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Abstract

The quantum-chemical calculation of an entire molecule of hagfish insulin was done by the ENFC method in which the
matrix elements were calculated at the ab initio level using a minimal basis set with simulation of the aqueous solution
environment. The ac conductivity for hagfish insulin was also calculated at the ab initio level by random walk theory. All the
results were compared with those of pig insulin. It is shown that the reduction of HOMOs and LUMOs localized on the
active sites of hagfish insulin agrees with the decrease in the biological reactivity of the insulin. The analysis of primary
hopping events showed that a different sequence could influence the biological activity of insulin through the distribution of
the hopping centers and the quantities of the hopping frequencies. The curve of the frequency versus ac conductivity of
hagfish insulin shows that the different amino acid sequences of proteins influence the hopping conductivity. However, the
electronic properties of native proteins are dominated by the three-dimensional conformations. Finally, the electronic
mechanism of trans-membrane signal transforms by insulin and its receptor, which had been proposed by Ye and Ladik, was
clearly described.
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1. Introduction studied by standard approaches in terms of hydrogen

bonds, hydrophobicity, and Van der Waals forces in

The reactivity of insulin in relation to its molecu-
lar structure has been investigated for decades [1-5].
As a hormone, insulin has various important biologi-
cal functions and uses very complicated processes
for exerting its biological activities. The relationship
between the three-dimensional conformation and bio-
logical activities of the insulin molecule has been
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previous works. In earlier studies, it was found that
the part of the insulin molecule which forms a dimer
in its crystal form, and the binding interactions of the
insulin molecule to its receptor are important factors
for explaining its activity [3]. Gammeltoft {3] consid-
ered the receptor binding area of insulin as a hy-
drophobic region surrounded by a hydrophillic one.
This area was extended by Liang et al. [5] to include
more residues being involved in the expression of
insulin activity. As the experimental studies on in-
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sulin derivatives of varying biological activity and
their structural comparisons were developed, more
residues were found to be related to the explanation
of its activity [6,7]. All these facts showed that the
whole insulin molecule interacts with its receptor.
That is, the binding to its receptor is a complicated
process in which many residues of insulin are in-
volved.

The structure—function relationship of insulin as a
whole is important to explain its biological activity.
Thus, the electronic structure of the entire molecule
might also play a certain role in the expression of its
biological reactivity. Therefore, it is necessary to
investigate the electronic energy levels of the entire
molecule. Recently, the electronic structure of pro-
teins was investigated using periodic and aperiodic
polypeptide models [8]. It was found that the activity
of proteins and DNA may be explained partially by
their electric conductivity. Ye [9-11] has proven that
the extended negative factor counting (ENFC) theo-
rem can solve the eigenvalue problem of tridiagonal
block matrices with elements corresponding to
cross-links, which may be derived for the quantum-
chemical calculation on a native protein molecule.

The fact that proteins can become semiconductors
rather than insulators was first reported by Szent—
Gyorgyi [12] in 1941 and has now been explored
both experimentally and theoretically. Ladik and co-
workers [13-17] studied the conductivity of aperi-
odic models of proteins with the help of the negative
factor counting method [18,19] and pointed out that
the ac conductivity of proteins should be brought
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about by the hopping of the charge carriers instead
of Bloch-type transport in the proteins.

As an application of the ENFC method, Ye and
Ladik [20] have calculated the electronic energy
levels of the entire molecule of pig insulin and
studied its hopping conductivity [22,23]. It was shown
that the frontier orbitals of the insulin were mainly
localized on those residues which are involved in the
expression of biological activity of insulin, and that
the curve of the frequency versus ac conductivity of
pig insulin lies in the range of some typical inorganic
amorphous conductors and confirms that proteins, if
doped, are amorphous conductors. The further calcu-
lation on the molecule II of pig insulin showed that
the changes in the three-dimensional conformation of
the insulin strongly influenced the ac conductivity of
pig insulin [23].

