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Here I would recall the balanced position of Saint John Paul II,
who stressed the benefits of scientific and technological progress
as evidence of “the nobility of the human vocation to participate
responsibly in God’s creative action”, while also noting that “we
cannot interfere in one area of the ecosystem without paying
due attention to the consequences of such interference in oth-
er areas”. He made it clear that the Church values the benefits
which result “from the study and applications of molecular bi-
ology, supplemented by other disciplines such as genetics, and
its technological application in agriculture and industry”. But he
also pointed out that this should not lead to “indiscriminate ge-
netic manipulation” which ignores the negative effects of such
interventions. Human creativity cannot be suppressed. If an artist
cannot be stopped from using his or her creativity, neither should
those who possess particular gifts for the advancement of science
and technology be prevented from using their God-given talents
for the service of others. We need constantly to rethink the goals,
effects, overall context and ethical limits of this human activity,
which is a form of power involving considerable risks.

Pope Francis, Laudato Si’, §131.



Saint John Paul II at the foundational meeting of the Academia de
Ciencias de América Latina (ACAL) at the Vatican in 1982. Pro-
fessor Carlos Chagas filho as President of the Pontifical Academy
of Sciences called a meeting to promote science in Latin America.
In the photo Dr. Chagas (left) is introducing Sergio Mascarehnas
(right) to Pope John Paul II. As a result of the meeting at the Casi-
na Pio IV, headquarters of the Pontifical Academy of Sciences,
the attendees constituted ACAL. Founding members were Carlos
Chagas, Jorge E. Allende, Héctor Croxatto, Leopoldo de Meis,
Sonia Dietrich, Patricio J. Garrahan, Armando Gémez Poyou, G.
B. Marini-Bettolo, Sergio Mascarenhas, A. Paes Carvalho, Carlos
Monge, M. Peixoto, Marcel Roche, Fernando R osas, P. Rudomin,
Andrés Stopanni, Jorge Villegas y Raimundo Villegas. Thirty-five
years later the PAS welcomed many members of ACAL for the
Cell Biology and Genetics Workshop recorded in these pages.
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Objectives of the Workshop

Bishop Sanchez Sorondo,
President Bifano,
Academicians,

Ladies and gentlemen,

The objective of this Workshop on Cell Biology and Genetics is to
bring together researchers from the Pontifical Academy of Sciences and
of the Academia de Ciencias de América Latina to report on the latest
discoveries in Cell Biology and Biomedicine. The co-organizers,Vanderlei
Bagnato, Rafael Vicuna and I are very grateful to PAS and Pope Francis for
opening their doors to us.

ACAL was founded 35 years ago here at the Casina Pio IV during a
special meeting called by then PAS President Prof. Carlos Chagas filho.
This was a visionary decision at a time when the power of science and
technology in improving the daily lives of the people was not self-evident
as it 1s today, when we are living through the synergistic convergence of
biotechnology, molecular medicine and information technology.

During the past 35 years science has made enormous progress. In Latin
America ACAL had a very beneficial influence, facilitating interactions
between scientists of many nations. One practical example is the case of
Uruguay, which lacked an Academy of Sciences, and the government leg-
islated one at the express advice of the authorities of ACAL. Under the
admuinistration of President Claudio Bifano, in the last few years ACAL has
elected 38 new academicians representing a young generation of scientific
leaders. Some of them are here today, and are the future of ACAL.

Latin America has enormous human capital, for it has an educated and
highly civilized population. There is a long history of contributions to
research, especially in biology. This has included Nobel Prizes awarded to
Bernardo Houssay and Luis Leloir for work done in Buenos Aires. New
institutes have been created that have powerful scientific capabilities, al-
though many challenges remain. Latin American biology has benefitted
from programs such as the Pew Fellows and HHMI Scholars and bilateral
student exchanges that did not exist previously.
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OBJECTIVES OF THE WORKSHOP

We have here the leaders in Cell Biology of the vast Latin American
sub-continent. We look forward to learning about the latest advances in
cell biology and biomedicine.

From whom much is given much is expected. Your research papers
will be published as a book in Acta Vaticana Scripta Varia. We are grateful
that so many of you have already provided your chapters and remind the
others to send us their manuscripts within the next month. At PAS the
old expression of “presenting a paper” is meant literally, and is based on
its 400 years of experience. Your published scientific studies will be — to
the Church and the world — a window on the current state of research
in the field.

‘We have a limit of 25 minutes per presentation, followed by 10 minutes
discussion. The Chairpersons will enforce it strictly.

There will be ample time for further discussions during our meals in
the wonderful atmosphere of this magical Casina Pio IV. We hope these
convivial interactions will result in new ideas for the closing session,
which is dedicated to a general discussion on how we can improve Latin
American science looking forward. The debate should not center on pres-
ent difficulties, but rather focus on positive recommendations to improve
science for the next few decades.

Topics to be discussed could include intra-continental horizontal sci-
entific exchanges between Latin countries, the formation of human cap-
ital, the role of scientific societies and of national academies, the possible
role of the Organization of American States, Pan-American congresses,
short-term Ph.D. student exchanges with more developed countries, and
the impact of information technology and artificial intelligence on mo-
lecular medicine and society.

In addition to the speakers and their spouses, who are very welcome to
attend the discussions, the United States Department of State is represent-
ed by Dr. Franklin Carrero-Martinez, Deputy Science and Technology
Adviser to the Secretary of State. We also want to recognize Dr. Mario
Zurita from Mexico, who was President of the Latin American Society of
Developmental Biology.

The Final Statement of this Workshop will be prepared by rapporteur
Rafael Vicuna from Chile. I encourage you all to give Rafael a paragraph
or two summarizing the suggestions you consider most useful for Latin
American scientific development. It is very important that we produce an
optimistic and forward-looking set of final recommendations from this
meeting.
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Once again, we would like to thank Monsignor Sanchez Sorondo, his
indefatigable secretary Simonetta Ulisse, and PAS and ACAL for bringing
the two academies together. The PAS has a uniquely universal perspective
and hopefully their present eftorts will once again give rise to many dec-
ades of building bridges through Latin American science.

EbwaArRD M. DE ROBERTIS
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BIOCHEMISTRY AND BIOPHYSICS
IN SINGULO: WHEN LESS IS MORE

CARLOS BUSTAMANTE' AND SARA TAFOYA?

Hay dos panes. Usted se come dos Yo ninguno,
Consumo promedio: un pan por persona.
Nicanor Parra

Function Begets Structure

Were it not for its abundance all around us, life is the most remarkable
and in many respects, the strangest phenomenon in nature. First, there is its
elaborate structure and organization, unlike anything else around us. This
makeup is not only complex but responds to a unique organizational prin-
ciple, one that has no parallel in natural history. Indeed, biological systems
are exceptional in that, every part of a living organism is there to fulfill a
purpose and to perform a function. Its shape, dimensions, structures, and
organizational details, all respond to a larger and complex inner program that
must be ultimately capable of perpetuating the organism itself.

A rock has an inner structure too; moreover, it has shape, dimensions,
physical and chemical properties. However, these properties are not there
to fulfill any task.To be sure, there are physical and chemical laws that are
responsible for the organization an inner structure of that rock. At the ap-
propriate length scale, it is seen that atoms are not placed in a disordered
or random fashion in its interior, and the physical and chemical properties
of the rock can all be related and rationalized by its internal structure. But
that rock has no program, no plan associated with it. It did not have to
be of that size, to have that composition, to have that shape. There is no
requirement or necessity to any of its properties. Non-living matter lacks
function, purpose. In fact, function and purpose are the properties that
make biological systems unique. A living system is matter with purpose.

Function occupies, therefore, a unique place in biology, for it is the
central organizational principle of a living system. Out of the fundamental
tendency of matter to self-organize, the mechanism of evolution sculpts
the structure to fulfill the function. As a result, there is a necessity to every

' Department of Molecular and Cell Biology, Department of Physics, Department
of Chemistry and Biophysics Graduate Group University of California, Berkeley, CA.
* Biophysics Graduate Group University of California, Berkeley, CA.
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part of a biological organism that has no equivalent in non-living matter.
This reasoning leads us to formulate a natural corollary of the fundamental
organizational principle of living matter: Function begets structure. It is in this
sense that [ interpret the concept of necessity in Jacques Monod’s celebrat-
ed monograph, Chance and Necessity (Monod J., 1970). Chance, because
matter organizes through the random process of self-assembly; necessity,
because those structures were either kept or discarded throughout evolu-
tion by the requirement to fulfill a function.

Structure and function are, thus, the two faces of the biological coin.
Accordingly, biologists have made enormous efforts to uncover the struc-
tures of proteins, nucleic acids, and their complexes, with the ultimate hope
of understanding their function. Indeed, few advances in biology have been
more impressive than those of the methods of structural determination —
X-ray crystallography and NMR — during the last four decades. Because
of these efforts, the Protein Data Bank contains today more than 100,000
proteins whose structures are represented at atomic or near-atomic reso-
lution. In many cases, the structure itself provides sufficient hints as to its
function, but more often than not such insight is not enough. Function di-
rects not only the structure of the basic parts, but their interaction in larger
and more complex molecular organizations and, moreover, the structures
can at best provide only a static picture of the parts.

In contrast, methods to follow the dynamics of these structures have de-
veloped comparatively more slowly. The reason can be traced to the nature
of dynamics itself. The moving parts that make the functional structure do
so in time; at the molecular length and nano to millisecond time scales at
which they occur, all processes are stochastic in nature because they involve
the thermal, spontaneous crossing of energy barriers. As a result, even if
one starts with a synchronized population of molecules, the random na-
ture of their time trajectories ensures that the population, when allowed to
evolve in time, will soon lose coherence. Consequently, the signal extracted
from the evolving population becomes the property over the individual
molecular trajectories. And averaging can be very misleading.

In Multiplo or in Singulo, How to Study Function?

As an example, take the case of a chemical transformations such as A +
B = C.The study of such systems has been traditionally dominated by the
use of ensemble or “bulk” methods. In this approach, many (on the order
of Avogadro’s number) molecules of type A are mixed with a similar num-
ber of molecules of type B to produce an Avogadro order of magnitude
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number of molecules C. In a typical experiment of this type, it is possible
to follow the curse of the reaction if a property associated with one of
the chemical species in the reaction can be measured in a concentration
depended manner. In this way, the progress of the reaction can be monitor
in real time in terms of the gradual disappearance of components A or B
or the appearance of component C.We will refer to this approach as an “in
multiplo” method, to distinguish it from the “in singulo” approaches that are
the subject of this article.

Ensemble or “bulk” methods such as these have been extremely suc-
cessful in chemistry and biochemistry. And, indeed, there are a number of
advantages to in multiplo studies: First, these methods are robust because
the measured signals are proportional to the number of molecules present
in the reaction vessel at that moment and, at most times, their number is
large. Second, the signals are ensemble averages of the individual molec-
ular properties; thus, they appear to vary smoothly in time as the reaction
proceeds, displaying little or no contribution of fluctuations. In fact, in
macroscopic experiments of this type signal fluctuations relative to the
magnitude of those signals are negligible since they decrease as 1/(N)"?,
where N is the number of molecules in the ensemble.

As an example, imagine an experiment in which we follow in real-time
the unfolding of an ensemble of protein molecules by monitoring the
changes in the intrinsic fluorescence of the solution upon the addition of
9 M urea.The protein denaturation process that ensues in these conditions
may, for instance, expose to the solvent tryptophan residues that were ini-
tially buried in the hydrophobic interior of the folded molecules to the
solvent, leading to a redshift in the emitted fluorescence. By monitoring
the increase of emission at ~340 nm we could follow in real time the de-
naturation of the protein. The observed signal is an ensemble average of
the contributions of all molecules in the solution at any given time and, as
such, they are seen to vary smoothly in time with little or no fluctuations.
The picture that emerges from a bulk measurement of this type is that
of ‘idealized molecules’ all of which follow in synchrony a deterministic,
well-defined dynamics in which denaturation proceeds monotonically, ex-
posing more and more of their interior to the solvent as a function of time.

However, such picture could not be further from the truth. Upon ad-
dition of urea, each molecule of the sample will follow its own and inde-
pendent dynamics that would be uncorrelated to those of the other mole-
cules. Some of them would begin to denature immediately upon getting in
contact with the chaotropic agent, while others would remain folded for a
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varying time before beginning to denature. In this process, some molecules
may even move backward temporarily, regaining some structure before
eventually becoming completely denatured and so on.The signal measured
in bulk is thus the sum of all these simultaneous contributions. Its variation
in time represents the dynamics of the “mean” of the population and, as
such, it does not reflect the dynamics of any of the individual molecules in
the sample.

Moreover, even if the protein solution is not subjected to such strong
perturbation as the addition of a strong denaturing agent so as to initiate
a time dependent process, proteins in this example may co-exist in two
different folded states with different structure and correspondingly difter-
ent tryptophan emission signals. Once again, the signal measured in bulk
will be an average of the contributions of each individual molecule in
solution. This average again does not represent appropriately those of any
of the populations that coexist in solution (Figure 1, left panel). Alterna-
tively, the molecule may exist in a number of closely related sub-structures
with correspondingly slightly different fluorescence signals. In this case,
the bulk average signal is closer to the signals of the individual populations,
yet it does not convey the existence of multiple closely related structures
(Figure 1, central panel). Finally, the molecule may exist in a well-defined
structure characterized by a narrow emission distribution. Only in this case
the average signal provides information that describes most of the struc-
tures present in solution (Figure 1, right panel). But note that even in this
case, were the conditions to change and result in some kind of molecular
process (denaturation, binding, dimerization, etc.), the average signal will
again fail to faithfully describe the true dynamics of the process. Therefore,
despite their power and robustness bulk or in multiplo measurements rep-
resent a great compromise in the information they provide about dynamic
processes in molecular ensembles.

The alternative is to follow and study the molecules one at a time. In
singulo methods provide a way to follow not the value of the ensemble
average of a molecular property as a function of time, but the dynamics of
one of the molecules in the ensemble. The resulting signals in these ex-
periments are widely varying and dominated by fluctuations, and do not
display the smoothly changing characteristics of the population average.
But they do provide direct access to the dynamics of the process.

The two most widely used single-molecule methods to date are based
on the relatively recent ability to detect single molecule fluorescence and
to manipulate individual molecules through force spectroscopy. More re-
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2 populations Single population (broad) Single population (narrow)

-average <kverage> <average>

# molecules

Molecular property

Figure 1. A protein molecule in solution may exist in two different conformations at equilibrium
with each other: A <========>A’. When some molecular property of an ensemble of such mol-
ecules is being measured, the signal may correspond to multiple populations (left panel), to a
single broad population (middle panel) or a to a single, narrow population (right panel).

cently, these two approaches have been combined in the same experiment,
providing additional information over what can be learned from each
measurement separately. In this article, we will concentrate on describing
some of the developments in single molecule force spectroscopy.

As pointed out in the example above single-molecule methods are
uniquely informative for kinetic processes, because such processes are sto-
chastic. Each step in a reaction has a different rate; each intermediate spe-
cies has a different lifetime. For each single kinetic step the lifetimes of
each species are distributed exponentially and can take any given value in
an unpredictable way. Moreover, as illustrated in that example, although
many molecules can be started at the same time in the reaction (by adding
urea, for example), after a few steps some will be on the third step, while
others will be far ahead.The states of the molecules rapidly become unsyn-
chronized relative to each other. Sequencing a nucleic acid by determining
the identity of the end nucleotide as a function of time can only be done
one molecule at a time. Watching each step in the synthesis of a protein
requires following a single ribosome de-coding a single messenger RNA
molecule in real time.

Furthermore, molecules may visit, very rarely, extreme states that are
therefore only scantily represented in the ensemble; as a result, the aver-
aged bulk signal provides little or no information about such rare states.
In contrast, during in singulo experiments it is possible that at some point
the molecule visits such extreme state and the signal detected during that
period will reflect the properties associated with that state.
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Because of their nature, and in contrast to those derived from ensemble
methods, signals obtained in single molecule measurements are small —
their tiny magnitudes requiring highly specialized instrumentation — rap-
idly varying, and highly fluctuating. The magnitudes of these fluctuations
are typically of the order of the signals themselves. These fluctuations arise
because, kept at a temperature T, the molecule is an open thermodynamic
system that can exchange energy and matter with a large thermal bath.
Each degree of freedom of the molecule can exchange energy with this
bath. This constant exchange of energy, in turn, is responsible for inducing
transitions across energy barriers that appear as fluctuations of the signal in
single molecule experiments.

Why Single Molecule Methods?

We have seen that the use of single molecule methods arose as a meth-
odological necessity to overcome the perils of population averaging that
plague ensemble or in multiplo approaches. However, there is a more fun-
damental reason for their use and for wishing to have a description of
biomolecular interactions at the single molecule level. The cell, seen as a
reactor vessel, is a place where single molecule behavior matters. In fact, a
back of the envelope calculation shows that in an E. coli cell a single mol-
ecule of any kind (a repressor protein for example) is at the concentration
of ~ 1.6 nM, because of the tiny volume of that cell. Since the dissociation
constants of most DNA binding proteins to their cognate site are in the
sub-nano Molar or even pico Molar regime, it follows that the cell does
not need to have present too many of these molecules around to ensure
occupancy of the cognate site more than 99% of the time. In consequence,
many fundamental cellular processes (replication, transcription, chromo-
somal segregation, etc) are carried out by very few molecules and, there-
tore, are subjected to the random fluctuations observed when studying
individual molecules and possess none of the deterministic and smooth
temporal characteristics of in multiplo measurements. Therefore, there is
great interest to understand the role of these fluctuations in molecular
processes and how the cell extracts robustness out of noise.

