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Preface

Interdisciplinary approaches emerge as promising methodologies for understanding
relevant biological systems at different spatial and temporal scales. Because of the
structural and dynamical complexity found in these systems, traditional conceptions
about the principles that govern the behavior of living organisms have been chal-
lenged. Hence, in order to tackle the great scientific puzzles faced by modern sci-
ence at the interface of Physics, Molecular Biology, and Chemistry, a full and new
interdisciplinary research has to be launched.

It is within this context that the first conference Physical Biology of Proteins and
Peptides: Theory, Experiment and Simulation took place in Mexico City in early 2015.
Experts from the USA, United Kingdom, European Union, Germany, Russia, and
Latin America gathered in the heart of Mexico City to discuss novel and exciting
approaches to discuss the new trends of the macroscopic behavior of biological mac-
romolecules. The meeting gathered approximately 20 speakers and a considerable
large audience of undergraduate and graduate students coming from the fields of
molecular biology, organic chemistry, physics and computational sciences. The confer-
ence fulfilled all our goals and expectations greatly. Attendees could capture some of
the current trends in the Physical Biology field, in particular strategies combining theo-
retical and experimental studies, and validation of models set up in computer
simulations.

These proceedings represent the collective effort of Mexican and international
scientists and institutions for developing Physical Biological sciences with an inter-
disciplinary approach. The overwhelming positive response of researchers and
students attending the meeting testifies to the number of labs working in the field in
Mexico. We hope that this collective initiative serves as a starting point to trigger
larger collaborations among research groups based in Mexico and abroad, from basic
principles to clinical and biotechnological applications, such as the examples
described in the following chapters. Even if the topics are diverse, authors were able
to address microscopic determinants, some of them at the atomistic level, that are
linked to a functional role of proteins and peptides, including its dynamic environment.

First, Del Pozo-Yauner and collaborators describe protein aggregation in human
amyloidosis; specifically, they discuss the structural determinants of fibril forma-
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tion. Next, in a computational experiment using all-atom molecular dynamics
simulations, Barz and Strodel analyze the kinetics of aggregations for the amyloid
B-peptide, including alloforms with 40 and 42 amino acids. In the third chapter,
Finkelstein and collaborators model fibril formation in two main regimes, namely,
primary nucleation with linear growth and exponential growth with branching, frag-
mentation, and pronounced lag times. Then, Taylor et al. analyze the role of the
Hsp90 chaperone in the cholera toxin infection mechanism, suggesting that it pro-
motes the toxin’s functional refolding in the cytosol. Afterwards, Rivillas-Acevedo,
Fernandez-Silva, and Amero review the conditions for the onset of cataract forma-
tion, and suggest strategies for preventing them. In chapter “Protein Motions,
Dynamic Effects and Thermal Stability in Dihydrofolate Reductase from the
Hyperthermophile Thermotoga maritima,” using dihydrofolate reductase as model
system, Allemann, Loveridge, and Luk analyze the link between the enzyme con-
formational dynamics and the reaction kinetics. After this, Jardén-Valadez, Bond,
and Ulmschneider perform molecular simulations to characterize the folding of gly-
cophorin A and the acetylcholine M2 domain. Subsequently, Townsend and col-
laborators provide evidence of allosteric regulation of enzymes by specific control
sites. In chapter “Dynamics of Membrane Proteins and Lipid Bilayers,” Jardén-
Valadez provides an overview of the structure and dynamics of lipid bilayers and
embedded proteins, by comparing results from computer simulation and neutron
diffraction experiments. Finally, Herndndez-Lemus, Baca-L6pez, and Tovar ana-
lyze the role of a transcription factor as master regulator.

A highlighted feature of this conference was the Round Table organized on the
second day of the meeting. Reflections and opinions poured during this activity
captured the excitement and novelty of this field. Physical Biology understood as
the set of approaches and tools imported from Physics and Biology was suggested,
analyzed, and debated, as well as the recognition that complexity in living organ-
isms requires an open discussion of the validity of fundamental principles beyond
particular disciplinary views.

