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En este articulo pretendemos mostrar que los motivos en las protefnas se comportan como
unidades individuales cargadas colocadas en forma muy precisa en un espacio acuoso de tal
manera que para cualquier sistema protefna - agua de solvatacidn exista un maximo de atrac-
ciones y un minimo de repulsiones entre los motivos que constituyen la proteina. Cualquier
regién en la superficie de una proteina formada por las porciones hidrofilicas de diferentes
motivos genera un campo electromagnético no homogéneo que fija moléculas de agua. Un
sustrato es cualquier molécula que genera un campo electromagnético complementario a la
regién activa de la proteina. La interaccién entrc una proteina y su sustrato se puede concebir
como la neutralizacién de dos campos electromagnéticos que al reaccionar producen un nuevo
sistema con una energfa interna mayor que la de la proteina o de su sustrato. Al tratar de
encontrar un nuevo minimo de energfa interna y, por consiguiente, un sistema estable tiene que
ocurrir un cambio conformacional que simplemente implica una reacomodacién de los motivos
para obtener un médximo de atracciones y un minimo de repulsiones entre motivos. Es este
cambio conformacional lo que causa la actividad de las proteinas.
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Summary

In this article we propose that protein motifs behave as single charged entities precisely
located in a water space in such a fashion that for a whole protein - solvating water system,
there is a maximum of attractions and a minimum of repulsions between the motifs making up
the protein. Any region of the surface of a protein made up of hydrophylic portions of different
motifs generates an uneven electromagnetic field which fixes water molecules to it. A substrate
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is a molecule that generates a complementary field to the active region of the protein. Protein
— substrate interaction can be thought of as two electromagnetic fields neutralizing each other
upon reaction to make a new system with a larger internal energy than either that of the protein
or that of the substrate. In order to find a new minimum internal energy and therefore a stable
system, there must be a conformational change which simply means that the motifs will rearrange
in such a way that a new condition of maximum attractions and minimum repulsions is obtained.
It is this conformational change that causes known protein actions.
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Sccondary structure has long been accepted to be due
mainly to two features of the primary or back-bone struc-
ture: a) the tetrahedral angles around the a-carbon of the
aminoacids which will change the direction of the axis
of the chain in a precise fashion and b) the hydrogen bonds
that are established between a carbonyl oxygen of a given
peptide bond and a conveniently placed amino group of
another peptide bond, thus located because of a). In this
manner, two types of structures are possible: alfa chains
and beta pleated sheets. It could be argued that once a
given type of secondary structure starts to form it could
theoretically encompass the whole of a protein. This,
however, has not been found in nature. Even the first
protein whose tertiary structure was etucidated, myoglo-
bin, which is made up of alfa helices, is not a single a-
helix.

With the elucidation of more and more tertiary struc-
tures of proteins, it is now apparent that most native pro-
teins are made up of successive a helices, b-strands or
mixtures of a-helixes and b-strands in a precisely deter-
mined sequence and three dimensional structure called
motifs. It has also been recognized that motifs can group
in larger structures, domains, having an organization, and
some times a function, of their own.

There are now several recognized motifs and we now
know how they are located in several proteins. In fact, in
this paper we will argue that the actual building blocks
from which functional proteins are made up are motifs,
rather than aminoacids, even though the motifs are them-
selves made up of aminoacids,

The proposal that motifs are the basic building blocks
is more than just a refinement of our knowledge of pro-
tein structure. We will argue that this notion can actu-
ally explain protein function in a rather simple and ei-
cgant way.

Let us consider the simplest of motifs: an a-helix and
a b-strand in a water milieu. Established knowledge al-
lows us to predict that both the helix and the strand will
maintain their structure in water at temperatures between

just above 0°C and less than 60°C, that is, at tempera-
tures normally compatible with life. This means that,
even though any hydrogen bond between a given carbo-
nyl oxygen in a peptide bond and the amino nitrogen of
another one breaks and reforms at a given rate at any
given temperature, no new bonds will be established af-
ter each breaking instance with different peptide oxygens
or nitrogens or with water in this temperature range,
Therefore, aminoacids linked in an a-helix or a b-strand
will behave as a single structure, with littie or no indi-
vidual aminoacid mobility away from the secondary
structure’s axis, apart from limited rotation of the
aminoacid residues and stretching of interatomic bonds.

Let us now remember a second concept: neither the
a-helix nor the b-strand are simple successions of pep-
tide bonds. In fact, the a-carbon that connects them is
linked to a so-called aminoacid residue. And any one of
the 20 residues which make up normal proteins occupy a
given space determined by the van der Waals radii of the
atoms that conform it, space that must project from the
axis of the secondary structure.

