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aturation of a single-domain
antibody against Ab42 aggregation†

Jiacheng Lin, Chiara Figazzolo,‡ Michael A. Metrick, II, Pietro Sormanni*
and Michele Vendruscolo *

The expansion of structural databases and the increase in computing power are enabling approaches for

antibody discovery based on computational design. It has already been shown that it is possible to use

this approach to generate antibodies for specific epitopes on challenging targets. Here we describe an

application of this procedure for antibody maturation through the computational design of mutational

variants of increased potency. We illustrate this procedure in the case of a single-domain antibody

targeting an epitope in the N-terminal region of Ab42, a peptide whose aggregation is closely associated

with Alzheimer's disease. We show that this approach enables the generation of an antibody variant with

over 200-fold increased potency against the primary nucleation process in Ab42 aggregation. Our

results thus demonstrate that potentiated antibody variants can be obtained by computational maturation.
Introduction

Antibodies are increasingly common diagnostic and therapeutic
agents for a wide range of diseases.1–3 Powerful methods have
been developed for antibody discovery, including immunization
and display methods.4,5 These methods, however, still present
some challenges.6,7 One area that has proven difficult for thera-
peutic antibodies is the maturation of biological activity while
preserving other important properties such as epitope selectivity,
conformational stability, and solubility.8–10 The high-throughput
nature of display methods (up to 1010 variants in the case of
phage display) enables the exploration of the chemical space
accessible at the various positions of the antibody–target inter-
face.11 The availability from these approaches of panels of anti-
body variants with different potency offers the opportunity to
carry out structure–activity relationship (SAR) studies, which
allow the accurate assessment of the modications of biological
effects brought about by small physicochemical changes in the
starting structure.12,13 Given the intrinsic randomness in the
generation ofmutational variants through combinatorial studies,
however, it may be difficult to follow specic strategies in SAR-
guided antibody maturation processes.

Here, to address this issue we report the use of a rational
computational design of antibody variants, in order to open the
way to systematic SAR investigations. In this proof-of-concept
study, we use a single-domain antibody,14,15 called DesAb–Ab3–
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9,16 carrying an in silico designed peptide (HETLTLR) graed
into the third complementarity-determining region (CDR3)
targeting the N-terminus region (residues 3 to 9) of Ab42.16–19 As
the aggregation of Ab42 into amyloid brils is one of the
fundamental molecular processes underlying Alzheimer's
disease (AD), the inhibition of Ab42 aggregation has emerged as
a major therapeutic strategy for AD.20 However, since the
aggregation of Ab42 is a complex process consisting of tightly
coupled microscopic mechanisms, the perturbation of this
process in a non-controlled manner can potentially exacerbate
the toxicity associated with amyloid formation.21 To address this
problem, we employ uorescence-based Ab42 aggregation
assays coupled with a chemical kinetics framework to elucidate
the inhibitory mechanism of the different single-domain anti-
body variants. We thus performed a round of site-directed
mutagenesis by employing rationally designed CDR3
sequences to gain a 240-fold improvement in inhibiting the
primary nucleation rate of Ab42 aggregation, without compro-
mising the stability of the parent single-domain antibody.
Results
Computational design of a panel of antibody variants

We have previously introduced the cascade method18 of
designing antibody complementarity determining regions
(CDRs) to target linear epitopes of interest within intrinsically
disordered proteins or protein regions.16–18 This modular,
combinatorial design strategy has proven to be rather success-
ful, as all designed antibodies (DesAbs) that we tested experi-
mentally so far, targeting proteins associated with misfolding
diseases, were stable and active.16–19 This method is described in
detail in ref. 18. Briey, complementary peptides to be graed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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into CDRs are designed with a combinatorial strategy based on
the analysis of the interactions between amino acid sequences
from the protein data bank (PDB). The cascade procedure starts
by collecting from the PDB all fragments facing in a b-strand
any subsequence of the target epitope of at least three residues.
Then, starting from the longest of these fragments, referred to
as initializer, complementary peptides are grown to the length
of the target epitope by joining some of the other fragments
following three rules: (i) fragments generating the same
complementary peptide must come from b-strands of the same
type (i.e., parallel or antiparallel), (ii) they must partly overlap
with their neighboring fragments, and (iii) the overlapping
regions must be identical in terms of both sequence and
hydrogen-bonding pattern.18,19