In launching new enterprises, words may not be relevant just because of their
definition, but due to the goals and purposes they embody. Therefore, we hope that
this volume conveys that Physical Biology and Biological Physics address the
inherent complexity of living organisms, as well as the need of building bridges
among disciplines to attain this goal. We are confident that this book shall provide
the reader with a set of relevant and cutting-edge research topics at the interface of
Physics, Molecular Biology, Chemistry, and Computational Sciences.

Finally, we would like to acknowledge all financial and administrative support
received from our Institutions. We are grateful to Universidad Autonoma de la
Ciudad de Mexico (UACM), Universidad Autonoma Metropolitana-Lerma (UAM-
L), Universidad Autonoma Metropolitana Iztapalapa (UAM-I), and CINVESTAV-
Zacatenco for all their support. In addition, this effort could not have been possible
without the enthusiastic contributions from our colleagues.

Mexico City, Mexico Luis Olivares-Quiroz
Mexico City, Mexico Orlando Guzmén-Lépez
Lerma de Villada, Edo de México Héctor Eduardo Jardén-Valadez
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The Structural Determinants
of the Immunoglobulin Light
Chain Amyloid Aggregation

Luis Del Pozo-Yauner, Baltazar Becerril, Adrian Ochoa-Leyva,
Sandra Leticia Rodriguez-Ambriz, Julio Isael Pérez Carrion,
Guadalupe Zavala-Padilla, Rosana Sanchez-Lépez,

and Daniel Alejandro Fernandez Velasco

Abstract The extracellular deposition of a monoclonal immunoglobulin light
chain (LC) as insoluble fibrillar aggregates is the cause of the primary systemic
amyloidosis, also known as light chain-derived (AL) amyloidosis. In this chapter
the structural factors determining the potential of the LC to aggregate into amyloid
fibrils are analyzed. In the first two sections, the relationship between protein aggre-
gation and disease, as well as the causes and characteristics of the human amyloido-
ses are discussed. The role of protein misfolding in the fibril assembly pathway and
the structural bases of the amyloid fibrils stability are also addressed. Then, the
chapter focuses on the molecular causes of the amyloid aggregation of LC. The
contribution of the somatic mutations and the identity of the variable gene segment
encoding the LC to the propensity to form amyloid fibrils are discussed. The chapter
summarizes the experimental evidence supporting the role of partially folded inter-
mediates in the mechanism of AL fibril assembly, as well as the modulatory effect
played by the variable region gene sequence on the aggregation behavior of the
LC. Finally, the results of a recent study aimed to identify fibrillogenic regions in
the A6 recombinant variable domain protein 6aJL2 are presented.

Keywords Misfolding disease * Amyloidosis ®* Amyloid fibril * Protein misfolding
* Non-native intermediate * Protein aggregation * Immunoglobulin light chain
Lambda 6 subgroup ¢ Fibrillogenesis * Profibrillogenic sequence
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2 L. Del Pozo-Yauner et al.
Protein Aggregation as a Cause of Disease

