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Chapter 5
Possible Mechanism of Amyloidogenesis of V 
Domains

Mateusz Banach, Barbara Kalinowska, Leszek Konieczny, 
and Irena Roterman

Abstract  This chapter discusses complexation of Congo red by amyloid structures 
comprising immunoglobulin light chains, particularly the so-called Bence-Jones 
(BJ) proteins. According to the presented study, in BJ proteins the V domain is sub-
stantially less stable than the C domain. This conclusion is based on quantitative 
analysis of the protein’s hydrophobic core, made possible by the fuzzy oil drop 
model. Results indicate that the V domain exhibits structural ordering characteristic 
of amyloid aggregates, i.e. linear propagation of local hydrophobicity peaks and 
troughs rather than a monocentric hydrophobic core (typically present in globular 
proteins). On this basis, the authors propose a hypothetical arrangement of V 
domains which leads to formation of an amyloid. Structural similarities between V 
domains in BJ proteins and other types of amyloid aggregates enable the authors to 
study the specific mechanism of Congo red complexation by amyloids.

The proposed Congo red complexation mechanism builds upon the authors’ pre-
vious experience with bioinformatics tools. The subject should be of interest to 
researchers specializing in protein folding studies and misfolding diseases.
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5.1  �Characteristics of Immunoglobulin Domains

Complexation of supramolecular Congo red (CR) requires considerable relaxation 
of the target protein’s native form. Immunoglobulin domains are known for their 
structural instabilities (amyloidogenic properties), and also for their ability to 
eagerly bind CR. In line with basic biochemical knowledge, the stability of proteins 
is determined by two factors: disulfide bonds and hydrophobic core.

Immunoglobulin domains are β-sandwiches composed of two distinct fragments, 
referred to as the upper core and the lower core respectively. Each domain includes 
one centrally placed disulfide bond linking both cores. While the stabilizing influ-
ence of this bond allows the domain to persist in its native form, individual domains 
vary greatly with respect to the structure of their hydrophobic cores [1]. This diver-
sity is evidenced by structural analysis based on the fuzzy oil drop (FOD) model. 
FOD is an extension of the “oil drop” hydrophobicity distribution model, which 
introduced a binary distinction between the outer (hydrophilic) and inner (hydro-
phobic) layers [2]. The name of the model alludes to the notion of an oil drop 
immersed in water – the hydrophobic substance attempts to minimize its contact 
surface, becoming spherical in the process. Similarly, the protein folding process 
results in internalization of hydrophobic residues and exposure of hydrophilic resi-
dues on the surface of a globular capsule [3].

As already remarked, the fuzzy oil drop model extends the binary oil drop para-
digm by introducing a continuous gradient of hydrophobicity between the core and 
the surface. This gradient is mathematically expressed by a 3D Gaussian, which 
peaks at the center of the molecule and then gradually decreases, reaching near-zero 
values at a distance of 3σ (where σ is the coefficient of the Gaussian).

In this chapter we will apply the fuzzy oil drop model in the analysis of immu-
noglobulin light chain domains exemplified by Bence-Jones proteins [4].

5.2  �Target Proteins

Table 5.1 provides a summary of proteins selected for analysis. They are collec-
tively referred to as Bence-Jones (BJ) proteins [4] and are exclusively of human 
origin. Each protein is a homodimer comprised by two identical IgG light chains.

The sole exception is 2Q1E, where two pairs of V domain dimers have been 
identified in the crystal structure. The reference protein is the Fab fragment of 
human immunoglobulin G (4PUB), consisting of the light chain (L) and the heavy 
chain (H).

The fuzzy oil drop has been applied in the analysis of the following structural 
units: both chains in complex; paired domains – V(L)-V(L) and C(L)-C(L), each 
domain individually and for 4PUB the complexes of domains V(L)–V(H) and C(L)-
C(H). We have also assessed the status of each domain as a structural subunit of the 
complete dimer.
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5.3  �The Fuzzy Oil Drop Model

The fuzzy oil drop model has been extensively described in numerous publications 
[3, 12, 13]. The description presented below should therefore be regarded only as a 
brief introduction.

The traditional notion of a “hydrophobic core” refers to a concentration of hydro-
phobic residues at the geometric center of the protein, along with exposure of 
hydrophilic residues on its surface. When dealing with globular proteins, this con-
figuration can be described with a 3D Gaussian, where the origin of the coordinate 
system coincides with the geometric center of the molecule and a separate σ coef-
ficient is defined for each principal axis, delineating an ellipsoid capsule. The mol-
ecule itself should be oriented in such a way as to align its orthogonal dimensions 
(longest diagonals) with axes of the coordinate system. Values of σx, σy and σz are 
calculated as 1/3 of the separation between the origin of the system and the position 
of the most distant atom along each axis. This is schematically depicted in Fig. 5.1.