In the next sections, we will make a brief exposition of the critical
results in the development of single molecule force spectroscopy. The in-
tention is not to make a review of the main results, but simply to illustrate
the type of experiments that have become possible by these pioneering
experiments.
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Figure 2. (A) Experimental set up to measure the elastic behavior of single DNA molecules using
magnetic and flow or hydrodynamics forces. The magnetic force is increased or decreased by
moving the magnets closer or farther away from the molecule. (B) Ellipse generated by applying
the maximum magnetic force and increasing the hydrodynamic force applied along a perpendic-
ular direction. (C) Accounting for possible rotational orientation of the bead due to the alignment
of the dipole moment with the gradient of the magnetic field. Adapted from Smith et al., 1992.
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The first experiments in single molecule force spectroscopy involved
the direct manipulation of DNA using gravitational force (Bustamante et
al., 1991) and magnetic force via magnetic tweezers (Smith et al., 1992). In
the latter experiments, a molecule of DNA was attached by one of its ends
to the surface of a microscope slide and to a magnetic bead by the other.
The authors applied varying magnetic forces to the bead along the + and
— x-axis, and varying hydrodynamic forces along the + and — y-axis (Figure
2A).As a result, the bead described an ellipse with the major axis centered
along the Y-axis, as the molecule is increasingly extended by the combined
magnitude of the hydrodynamic and magnetic forces (Figure 2B). In these
experiments, the magnetic force was determined by detaching the bead
from the molecule and by measuring the speed of the free bead moving
under the same magnetic forces applied to the molecule. Using the known
radius of the bead, the authors applied Stokes’ law to determine the mag-
netic force for each point on the ellipse. Since the angle of elevation q for
each position on the ellipse (Figure 2B) depends on the relative magnitude
of the magnetic and hydrodynamics forces at that position, knowing the
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Figure 3. Force extension curves of 4 DNA lambda dimers. (Contour length 32.7 um. Notice the
highly non-linear behavior of the molecule. The solid lines are fittings to the FJC model for differ-
ent values of the Kuhn segment length. None of the curves describe correctly the elastic behav-
ior of the molecule. Inset: Enlargement of the experiment — theory discrepancy region. Adapted
from Smith et al., 1992.
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Figure 4. Force versus extension data (red crosses) for lamda phage dsDNA (48,502 bp) pulled
by magnetic beads in 10 mM Na+ buffer [4]. The data are fit to a WLC model solved numerically
(WLC exact) or using Equation 1 (WLC interpolated), both assuming P = 53 nm. The FJC curve
assumes b = 2P =106 nm. The Hooke’s law force curve is from Equation 50. Notice the excellent
agreement between experiment and theory with the WLC model. Adapted from Bustamante et
al., 2000.

magnetic component it is possible to calculate the resultant total force
acting on the molecule. These experiments were directed towards charac-
terizing the elasticity of a polymer molecule. Figure 3 depicts the force vs
extension curves obtain from 4 DNA dimers of bacteriophage 1 (32.7 mm
long). These experiments revealed the highly non-linear elastic response
of DNA and provided the best experimental test to date of the compet-
ing models of polymer statistics, the Freely Jointed Chain (FJC) and the
Worm-like Chain (WLC). It was, thus, possible to obtain a quantitative
description of the elastic response of the DNA molecule under the appli-
cation of external force using the WLC (Bustamante et al. 1994, Marko and
Siggia, 1995).The expression, derived in two different regimes of force and
extrapolated to force values in between is:

FP 1
kpT — 4(1-7)2

X 1
+I-2
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where F is the external force acting on the molecule, L its contour length,
assumed to be non-extensible, x the force-dependent end-to-end distance
of the molecule, P its persistence length of the molecule and kB Boltz-
mann constant. This analysis showed that the WLC is the best model to
describe the elasticity of the DNA molecule (See Figure 4).

Just a few years later, Strick et al. (Strick et al. 1996) showed that it was
possible to study the torsional properties of a double strand DNA mole-
cule similarly tethered between a surface and a magnetic bead, with the
molecule torsionally constrained at both ends. The authors demonstrated
that the molecule when over- or undertwisted forms plectonemes and
becomes shorter as long as the tension applied to the molecule is below
certain threshold. That threshold, the authors showed, was different for
overtwisting than for undertwisting (Figure 5).

Having shown that it was possible to mechanically manipulate a single
molecule of DNA, scientists soon sought to apply a similar strategy to
study the mechanical unfolding and refolding of single protein molecules.
Simultaneously, three groups accomplished this task on the giant muscle
protein titin. Using an atomic force microscope-based manipulator, Rief
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Figure 5. (Left) Use of magnets to over- or under-twist DNA to form plectonemes. (Right) Relative
extension vs. degree of supercoiling o at various forces: F= 8 pN, 1.3 pN, and 0.3 pN. (C) F=0.8
pN, 0.6 pN, 0.3 pN, and 0.1 pN. Notice the symmetric behavior under ¢ - - o at smaller forces
and the transition to an extended state at greater forces (starting at 0.45 pN for negative super-
coil and at 3 pN for positive supercoil). Adapted from Strick et al., 1996.
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Hi

Figure 6. Use of the atomic force microscope (AFM) as a nano-manipulator. a. The principal AFM
components. A laser beam is focused onto the back of a cantilever that ends with a nanome-
tre-scale tip. The reflection and corresponding position of the tip is detected by a position-sen-
sitive photodiode. A piezo-electric scanner moves the sample in all directions, enabling the tip
to scan topography or to extend molecules attached to the surface. b. Diagrams and force-ex-
tensions curves showing the mechanical unfolding of repeating immunoglobulin-like domains.
As the distance between the surface and tip increases (from state 1 to state 2), the molecule
extends and generates a restoring force that bends the cantilever. When a domain unfolds (state
3), the free length of the protein increases, relaxing the force on the cantilever. Further extension
again results in a restoring force (state 4). The last peak represents the final extension of the un-
folded molecule before detachment from the SFM tip (state 5). Adapted from Fisher et al., 1999.

et al. (Rief et al., 1997) showed that it was possible to unfold mechanical-
ly the individual Ig127 domains of titin in a sequential manner, giving
rise to a characteristic “saw tooth” pattern in a force vs. extension plot
(Figure 6b bottom). In parallel, two other groups (Kellermayer et al. 1997
and Tskhovrebova et al. 1997) utilized optical tweezers to unfold isolated
molecules of titin. These studies showed that it was possible to use force as
a mean to investigate the folding Ba unfolding equilibrium of individual
protein molecules.

The initial force spectroscopic experiments described above, established
the bases for the development of a number of single molecule assays of
nucleic acid and protein processing enzymes, respectively.

Enzymatic Assays

Many nucleic acid processing enzymes behave as molecular motors,
converting part of the energy of the downbhill reaction they catalyze into
the generation of force and/or torque. The forces or torques generated in
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the course of the chemical reaction are responsible for the directionality of
their motion. In this way, the operation of molecules not normally recog-
nized as molecular motors per se, such as DNA polymerases, RNA poly-
merases, ribosomes as well as molecules whose functions are mechanical in
the cell, such as helicases and translocases, have been studied by means of
these methods (for a recent review see Bustamante et al. 2011). It should
be noticed that in these reactions, force or torque are themselves products of
the reaction. As such, it follows from Le Chatelier’s principle, that applica-
tion of force or torque to these reactions will lead necessarily to a change
in the rate of and, possibly, to alternative pathways for those reactions.
Two examples of these types of studies are illustrated in Figure 7. On
the left panel, an assay developed to follow transcription by single mole-
cules or RNA polymerase is depicted (Yin et al. 1995, Wang et al. 1998).
The enzyme is attached non-specifically to the glass slide and the down-
stream end of the DNA template is tethered to a microscopic bead held in
an optical trap. RNA polymerase is known to be an extremely processive
enzyme and, therefore, this geometry makes it possible to follow the prog-
ress of the enzyme by the shortening of the DNA tether or, equivalently,
by the movement of the bead away from its initial position in the trap.The
experiment can be done in two modes. In constant force mode, a feedback
circuit is used to move the trap closer to the enzyme as transcription pro-
gresses, so as to maintain the tension on the template constant. It is against

DNA Polystyrene dsDNA
bead I ]

RNAP
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Figure 7. Experimental set ups to investigate the function of nucleic acid based enzymes using
optical tweezers. (A) Assay to follow transcription by RNA polymerase from E. Coli. (B) A single
molecule assay to follow the progress of single molecules of T7 DNA polymerase molecules.
Adapted from Wuite et al., 2000.
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this force that the polymerase molecule must do work to transcribe. In pas-
sive mode, the trap position is kept fixed and, as transcription proceeds and
as the tether shortens, the enzyme must work against an increasing force.
Using this method Wang ef al. showed that RNA polymerase can generate
up to 20 pN of force and that the processive translocation by the enzyme
1s interspersed by periods of inactivity or pauses.

The right panel in Figure 7 depicts an assay designed to follow the ac-
tivity of a non-processive enzyme such as T7 DNA polymerase (Wuite et
al., 2000). In this experiment, a single stranded DNA molecule is tethered
between two beads, one a top a pipette and the other held in an optical
trap. A short RNA primer is then added to allow molecules of T7 DNA
polymerase to elongate its 3’ end, converting the single stranded DNA into
a double stranded tether. This geometry in which the DNA template is
held by both ends instead of the enzyme is used in this case because of the
distributive nature of DNA polymerases, which copy only a few tens or at
most hundreds of bases of DNA before they detach. Because the elastic be-
haviors (extension at a given force) of single stranded and double stranded
DNA are very difterent, holding the tension constant at a pre-established
value using a feedback circuit implies that the end-to-end distance of the
tether must either get larger or shorter, depending on whether at that
force ssDNA is shorter or larger than dsDNA respectively. Because the
enzymes detach from the DNA after short polymerization runs and before
new ones bind again, the data depicts periods of activity interspersed with
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Figure 8. Change in DNA extension over time observed upon adding Topoisomerase Il to a sin-
gle molecule of DNA previously supercoiled with magnetic tweezers. Adapted from Strick et al.,
2000.
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periods of inactivity. From these, it is possible to calculate the average pro-
cessivity of the motors. Interestingly, in this experiment it was found that
when the tension in the tether is increased above 40 pN, the polymerase
molecule starts moving ‘backwards’ converting the dsDNA into ssDNA.
It was shown that at this tension, the deformation of the DNA template
strand signals the enzyme to send the 3’ end of the growing chain to the
exonucleolysis active site where it is shorten as an editing response.

It can be seen that in both of these assays, the elastic behavior of the DNA
(Equation 1) is essential to convert the end-to-end distance of the tether (x)
into a contour length (L) in nm or base pairs, as long as the persistence
length of the DNA molecule and the force F applied to it are known.

Likewise, the studies of DNA torsion and the formation of plectone-
mic DNA led to the development of assays to investigate the activity of
topoisomerases (Strick et al., 2000). Indeed, when topoisomerase II is add-
ed to a molecule containing plectonemes in the magnetic tweezers assay
(Figure 5, left), 90-nm changes in extension are seen, corresponding to the
removal of two turns, as predicted by the model (Figure 8).

A Case Study in Detail

We will finish this brief review of the developments of single molecule
force spectroscopy with a somewhat more detailed description of experi-
ments designed to understand the operation of a motor whose function is
to pump the DNA of a virus into its pre-assembled capsid. The motor that
sits at the base of the capsid in bacteriophage phi29 is a homopentamer
that belongs to the Rec A superfamily of ring ATPases. These molecules
are known to perform many important transport functions in prokaryotic
and eukaryotic cells. The experimental set up is depicted in Figure 9A. A
single capsid already in the process of packaging the DNA is attached to
a bead held in an optical trap. The distal end of the DNA is then attached
to another bead held in a second trap. Upon addition of ATDP, it is possible
to follow the packaging process by measuring the end-to-end distance of
the tether. In early studies (Moffitt ef al., 2009), it was found that the motor
packages the DNA using a two-phase cycle: a “dwell” phase during which
the DNA remains stationary, followed by a “burst” phase during which 10
base-pairs (bp) of DNA are rapidly translocated into the head (Figure 9A).
This observation immediately suggested a model in which each burst is
composed of five 2 bp translocation sub-steps, one sub-step per subunit.
This mechanism would be consistent with the number of base pairs (two)
packaged per hydrolyzed ATP derived from bulk experiments. Surprising-
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Figure 9. (A) (Top) Single-molecule experimental geometry & (Bottom) experimental data and
schematic representation. (B) (Left) Representative packaging traces collected with external
loads of 40 pN at saturating [ATP]. Data in light grey are plotted at 1.25 kHz whereas data in
colour are boxcar-filtered and decimated to 100 Hz. (Right) Average pairwise distribution of
packaging traces. Adapted from Moffitt et al., 2009. (C) Relative importance of the motor-DNA
contacts. Units reflect the distance at which the transversal probability of the packaging motor
in a given DNA construct drops to 50%. Adapted from Aathavan et al., 2009. (D) Model of the
mechano-chemical cycle indicating the location of all chemical transitions in the regulatory and
translocating subunits, as well as DNA rotation. Adapted from Chistol et al., 2012.

ly, however, single molecule packaging trajectories obtained subsequently
with high-resolution optical tweezers, revealed that the “burst” was com-
prised actually of four 2.5 bp sub-steps (Figure 9B).This observation indi-
cated that one of the subunit does not play a mechanical role, a result com-
pletely inaccessible through ensemble measurements. In this same study,
the authors showed that decreasing the concentration of ATP lengthened
the dwells, indicating that nucleotide binding takes place during this phase
of the cycle. It had been previously shown (Chemla et al., 2005) that the
only chemical transition capable of supporting the work done by the mo-
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tor near its stall force (~ 57 pN) is the release of inorganic phosphate after
ATP hydrolysis.

In a later study (Chistol ef al., 2012), the authors used non-hydrolyzable
nucleotide analogs (ATPgS and AMP-PNP) to stop the motor at specific
chemical transitions of the catalytic cycle. They were able to show that
ATP binding and ADP release occur in an interlaced manner during the
dwell phase, while ATP hydrolysis and Pi release occur in the burst phase
(Figure 9D). Moreover, ATP hydrolysis and Pi release are also interlaced,
with the release of inorganic phosphate coupled to DNA movement (the
power stroke). Furthermore, this study provided insight into the role of the
non-translocating subunit. Experiments in which one subunit was tem-
porarily inactivated by binding to the non-hydrolyzable analog, ATPgS,
showed that the non-translocating subunit must hydrolyze ATP also to
fulfill a critical regulatory role in the dwell-burst cycle (Figure 9D). Thus,
this study resolved the apparent contradiction between single molecule
and bulk studies on the number of base pairs packaged per hydrolyzed
ATP: four are used to performed a mechanical task and one to perform a
regulatory one.

At this point, however, the origin of symmetry breaking among motor
subunits remained unknown. In a previous single-molecule study, the pack-
aging motor was challenged to translocate a variety of modified DNA sub-
strates (Aathavan ef al., 2009). These experiments helped to determine the
nature of the motor-DINA interactions throughout the mechano-chemical
cycle (Figure 9C). During packaging, the motor makes specific electrostatic
contacts every 10 bp with a pair or phosphates in the DNA backbone during
the dwell. In contrast, the motor makes mostly nonspecific, steric contacts
to propel the DNA during the four power strokes of the burst phase. In
view of these results, Chistol ef al. proposed (Chistol ef al. 2012) a model in
which the subunit that makes these specific contacts is the non-translocat-
ing subunit and that the binding to the DNA phosphate is the event that
confers it its regulatory role (Figure 9D).Two questions remain unanswered:
Is the identity of the special, non-translocating subunit retained from cycle
to cycle? And if so, how does the motor deal with the difference between
the 10-bp motor burst size and the 10.4-bp DNA helical pitch?

In a later study (Liu et al.,2014), the authors developed a “rotor bead” as-
say capable of measuring the three-dimensional trajectory of DNA during
packaging. These experiments provided the first experimental demonstra-
tion that the motor rotates the DNA as it packages it. To answer wheth-
er rotation is a passive response to the supercoiled organization of the
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DNA inside the capsid, the authors used “trepanated” proheads (wherein
the DNA does not accumulate due to the perforation of the proheads).
Significantly, in experiments performed with “trepanated” proheads, the
DNA was still observed to rotate by about -1.5°/bp, indicating that the
motor actively rotates the DNNA during translocation. Interestingly, this
figure accounts for the mismatch between the 10 bp burst and the 10.4
bp DNA helical pitch, as it is the exact amount of rotation (~ 15 degrees
in 10 bp) necessary for the same subunit to contact the DNA phosphates
ever 10 bps and to retain its regulatory role over consecutive cycles (Fig-
ure 9D). Furthermore, it was long known that packaging slows down as
the head fills with DNA and the internal pressure opposing the motor
increases. However, the mechanism by which head filling regulates motor
velocity was unclear. Therefore, Liu ef al. also examined ¢29 packaging
dynamics at different stages of head filling and found that multiple aspects
of the motor’s mechano-chemical cycle are altered in the process. First, the
motor displays long-lived pauses. Second, the motor burst size is reduced
from 10 bp to 9 bp, yet still making four steps per burst. Remarkably, the
decrease in the burst size observed with head filling is accompanied by a
corresponding increase in the magnitude of DNA rotation in the precise
amount needed for the regulatory subunit to engage the DNA phosphate
and retain its identity at the end of each burst throughout packaging. In
other words, DNA rotation changes to preserve the coordination between
the regulatory and translocating subunits.