The evident similarity in structure and preserva-
tion of sequence in the regions of the hormone
considered to be involved in biological activity made
us very interested in the electronic structure and the
hopping conductivity of insulin. In this article, the
electronic energy levels of the entire molecule and
hopping conductivity for Atlantic hagfish ( Myxine
glutinosa) insulin were calculated by using the ab
initio SCF LCAO method applying a minimal basis
set for the ENFC method with the simulation of an
aqueous solution surrounding the molecule. In the
case of hagfish, the most primitive vertebrate and
also the most primitive animal, its insulin sequence
shows ca. 40% changes (19 changes in 51 residues),
and the tertiary structure is similar to that of pig
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Hagfish Arg-Thr-Thr-Gly-His-Leu-Cys~Gly-Lys-Asp-Leu~Val-Asn-Ala-Leu-Tyr-Ile-Ala—Cys-Gly-Val-Arg-Gly-Phe-Phe-Tyr-Asp—Pro-Thr-Lys-Met

Pig Phe Val Asn Gln Ser His Glu

Leu Val Glu Thr Lys Ala X

Fig. 1. The primary sequence of hagfish insulin, the relationship between its frontier orbitals and active sites and the distribution of the
hopping centers which are taken into account in the calculation of its ac conductivity. (*) Active sites with HOMOs and LUMOs; (X)
active sites without HOMOs and LUMOs; (O) uncertain sites with HOMOs or LUMOs. The italic numbers given above the different
residues indicate the number of hopping centers of the different orbitals localized mainly on the residue. The residues displayed under the
sequence are those of pig insulin, which are different from those of hagfish insulin.
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insulin [24]. There are, however, substantial differ-
ences in their biological activity and binding affinity.
The values of its biological activity and binding
affinity relative to pig insulin determined in an iso-
lated rat fat cell assay are 7% and 25%, respectively.
Most natural and synthetic insulin analogues exhibit
a binding affinity relative to pig insulin that is
identical to the relative biological activity. Hagfish
insulin, however, does not confirm this rule. Its
relative biological activity is more than 3 times
lower than its binding affinity in fat cell. Its de-
creased efficacy may indicate that binding and acti-
vation functions of the insulin molecule are at least
partially isolated [3]. Therefore, the hagfish insulin is
a good example to investigate the influence of amino
acid sequence on the electronic structures and ac
conductivity of insulin.

In this paper we shall report the results of the
electronic structures and the hopping conductivity of
an entire molecule of hagfish insulin. In the next
section we briefly introduce the approximations and
methods used in the calculations. In the third section
we report and discuss the calculated results. The
conclusions are presented in the last section and
some deductions are discussed in the same section.

2. Approximations and methods

Fig. 1 shows the primary sequence of hagfish
insulin. The three-dimensional structural data [24] of
the insulin were used in the calculation. The molecu-
lar crystal has one molecule per asymmetric unit but
is organized as a symmetric dimer lying on a 2-fold
crystal axis. All of the coordinates of the hydrogen
atoms which were not listed in the original data set
were obtained theoretically. There are 52 residues
which form two peptide chains, two disulphide
bridges between the two chains and another disul-
phide bridge in chain A, and 811 atoms, including
hydrogen atoms, in hagfish insulin. The total number
of the basis functions is 2487 when a minimal basis
set is used.

It is impossible to work out the electronic energy
levels of an entire protein molecule by full SCF
method in an ab initio scheme because it needs quite
a lot of computer memory capacity (more than 2000
Gbytes) to store two-electronic integrals of the whole

system. Therefore, one has to do some approxima-
tions in such calculations. Ye and Ladik have sug-
gested the overlap cluster approximation [11,20] to
solve this problem. In this approximation the Fock
matrix of a whole molecule can be constructed with
the help of the Fock matrices of clusters only corre-
sponding to the interactions of first neighbours that
are close to each other in the three-dimensional
conformation. In this paper, these clusters, in order
to simplify the calculation, are constructed by two
amino acid residues that are linked by a chemical
bond, that is, peptide bond or disulphide bridge. At
the end of each dimer pseudo—atoms are added to
simulate the chemical environment of the other near-
est neighbouring units of the dimer. The Fock matrix
constructed in this way is very close to that of the
full SCF method [25]. Therefore, the electronic en-
ergy levels obtained are assumed equal to those for
the entire molecule. The wave functions which be-
long to these energy levels are also calculated for the
entire molecule, that is, all 2487 basis functions are
taken into account in the calculations of the wave
functions. In this way, a wave function would be
distributed all over the molecule if it were fully
delocalized (for details, see Ref. [20)).

One has to simulate an aqueous solution environ-
ment surrounding the protein molecule in the quan-
tum chemical calculation. First, under normal condi-
tions, protein crystals are prepared in an aqueous
solution and there are some water molecules in the
protein crystals. Second, it has been known that
insulin molecules express their biological activities
in the aqueous solution. To simulate the solution
environment {20], point charges were put around the
residues that have electronic charges (see Fig. 3 of
Ref. [20]). For comparison with the results of pig
insulin, we take the same scheme as that for pig
insulin. The details of the simulation have been
reported in Ref. [20].