In accordance with the three-sigma rule, over 99% of the total volume of the 
Gaussian is captured by applying a cutoff distance of 3σ in each principal direction. 
The value of the Gaussian at any point within this ellipsoid capsule is interpreted as 
local theoretical hydrophobicity (also referred to as the “idealized” distribution).

The theoretical hydrophobicity distribution should be confronted with the 
observed distribution, which depends on local interactions between each residue 
and its neighbors. These calculations are based on the positions of the so-called 
effective atoms (averaged-out positions of all atoms comprising a given residue) and 
the intrinsic hydrophobicity of each amino acid. Each effective atom collects inter-
actions with its neighbors, with a cutoff distance of 9 Å.

Theoretical (T) hydrophobicity is expressed by the following formulae:
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Table 5.1  Proteins selected for analysis

Protein – ID PDB Dimer Chain class References

1B6D L-L KAPPA [5]
1BJM L-L LAMBDA [6]
1DCL L-L LAMBDA [7]
1LIL L-L LAMBDA [8]
2OLD L-L [9]
2OMB L-L [9]
2OMN L-L [9]
2Q1E L-L-TETRAMER KAPPA [10]
3BJL L-L LAMBDA [6]
4PUB H-L [11]
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Ht j
˜  is the theoretical hydrophobicity density (hence the t designation) at the jth 

point in the protein body. x y z, ,  correspond to the peak of the Gaussian in each of 
the three principal directions, while σx, σy, σz denote the range of arguments for each 
coordinate system axis. These coefficients are selected in such a way that 99% of 
the Gaussian’s integral is confined to a range of x ± 3s . Values of the distribution 
can be assumed to equal 0 beyond this range.

If the molecule is placed inside a capsule whose dimensions are given by 
x y zx y z± ± ±3 3 3s s s, ,  then the values of the corresponding Gaussian represent 
the idealized hydrophobicity density distribution for the target protein. If σx = σy = 
σz, the capsule is perfectly spherical; otherwise it is an ellipsoid. The Gaussian 
yields hydrophobicity density values at arbitrary points in the protein body – for 
example at points which correspond to the placement of effective atoms (one per 
side chain). Ht j˜  is the hydrophobicity density determined for the jth amino acid 
while x, y and z indicate the placement of its corresponding effective atom.

The denominator of 
1

Htsum
˜  expresses the aggregate sum of all values given by

 the Gaussian for each amino acid making up the protein. This enables normalization
of the distribution since        will always be equal to 1.0.Ht j

˜

Htj
˜  values reflect the expected hydrophobicity density which should correspond 

to each amino acid in order for the hydrophobic core to match theoretical predic-
tions with perfect accuracy, with all hydrophobic residues internalized and all 
hydrophilic residues exposed on the surface. The closer to the surface the lower the 
expected hydrophobicity density.

The position of each (jth) residue is represented effective atom localized at the 
geometric center of all atoms belonging to side chain of the residue under consider-
ation (including Cα in the case of Gly). Protein encapsulation is presented in 
Fig. 5.1.

On the other hand, the actual distribution of hydrophobicity density observed (O) 
in a protein molecule depends on inter-chain interactions, which, in turn, depend on 
the intrinsic hydrophobicity of each amino acid. Intrinsic hydrophobicity can be 
determined by experimental studies or theoretical reasoning – our work bases on the 
scale published in [12] while the force of hydrophobic interactions has been calcu-
lated using algorithms proposed in [14]. For each amino acid j (or, more accurately, 
for each effective atom) the sum of interactions with its neighbors is computed and 
subsequently normalized by dividing it by the number of elementary interactions:
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N is the number of amino acids in the protein,      expresses the hydrophobicity 
parameter of the i-th residue while rij expresses the distance between two interacting 
residues (jth effective atom and ith effective atom). c expresses the cutoff distance 
for hydrophobic interactions, which is taken as 9.0 Å (following [14]). The Hosum

˜  
coefficient, representing the aggregate sum of all components, is needed to normal-
ize the distribution which, in turn, enables meaningful comparisons between the 
observed and theoretical hydrophobicity density distributions.

Quantitative analysis of the differences between expected (T) and observed (O) 
distributions is enabled by the Kullback-Leibler entropy formula [15]:
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The value of DKL expresses the distance between the observed (p) and target (p0) 
distributions, the latter of which is given by the 3D Gaussian (T). The observed 
distribution is referred to as O.