A rapid inspection of space filling models of different
amino acid residues shows that, even though generally
speaking, the space which most of them occupy is roughly
similar, each amino acid surface is different from that of
other amino actds. Furthermore, there are a few which
are quite bulky, while others have long hydrocarbon chains.
If we now inspect a space filling model of a peptide, we
can ascertain that its surface will be determined by the
outermost atoms of the amino acid residues which make it
up and will, for the most part, hide the backbone.

The van der Vaals radii of atoms indicate the ground
state outer orbits of the outermost electrons, i.e. the lim-
its between individual atoms which can not be occupied
by any other atom at normal temperatures. This limit can
only be overcome when cooling a substance to a frac-
tion of a degree above 0°K to give us a Bose-Einstein
plasma, which, of course, is not the case with real life
proteins. The van der Vaals radii, then, allow us to con-
struct a model of the topological surface of a peptide.
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However, it is well known that both basic and acid
amino acids carry charges in water soluble proteins at
physiological pH's. This means that for a better approach
to the understanding of protein interactions, two more
elements must be taken into account: a) the protein’s
solvent and b) the electro magnetic field radiating from
the topological surface of the atoms. For this discussion,
we will only consider water as a solvent, but similar ar-
guments can be used mutis mutandi when lipid is the sol-
vent.

Let us now give our attention to the electromagnetic
field radiating from the topological surface of the pep-
tide. We are accustomed to think only of whole negative
or positive charges such as the ones in acid or basic amino
acids. However, it is well accepted that bonds between
atoms of different electronegativity such as OH, SH, NH,
CO are permanently polarized and carry a fractional nega-
tive charge, d, on the more electronegative atom and frac-
tional positive charge, d*, on the other one. This polar-
ization will also generate an electromagnetic field, al-
beit smaller than the one originating in whole charges,
which will also radiate from the topological surface of
the peptide.

Quantum mechanical considerations wili lead us to
suppose that in any given bond between two atoms with a
similar electronegativity the greatest probabtlity of find-
ing the binding electrons is at the center of the axis be-
tween the two atoms. However, there is a small, but finite,
probability that the binding electrons may in a given in-
stant be closer to one than to the other atom, thus produc-
ing a transient polarization. These covalent bond polar-
izations will, on the whole, cancel each other out, unless
two chains are so close together that these very minute
electromagnetic fields can actually interact and produce
attractions. This is what happens in the case of hydrocar-
bons with chains above 6 carbon atoms which are liquid
and, if long enough, solid at room temperature.

With these considerations in mind, we can then argue
that, superimposed above the topological surface of any
given peptide, there is an electromagnetic field gener-
ated by unit charges from the acid or basic amino acids,
by the fractional charges due to polar amino acids and
by the fractional, reversible, minute charges due to bond
polarizations occurring near the surface. Such an elec-
tromagnetic field can be visualized as a map of contour
force lines.

In order to draw such a map we must consider what
force would a test charge moving parallel to the protein
surface feel. According to Coulomb’s law, the force be-

tween unit charges is directly proportional to the product
of the charges and inversely proportional to the square of
the distance. In the case of polar bonds the force is in-
versely propertional to the cube of the distances and in
the case of reversible dipoles (London forees), it is in-
versely proportional to the fourth or even the fifth power
of the distance. In figure | we show how forces felt by a
test charge would decline with the distance from the pro-
tein surface, that is, from the van der Waals radii of its
outermost atoms. For calculations we arbitrarily assumed
charges to be | electron equivalent charge units (e.e.c.u.)
for unit charges, 0.3 e.e.c.u. for polar bonds and 0.1
e.e.c.u. for reversible dipoles.

As can be observed, at a given distance only unit
charges exert a significant force. However, as the dis-
tance decreases, the force due to dipoles and even that
due to reversible dipoles become significant. What this
means in terms of the protein surface considered 1s that
there are attractive or repulsive forces of different mag-
nitudes on that surface which will be able to affect any
near-by molecules in different forms depending on the
distance between the interacting surfaces.

The closest molecules to any given protein will, of
course, be the solvent molecules. As initially indicated,
we will only consider water molecules in this discussion.
Water is a dipole with d*and d- fractional charges on both
hydrogens and paired unshared electrons respectively.
This means that water molecules will solvate both the
unit charges of acid and basic amino acids and the OH or
SH dipoles of polar ones. On the other hand, the force
between water molecules is stronger than the one that
could be exerted by the reversible dipoles of neutral amino
acids. This means that water will not “wet” the non po-
lar surfaces, and in fact, will tend to actually confine them
closer to the peptide backbone.

