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Theory of hopping conduction in proteins

Quantum-chemical results of the investigation of the energy transport mechanism in proteins,
obtained using the most advanced form of the theory of disordered systems, are briefly reviewed
without giving any mathematical formulation. The calculated large values of the band gap for
polvpeptide chains including collagen models and two native proteins — pig insulin and hen egg
white Ivsozyme rule out the possibility of intrinsic conduction in them. The Anderson localization
studies of the frontier orbitals of the aperiodic polypeptide chains and the two native proteins in-
dicate strong localization of these orbitals on one or two amino acid residues, thereby making
charge transport through phonon-assisted variable-range hopping mechanism quite probable at
physiological temperature. The calculated hopping frequencies and the frequency-dependent a.c.
conductivity values obtained using the random walk theory fall in the same range as those for
typical tnorganic amorphous conductors. It, therefore, means that proteins can become hopping
conductors on doping with electron acceptors or electron donors. Various biological implications

of this result are discussed.

THE mechamsm of energy transport in proteins is a fun-
damental problem of quantum btology. Various impor-
tant biological processes such as viston, transmission of
nervous impulses, respiration, muscle contraction, the
carly stages of photosynthesis, mitochondrial function
and bioluminescence, involve energy changes from one
form to the other and utilize the energy released 1n the
hydrolysis of adenosine triphosphate (ATP) molecules.
In all these processes, the site at the protein macromole-
cule where ATP hydrolysis takes place 1s often sepa-
rated by a large distance from the site where the energy
1s released. S0 the question arises: "How 1s the energy
transferred from one point to the other?’ or ‘What i1s the
nhysical mechanism of this energy transport along the
large protein molecules?’. An answer to this was at-
tempted by Szent Gyorgyi' when he postulated that
during biochemical processes, the transformations oc-
curring at any part of the protein macromolecule are
transferred to its other parts through electron transport.
Szent Gyorgyi® later on also gave a theory according 10
which there is a close relationship between conduction
1n proteins and cancer. According to him, an easy en-
ergy and charge transport 1n proteins and DNA is neces-
sary for the normal functioning of the cell and that if
this flow of charge and energy in these biopolymers is
hindered, it can lead to cancerous state.

The conductivities of proteins have been investigated
both experimentally and theoretically since Szent Gyor-
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gy1’s hypothesis 1n 1941, The carly measurements per-
tormed on proteins showed a weak semiconductivity in
proteins which is possibly but not necessarily due to
electron transport’™'. Since in all these experiments, the
materials used were native proteins with an unknown
amount of inorganic and organic impurities, it was im-
possible to interpret these experimental results correctly.
Later on some transport measurements were also carried
out® on these biopolymers but the same is true for these
experiments too.

On the theoretical side, the investigation of the elec-
tronic conduction in proteins has been a very challeng-
ing task due to the complexity of the protein
macromolecules. Proteins are composed of one or more
polypeptide chains (made up from 20 different amino
acid residues) that for parts of their lengths can be
folded in an apparently random way or form regular 3-
pleated sheet or o-helical structures. The sequence of
amino acids in a great number of proteins is known,
though the conformations of only a few smaller protein
molecules have been determined with the aid of X-ray
diffraction. Further, under biological conditions, there
are ions and water molecules which make the determi-
nation of the electronic structure of these biopolymers
more difficult. In view of all this, it has not been possi-
ble to determine the electronic structure ot proteins and
thus investigate electromic conduction 1n them in one
step. Investigation of electronic conduction in these bio-
polymcers has, thercfore, becn carried out stepwise by
different workers during the last nearly 50.years using a
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combination of various techniques with rather large-
scale computations. It is only recently that it has been
shown that proteins can become hopping conductors of
electricity on ‘doping. The various steps involved in
these investigations are presented here without any
mathematical formulation so as to be comprehensible to
a general reader.

Investigation of intrinsic conduction in proteins

On the theoretical side, two pathways for electronic
transport in proteins were initially proposed. The hydro-
gen bonded network

—C=0...H-N-C=0... H-N

which runs perpendicular to both o-helical and B-
pleated sheet structures and provides an extended =-
electron conjugated pathway was suggested by Coulson.
Brillouin'® on the other hand, proposed that conduction
In proteins may take place along the main polypeptide
chain. He viewed that the

O
|
-NH-C-CH-
I
R

groups of the polypeptide chain form the elementary
unit cell with the various R groups acting as impurity
centres.