Under the conditions of this simulation, i.e. at pH
7.0, each of the Glu and Asp amino acids has a
negative charge at its side chain because they are not
protonated. Each side chain of Lys and Arg is proto-
nated and has a positive charge. His is neutral and
has a & proton but not an ¢ proton [21]. The
N-terminal has a positive charge, and the C-terminal
has a negative charge for both chains.

The results of hopping conductivity of hagfish
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insulin were obtained by using the energy levels and
molecular orbitals which had been calculated. The
physical model and approximations taken in this
paper were the same as those of the previous works
[22,23,26] in which the results of hopping conductiv-
ity of pig insulin and lysozyme have been reported.
For the sake of the readers we briefly introduce them
in this paper. We define the hopping centers and
‘“main residue’” of a molecular orbital, and assume
that the hopping of charge carriers occur among
these centers of main residues. In the calculation
only the hoppings among the centers of the same
residue and between nearest and next neighbouring
residues are taken into account (in this definition
hopping through the disulphide bridges should be
included, see Ref. [22]). The hopping frequencies
between the hopping centers are calculated by the
same formulae as in Ref. [22]. The protein molecule
was considered as an amorphous system and the
random walking theory of hopping conductivity [27-
30] is applied to calculate its conductivity (for detail,
see Refs. [22,26]). In this article hagfish insulin is
also considered as a quasi-one-dimensional system
although its three-dimensional conformation is used
in the calculation of hopping conductivity. To com-
pare the results with those of pig insulin, we take the
50 highest filled and 50 lowest unfilled orbitals in
the calculation of the ac conductivity of hagfish
insulin too. They were only used in the construction
of the hopping matrix H [22]. Thus, the number of
charge carriers is 100 and the molecular volume is
20960.0 A’ [24] for hagfish insulin. The frequency
range is taken from 1 to 10%°.

3. Calculated results
3.1. Density of states

The electronic density of states (DOS) of hagfish
insulin is shown in Fig. 2a—c, in which (a) is for the
valence and conduction band regions applying a grid
of 0.5 eV, while (b) and (c) are for parts of the
valence and conduction band regions using a grid of
0.05 eV, respectively.

From Fig. 2 it can be seen that the DOS (in
number of states /eV - 2 spin) of hagfish insulin is in
good agreement with that of pig insulin [20], the
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Fig. 2. The electronic DOS of hagfish insulin: (a) both valence
and conduction band regions using a grid of 0.5 eV; (b) the
valence band region using a grid of 0.05 eV; (¢) the conduction
band region using a grid of 0.05 eV. (The grids are not the scales
shown on the abscissa, but the step lengths in the DOS his-
tograms.)

band structures of both molecules being also similar
to each other, and the highest filled peak in the DOS
of the valence band regions of both molecules corre-
sponding to the delocalized orbitals on the peptide
backbone. The energy gap of hagfish insulin (11.55
eV) is slightly smaller than that of pig insulin (11.59
eV). These results indicate that the difference be-
tween the sequences of hagfish insulin and pig in-
sulin does not seriously influence their electronic
densities of states.

The calculated energy gaps (forbidden gaps) of
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the two different kinds of insulin are so large that in
their undoped states they should be insulators. In
minimal basis set Hartree—Fock calculations on pro-
tein molecules one obtains an unrealistically large
gap. If one would apply a far better basis set and
would correct the band structure for correlation [31],
the gaps can be estimated to be between 6 and 7 eV
[32]. The experimental energy gap of lysozyme is
about 3-4 eV [33]. These values are still far too
large to assume intrinsic (thermal) conductivity in

Table 1
Highest occupied molecular orbitals (HOMOs) of hagfish insulin

proteins. Thermal energy cannot pump any electron
from the filled valence band’s region to the empty
conductive band’s region. The conditions for pro-
teins to become amorphous conductors are that they
should lose or obtain electrons to create effective
charge carriers in the valence and conductive band’s
regions, respectively. This can happen through bio-
chemical reactions or photoexcitation. The conduc-
tivity of protein molecules is caused by hopping of
these effective charges between different energy lev-

Energy level (eV)