We must now remember that the different types of
amino acids are not evenly distributed along the primary
chain. This means that, in any given motif, there is a pre-
ponderance of polar and charged aminoacids on the sur-
face closer to the water solvent which will be solvated,
while most of the non polar ones will be located on the
other surface which will interact preferentially with a
similar surface of another motif. In this manner the pro-
tein tends to adopt a close packed tertiary structure with
a hydrophobic core and a water solvated surface.

Now we must recall that the protein surface is actu-
ally made up of the amino acids which are in contact
with the solvent, independently of the position a given
amino acid occupies in the peptide chain sequence. This



REV.ACAD. COLOMB. CIENC.: VOL. XXII, NUMERO 85-DICIEMBRE DE 1998

[§9]

[} 1 2 3 4 5 6
r (108 cm)

Figure 1. The force in electron-volts felt by a test charge at any distance. r, from a given point at the protein surface was calculated by the appropriate
equation where k = clectrostatic constant: Q and q = charge in electron charge equivalents and distance, A.

MOBY 1.4

Figure 2. Isopotential map of the force field generated by the peptide GVPINVSCT in water solution using MOBY graphics program with
AMBER potentials.
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has two implications: 1) that amino acids which are ad-
jacent on the surface may be quite apart in the backbone
sequence and 2) that a change in protein conformation
may result in a change of the amino acids occupying any
given region of the surface. The latter also means that a
new surface electromagnetic field will be generated at
those sites at the surface where changes have occurred.
We must emphasize that if, as we propose, the protein
building blocks are motifs, the amino acids which will
appear at or disappear from the surface pursuant to a con-
formational change will depend on the way motifs will
rearrange themselves as a new internal energy minimum
is sought. This conception also means that it is possible
that any given chain of motifs might have more than one
energy minimum and, therefore, spontaneously adopt
more than one conformation.

Due to the nature of the water dipole, the orientation
of the axis of the water molecules will change depending
on whether it is interacting with a positive or a negative
charge or a given fractional charge on the amino acid
residues. This actually means that there is an uneven
layer of fixed water that, due to the orientation of its
molecules, grossly reproduces the electromagnetic field
“generated by the surface amino acids some distance into
the body of undisturbed water.

We can now consider a functional protein made up of
individual motifs connected by small unstructured amino
acid chains that can be thought of as connecting pins. Let
us further think of each motif as a rigid structure made up
of a lot of minute magnets of different strengths attached
around the axis of the motif. It can then be easily imag-
ined that the motifs will try to accommodate in such a
manner that most opposite pole magnets in different mo-
tifs will face each other. Let us change this rather naive
picture for one in which instead of minute magnets we
have a fairly rigid motif structure on whose surface there
are whole or fractional charges of different strengths, each
generating a radiating field. Again, it can be argued that
motifs will so arrange themselves in space, that the sys-
tem protein-adsorbed water will adopt a particular and
unigue conformation in which the alignment of positive
in front of negative whole or fractional charges will be
such that attractions will be maximized while same sign
charges will tend to be as far apart as possible and there-
fore, the repulsive forces will be minimized.

We could, then, write that the internal energy of the
system will be minimal when the summatory of all at-
tractive forces is larger than the summatory of all repul-
sive forces.

E . = I attractive forces
¥ repulsive forces

aas-aataz-water

43-13+aa-water

where aa-aa and aa-water indicate aminoacid-
aminoacid and aminoacid-water interactions.

Let us now consider the interaction between a protein
and its natural substrate. Koshland argued that in the
case of enzymes, the substrate and the active site fit each
other like a lock and key, and that there must be at least
three points of contact to account for differential union
with estereoisomers. This concept has been extended to
the proposal that rather than a lock and key fit, the inter-
action is more like that of a hand and glove, thus intro-
ducing the idea of fit between corresponding topological
surfaces rather than between individual charge points.

We would now like to further extend the concept by sug-
gesting that the interaction -and fit - occurs between comple-
mentary electromagnetic fields which are generated by the
atoms at the topological surfaces of the protein and of its
substrate. [n this fashion, the interaction will not be limited
to a few correctly placed aminoacids, but rather to a whole
patch of electromagnetic attractive forces on a specific area
of the surfaces of both the protein and the molecule, large
or small, with which it will interact.

To better visualize this concept, let us consider a small
arbitrary peptide. The electric field generated by the
aminoacids can be calculated as shown in the appendix.
We can then draw lines joining points of equal electric
force to give us a map such as the one depicted in Fig 2.
For all practical purposes, the force at any one point in
any line drawn would be what a test charge located at
that peint away from the peptide would feel. As can be
appreciated, rather than peaks of single charges, what
we now have is a field of varying intensity over the whole
surface of the peptide.