Hi
r˜

Fig. 5.1  Protein molecule placed in an ellipsoid capsule (only two dimensions are presented to 
preserve clarity). The adjacent one-dimensional plots present values of the Gaussian along each 
axis and highlight the role of σ coefficients. Color coding expresses the transition between hydro-
philic (blue) and hydrophobic (red) residues. An intermediate layer is present between the core and 
the surface
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For the sake of simplicity, we introduce the following notation:
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N
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Since DKL is a measure of entropy its interpretation requires a reference value. In 
order to facilitate meaningful comparisons, we introduce another boundary distribu-
tion (referred to as “unified” or R) which corresponds to a situation where each 
effective atoms represents the same hydrophobicity density (1/N, where N is the 
number of residues in the chain). In this type of distribution hydrophobicity density 
is not concentrated at any point in the protein body.
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Comparing O|T and O|R tells us whether the given protein (O) more closely 
approximates the theoretical (T) or unified (R) distribution. Proteins for which 
O|T > O|R are regarded as lacking a prominent hydrophobic core. To further sim-
plify matters we introduce the following relative distance (RD) criterion:

	
RD
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=
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Here, RD < 0.5 indicates the presence of a hydrophobic core.
Figure 5.2 presents a graphical representation of RD values, restricted (for sim-

plicity) to a one dimensional form.
DKL (as well as O|T, O|R and RD) may be calculated for specific structural units 

(complex, single molecule, single chain, selected domain). In such cases the bound-
ing ellipsoid is restricted to the selected fragment of the protein. It is also possible 
to determine the status of polypeptide chain fragments within the context of a given 
ellipsoid. This procedure requires prior normalization of Oi, Ti and Ri values belong-
ing to the analyzed fragment.

The procedure described above will be consistently applied in the analysis pre-
sented in this chapter. The status of selected polypeptide chain fragment will be 
studied to evaluate their participation in forming a hydrophobic core. In particular, 
secondary folds which satisfy RD < 0.5 are thought to contribute to the molecule-
wide hydrophobic core. When the opposite is true (i.e. RD > 0.5), the given frag-
ment can be considered unstable. It appears that fragments which exhibit 
higher-than-expected hydrophobicity may, when exposed on the surface, be engaged 
in protein complexation (forming parts of the interface).

Calculations concerning fragments of the polypeptide chain requires prior nor-
malization of Ti, Oi and Ri values belonging to the selected fragment. The results tell 
us whether the given fragment contributes to the molecule-wide hydrophobic core.
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Fragments can be selected for analysis on the basis of their involvement in par-
ticular secondary structures [1], supersecondary structures [16], interface areas 
[17], intrinsically distorted fragments [18], chameleon fragments [19] or other types 
of structures, depending on the research problem at hand.

A summary of sample proteins, visualizing the varied status of their hydrophobic 
cores, is provided in Fig.  5.3. Titin (Fig.  5.3A) is a protein which includes an 
immunoglobulin-like fold, exhibiting very good agreement between the theoretical 
and the observed hydrophobicity distribution. In this case hydrophobicity is concen-
trated near the center of the protein, with a hydrophilic layer present on the surface, 
optimizing the protein’s contact with water. Such high agreement between T and O 
enables titin to revert to its native conformation in the absence of external forces 
(note that titin is found in muscle tissue and subject to frequent stretching).

The second sample protein, visualized in Fig. 5.3B, is the H chain of the human 
immunoglobulin Fab fragment. In this case major discrepancies between the theo-
retical and observed hydrophobicity distribution are observed (RD = 0.584), indi-
cating that no monocentrichydrophobic core is present and that the H chain as a 
whole is only marginally stable. Further stabilization is provided by two disulfide 
bonds present in the Fab fragment. Notably, immunoglobulin appears to require a 
flexible V domain in order to align itself with the antigen.

The third protein, transthyretin, is a known amyloid precursor (Fig. 5.3C). Major 
differences between the N-terminal and the C-terminal fragments are evident. The 
protein as a whole does not follow the theoretical distribution of hydrophobicity, 
although the N-terminal section is a far better match for the theoretical values than 
its C-terminal counterpart. In such cases, it is informative to compute RD values for 
specific fragments of the chain, revealing the degree of their participation in the 
protein’s hydrophobic core.

The presented work focuses on Bence-Jones complexes formed by IgG light 
chains [4]. Detection of such proteins in urine may indicate multiple myeloma or 
Waldenström’s macroglobulinemia. Large deposits of B-J proteins are also encoun-
tered in kidneys and may cause amyloidogenesis [20].