The results described above evidence the importance of the motor’s
inter-subunit coordination to complete its biological task, and invite an
obvious question: how does such coordination emerge from stochastic, el-
ementary molecular interactions? A series of single-molecule experiments
are currently being performed to identify the structural elements and in-
teractions that enable this coordination. In particular, a highly-conserved
trans-acting arginine residue that mediates communication between two
adjacent subunits is being extensively studied. The hope is to understand
the role of this trans-acting residue in establishing global inter-subunit co-
ordination from local interactions.

Epilog

The advent of single molecule methods has brought about a profound
change in biochemical and biophysical research. Most of our knowledge
of Chemistry and Biochemistry has been derived from bulk or in multiplo
approaches. However, in the short years that have elapsed since the per-
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formance of the first single molecule experiments, scientists have learned
that by avoiding the perils of ensemble or in multiplo averaging, it is pos-
sible to have more direct access to the molecular mechanisms underlying
biochemical processes, thus fulfilling the epistemological need in Biology
to understand function in order to rationalize structure. Moreover, the
idea that forces and torques develop in the course of chemical reactions —
postulated almost 130 years ago by Svante Arrhenius — while generally ac-
cepted, had remained only a reasonable conjecture. Today, single molecule
force spectroscopy methods have made forces and torques part of the vo-
cabulary of biochemists and biophysicists, as these quantities have become
experimental observables and the mechanical nature of many biochemical
processes 1s increasingly being recognized. In the course of these advances,
our view of the cell has itself began to evolve: it can no longer be seen as
a small ‘bag’ with a concentrated solution of macromolecules undergoing
second order reactions. The picture that emerges, looks instead more like
a complex of interconnected factories, each responsible for an essential
cellular function and made up of highly coordinated molecular machines.
This framework represents, in turn, an important conceptual step in the
hope of scientists to turn Biology into a truly quantitative science.
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Introduction

Sensing pain and temperature is essential for life. However, the molec-
ular nature of nociceptors or temperature receptor was a mystery until the
end of the last century. Sherrington (Sherrington, 1906) postulated the
existence of sensory receptors specialized in sensing noxious stimuli, and
he called them nociceptors. In the skin, nociceptors are located in some A
small myelinated axons that respond to intense mechanical but not to ther-
mal or chemical stimuli. Others Ad fibers respond to noxious mechanical
stimuli and noxious heat (~43°C). Unmyelinated C fibers give rise to noci-
ceptors able to sense noxious mechanical, thermal and chemical stimuli but
with a lower thermal threshold (~43°C). The conduction velocity of Ad
and C is very different, 20 m/s and 1 m/s, respectively. When the noxious
stimulus is applied to a mix Ad and C group of nociceptors, the subject
may report two distinct pains separated in time: a “fast” or “first” pain and
a “slow” or “second” pain (Patton, 1989). Isolation of fibers innervating
the glabrous skin of the monkey’s hand indicates the presence of fibers re-
sponding to warming pulses from a base temperature of 34°C (innocuous
warm) with a conduction velocity of 1.2 m/s suggesting that warm fibers
are C-type fiber (Patton, 1989).The same region of the monkey skin gives
rise to about the same number of fibers responding to a cold stimulus.
Temperature sensing and pain converge in the same type of neurons in the
dorsal root (DR G) and the trigeminus (TG) ganglia innervating the body
and the head, respectively.

What are the cellular and molecular basis of thermosensation? What is
the relationship between pain and temperature sensing? Not so many years
ago researchers thought that the possibilities of finding an answer to this
question were rather slim given the intensive properties of temperature.
Temperature is a physical property that does not depend on the size of
the system or the amount of material in the system. This situation, how-
ever, changed dramatically with the cloning and biophysical characteriza-

' Centro Interdisciplinario de Neurociencia de Valparaiso, Facultad de Ciencias,
Universidad de Valparaiso, Valparaiso, Chile.
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tion of a heat-activated channel belonging to Transient Receptor Potential
Vanilloid family, TRPV1 (Caterina et al., 1997), followed by the discovery
of the cold receptor channel Transient Receptor Potential Melastatin 8,
TRPMS8 (McKemy et al., 2002; Peier et al., 2002a). TRPV1 was expres-
sion cloned taking advantage that it is a capsaicin receptor activated by
noxious heat (>42°C). TRPMS, on the other hand, is a sensor of innoc-
uous cold (10-28°C) and activated by menthol. These findings triggered
the search for other detectors of thermal stimulus in the nervous system
with the outcome that in the vanilloid family TRPV2 (Caterina et al.,
1999), and TRPV4 (Guler et al., 2002) were also found to be activated by
heat but with different temperature thresholds. TRPV3 is also a tempera-
ture-dependent channel but expresses mainly in keratinocytes (Peier ef al.,
2002b; Smith et al.,2002; Xu ef al., 2002). When expressed heterologously,
TRPV2 shows activity only when raising the temperature above 52°C
and TRPV3 and TRPV4 respond to warm temperatures in the 26-34°C
range. Temperature-sensitive TR P channels (thermoTRPs) are also present
in the melastatin (TRPM2-5) in the ankyrin (TRPA1) and the classical or
canonical (TRPC5) TRP channel subfamilies. TRPM2 is a Ca**-perme-
able cationic channel activated by adenosine diphosphoribose (Perraud et
al., 2001; Sano et al.,2001) able to detect temperatures in the non-painful
warmth range (Togashi ef al.,2006). TRPM3 is a channel strongly activated
by pregnenolone sulfate (Wagner ef al., 2008) and by noxious temperatures
(35-43°C) and its activation provokes pain (Vriens et al., 2011). TRPM4
has two splice variants (a and b) with widely different properties. TRPM4a
is a Ca?" permeable cationic channel (Xu et al., 2001), and TRPM4b is a
Ca®"-activated but Ca*"-impermeable monovalent cation channel (Nilius
et al., 2005). Temperatures in the range of 15-35°C activate TRPM4b and
TRPM5(Talavera et al., 2005). Talavera et al. (Talavera et al., 2005) sug-
gested that TRPMS5 is also involved, albeit indirectly, in taste perception
since Trpm5 knockout mice show a markedly decreased gustatory nerve
response to sweet compounds. In the TRP classical or canonical family
only TRPC5 was found to be temperature sensitive (Zimmermann et al.,
2011). TRPC5 responds to cold temperatures in the 37-25°C range and
its activation by cold is potentiated by PLC-coupled and Gg-linked recep-
tors (Zimmermann et al., 2011). The only member of the TRP Ankyrin
subfamily, TRPA1 is a heat receptor in amphibians, reptiles, and birds
(Viswanath et al., 2003; Gracheva et al., 2010). However, in mammals, the
temperature sensitivity of this channel is still under debate. Thus, TRPA1
is an extreme cold receptor in rodents (it responds to painful cold, <15°C)
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(Story et al., 2003; Chen et al., 2013), some reports describe the human
TRPAT as temperature insensitive (Caterina ef al., 1999; Chen et al., 2013)
and in reconstituted systems hTRPA1 is activated by cold and heat (Mo-
parthi et al., 2016).

From this long list of thermoTRPs in many cases, the genetic evidence
indicates that not all are involved in thermosensation. Although there is
no doubt that TRPV1 is involved in inflammatory thermal hyperalgesia,
it shares its role in detecting noxious temperatures with TRPM3 (Vriens
et al., 2011). TRPV2 appear not to play a part in heat sensation given that
Trpr2 knockout mice show normal heat responses (Park ef al., 2011). Heat
responses are also normal in the double Tipr3, and Tipr4 knockout mice
(Huang et al., 2011) and the recent results obtained in McNaughton lab-
oratory strongly suggest that the culprit in detecting warm temperatures
is TRPM2 (Tan and McNaughton, 2016). The involvement of TRPCS5 is
temperature sensing is also controversial since deletion of TRPC5 in mice
does not produce behavioral changes related to cold temperatures (Palkar
et al., 2015). TRPMS is involved in sensing innocuous cool temperatures
(Dhaka et al., 2007), but the role of TRPA1 as the noxious cold-sensor is
debatable (Bautista et al., 2006; Kwan et al., 2006; Knowlton et al., 2010).
Here, we discuss the biophysics and the characteristics as a polymodal re-
ceptor of the first cloned thermoTRP, TRPV1.

TRPV1
Structure

TRPV1 is a cationic channel with a high Ca®" permeability that was
expression cloned (Caterina ef al., 1997).The isolated cDNA from encod-
ed a capsaicin receptor from sensory neurons from the DRG. TRPV1 is
tetramer in which each subunit contains, like voltage-dependent K+ chan-
nels, six transmembrane segments (S1-S6), with the N- and C-terminus
located towards the cell cytoplasm, and the N-terminus is rich in ankyrin
repeat domains (Fig. 1A & B).The group of Julius was able to obtain the
structure of TRPV in the closed configuration (APO structure; no agonists
added) at 3.4 A resolution using cryo-microscopy (Liao et al., 2013) (Fig.
1A & D). TRPV1 channels show a central pore formed by segments S5
and S6 and this ion pathway is structurally related to the pore of K* chan-
nels. A loop connects S5 with the pore helix, which is continued by a “pore
loop” that gives rise to the selectivity filter ending in S6 (Fig. 1C & D). In
the periphery of the pore and making contact with the adjacent subunit
S1-S4 forms a structure equivalent to the voltage sensor in K* (Fig. 1A &
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Figure 1. (A) Ribbon representation of the TRPV1 channel obtained by cryo-EM. (B) Scheme of the
structural domains forming each monomer of the TRPV1 channel. C) Different views of a TRPV1
channel subunit, in color code of B (D) The permeation pathway of the TRPV1 channel in their
closed (APO) conformation obtained by the HOLE suite of the VMD software where front and
back subunits were removed for better visualization. Key residues for ion conduction (D646,
Mé644) and those forming the channel activation gates (G643 and 1679) are depicted in licorice
representation and pointed by arrows. (E) The pore radius along the channel axis was obtained
by the HOLE algorithm for the APO/closed (red), capsaicin-bound (green), and RTX-/DkTx-bound
(blue) structures of the TRPV1 channel. (F) Side view of the TRPV1 channel (blue) embedded in
a POPC membrane in the presence of capsaicin (red) and 100mM of KCl G) Chemical structure
of capsaicin (left). Closer view of capsaicin at the vanilloid binding pocket. Key residues for cap-
saicin binding Y511 and E570 are pointed by arrows. (H) Side view of the TRPV1 channel (Brown)
embedded in a POPC membrane in the presence of the Double Knot Toxin (DkTx) (Green). The
DkTx peptide is formed by two functional domains, termed Knot 1 and Knot 2, connected by a
short linker. () A closer view of the TRPV1/DkTx interaction surface. Amino acids at the TRPV1
channel and DkTx peptide are highlighted in red and green respectively.

C). However, this domain appears not to be involved in voltage sensing
but instead constitutes the site of binding of agonists and antagonists (for
a review see (Diaz-Franulic ef al., 2016a)). The intracellular N-terminus is
composed by six ankyrin repeats, a linker domain and a pre S1 helix and
the C-terminus although not completely resolved in the structure shows

Cell Biology and Genetics | 47



RAMON LATORRE, KAREN CASTILLO, AND IGNACIO DIAZ-FRANULIC

a o-helix, the TRP domain, almost parallel to the plane of the membrane
near the S4-S5 linker and a coiled-coil structure (Fig. 1C). The TRPV1
closed structure indicates the presence of two constrictions at the level of
the S6 residue 1679 (inner gate), and just before the internal entrance of
the selectivity filter, G643 (outer gate) (Liao et al., 2013) (Fig. 1D). The
presence of capsaicin allowed to obtain the partially TRPV1 open chan-
nel structure (Cao et al., 2013). In the partially open structure, only the
internal gate is dilated (Fig. 1E), and we (Diaz-Franulic ef al., 2016b) have
speculated that it may represent the formation of a TRPV1 channel that
underwent a transition towards a desensitized state (14). The fully TRPV1
open structure was obtained in the presence of resiniferatoxin and double
knot toxin (RTX/DkTx; see below) (Cao et al., 2013).

Gating

TRPV1 is polymodal receptor able to integrate multiple different stim-
uli (Trevisani et al., 2002). Capsaicin (Caterina et al., 1997), toxins such
as resiniferatoxin (Szallasi and Blumberg, 1989; Caterina et al., 1997) and
double-knot toxin (Bohlen et al., 2010), protons (Tominaga ef al., 1998),
voltage (Voets et al., 2004), temperature (Caterina ef al., 1997),1ons (Ahern
et al.,2005; Jara-Oseguera et al., 2016), cannabinoids (Zygmunt et al., 1999;
Smart ef al., 2000), and lipids (Reviewed in (Diaz-Franulic ef al., 2016a))
strongly modulated the activity of TRPV1 (Table).

Agonists and toxins

Agonists and toxins activate TRPV1 channels by interacting with
well-defined binding sites and open the channel in an allosteric fashion
(Matta and Ahern, 2007). The TRPV1 channel in birds is capsaicin in-
sensitive (Wood et al., 1988) and Jordt and Julius (Jordt and Julius, 2002)
found that transferring S2 through S4 from rTRPV1 to chick TRPV1
confer capsaicin sensitivity to the latter. Capsaicin binds to a hydrophobic
pocket with heads down orientation, that the vanilloid ring interacts with
E570 at the S4-S5 linker, and that Y511 in S3 and T550 in S4 are also
important in determining capsaicin binding (Fig. 1F & G) (Darre and Do-
mene, 2015; Poblete ef al.,2015;Yang et al., 2015). Notably, a single capsai-
cin-bound subunit can induce TRPV1 channel maximal open probability
albeit with an increase in the capsaicin dissociation constant (Hazan ef al.,
2015). Resiniferatoxin (RTX), a compound a plant origin (Euphobia pois-
sonii) is about 1000-fold hotter than pure capsaicin (Szallasi and Blumberg,
1989; Szolcsanyi ef al., 1991). RTX binds 20-times tighter than capsaicin to
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TRPV1 (EC50 = 39 nM and 712 nM, respectively; (Caterina ef al., 1997).
RTX binds to the capsaicin-binding pocket and also interacts with Y511
and T550 (Cao ef al., 2013). Two inhibitor cysteine knots (ICK) domains,
peptides found in a wide variety of poisonous animals (Craik et al., 2001),
joined by a loop give origin to DxTx, and by interacting with the external
aspect of the TRPV1 pore, DxTx keeps the TRPV1 channel open (Fig. 1H
& I) (Bohlen et al.,2010; Bohlen and Julius, 2012).

Protons

In TRPV1, protons potentiate the effect of temperature and capsaicin
(Tominaga et al., 1998; Jordt et al., 2000; Welch et al., 2000; Ryu et al., 2003;
Ryu et al., 2007). Jordt et al. (Jordt et al., 2000) found that a negatively
charged residue located in the linker between S5 and the pore region,
E600, is one important TRPV1 molecular determinant of the channel pH
sensitivity. Charge reversal (E600K) leftward shifted the normalized cur-
rent vs pH curve suggesting that E600 is a sort safety valve that keeps the
TRPV1 channel closed at physiological pH and temperature. The mu-
tant E600K is active at 37°C promoting cell death of TRPV1 transfected
cells. Exchange of different external segments between the pH-insensitive
TRPV2 and TRPV1 led to the conclusion that the S3-S4 linker and the
pore helix were involved in the direct activation of TRPV1 by low pH
(Ryu et al.,2007). Moreover, the point mutants V538A in the S3-S4 linker
and T633L in the pore helix abolished TRPV1 pH sensitivity. Since neither
V538 nor T633 are titratable residues, their involvement in pH sensitivity
is most likely in the coupling between proton sensor activation and gate
activation. These mutations did not alter the channel activation mediated
by capsaicin or the heat response confirming the allosteric nature of the

TRPV1 gating (see below).

Temperature and voltage

One of the most intriguing aspects of the behavior of thermoTRPs is
their ability to sense temperature with exquisite sensitivity. The TRPV1
thermodynamic properties can be obtained to a first approximation using
a two-state model in which the channel transit between a closed (C) and
an open (O) state defined by an equilibrium constant K.,

C<0
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where the free energy difference (4G) between the two conformations is
given by

AG =AH-TAS (1)

AG =-RTInK, (2)
where AH and A4S are the enthalpy and the entropy change, respectively

and T'is the temperature. Since in a two-state model, the open probability
(Po) of the channel is

P, = = <
1+K, 1+e ~Rrr

by introducing eqs (1) and (2) into eq. (3) and measuring Po experimental-
ly as a function of T, we can obtain AH and 4S. In the case of TRPV1, the
van’t Hoff plot of Keq yields a AH = 150 kcal/mol and a AS = 470 cal/
mol x K (Liu ef al., 2003). These values are quite large suggesting a process
involving significant conformational changes and the positive sign of A4S
implies that the open state has a greater entropy (is more disordered) than
the closed state. Note that the entropic contribution, TAS, is also large and
positive (137 kcal/mol). Therefore, AG is in a range that ensures reversibil-
ity of the closed-open reaction and decreases as temperature is increased.
In the case of cold receptors such as TRPMS8 and TRPV1 enthalpies and
entropies changes are also large but negative, and AG decreases as temper-
ature is decreased (Brauchi et al., 2004; Karashima et al., 2009). On the oth-
er hand, large enthalpy change implies considerable thermal coefticients,
Q,,- For TRPV1 and TRPMS the Q, ;s of the macroscopic currents have
been found to be ~40 and 25, respectively. Thus, thermosTRP channels are
about ten times more sensitive than other membrane proteins including
other ion channels and pumps which Q,,. is about 3.