The computational design strategy employed in this work
relies on the fact that for most target epitopes the cascade
procedure can generate a number of candidate CDRs. In
particular, it is oen the case that for a given initializer frag-
ment, multiple candidate CDRs can be constructed by extend-
ing the initializer through different choices of fragments of
shorter length, all identied as interacting with the chosen
epitope. We thus exploited this fact to design a panel of anti-
body variants predicted to bind to the same target epitope and
differing by only one or few amino acids, so to enable a struc-
ture–activity relationship (SAR) study (Fig. 1).

Specically, we generated two groups of designed comple-
mentary peptides (paratopes) with different hydrogen bonding
patterns to target the same epitope consisting in the N-terminal
residues 3–9 of Ab42 (Fig. 1). The rst group is based on the
-ETL-L- motif from the parent DesAb-HETLTLR (WT),16 and the
second group is based on the -AHQEL- motif (Fig. 1). We graed
these selected paratopes onto the CDR3 loop of a human single-
domain antibody scaffold, which has been shown to be stable
and tolerant to the replacement of the CDR3.22,23

Characterisation of the DesAbs

All DesAbs were puried to high purity (>95%, Methods and
Fig. S1†). Circular dichroism (CD) spectroscopy revealed that all
DesAbs have a similar secondary structure content, fully
compatible with that of a well folded single-domain antibody
(Fig. 2a).17 All DesAbs are highly stable, exhibiting a thermal
stability in accordance with previous reports (melting temper-
ature, Tm z 73 �C)16 (Fig. 2b).

All the DesAbs delay Ab42 aggregation

Next, in order to compare and quantify the activity of these
DesAbs to prevent the formation of Ab42 aggregates, we
measured their effects by applying in vitro kinetic aggregation
assays using thioavin T (ThT). ThT is an amyloid-specic
uorescent probe that can specically interact with the
stacked b-sheet structure of the amyloid brils.24,25 We moni-
tored the process of aggregation of Ab42 at 1 mM concentration
in the presence of increasing concentrations of the DesAbs
(DesAb : Ab42 ratios 0 : 1, 1 : 8, 1 : 4 and 1 : 2) in triplicate at
37 �C under quiescent conditions, using a highly reproducible
protocol previously described16,26–30 (Fig. 3). Our results indicate
© 2021 The Author(s). Published by the Royal Society of Chemistry
that DesAb-FETLTLR is particularly effective in delaying Ab42
aggregation, with a potentiated activity compared with that of
the parent DesAb (DesAb-HETLTLR). In a previous study16

DesAb-HETLTLR was found to be one of the most potent
DesAbs in inhibiting both primary and secondary nucleation of
Ab42, and consequently decreasing the formation of oligomers.
Effects of the DesAbs on the microscopic rate constants

To accurately identify the mechanisms of inhibition of aggre-
gation of the DesAbs, we determined the changes in the global
kinetic parameters k+kn and k+k2 that are affected by the anti-
bodies (k+, kn, and k2 are the elongation, primary, and secondary
rate constants, respectively) by tting the aggregation curves
(Fig. S2†) with the integrated rate laws as described in Methods.
To decouple the effects of each DesAb on the combined rate
constants k+kn and k+k2, we measured the changes in k+ from
seeded experiments, which probe selectively the elongation of
preformed Ab42 brils. For this purpose, we carried out an
additional set of experiments where the aggregation of mono-
meric Ab42 in the absence and presence of each DesAb was
monitored following the addition of 40% of preformed Ab42
bril seeds (Fig. 4). From these seeded experiments, we found
that none of the DesAbs signicantly affected the rate of elon-
gation of Ab42 brils, in agreement with previous reports for the
parent DesAb-HETLTLR16 and with the fact that the target
epitope is not part of the amyloid core. Fitting the aggregation
curves (Fig. S3†) enabled us to determine the decreases in the
single microscopic rate constant for each DesAb.

