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Abstract 
 
Monoclonal antibodies (mAbs) targeting the key pathogenic protein amyloid β (Aβ) peptide represent 
a promising therapeutic approach for treating Alzheimer’s disease (AD). Anti-Aβ mAbs are classified 
by their affinity to different states of Aβ, such as monomers, oligomers, protofibrils, and fibrils. 
Recently developed second-generation mAbs, which effectively remove Aβ plaques from the AD 
patients’ brains, exhibit specific avidity for Aβ oligomers, protofibrils, and fibrils. These mAbs target 
epitopes in specific conformations displayed on A oligomers, protofibrils, or fibrils; thus, they are 
called conformational epitopes. However, the structural features of conformational epitopes are poorly 
understood. Here, we proposed geometric measures based on the mathematically defined writhe. We 
found that the conformational epitopes of A in the 69 fibrils show distinctive geometric features 
compared to the other regions of A, as evidenced by outlying values of the geometric measures. 
Mapping regions with higher measure values identifies potential conformational epitopes across 
various fibril forms. Results showed that some fibril forms exhibit geometrically distinct regions 
within the fibril structures, suggesting that these fibrils are less accessible to mAbs, impairing 
therapeutic effects targeting them. Our geometric measures reveal visually unidentified structural 
features of conformational epitopes in polymorphic Aβ fibrils, which relate to mAbs binding. 
 

Keywords: 
amyloid  fibrils, conformational epitope, monoclonal antibody therapy, Alzheimer’s disease, 
mathematical writhe 
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Introduction 

 

Alzheimer’s disease (AD) is the most common cause of dementia. In AD pathology, deposition of the 
amyloid β (Aβ) peptide in the brain is a core event1,2. Aβ forms extracellular plaques and oligomers 
that can spread the disease via cell-to-cell propagation3. The accumulation of Aβ deposits considerably 
provokes tau pathology, eventually causing neuronal loss1,3. Over 100 therapeutic agents are being 
tested in clinical trials for AD. Among the most promising ones are disease-modifying anti-A 
monoclonal antibodies (mAbs)4-6. Anti-A mAbs are classified by their affinity to diverse forms of 
Aβ, such as monomers, oligomers, fibrils, and protofibrils5. First-generation mAbs targeting 
monomeric Aβ, such as solanezmab, bapineuzumab, and crenezumab, have not shown substantial 
therapeutic benefits in clinical trials1,5. Second-generation mAbs, including aducanumab, lecanemab, 
donanemab, and gantenerumab, that target pathogenic Aβ species, such as oligomers, protofibrils, and 
fibrils, reportedly reduce Aβ deposition and slow cognitive decline1,4,5. 

In pathogenic A species, epitopes are displayed in specific conformations, and second-generation 
mAbs target these conformational epitopes5,7,8. However, the structural features of conformational 
epitopes are poorly understood5,7,9, preventing the design of an immunisation strategy to develop 
efficient anti-Aβ mAbs that can selectively target pathogenic Aβ species rather than abundant healthy 
Aβ species9-11. The polymorphism of Aβ fibrils is a considerable obstacle in passive immunotherapy 
9,12. An mAb selectively targeting a conformational epitope displayed on one fibril type should be 
ineffective at binding to other fibril forms. 

We have previously reported that protein-binding surfaces tend to be geometrically distinct13-15. Here, 
we devised geometric measures using the mathematically defined writhe to characterise the 
conformational epitopes of Aβ in 69 fibril forms and to identify potential conformational epitopes 
among them. We found that conformational epitopes exhibit distinctive geometric features across 
various fibril forms, as identified by outlying values in our geometric measures. We found that the 
potential epitope regions characterised by high geometric measure values are close in sequence 
position to those determined biochemically. The results also demonstrated that polymorphism in Aβ 
fibrils masks potential epitopes in certain fibril forms, limiting mAbs’ access to them and thereby 
probably reducing the clinical benefit of AD immunotherapy. 

Results 

Geometric features of protein structure revealed using “writhe” 

In mathematical topology, particularly knot theory, the so-called writhe, which is calculated from 3D 
coordinates of knotted rings without using any projections and algebraic invariants, is used as a 
numerical measure to classify knot structures16-18. Writhe quantifies the geometrical entanglement of 
a ring with itself, as seen in plectoneme-like double-folding ring polymers19. Writhe measures the 
entire ring entanglement, while ‘local writhe’ shows the distribution of segment-wise local 
entanglement over a ring, thus providing a 1D local entanglement profile18. This profile can classify 
knots, threading, and entanglements18,20-22, implying that the local writhe–derived profile over a ring 
represents the geometric features underlying topology; in other words, it retains the geometric 
information equivalent to what is represented by topological invariants and knot polynomials 20,21. In 
knot theory, writhe and local writhe are applied to explore ring structures18,19,22. However, such an 
application is not limited to rings. We can take advantage of local writhe’s sensitivity to the entangled 
local structure to explore conformations of open-ended polymers, such as proteins13-15,23,24. 