Let us now locate an appropriate motif with its own
electromagnetic field near the depicted peptide and ob-
serve the manner in which the two fields interact. If the
electromagnetic contours fit, that is if, for each positive
field in one surface, there is a negative one on the other
one and viceversa, the two surfaces will attract one an-
other and the two molecules will get close enough at those
surfaces, and only at those particular electromagnetically
complementary surfaces. Of course, the fit can range from
absolute to rather loose, and this will be reflected in dif-
ferent affinity constants of the reactants, from very large
for the former to rather small for the latter.
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Let us now consider a water system in which only
those two types of molecules are present. We can argue
that thermal motion will cause collisions between mol-
ecules and that if the collision occurs in such a fashion
that it will involve the electromagnetically complemen-
tary surfaces, it will be a productive collision and the
two molecules will now form a binary system whose
behaviour we will explore below. On the other hand, if
there is no electromagnetic complementarity between the
fields above the reactant surfaces, there will be an elas-
tic collision between the two and they will move apart.

If a binary system protein-substrate is formed, then
we can expect neutralization of the interacting electro-
magnetic fields. Such neutralization will alter the inter-
nal energy balance in both the protein and the substrate.
This will necessarily determine that a new minimal en-
ergy state will have to be achieved. To do so, the differ-
ent motifs making up the protein will have to rearrange
themselves in a new way and in so doing they will drag
with them the substrate. We will then have a binary sys-
tem in which the conformation of the parts will have suf-
fered modification. Such modification will then explain
the particular protein activity: catalysis, transport, rec-
‘ognition, movement, etc.

To explore this concept further, let us think of a pro-
tein in a physiological solution with its substrate at a
given distance. Let us now assume that in their random
thermal motion they approach each other. As they get
closer, the larger charges on both protein and substrate
orient and modify the direction of the approach. As the
molecules get closer together, the electromagnetic fields
due to the dipoles acquire importance and there is a rec-
tification of the direction of approach until both comple-
mentary electromagnetic fields are aligned and the two
molecules are joined by the neutralization of the comple-
mentary fields.

However, previous to actual interaction, intervening
water molecules must get out of the way. This might oc-
cur if, at the same time when the complementary elec-
tromagnetic fields of protein and substrate begin to neu-
tralize each other, the attraction of the protein surfaces
for the water molecules diminishes, thus allowing them
to incorporate themselves in the water structure and out
of the way of the approaching interacting molecules.
During the approach, both the protein and the substrate
interacting surfaces maintain their relative topologies for
a time, but as they get closer together there is an induced
displacement of the fields that allows for a better fit be-
tween both surfaces

One important consequence of this conception is that
it does not matter what amino acids make up the given
motifs participating at the protein joining surface as long
as the electromagnetic field they exert as a whole is ap-
proximately the same in all cases, thus conserving for
the most part its complementarity with the appropriate
substrate. For this to hold, it 1s of paramount importance
that the internal energy of the system remains approxi-
mately constant when there are amino acid substitutions
at any given point. Otherwise, a new energy minimum
will be sought through a conformational change and the
protein will exhibit a different or no activity.

Amino acid substitutions that do not alter significantly
the internal energy of the protein or the surface electro-
magnetic field would account for what are known as mute
mutations in which the affinity constant of the protein
for the substrate will change slightly, but the reaction is
otherwise unaffected.

The consideration of the protein-substrate interaction
as the neutralization of two complementary electromag-
netic fields can also explain why some proteins are rather
unespecific in their interaction with certain related sub-
strates. Such is the case with hexokinases which, even
though they have a higher affinity for a given hexose,
can actually ligate and catalyze the phosphorilation of
most hexoses whose dipoles are similar but their loca-
tion in space is different giving a similar electromagnetic
field but with varying intensities as the dipoles change
their disposition in space.

An interesting example of the meaning of this pro-
posal can be seen in the way that neutrophiles phagocyte
different invading microorganisms but do not attack self
cells. It can be assumed that neutrophiles cannot have
the possibility to recognize any eventual invader. How-
ever, we can also assume that they have receptors for an
“activated” antibody, that is, one that has been attached
to an antigenic determinant in, for instance, the surface
of an invading bacteria. In this manner, the neutrophile
will recognize and join a single electromagnetic field
located in all “activated” antibodies and will recognize
and phagocyte it - and anything attached to it - only when
the antibody has been activated.