Position of the wavefunction

(residue)
1580 ) —10.04691 Asn?! :
1579 2) —10.15027 CysS—Cys!! *
1578 3 —10.35451 Asp*®
1577 4) —10.43877 Met ™
1576 (5) —10.48934 Tyr?’ '
1575 (©) —10.49857 Tyr*7_Asp®® '
1574 (7N —10.63786 Tyr'® '
1573 (®) —10.76130 Tyr*—Asp*®—Pro*®
1572 ® —10.79724 Lys*-Asp*' -Leu® p.b.
1571 §[0)] —10.82887 Cys°—Asn?! .
1570 ay —10.87337 Asp?! ‘
1569 2 —10.93936 Cys20-Cys® '
1568 (13) —10.95022 Met>?
1567 14 —10.97021 Tle*-Val*-Glu* p.b.
1566 (15) —10.98334 His®-Cys’-Cys?® :
1565 (16) -~ 11.00731 Ser!2_Iso'>~Tyr'*~Asn'>—Leu'® p-b.
1564 an —11.03285 Lys*—Asp—*!'-Leu*’ p-b.
1563 (18) —11.04195 Tyr'“—Asn'S— .. —Asn'8_Tyr!® p.b.
1562 (19) — 11.04606 Iso">~Tyr'*-Asn'>- .. —Asn'®-Tyr'"® p.b.
1561 (20) —11.04779 Asp®—Pro*-Thr* p.b.
1560 Q@n —11.05121 Leu®-Tyr¥-Iso*-Ala*® p.b.
1559 (22) —11.05999 His®—Cys’-Cys?® :
1558 (23) - 11.10392 Glu*-GIn®- ... -Cys'—His®-Cys?® p.b.
1557 4 —11.11296 Glu*-Gin®- ... ~Cys’—His®-Lys® p.b.
1556 (25) —11.11982 Pro®— ... -Lys®'-Mer™?
1555 (26) —11.14453 Cys’—His®-Cys?®
1554 @n ~11.14690 Arg®_Gly**-Phe* p.b.
1553 (28) - 11.18607 Iso*—Tyr'*~Asn'>-Leu'®~GIn"’ p.b.
1552 29 ~11.20329 Asn*-Ala’*-Leu® p.b.
1551 30) —11.22039 Asn?'-Cys?°—Cys®

N m,

mn
The definition of a component at the nth residue is a(n) = Z CHn)/ Z ZCf(n).

j=1
Those residues with a(n) < 0.05 are neglected.

n=1j=1

If the wavefunction belonging to a certain level is localized on several units, its main component belongs to the residue printed in iralics.

The definition of a main component is a(n) > 0.60.

Wave functions corresponding to an active site are indicated by .

Wavefunctions mainly distributed at the peptide bonds between residues are indicated by p.b.
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els in both the valence band and the conductive
band, respectively (see Ref. [22] for details).

3.2. Frontier orbitals and active sites

The frontier orbitals (HOMOs and LUMOs) are
important in chemical reactions. In a previous paper
[20] the frontier orbitals of pig insulin have been
reported. It has been shown that the distributions of
the frontier orbitals are in good agreement with the
active sites of pig insulin. The energy levels and

Table 2
Lowest unoccupied molecular orbitals (LUMOs) of hagfish insulin

Y. Jiang et al. / Biophysical Chemistry 59 (1996) 95-105

positions of these frontier orbitals may be one of the
factors to control the activity of insulin. The compar-
ison of the frontier orbitals of hagfish insulin with
those of pig insulin will be shown below.

Tables 1 and 2 list a part of the frontier orbitals of
the hagfish insulin. Comparing Tables 1 and 2 in this
paper with those of pig insulin [20] we note that
there is a distinct difference in the distributions of
the frontier orbitals between hagfish and pig insulins.

It can be observed that from the first 18 HOMOs,
there are only 9 HOMOs corresponding to active

Energy level (eV) Position of the wavefunction
(residues)

