PHYSICAL REVIEW B

VOLUME 51, NUMBER 19

15 MAY 1995-1

Conformational influence on the hopping conductivity in pig insulin

Yuan-Jie Ye
Department of Protein Engineering, Institute of Biophysics, Chinese Academy of Science, Beijing 100101, China
and Department of Theoretical Chemistry and Laboratory of the National Foundation for Cancer Research,
Freidrich-Alexander University Erlangen-Niirnberg, Egerlandstrafe 3, D-91058 Erlangen, Germany

Janos Ladik
Department of Theoretical Chemistry and Laboratory of the National Foundation for Cancer Research,
Freidrich-Alexander University Erlangen-Niirnberg, Egerlandstrafe 3, D-91058 Erlangen, Germany
(Received 13 June 1994; revised manuscript received 9 January 1995)

The ac conductivity of pig insulin has been reported previously [Y.-J. Ye and J. Ladik, Phys. Rev. B
48, 5120 (1993); Int. J. Quantum Chem. 52, 491 (1994)]. Now we have calculated in the ab initio scheme
using Clementi’s minimal basis set and the random-walk theory of Lax and co-workers the ac conduc-
tivity in another conformation that occurs in the same crystal. The results confirm the conclusions of
the previous papers, that is, native proteins can be good amorphous semiconductors if they are doped.
The comparison of the results of the two conformations of pig insulin shows that the ac conductivity
changes two orders of magnitude in the frequency range that corresponds to the time period of the ele-
mentary steps of chemical reactions (o> 10" sec™!) when the three-dimensional structure changes.
However, it does not change significantly in the low-frequency range (w < 10* sec™!). The conclusion is
that in the high-frequency range insulin would change both the ac conductivity of itself and its receptor
if it binds to a receptor. Thus insulin might change the electron transport in the receptor when it

expresses its biological activity.

I. INTRODUCTION

In the preceding papers,? we have reported the hop-
ping conductivity of pig insulin and have drawn the con-
clusion that polypeptide chains could be good amorphous
semiconductors along their main chains if they are
doped. The calculations were done on one of the mole-
cules in a dimer, which is the asymmetric unit in the sin-
gle crystal. It was necessary to compute also the hopping
conductivity of another molecule in the same dimer be-
cause it has a somewhat different three-dimensional
structure. Chothia et al.® and Chang et al.* compared
the differences between the two molecules in the dimer of
pig insulin, respectively. They have come to the con-
clusions that the conformations of the two molecules are
similar to each other in their main chains, and almost all
side chains changed only slightly; but, in the case of a few
side chains, the conformations were altered significantly.

In this paper, we shall report the hopping conductivity
of the other molecule in the dimer using the same ap-
proximations and methods as in the preceding papers.!"%>
The results show that conformational changes strongly
influence the hopping conductivity of pig insulin in the
high-frequency range, especially in the frequency range
that corresponds to the time period of elementary chemi-
cal reactions steps.

II. THE PRIMARY HOPPING FREQUENCIES

The three-dimensional structure of native pig insulin is
known. The data set of atomic coordinates that was
determined from X-ray diffraction on single crystal was
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used in the calculations. The resolution of the data is 1.5
A. The electronic energy levels and wave functions of pig
insulin were treated in the computations as those of an
isolated macromolecule in aqueous solution.” The same
was done in the calculation of random-walk process in
which we only considered the hoppings among amino
acid residues.’

In this paper, the geometry of pig insulin was also tak-
en from the Brookhaven Protein Data Bank.® The chains

* - s - « & s

1022133021l21040020112

C: Gly-lle-Val-Glu-Gln-Cys-Cys-Thr-Ser-Ilc-Cys-Ser-Leu-Tyr-Gin-Leu-Glu-Asn-Tyr-Cys-Asa
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* % | = . * . .
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D: Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-Gly-
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

* - - * *
2 2 0 2 3 4 1 1 1 3
-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala
42 43 44 45 46 47 48 49 50 51
FIG. 1. The primary sequence of pig insulin (molecule II)
and the distribution of the hopping centers, which are taken
into account in the calculation of its ac conductivity. The num-
bers given above the different residues indicate the number of
centers of the different orbitals localized mainly on the residue;
see Eq. (2). Asterisks indicate the residues involved in the ex-
pression of biological activity of insulin.
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A and B in the data set were considered as molecule I in
the preceding papers,"?> so that chains C and D are
identified as molecule II in this paper. There are 782
atoms in the molecule including the hydrogen atoms.
2418 basis functions were used in the calculation when
Clementi’s minimal basis set was applied to obtain the en-
ergy levels and wave functions of the entire molecular
system. We apply the same approximations, numerical
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Here hx(,, ;) x(n',j)» Stands for the hopping frequency of a
charge carrier hopping from the center of the ith orbital
in the nth residue to the center of the jth orbital in the
n’th residue. AE;;=E;—E, is the energy difference be-
tween the final state and the primary state in the hopping.
C'? and C/? are the linear combination of atomic orbitals
coefficients of the y,(n) and x,(n’) basis functions be-
longing to the orbitals ¥ and W' in the nth and n'th
residues, respectively, kp is the Boltzmann constant, and
T the absolute temperature. The phonon frequency
Vphonon 18 taken as vpyonon = 102571 as it has been done in
Refs. 9 and 10 (acoustic-phonon frequency) and in the
previous papers.!?