Proteins determine the phenotype in all biological systems; from unicellular bacteria
and yeast, to the more complex multicellular organisms, like humans, as they are
responsible for translating the information encoded in the genome into specific
molecular actions [1, 2]. The functional properties of a protein correspond to its native
state, which is generally described as a relatively stable and compact 3D conforma-
tion reached by the molecule through the folding process [3]. Protein folding runs
almost parallel to ribosomal synthesis and involves several specialized proteins called
molecular chaperones, which work coordinately to ensure that the nascent polypep-
tide chain reaches its native conformation without risk to the host cell [4]. However,
given the challenging conditions of the intracellular environment; characterized by a
high concentration of molecules of very diverse structural and physicochemical prop-
erties; the probability that at least a fraction of the molecules of a protein get trapped
in an intermediate state of the folding pathway is relatively high [5]. The failure of
efficient folding, or the loss of the native state after proper folding, leads often to
protein aggregation. Once formed, these aggregates can actively interact with other
cellular components, causing disruption of normal organelle functions. Thus, protein
aggregation implies a fatal risk for the cell, either if aggregation occurs intracellularly,
or in the extracellular milieu [6, 7]. The cell relies largely on the molecular chaper-
ones of the Protein Quality Control (PQC) system and the proteasome complex for
the safe elimination of the misfolded and aggregated proteins that accumulate intra-
cellularly, ensuring the conservation of the proteostasis [8]. There is increasing evi-
dence about the protective function of a group of extracellular proteins with chaperone
activity, which are probably part of a protective mechanism homologous to the intra-
cellular PQC system [9]. Nevertheless, under certain cellular conditions, the rate of
protein synthesis can increase in such a way that the capacity of the systems respon-
sible for proper folding of newly synthesized proteins is exceeded. The consequence
is usually the accumulation of misfolded proteins and their aggregates. A similar
result may also arise because of the progressive decline of the cellular functions that
usually accompany aging [6]. Today, it is well established that the pathogenesis of a
clinically heterogeneous group of human diseases, including certain types of cancers
[10, 11], metabolic imbalances [12, 13], and neurodegenerative diseases [12], is
directly or indirectly related to the protein aggregation. These pathologies have been
classified under the general term “protein misfolding diseases” and presently repre-
sent a very active field of research [14]. Given the essential role played by proteins in
all aspects of cell biology, it can be anticipated that, in the near future, there will be an
increase in the number of illnesses in which a causal relationship with protein aggre-
gation can be substantiated. This increase will parallel our improved ability to detect
and characterize subtle events of protein misfolding and aggregation in vivo.

Proteins can form different types of aggregates in vivo, which differ by their
appearance under the electron microscope, their biophysical properties, and their
pathogenic potential. One of the types of pathogenic aggregates that proteins can
form is the amyloid fibril, which is the main component of the deposits appearing in
the course of amyloidoses [15].
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Human Amyloidoses

Amyloidosis is the term that encompasses a group of clinically heterogeneous
diseases, characterized by deposits in the extracellular compartment of one or more
organs of a substance of complex composition termed ‘“amyloid”. This group
includes the type II diabetes mellitus, Parkinson’s and Alzheimer’s diseases, trans-
missible spongiform encephalopathies—also known as prion diseases—, and pri-
mary systemic amyloidosis, among others [16]. The specific component of the
amyloid deposits are fibrillar aggregates formed by a protein or peptide; whose
molecular identity is distinctive of each disease. Currently, about 25 different pro-
teins and peptides have been identified as capable of forming amyloids in humans.
They are known as amyloid precursors and widely differ in primary structure and
3D conformation (Fig. 1). Despite this, they can form aggregates that share much of
their morphological, spectroscopic, and tinctorial properties, reflecting the struc-
tural similarity that links all the amyloids [17, 18] (Fig. 2).