1581 ) 1.50331 Tyr'*
1582 (03] 1.75086 Phe® *
1583 @3) 1.75668 Tyr'® ’
1584 @) 1.82201 Tyr?’ :
1585 6)) 1.89188 Tyr *
1586 () 1.91350 Phe* :
1587 ) 2.06587 Phe* *
1588 ®) 2.15037 Tyr'*
1589 «) 2.34652 Tyr?’ *
1590 (10") 2.41189 Phe* *
1591 ar) 2.49430 Tyr!®
1592 12) 2.65117 Tyr¥ *
1593 a3) 2.76689 Cys®—...—Cys!'! )
1594 14) 3.08622 Arg?-Thr®*_Thr?*
1595 as) 3.12129 Arg'®
1596 (16" 3.14740 Leu'0-GlIn'"- Asn'®—Tyr!?—Cys?® p-b.
1597 anm 3.18731 Cys’—...-His®-Leu?"-Cys?® )
1598 s) 3.21658 Gly'-1le?-Val® :
1599 19) 3.24826 His®- ... -Cys’~Cys*® ’
1600 (20) 3.30753 Arg®
1601 1) 3.35332 Phe*—Tyr*'—Asp*® p-b.
1602 22) 3.46417 Lys®'-Mer>?
1603 (23) 3.49287 Cys®— ... —Leu'®-GIn'"~Asn'®-Tyr'® p-b.
1604 (24) 3.49297 CysS—Cys’-His®- ... -Leu'® pb.
1605 (25" 3.49594 Thr24-Gly 5-His?® pb.
1606 (26) 3.57524 Asn**-Ala*-Leu3¢ p.b.
1607 @7) 3.58671 Cys®_Gly?°~Lys*°~Asp*'— ... —~Asn** p-b.
1608 (28') 3.59089 Arg?
1609 29) 3.60159 Cys¥—Cys*
1610 (30" 3.60830 Pro*°—Thr>° p.b.

m, N m,
The definition of a component at the nth residue is a(n)= Y, C HOYSIDY CHn).

j=1
Those residues that have a(n) < 0.05 are neglected.

n

=1j=1

If the wavefunction belonging to a certain level is localized on several units, its main component belongs to the residue printed in italics.

The definition of a main component is a(n) > 0.60.
Wavefunctions corresponds to an active site are indicated by *.

Wavefunctions is mainly distributed at the peptide bonds between residues are indicated by p.b.
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sites while among the first 22 LUMOs there are only
13 such orbitals, which is less than in pig insulin (13
out of the 18 HOMOs and 16 out of the 22 LUMOs,
respectively). Therefore, one can say that the de-
crease in the sites of HOMOs and LUMOs of hag-
fish insulin relative to those of pig insulin causes the
reduced activity of hagfish insulin.

It can be found that at the residue Phe* (Phe®?%)
in hagfish insulin, one of the most important residues
for expression of biological activity of insulin, there
is no high-lying occupied electronic energy level.
Therefore, the chemical activity of the residue Phe®
(Phe®?%) of hagfish insulin is much lower than that
of pig insulin. The energy level of the HOMO
localized on the residue Tyr*’ (Tyr®26) of hagfish
insulin is 0.315 eV (7.253 kcal/mol) higher than
that of pig insulin so that the residue Tyr*’ (Tyr®*)
should more active in hagfish insulin than that in pig
insulin.

There is no MO with a filled high-lying energy
level localized on the residue Val® (Val®?') of
hagfish insulin’s B chain. This suggests that this
residue is chemically inert. However, the residue
Glu® (Glu®?") of pig insulin, localized on the same
site as in hagfish insulin, has a stronger chemical
activity because it has a pair of electrons whose
energy level lies at the first HOMO. The energy
level of the HOMO of the residue Asp?' (Asp®'®) of
hagfish insulin is 0.189 eV (4.348 kcal /mol) higher
than that of His*' (His®!®) of pig insulin, and so is
the energy level of the HOMO of the A chain
residue His® (His*®) of hagfish insulin 0.283 eV
(6.522 kcal/mol) higher than that of Thr®® in pig
insulin, which is a residue nearly like that found in
turkey insulin, whose activity is higher than that of
pig insulin [3]. This could mean that the residues
Asp®' (Asp®'®) and His® (His*®) of hagfish insulin
have stronger chemical activities than those of pig
insulin.

Differences in the energy levels of three disul-
phide bridges also clearly exist. For the molecular
orbital localized at the disulphide bridge Cys®~Cys''
(Cys™®—Cys*'"), there is evidence for an elevation
of the energy level of 0.613 eV (14.138 kcal /mol)
from the eighth HOMO of pig insulin to the second
HOMO of hagfish insulin. The energy level of the
disulphide bridge Cys’-Cys?® (Cys*’~Cys®’), which
lies in the fifteenth HOMO of hagfish insulin, how-

ever, is 0.155 eV (3.575 kcal /mol) lower than that
of pig insulin. There are also evident energy level
changes of the LUMOs localized at the disulphide
bridges Cys*-Cys® (Cys*?°-CysB”) and Cys’-
Cys?® (Cys®"-Cys®”). The energy levels of the or-
bitals at these two disulphide bridges of hagfish
insulin are 0.918 eV (21.166 kcal/mol) and 0.474
eV (10924 kcal/mol), respectively, higher than
those of pig insulin.