The so-called main residue, which will be only taken
into account in these calculations, is defined as that resi-
due which has a value of a(n,i) = 0.4 for its ith molecular
orbital, where
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Here N is the total number of the residues in a protein
molecule and m, is the number of the basis functions in
the nth residue.

As we have done in the preceding papers, pig insulin is
considered as a quasi-one-dimensional system. Its pri-
mary sequence and the distribution of hopping centers
that are taken into account in the calculations of its ac
conductivity are shown in Fig. 1.

Similarly to molecule I (Refs. 1 and 2) the hopping
centers that have to be taken into account (the number
above the different residues in Fig. 1) are not evenly dis-
tributed along the sequence of insulin. Residues that
have aromatic side chains have more than one hopping
centers. This means that aromatic side chains have im-
portant contributions to the ac conductivity of proteins.
Up to now, it has been experimentally found that 20 resi-
dues are involved in the expression of biological activity
of insulin.!' "' Thirteen of them have more than one
hopping center. Only two of them (Val** and Gly*) pos-

YUAN-JIE YE AND JANOS LADIK s1

methods,”? definitions and formulas, as in the previous
papers."?> For the sake of better understanding, we re-
peat the definitions and the expressions of hopping fre-
quencies as well as of main residues here. The rest of the
used rather involved formalism can be found in Refs. 1
and 7.

The hopping frequencies (primary jump rates) were cal-
culated in the following way:*

2
—AE..
exp kBTU R AE,-j>O, (1a)
2
, AE;=0. (1b)
-

sess no hopping centers. The residues Phe*’, Phe*S, and
Tyr*, one of the most important active areas of insulin,
have large numbers of hopping centers. There are four
tyrosine side chains in pig insulin. Three of them, Tyr!?,
Tyr¥, and Tyr*’, have been found to be important in the
expression of its biological activity; Tyr!* seems not to be
important experimentally. All tyrosines have more than
one hopping center but there is no hopping center at the
nearest residues to the Tyr'* and only one center at its
second neighbors. That is, the environment of the resi-
dues Tyr'* is different from the other tyrosines. It is well
known that hopping conductivity depends on the values
and distributions of hopping frequencies. Therefore,
from the above results, we believe that there exists a rela-
tionship between the ac conductivity and biological ac-
tivity of insulin: The reaction of insulin with its receptor
might involve electron transport.

Chothia et al.® reported that there are three residues
that have significantly different conformations in the two
molecules of the dimer. These are Tyr*!°, His®®, and
Phe®?. In our notation, they correspond to Tyr! and
His?® and Phe*, respectively. All of them are important
both from the point of view of hopping conductivity and
of the biological activity.!""!> Comparing Fig. 1 with the
Fig. 1 of Ref. 1, we find that the number of hopping
centers is smaller in molecule II, and the environments of
them are different as in molecule I. This shows that the
conformational changes of the biologically important
residues strongly influence the electron transport in insu-
lin.

In Table I, we present the largest hopping frequencies
of different types (hopping between different orbitals lo-
calized on the same residues, between nearest and second
nearest neighbors, hopping through disulfur bridges).
Comparing them to those of molecule I, which are
presented in Table II of Ref. 1, we find that both of them
have qualitatively the same behavior. However, the hop-
ping frequencies between second neighbors through
disulfur bridges and between the two chains have some-
what different properties. The one from Leu?’ to Cys’
(hopping to the second neighbor through the disulfur
bridge Cys7-Cy528), which falls into the valence-bands re-
gion, is larger than the hopping frequencies to the second
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TABLE 1. Some primary hopping frequencies of pig insulin (Mol. II). The asterisk denotes an

unfilled level.

i J n n' AE;; (eV) R x(n,i)—X(n', ) Rx(n', ) (n,i)
222 18 4 4 0.04723 5.20% 107 3.05% 10°
38 25 14 14 0.19775 4.41X10° 7.28%10°