Here, we used local writhe as a basic metric to explore geometric features of conformational epitopes 
of A across 69 different fibrils, leveraging its sensitivity to local self-entanglement. We detailed the 
structural features using local writhe that underlie the geometric measures used in this work. 
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The local writhe for a protein is based on the residue-to-residue writhe, Wr(s,t), which is defined for a 
pair of residues positioned at s and t in a polypeptide; the corresponding residue positions are denoted 
as (s) and (t), respectively (Fig. 1a). Wr(s,t) is calculated using three vectors on the polypeptide 
chain: two unit tangent vectors d(s) and d(t), at (s) and (t) positions, respectively, and the inter-
residue vector r connecting (s) and (t), r = (t) − (s), as shown in Fig. 1a. The vector v is the outer 
product of the two tangent vectors, v = d(t) × d(s), as shown in Fig. 1b. Wr(s,t) is then defined using 
the inner product of the vectors v and r as Wr(ݏ, (ݐ = ࢜ ∙ 3|ܚ|/࢘ = sinߠ cos߶ /|࢘|2, where  is the 
angle between the two tangent vectors, d(s) and d(t), while  is the angle between the vectors v and 
r (Fig. 1b). 

Fig. 1. Three vectors defining writhe. (a) The vectors on a loop region of a polypeptide. The grey 
curve represents the polypeptide. Cartesian coordinates for residues s and t are described by (s) and 
(t) positions, respectively. Unit tangent vectors at (s) and (t) positions are denoted as d(s) and d(t), 
respectively. The vector connecting the two residue positions is defined as r = (t) − (s). Writhe has 
a large value when the loop is twisted, as shown in the cartoon on the right. (b) The vector v is the 
outer product of the unit tangent vectors, v = d(t) × d(s). The two angles,  and , are defined by the 
angles between d(s) and d(t) and those between v and r, respectively. (c) Local writhe between two 
residue positions, Wr(s,t), is proportional to the inner product of vectors v and r. If the two residues s 
and t are on a planar loop, angle  is close to 0; thus, Wr(s,t) is nearly 0. (d) Residues s and t on a 
twisted loop make  and  close to /2 and 0, respectively. 
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Wr(s,t) represents local entanglement of the polypeptide. If the tangent vectors d(s) and d(t) in a 
loop are nearly antiparallel (i.e. the loop is in a planar conformation), v is close to 0, making Wr(s,t) 
nearly 0 (Fig. 1c). However, if the loop forms a self-winding conformation, and residue t is at the 
centre of a tight loop, the two tangent vectors d(s) and d(t) can be closely perpendicular to each other 
(Fig. 1d), in which the vectors v and r can be closely parallel, giving Wr(s,t) nearly the largest value 
for the residues distant at r, 1/|r|2 (Fig. 1d). 

The residue-wise local writhe for a residue s, Wr(s), is defined using the sum of Wr(s,t) collected for 
all other t residues out of residue s in the protein: Wr(ݏ) = 12π

∑ Wr(ݏ, ݅)௜ , where i denotes the 

residue number excluding the residue s. In practice, we use the “window” segment l with a finite 

number of residues, n, instead of a single residue at s to smooth out short-range variations of the 

residue-wise Wr(s) value. The segment-wise local writhe, Wr(l), is defined as Wr(݈) = 12గ∑ Wr(݆) = 12π
∑ ∑ Wr(݆, ݅)௜௝∈௟௝     (1) 

where j represents the residue number in fragment l (Fig. 2a). By moving the window along the protein 
sequence, we can obtain a 1D local writhe profile15,18 (Fig. 2a). Note that Wr(l) represents the chirality 
and magnitudes of entanglement. Therefore, Wr(l) takes positive and negative values, depending on 
the self-winding chirality. The geometric measure we introduced here does not consider the winding 
chirality but only the absolute magnitude, which we designate as absolute local writhe, absWr(l). The 
absWr(l) value increases when segment l is part of a self-wound loop, making it a visible metric for 
local conformational entanglement (Fig. 2b). 
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Fig. 2. Segment-wise local writhe. (a) Segment l comprises a finite number of residues. For each 
residue s in segment l, Wr(s) is defined as the sum of the residue-wise writhes, Wr(s,t), over all residues 
t except s. The local writhe Wr(l) is defined as the sum of Wr(s) over the residues in segment l. The 
absolute value of Wr(l), denoted absWr(l), was used here (top). Each segment l in an A fibril exhibits 
an absWr(l) at the segment location: the value is plotted at the position of the first residue of segment 
l (middle). Moving segment l along the residue in A exhibits the absWr(l) profile (bottom). (b) 
Schematic drawing demonstrating the relationship between the local peptide conformation (grey 
curve) and the absWr(l) value. Segment l (red bar) embedded in a twisted or entangled loop exhibits a 
higher absWr(l) value. Aβ: amyloid β. 