All these differences mentioned above imply that
the relationship between the electronic structures and
biological activity of insulin is subtle. Possibly hag-
fish insulin’s reduced activity relative to pig insulin’s
activity is only partially due to the decrease in its
sites of HOMOs and LUMOs corresponding to the
active, sensitive sites. Even though some residues in
hagfish insulin have strong chemical activities, oth-
ers which have lower chemical activities relative to
pig insulin may counteract their effects on insulin’s
activity. From the results shown in this paper one
can hypothesize that the electronic energy levels of
the frontier orbitals localized at the active, sensitive
sites of insulin might also be responsible for the
difference in the biological activity between hagfish
and pig insulin. The lack of electrons that have
high-lying energy levels at residues Phe* (Phe®>)
and Val® (Val®?!) of hagfish insulin might reduce
its biological activity, although the electrons that
have higher energy levels at the residue His® (His*?)
could increase its biological activity. However, the
rising of the energy level of the filled frontier orbital,
which is localized at residue Asp®' (Asp®'®) of
hagfish insulin, seems not enough to explain its
effect on the high potency of Asp®'°~human insulin
derivative [6]. Its effect might result from the nega-
tive charge of the side chain instead of its electronic
energy level of the frontier orbital.

3.3. Primary hopping frequencies

Ye and Ladik [23] have proposed for the elec-
tronic mechanism of trans-membrane signal transfor-
mation that the insulin would change the ac conduc-
tivity of itself and of its receptor in the high-
frequency range to transform the signal across a
membrane when bound to its receptor. The primary
hopping frequencies are the basic quantities for the
calculations of the ac conductivity [22]. Therefore,
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comparing the differences of the hopping frequencies
between the two kinds of insulins will help us to
analyze the electronic transport mechanism in detail.

The number of hopping centers taken into account
in the calculation of ac conductivity are shown in
Fig. 1. Combining this with the results of pig insulin
(both Figs. 1 in Ref. [22] and in Ref. [23]), we can
find that there are three regions that have more
centers than the other parts. Two of them are around
the disulphide bridge Cys*~Cys® (Cys*?°-Cys?'%)
at the C-terminal of the A chain and around the
Phe* (PheB?), respectively, and they are close to
each other in the three-dimensional structure and are
included in Liang’s proposed binding interaction sur-
face of the insulin molecule with its receptor [5].
Another is around the two disulphide bridges Cys®—
Cys'' (Cys**-Cys*'!') and Cys’-Cys® (CysA’—
CysP’). This fact indicates that the electronic trans-

port mainly happens in these three regions. That is,
the three regions should be the main paths in the
electronic transport in an insulin molecule, and prob-
ably, in the insulin—receptor complex.

The largest hopping frequencies of different types
(hopping between different orbitals localized on the
same residues, between nearest and second-nearest
neighbours, hopping through disulphide bridges) are
presented in Table 3. Comparing them to those of
pig insulin given in Table 2 of Ref. [22], we find
that, in the results of the two different kinds of
insulin, there exist quantitative differences of about
one or two orders of magnitude, and the hopping
events also happen at different sites in the two
different insulin molecules.

From Table 3 we can see that the hopping fre-
quencies between different orbitals localized on the
same residues of hagfish insulin are quite different

Table 3
Some primary hopping frequencies of hagfish insulin
i Jj n n AE; (eV) hx(niy— x¢t. Bxor, jy— xniy
40 33 26 26 0.10266 5.78 x 108 271 X 10'°
24 15 8 8 0.12962 6.45x 107 8.29 x 10°
11 9 31 31 0.07613 5.32x 107 9.23 x 10%
17 1t 31 31 0.15948 8.92 x 10° 3.51 % 10°
25 13 52 52 0.16960 1.90 x 10¢ 1.09 x 10°
34 37 28 27 0.07081 3.09 X 107 439 x 108
27 34 29 28 0.17298 1.05 x 10°® 6.83 x 10%
24 2 8 7 0.05297 429 % 10° 3.12x 10°
31 41 5 4 0.21027 1.19 X 10° 3.14 x 10®
18 12 19 20 0.10260 7.33x 104 3.42 x 108
32 35 4] 43 0.04906 1.25x 10° 7.87 X 10°
33 26 26 28 0.15533 2.84 x 104 9.57 X 10°
40 45 17 15 0.14786 1.33 x 104 3.40 x 108
2 4 45 47 0.07114 7.82 X 10 1.12 % 10*
31 28 14 16 0.09377 2.19 X 10?2 7.35 % 10°
33 54 8 28 0.01097 1.12%x 103 1.68 x 103
18 12 19 40 0.10260 8.17 X 102 3.82x 10°
12 10 40 21 0.11049 5.84 X 10! 3.67 x 10°
29 32 20 4] 0.13647 5.76 9.57 x 102
26 24 28 8 0.03157 476 1.55 x 10"
26 2 28 7 0.08454 2.98 x 10° 7.08 X 107
39 26 7 28 0.23251 233 x 10° 1.41 X 107
24 " 43 6 11 0.51736 6.26 X 1073 1.64 x 10°
13 24 11 6 0.72608 422%x 1073 2.75 x 107
13 * 43 6 11 1.24343 439x 10712 7.50 x 103