Fig. 5.2  Graphical representation of fuzzy oil drop model parameters, reduced to a single dimen-
sion. (A) theorized Gaussian distribution (T). (B) actual hydrophobicity distribution in the protein 
under consideration. (C) uniform distribution (R). (D) The RD parameter (equal to 0.656) marked 
on the horizontal axis as a pink dot. According to the fuzzy oil drop model this protein does not 
contain a well-defined hydrophobic core

5  Possible Mechanism of Amyloidogenesis of V Domains
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Fig. 5.3  Comparison of three proteins: (A) O matches T  - immunoglobulin-like domain; titin; 
RD = 0.326. (B) O diverges from T – domain V chain L; human immunoglobulin Fab fragment; 
RD = 0.584. (C) O partially matches T; however areas of significant discordance are evident – 
transthyretin; RD = 0.562 (entire chain), 0.475 (accordant fragment at 10–57), 0.621 (discordant 
fragment at 51–124). The vertical line marks the boundary between both fragments
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The reference complex is provided by the light/heavy chain dimer corresponding 
to the native form of immunoglobulin (4PUB).

5.4  �Structure of Hydrophobic Core in B-J Proteins

The fuzzy oil drop model has been applied to identify the status of immunoglobulin 
domains in proteins referred to as Bence-Jones complexes. This choice of proteins 
is motivated by their specific properties, particularly their ability to quickly transi-
tion into amyloid forms (indicating structural instabilities) and their high affinity for 
supramolecular CR.

The fuzzy oil drop model reveals the status of the complete protein (complex), its 
individual domains as well as fragments of polypeptide chains – the presented anal-
ysis covers the status of the interface area and the N-terminal fragment which has 
been experimentally characterized as highly unstable [21].

5.4.1  �Dimers of L-L Chains in Bence-Jones Proteins 
and of L-H Chains in the Fab Fragment

Table 5.2 presents a comparison of RD parameters describing full-chain dimers and 
V/C domains present in the complex. Analysis of results indicates that the full-chain 
dimer does not contain a shared hydrophobic core in the sense of the fuzzy oil drop 
model (with all corresponding RD values in excess of 0.5).

When analyzed as components of the complex, V domains exhibit high RD val-
ues, which suggests that they lack prominent monocentrichydrophobic cores. Two 
exceptions to this rule are 1LIL and 2Q1E. In the latter case, the discrepancy is due 
to altered composition of the V domain tetramer crystals, where each unit cell com-
prises two dimers with two domains per dimer. For this reason, 2Q1E will be fre-
quently seen as an outlier in further analysis.

C domains analyzed in the context of the dimer exhibit good agreement with the 
theoretical hydrophobic core structure.

Interesting properties are revealed for the light/heavy chain complex in the Fab 
IgG fragment, where each domain is discordant in the context of the complex-wide 
hydrophobic core.

5.4.2  �V(L)-V(L), C(L)-C(L), V(H)-V(L) and C(H)-C(L) Dimers

Since immunoglobulin chains consist of clearly distinguished paired domains, it is 
interesting to study the status of V(L)-V(L) and C(L)-C(L) dimers. Table 5.3 pro-
vides the corresponding quantitative characterization. In the case of the Fab frag-
ment, we have analyzed its V(L)-V(H) and C(L)-C(H) dimers, which should be 
regarded as a reference.

5  Possible Mechanism of Amyloidogenesis of V Domains



86

Table 5.2  RD values describing individual domains of light chain dimers in Bence-Jones proteins

Protein – ID PDB Dimer Chain/domain V RD Chain/domain C RD

1B6D 0.778 A-V (1-107) 0.541 A-C (108-211) 0.470
B-V (1-107) 0.566 B-C (108-211) 0.417

1BJM 0.718 A-V (2-111) 0.558 A-C (112-212) 0.383
B-V (2-111) 0.590 B-C (112-212) 0.331

1DCL 0.752 A-V (1-111) 0.588 A-C (112-212) 0.344
B-V (1-111) 0.567 B-C (112-212) 0.343

1LIL 0.733 A-V (2-107) 0.473 A-C (108-211) 0.347
B-V (2-107) 0.485 B-C (108-211) 0.336

2OLD 0.734 A-V (2-112) 0.588 A-C (113-213) 0.376
B-V (2-112) 0.591 B-C (113-213) 0.310

2OMB 0.803 A-V (2-112) 0.597 A-C (113-213) 0.420
B-V (2-112) 0.589 B-C (113-213) 0.303
C-V (2-112) 0.602 C-C (113-213) 0.351
D-V (2-112) 0.600 D-C (113-213) 0.347