The calculations by Suhai'' for the B-pleated poly-
glycine structure taking into account interactions both

along the hydrogen-bonded networks and along the main

polypeptide chains simultaneously showed that the most
favourable pathway of electronic transport in proteins is
the main polypeptide chain rather than the hydrogen-
bonded m-electron network. This conclusion also got
support from some independent experiments that include
pulse radiolysis, flash photolysis, e.s.r and n.m.r. meas-
urements on proteins all of which indicate charge carrier
migration along polypeptide chains (see e.g, ref. 12 and
references therein). ~

Homopolypeptides and periodic polypeptides

Various band structure calculations on periodic
polypeptide chains have been performed'’ both on the
semiempirical and ab initio Hartrce-Fock levels. The
band structures of all the 20 homopolypeptides and
various polydipeptides have been calculated™ along the
main polypeptide chain on the basis of ab initio
Hartree-Fock LCAO SCF CO method">'®, The effects
ol basis sel”, clectron correlation'®™ and environment
(both water and ions)**™* on the band structures of some
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homopolypeptides and polydipeptides have also been
investigated. Since the band structure calculations of the
periodic multicomponent polypeptide chains by the di-
rect SCF method are not very easy (in view of the large
size of the unit cell), the electronic density of states
(DOS) of multicomponent periodic polypeptide chains
(containing up to seven amino acid residues) in the anti-
parallel B-pleated sheet conformation have been deter-
mined by Bakhshi and coworkers*®=?® on the basis of ab
initio matrix block NFC method®!. The seven compo-
nents chosen for the study include serine (ser), glycine
(gly), cysteine (cys), asparagine (asn), histidine (his),
aspartic acid (asp) and tryptophane (try). In choosing
these seven components, the aim has been to develop a
model of a real 20-component protein chain. The calcu-
lated value of fundamental band gap in all these periodic
chains (including homopolypeptides) is found to be very
large and, therefore, there is no possibility of intrinsic
conductivity in these chains at physiological tempera-
ture. '

Aperiodic polypeptide chains

Aperiodic polypeptide chains are a more realistic model
of proteins. There have been some studies on the aperi-
odicity effects in proteins®**>’ using a semiempirical
method. The electronic DOS of up to 7-component ape-
riodic polypeptide chains in the antiparallel f3-pleated
sheet conformation have been determined®> on the
basis of the ab initio matrix block NFC method.

In Figures 1 and 2 are shown the DOS distributions
for both the valence and conduction band regions of
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Figure 1. The density of states for periodic poly (sae-ply-cys-—asn-
his—asp-try) a, valence band region; b, conduction bund region,
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Figure 2. The density of states for aperiodic poly (ser, gly, ¢ys, asn;
his, asp, try} in the composition (1:1:1:1:1:1:1) a, valence band re-
gion; b, conduction band region.

periodic and aperiodic 7-component polypeptide chains
in the composition (1:1:1:1:1:1:1) respectively. The
DOS curves of aperiodic polypeptide chains look strik-
ingly different from those of the periodic polypeptide
chains. The sharp and well-separated peaks characteriz-
ing periodic chains are replaced by very broad regions
of allowed energy states with a few small gaps in be-
tween. Similar results have also been observed for the
periodic and random copolymers of conducting poly-
mers’®. As a result of this broadening, the fundamental
energy gap in the case of aperiodic polypeptide chains 1s
somewhat smaller than that of corresponding periodic
polypeptide chains (because the valence bands move up
and the conduction bands move down in energy), though
its value is still too large for semiconduction to be pos-
sible at physiological temperature.

Investigation of extrinsic conduction in proteins

There is no possibility of intrinsic conductivity in perl-
odic and aperiodic polypeptide chains due to their large
fundamental energy gap. Since the DOS curves of aperi-
odic chains are very broad with a few small gaps, there
is a possibility of extrinsic conduction (on doping with
electron acceptors or with electron-donors) in these
chains. To decide about the nature of this extrinsic con-
duction (whether coherent Bloch-type conduction or
charge transport through hopping), the Anderson [ocal-
ization properties’ ° of the wavefunctions of the fron-
tier orbitals (i.e. the energy levels in the upper part of
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the valence band region or the lower part of the conduc-
tion band region) were investigated from aperiodic
polypeptide chains using inverse iteration technique®®>’.
These are the regions of interest if a charge transfer is to
take place in vivo due to the interaction of proteins with
electron-acceptors or donors or with DNA. The re-
sults?’° showed that the wavefunctions are localized on
one or two amino acid restdues, thereby making charge
transport through hopping rather probable. Assuming a
charge transfer of O.le per unit of the aperiodic chain
(which in vivo is rather probable), the hopping frequen-
cies or the primary jump rates (i.e. the number of jumps
from one localized state to another localized state per
unit time of the phonon-assisted hopping at a given tem-
perature 7) were calculated using the generalized form
of the theory of Mott and Davis® for the case of the
arbitrary number of orbitals per unit site. The results
show that the primary jump rates calculated for proteins
fall in the same range of orders of magnitude as for
amorphous semiconductors.