i and j indicate the numbering of molecular orbitals; n and »' indicate the numbering of residues; A E;; = E; — E; indicates the difference
between the ith and jth energy levels; Ay, ;. x(v.; indicates the hopping frequency of a charge carrier from the center at the rth residue
of the ith orbital to the center at the n'th residue of the jth orbital; Ay y j,-. x(a.; indicates the hopping frequency of that charge carrier
from the center at the n'th residue of the jth orbital to the center at the nth residue of the ith orbital (see formula 3 in Ref. [20]). Asterisks
indicate unfilled energy levels whose numbering begins at the lowest one.
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from those of pig insulin [22,23]. The hopping fre-
quencies between nearest and next neighbouring
residues in the same chains of hagfish insulin are
also quite different from those of pig insulin. These
facts indicate that the hopping mechanism is in detail
different for the two kinds of insulin. This might be
one of the causes of the reduction of biological
activity of hagfish insulin.

In the hopping frequencies listed in Table 3 we do
not find any one that can be ascribed to the residue
Phe® (Phe®?®) and find only one that belongs to
Phe® (PheP**) and Tyr* (Tyr®?%) and which is
much smaller than those appearing at the same sites
of pig insulin {22]. This suggests that the contribu-
tion of hopping to electronic transport in this region
of hagfish insulin is reduced relative to that of pig
insulin because the probability of electron hopping is
reduced. The evident change in the differences of
energy levels of the disulphide bridges which have
the largest hopping frequencies between hagfish and
pig insulin suggests that the capability of electron
transport in this region in hagfish insulin is also
weaker than in pig insulin because the differences in
energy levels of these disulphide bridges belonging
to hagfish insulin are greater than those of pig
insulin. According to the electronic mechanism of
signal transformation by insulin and its receptor [23],
we suggest that the low ability of electronic transfor-
mation in these regions might cause low activity of
hagfish insulin.

From the calculated results of the primary hop-
ping frequencies, we found that both insulins have a
common feature that the residue sites which belong
to a larger number of centers are in good agreement
with the active sites that have been experimentally
determined. Therefore, the binding affinity and the
biological activity of insulins are closely related to
each other because the binding regions contain the
main electronic transport paths. The partial isolation
of the binding affinity and the activation functions of
hagfish insulin is probably caused by the lower
ability of electronic transport in this insulin.

3.4. Hopping conductivity of hagfish insulin

The atoms which are involved in the biochemical
reactions change their positions in a very short time

period (picosecond). This time period corresponds to
the high-frequency range of conductivity (w > 10°
s~'). The change of the positions of the atoms is,
however, irreversible. Therefore, the treatment of a
high-frequency electric current can be used as an
approximation to describe such processes (for de-
tails, see Ref. [23]). Our interests in the following
analysis will be focused on the high-frequency range
of ac conductivity.

The ac conductivity calculated for hagfish insulin
is presented in Fig. 3. In order to compare this with
that of pig insulin, the calculated ac conductivity of
pig insulin is also shown in the same figure. One can
find that the hopping conductivity of hagfish insulin
is qualitatively in agreement with that of pig insulin.
However, there are, to a certain extent, some quanti-
tative differences between these curves.

In the figure we can see that the real parts of the
ac conductivity are more sensitive to the different
kinds of insulin and about one order of magnitude
different from each other. The combination of the
real and imaginary parts makes the curves of the
absolute value of the ac conductivity of the two
insulins smoother. Except for a curve bend at w =
10* for hagfish insulin and at w=10° for pig
insulin, they all reach a constant value after w = 10'°.
The constant value of hagfish insulin is about one
order of magnitude smaller than that of molecule I of
pig insulin but larger than that of molecule II of pig
insulin.