Absolute local writhe profiles of A across 69 fibrils 

The absolute local writhe of A in 69 fibrils demonstrated that each A shows obvious variations in 
absWr(l), along with the residues (Fig. 3 and Supplementary Fig. S2). The window segment l contained 
four residues. Note that the number of residues experimentally observed in A was different in each 
fibril (Supplementary Table S1). Each fibril deposited in the Protein Data Bank (PDB) contains a 
different number of A peptides (Supplementary Table S2). Some fibrils contain A in different 
conformations, while others contain A in the fibrils in the same conformation; this difference is 
attributed to the experimental procedure adopted in solving the fibril structures: 42 out of the 69 fibrils 
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have the identical A structure (Supplementary Table S3). 

The reported sequence positions of conformational epitopes of the four representative second-
generation mAbs are the following: 

• Gantenerumab: A residues 3–11 and 18–27 5,25 

• Lecanemab: A residues 1–16 and 21–29 5,26 

• Aducanumab: A residues 3–7 9,27,28 

• Donanemab: A residues 3–13 9,27,28 

The conformational epitopes are located in two different parts of A: the N-terminal region of around 
residues 1–15, and the middle part around residues 20–30. Supplementary Fig. S1 shows the locations 
plotted alongside the A residues in different fibrils. 

Representative local writhe profiles are shown in Figs. 3a–c. A in fibril 7q4m (12–42), where 7q4m 
is the PDB accession code with observed A residues 12–42, shows five regions with high absWr(l) 
values, which are greater than average absWr(l) + one half of standard deviation (); the regions are 
marked on the A structures in the fibril (Fig. 3a). Note here that absWr(l) value for a four-residue 
segment is plotted at the first residue of the segment (Fig. 2a, middle). In the case of the 7q4m (12–
42) profile, the residue 16 with high absWr(l) indicates that the segment of residues 16–19 is in a 
substantially entangled state (Fig. 3a, left); thus, the four residues 16–19 are marked on the structure 
(Fig. 3a, right). Because the residues overlap among the segments with high absWr(l) values, the 
number of marked structured regions on the structure becomes less than the marked regions in the 
absWr(l) profile.  

A in fibril 9jb2 (1–42) has five regions with high absWr(l) values (Fig. 3b), and A in fibril 9jaz (9–
42) has also five regions with high absWr(l) values (Fig. 3c). A visual inspection of the structures did 
not readily identify the local entanglement in these A peptides, but local writhe picked them up. A 
in other fibrils share similar absWr(l) distributions (Supplementary Fig. S2). The average absWr(l) 
values collected for each A residue in 69 fibrils demonstrated that there are four regions with high 
absWr(l) values in the profile (Fig. 3d), corresponding to three geometrically distinct segments in the 
A structure: residues 6–11, 21–31, and 35–40. The N-terminal and middle regions roughly match the 
conformational epitopes (Supplementary Fig. S1), which suggests that the conformational epitopes 
are characterised by their local conformation with high absWr(l). It is interesting to point out that the 
geometrically distinct C-terminal part of the A, residues 35–40, should be a hidden conformational 
epitope.  
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Fig. 3. Distribution of the absolute local writhe, absWr(l), for all A peptides in three different fibrils 
(left column) and corresponding Aβ structures (right column). The different colours in each panel 
represent the different Aβ peptides in the fibril. The dotted line indicates the value corresponding to 
the average absWr(l) + one-half of the standard deviation for A peptides in each fibril. The segment 
size was set to 4 (a 4-residue window). The red bars indicate the first residues of the four-residue 
segments showing absWr(l) values greater than the threshold value indicated by dotted lines, which 
constitute local segments geometrically distinct from the other regions of A. The corresponding parts 
are marked in red on the A structures. (a) Fibril 7q4m (12–42) has three geometrically distinct 
regions: A residues 16–19, 23–31, and 34–40 (threshold: 0.015). (b) Fibril 9jb2 (1–42) has four 
geometrically distinct regions: A residues 7–16, 20–30, and 35–40 (threshold: 0.014). (c) Fibril 9jaz 
(9–42) has three geometrically distinct regions: A residues 12–16, 24–34, and 35–40 (threshold: 
0.010). The A peptides in fibril 9jaz (9–42) are in the same conformation. (d) Distribution of average 
absWr(l) values of all A peptides in 69 fibrils. There are three geometrically distinct regions: A 
residues 6–11, 21–31, and 35–40 (threshold: 0.012). The value at each residue position is normalised 
by the number of A residues observed in 69 fibrils. Aβ: amyloid β. 
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Local writhe for each conformational epitope across 69 fibrils 

We compared the absWr(l) values of the conformational epitopes recognised by the four mAbs,  
aducanumab, lecanemab, donanemab, and gantenerumab (Table 1). The absWr(l) value depends on 
the number of A residues in the epitope segment l. Therefore, we compared the absWr(l)/N values, 
where N is the number of A residues constituting the epitope. We also averaged the absWr(l)/N values 
over the A peptides in each fibril. The average absolute local writhe measure, aaWr(l), is defined as aaWr(݈) = ∑ absWr೔(௟)೘೔=1 /ே௠      (2) 

where m is the number of A peptides in the fibril and absWri(l) is the absWr(l) value for the epitope 
in the i-th A peptide in the fibril. 