A.C. conductivity of proteins

In the above studies, since it was not possible to calcu-
late the DOS curves for a polypeptide chain containing
20 amino acids, real proteins were modelled using 4-7
components and for calculations, the sequences of the
amino acids in protein models were generated by a
Monte Carlo program.

Recently the above calculations have been extended to
periodic and aperiodic collagen models*'** and two na-
tive proteins, pig insulin and hen egg®* white ly-
sozyme, The DOS in the case of native proteins were
determined using an extended NFC method so as to be
able to take into account the cross-links. The electronic
DOS of the collagen models and the two native proteins
and the Anderson localization studies of the frontier
orbitals (both HOMOQOs and LUMOs) of these proteins
and their corresponding calculated values of the hopping
frequencies for the first and the second neighbour hop-
pings confirm the conclustons obtained from aperiodic
polypeptide chains. One very interesting result of these
studies and the one which i1s under further investigation
is that most of the frontier orbitals of the native proteins
are found to be Anderson localized on the residues that
play an important role in the activities of these proteins.
It, therefore, means that the frontier orbitals of a native
protein influence its biological activity,

Using the hopping frequencies calculated above and
applying the generalized form (for an arbitrary number
of orbitals per site) of the random walk theory of Lax
and coworkers®™’, the frequency dependent a.c. hop-
ping conductivities of these proteins have been calcu-
lated. The calculated a.c. conductivity of hen egg white
lysozyme as a function of frequency, for example, is
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Figure 3. The a.c. conduciivity of hen egg white lysozyme. a, the

real part of the conductivity g {w); b, ils imauginary part o(w); e, its
ahsolute value lg(w)i.
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shown in Figure 3. For both the proteins, it is found that
the calculated values of the absolute 6(w) in the frequency
range 10°-10°sec™ fall between 10°A'cm™ and
10°A™ ecm™. These values lie between the curves of the
chalcogenide glasses Te;AsSi and As,Se; and have in the
most part of the curve the same order of magnitude as that
of Te43As30511,Ge;q. Since all these substances are typical
tnorganic amorphous conductors, one may conclude that
proteins are good amorphous conductors on doping.

It needs to be noted here that the phonon-assisted
hopping transition of particles between spatially distinct
locations is a phenomenon encountered in a diverse va-
ricty of solid state systems. For instance, in weakly
doped and compensated semiconductors, the phenome-
non of impurity conduction arises from hopping of elec-
trons between .impurity sites. Furthermore, in crystals
with a narrowg¢onduction band and strong electron—
phonon interaction, a new quasi-particle, the small po-
laron 1s formed which at sufficiently high temperatures
moves through the crystal by hopping from site to site.
Another example of hopping motion in solids is the
hopping diffusion of Frenkel excitons in molecular
crystals. In the recent past, phonon-assisted hopping of
electrons between soliton bound states has also been
proposed as a possible dominant conduction mechanism

in highly doped quasi-one-dimensional Peierls systems
such as polyacetylene.

Conclusions

The recent results of ab initio quantum-chamisol calcu-
lations using the theory of disordered systems show that
proteins, though insulating in their intrinsic state, can
transport charge via phonon-assisted hopping mecha-
nism on doping with electron-acceptors or electron-
donors in vivo. The calculated values of the a.c. con-
ductivity of proteins are found ta be comparable to those
of the inorganic amorphous conductors. These are the
most accurate calculations performed on the electronic
structure of proteins till now and the results obtained
add to our understanding of the processes such as oxy-
gen metabolism in animals, photosynthesis in plants,
stgnal transmission via energy and charge transport and
perhaps also carcinogenesis as originally postulated by
Szent Gyargyi.'One should point out here that there are
a large number of papers in the literature dealing with
the clectron trdnsfer (ET) in large systems and a number
of mechantsms of charge transport via proton/ion trans-
port, electron tunnclling or with the help of through
bond intcraction (especially through the hydrogen bond)
have been, proposed (see e.g. references 48-51 and the
various articles in Chem. Rev., 1992, 92). It is quite
possible that these different mechanisms supplement
cach other 1n an aperiodic protein folded in a compli-
cated way,
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As a next step, it would be interesting to see how fur-
ther refinements in the theory of disordered systems af-
fect these conductivity results, Noteworthy in this regard
are the trcatment of electron corrclation effects in the
calculation of the electronic DOS of native proteins us-
ing better basis scts, the calculation of hopping ire-
quencies via electron-phonon interaction matrix
elements and last but not the least the treatment of the
two-dimensional nature of the protein problem. It would
also be worthwhile to work out the connections between
the calculated microphysical quantities 1n the theory of
hopping conduction and the quantities occufring in the
other proposed theories. Perhaps these are the directions
along which the future investigations shall take place.
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