2OMN 0.750 A-V (2-112) 0.592 A-C (113-213) 0.390
B-V (2-112) 0.581 B-C (113-213) 0.300

2Q1E 0.786 A-V 0.492 A-C 0.492
B-V 0.507 B-C 0.507
C-V 0.489 C-C 0.489
D-V 0.464 D-C 0.464

3BJL 0.712 A-V (2-111) 0.583 A-C (112-212) 0.375
B-V (2-111) 0.586 B-C (112-212) 0.312

4PUB 0.747 H-V (2-122) 0.754 H-C (123-223) 0.663
L-V (1-107) 0.818 L-C (108-212) 0.728

The reference protein (4PUB) is the Fab fragment of human immunoglobulin, composed of light 
(L) and heavy (H) chains

Table 5.3  RD values for V and C domain dimers

Protein
V-V dimer C-C dimer
Complete No P-P P-P Complete No P-P P-P

1B6D 0.752 0.573 0.630 0.538 0.508 0.505
1BJM 0.683 0.648 0.492 0.529 0.492 0.317
1DCL 0.751 0.732 0.505 0.540 0.513 0.291
1LIL 0.695 0.663 0.643 0.502 0.445 0.245
2OLD 0.714 0.697 0.534 0.546 0.525 0.300
2OMB 0.755 0.731 0.745 0.542 0.521 0.535
2OMN 0.750 0.728 0.596 0.532 0.520 0.283
2Q1E 0.753 0.722 0.475
3BJL 0.655 0.630 0.385 0.561 0.528 0.291
4PUB 0.649 0.603 0.450 0.531 0.515 0.373

The “no P-P” columns characterize the status of domains following elimination of residues 
involved in P-P interactions, while the “P-P” columns presents the interface fragments. Values 
listed in boldface represent discordance

M. Banach et al.



87

Figure 5.4 presents the theoretical and observed distribution of hydrophobicity in 
1B6D (B-J protein). Of note is the significant deviation corresponding to the V 
domain, with only the C-terminal complex consistent with the theoretical distribu-
tion. Comparison of V domain profiles with their C domain counterparts reveals 
greater stability of the C dimer (at least from the point of view of its hydrophobic 
core structure).

In all listed proteins, full V-V and C-C dimers deviate from the expected mono-
centric distributions of hydrophobicity. Elimination of residues involved in inter-
domain interactions produces a reduction in RD values, showing that the interface 
zone disrupts the structure of the hydrophobic core in each domain.

On the other hand, when analyzing the distribution of hydrophobicity in the 
interface itself, it turns out that a significant majority of C-C dimers match the theo-
retical distribution, and the same is true for the Fab fragment. Evidently, the distri-
bution of hydrophobicity in interface residues corresponds to FOD predictions 
(except in 1B6D and 2OMB).

In general, the structure of C-C dimers may be interpreted as relatively stable, 
whereas V-V dimers are characterized by low stability.

Fig. 5.4  Hydrophobicity distributions in protein domains: (A) V(L)-V(L), (B) C(L)-C(L). The 
divergence between T and O is greater in V domains than in the C(L)-C(L) dimer

5  Possible Mechanism of Amyloidogenesis of V Domains
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5.4.3  �Individual Domains

This part of the presentation focuses on individual domains regarded as standalone 
structural units. For each domain, a separate 3D Gaussian is plotted and the corre-
sponding RD values calculated. Results are listed in Table 5.4.

If we base our analysis on the textbook definition of a domain (i.e. a distinct 
structural unit which folds on its own), the FOD properties of standalone domains 
should reveal their intrinsic structural stability. Analysis of results presented in 
Table 5.4 suggests significant differences between V and C domains. The former are 
generally discordant (lack hydrophobic cores), while in the latter case a prominent 
hydrophobic core is present for each analyzed B-J protein, with the sole exception 
being 1LIL. Eliminating residues involved in inter-domain interactions bring the 
status of V domains in line with the theoretical model – we may therefore conclude 
that structural instabilities are primarily due to the presence of an inter-domain 
interface. This theory is corroborated by the poor agreement between T and O in the 
interface itself.

Contrasting properties are observed in the V(L) and V(H) domains comprising 
the IgG Fab fragment, with both units conforming to the model. The status of Fab 
V(L) is similar to that of its B-J counterparts.

The observed discrepancies between the status of V and C domains in both 
chains (L and H) provide important clues regarding amyloidogenesis. This phenom-
enon is more frequently observed in B-J proteins, although L-H dimers are not 
immune from it. Notably, amyloidogenesis tends to involve V domains rather than 
C domains [22].

As already remarked, the peculiar status of 2Q1E is due to differences in its crys-
tal structure, with a marked decrease in the quantity of residues involved in inter-
domain interactions (16 compared to 29–38 in other dimers). Regarding 1LIL, its 
dimerization properties differ from other proteins in the study set due to structural 
differences in the interface zone.