The above analysis considers that AH and AS are temperature inde-
pendent, but Clapham and Miller (Clapham and Miller, 2011) have argued
that a large and positive heat capacity change, AC,, should accompany
the transition from closed to open if temperature promotes large con-
formational changes of the channel-forming protein. If this is the case,
ThermoTRP channels should be activated by cold and by heat and the
temperature dependence of InK,, should be described by a parabola that is
concave upwards. The present data show that ThermoTRPs do not have
the characteristics expected from the AC, hypothesis and several argu-
ments have been given against it (e.g., (Qin, 2014)). However, measure-
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ments of AC, during channel activation are needed to have a definitive
test of this proposition.

Depolarizing voltages activate TRPV1 and how voltage and tempera-
ture interact to activate the channel has been the matter of some debate.
The question whether these two stimuli are strictly coupled or their cross-
talk 1s allosteric can be answered by performing the appropriate biophys-
ical experiments. In the case of TRPV1 and TRPMS voltage is a partial
activator of TRPMS8 and TRPV1 implying that the opening reaction in
voltage independent. Allosteric models of the type previously proposed to
explain the activation by Ca®" and voltage of the Ca®'- and voltage-acti-
vated K+channel (Horrigan and Aldrich, 2002) can account for tempera-
ture, voltage, and agonist modulation of these two thermoTRPs (Brauchi
et al., 2004; Matta and Ahern, 2007; Raddatz et al., 2014). In these models
voltage and temperature sensors are considered to be in separate modules,
and they can activate the channel independently. The communication be-

co

]

(o)

__Ja 4

Figure 2. Two-tiered allosteric model. This model considers the existence of four voltage and four
temperature sensors that can be activated independently, and each voltage sensor contributes
with equal amounts of energy to displace the closed to open equilibrium. The pore has two con-
formations, closed (C) and open (0). The equilibrium constant for the closed to open reaction
is M, defined for resting voltage and temperature sensors. M is voltage- and temperature-inde-
pendent. The voltage sensor equilibrium between resting (R)) and active (A,) conformations is
governed by the constant, defined for closed pore and resting temperature sensor. The tempera-
ture sensor resting (Ry) to active (A;) reaction is controlled by equilibrium constant K, defined
for closed pore and resting voltage sensor. When all the voltage sensors are active, the pore
opening reaction is favored by the allosteric factor D and the equilibrium constant becomes LD4.
In the same way, when temperature sensor is active, the pore opening reaction is favored by the
allosteric factor C. When both sensors are all active, the pore opening equilibrium constant is
LC“D#. Factor E accounts for the interaction between voltage and temperature sensors.
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tween sensors is allosteric, and the channel can open even in the absence
of stimuli. Activation of sensors increases the open probability because the
coupling existing between the sensor activation and the pore opening de-
creases the free energy to undergo the transition from closed to open.

Given the tetrameric nature of the channel, an allosteric model that best
combines simplicity and tractability is one based on the tetrameric nature
of the channel considers four voltage sensors and four temperature sensors.
In this two-tiered allosteric model, the pore opening reaction is coupled to
the temperature, and voltage sensors by allosteric factors C and D, respec-
tively (Fig. 2). For example, the best fit to the TRPMS8 Po vs voltage data
obtained in 20-10°C range using a two-tiered model is obtained with C
=52 and D = 2.3 (Raddatz et al., 2014).Thus, when all the TRPMS8 tem-
perature and voltage sensors are activated the equilibrium constant M that
defines the C-O equilibrium becomes MC*D* increasing M by 2x10*-fold.
Most importantly, at a high negative voltage, when all voltage sensors are
at rest TRPMS8 Po becomes voltage independent but in this voltage range
increases about 100-fold when the temperature is decreased from 28 to
15°C indicating that temperature alone can activate the channel (Raddatz
et al., 2014). Whether if the observations made using TRPMS can be ex-
trapolated to TRPV1 remain to be determined experimentally but what is
clear is that TRPV1 is a polymodal receptor with allosteric gating (Matta
and Ahern, 2007).

Molecular determinants of temperature sensing

Neither the voltage nor the temperature sensor has been identified
unequivocally. In TRPV1 several domains have claimed to be involved
in temperature sensing. Brauchi ef al. (Brauchi et al., 2006) swapped the
C-terminus domains of TRPMS8 and TRPV1, and the resultant chime-
ras have a phenotype corresponding to the C-terminal exchanged: the
TRPV1 channel containing the C-terminus of TRPMS8 became a cold
receptor. Chimeric constructs produced by exchanging different segments
of TRPV1 and TRPV?2 protein gave as a result that thermal sensitivity in
these two channels was determined by a region connecting the Ankyrin
repeats to S1, denominated the membrane proximal domain (MPD) (Yao
et al.,2011).The linker between S5 and the pore helix (pore turret) has also
been involved in the high thermal sensitivity of TRPV1 since its total or
partial deletion eliminated or decreased channel temperature dependence
(Yang et al., 2010; Cui et al., 2012). However, these results are controversial
since TRPV1 channels with a deleted turret are still activated by temper-
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ature (Yao et al., 2010). Additionally, using random and targeted mutagen-
esis, Grandl ef al. (Grandl et al., 2010) identified three residues implicated
in heat activation, N652 and Y653 in selectivity filter-S6 linker and N628
in the pore helix.

Nature has provided us with TRPV1 orthologs channels with mark-
edly different temperature sensitivity. The thirteen-lined ground squirrels
and Bactrian camels express TRPV1 orthologs that although normal in
their response to capsaicin or protons are not temperature-dependent in
the 25-45°C range (Laursen ef al., 2016). These difference in temperature
sensitivity with the hTRPV1 or rTRPV1 has profound physiological con-
sequences since allows squirrels and camels to adapt to hot environments.
Notably, a single amino acid substitution in the first Ankyrin domain
N126S can confer to the squirrel TRPV1 a rTRPV1 phenotype.

The problem in identifying a bona fide temperature sensor resides in the
fact that mutations that alter TRPV1 heat sensitivity are spread throughout
the channel-forming protein (Winter et al., 2013) making difficult to de-
cide which residues form part of the sensor and which correspond to the
coupling system that communicates the sensor with the pore gates. How-
ever, the evidence indicates that the response to temperature in proteins
is nonhomogeneous and the most disordered segments are more sensitive
to thermal changes and able to absorb most efficiently the thermal energy
from the solvent (Mandel et al., 1996; Lewandowski et al., 2015). Does heat
diffuse from the heat sink (temperature sensor) following pre-determined
pathways? If we can identify these corridors, do they lead to the channel
gates? To answer these question, we have used an in silico method denomi-
nated anisotropic thermal diffusion (ATD) that consists in injecting vibra-
tional energy into each residue of the protein kept at a very low tempera-
ture and measuring the response of the rest of the amino acids (Burendahl
and Nilsson, 2012; Liu ef al., 2013; Mino-Galaz, 2015). The thermal map
constructed in this manner shows how the thermal energy diftuses along
the protein structure. We have applied the ATD method to a single TRPV1
subunit considering that the heat sink resides in the neighbourhood of
the MPD, a domain considered to be a possible thermal sensor (see above)
(Yao et al., 2011). If this domain is “heated”, thermal energy is transfer to
the C-terminal, and from there heat flows to S5, to the pore helix, finally
reaching S6 where the two channels gates are located (Diaz-Franulic et
al., 2016b). Thus, the ATD method allowed to us to identify a putative al-
losteric pathway through which thermal energy diftuses preferentially and
suggests that the communication between the sensor and the gates do not
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necessarily imply large conformational changes in the protein structure.
How we reconcile then this result with the large change in enthalpy deter-
mined from the van’t Hoff plot? Below we propose an alternative explana-
tion for the large AH involved in the closed-open transition. In the case of
TRPMS, the channel deactivation time course proceeds as bi-exponential
decay and the time constant of both processes are temperature-dependent.
A closed-closed-open kinetic scheme predicts a double exponential with
the proviso that the forward rate constant in the close-open transition
is different from zero (Goldman, 1991). Assuming that the closed-closed
and the closed-open transition are related to the slow and fast relaxation,
respectively, we demonstrated that the overall Q,, of the deactivation re-
action is the product of the Q,, of the slow (@) and fast backward rate (f3)
constants. I.e., Qyoueratt reaction = Qioa Qigp- Therefore, two reactions with a
relatively low Q,y (low AH, small conformational changes) may produce a

very large Q,, (large AH) of the overall equilibrium.

lons

Ahern et al. (Ahern et al., 2005) showed that Mg** sensitize TRPV1 at
physiological concentrations (1-3 mM). Notably, TRPV1 channels pre-
viously activated by PKC, show a temperature threshold decrease in a
Mg**-dependent manner. It decreases from 47°C in the absence of the di-
valent cation to about 35°C when the final external concentration of Mg**
is 10 mM. Concentrations of Mg** > 10 mM directly activate TRPV1
channel apparently by binding to the same negatively charged residues in-
volved in the activation and sensitization of the channel by protons, namely
E600 and E648 located in the pore-forming loop (Ahern et al.,2005). Cao
et al. (Cao et al., 2014) have argued that the lowering of the temperature
threshold induced by Mg** is the result of a direct and selective interaction
of the divalent cation with the heat-sensing machinery. They based their
contentions on the fact that prolonged application of Mg”* or Ba®* de-
sensitizes heat activation but not capsaicin activation. However, that Mg**
can activate the channel directly was recently confirmed by Jara-Oseguera
et al. (Jara-Oseguera et al., 2016). Sodium, on the other hand, appears to
be a negative modulator of TRPV1 channel activity since the removal of
extracellular Na+ elicited an increase in the internal Ca®" concentration
and an outward current with a reversal potential corresponding to that of a
cationic channel (Ohta ef al.,2008). Na" binds to a site in the pore-forming
loop of TRPV1 involving E600 and E648 (Ohta et al., 2008; Jara-Oseguera
et al.,2016). Remarkably, the absence of external Na* not only opens the
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TRPV1 channel at physiological temperatures but also the channel be-
comes only marginal temperature dependent (Jara-Oseguera et al., 2016).
Thus, the Na* modulator site stabilizes the TRPV1 channel in a closed
state(s) and is strongly coupled to the temperature-dependent transitions.
The eftects of external Na* on the temperature-dependent transitions can
be understood assuming that Na” binding to the extracellular site mod-
ifies temperature-sensor activation and pore opening allosterically. Since
protons and Na+ appear to interact with the same site, it is reasonable to
conclude that Na+ acts by suppressing or decreasing channel activity un-
der physiological conditions.

Coda

A large variety of noxious stimuli including heat, acid and chemical
compounds activate the TRPV1 channel, which contained in nociceptors
mediated the depolarization of the specialized primary afferent neurons.
The action potentials promoted by the neuron depolarization propagate
to the central nervous system informing about the damage evoking a pain
sensation. In particular, TRPV1 is involved in the hyperalgesia that occurs
during inflammation (Caterina and Julius, 2001; Julius and Basbaum, 2001).
Contained in different structures, the sensors for the different stimuli com-
municate each other allosterically contributing to decrease the threshold
for channel activation.

Table. ThermoTRP Channel Pharmacology

TRPV1 Capsaicin Capsazepine Vanillotoxins
Resiniferatoxin Agatoxin (VaTX 1-3)
Anandamide Resolvin D2 Resiniferatoxin
Piperine 4-tert-butylphenyl)-4- (RTX)

Olvanil (3-chloropyridin-2- y Double Knot
Oxytocin l)piperazine-1- Toxin (DkTx)
Eugenol carboxamide (BCTC) BmP01
Lysophosphatidic Omega-9 fatty acid RhTx (red head
acid (LPA) ABT-102 centiped toxin)
Camphor Yohimbine AG489 toxin
Gingerol Thapsigargin AG505 toxin
Cannabidiol

Zingerone

Isovelleral

Polygodial
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TRPM2 |Adenosine diphosphate Flufenamic acid
ribose (ADPR) Curcumin
Adenosine diphosphate 2-aminoethoxydiphenyl
ribose-2’-phosphate borate (2-APB)
(ADPRP)
2’-Deoxyadenosine
5°-diphosphoribose
(2’-deoxy-ADPR)
Reactive oxygen species
(ROS)
TRPM3 Pirimidona
Mefenamic acid
Flavanones
Naringenin
Hesperetin
Eriodictyol
Isosakuranetin
Liquiritigenin
TRPMS8 | Menthol BCTC
Eucalyptol thio-BCTC
Menthone Capsazepine
Icilin Cannabidiol
Geraniol AMTB
Cannabigerol Arylglycines
Linalool Carboxamide
Hydroxy-citronellal compounds
Testosterone 2-(Benzyloxy)
Eugenol benzamides
Frescolat ML PBMC
Menthyl lactate Cinnamaldehyde
L-carvone
Isopulegol
Cryosim-3
TRPV1: (Caterina and Julius, 1999; Szallasi et al., 1999; Caterina et al., 2000; Tafesse et

TRPM2:

TRPM3:
TRPMS:

al., 2004; Kitaguchi and Swartz, 2005; Siemens ef al., 2006;Vriens ef al., 2009;
Bohlen et al., 2010; Park ef al., 2011; Meotti ef al., 2014;Yang et al., 2015;
Morales-Lazaro ef al., 2016; Nersesyan et al., 2017).

(Hill et al., 2004; Togashi et al., 2008; Kheradpezhouh ef al., 2016; Fliegert et
al., 2017).

(Holzer and Izzo, 2014; Uchida ef al., 2016; Thiel ef al., 2017)

(McKemy et al., 2002; Peier et al., 2002a; Behrendt ef al., 2004; Madrid ef al.,
2006; Bodding et al., 2007; Cahusac and Noyce, 2007; Malkia et al., 2007; De
Petrocellis et al., 2008; DeFalco ef al.,2011; Knowlton et al.,2011; Zhu et al.,
2013; Borrelli ef al., 2014; Asuthkar ef al.,2015;Yang ef al.,2017)
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DOES INFLAMMATORY RESPONSE CAUSE
TISSUE DYSFUNCTION IN CHRONIC DISEASES?
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Introduction

It is well accepted that protein subunits called connexins (Cxs) form
gap junctions, which are membrane specializations made up of aggregates
from a variable number of intercellular communication channels called
gap junction channels. Each channel is formed by two hemichannels (Figure
1), which correspond to Cx oligohexamers that could be homomeric or
heteromeric. While gap junctions formed by the same type of hemichan-
nels are homotypic, those formed by difterent types of hemichannels are
heterotypic. However, Cxs show different aftinities when interacting with
other Cxs, hence reducing the number of different possible hemichannel
and gap junction channels that they can form.

Gap junctional communication can be established between cells of the
same (homocellular) or difterent (heterocellular) type. While gap junction
channels serve for direct communication between the cytoplasm of con-
tacting cells, hemichannels serve as membrane pathways between intra and
extracellular compartments. Vertebrates also express a more recently dis-
covered protein family composed of three members termed pannexins
(Panx1-3). Since evidence for Panx-formed gap junctions is very limited
and most available data demonstrate that Panxs form hemichannel-like
structures, the currently accepted name for these structures is Panx chan-
nels (Sosinsky et al., 2011) (Figure 1). Although our knowledge regarding
the permeability properties of these channels is still limited, it is well es-
tablished that most cells express at least one Panx type, which is similar to
what is known for Cxs.