From these individual microscopic rate constants (Fig. 5), we
found that the DesAbs tended to show weak relative effects on
secondary nucleation, while some of them showed strong
inhibition of primary nucleation. In particular, DesAb-FETLTLR
and DesAb-RVIAHQELK were more effective in inhibiting
primary nucleation of Ab42 and had a further potentiated
activity compared with DesAb-HETLTLR.

Importantly, we found that only one amino acid difference
between DesAb-FETLTLR and DesAb-HETLTLR resulted in
around 240-fold improvement in the inhibition of primary
nucleation (Fig. 5). We also noted that DesAb-AETLTLR, which
has also only one amino acid difference to these two potent
DesAbs, lost some of the WT activity on the primary nucleation,
but gained a little on the secondary nucleation.

We also measured the effects of the DesAbs on the overall
oligomer production during the aggregation reaction (the olig-
omer ux, Fig. 6). We found that DesAb-AETLTLR exhibited the
strongest inhibition of oligomer production (over 75%) when
used at relatively high concentrations (DesAb : Ab 1 : 2), although
it ranked more poorly at lower DesAb concentrations. Compared
with the inhibition of primary nucleation, the secondary nucle-
ation inhibition of all DesAb variants was weaker in a relative
sense (Fig. 5). However, the aggregation of Ab42 is dominated by
secondary nucleation processes, which are orders of magnitude
faster than the primary ones. Therefore, a weaker relative inhi-
bition of secondary processes can lead to a stronger absolute
inhibition, and thus a better inhibition of oligomer formation.
Although DesAb-AETLTLR is less potent on primary nucleation
Chem. Sci., 2021, 12, 13940–13948 | 13941
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Fig. 1 Schematic representation of designed antibodies (DesAbs) against Ab42 aggregation. (a) Target epitope within the Ab42 peptide sequence
(residues 3–9). (b) A first group of DesAbs with different CDR3 regions is based on the -ETL-L- motif and, a second group (d) on the -AHQEL-
motif. These two groups differ also in the predicted backbone–backbone hydrogen bonding pattern they form with the target epitope (colon
symbols in (c) and (e)). In the group based on the -ETL-L- motif, we mutated systematically three positions, two at the N-terminus (blue) and one
at the C-terminus (purple) to obtain the five DesAbs shown in panel (b), which include the parent DesAb-HETLTLR.16 (c and d) In the group based
and on the -AHQEL- motif, we mutated two positions, one at the N-terminus (green) and one at the C-terminus (yellow) to obtain the four
DesAbs shown in panel (d). (c and e) Fragment-composition of the designed peptides grafted in the CDR3 of the DesAbs, as resulting from the
cascade procedure, together with their count and promiscuity scores (for details see ref. 18). The sequence of the target epitope (residues 3–9 of
Ab42) is shown to the left; colonmarks denote residues predicted to be involved in hydrogen-bonds with the designed peptide, whose sequence
is shown to the right, while the fragments composing it are below the target epitope; as the binding is antiparallel, these fragments are rep-
resented in the C- to N-terminus direction.18 The selectedmutations are circled, and result from the choice of different fragments in the cascade
procedure. Complementary peptide candidates with low predicted solubility (CamSol score) were not considered.
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than the WT, it showed the strongest secondary nucleation
inhibition at the stoichiometry DesAb : Ab 1 : 2, which in turn
makes it the strongest inhibitor of oligomer production at this
concentration. We also found that DesAb-FETLTLR maintained
its potency even at low DesAb concentrations.
13942 | Chem. Sci., 2021, 12, 13940–13948
The DesAbs delay Ab42 aggregation in the presence of brain
homogenates