5.5  �Role of the N-Terminal Fragment in V Domains

The N-terminal fragment of the light chain V domain has been identified as highly 
unstable on the basis of experimental results [21]. This conclusion is supported by 
molecular dynamics simulations involving B-J proteins.

Eliminating the N-terminal fragment results in a significant decrease in RD val-
ues, proving that the fragment contributes to destabilization of the domain and dis-
rupts its hydrophobic core (Table 5.5).

The disagreement between O and T distribution as observed in N-terminal frag-
ment is visualized in Fig. 5.5. The status of observed hydrophobicity distribution of 
position 5 and fragment 11–14 can be even treated as opposite one versus the 
expected hydrophobicity. RD value for this fragment is equal to 0.604.
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The N-terminal section in the BJ dimer occupies an exposed position, facing the 
environment. This renders it susceptible to structural changes  – it may become 
uncoiled, freeing itself from the influence of the protein (in the sense of the FOD 
model) [21]. Figure 5.6 depicts this situation distinguishing the N-terminal frag-
ment and fragments engaged in interface generation as the region of lower stability 
due to lover engagement in hydrophobic core generation.

According to fuzzy oil drop model – fragments of the polypeptide chain which 
do not contribute to the molecule-wide hydrophobic core are regarded as potentially 
unstable and susceptible to structural changes.

Table 5.5  RD values for 
complete V domains (central 
column) and following 
elimination of the N-terminal 
fragments (right column)

Protein
Domain V
Complete No N-Terminal Fragment

1B6D 0.541/0.566 0.211/0.198
1BJM 0.558/0.590 0.219/0.189
1DCL 0.588/0.567 0.208/0.204
1LIL 0.474/0.485 0.244/0.241
2OLD 0.588/0.591 0.168/0.168
2OMB 0.597/0.589 0.166/0.175
2OMN 0.592/0.581 0.175/0.177
2Q1E 0.492/0.507 0.432/0.442

0.490/0.465 0.433/0.420
3BJL 0.583/0.586 0.196/0.190
4PUB 
(H/L)

0.460 0.453

Fig. 5.5  The N-terminal fragment – profiles of T, O and H distribution
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5.6  �Hypothetical Amyloidogenesis Mechanism Affecting 
the V Domain in B-J Proteins

Applying the fuzzy oil drop model to amyloid structures points to linear propaga-
tion of local hydrophobicity distributions along the long axis of the fibril. The model 
proposed in [24] stipulates that β-structural fragments perpendicular to the fibril’s 
axis exhibit the following properties:

	1.	 discordant distribution of hydrophobicity vs. theoretical values (there is no 
monocentric core which would ensure formation of a globular protein);

	2.	 interspersed peaks and troughs of hydrophobicity observed along the unit 
β-structural fragment;

	3.	 if the amyloid is composed of identical polypeptides, the identical local distribu-
tion is repeated for each unit peptide, with linear propagation of hydrophobicity 
peaks/troughs along the long fibril axis. Similar linear propagation is observed 
for β-structural fragments with varying sequences as long as their overall profiles 
remain similar.

All these conditions can be observed in the 2MVX amyloid [25].
Figure 5.7 summarizes the differences between the observed and theoretical dis-

tribution (the latter of which would ensure the formation of a centralized hydrophobic 
core). Each fragment (including β-structural ones) is sequentially identical to all 
other folds comprising the amyloid; thus the presented distribution of hydrophobic-
ity can be repeated linearly, along with the corresponding propagation of local peaks 
and troughs (Fig. 5.8).

If linear propagation of local hydrophobicity profiles is taken as a criterion for 
identifying amyloid forms, then the presence of such arrangement should be 
regarded as a seed for further amyloid aggregation. Under certain conditions (e.g. 
shaking) linear propagation effectively “outcompetes” the standard folding process 
which usually produces monocentrichydrophobic cores (see titin profile on 
Fig.  5.3A). The folding process follows the intrinsic hydrophobicity rather than 
generates the common unicentric construction of hydrophobic core. The resulting 
amyloidogenesis may affect either the entire protein (domain), or enable multiple 
proteins to cluster together.

Fig. 5.6  3D visualization 
of the V domain in a B-J 
protein (3BJL), showing 
fragments which diverge 
from the theoretical 
hydrophobicity 
distribution: gray – 
N-terminal fragment; dark 
blue – interface area. VMD 
program was used to draw 
the picture [23]
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Fig. 5.7  Hydrophobicity distribution profiles in fragments as they appear in 2MVX: H – intrinsic 
hydrophobicity corresponding to each amino acid; T – theoretical (expected) hydrophobicity given 
by the FOD model; O – actual (observed) hydrophobicity resulting from inter-residue interactions. 
Red frames mark local peaks, while red circles denote local troughs, both of which represent devia-
tions from the theoretical model. Selected fragments are listed above each chart. The profiles 
shown are identical along the long axis of the amyloidfibril due to identical sequence of peptides 
generating the fibril

M. Banach et al.
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The presented distribution is evident in the V domain of the IgG light chain 
(crystal structure  – 3BJL), and particularly its β-structural fragments at 86–90, 
40–35, 45–50 and 56–51 (note the antiparallel arrangement). Figure 5.9 presents the 
distribution of hydrophobicity in each of these fragments.