Gap junction channels, Cx hemichannels and Panx1 channels are per-
meable to ions and small molecules and thus, are involved in coordinating
electrical and metabolic responses among members of a cell community.
Therefore, groups of cells communicated via gap junctions and hemichan-

! Departamento de Fisiologia, Facultad de Biologia, Pontificia Universidad Catdlica
de Chile, Alameda 340, Santiago Chile. Instituto Interdisciplinario de Neurociencias de
la Universidad de Valparaiso, Valparaiso, Chile.
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Figure 1. Scheme of a gap junction plaque containing three gap junction channels traversing
two lipid bilayers, each corresponding to the cell membrane of adjacent cells (Center panel).
A virtual gap of 2-3 nm is depicted between the hemichannels constituting each gap junction
channel. A connexin hemichannel (Left panel) and a pannexin channel (Right panel) on the cell
surface, each composed of six protein subunits termed connexins (Far left) and pannexins (Far
right), respectively. Connexins and pannxins have similar membrane topology with the N and C
terminal domains located in the intracellular space and each protein presents four transmem-
brane domains.

nels represent functional units for many tissue responses, rather than single
cells. For instance, hepatic vasopressin receptors are primarily expressed by
cells located closer to the blood exit (Terminal hepatic venules), and not in
cells found closer to the blood entrance (Terminal portal venules) of each
hepatic semi-acinus. And in the whole liver loaded with a fluorophore
sensitive to changes in intracellular free Ca2+ concentrations ([Ca2+]1),
perfusion with vasopressin-containing solution generates Ca2+ waves that
propagate from terminal hepatic venules to terminal portal venules, which
is a retrograde direction compared to that of blood flow (Nathanson et al.,
1995). These Ca2+ waves are the result of a regenerative process involving
the intercellular transfer of a Ca2+-releasing molecule likely to be IP3
(Saez et al., 1989) that in the liver is generated upon vasopressin perfusion.
Thus, IP3 is likely to be generated in cells with higher vasopressin density
located close to terminal hepatic venules and would diftuse to neighboring
cells generating a Ca2+ wave that propagate to terminal portal venules
coordinating many Ca2+-dependent metabolic responses. The possibility
that cells that express more vasopressin receptors release a signaling mole-
cule to the extracellular milieu such as ATP, known to cause intracellular
free Ca2+ increases, is unlikely because such putative molecule would be
washed out from the acini by the blood flow before reaching cells located
in the reverse direction of the blood flow. Nevertheless, Ca2+ waves gener-
ated by ligands that bind to membrane receptors also exit, and can co-exist
with gap junction mediated Ca2+ waves, but the contribution of each
would vary under different physiological conditions. Other well-known
function of gap junctions is that found in astroglial cell syncytia, which un-
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der high neuronal activity serve as spatial buffer through which neurotoxic
neurotransmitters (e.g., glutamic acid) and depolarizing ions such as K+
are diluted. This contributes to maintaining the extracellular homeostasis
for adequate neuronal performance (Theis and Giaume, 2012).

The aforementioned membrane channels are also expressed by cells that
do not form solid tissues such as polymorphonuclear cells, macrophages
and lymphocytes, as well as metastatic cells (Saez et al., 2003). These cells
can establish homocellular or heterocellular contact at very specific places
and moments in their trafficking domains. For instance, dendritic cells and
T cells establish physical contact during antigen presentation as well as
during extravasation from lymphatic vessel as well as blood flow to specific
tissues. In immune cells, the expression of Cxs as well as the formation
of functional gap junction channels and hemichannels have been so far
shown to be transiently upregulated by difterent cytokine mixtures and
extracellular ATP (Saez et al., 2014).

In addition to forming gap junction channels and hemichannels, Cxs
have also been detected in the inner membrane of mitochondria, forming
ion permeable channels that affect the functional activity of this subcellu-
lar organelle (Boengler and Schulz, 2017). Moreover, two channel-inde-
pendent functions of Cxs have been documented. One of them pertains
to cell-cell adhesion proteins accomplished through strong head to head
interactions of Cxs as part of gap junction channels. This interaction is so
strong that it can only be interrupted in the degradation pathways of gap
junction channels, which are internalized as annular rings into one of two
interacting cells. Another channel-independent function of Cxs is that they
act as membrane transducers since they can be detected in the nucleus
interacting with intracellular proteins that regulate gene expression such as
the transcriptional factor B-catenin (Chang et al., 2014).

Cell-cell communication under chronic pathological conditions

A common factor of chronic diseases is a small but persistent increase in
[Ca2+]i. For example, this type of [Ca2+]i increase is found in myofibers
of mdx mice, a model of Duchenne muscular dystrophy or in cells of a
dysfernilopathy (Cea et al.,2016a;2016b). Although this change is not very
dramatic, it could be sufficient for maintaining higher activity of several in-
tracellular signaling pathways that progressively generate pro-inflammatory
bioactive molecules (e.g., oxygen free radicals, cytokines and eicosanoid
products). The outcomes of these bioactive products include the activation
of the inflammasome, mitochondrial dysfunction, modifications in gene
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expression and cell death. However, the origins of the increase in [Ca2+]
1 have remained elusive, and could either be from Ca2+ influx and/or re-
lease from intracellular stores.

Numerous studies have tried to identify selective membrane ion chan-
nels as putative pathways for increases in Ca2+ inflow, but their block-
ade has not shown to render significant protection. Recently, it has been
demonstrated that several non-selective channels are expressed de novo or
are upregulated under chronic inflammatory conditions. These channels
include Cx hemichannels, Panx1 channels, P2X7 receptors and TRPV2
channels (Cea et al., 2013; 2016a; 2016b; Cisterna et al., 2016; Balboa et
al., 2017). Interestingly, several of these channels are permeable to Ca2+.
For instance Cx26, Cx32 and Cx43 hemichannels are permeable to Ca2+
(Sanchez et al., 2008; Schalper et al., 2010; Fiori et al., 2012). At least for
Cx26 and Cx43 hemichannels, it seems that no additional protein is in-
volved in allowing Ca2+ diftusion across the cell membrane, because
hemichannels reconstituted in liposomes have been shown to permeate
Ca2+ (Schalper et al., 2010; Fiori et al., 2012). Similarly, the P2X7 recep-
tor and TRPV2 channels are permeable to Ca2+, and could also con-
tribute to increasing [Ca2+]i (Iwata et al., 2009; Young et al., 2012). In
addition, increases in [Ca2+]i can induce Ca2+ release from intracellular
stores, which further increases intensity and/or duration of the rise in in-
tracellular free Ca2+ concentrations. This response could reduce the ex-
tracellular Ca2+ concentration, which increases the open probability of
Ca2+ permeable channels, including TRP channels, P2X receptors and
several Cx hemichannels. Additionally, greater [Ca2+]i increases the open
probability of Panx1 channels (Sdez and Leybaert, 2017), which together
with Cx hemichannels allow ATP release to the extracellular milieu, fa-
voring the activation of P2Y and P2X7 receptors. While P2Y receptors
desensitize with prolonged or high ATP concentrations the P2X7 receptor
does not desensitize contributing to a feedforward mechanism (Figure 2).
Accordingly, the inactivation of P2X7 receptors, TRPV2 channels or Cx
hemichannels provides protection to skeletal myofibers of mdx mice, as
discussed by Cea and collaborators (Cea et al., 2016a) (Figure 2).

Consequently, the resulting increase in [Ca2+]1 activates several inflam-
matory signaling pathways that generate oxygen free radicals known to
activate Cx hemichannels (Retamal et al., 2006; Ramachandra et al., 2007,
Figueroa et al., 2013) as well as the inflammasome, which yields pro-in-
flammatory cytokines (e.g., IL-1p3) (Cea et al., 2013; Cea et al., 2016a).
Then, pro-inflammatory cytokines released by parenchymal cells, as well as
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Figure 2. Scheme of a reverberant mechanism of Ca2+ influx and ATP release that participates
in inflammatory responses in different cell types. When a cell is inflamed molecular triad com-
posed of Panx1 channel (Panx1 Ch), connexin hemichannels (Cx HCs) and P2 receptors (P2X7R
and P2Y) is expressed. While P2Y receptors activated by extracellular ATP causes the release of
Ca2+ from intracellular stores via IP3, all other channels are permeable to Ca2+ and are activat-
ed by elevated intracellular Ca2+, causing more ATP release via Panx1 Ch and Cx HCs. Also, an
increase in intracellular Ca2+ can induce Ca2+ release from intracellular stores.

infiltrated inflammatory cells, generate another positive feedback because
the resulting pro-inflammatory cytokines also increase the open probabil-
ity of Cx hemichannels via p38 kinase and iNOS (Retamal et al., 2007).
Subsequently, the nitric oxide generated via iNOS could cause S-nitrosyl-
ation of Cxs increasing the open probability of Cx hemichannels (Reta-
mal et al., 2006; Figueroa et al., 2013), which seems to be a gating mech-
anism because the amount of hemichannels present in the cell surface is
not significantly affected (Retamal et al., 2006). However, increases in Cx
hemichannel activity induced by oxygen deprivation, metabolic inhibition
or pro-inflammatory cytokines seem to be explained by greater amounts
of Cxs in the cell membrane (Retamal ef al., 2006; Orellana et al., 2010;
Orellana et al., 2011).

In parallel to increases in Cx hemichannel activity promoted by pro-in-
flammatory agents, reductions in gap junctional communication between
parenchymal cells have consistently observed (Retamal et al., 2007; Orella-
na et al.,2010; Hernandez-Salinas ef al., 2013; Figueroa et al., 2012;Ye et al.,
2014), and neurons become more susceptible to insults including oxidant
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agents (Ye et al., 2014). The relevance of recoupling to protect cells from
insults has been limited by the lack of strategies that increase gap junctional
communication, without having any effect on hemichannels. However,
the importance of Cx channels in some diseases has been demonstrated
by using constitutive Cx knockout or cells specific Cx knockout mice.
But, this strategy does not differentiate between hemichannels and gap
junction channels, unless the cell type does not form one channel type,
as in denervated skeletal muscles that express only hemichannels (Cea et
al., 2013). Nevertheless, inhibition of Cx hemichannels without effects on
gap junction channels has been accomplished selective inhibitor including
mimetic peptides and organic molecules (Willebrords et al., 2017). Given
that increases in Cx hemichannels in chronic diseases might require long-
term treatments, the use of peptides might have certain limitations due to
degradation and possible immune responses. Alternatively the use of or-
ganic molecules that selectively block hemichannels, and do not aftect gap
junction channels might be a choice of preference. For instance, boldine
has been shown to block Cx hemichannels and Panx1 channels without
inhibitory effects on gap junction channels (Hernandez-Salinas ef al., 2013;
Yi et al., 2017). Recently, we demonstrated that chronic treatment with
boldine prevents to a great extent morphological and functional kidney
alterations induced by diabetes (Hernandez-Salinas et al., 2013), as well as
the neuronal suffering in an animal model for Alzheimer’s disease (Y1 et al.,
2017) two chronic diseases that develop inflammation. Unfortunately, bol-
dine is not a selective molecule, since it also affects several other membrane
proteins (O’Brien et al.,2006) and in the same line of analysis the pharma-
cologic and toxic doses for boldine are too close to each other, which is
an important limitation for human use. Nevertheless, bioinformatic stud-
ies using the crystal structure of Cx26 channels (Maeda et al., 2009) and
boldine as well as other non-selective gap junction channel/hemichannel
blockers, such as carbenoxolone, were used as pharmacophore and has led
to the discovery of a potent and selective Cx hemichannel blocker with
EC50 around 10 nM (further described in Chilean and International pat-
ent applications). Consistent with the high affinity and selectivity (it does
not block gap junction channels of Panx1 channels), the pharmacologic
and toxic doses are apart by at least three orders of magnitude. In addition,
animal models of acquired or inherited chronic diseases with significant
inflammatory responses (mdx mice) recover their organ function (muscle
strength) when the compound called D4 1s administered for 3-4 weeks.
Complete recovery occurs if the disease affects a tissue with regenerative
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properties (e.g. skeletal muscles). In mice treated acutely or chronically
(kindling) with epileptogenic agents (e.g., PTZ or ketamine), we found
high Cx hemichannel and Panx1 channel activity in glial cells and treat-
ment with D4 also drastically prevent the manifestation of seizures and
neuroinflammation. Therefore, the aforementioned finding indicate that
tissue dysfunction (skeletal muscle or brain) in chronic diseases results from
the inflammatory response in which Cx hemichannels play a critical role.
Manuscripts containing these results are under preparation and will soon

be reported elsewhere.
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FREE RADICALS, OXIDANTS AND ANTIOXIDANT
SYSTEMS IN PHYSIOLOGY AND DISEASE

RAFAEL RADI'

Introduction

Free Radicals and Oxidants in Human Biology

Free radicals and oxidants are continuously produced in cells and tissues
as a consequence of normal metabolism. These reactive species include
superoxide radical (O, "), hydrogen peroxide (H,O,), hypochlorous acid
(HOCI), nitric oxide (YNO) and peroxynitrite (ONOQO™), all of which
are short-lived species (i.e. biological t1/2 range from ps in the case of
O, " to s in the case of 'NO). While at low levels free radicals and oxidants
participate in redox signaling activities that promote cell proliferation and
adaptation to the environment, high levels result in accumulation of oxida-
tive modifications of biomolecules, which are associated to the disruption
of redox homeostasis, oxidative damage and cell death. Free radicals and
oxidants participate in the process of normal aging and also in pathology
such as in the development of acute and chronic disease conditions such
as inflammation, atherosclerosis, hypertension and neurodegeneration. Free
radicals and oxidant exposure to human tissues also arises from external
sources such as UV radiation and smog and also secondary to xenobiotic
metabolism. In essence, we are exposed to either endogenous or exoge-
nous free radicals and oxidants throughout life!

Footprints of oxidative damage in human cells and tissues can be as-
sessed by a variety of methods including immunochemical and analyti-
cal techniques, where stable products derived from oxidant reactions with
target molecules can be identified and quantitated. For example, protein
tyrosine nitration (Fig. 1A) (Radi, 2013a), an oxidative posttranslational
modification in proteins secondary to the reactions of ‘NO-derived ox-
idants such as peroxynitrite, has been assessed in tissues with antibodies
that recognize 3-nitrotyrosine in a large variety of disease conditions (e.g.

! Departamento de Bioquimica and Center for Free Radical and Biomedical Re-
search, Facultad de Medicina, Universidad de la Reptblica, 11800 Montevideo, Uru-
guay. e-mail: rradi@fmed.edu.uy
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Figure 1. Protein 3-nitrotyrosine: biochemical mechanisms of formation and immunodetection
in tissues. A. Formation of 3-nitrotyrosine is a two-step process that involves the one-electron
oxidation of tyrosine to tyrosyl radical followed by the combination reaction with nitrogen diox-
ide (Reproduced with modifications from Radi, 2013a). B. Inmunodetection of 3-nitrotyrosine
in human mediastinal lymph nodes undergoing an inflammatory process. Heavy immunostain
is observed in macrophages (see inset) (Reproduced from Brito et al., 1999). C. Inmunoelectro-
microscopy revealing protein-3-nitrotyrosine in the aorta of an old rat. At the the vascular endo-
thelium the highest label density is over mitochondria (m). Bar, 0.5 pm. Original magnifications:
x22,000. (Reproduced from van der Loo et al., 2000).
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inflammation, Fig. 1B) (Brito et al., 1999) and the process of aging (e.g. in
the vasculature, Fig. 1C) (van der Loo et al., 2000).

Mitochondria: a key source and target of free radicals and oxidants

Under normal conditions > 99% of molecular oxygen that is consumed
by most mammalian cells is utilized in the process of respiration at the ter-
minal oxidase of the mitochondrial electron transport chain, cytochrome ¢
oxidase, where it 1s reduced by four electrons to water. The process of cell
respiration is coupled to the mitochondrial generation of ATP and, as such
critical, for bioenergetics. Nevertheless, even under normal conditions, a
small percentage of electrons flowing through the electron transport chain
component “leak out” directly to molecular oxygen, causing its monova-
lent reduction to O, Thus, mitochondria constitute a constant source
of O, 7, much of which is readily converted to H,O,, via the enzymatic
action of a family of metalloenzymes, the superoxide dismutases (SOD)
(Fridovich, 1997), which are present either in the matrix (MnSOD) or
the intermembrane space (CuZnSOD). SODs readily catabolize O, ~in a
near-diffusion controlled reaction (Eq. 1):

SOD
O, + O, +2H+ = O, + H,0, Eq.1

Some of the O,"~ may escape the action of SOD and selectively react
and inactivate one of the rate-limiting enzymes of the Krebs cycle aconi-
tase, or with .NO to yield peroxynitrite (vide infra).

Once formed, H,O, can diffuse out of the mitochondria, react with
mitochondrial targets or be decomposed by mitochondrial peroxidatic sys-
tems including peroxiredoxins and glutathione peroxidase. Thus, overall
mitochondria have an array of antioxidant enzyme systems (SODs, perox-
iredoxins, glutathione peroxidase) that maintain both O, ~and H,O, under
low steady state concentrations (possibly in the nM range for O," - and
puM range for H H O)) (Winterbourn, 2008). Under conditions of mito-
chondrial aging or mitochondrial dysfunction observed in disease states
secondary to a variety of challenges and mediators, mitochondrial 02~/
H,O, fluxes can enhance several fold and lead to disruption of mitochon-
drial redox homeostasis, oxidative damage, apoptotic signaling and even
bioenergetics failure (Szabo et al.,2007) (Fig. 2). In this sense, restoration of
the mitochondrial redox-bioenergy homeostasis becomes a central ther-
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Figure 2. Formation and reactions of peroxynitrite in mitochondria. Nitric oxide diffusion to mi-
tochondria results in the formation of peroxynitrite due to the fast reaction with mitochondrial
0,°". Peroxynitrite may disrupt mitochondrial redox and energy homeostasis via inactivation of
aconitase and respiratory chain complexes. Additionally, peroxynitrite promotes the nitration
and inactivation of MnSOD rendering the organelle even more susceptible to excess O,°~ genera-
tion. Cytochrome ¢ may be also nitrated and elicit a gain-of-peroxidase function that contributes
to cardiolipin oxidation. Overall, the conditions of oxidative stress created in the organelle facil-
itate the opening of the permeability transition pore with the release of pro-apoptotic factors to
the cytosol. Mitochondrial peroxiredoxins attenuate peroxynitrite toxicity via its two-electron re-
duction to nitrate. Mitochondrial-targeted antioxidants may exert also protective actions against
the toxicity generated by excess mitochondrial oxidant formation. (Reproduced from Szabo et
al., 2007).

apeutic goal in disease conditions in which mitochondrial oxidant for-
mation and mitochondrial dysfunction play central roles in pathogenesis
(Murphy and Smith, 2007).