To further investigate the potential of our DesAbs in a more
physiological context, we measured the activity of the DesAbs by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Biophysical characterization of the 9 DesAbs studied in this work. (a and b) Circular dichroism (CD) spectra (a) and CD thermal dena-
turation (b). All the DesAb samples were measured at the concentration of 10 mM.
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applying in vitro kinetic aggregation assays in the presence of
1% w/v homogenate of a human brain sample with cerebro-
vascular disease (Fig. 7). Both primary nucleation processes and
seeded aggregation have been shown to be affected by the
presence of complex biological mixtures such as those arising
from human plasma, brain homogenate, and cerebrospinal
uid.31 The assays we performed in 1% w/v brain homogenate
demonstrated that, even within a complex mixture such as
human brain homogenate, both of our DesAb-HETLTLR(WT)
and DesAb-FETLTLR retained their inhibitory activity, and the
Fig. 3 Unseeded kinetic aggregation assays of the 9 DesAbs studied in
concentration in the presence of increasing concentrations of the Des
DesAb : Ab42 ratios 0 : 1 (as reference, green), 1 : 8 (light green), 1 : 4 (o
aggregation process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
potency ranking was conserved. This result further highlights
the specicity of the DesAbs as they were still able to bind to
their target and exert their effects on kinetic sub-processes in
the Ab42 aggregation cascade in a complex cell lysate reaction
matrix.
Conclusions

We have reported a proof of principle of the possibility of per-
forming a systematic activity maturation of antibodies using
this work. We monitored the aggregation process of Ab42 at 1 mM
Abs in triplicate at 37 �C under quiescent conditions. We tested the
range) and 1 : 2 (red) finding in all cases a dose-depended delay of the

Chem. Sci., 2021, 12, 13940–13948 | 13943
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Fig. 4 Seeded kinetic aggregation assays of the 9 DesAbs studied in this work. We monitored the aggregation process of Ab42 at 1 mM
concentration in the presence of increasing concentrations of the DesAbs in triplicate at 37 �C under quiescent conditions. 40% seeds were
added before starting the aggregation reaction to monitor specifically the effects of the antibody variants on Ab42 elongation. We tested the
DesAb : Ab42 ratios 0 : 1 (as reference, green), 1 : 8 (light green), 1 : 4 (orange) and 1 : 2 (red) finding in all cases minimal effect on fibril
elongation.
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computational design (Fig. 8). Starting from a potent single-
domain antibody targeting the N-terminal region of Ab42, we
have shown that the investigation of different residue choices
still predicted to bind the target epitope, as well as of different
hydrogen-bonding patterns, enable the selection of an antibody
mutant with over two orders of magnitude increase in potency
in inhibiting primary nucleation. We anticipate that, upon
further developments, the computational maturation approach
that we presented will be of general applicability for increasing
the affinity in protein–protein interactions.
Materials and methods
Computational design

The computational design was carried out using the cascade
method.18,19 In brief, the complementary peptides are built
through a fragment-based procedure. The rst step is the
identication of short peptide fragments that interact in a b-
strand conformation with short peptide fragments of the target
sequence in at least one of the protein structures in the PDB
database. The short peptide fragments are then linked together
to form a complementary peptide (paratope) for the given
epitope.