We classified fibrils into four groups, L0, L1, L2, and L3, based on the aaWr(l) value for each fibril 
(Table 1). For the lecanemab (21–29) epitope, aaWr(l) > 0.005 (L2 and L3 groups) in 36 (52%) out of 
69 different fibril structures , showing that the epitope located in the middle of the A peptide exhibits 
higher self-entangled conformations in the fibrils (Table 1). Similarly, for the gantenerumab (18–27) 
epitope, aaWr(l) > 0.005 (L2 group) in 24 (35%) out of 68 fibrils (Table 2). The averaged absWr(l) 
profile (Fig. 3d) supports that the lecanemab (21–29) and gantenerumab (18–27) epitopes in the fibrils 
contain local structures with substantial entanglement. 

Notably, for the aducanumab (3–7) epitope, aaWr(l) > 0.01 (L3 group) in only one fibril (PDB code 
2m4j), as shown in Table 1. The aducanumab (3–7) epitope in the Aβ peptide in fibril 2m4j (1–40) has 
a different geometry than the corresponding segments in other fibrils (Supplementary Fig. S3): the 
Cα-connecting vector from residues 3 to 4 orients almost perpendicular to the other Cα-connecting 
vectors, which are mostly in plane. In contrast, in all other cases, all Cα-connecting vectors are mostly 
planarly arranged (Supplementary Fig. S3). Notably, even at its N-terminal location, the aducanumab 
(3–7) epitope exhibits a substantially entangled conformation. 

These results demonstrate that A regions exhibiting substantial local entanglement are located within 
conformational epitopes regardless of polymorphic fibrils (Fig. 3 and Table 1). 
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Table 1: Mean aaWr(l) values for each conformational epitope of the A peptide in the 69 fibrils.  

Epitope in A Mean aaWr(l) a) Number of 
structures b) 

Classes of aaWr(l) value c) 

L0  L1 L2  L3  

Lecanemab  

(1–16) 
0.0035 ± 0.0023 18 5 8 5 0 

Lecnemab  

(21–29) 
0.0055 ± 0.0031 69 9 24 30 6 

Gantenerumab 

(3–11) 
0.0038 ± 0.0030 19 8 5 5 1 

Gantenerumab 

(18–27) 
0.0040 ± 0.0024 68 18 26 24 0 

Docanemab 

(3–13) 
0.0036 ± 0.0030 19 6 7 6 0 

Aducanumab 

(3–7) 
0.0012 ± 0.0025 19 16 2 0 1 

a) Mean aaWr(l) value ± standard deviation for the aaWr(l) values over the fibrils that contain the 
entire residues in the epitope.  

b) Number of fibril structures used in calculating the mean aaWr(l) value. The fibril structures were 
not used in the analysis unless all the epitope residues were included in the A peptide of the 
fibrils.  

c) The fibril structures were classified value into four categories based on each aaWr(l) value: L0: 
aaWr(l) ≤ 0.002, L1: 0.002 < aaWr(l) ≤ 0.005, L2: 0.005 < aaWr(l) ≤ 0.010, L3: aaWr(l) 
> 0.010. 
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Fig. 4. Histograms of aaWr(l) values of Aβ peptides collected with a 9-residue window size 
corresponding to Aβ residues of the lecanemab (21–29) epitope for (a) fibril 2lmn (9–40) and (b) fibril 
8sel (8–40). The dotted lines in the panels indicate the bin where the aaWr(l) of the lecanemab (21–
29) epitope is involved. (c) Example of the local writhe energy, Ewr(l), distribution obtained from one 
of the Aβ peptides (j-th peptide) in fibril 2lmn (9–40). Each Ewr(l) value shown using a horizontal bar 
is determined by the count in each bin of the aaWr(l) histogram; the count is indicated by the colour 
of the horizontal bar. The red dotted horizontal line in the Ewr(l) graph shows the 95th percentile value 
of Ewr(l). The Ewr(l) over this line is denoted as Ewr(l)*. The vertical black dotted line indicates the bin 
where the aaWr(l) value of the lecanemab (21–29) epitope falls. The corresponding bin includes one 
fragment; thus, the epitope shows the Ewr(l)* value. Aβ: amyloid β. 
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Conformational epitopes show outlying aaWr(l) values 

We further examined where the epitope’s aaWr(l) value falls among all aaWr(l) values within the same 
Aβ peptide. Here, we show representative results for Aβ in fibril 2lmn (9–40), analysed with a nine-
residue window size corresponding to the Aβ residues in the lecanemab (21–29) epitope (Fig. 4a and 
Supplementary Table S2). Fibril 2lmn (9–40) contains 12 Aβ peptides (designated A–L). Fig. 4a 
displays an aaWr(l) histogram for each Aβ peptide in fibril 2lmn (9–40). The dotted lines indicate the 
aaWr(l) value for the lecanemab (21–29) epitope. The data show that the epitope’s aaWr(l) value is 
distinct from the values of the other parts in the same A peptide (Fig. 4a). Fibril 8sel (8–40) has 10 
Aβ peptides (designated A–S), indicating that the lecanemab (21–29) epitope has an outlying aaWr(l) 
value (Fig. 4b). 