The calculated results of the ac conductivity of
hagfish insulin show that the 40% differences be-
tween the sequences of the two different kinds of
insulin seem not to seriously influence their ac con-
ductivity. The difference is smaller than that caused
by the three-dimensional changes of pig insulin itself
(see Fig. 3 and Ref. [23]). Therefore, the 40% differ-
ence in amino acid sequence between the two insulin
molecules has less influence on the ac conductivity
than the differences of the different three-dimen-
sional conformations of pig insulin itself. Obviously,
both insulins express their biological activity in the
same way. The difference in their activity is caused
by the different hopping mechanism in detail. Fi-
nally, we can conclude that the ac conductivity of
proteins is dominated by three-dimensional confor-
mations of protein molecules instead of amino acid
sequences.
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Fig. 3. The ac conductivities of hagfish and pig insulins. The solid
line (—) represents that of hagfish insulin. The dashed line
(- --) and the dashed and dotted line (- - —) represent those of
molecule I and II of pig insulin, respectively. (a) The real parts of
the conductivities; (b) their imaginary part; (c) their absolute
value.

4. Discussions and conclusions

In this paper we have investigated the electronic
structures and hopping conductivity of hagfish in-
sulin theoretically and compared the results to those
of pig insulin. Summing up the all results we can
conclude that the different amino acid sequences of
the proteins influence their electronic structures and
electronic transport. However, the electronic struc-
tures and electronic transport of a native protein are
dominated by its three-dimensional conformations.

Up to now, the biological activities of insulins
have been researched by standard approaches in
terms of hydrogen bonds, hydrophobicity, and Van
der Waals forces. The question remains of what kind
of role the electronic structures, which are also domi-
nated by three-dimensional conformations, play in
the expression of the biological activity of insulins?
A physical model has been proposed by Ye and
Ladik [23] to answer this question. It was hypoth-
esized that the insulin would change the ac conduc-
tivity of itself and of its receptor in the frequency
range corresponding to the time period of chemical
reactions when it is bound to its receptor. That is, the
insulin molecule acts like an electronic switch. The
signal transformation across the cell membrane by
the receptor of insulin may be caused by electronic
transport which was controlled by insulin. The re-
sults of this paper support this hypothesis that the
electronic transport could be involved in the expres-
sion of biological activity of insulin because there
are many detailed differences in the electronic struc-
tures and primary hopping events between the two
different kinds of insulin. Moreover, the electronic
transport might have more effect on the biological
activity than on the binding affinity, because the
latter may be dominated by non-bonding interactions
except a few covalent interactions [34]. Therefore,
the differences in electronic structures and primary
hopping events between the two insulins might be
one of the reasons that hagfish insulin has a different
binding affinity and biological activity.

Combining the results of this paper with all the
results of previous papers [10,20,22,23,26], we could
describe the physical model of the electronic mecha-
nism of signal transformation across a membrane by
insulin and its receptor clearly. The insulin binds to
the external membrane side of its receptor and
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changes the three-dimensional conformation of itself
and of its receptor. In this step the three-dimensional
conformation of the external membrane side of the
receptor will be changed and those of the other parts
may also be influenced. The insulin—receptor com-
plex has an ac conductivity which is largely different
from their separate forms in the high-frequency range
that corresponds to the time period of an elementary
step of chemical reactions. It is probably one or two
orders of magnitude higher according to the results
of the calculations on both molecules of pig insulin.
Therefore, it can be concluded that the complex
forms an electronic channel across the membrane.
The electrons could be transported through the chan-
nel. The effective charge carriers of the channel were
created by the biochemical reactions occurring in the
complex. At the same time only those electrons
which are involved in the reactions could be trans-
ported because in a time period that is longer than an
elementary step of chemical reactions the conductiv-
ity of the complex is still unchanged and much
lower. The channel would then be closed and the
biochemical reactions would stop when the insulin
molecule is isolated from its receptor.

The three-dimensional conformations of the re-
ceptor and its complex with insulin are not yet
known. We cannot verify this physical model by
direct theoretical calculations. However, one could
design an experiment to verify it. An alternating
current across a membrane with high frequency
(about 10" Hz) could be measured after insulin
binds to its receptor on the membrane. The effective
charge carrier could be created by photoexcitation or
biochemical reactions. This alternating current would
become much weaker after the insulin is isolated
from its receptor. Obviously, one should perform
such experiment very carefully. The samples should
be pure enough to avoid interferences with the mea-
surements.
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