Fig. 1 Structural diversity of human amyloid precursors. Cartoon representation of the 3D struc-
ture of (a) the protective variant E219K of the prion protein (PDB ID 2LSB), (b) insulin (PDB ID
2C8Q), (c) lysozyme (PDB ID 1IWT), (d) B, microglulin (PDB ID 2F80), (e) immunoglobulin
light chain of A type (PDB ID 3WHE), (f) AB(1-40) peptide in an aqueous environment (PDB ID
2LFM), and (g) the highly amyloidogenic transthyretin mutant G53S/E54D/L55S (PDB 1D
1G10). In (h) the crystallographic structure of the human myoglobin mutant K45R (PDB ID
3RGK) is shown. Myoglobin forms amyloid-like aggregates in in vitro conditions, but is not
related to in vivo amyloid deposition. All the structures were determined by X-ray crystal diffrac-
tion, with the exception of those shown in (a, f), which were determined by solution NMR. The
molecular graphics figures were prepared with PyMOL™
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Fig. 2 Common morphological and spectroscopic properties of amyloids. (a) Amyloid-like fibrils
formed in vitro by the mutant F2L of the recombinant light chain variable domain (rV,) protein
6aJL2 [19]. The amyloid deposits, regardless to the chemical composition, are characteristically
composed by unbranched fibrils of variable length, but with a diameter in the range of 7-10 nm.
(b) Fluorescence emission, and (c) visible absorption spectra of, respectively, thioflavin T (ThT)
and Congo red in the presence of the amyloid-like aggregates shown in panel A. The fluorescence
emission spectrum of the ThT bound to amyloid fibrils is characterized by a A, of around 482 nm,
when it is excited at 450 nm. The visible absorption spectra of the dye Congo red shows a shift of
the absorption maximum from 490 nm, characteristics of the spectra of the free dye or in the pres-
ence of soluble protein, to 541 nm in the presence of amyloid aggregates

The Role of Partially Folded Intermediates in the Fibril
Assembly Mechanism

From the thermodynamic point of view, the spontaneous formation of amyloid
fibrils by a globular protein proves that, under appropriated conditions, a polypep-
tide chain can adopt a tridimensional conformation that is thermodynamically more
stable than the native one [20, 21]. This is a relevant issue for the theory of protein
folding, given that the native state was considered for a long time as the global mini-
mum in the energetic landscape accessible for a polypeptide chain with a productive
folding pathway [22]. An increasing amount of data about the structural and physi-
cochemical properties of the amyloid fibril supports the concept that the native state
is, at least in the case of the proteins capable to self-assembling into amyloid fibrils,
a metastable conformation that is kinetically trapped in a local minimum, due to the
relatively large energetic barrier separating it from the thermodynamically most
stable amyloid conformation [20, 21]. A fundamental issue, whose methodological
approach is usually challenging, is the elucidation of the molecular mechanism by
which a protein transits from the soluble native state to the insoluble fibrillar. It is
well known that destabilizing mutations [23, 24], as well as stressing conditions,
such as acidic pH [25, 26], high temperature [27], or the addition of chaotropic salts,
such as urea and guanidine hydrochloride (GdnHCl) [28], accelerate the in vitro
conversion of proteins into amyloid fibrils [29]. This effect is not limited to amy-
loidogenic proteins, defined in this text as those capable to form amyloid deposits
in vivo. It has also been shown that the stressing conditions also promote the aggre-
gation in the form of amyloid-like fibrils of a number of proteins not associated with



The Structural Determinants of the Immunoglobulin Light Chain Amyloid Aggregation 5

the in vivo amyloid deposition [30]. A good example is the myoglobin, an a-helix
rich protein that, under appropriated destabilizing conditions, can aggregate in the
form of amyloid-like fibrils in the lab [31] Fig. 1h. These observations indicate that
the loss of the native state is an essential step required for aggregation, because the
native state is, in essence, non-amyloidogenic. The accumulation of non-native
intermediates under conditions favoring fibrillogenesis has been demonstrated in
several protein systems [29, 32-39]. Given that their presence generally correlates
with faster kinetics of fibril formation, it is believed that they are key components
of the aggregation pathway [38, 40-43]. Thus, much effort has been invested to
determine the structure of such non-native species, using many different method-
ological approaches. Despite that, only in a limited number of studies it has been
possible to obtain structural data of relatively high resolution [36, 44]. This is
because the partially folded intermediates, whether they are exclusively part of the
folding pathway or are also involved in the aggregation reaction, tend to be of tran-
sient existence and usually represent a minor fraction of the total population [45—
49]. Despite this, it is generally accepted that protein self-assembly into amyloid
fibrils occurs through conformational changes, which may affect the entire mole-
cule or be circumscribed to just a part of it, resulting in exposure of aggregation
promoter regions on the molecular surface, which are normally buried in the native
state [14, 44, 50-52]. This general model is consistent with the observed inverse
correlation between thermodynamic stability and protein amyloidogenic potential,
since the probability that a molecule adopts a non-native conformation increases to
the extent that the native folding is less stable [29, 53, 54]. Interestingly, it has been
shown that in a relatively large number of proteins there are at least indirect evi-
dences that point to the presence of one or more partially folded intermediates in the
folding pathway [38, 55, 56]. However, only a very limited set of proteins have the
capacity to form amyloids, even if those that only form such aggregates in the labo-
ratory are taken into account. Thus, the capacity to populate a non-native intermedi-
ate as part of the folding/unfolding pathway or even off-pathway seems not to be
enough for a protein to acquire the ability of self-assembly into the highly ordered
structure of the amyloid fibril. Then, what structural factors make the proteins com-
petent to aggregate in the form of amyloid fibrils?