We rst generated potential candidates with different
hydrogen binding patterns to target the N-terminus of Ab42
(residues 3–9, which covers the epitope of aducanumab
13944 | Chem. Sci., 2021, 12, 13940–13948
(residues 3–7),32 the therapeutic antibody from Biogen Inc. that
was recently approved for the treatment of AD), and then
selected those with high complementarity score C and CamSol
score. Our parent antibody (DesAb-HETLTLR, Fig. S4†) was
previously shown to be able to inhibit both primary and
secondary nucleation of Ab42 and decrease the formation of
oligomers.16
Circular dichroism

Far-ultraviolet (UV) circular dichroism (CD) spectroscopy was
used to analyze the secondary structure of the DesAbs in solu-
tion, as recorded by a Jasco J-810 spectropolarimeter equipped
with an Applied Photophysics Chirascan system and a Quantum
TC125 temperature control unit, using a 0.1 cm pathlength
cuvette. Samples contained 10 mM protein in 20 mM sodium
phosphate (NaP) and 100 mM sodium chloride buffer at pH 8.
The far-UV CD spectra of all DesAbs were recorded from 200 to
250 nm at 25 �C and averaged over three scans, and the spec-
trum of the buffer was subtracted from the averaged data. All
spectra were measured as q (in mdeg).
Thermal stability assay

The thermal stability of the DesAbs was analyzed by monitoring
the CD signal at 207 nm from 25 to 90 �C at a rate of
0.5 �C min�1. Data points were acquired every 0.1 �C with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Relative changes in the microscopic rate constants of Ab42 aggregation in the presence of the 9 DesAbs studied in this work. In the three
columns, we report the relative changes kn/knRef (left), k2/k2Ref (middle), and k+/k+Ref (right) for the rate constants of primary nucleation (kn),
secondary nucleation (k2) and elongation (k+). In the three rows, we report different DesAb : Ab42 ratios, 1 : 2 (top), 1 : 4 (middle) and 1 : 8
(bottom).
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a bandwidth of 1 nm. Analysis of the thermal unfolding curves
was performed, assuming a two-state unfolding model.
Ab42 expression and purication

Ab42 peptides were expressed in E. coli BL21 (DE3) pLysS cells
(Agilent Technologies) and extracted, as described previously.25

Before running kinetics experiments, the puried lyophilized
Ab42 peptide was dissolved in 6 M GuHCl (pH 8) and incubated
for at least 45 min on ice. This solution was then subjected to
Fig. 6 Inhibition of oligomer formation by the DesAbs. We present the
stoichiometries, DesAb : Ab42 1 : 2 (red), 1 : 4 (orange) and 1 : 8 (green).

© 2021 The Author(s). Published by the Royal Society of Chemistry
gel ltration using a Superdex 75 10/300 GL column on an Äkta
Pure system (GE Healthcare), and the peak corresponding to the
monomeric Ab42 peptide was collected in low-binding test
tubes (Corning) on ice. The column was equilibrated with
20 mM NaP buffer supplemented with 200 mM EDTA at pH 8.
DesAbs expression and purication

Genes encoding the two groups of DesAbs were generated
through site directed mutagenesis from the gene of the WT
percent reduction for the 9 DesAbs used in this work at decreasing

Chem. Sci., 2021, 12, 13940–13948 | 13945
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Fig. 7 Comparison of unseeded kinetic aggregation assays of DesAb-HETLTLR(WT) and DesAb-FETLTLR in the presence of human brain
homogenates. We monitored the aggregation process of Ab42 at 1 mM concentration in the presence of the DesAbs in quadruplicate at 37 �C
with and without 1% human Alzheimer's brain tissue homogenates under quiescent conditions. We tested the following conditions: 1 mM Ab42 in
buffer (as reference, yellow), 1 mM Ab42 in buffer with 1% brain homogenates (green), 0.5 mMDesAb and 1 mM Ab42 in buffer (1 : 2 ratio, magenta)
and 0.5 mM DesAb and 1 mM Ab42 in buffer with 1% brain homogenates (blue).
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DesAb-HETLTLR (Fig. S4†) in a pet28 plasmid. The different
antibodies were expressed in E. coli SHuffle T7 LysY (NEB)
competent cells (Table S1†). Cells were plated and starter
cultures inoculated from single colonies were grown overnight
for 15 hours at 37 �C at 200 rpm in LB medium supplemented
with kanamycin (50 mg mL�1). Glycerol stocks were made by
taking 700 mL of the starter cells supplemented with 700 mL
glycerol, and stored at �80 �C.