As shown in Fig. 5.9, some β-structural fragments deviate from the theoretical 
distribution of hydrophobicity (the RD value for 35–40 equals to 0.676; for 53–60 
fragment equals to 0.593). Those which appear to demonstrate the accordant distri-
bution (fragment 43–50 described by RD  =  0.463; fragment 86–90 by the RD 
value = 0.422) in selected positions represent the hydrophobicity level locally dif-
ferent in respect to the expected one. What is more, the specific local profiles of 
adjacent β-structural fragments enable linear propagation. Figure 5.10 provides a 
3D depiction of this phenomenon. Local minima are bracketed by local peaks, all of 
which propagate linearly and diverge from the theoretical distribution (Fig. 5.10). 
We can also observe a clear correspondence between the observed distribution of 
hydrophobicity and the intrinsic hydrophobicity of each participating amino acid. It 
means no tendency to create the common unicentrichydrophobic core is observed. 
The residues in polypeptide chain accept the conformation following its intrinsic 
hydrophobicity.

The 3D visualization shown on Fig. 5.10 corresponds to the profiles shown in 
Fig. 5.9.

Fig. 5.8  3D presentation 
of linear propagation of 
hydrophobicity peaks (red) 
and troughs (blue). This 
arrangement is markedly 
different from the 
theoretical distribution, 
where hydrophobic 
residues are expected to 
cluster at the center of the 
molecule while hydrophilic 
residues remain exposed 
on its surface (as shown in 
Fig.5.7). VMD program 
was used to draw the 
picture [23]
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Fig. 5.9  Hydrophobicity distributions in the V domain (H  – intrinsic; T  – theoretical; O  – 
observed), plotted for fragments which exhibit linear propagation of local troughs (red circles) and 
peaks (red frames). The order of residues in fragments accordant to anti-parallel orientation of 
β-structural fragments

M. Banach et al.
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5.7  �Complexation of Congo Red

According to the experiences with CR binding two models can be distinguished:

	1.	 Supramolecular CR may serve as a ligand for any protein, as long as the protein 
contains a suitable docking cavity. The ligand micelle wedges itself between two 
adjacent β-structural fragments, as described in [26, 27]. Under these conditions 
the target protein usually retains its monocentrichydrophobic core, along with 
any local deviations associated with natural ligand binding capabilities [28]. The 
supramolecular ligand may occupy the space vacated by a displaced loop, as 
indeed observed in the case of IgG V domain [21]. The potential ligand binding 
site can be recognized using FOD calculation as local hydrophobicity deficiency 
[28]. See also Fig. 2.4.

	2.	 Supramolecular CR is known for its ability to bind to amyloids. An open ques-
tion concerns the manner in which the dye attaches itself to amyloid aggrega-
tions  – it can be suspected that the mechanism differs from complexation of 
individual proteins. In an amyloid, the putative monocentrichydrophobic core is 
replaced with a distribution of hydrophobicity which reflects the intrinsic proper-
ties of each participating residue. If two or more β-structural fragments exhibit 
similar hydrophobicity profiles, the likelihood of linear aggregation is increased. 
When the entire V domain converts to a form dominated by linear propagation of 
hydrophobicity, a multidomain fibril may emerge, as schematically illustrated in 
Fig. 5.11. It is notable that in such situations the ribbonlike dye micelle comple-
ments the linear form of the amyloid itself (which can also be treated as ribbon-
like or cylindrical micelle). The orientation of the CR micelle (linear propagation 

Fig. 5.10  3D presentation of the V domain. Red – propagation of hydrophobicity; blue – propaga-
tion of hydrophilicity. The hydrophilic band in the middle of the β-structural fragment, bracketed 
by local peaks, provides a seed for linear propagation. The resulting distribution is a poor match 
for theoretical values (which predict exposure of hydrophilicity on the protein surface). VMD 
program was used to draw the picture [23]
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of local hydrophobicity/hydrophilicity: aromatic rings vs. sulfonic and azo-
groups) in respect to linear propagation of hydrophobicity peaks (or troughs) in 
amyloid fibrils (as shown in Fig. 5.8) appears to be compatible and able to align 
axially with each other. This observation is not invalidated by the presence of 
axial twists (as discussed in numerous publications), since in this respect the 
same property is shared by the amyloid fibril and the dye micelle making mutual 
adaptation still possible. The liquid crystal form of the CR micelle can align 
itself to a wide variety of linearized hydrophobicity distributions, which explains 
why the dye is capable of forming complexes with various amyloid fibrils – both 
protein-based and peptide-based.