3% 5% 46 46 0.087 70 4.44X10° 1.19X 107

5 2 51 51 0.21342 3.03X10° 8.99 X 10®
45 17 34 34 0.34775 4.92x10* 2.4x10"°
46* 49* 25 24 0.059 66 1.83 X107 1.71x 10%
33 18 5 4 0.23262 2.46X10° 1.50% 107
35 19 30 31 0.248 17 1.63X10° 1.78 X 107
43 28 24 25 0.18215 1.23X 10 1.14X 10°
33 22 5 4 0.18539 1.05 X 10° 1.09 X 10°
24* 28* 31 29 0.24074 4.45X10° 3.67X% 10’
34 28 27 25 0.090 02 4.37X10° 1.27X10°
26 24 38 36 0.034 49 1.29 X 10 4.71%10°
40 32 49 47 0.097 48 2.65X%10? 1.02x10*
27 23 7 9 0.04203 1.06 X 10? 5.12x10?
34 27 27 7 0.118 67 3.22x10* 2.74%10°
29* 32* 6 12 0.044 86 0.381 2.05
13* 18* 19 40 0.359 10 3.35X 1072 2.34x10*
10 3 10 6 0.34901 3.08X1072 1.47x10*
29* 40* 6 28 0.299 26 4.17X1073 3.08 X 10?
40* 45* 28 7 0.069 63 3.17X10° 4.30x10°
27 6 7 28 0.57296 0.125 2.62X 108
19* 40* 7 28 1.293 37 4.95X10712 5.48 X 10°
19* 45* 28 7 1.36300 4.33x107" 6.52% 108
15* 29* 11 6 1.373 66 9.85x107 1% 2.21X 108

2The numbering of filled levels starts from the highest occupied one.
*The numbering of unfilled levels starts from the lowest unoccupied one.

neighbors within a chain. Further, the other primary
jump rates through disulfur bridges to the second-
neighbor residues are much smaller than those within a
chain. Again, the hopping frequencies through the
disulfur bridges (except the one in the conduction-bands
region through Cys’-Cys?®) become negligibly small if we
go from lower energy levels to higher ones. On the other
hand, they are larger than those between other nearest
neighbors when the hopping events happen from higher
energy levels to lower ones. This confirms the conclusion
in Ref. 1 that the transport of electrons between the two
chains in their ground states is generally difficult. It be-
comes, however, easy when external electrons are
pumped to the conduction-bands region so that the
disulfur bridges in an insulin molecule can have their spe-
cial function in biochemical reactions. Moreover, the
disulfur bridge Cys’-Cys?® might have different features
than the others. The experimental fact is that any muta-
tion at this disulfur bridge hinders the activity of insulin
even if its original three-dimensional structure remains
unchanged.!?

Comparing Table I with Table II of Ref. 1, we can see
that the change of the three-dimensional conformation
strongly influences the values of the hopping frequencies.
The values of the largest hopping frequencies along the

main chains, presented in Table I, are smaller than those
in Table II of Ref. 1 by about one order of magnitude.
This means that the electron transport along the main
chains in molecule II is less efficient than in molecule I.
Furthermore, those hopping centers that have the largest
hopping frequencies belong to quite different residues in
the two different molecules. For example, the 1ar§est
nearest-neighbor frequency belongs to Asn**—Val? in
molecule I and to GIn?— Asn?* in molecule II. For fur-
ther details, see Table II in Ref. 1 and Table I in this pa-
per. These facts mean that the paths of electron trans-
port in insulin alter by the changes of its three-
dimensional conformation. We can expect that these
differences would strongly influence the ac conductivities
of the same molecule system in the two conformations.

1. THE HOPPING CONDUCTIVITY
OF MOLECULE II OF PIG INSULIN

Hopping conductivity in disordered lattices and quasi-
one-dimensional systems of inorganic materials has been
investigated by random-walking theory in the last two de-
cades.'®”2° In the preceding paper,! we have applied the
formulas of Odagaki and Lax'® to calculate the hopping
conductivity of pig insulin, which is one of the smallest
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native proteins.

In this paper, we use the same approximations and
methods as in the preceding paper! to calculate the ac
conductivity of the other conformation in the dimer of
pig insulin. It is treated as a quasi-one-dimensional disor-
dered finite system for which the three-dimensional coor-
dinates of the atoms of pig insulin were used in the calcu-
lation, that is no periodic boundary conditions were ap-
plied (for details see Ref. 1 and Ref. 2). The formalism of
Odagaki and Lax'® has been applied again to calculate
numerically its complex ac hopping conductivity as that
has been done in Refs. 1 and 2. In this, and in the
preceding papers, only the ac conductivity has been cal-
culated numerically. (The dc conductivity cannot be
determined analytically with the help of the expressions
applied for random primary jump rates.”? Numerical es-
timates for them based on the frequency dependent ac re-
sults will be given below.) It should be mentioned, how-
ever, that the value of the dc conductivity is not very im-
portant for the biological activity of insulin, because the
series of biochemical reactions which are triggered by in-
sulin binding to a receptor at the external part of the cell
membrane have for their elementary steps a time scale of
10710 sec.