Growth was started in 1 L LB medium supplemented with
kanamycin (50 mg mL�1) at 26 �C for about 8 hours (to OD600 ¼
0.6–0.8), the temperature was then lowered to 20 �C and IPTG
was added to a nal concentration of 0.2 mM. Aer overnight
expression at 20 �C, cells were harvested by centrifugation at
7500 rpm (JA-8.1 rotor, Beckmann Coulter) and resuspended in
45 mL 20 mM sodium phosphate (pH 8.0) buffer supplemented
with 10 mM imidazole and one tablet of Roche Complete EDTA-
free protease inhibitor cocktail. Cells were then lysed using
sonication for 5 minutes at 40% amplitude in 15 s on and 45 s
off cycles. The supernatant containing the protein was
Fig. 8 Effects of the DesAb-FETLTLR on the network kinetics. The larg
nucleation and secondary nucleation, while elongation is less affected. T
the production of Ab42 oligomers.

13946 | Chem. Sci., 2021, 12, 13940–13948
separated from cell debris using centrifugation at 18 000 rpm
(JA-20 rotor, Beckmann Coulter). The cleared lysate was loaded
onto a Ni2+-NTA Superow column (Qiagen), equilibrated with
20 mM sodium phosphate buffer (pH 8.0) containing 10 mM
imidazole. Non-specically bound proteins were then washed
away with 100 mL of 20 mM NaP buffer containing 60 mM
imidazole, and the his-tagged DesAb was eluted with 20 mM
NaP buffer containing 200 mM imidazole. The purity of the
collected fractions was assessed by SDS-PAGE, and only the
purest fractions were collected and dialysed in 20 mM NaP
100 mM NaCl buffer for 20 hours, and nally concentrated to
a concentration between 10 mM and 30 mM via an Amicon Ultra
– 15/10k M.w. cut-off lter (Millipore), ash frozen and stored in
the �80 �C.

Aggregation assay

Solutions were prepared containing monomeric 1 mM Ab42
peptide in the presence of increasing amounts of each DesAb
(90% v/v of 1 mM Ab42 peptide and 10% v/v of DesAbs, nal
est effect of the DesAb-FETLTLR described in this work is on primary
he inhibition of the nucleation processes corresponds to a reduction in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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buffer would be 20 mM NaP 10 mM NaCl 180 mM EDTA, sup-
plemented with 20 mM thioavin T (ThT)). Seeded experiments
were performed in the presence of 40% preformed brils that
were prepared freshly the same day27 with increasing antibody-
to-Ab42 monomer ratio (0 : 1, 1 : 8, 1 : 4 and 1 : 2). Unseeded
kinetic aggregation assays of the DesAb-HETLTLR(WT) and
DesAb-FETLTLR were also performed with and without the
presence of 1% w/v human cerebrovascular disease brain
homogenate prepared as previously described.31 Each sample
was then pipetted into multiple wells of a low-binding 96-well
half-area plate of black polystyrene with a clear bottom and
polyethylene glycol coating (Corning 3881) (80 ml per well).
Plates were sealed to prevent evaporation. Aggregation assays
were performed at 37 �C under quiescent conditions using
a CLARIO or OMEGA star plate reader (BMG Labtech). The ThT
uorescence was measured through the bottom of the plate
every minute with an excitation lter of 440 nm and an emission
lter of 480 nm.