NADPH Oxidases: from pathogen killing to redox signaling

Other central sources of cellular oxidants are constituted by the NA-
DPH oxidases, redox enzymes present in the plasma membrane of many
cell types, notably phagocytic cells. NADPH oxidases were initially de-
scribed in neutrophils and macrophages where upon appropriate stimuli
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(e.g. phagocytosis of invading pathogens) cytosolic components migrate
to the plasma membrane leading to enzyme activation and generation of
large fluxes of O, ~ towards the phagosome or extracellular space for pe-
riods that range from 30-120 min in a process described as the “oxidative
burst”. The primary role of this NADPH oxidase-derived O, is mainly
directed to kill invading bacteria and parasites, by oxidative mechanisms
that also involve the secondary formation of stronger oxidants such as
HOCI or peroxynitrite in the case of the neutrophils or macrophag-
es, respectively (Winterbourn, 2008; Prolo et al., 2014). Thus, phagocyte
NADPH oxidase (NOX-2) mainly plays a role in the cytotoxic cellular
immune response; this contention can be corroborated with the observa-
tions of the larger tendency to infections in animal NOX-2 KO models
(Nathan and Shiloh, 2000) or in patients suffering chronic granuloma-
tous disease that have a genetic defect in the NOX-2 gene (Babior and
Curnutte, 1987). More recent work has shown that the NOX enzymes
(other isoforms) are largely distributed among many cell types, serving
cell signaling and cytoregulatory purposes (e.g. NOX-1 in vascular en-
dothelial cells).

Nitric Oxide and Peroxynitrite: from signal transduction to cytotoxicity

Nitric oxide is mainly formed enzymatically by the action of nitric
oxide synthases (NOS) in a reaction that utilizes as substrates L-arginine,
molecular oxygen and NADPH (Knowles and Moncada, 1994). The en-
zyme utilizes tetrahydrobiopterin as cofactor and its activity, especially in
the constitutive forms, is regulated by calcium. There are three main iso-
forms, endothelial, neuronal and inducible NOS, that play central roles in
vasodilation, neurotransmission and immune responses, respectively.

Nitric oxide is a small, neutral and hydrophobic molecule that can read-
ily permeate across lipid bilayers. Its signaling actions mainly depend on
its reversible reaction with the heme group of guanylate cyclase leading
to enzyme activation and promoting the generation of cGMP. Another
important reversible reaction, is its interaction with cytochrome ¢ oxidase
(in competition with molecular oxygen) that leads to modulation of res-
piratory rates. The region of action of "NO is typically within 100-1000
pum, being mainly a paracrine or autocrine mediator. Once it reaches a
blood vessel, it is readily consumed by red blood cells via the oxy-hemo-
globin-mediated oxidation of ‘NO to nitrate.

A key aspect connecting ‘NO with redox biology relates to its fast reac-
tion with O, . Indeed, ‘NO reacts with O, " at diffusion-controlled rates
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to yield the potent oxidizing and nitrating species, peroxynitrite (Eq. 2)
(Beckman et al., 1990; Radi ef al., 1991)

'NO + O,”~ = ONOO~ Eq.2

The anionic form of peroxynitrite is in equilibrium with peroxynitrous
acid (pKa ca. 6.8), what makes that both species coexist under biologi-
cally-relevant conditions. Equation 2 clearly shows that O, ~ controls the
biological t, , of 'NO and decreases its bioactivity. For example, in hyper-
tension the bioavailability of endothelial cell-derived "NO is decreased by
enhanced formation rates of O, in the vasculature. A similar ‘'NO /O~
interplay, although in a much more moderate manner, is observed during
normal vascular aging (var der Loo ef al., 2000). In addition, the formation
of peroxynitrite helps to rationalize much of the toxic actions of ‘'NO under
inflammatory conditions and how "NO, not being per se a strong oxidant,

0;" _"NO
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+
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RSH {2 Me™
' 2 - 4
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NO,  "OH+'NO,  COj+°'NO, ‘NO,

Figure 3. Peroxynitrite reaction pathways. Nitric oxide can kinetically outcome the SODs for the
reaction with O,°~ and yield peroxynitrite. The red arrow connects an early scheme proposing the
basic biochemistry of peroxynitrite (Radi et al., 1991) with our current knowledge of the path-
ways of peroxynitrite reactions involving two-electron oxidation of thiols (I), proton-catalyzed
homolysis (II), reaction with CO, (Ill) and one-electron oxidation of transition metal centers. The
relative contribution of each of the four pathways is kinetically controlled, with homolysis being
a marginal route. (Reproduced from Radi, 2013b).
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can participate in oxidation and nitration reactions in the pathogenesis of
disease and the process of aging. Peroxynitrite can promote direct one- and
two-electron oxidations in biomolecules such as transition metal-contain-
ing centers and thiols, respectively. It can also evolve to secondary free
radicals such as carbonate radicals (CO, ") and nitrogen dioxide (NO,) fol-
lowing its fast reaction with carbon dioxide (Fig. 3) (Radi, 2013b); marginal
amounts of hydroxyl radical (OH), a potent oxidizing intermediate, can be
also formed by homolytic cleavage of ONOOH. Peroxynitrite is typically
more reactive than other oxidants such as H O,. In fact, a seminal report
showed that the second order rate constant at pH 7.4 and 37°C of perox-
ynitrite with typical thiols is at least three orders of magnitude higher than
that with H,O, (e.g. ca. 5,000 M-1s-1 vs. 5 M-1s-1) (Radi, 1991). Recent
work has shown that some proteins contain “fast reacting thiols” that can

Phosphorylation Cascade Functional Consequences Immune Response
Mo ~Antibodies anti-3-NT
Loss-ol-funchon =T calls
~Gain-of-funckon

Figure 4. Formation and consequences of protein tyrosine nitration. Peroxynitrite-dependent
and independent mechanisms of protein tyrosine nitration are indicated as well as the func-
tional impact that nitration may have. Nitration of tyrosine residues many times is associated to
tyrosine dimerization (and cross linking), as both nitration and dimerization required the inter-
mediacy of tyrosyl radical. The mechanisms of turn over and removal of nitrated tyrosines from
proteins are still not fully defined. (Reproduced from Souza et al., 2008).
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react with H,O,, peroxynitrite and even lipid hydroperoxides at significant
faster rates than with typical thiols, notable examples being the enzymes
of the peroxiredoxin family (Trujillo ef al., 2016). It is likely that peroxire-
doxins not only contribute to catalytically detoxify peroxide, but also can
represent “redox relays” in redox signaling processes (Stocker et al., 2017).

In addition to the direct thiol oxidation reactions, the free radicals aris-
ing from peroxynitrite participate in another paradigmatic process, namely
the formation of 3-nitrotyrosine. Indeed, the one-electron oxidation of
tyrosine leads to tyrosyl radical that readily reacts with 'NO, to yield a
nitrated product. Protein 3-nitrotyrosine is a hallmark of the reactions of
‘NO-derived oxidants in vivo; moreover, nitration of key tyrosine residues
can affect protein structure and function, alter tyrosine kinase-dependent
signal transduction cascades, elicit immunogenic responses and affect pro-
tein turnover rates (Fig. 4) (Souza et al., 2008; Radi, 2013a). Oxidized and
nitrated proteins can be recognized and removed by proteolytic systems,
including the proteasome, and favor protein turnover. Still, it is clear that
during the aging process oxidized proteins (and other products such as ox-
idized lipids and DNA) accumulate and lead to an alteration of proteostasis
(Lopez-Otin et al., 2013).

Enzyme antioxidant networks, low molecular weight antioxidants and
redox-based therapeutics

Antioxidant enzyme systems in mammalian cells are represented by the
SODs, peroxiredoxins and glutathione peroxidases present both in the cy-
tosol and mitochondria (Winterbourn, 2008). For some of these enzymes,
extracellular forms (e.g. ECSOD) also play important roles in the modu-
lation of tissue redox homeostasis. Another important H,O, catabolizing
enzyme is catalase, mainly present in peroxisomes. Altogether the array of
antioxidant enzyme system can cope, at least partially, with enhanced for-
mation rates of O2,7, H O, and even peroxynitrite (this last is also readily
decomposed by peroxiredoxins). In the case of the peroxiredoxins and glu-
tathione peroxidases, these enzymes need to be coupled to reducing systems
such as thioredoxin or GSH to restore the enzymes back to the reduced
(native) state. The reduction process ultimately depends on the correct sup-
ply of NADPH. Some low molecular weight compounds such as GSH,
ascorbate, uric acid, o-tocopherol and ubiquinol also act as antioxidants
intercepting reactive radicals intra- or extra-cellularly and at the plasma or
mitochondrial membranes. It is important to indicate that while the mam-
malian antioxidant enzyme network plays usually homeostatic and tissue
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Figure 5. Mitochondrial-targeted redox active compound mitoQ in the treatment of an animal
model of ALS. A. MitoQ structure. B. Oral administration of mitoQ after initiation of symptoms
resulted in increased survival and improved grip strength test in the hSOD1 G93A mice. (Repro-
duced from Miquel et al., 2014).

protective roles, in the case of invading pathogens (e.g. bacteria, parasites),
their antioxidant enzyme systems (usually different to those of the host
tissue) are utilized to evade the cytotoxic response from inflammatory cells
and have been recently identified as virulence factors (Piacenza et al., 2009).
Thus, pathogens have evolved antioxidant enzyme systems to neutralize the
oxidative response of the host (in good part mediated by NADPH oxidase
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and NOS-dependent processes) (Nathan and Shiloh, 2000) and may be
suitable as therapeutic targets for the combat of infections.

Genetic or pharmacological up-regulation of antioxidant enzyme sys-
tems has proven in many cases to confer protection to cells, tissues and
organs in different disease models. Importantly, while for many years it was
thought in the field that consumption or administration of redox active
natural (e.g. polyphenols) or synthetic compounds (e.g. Mn-porphyrins)
provided additional direct antioxidant protection to cells or tissues, it has
now become very clear, that many of the therapeutic cytoprotective effects
of tested redox active compounds rely on “indirect” effects via redox sign-
aling (e.g. via the redox sensitive transcription factors Nrf-2 or Foxo) and
secondary upregulation of enzyme systems (Fiuza et al., 2015) An interest-
ing aspect of the concept of redox-based therapeutics relates to the effect
of redox active compounds that help to restore mitochondrial function and
redox homeostasis in disease states. For instance, we have successfully used
a mitochondria-targeted ubiquinol (mitoQ) in an animal model of motor
neuron degeneration (resembling the development of ALS in humans, the
hSOD1 G93A transgenic mice model) (Miquel ef al.,2014). Administration
of mitoQ in the drinking water of animals affer the initiation of the symp-
toms, resulted in better muscle mitochondria function, a slowing of disease
progression, and extension of life span, compared to the transgenic animals
with placebo (Fig. 5).This and several other recent studies reaffirm the idea
of mitochondria-targeted redox-based therapeutics as a sound strategy to
treat disease conditions where excess oxidant formation and mitochondri-
al dysfunction play a contributory role. Also, control and maintenance of
cell and tissue redox homeostasis within physiological boundaries through
life-style patterns that include regular exercise and balanced diet as well as
by emerging preventive and therapeutic interventions becomes essential to
promote healthy aging. By optimizing mitochondrial redox functions and
antioxidant enzyme networks in human cells, tissues and organs, the una-
voidable and continuous exposure to endogenous and exogenous oxidants
is better managed, minimizing the inherent “risks” of aerobic life.
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HOW GLYCANS IN GLYCOPROTEINS PROVIDE
THE CELL WITH INFORMATION ON THE
FOLDING STATUS OF THE PROTEIN MOIETIES

ARMANDO ). PARODI'

Introduction

About a third (9000) of eukaryotic proteins follows the secretory path-
way and approximately 80% of them are N-glycosylated in the endoplas-
mic reticulum (ER) lumen. This is a highly crowded environment (about
200 mg protein/ml) containing several conventional chaperones belonging
to the Hsp70 (BiP) or Hsp90 (GRP94) families and several protein di-
sulfide isomerases that promote the correct disulfide bond formation in
a highly oxidizing milieu. N-glycosylation consists in the transfer in most
species of the glycan Glc3Man9GIcNAc2 (G3MY) from a polyprenol li-
pid (dolichol) to the amidic nitrogen in the side chain of an Asn unit (see
Fig 1A for the processing and lectin recognition of N-glycans in the early
secretory pathway and Fig 1B for the structure of the glycan transferred
to proteins). The amino acid must be in the sequence Asn-Xxx-Ser/Thr
to be glycosylatred, where Xxx can be any amino acid except for Pro.
Secretory proteins acquire their tertiary structures and in most cases also
their quaternary ones in the ER lumen. Glycoproteins that fail to properly
fold or, in the case of protein complexes, to acquire their quaternary struc-
tures are retrotranslocated to the cytosol to be degraded by the proteas-
omes. Two questions do emerge, therefore: first, how do cells distinguish
between folding intermediates, irreparably misfolded glycoproteins or in-
completely assembled complexes nevertheless formed by correctly folded
subunits from properly folded glycoproteins or assembled complexes so as
to prevent the Golgi exit of the former and allow secretion of the latter?
And second, how do cells distinguish between folding intermediates from
irreparably misfolded glycoproteins so as to allow the former additional
possibilities for proper folding in the ER lumen but to send the latter to
proteasomal degradation? It must be noted that folding intermediates are
structurally undistinguishable from irreparably misfolded species. As will be
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further developed below, glycans in glycoproteins are the main participants
in the answer to both questions (Parodi, 2000; Caramelo and Parodi, 2008;
Caramelo and Parodi, 2015; D" Alessio et al., 2010).

1. Glycan Processing. The ER Glucosidases

The constancy in the composition and structure of the glycan initially
transferred in most species (Fig. 1B) sharply contrasts with the wide struc-
tural variation of N-glycans present in fully mature glycoproteins at their fi-
nal destinations. The reason for this is that glycans are processed by removal
and addition of several monosaccharides along the secretory pathway, main-
ly at the Golgi apparatus. On the one hand, the great variety of different
glycans 1s well suited for the many recognition phenomena occurring at the
cell surface in which glycan structures play central and discriminating roles.
For instance cell differentiation, migration and proliferation are mediated or
modulated by N-glycans. On the other hand, the glycan structures that are
common to all glycoproteins and species at early secretion stages provide
tools required for a process that is common to all glycoproteins, namely the
acquisition of their native tertiary and in some cases also their quaternary
structures in the ER (Larkin and Imperiali, 2011).

Processing of the protein-linked glycan in the ER involves two gluco-
sidases, a glucosyltransferase and several mannosidases. Glucosidase I (GI),
an a(1,2) exoglucosidase, is a type II membrane protein belonging to the
glycosylhydrolase 63 family that is associated to the Sec61 translocon, a
feature that ensures removal of the outermost glucose (residue n, Fig. 1B)
immediately after glycan transfer to protein (Dejgaard ef al., 2010). Gluco-
sidase II (GII) is a heterodimeric soluble protein belonging to the glycosyl-
hydrolase family 31, as it displays the consensus sequence (G/F)(L/1/V/M)
WXDMNE. It is responsible for removal of the two innermost glucose
units (residues m and 1, Fig. 1B). Subunit GIIa bears the catalytic activity
and no retention/retrieval KDEL-like sequence.The latter is present at the
C-terminus of the GIIf} subunit. GIIf} has a mannose receptor homologue
(MRH) C-terminal domain, capable of oligomannosyl glycan recognition.
Similar domains are present in other proteins of the secretory pathway as
in the UDP-GIcNAc:lysosomal enzyme GIcNAc 1-P transterase (the first
enzyme responsible for the creation of the Man 6-P epitope in lysosomal
hydrolases), in receptors responsible for driving lysosomal hydrolases from
the trans Golgi network to lysosomes and in a lectin (Osp9/0OS9) involved
in driving irreparably misfolded glycoproteins from the ER to proteasomal
degradation in the cytosol (see below)(D’Alessio and Dahms, 2015; Olson
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et al.,2015;Trombetta et al., 1996). However, all mentioned MR H domains
show difterent specificities towards oligomannosyl ligands displaying dif-
ferent structures. The GIIff MRH domain greatly enhances, both in vivo
and in vitro, the catalytic activity present in the GIIa subunit and its affinity
towards N-glycans decreases as the number of mannose units diminishes
(Hu et al., 2009; Stigliano ef al., 2009). As expected, therefore, a decrease in
the mannose content of N-glycans greatly reduces GIla activity (Stigliano
et al., 2011). The main residue influencing it appeared to be residue k (Fig
1B). Concerning the relative speed of removal of both glucoses, that of
the first cleavage (removal of residue m, Fig. 1B) is faster than that of the
second one (removal of residue I, Fig. 1 B) (Totani et al., 2006). This fact
would provide better chances of interaction of glycoproteins with ER lec-
tins calnexin (CNX) and calreticulin (CRT) (see below).