Structural Bases of the Amyloid Fibril Formation

The causative implication of the amyloid in high impact human diseases, such as
type 2 diabetes mellitus, Alzheimer’s, Parkinson’s, and prion diseases, made their
structural characterization an attractive goal for various research groups with exper-
tise in the structural study of biological macromolecules. However, the supramo-
lecular, insoluble, and non-crystalline character of the amyloid fibril has complicated
the task of determining its structure at the atomic level. This limitation is due to the
fact that traditional methods used to determine such structures; in particular X-ray
crystallography and NMR spectroscopy; are not directly applicable to molecules in
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Fig. 3 Schematic representation of the cross-f} X-ray diffraction pattern typically produced by the
amyloid fibrils. The cross-f pattern is consistent with a core of the fibrils being formed by exten-
sive P} sheets arranged along to the longitudinal axis of the fibril, while the § strands forming them
are arranged perpendicular to this. The reflections at 4.7 and 10 A, which are typical of the cross-p
diffraction pattern, reflect, respectively, the inter-strand and the inter-sheet spacing characterizing
the cross-beta structure. The white arrow in the left corner indicates the relative orientation of the
longitudinal axis of the fibrils regarding to the position of the pattern reflections

the aggregated state. One of the strategies that have been followed is the application
of multiple biochemical and spectroscopic techniques in the analysis of the aggre-
gates [57-62]. Such approach has generated relevant, although yet fragmented,
information regarding the structural bases of amyloid fibril formation, leading to a
better understanding of its biological properties [63-66].

At the end of the 1960s and the beginning of the 1970s of the past century, the
first studies of X-ray diffraction of amyloid fibrils were reported [67]. These studies
showed that amyloid fibrils generate a common diffraction pattern, composed of a
pair of perpendicular reflections, located approximately at 4.7 and 10 A, in the
meridional and equatorial directions, respectively [67-69]. This diffraction pattern,
referred to as “cross-f§,” is consistent with a fibrillar nucleus formed by extensive
[B-sheets that are positioned parallel to the longitudinal axis of the fibril, while the
[-strands are perpendicular to this same axis [67-70] (Fig. 3).

More recently, in Dr. David Eisenberg’s laboratory, a novel experimental
approach was developed based on systematic analysis, by X-ray diffraction, of
fibrocrystals formed by short fibrillogenic peptides [65, 71-73]. They demonstrated
that, in the crystalline array, the peptides adopt an extended [-conformation, orga-
nized so that they form f-sheets that extend along to the longitudinal axis of the
fibrocrystal. The p-sheets are stacked as the cross-p model predicts. It was also
found that the side chains of the residues oriented towards the interface between the
B-sheets interdigitate very complementarily, giving way to a compact structure that
is referred to as an “anhydrous steric zipper” [73]. Based on these findings, it was
proposed that the anhydrous steric zipper is the structural motif that characterizes
the core of amyloid fibrils [73—75]. Since such a structure would require a high side
chain com