Kinetic analysis

The kinetic aggregation of amyloid proteins is typically
described as a nucleation–elongation mechanism. Fluorescent
dyes, such as ThT, whose uorescence increase upon binding to
the characteristic b-sheet structure within amyloids, are used to
monitor bril formation. Total bril mass concentration is then
plotted as a function of time and results in a sigmoidal shaped
function, in which the rate limiting step is the formation of
nuclei. The time evolution of the total bril mass concentration,
M(t), in the absence of pre-aggregated seeds is described by the
following integrated rate law:

MðtÞ
MðNÞ ¼ 1�

�
Bþ þ Cþ

Bþ þ Cþ ekt
B� þ Cþ ekt

B� þ Cþ

�kN
2

k ~kN
e�kNt

where the kinetic parameters B�, C�, k, kN and ~kN have been
previously described in detail,33,34 and are functions of the two
combinations of the microscopic rate constants k+kn and k+k2,
where kn, k+, and k2 are the rate constants of primary nucleation,
elongation, and secondary nucleation rate constants,
respectively.

The decrease of k+ in the presence of DesAbs can be directly
calculated from the seeded experiments (Fig. 5).16 We thus eval-
uated the rate of the formation of brillar aggregates using by
estimating the slope r of a linear t of the seeded data (Fig. S2†),
and then using r ¼ 2k+P0m, where P0 is the number of seeds
introduced in the system and m is the initial monomer concen-
tration. All the tting process was performed using Python. The
k+ values derived from the high-seeded aggregation proles were
used for to calculate kn and k2 from the tting of the unseeded
data, which yields k+kn and k+k2; only data points from 0.15 to
0.72 relative bril mass were used for this t. Finally, the k+, kn
and k2 values obtained from the previous tting process were
used to check the tting quality by tting the data points of
unseeded experiments from 0.05 to 0.95 relative bril mass
(Fig. S3†). The relative decrease in the apparent rate constant k+,
kn and k2 was evaluated by dividing the rate in the presence of
DesAbs with the value obtained in their absence (Fig. 5).
© 2021 The Author(s). Published by the Royal Society of Chemistry
The perturbation of the different microscopic reaction rate
constants (kn, k2 and k+) also results in dramatically different
effects on the generation of low molecular weight oligomeric
species of Ab42. To illustrate this behaviour, we calculated the
time evolution of the rate of generation of new on-pathway
oligomers from monomers (Fig. S5–S7†). Using the rate
constants kn, k2 and k+, in the presence or absence of DesAbs, we
can estimate the reactive ux toward oligomers rn(t) as

rn(t) ¼ knm(t)nc + k2M(t)m(t)n2

Since at the end of the reaction only a negligible number of
oligomers is detectable in the system (everything has converted to
brils), the total number of brils present at the end of the
process is indicative of the total number of on-pathway oligomers
generated throughout the reaction. This value was calculated by
integrating the nucleation rate rn(t) over the reaction (Fig. 6).

Data availability

All study data are included in the article and/or ESI.†

Author contributions

P. S. and M. V. designed research; J. L., C. F., M. A. M. and P. S.
performed research; J. L., P. S. andM. V. analyzed data; and J. L.,
M. A. M., P. S. and M. V. wrote the paper.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

P. S. is supported by a Royal Society University Research
Fellowship (URF\R1\201461).

References

1 P. J. Carter and G. A. Lazar, Next generation antibody drugs:
pursuit of the ‘high-hanging fruit’, Nat. Rev. Drug Discovery,
2018, 17(3), 197.

2 A. L. Grilo and A. Mantalaris, The increasingly human and
protable monoclonal antibody market, Trends Biotechnol.,
2019, 37(1), 9–16.

3 H. Kaplon, M. Muralidharan, Z. Schneider and J. M. Reichert,
Antibodies to watch in 2020, mAbs, 2020, 1703531.

4 E. T. Boder, K. S. Midelfort and K. D. Wittrup, Directed
evolution of antibody fragments with monovalent
femtomolar antigen-binding affinity, Proc. Natl. Acad. Sci.
U. S. A., 2000, 97(20), 10701–10705.

5 A. R. Bradbury, S. Sidhu, S. Dübel and J. McCafferty, Beyond
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