5.8  �Hypothetical Amyloidogenesis of V Domains

In summary, we can conclude that – at least according to the fuzzy oil drop model – 
stabilization of BJ dimers is mediated by C domain complexes. In contrast, the V 
domains appear quite unstable. RD values calculated for C-C complexes are only 
slightly above 0.5, while their V-V counterparts are much higher. When structural 
changes are expected in the dimer, the fuzzy oil drop model points to the V domain 
as the preferential location of such changes.

The N-terminal fragment adjacent to the interface zone (Fig. 5.5; Tables 5.4 and 
5.5) is particularly prone to conformational changes resulting from its poor align-
ment with the theoretical hydrophobicity distribution. Such changes may provide 
the seed for amyloid transformation  – although the issue is quite complex and 
requires further study [13, 24].

Fig. 5.11  Similarities  – linear propagation  – in the distribution of local hydrophobicity peaks 
(red) and troughs (blue) in an amyloid plaque (2MVX; a4 β-amyloid) and in the CR micelle. VMD 
program was used to draw the 3D picture [23] and BKChem to draw the CR formula [29]
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Figure 5.12 shows a hypothetical mechanism of multimolecular fibril generation. 
The status of β-structural fragments (as shown in Fig. 5.9) suggests the possible 
propagation of local maxima and local minima of hydrophobicity in contrast to 
expected distribution for these fragments. As it is shown in Fig. 5.12. the approach 
of two units representing similar characteristics is able to make possible propaga-
tion of linear hydrophobicity/hydrophilicity propagation. The red fragments on 
Fig. 5.12 are those shown in Fig. 5.9. According to 3D presentation the fragment 
53–60 (distinguished as pink) is expected to fit its structure to the partner from the 
next unit (domain). Loose N-terminal fragments, devoid of hydrophobic stability 
(as confirmed by molecular dynamics simulations and experimental studies [21, 
26]), may align with one another, creating a new β-interface especially due to its 
localization on the edge of the domain.

The crystal structure of the V-V dimer does not correspond to the actual confor-
mation of these domains in an amyloidfibril. Certain structural changes are expected 
in the N-terminal fragment (Fig. 5.6), but also in the domain as a whole (see [13] for 
a discussion of potential changes expected for fibril formation). In light of this fact, 
it is difficult to speculate about the final structure of the V-V amyloid – although 
conformational rearrangements proposed for transthyretin [13], converting its crys-
tal structure into an amyloid, appear equally possible in the IgG V domain (as seen 
in 3BJL).

The proposed supramolecular CR binding mechanism – one of many possible – 
is superficial in nature and does not require the dye to penetrate the amyloid. This 
explains why CR is able to adhere to amyloids formed by separate domains, as well 
as by identical β-structural fragments comprising a single domain. Due to the spe-
cific type of inter-chain interactions occurring in amyloids, intercalation of the dye 
is unlikely, and while CR may potentially dock in a suitable cavity (as proposed in 

Fig. 5.12  3D presentation of possible interactions between V domains (A and B) different per-
spective. (C) Possible propagation of β-sheet in amyloid form. Arrows indicate possible directions 
of propagation. The same situation occurs in the complementary chain (second IgG light chain – V 
domain). Red – fragments consistent with the hydrophobicity distribution shown in Fig.5.8 and 
therefore capable of linear propagation. The pink fragment (53–60) requires conformational 
changes in order to adapt itself to linear propagation of hydrophobicity minima/maxima in 
β-structural fragments to the next adjacent unit. VMD program was used to draw the picture [23]

5  Possible Mechanism of Amyloidogenesis of V Domains



98

[27] see also Fig. 2.4), this mode of complexation is characteristic of individual 
proteins rather than amyloid fibrils. Finally, the supramolecular CR micelle may 
also wedge itself between parallel amyloid strains, as observed in 2MVX. Additionally 
both forms of supramolecular micelle (CR) as well as amyloid by itself are sensitive 
to external conditions reacting and adopting forms adequate to environmental fac-
tors [30].

The presented mechanism of the V domains transformation into the amyloidfi-
brils can be treated as possible one, obviously assuming that the proposed model of 
amyloidogenesis as the tendency to linear propagation of hydrophobic characteris-
tics is acceptable. The detergent-like interaction of CR with amyloid described in 
this chapter is additionally supported by observation reported in [31].
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