For the lecanemab (21–29) epitope, 22 (32%) out of the 69 fibrils had at least one Aβ peptide with an 
aaWr(l) value above the 95th percentile (Table 2 and Supplementary Table S2), which we designated 
as an outlying aaWr(l) value, aaWr(l)*. For the lecanemab (1–16) epitope, 6 (33%) out of 18 fibrils 
had an Aβ peptide with aaWr(l)* (Table 2). The proportion of fibrils with Aβ peptides with aaWr(l)* 
for either the lecanemab (1–16) or the lecanemab (21–29) epitope was 39% (Table 2). The results 
suggest that geometric entanglement is a hallmark of the conformational epitope targeted by 
lecanemab. 

The gantenerumab (18–27) epitope had Aβ with aaWr(l)* in 9 (13%) out of 68 fibrils (Table 2), fewer 
than those in the lecanemab (21–29) epitope. However, the gantenerumab (18–27) epitope had aaWr(l) 
values in the L2 group in 24 (35%) out of 68 fibrils (Table 1). This was similar to the lecanemab (21–
29) epitope, for which aaWr(l) values were in the L2 group across 30 fibrils (Table 1). The 
gantenerumab (3–11) epitope did not show aaWr(l)* values in any fibrils (Table 2) but exhibited 
aaWr(l) values in the L2 group in 5 fibrils, which is the same number as for the lecanemab (1–16) 
epitope (Table 1). These results suggest that conformational epitopes are characterised by significant 
geometric entanglement, as shown by the higher aaWr(l) values, compared to other regions of A. 

Geometric uniqueness of conformational epitopes 

We explored the geometric uniqueness of conformational epitopes relative to other regions of Aβ by 
introducing a new measure called local writhe energy (Ewr). Ewr is similar to our previously reported 
local topological free energy15 — a measure of geometric uniqueness of a local conformation in a 
specific protein in reference to local segmental structures in a set of proteins in different folds. Both 
measures rely on writhe13,14. Here, ‘geometric uniqueness’ of a local structure means that the local 
segment of a protein takes the least probable geometry among a set of local conformations in the same 
A peptide. Ewr(l) is defined for segment l (l-residue window) as ܧwr(݈) = ln(ܰ(ܪwr)/ܰ( wܲr))    (3) 

where N(Hwr) is the number of the fragments in the highest populated bin of the aaWr(l) histogram for 
an Aβ peptide, and N(Pwr) is the number of fragments in a bin that includes the specific value aaWr(l) 
= P in the aaWr(l) histogram. Ewr(l) increases when the segment with the value of P falls in a bin with 
fewer segments in the aaWr(l) histogram (Fig. 4c). The size of segment l is set to the number of Aβ 
residues in the epitope in focus; for example, l was set to 9 to explore the conformational uniqueness 
of the lecanemab (21–29) epitope. 

Figure 4c illustrates the case of the lecanemab (21–29) epitope in fibril 2lmn (9–40). The aaWr(l) for 
the epitope does not reach its highest value among the fragments in this specific A peptide. However, 
the aaWr(l) value falls in one of the least populated bins of the aaWr(l) histogram, thus exhibiting the 
highest Ewr(l). We designated the Ewr(l) values over the 95th percentile as Ewr(l)* (Fig. 4c). The 
lecanemab (21–29) epitope in fibril 2lmn (9–40) exhibited Ewr(l)*, indicating that the epitope forms a 
unique entangled form in A. The conformational uniqueness of the epitope should promote specific 
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recognition by mAbs. 

The segment with aaWr(l)* does not always exhibit Ewr(l)*, as shown for fibril 2lmn (9–29) with the 
lecanemab (21–29) epitope (Fig. 4c). The local entanglement of the epitope is characterised by either 
its degree of entanglement, aaWr(l)*, or its unique entangled conformation, Ewr(l)*. The aaWr(l) 
histograms for each A peptide in every fibril with the window size corresponding to each epitope are 
provided in Supplementary Fig. S4. 

For the lecanemab (1–16) epitope, 2 (3%) out of the 69 fibrils were identified using Ewr(l)*, whereas 
6 were identified using aaWr(l)* (Table 2). For the lecanemab (21–29) epitope, 25 and 22 fibrils were 
identified using Ewr* and aaWr(l)*, respectively (Table 2). For the donanemab (3–13) epitope, one 
fibril was identified by Ewr(l)* and none were identified using aaWr(l)* (Table 2). The lecanemab (21–
29) epitope in the Aβ peptide had a distinctive geometry characterised by either aaWr(l)* or Ewr(l)* in 
35 (51%) out of 69 fibrils. For the lecanemab (1–16) epitope, 7 (39%) out of 18 fibrils contained the 
epitope in a distinct geometry. In addition, 40 (58%) out of 69 fibrils featured outlier geometries of 
the lecanemab (1–16) or the lecanamab (21–29) epitope. For the gantenerumab (3–13) or the 
gantenerumab (18–27) epitope, this number was 26 (38%) out of 68 fibrils (Table 2). These results 
demonstrate that the outlier geometric features characterised by aaWr(l)* (entanglement) or Ewr(l)* 
(uniqueness) are associated with conformational epitopes. 
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Table 2: The number of fibrils containing A peptides with outlying geometric values for various 
epitopes. 

