that variants in
the APR that enhance the properties of D76N-f,m have differ-
ent effects on WT-Bom (SI Appendix, Fig. S15), consistent with
the proteins aggregating by distinct molecular mechanisms
despite differing by only a single residue (31). This suggests
that residues in the APR that are important for aggregation
must be enhanced by the presence of an Asn at residue 76,
despite its distal location. This effect could be intramolecular
(e.g., by affecting the propensity to expose the APR in nonna-
tive monomers) or via Asn76 enhancing the population of
on-pathway oligomers required for aggregation; SI Appendix,
Fig. S14). Destabilization of kinetically trapped oligomers or
the diversion of off-pathway oligomers toward more assembly-
competent species would also give rise to the observed increased
rate of amyloid formation of the D76N-f,m variant. Such
mechanisms cannot be teased apart by the data presented here,
and would require analysis of the effect of mutation on the
structure and stability of oligomers and fibrils themselves (S7
Appendix, Fig. S14). The findings that the amyloidogenicity of
D76N-Bom cannot be rationalized by its reduced thermody-
namic stability alone and that rabbit f,m does not aggregate
in vitro under the conditions employed, despite having an Asn
at residue 76, a highly conserved APR—and similar thermody-
namic stability to D76N-f,m—highlights the importance of

https://doi.org/10.1073/pnas.2200468119

other residues in determining the amyloidogenicity of the pro-
tein via mechanisms that remain obscure.

Folded proteins that aggregate into amyloid can be divided
into two classes: proteins that require global unfolding in order
to initiate amyloid formation, as has been shown for antibody
light chains (55, 56) and TTR (57); and proteins for which a
specific partially folded species is required for aggregation to
proceed (as shown for WT-f,m and ANG6-f,m; ref. 41). The
detailed molecular mechanism(s) by which the all-antiparallel
(-sheet structure of native D76N-fom is transformed into the
cross-P structure of amyloid remain(s) unclear (31). One plausi-
ble mechanism could involve partial unfolding to a species that
enables unzipping of the native p-strands and reorientation of
the disulphide bond linking Cys25 to Cys80, akin to the mech-
anism proposed for amyloidogenic light chains (58). Since
global stability, measured using thermal denaturation, does not
correlate with the T, ¢ of aggregation for the D76N-p,m var-
iants analyzed here, global unfolding is an unlikely prerequisite
of D76N-B,m aggregation. Previous results have shown that
the formation of the structured It-state is required to initiate
the aggregation of WT- and ANG6-f,m (41, 59, 60), yet amy-
loid formation of D76N-f,m does not depend on the forma-
tion of this state (31). Instead, we propose that one or more
nonnative species that critically involve the APR and Asn76 are
required to initiate amyloid formation of D76N-f,m. Such a
model would rationalize the importance of both the APR and
Asn76 for rapid aggregation, as well as the distinct aggregation
mechanisms of the WT- and D76N-f,m variants. Further
work will be needed to solve the structure of D76N-f,m amy-
loid fibrils and to explore the nature of the initiating steps in
D76N-B,m aggregation so as to better understand how appar-
ently innocuous sequence changes can have such a profound
effect on the ability of this protein to aggregate into amyloid
and cause disease.

Materials and Methods

TPBLA assay, molecular biology, protein expression, protein purification, in vitro
fibrillation assays, negative-stain EM (electron microscopy), thermal denaturation
monitored by far-UV CD, equilibrium unfolding experiments monitored by fluo-
rescence, prediction algorithms of stability solubility and amyloid propensity,
crystallography, creation of the BLa-D76N-B,m library, directed evolution and
selection of B,m variants using the TPBLA, prediction of the protein stability and
protein aggregation using Solubis, and sequence alignment are described in
detail in SI Appendix.

Data Availability. All raw data for figures have been deposited to the Univer-
sity of Leeds DOI site (https:/doi.org/10.5518/1073). All study data are included
in the article and/or SI Appendix (62).
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