2. The Lectins (CNX and CRT)

Both CNX (65 kDa) and CRT (46 kDa) are ER permanent resi-
dent proteins that display an N-terminal signal peptide and a B-sandwich
N-terminal domain that is similar to that of leguminous lectins and bears
the lectin activities. In both proteins the lectin domains are followed by
Pro-rich domains, called P-domains, and by acidic C-terminal domains.
A transmembrane sequence appears in CNX before the cytosolic C-ter-
minal domain. CRT is a soluble protein having a KDEL-like retention/
retrieval sequence at its C-terminus, whereas CNX shows an RKPRRE
ER -localization sequence at its C-terminus. The P-domain is character-
istic of these two proteins. In the case of CNX it protrudes about 140 A
from the lectin domain and consists of four copies of motif 1 (IxXDP(D/E)
(A/D)xKP(D/E)DWD(D/E) followed by four copies of motif 2 (GxWxx-
PxIXNPxY) in an 11112222 array. The motifs are present in four modules
with a head to tail arrangement. The CRT P-domain is shorter, with only
three copies of similar motifs. The P-domains are extremely flexible and
are capable of embracing bound glycoproteins, thus preventing their ag-
gregation. Both CNX and CRT strictly require the presence of a single
glucose unit in the glycans for binding, but mannoses also contribute to
the binding energy (Kb=2.2 104 M-1;56 104 M-1 and 102 104 M-1 for
Glcal1,3Man, Glcol,3Manal,2Man and Glcal,3Mana.1,2Mana.1,2Man,
respectively). 2-deoxyGlca1,2Man is not recognized by CRT, thus show-
ing that the equatorially oriented 2-hydroxyl group in glucose is required
for binding (Kapoor et al., 2003). Although CNX and CRT glycan bind-
ing features are identical, in vivo they bind an only partially overlapping
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set of glycoproteins, the former preferring glycans located close to the
ER inner membrane and the latter mainly binding glycans located distal-
ly to it (Hebert ef al., 1997). As further described below, BiP and CNX/
CRT cooperate to assist the entire folding pathway of glycoproteins. Early
folding intermediates preferentially interact with BiP and more advanced
intermediates are recognized by the lectins (Labriola et al., 2011; Molinari
and Helenius, 2000; Wang et al., 2005). It should be mentioned that some
microorganisms only have one of the lectins. For instance trypanosomatid
protozoa only have CRT, while the fission yeast Schizosaccharomyces pombe
genome only codes for CNX.

CRT is one of the main ER calcium buffers as it accounts for about half
the cation content of the organelle. The acidic C-terminal domain of the
protein can bind about 25 calcium ions with low aftinity (Kd about 1 mM).
The CRT lectin and calcium buffering activities are mutually independent
(Conte et al.,2007). CRT KO is embryonically lethal in mice (E14,5) and
this effect is due to a deficient development of the heart (Mesaeli et al.,
1999). This effect can be prevented by expressing a constitutively active
calcineurin in that organ. This result shows that CNX can compensate for
the absence of CRT in the Glycoprotein Folding Quality Control (GFQC,
see below), and stress the role of CRT in the regulation of cellular calcium
homeostasis. Contrary to what happens with CRT, CNX KO mice are
viable, although the animals have a dysmyelination phenotype in the pe-
ripheral and central nervous systems. Their immune system is not affected,
they are fertile and have a normal lifespan (Kraus et al., 2010).

3. Two Enzymes Interacting with CNX/CRT

Two enzymes have been reported to interact with CNX/CRT. The
first one (ERp57) is a member of protein disulfide isomerase family (Jessop
et al., 2009). The domain organization of this enzyme is similar to that of
PDI (protein disulfide isomerase proper), that is, four thioredoxin domains
(a,b,b",a"), in which a and a” display the redox motif CGHC. Whereas in
the PDI proper the b” domain displays a hydrophobic patch responsible for
binding protein substrates, the ERp57 b” domain has a cluster of positively
charged amino acids that interact with the negatively charged tip of CNX/
CRT P-domains. This interaction is responsible for presentation of most
substrates to ERp57. CNX-ERp57 interaction is modulated by a disulfide
bond located at the P-domain (this bond is absent from CRT). Deletion
of the disulfide bridge leads to a five-fold increase in the binding constant.
The aftinities between CNX/CRT and ERp57 are quite moderate (6 and

88 | cell Biology and Genetics



HOW GLYCANS IN GLYCOPROTEINS PROVIDE THE CELL WITH INFORMATION ON THE FOLDING STATUS

7 uM, respectively). Its fast off-rate (Koft > 1000 s-1) probably implies that
ERp57 can rapidly act in several glycoprotein-lectin complexes. Addition-
ally, it may be speculated that the high flexibility of the P-domains allows
ERp57 to scan for far-located disulfide bonds. As will be further developed
below, glycoprotein-CNX/CRT association results in increased folding
efficiency, decreased aggregation and facilitation of proper disulfide bond-
ing, this last effect being a consequence of CNX/CRT-ER p57 association.
The tips of the P-domains also mediate the interaction between the
lectins and cyclophilin B (CypB), an ER member of the peptidyl prolyl cys-
trans isomerase family, thus facilitating proper folding of CNX/CRT-bound
glycoproteins (Kozlov ef al., 2010). A cluster of positively charged amino
acids in CypB mediates its interaction with the lectins, with a Kd of about
10 uM. It may be speculated that CypB-CNX/CRT interaction improves
the intrinsic low catalytic efficiency of the isomerase. Both CypB and
ERp57 are very abundant species and how the balance between ERp57-
CNX/CRT and CypB-CNX/CRT complexes is regulated is unknown.

4. The Protein Conformation Sensor (UGGT)

UGGT stands for UDP-Glc:glycoprotein glucosyltransferase. This is
an ER resident, soluble, quite large enzyme (1555 residues in humans)
that displays a hydrophobic N-terminal signal peptide and a C-terminal
KDEL-like retention/retrieval sequence (except for the Trypanosoma cruzi
enzyme that lacks that sequence)(Conte et al., 2003; Fernandez et al., 1996;
Trombetta and Parodi, 1992). The catalytic activity resides in the C-termi-
nal domain (about 20% of the molecule) that is highly homologous to en-
zymes of the glycosyltransferase family 24. The rest (80% of the molecule)
is believed to be responsible for sensing the conformation of the glucose
acceptor glycoproteins. The enzyme requires calcium ions at millimolar
concentrations for activity and has an optimal neutral pH for activity. It
1s highly specific for UDP-Glc as sugar donor (UDP-Gal, TDP-Glc and
ADP-Glc proved to be ineffective) (Fernandez et al., 1984). Contrary to
GII (UGGT's opposing activity), removal of mannose units from arms B
and C (Fig. 1B) does not affect UGGT activity (Stigliano ef al., 2011).The
enzymatic activity was first detected in T cruzi: as Man9GIcNAc2 (M9)
and not G3MO is transferred to protein in this protist, detection of the
transient presence of protein-linked Glc1Man9GlcNAc2 (G1M9) upon
labeling cells with [14C]glucose implied the occurrence of a direct glyco-
protein glucosylation reaction (Parodi and Cazzulo, 1982). Further studies
showed that a similar reaction occurred in mammalian, plant and fungal
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cells: on complete deglucosylation of the transferred glycan (G3M9) by GI
and GII, a glucose unit may be transferred directly from UDP-Glc, thus
recreating a G1MO glycan structurally identical to that produced by partial
deglucosylation of the transferred glycan (Parodi ef al., 1983; Trombetta et
al., 1989). On devising an assay for purifying the enzyme, it was observed
that incubation of rat liver microsomes with UDP-[14]|Glc plus a glyco-
protein displaying M9, Man8GIcNAc2 (M8) and Man7GlcNAc2 (M7)
as putative acceptors (thyroglobulin), only resulted in a successful single
glucose transfer reaction when the glycoprotein had been previously dena-
tured with 8 M urea and not allowed to properly fold when withdrawing
the drug (Trombetta ef al., 1989). In fact, it was shown that UGGT not only
recognized the protein conformation of the acceptor glycoprotein but also
the innermost GIcNNAc unit of the glycan (Sousa and Parodi, 1995). This
residue is normally occluded by neighboring amino acids in native confor-
mations. The use of synthetic glycopeptides of increasing length displaying
well characterized three dimensional structures (up to 64 amino acids with
the glycopeptide M9-Asn chemically attached to C7) as substrates showed
that UGGT maximum kinetic efficiency coincided with a maximum ca-
pacity for 8-anilino-1-naphtalene sulfonate (ANS) binding (Caramelo et
al.,2003).This compound specifically binds hydrophobic patches. Optimal
glycopeptides displayed the so called molten globule conformations, al-
ready having most secondary and some tertiary native structures but ex-
posing hydrophobic patches as amino acid side chains are not yet buried
in the molecule interior. Furthermore, partially assembled glycoprotein
complexes containing a suboptimal number of correctly folded subunits
were found to act as UGGT acceptors (Keith et al., 2005). In this case the
hydrophobic surfaces exposed by the lack of the full subunit complement
were reported to be the structural features recognized by UGGT. Not
surprisingly, M9 linked to a hydrophobic peptide served as an acceptor,
provided it had a suitable length (Taylor et al., 2003). Moreover, the same
glycan linked to a hydrophobic, non-proteinaceous aglycone also served
as an acceptor (Totani ef al., 2009). In addition, UGGT proved to be an
extremely sensitive sensor of glycoprotein conformations as it differentially
glucosylated glycoproteins only slightly differing in their tertiary structures
(Caramelo ef al., 2004). The above mentioned UGGT acceptor substrate
conformational requirements that were found in cell-free assays indicated
that probably glycoproteins in their last folding stages, that is, in stages ex-
posing hydrophobic patches, are UGGT optimal substrates in the live cell.
In fact, in vivo experiments confirmed this idea as a glycoprotein displaying
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several disulfide bonds was monoglucosylated by UGGT only when all or
most of such bonds had been already formed (Labriola ef al., 1999).

UGGT KO in mice is embryonically lethal at E13 but it is not essential
for survival in plants (Molinari ef al., 2005). In the case of S. pombe, UGGT
is required for viability under extreme ER stress conditions (Fanchiotti et
al., 1998).

There are two homologues coding for UGGT-like proteins in Eutel-
eostomi, which is a successful clade that includes more than 90% of the
living species of vertebrates, and at least in some species of nematodes be-
longing to the genus Caenorhabditis. Recent studies showed both mam-
malian proteins (called UGGT1 and UGGT2) were enzymatically active
(Takeda et al., 2014).

The tertiary structure of UGGT from a thermophilic yeast (Chaetomi-
um thermophilum) has been solved recently by X-ray crystallography (Rov-
ersi et al., 2017). The enzyme has four thioredoxin-like domains arranged
in a long arc that terminates in two P-sandwiches tightly clasping the
C-terminal glucosyltransferase domain. Cryo-EM reconstruction revealed
an extreme interdomain flexibility. It was speculated that the intrinsic UG-
GT flexibility of the thioredoxin domains endow the enzyme with the
promiscuity required to reglucosylate many substrates of different forms
and shapes and/or with the ability to reglucosylate N-glycans located at
variable distances from the misfolded site.

5. An Overall Picture of the Quality Control of Glycoprotein Folding (QCGF)

Information provided above and additional non-mentioned results sug-
gest the following mechanism for the QCGF (see Fig. 1A): as a protein
enters the ER lumen through the Sec61 translocon it may be N-glyco-
sylated by the octameric oligosaccharyltransterase complex. The protein
moiety interacts then with the classical chaperone BiP that assist the first
glycoprotein folding stages. The sequential action of GI and GII then gen-
erates monoglucosylated species that are recognized by the unconvention-
al chaperone-lectins CNX/CRT. It may be speculated that at this stage
glycoproteins are already displaying a molten globule-like conformation
and that they are exposing hydrophobic patches. The lectin-glycoprotein
interaction prevents the Golgi exit of folding intermediates, of irreparably
misfolded glycoproteins and of incompletely assembled glycoprotein com-
plexes. In addition it enhances folding efficiency. The glycoprotein-lec-
tin P-domain embrace may be in part responsible for this last effect as it
prevents aggregation. In addition CNX/CRT lectin-associated enzymes
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ERp57 and CypB may help in forming the correct disulfide bonds and in
cis-trans proline isomerization. Upon GII removal of the innermost glucose
(residue 1, Fig. 1B), the glycoprotein is liberated from the lectin anchors. If
properly folded it is allowed to continue the secretory pathway but if not
it may be reglucosylated by UGGT, thus recreating the CNX/CRT-gly-
coprotein interaction. Cycles of reglucosylation-deglucosylation catalyzed
by the opposing activities of UGGT and GII would continue until the
glycoprotein adopts its native final tertiary structure (or in the case of
protein complexes also the correct subunit composition). Finally, if cells
realize that the glycoprotein is irreparably misfolded or unable to form a
complex with the expected subunit complement, it is sent to proteasomal
degradation by the ERAD process (see below).

6. ERAD or the Way to Gently Send Misfolded Glycoproteins to the Gal-
lows

As mentioned above, N-glycans in the ER may be demannosylated
in addition to deglucosylated. The former process is much slower than
the latter. In fact, demannosylation constitutes a “mannose time-clock”
that identifies glycoproteins staying for rather long time periods in the
ER lumen, as misfolded proteins and incompletely assembled glycoprotein
complexes do.

There are two ER a-mannosidases in the yeast lumen. ER o-mannosi-
dase I removes residue 1 (Fig. 1B), thus generating M8B (the mannose resi-
due is removed from arm B). A second 0-mannosidase, called Htm1p then
removes residue k (Fig. 1B) and M7BC i1s thus generated. This last manno-
sidase was found to be forming a complex with PDI proper. The oxidore-
ductase enhanced the mannosidase activity of Htm1p and participated in
the recognition of ER AD substrates (Gauss ef al.,2011). The o(1,6)-linked
mannose unit exposed upon removal of both mannoses (residue j Fig. 1B)
is then recognized by a lectin (called Osp9 in yeast and OS9 in mam-
mals) that bears a MRH domain (Hosokawa et al., 2009; Mikami et al.,
2011). Contrary to what happens with GIIp MRH domain, that in Osp9/
OS9 preferentially binds M7BC instead of M9.The lectin drives then the
glycoprotein bearing demannosylated M7BC N-glycans to proteasomal
degradation. There is an ER 0-mannosidase I in the ER of mammalian
cells as well as other similar proteins called EDEMs 1, 2 and 3 that carry
out mannose trimming. The latter have extremely low o-mannosidase ac-
tivities, even though they have all the amino acids required for removing
o-linked mannose units. ER. oi-mannosidase I and EDEM 1 are single-pass
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type II membrane proteins, whereas EDEMSs 2 and 3 are soluble proteins.
It is unclear for the moment which of the four mannosidases removes each
individual mannose unit, but as in the case of yeasts, the final product to
be degraded exposes residue j (Fig. 1B) (Avezov et al., 2008; Hosokawa et
al., 2010; Ninagawa et al., 2014; Tamura et al., 2011). On the other hand,
a prolonged permanence in the ER leads to removal of residue g (Fig.
1B). Absence of that residue prevents UGG T-mediated addition of glucose
units, thus resulting in the exit of glycoproteins from CNX/CRT cycles
and in facilitating ER AD (Frenkel ef al., 2003).

The slow sequential removal of residues 1 and k in mammalian cells
provides two checkpoints to ensure that only irreparably misfolded gly-
coproteins are derived for degradation. In the case of the budding yeast
(S. cerevisiae), practically all N-glycans are rapidly demannosylated to M8B
even those present in correctly folded glycoproteins. The slow removal of
the second residue (residue k, Fig. 1B) by Htm1p provides in this case only
one checkpoint.The fission yeast S. pombe has the same complement of ER
o-mannosidases as the budding one but in this case both demannosylation
reactions are slow processes (Movsichoft et al., 2005).

The balance between GII and UGGT activities is pivotal in deter-
mining glycoprotein binding to CRT/CNX. As mentioned above, in vivo
observations indicate that UGGT activity is not affected by removal of
mannose residues, whereas that of GII sharply decreases. This would en-
sure the ER retention of glycoproteins showing folding difficulties as the
half-lives of monoglucosylated increase upon progressive mannose removal
(Stigliano et al., 2011). Nevertheless, this may also negatively aftect the
passage of terminally misfolded proteins to the ERAD machinery. Here
lies one major puzzle, since the QCGF and ERAD machineries should
discriminate folding intermediates within a productive pathway from ter-
minally misfolded proteins. A mistake in any other way may have danger-
ous consequences. Interestingly, even though UGGT delays the secretion
of immature glycoproteins, the enzyme does not affect the processing of
misfolded species by ERAD (Tannous ef al.,2015). This implies that some-
how the ERAD machinery can extract very efficiently the substrates from
CNX/CRT cycles.