epitope Number  

of fibrils a) 

A with aaWr(l)* b)  A with Ewr(l)* c) A with  

aa Wr(l)* or 
Ewr(l)* d) 

Lecanemab  

(1–16) 
18 6 (33%) 

27/69 

(39%) 

2 (11%) 
27/69 

(39%) 

7 (39%) 
40/69 

(58%) Lecanemab  

(21–29) 
69 22 (32%) 

2

5 
(36%) 

3

5 
(51%) 

Gantenerumab 

(3–11) 
19 0 (0%) 

13/68 

(13%) 

1 (5%) 
23/68 

(34%) 

1 (5%) 
26/68 

(38%) Gantenerumab 

(18–27) 
68 9 (13%) 

2

2 
(32%) 

2

5 
(37%) 

Docanemab  

(3–13) 
19 0 (0%) 

n.a. 
4 (21%) n.a. 4 (21%) n.a. 

Aducanumab  

(3–7) 
19 0 (0%) 

n.a. 
0 (0%) n.a. 0 (0%) n.a. 

a) Number of fibrils that contain the A peptides with all epitope residues in concern. 
b) Number of fibrils that contain at least one A peptide with aaWr(l)* (the aaWr(l) value is above 

the 95th percentile) with its percentage ratio among the fibrils in parentheses. In the third column, 
the number of fibrils that contain at least one A peptide with aaWr(l)* in either epitope and its 
percentage ratio in parentheses. 

c) Number of fibrils that contain at least one A peptide with Ewr(l)* (the Ewr(l) value is above the 
95th percentile) with its percentage ratio among the fibrils in parentheses. In the third column, the 
number of fibrils that contain at least one A peptide with Ewr(l)* in either epitope and its 
percentage ratio in parentheses.  

d) Number of fibrils that contain at least one A peptide with aaWr(l)* or Ewr(l)* with its percentage 
ratio among the fibrils in parentheses. In the third column, the number of fibrils that contain at 
least one A peptide with aaWr(l)* or Ewr(l)* in either epitope and its percentage ratio in 
parentheses.  

 

Identification of A fragments across fibrils characterised by either aaWr(l)* or Ewr(l)* 

We explored where the geometrically distinct fragments are located in A peptides across polymorphic 
fibrils, which are characterised by either aaWr(l)* or Ewr(l)*. In this analysis, we used multiple window 
sizes, ranging from 4 to 10 A residues. 

First, we collected aaWr(l) values for the fragments in all the A peptides across 69 fibrils using 
window sizes ranging from 4 to 10, which we referred to as the Starting Fragment Set (SFS), as shown 
in Fig. 5a. We calculated Ewr(l) for the fragments in different window sizes for each A peptide. In 
this analysis, using a higher number of aaWr(l) values collected with a range of window sizes 
compared to a single window size, we redefined aaWr(l)* as being ≥ max(aaWr(l)) − h, where h is the 
bin width determined using the Freedman–Diaconis rule29, which is defined as 
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ℎ = 2IQR(SFS)√௡3       (4) 

where IQR(SFS) is the interquartile range of data in the SFS and n is the number of fragments collected 
in the SFS. The n value varied depending on the length of Aβ peptides in each fibril. The bin width h 
was also applied to calculate Ewr(l)*. 

We classified the fragments in the SFS with aaWr(l)* and Ewr(l)* into four groups (Fig. 5a): 

• W: fragment with aaWr(l)* (high writhe) 
• U: fragment with Ewr(l)* (high uniqueness) 
• WU: fragment with both aaWr(l)* (high writhe) and Ewr(l)* (high uniqueness) 
• N: fragment with neither aaWr(l)* nor Ewr(l)* 

To select geometrically outlying fragments (Fig. 5a), we chose W1 and W2 fragments with the highest 
and the second highest aaWr(l)*, respectively, in the W group; U1 and U2 fragments with the highest 
and the second highest Ewr(l)*, respectively, in the U group; and WU1 and WU2 fragments with the 
highest and the second highest aaWr(l)*, respectively, in the WU group. 

Figure 5b shows the locations of the geometrically outlying WU1/WU2 (purple), W1/W2 (blue), and 
U1/U2 (red) fragments, plotted on the A peptides across the 69 fibrils. We compared the fragment 
locations in the A sequence with the reported epitopes for the four second-generation mAbs (Fig. 5c). 
The geometrically outlying regions identified using the two geometric measures mostly cover the 
reported epitope in the middle part of the A sequence, while the geometrically outlying regions 
identified in the N-terminus of some fibrils are involved in the reported N-terminal epitopes (Fig. 5c). 
This result suggests that the conformational epitopes are characterised by the geometric measures 
aaWr(l)* and Ewr(l)*. 