Let us illustrate this phenomenon by considering a
bacterial infection by a non-encapsulated organism. No
matter the strain of invading bacteria, there will be a par-
ticular clone of antibodies which will recognize the elec-
tromagnetic field generated by one or more of the bacte-
rial surface antigenic determinants. The site of recogni-
tion of the antigenic determinant is the variable region
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of the inmunoglobulin which is composed of portions of
both the light and heavy chains. This region generates
an electromagnetic field which is exquisitely complemen-
tary to that of the antigenic determinant so that it will
interact with it neutralizing the whole site of contact. As
explained above, this will cause a change in the internal
energy of the system which will now seek a minimum
level through a change in conformation, that is, in the
relations between individual motifs making up the anti-
body molecule. This change in conformation will result
in bringing up to the surface a region previously buried
in the Fc fragment, that is in the constant region of the
inmunoglobulin. This region, in turn, will generate a
unique electromagnetic field which is complementary to
a receptor site in the surface of the neutrophile. When
these two fields interact neutralizing each other, the sys-
tem will seek a new energy minimum through a confor-
mational change that will result in pulling of the surface
receptor protein of the neutrophile from the inside to form
a phagosome, drawing with it the bacteria attached to
the antibody bound to the surface receptor site.

If one proposes that all Fc fragments in any given class

of antibodies are the same, any antibody-antigenic de-

" terminant electromagnetic fields neutralization will re-
sult in the same conformational change at the Fc part

thus allowing neutrophiles to phagocyte any type of for-

eign body, as long as there is an antibody against it. Simi-
lar considerations can be made for hormone-receptor,
transporter-transportee, enzyme-substrate or any other
kind of interaction between a protein and its substrate
leading to a particular action.

In conclusion, we propose that motifs are the indi-
vidual secondary structure elements which behave as
single charged entities precisely located in a water space
in such a fashion that for the whole protein — solvating
water system there is a maximum of attractions and a
minimum of repulsions. Any region of the surface of the
protein generates an electromagnetic field which fix wa-
ter molecules to it and extends through them the field
into the body of surrounding water. A substrate is a mol-
ecule that generates a complementary field to the active
region of the protein. Protein — substrate interaction can
then be thought of as two electromagnetic fields neutral-
izing each other upon reaction to make a new system with
a larger internal energy than either that of the protein or
that of the substrate. In order to find a new minimum
internal energy and therefore a stable system, there must
be a conformational change which simply means that the
motifs will rearrange in such a way that a new condition
of maximum attractions and minimum repulsions is ob-
tained. It is this conformational change which causes
any protein effect when in contact with is substrate.

APPENDIX

In order to calculate the electromagnetic contours of
a motif as described in the present article it is to be noted
that the complete mathematical description of a molecule
includes relativistic quantum mechanics considerations.
However, there is not a quantum mechanical theory for
this particular purpose. Therefore, we will start with a
non relativistic description of Schridinger equation:

H¥(R.r) = E¥(R,1)

where H is the system hamiltonian and Y is the wave
function which depends on the nucleus (R} and electrons
fr) coordinates. This equation is far too complex for prac-
tical use, so one must make a series of approximations.
The Born-Oppenheimer approximation, first proposed in

Leonardo Lareo*

1927, separates the electrons movement from that of the
nuclteus through two independent equations. The first
one describes the movement of the electron:

HY¥(R;r) = E¥(R;n)

which depends only parametrically on the nucleus
position.

This equation defines E(R) as a function of the nucleus
coordinates. This energy is usually referred to as surface
potential energy. The second equation describing the
nucleus movement above the aforementioned potential
energy, E(R), is

H®(R) = EO(R)
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This is the fundamental equation of quantum dynam-
ics, but since the nuclei are relatively heavy objects, the
quantum mechanical effects are quite small and the equa-
tion can be replaced by Newton's classical mechanics
equation. '

dV/dR = md’R/d¢?

Solutions to this equations comprise what is now re-
ferred to as molecular dynamics.

Potential V is an expression of the surface energy
potential and is called force field which can be empiri-
cally described. The coordinates of the actual atoms in a

molecule combined with the force field are an expres-
sion of the molecule’s energy. :

Energy values and graphs of the equipotential surface
of a protein can be calculated from different models for
the force field. Differences between different models are
due to the number of factors taken into account. How-
ever, generally speaking, they consider energies due to
oscillation of bond angles, bond length, dihedric angle
oscillations, hydrogen bonds, van der Waals interactions,
electrostatic coulombic interactions, etc. In this article
we used the AMBER model of force field and the graph
was made under MOBY.