Retrotranslocation of misfolded glycoproteins from the ER lumen
to the cytosol to be eventually degraded by proteasomes ultimately de-
pends of protein complexes some of whose components are integral ER
membrane proteins (Ruggiano et al., 2014). Depending on the location of
the misfolded domain, proteins are delivered to proteasomal degradation
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through difterent complexes. Thus, ER membrane proteins with folding
defects in the cytosolic portion of the molecule (ERAD-C) are extract-
ed from the ER membrane by the so called Doal0 complex, whereas
those in which the folding defect is present in the lumenal (ERAD-L) or
membrane (ERAD-M) portions of the molecules utilize the Hrd1 com-
plex. Both DoalOp and Hrdl1p are integral membrane proteins showing
E3 ubiquitin-ligase activity in their cytosolic portions. In addition, other
proteins both lumenal and cytosolic, form part of the complexes. Some of
them are chaperones; others display E2 ubiquitin-conjugating activity or
participate in misfolded protein recognition. For instance, glycoproteins
exposing a(1,6)-linked mannosyl units bound to Osp9/0OS9 are driven to
degradation only if present in unstructured polypeptides, a feature recog-
nized by Hrd3p, a protein found in the Hrd1 complex. Finally, there are
protein components common to both complexes, as for instance p97 in
mammals, which is responsible for the membrane extraction of misfolded
proteins in an ATP-dependent manner. It should be mentioned that the
pore by which ERAD-L substrates are actually transported to the cytosol
has not been unequivocally identified yet but it has been established that to
be able to be translocated to the cytosol, misfolded lumenal proteins must
be previously unfolded in the ER lumen, a process involving conventional
chaperones and protein disulfide isomerases.

N-glycans are removed from the protein moieties prior to proteaso-
mal degradation. It appears that a cytosolic peptide: N-glycanase (PNGase)
plays an important role in both removing the glycan and constructing an
efficient pre-degradation complex.The PNGase recognizes only misfolded
or denatured glycoproteins and the enzyme is bound to the proteasome
by subunits S4 and HR23B as a complex with cytosolic protein Cdc48, a
component of both ERAD complexes. Degradation of the released glycan
occurs in two stages. First, partial cleavage occurs between the chitobiose
core via a cytosolic endo-f3-N-acetylglucosaminidase or possibly a neu-
tral-pH cytoplasmic chitobiase. A cytosolic a-mannosidase cleaves up to
four mannose residues to generate Man5GIcNAc (residues b, ¢, d, e, f and
g, Figure 1B).This glycan is then taken into the lysosome for final degra-
dation to monosaccharides (Joshi ef al., 2005; Li et al., 2005; Moore, 1999;
Suzuki et al., 2002).
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Figure 1. A. Processing of IN-glycans in the endoplasmic reticulim; B. Structure of the glycan
transferred to proteins in most eukaryotic cells (Glc3aMang GIcNAc2).
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CIRCUITS IN PLANT AND MAMMALIAN

CELLS UTILIZING RECOMBINASE

SERINE INTEGRASES AND SUSTAINABLE
INTENSIFICATION OF S&T IN LATIN AMERICA

ELiBIO RECH

Introduction

Early humans domesticated plant and animal species based on ancient
empirical concepts (Darwin,1868; 1876). In 1886, Mendel established a
new paradigm of hereditary laws (Mendel, 1866; 1870; 1950) based on
genotypic and phenotypic traits of cross-compatible species, establishing
a complex breeding technology that is currently utilized for the devel-
opment of most food and livestock-derived products. Recently, studies
on deciphering the double-helical structure (Watson & Crick, 1953a,b)
and how to restrict DNA (Arber, 2012) have established the foundation
of recombinant DNA technology. A new era is paving the way for genet-
ic manipulation of important traits among all the kingdom’s organisms,
allowing for the development of innovative and widely utilized products
for the agricultural, industrial and pharmaceutical production sectors (Mc
Elroy, 2003, 2004; ISAAA, 2016).

Currently, it is possible to state that the world has reached the mature
stage of recombinant DNA technology, which, in turn, may allow us to en-
visage the capacity to generate a significant number of novel processes and
products for the benefit of human beings and sustainable utilization and
conservation of biodiversity and the environment as a whole. One possi-
bility was recently termed “synthetic domestication of useful traits” (Rech
and Arber, 2013). Although technical issues are still a challenge, the wide
potential of progress is accelerating. Nevertheless, ethics and a compre-
hensive regulatory system ought to be discussed to guarantee deeper and
higher standards of deregulation before any product reaches the market.

For critical evaluation and discussion, I would like to present remarks
and insights considering three main points: 1) examples of the utilization
of recombinant DNA technology and genetic engineering, including sus-
tainable utilization of biodiversity based on a “humanitarian concept”; 2)
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how and why to intensify science and technology (S&T) in Latin America;
and 3) equalization of components for progressive development.

The principal conclusion is that the introduction of S&T into the
production sectors is one of the key components of progress, including
conservation and utilization of biodiversity and reduction of inequity in
low-income segments. However, this progress is beneficial only if it is in-
trinsically related and equalized with components such as human health,
high-quality education, food security, environmental focus and added mar-
ket value.

1. Recombinant DNA technology and genetic engineering

Currently, available tools and technologies for synthetic domestication
of useful traits have opened the door for another breakthrough in scien-
tific progress (Cermak et al., 2011; Doyon et al., 2011; Gibson et al., 2008;
Rech & Arber, 2013; Cong et al.,2013; Boch et al.,2009; Carlson & Lancto,
2016). Making use of genome editing (Boch et al., 2009; Mali et al., 2013;
Li et al.,2013; Jiang et al., 2013; Cong et al.,2013; Doudna & Charpentier,
2014; Carlson & Lancto, 2016), a template founded on molecular synthesis,
assembly and synthetic biology (Yu et al., 2006; Gibson et al., 2008; 2010;
Annaluru et al., 2014; Hutchison ef al., 2016), has allowed for the sustaina-
ble prospection and manipulation of innovative traits found in biodiversity.
As an example, I will comment on three studies, which may serve as prac-
tical examples.

1.1. Production of synthetic spider fibre

Spider silk fibre has been noted for its unique physical and mechanical
properties and has been recognized as a protein-based nanomaterial (Lewsis,
2006; Silva & Rech, 2013). To this end, the functional genome of difter-
ent Brazilian spiders’ silk glands have been studied, considering evolution
and evaluating the potential development of novel biopolymers through
synthetic biology (Bittencourt et al., 2010; Prosdocimi ef al., 2011). Draw-
ing on genome and transcriptome data, it has become possible to design
de novo proteins and produce synthetic spider-like fibres in bacteria. This
has led to the development of alternative strategies for the production of
synthetic silk proteins using recombinant DNA technology (Teulé ef al.,
2009; Murad & Rech, 2011). A complete procedure was developed for
the artificial spinning of fibres made from recombinant proteins based on
chimeric or native synthetic spider silk-like sequences produced through
genetic engineering in E. coli. The strategy is to build large synthetic spider
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silk-like tandem repeat sequences from small double-stranded monomer
DNAs flanked by compatible but non-regenerable restriction sites.

1.2. Engineering soybean seeds as a scalable platform to produce a microbi-
cide against HIV

There is an urgent need to provide effective anti-HIV microbicides to
resource-poor areas worldwide. Some of the most promising microbicide
candidates are biotherapeutics targeting viral entry. To provide biotherapeu-
tics to poorer areas, it is vital to reduce their cost. Cyanovirin-N (CV-N),
an 11 009 Da protein isolated from cultures of the cyanobacterium Nostoc
ellipsosporum, is a potent lectin capable of irreversibly inactivating diverse
strains of HIV (types 1 and 2) and simian immunodeficiency virus (Boyd
et al., 1997). We report the production of biologically active recombinant
cyanovirin-N (rCV-N), an antiviral protein, in genetically engineered soy-
bean seeds. Pure, biologically active rCV-N was isolated with a yield of 350
pg/g of dry seed weight. rCV-N purified from soya is active in anti-HIV
assays, with an EC50 of 0.82-2.7 nM (compared to 0.45-1.8 nM for E.
coli-produced CV-N). Standard industrial processing of soya bean seeds to
harvest soya bean oil does not diminish the antiviral activity of recovered
rCV-N, allowing the use of industrial soya bean processing to generate
both soya bean oil and a recombinant protein for anti-HIV microbicide
development (O’Keefe ef al., 2015). Expression of rCV-N was achieved
using specific regulatory sequences within soybean seed tissues (Rech et
al.,2008). One of the difficulties in fully evaluating CV-N as a microbicide
has been the high cost of production. CV-N produced in soybean seeds ad-
dresses this critical requirement, and soya beans should be further evaluated
as a production system to produce other suitable candidate microbicides
for further preclinical evaluation and, possibly, clinical testing in humans.
Development of a suitable expression source for the manufacture of an
anti-HIV topical microbicide requires a low-cost methodology to have
the broadest utility in the areas of the world most affected by HIV (Es-
sex, 1996; Gartner et al., 1986; O’Keefe et al., 2009). Suitable microbicide
candidates must meet an array of criteria. Although potential microbicides
meeting some of these functional criteria are available, few microbicides
have been able to be produced at sufficiently low cost.

1.3. Regulatory gene circuits utilizing serine integrases

Although single genetic switches and circuits are in the early stage of
development, it is possible to envisage a not-too-distant future in which
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multiple switches become the norm, allowing increasingly precise control
of gene regulation and expression in plants and mammalian cells for the
development of innovative processes and products for the benefit of hu-
man beings and the environment. Studies on gene regulation have demon-
strated eftective control of the RNA polymerase flux by utilizing different
serine integrases, which are capable of catalysing unidirectional inversion
of DNA to turn on/off regulatory genes in prokaryotic cells (Schwille,
2011; Nandagopal & Elowitz, 2011; Bonnet et al., 2013;Yang et al. 2014;
Nielsen et al.,2016;Weinberg et al.,2017). A simplified mathematical mod-
el was proposed to explain and define core features that are demanded and
sufficient for the regulation of both ‘forward” and ‘reverse’ integrase reac-
tions (Pokhilko et al., 2016). In this model, the substrates of the ‘forbidden’
reactions (between attL and attR in the absence of RDF and between attP
and attB in the presence of RDF) are trapped as inactive protein-DNA
complexes, ensuring that these ‘forbidden’ reactions are extremely slow.
The model is in good agreement with the observed in vitro kinetics of
recombination by fC31 integrase, and it defines the core features of the
system that are necessary and sufticient for directionality. However, knowl-
edge about the functionality of integrases in eukaryotic cells is still limit-
ed. Here, we show the remarkable functional capability of bacteriophages’
serine integrases acting in plant and mammalian cells. A co-transformation
plasmid system was utilized for in vitro evaluation of different integrases in
Arabidopsis thaliana protoplasts, bovine fibroblasts and human cells. The first
plasmid contained the codon-optimized integrase 2 gene and integrase
5 gene sequences under inducible promoters. The second plasmid was a
reporter plasmid that contains the gfp gene under the 35SCaMV promoter
placed in reverse complement orientation and flanked by the attB and attP
sites of both integrases. Once the integrases were expressed, the promoter
sequence was flipped to its correct orientation, promoting GFP (green
fluorescent protein) expression. The results obtained demonstrated that the
promoter was correctly flipped, which, in turn, led to RNA polymerase
flux through the DNA molecule and GFP expression, as detected by fluo-
rescence microscopy and flow cytometry. The promoter inversion was de-
tected by PCR and sequencing analyses. We anticipate our results to be an
initial point for development of more complex models of gene regulation
in plants using synthetically engineered integrases. Currently, we have been
utilizing recombinases, such as serine integrases, to determine the endog-
enous nonessential genes within genomes and to design and provide sys-
tems to control endogenous and exogenous gene regulation through the
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development of synthetic genetic circuits, which, through external chem-
ical, physical and/or biological inducers, are capable of switching specific
traits ‘on’ and ‘off” in model eukaryotic organisms.

1.4. Genetically Modified Crops (GMC)

Contributions of recombinant DNA technology directed to develop
genetically modified crops for food security, sustainability and climate
change include increasing crop productivity, conserving biodiversity from
land ploughing and cultivation and reducing CO2 emissions. However,
higher costs for deregulation of transgenic crops still remain a constraint
to adoption, which is particularly important for many developing coun-
tries, which are thus denied the opportunity of using genetically modified
crops aiming at food, feed, and fibre security. A report and analysis by the
Council for Agricultural Science and Technology (CAST, 2016) on the
impact of asynchronous approvals for GMOs on agricultural sustaina-
bility, trade and innovation also indicate that there are large volumes of
trade worth billions of dollars at risk. The challenges to overcome require
intensification of cooperative partnership between public and private sec-
tors (ISAAA, 2016).

Examples of GMC and traits being evaluated under field conditions
in the pipeline for the benefit of farmers and consumers are as follows
(ISAAA, 2016):

1. Staple crops such as beta-carotene-enriched golden rice are being
tested in the Philippines and Bangladesh (as a sustainable contribution to
reduce vitamin A malnutrition).

2. Bunchy top virus-resistant bananas are being grown in Uganda.

3. Drought-tolerant, altered oil content and grain composition are be-
ing field-tested in Australia and Brazil.

4. Drought-tolerant sugarcane is being grown in India and Indonesia.

5. Omega-3-enriched camelina is being grown in the EU.

2. Why and how to intensify science and technology (S&T) cooperation
in Latin America?

Latin America has a significant percentage of its economic-based in-
come generated in the agricultural production sector and is also a me-
ga-biodiverse region. Therefore, it is opportune to mention that conserva-
tion and sustainable utilization of biodiversity constitute the physical basis
for agriculture, which in turn relies on water availability, genetic resourc-
es, soil conservation, climate stability and nutrient recycling, among other
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physical and chemical factors (Soares-Filho et al. 2006; Gullison et al. 2007;
Rosenzweig and DeFriesa 2010).

Brazil’s agricultural structure may serve as a case study for different
agricultural income segments and its correlation with the urgent necessity
and opportunity to establish a new configuration and equalization for the
sustainable intensification of food production, conservation of biodiversity
and reduction of inequity.

An analysis by Fundagio Gettlio Vargas (Lopes et al., 2010, 2011; Alves
et al., 2017) of data collected by the agriculture census in Brazil (Instituto
Brasileiro de Geografia e Estatistica — IBGE, 2006) indicated a total of
5,175,636 farms divided into three classes. Class C was defined as having
annual incomes between US$5,650.00 and US$24,950.00. Classes A/B
and D/E were defined as having annual incomes above and below the
mentioned income limits, respectively. As evidenced by the analytical data
of the production structure, it is noted that introduction of technologies
into the production sector is determined to be one of the key steps in
reducing inequity in a sustainable manner, with a significantly higher im-
pact mainly in the low-income classes (D/E income < US$5,650.00/year)
(Rech and Lopes, 2013).

Producers are surrounded by a social and economic environment that
discriminates against the low-income class segment. In short, low-income
farmers commercialize production (output) at lower prices and purchase
inputs at high prices. Therefore, utilization of technology implies an in-
adequate ratio of inputs at higher cost to generate an output that is not
profitable. As a consequence, the technology is barely adopted. In contrast,
without technology, there is no way to increase the revenue per hectare
and open the door to alleviate poverty in agriculture (Alves, 2017; personal
communication).

The importance of political initiatives and eftorts to elevate and sustain
the low-income class segment in Brazilian agriculture over recent dec-
ades is recognized. Indeed, the current programmes have contributed to
these efforts. However, the advances achieved so far are limited and have
not overcome current restrictions in a sustainable manner. This is probably
because the current programmes lack the capacity to reach the vulnerable
class segments in rural areas in an appropriate format.

In spite of that, technology alone will not save the farmers and reduce
inequity unless it is equalized with other imperative components as a foun-
dation such as human health, high-quality education, food security, the
environment and added market value in order to establish the equalization
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of intrinsic and inter-dependent related components to intensify progress
in the agriculture sector in Brazil. This, in turn, can also be expanded and/
or adapted to the Latin American region as a whole.

We believe that this example might be utilized as a conceptual basis for
a wider discussion in Latin America and establishment of equalization and
tunctional and progressive operative models to effectively contribute to
reducing inequity and unsustainability.

3. Equalization of components for progressive development

Over time, developed countries were able to build an equalized foun-
dation to support and generate a consequent exponential ratio of develop-
ment based on S&T. In contrast, most developing countries have been una-
ble to establish an equalized operational foundation, manifesting an inability
for sustainable progressive development, including reduction of inequity.

Below, the equalized components required:

Education.S&T.human health.environment.adding value = progress*

*general supporting mechanisms: Acceleration of operative synergies
between north-south-east-west; funded long-term bottom-up science
and technology consortiums; active networking tools (education; training;
trained teachers and schools; knowledge dissemination; high-risk support
programmes; innovative and emerging research themes; clear objectives,
definitions and deliverables; intensification of multi- and interdisciplinary
science and technology research; wide engagement of the next generation
of young researchers; intensification of scientific and technological research
for peaceful aims and the public interest; establishment of research consor-
tiums that operate jointly, from the lab to the market; promotion of knowl-
edge exchange, new joint research and new communication strategies).

Conclusion

The introduction of technologies into the production sectors constitutes
one of the key components in the promotion of systemic and sustainable
progress advances in Latin America. Intensification of S&T collaboration
should be an important approach. A viable option to also reduce inequity
is if the envisaged policies are applied in consonance with the equalization
of other components, such as human health, high-quality education, food
security, the environment and added market value. A foundation for con-
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servation of biodiversity and preservation of knowledge in local communi-
ties, in line with regulatory and ethical concepts directing that potentially
derived products be carefully and responsibly evaluated before being made

commercially available, is needed.
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