The A peptide in some fibrils has a geometrically outlying fragment in its C-terminal region (Fig. 
5c), as seen in fibril 2lmo (9–40). These fragments are supposed to be potential conformational 
epitopes, although no mAbs have been reported to recognise the C-terminal part of A in a fibril. 
Locating the potential conformational epitope at the C-terminal part of A is also suggested by the 
averaged absWr(l) profile (Fig. 3c).  
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Fig. 5. Selecting geometrically distinct regions in A. (a) Classification of the A fragments in 
window sizes ranging from 4 to 10 based on the geometric measures absWr(l)* and Ewr(l)*; the 
geometrically outlying fragments labelled as W1, W2, U1, U2, WU1, and WU2, were selected. (b) 
Mapping geometrically outlying fragments on the A sequences across 69 fibrils. The colours are 
assigned as follows: W1/W2 (blue), U1/U2 (red) and WU1/WU2 (purple). (c) Sequence positions of 
geometrically outlying fragments on the A sequences across 69 fibrils (black bars). The reported 
sequences for the four second-generation mAbs are shown as vertical bars on the right side of the 
graph. Aβ: amyloid β. 
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Closer inspection of the results showed that the geometrically outlying fragments are located on 
A structures close to the reported epitopes (Fig. 6a). The results indicate that the geometric outlying 
fragments in A constitute the conformational epitopes. 

Interestingly, A peptides in some fibrils contain geometrically outlying fragments within the fibril 
structure (Fig. 6b). These epitopes in these fibril forms presumably hinder mAbs’ access to epitopes, 
thereby impairing the therapeutic effect against these fibrils. 

 

Fig. 6. Potential conformational epitopes identified by the geometric measures. (a) Comparing the 
locations of geometrically outlying fragments on A sequences with the reported sequences of 
lecanemab (21–29) and gantenerumab (18–27) epitopes. (b) A structures that have geometrically 
outlying fragments within the fibril structures. The colour usage for the geometrically marked 
segments is the same as in Fig. 5b. Aβ: amyloid β. 
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Discussion 

In this work, we geometrically characterised conformational epitopes targeted by second-generation 
anti-A mAbs using the writhe numerical measure30. We introduced two geometric measures, the 
average absolute local writhe, aaWr(l), and the local writhe energy, Ewr(l). Our main finding is that 
conformational epitopes exhibit distinctive geometric features: they have exceptionally high aaWr(l) 
and/or Ewr(l) values relative to other regions of Aβ in various fibrils. The aaWr(l) value indicates the 
degree of entanglement of a local A structure, while Ew(l) increases when the fragment takes a 
geometry dissimilar to the other parts (geometric uniqueness). The findings suggest that second-
generation mAbs (aducanumab, lecanemab, donanemab, and gantenerumab) preferentially recognise 
segments with distinct geometric features displayed on fibrils, thereby limiting distraction by the 
abundant monomeric Aβ species11. This may explain the improved efficacy of second-generation 
mAbs in removing pathogenic Aβ aggregates compared to first-generation mAbs4-6. 

A lack of understanding of the structural features of conformational epitopes hinders the development 
of an effective immunogen that accurately displays those epitopes as they appear in pathogenic Aβ 
species9. The geometric features of the conformational epitopes in fibrils, which were revealed in this 
work, will guide the design of an appropriate scaffold to present immunogenic Aβ fragments. The 
polymorphism of Aβ fibrils poses another fundamental obstacle to AD immunotherapy, which impairs 
the effectiveness of mAbs targeting fibrils9,31. Antibodies generated against an immunogen specific to 
a particular epitope conformation in a fibril may not bind to fibrils in different forms. Identifying 
potential conformational epitopes by their geometric features in various fibril forms helps elucidate 
how an anti-A mAb works against a polymorphic set of A fibrils formed in the brains of AD 
patients6,7,28,32. In this study, mapping the potential conformational epitopes in fibrils revealed 
differences in epitope accessibility across fibril forms (Figs. 5b and 6b), which is related to the efficacy 
of an mAb against polymorphic Aβ fibrils. Some fibrils hide the epitopes inside the fibrillar structures 
(Fig. 6b), which limits mAbs’ access to the epitopes, reducing their efficacy. On the other hand, other 
fibril forms display two discrete epitopes on the same side of the fibril surface (Fig. 6a); these fibrils 
have high avidity to mAbs through cooperative binding of the two discrete epitopes. Mapping the 
potential conformational epitopes provides insights into how polymorphic A fibrils impede AD 
immunotherapy with mAbs.  

Molecular dynamics (MD) simulations of soluble Aβ oligomers and fibrils have been used to predict 
epitopes9,33. MD simulations identify epitopes as selectively exposed regions on oligomers or the 
weakest structural parts in fibrils, which become disordered and exposed on the fibril surface9. In those 
works, epitopes are assumed to be essentially unstructured and exposed on the surface of structured 
oligomers and fibrils, making them accessible to mAbs. In contrast to MD-based predictions, we 
assumed that conformational epitopes keep distinct geometric features displayed on fibril surfaces, 
which are explicitly recognised by second-generation mAbs. The distinct geometric features should 
be a primary determinant of the conformational epitope located in the middle part of A in fibrils, as 
for lecanemab (21–29) and gantenerumab (18–27). The epitopes at the N-terminus of A are not 
supposed to keep specific conformations in most fibrils, as evidenced by the lack of experimentally 
determined N-terminal segments (Fig. 5c). The N-terminal epitopes in such fibril forms are exposed 
to the solvent, and their sequences are recognised by mAbs. The conformational epitopes in the N-
terminal and middle parts of A should work differently in binding to mAbs. As shown by mapping 
the geometrically distinct parts of A, the epitopes in the middle part should be recognised 
conformation-dependently by mAbs (Fig. 5c).  

Geometric characterisation of proteins highlights distinct local structures that differ from those 
revealed by structural comparisons via coordinate overlay. We previously reported that geometrically 
distinct parts of a protein are frequently found at protein–protein interaction interfaces14,15. In this 
study, we found that conformational epitopes of Aβ in fibrils exhibit distinct geometric features, 
consistent with our previous results14,15. 
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The reported epitope sequences targeted by the four second-generation mAbs are biochemically 
determined through enzyme-linked immunosorbent assays (ELISAs). In ELISA, Aβ fragments are 
used to identify the sequences recognised by the antibody fixed on a plate34; therefore, ELISA does 
not provide conformational information about epitopes but only their sequences. This technical 
limitation explains why the epitopes determined using ELISA are close to, but not perfectly aligned 
with, the segments identified using aaWr(l) and/or Ewr(l) values (Fig. 5c). The epitope sequences 
determined using ELISA do not contain C-terminal epitopes around residues 35–40 (Figs 3d and 5c). 
We believe the C-terminal epitopes should be functional, but ELISA cannot detect them because they 
lose the conformational properties required for epitope recognition. 

This work used only Aβ fibril forms. Lecanemab, for example, has a higher affinity to protofibrils than 
to fibrils and can also recognise oligomers5,7. The structural coordinates of Aβ in protofibrils and 
oligomers are not available35, which limits our approach to fibrils. We cannot describe how the 
geometric features found in fibrils relate to lecanemab binding to Aβ protofibrils and oligomers. The 
structural details of protofibrils and oligomers are expected to expand our geometric characterisation 
to other species of Aβ peptide aggregates. 

In summary, conformational epitopes of Aβ exhibit distinctive geometric features across various fibril 
forms. Our geometric measures reveal visually unidentified structural features of conformational 
epitopes in polymorphic Aβ fibrils, related to mAb binding. The potential epitope locations identified 
as geometrically distinct sites are close to those determined biochemically. Mapping the potential 
epitopes suggests that polymorphism in Aβ fibrils alters mAbs’ accessibility to the epitopes, possibly 
altering the clinical benefit of AD immunotherapy. 

Methods 

Protein structure approximation 

Protein structure was represented by consecutive Cα atoms as a linear polygonal curve in three-
dimensional space, approximating the protein backbone. The following A fibril structure coordinates 
in PDB were used in this work: 2beg, 2lmn, 2lmo, 2lmp, 2lmq, 2lnq, 2m4j, 2mpz, 2mxu, 2nao, 5kk3, 
6oiz, 6shs, 6ti5, 6ti6, 6w0o, 7f29, 7q4b, 7q4m, 8azs, 8azt, 8bfa, 8bfb, 8bfz, 8bg0, 8bg9, 8ezd, 8eze, 
8kew, 8kf1, 8kf3, 8kf4, 8kf5, 8kf6, 8ol2, 8ol3, 8ol5, 8ol6, 8ol7, 8olg, 8oln, 8olo, 8olq, 8ot1, 8ot3, 8ot4, 
8otf, 8ovk, 8ovm, 8owd, 8owe, 8owj, 8owk, 8qn6, 8qn7, 8sej, 8sek, 8sel, 9jaz, 9jb0, 9jb1, and 9jb2. 

Local writhe, Wr(l) 

Local writhe as defined in eq. (1) for a segment l was calculated for a polygonal curve representing 
A structure in fibril using the program used in our previous work15,36. The obtained Wr(l) values are 
used for plotting the absWr(l) profile by sliding a segment l position along the A sequence, and 
calculating aaWr(l), defined in eq. (2).  

Local writhe energy, Ewr(l) 

A set of absWr(l) values is collected for all the fragments in A, by sliding a window segment l 
comprising a defined number of residues over the sequence. In the histogram of the collected absWr(l) 
data with a defined bin width, the number of fragments in the bin showing the highest count is defined 
as N(Hwr): the highest count bin should include the fragments in the least or no entangled local 
conformation. If the conformational epitope gives the value P to its absWr(l), the number of fragments 
in the bin covering the value P is defined as N(Pwr). Using the values, N(Hwr) and N(Pwr), the local 
writhe energy, Ewr(l), is obtained from eq. (3).  
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