As in the previous papers, we have taken the dimen-
sionality, d =1, and the approximation that only those
hoppings were taken into account that happen between
first and second neighbor main residues. Further, we
have considered only the 50 highest filled and 50 lowest
unfilled orbitals in the calculation. In this way, the num-
ber of charge carriers is 100. The molecular volume of
pig insulin is 22250 A® (Refs. 1 and 2) also for molecule
1I.

The calculated ac conductivity of pig insulin II is
shown in Fig. 2. The previous results® for the ac conduc-
tivity of molecule I are also shown in Fig. 2 for compar-
ison.

From Fig. 2, we can see that the ac conductivity of
molecule II of insulin increases also with the frequency o,
like in the case of disordered inorganic solids (chal-
cogenides).’

The ac conductivity curves of pig insulin II are qualita-
tively similar to those of molecule I (Refs. 1 and 2). In
the frequency range of 10°<w<10% sec™!, the |o(w)|
curve of the ac conductivity of the molecule II also lies
between the curves of Te,AsSi and As,Se;, and has the
same order of magnitude as Te 3As;,Si,Ge;, (see Fig.
7.15 of Ref. 9). All these results confirm the conclusion
that native proteins are good amorphous conductors if
they are doped. Putting together these results with those
obtained for pig insulin I (Refs. 1 and 2) and for lyso-
zyme,? we believe that the above described behavior is a
common property of ac conductivity in proteins.

Comparing the curves in Fig. 2, we find that there are
certain differences between the ac conductivities [o(w)]
of the two molecules. The largest differences occur in the
high-frequency range, o> 10° sec™!. The real part of
o(w) is larger in insulin I than that of molecule II in the
frequency range of 10*<w <107 sec™! and w > 10'° sec™ 1.
The imaginary part of molecule I is also larger than that
of molecule II but only from > 107 sec™! and its max-
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FIG. 2. The ac conductivity of pig insulin. The full line indi-
cates the results of molecule IT and dashed line indicates the re-
sults of molecule 1.2 [Molecule II consists of chains C and D
(which differ not in their sequence, but only in their conforma-
tions from chains 4 and B, in molecule I) (Ref. 12)] (a) the real
parts of the conductivity; (b) their imaginary parts; (c) their ab-
solute values.
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imum lies at @ =10 sec™!. |o(w)| of insulin I is also
larger than that of II in the frequency range of
10*<w < 10® sec™! and w> 107 sec”!. The conductivity
of molecule I is much higher than that of molecule II in
the range of w> 10! sec™!, which corresponds to the
time period of an elementary step of a biochemical reac-
tion. |o(w)| of molecule I still increases at @~ 10" sec™!
while in the molecule II it becomes a constant at the
same o value; it is nearly two orders of magnitude larger
in insulin I than in II when the curve of molecule I
reaches its constant value at o~ 10'% sec™! [see Fig. 2(c)].
This fact means that electron transport is easier in insulin
I than in IT when the external electric field changes its
direction in a short time period. Therefore, insulin I
should have more activity than II if the reaction involves
electron transport.

From these results we can conclude that the ac con-
ductivities of proteins are sensitive to conformational
changes in the high-frequency range, especially if @ cor-
responds to the time period of an elementary step of a
chemical reaction. Therefore, we believe that not only
fitting of the reactants to proteins is needed, if they show
biological activities, but most probably also their ac con-
ductivity is important in reactions of proteins with their
reactants when electron transport is involved in them.
This property of proteins could be strongly influenced by
conformational changes caused by the reactions.

It should be mentioned that by redrawing the curves of
Fig. 2 in nonlogarithmic scales and enlarging their very
low-frequency ranges, one could estimate the dc conduc-
tivity by extrapolation of pig insulin I and II, respective-
ly. According to the results obtained lim,  lo(®)|
~3%X107"2 Q7 'em™! for insulin I and ~7X107 12
Q 'cm ™! for insulin II. [This is caused first of all by the
inequality lim, ,oR.(®)>lim, ,0k.(®) as one can see
from Fig. 2(a).] Finally, it should be mentioned that
Refs. 19 and 20 contain different partially quite sophisti-
cated model calculations applying the random-walk
theory for disordered one-dimensional chains. In this
way, the authors were able to obtain also analytical ex-
pressions for the dc conductivity of these chains. Since,
however, all these models contain some restrictions (the
ratio of different hopping frequencies, periodic boundary
conditions etc.), they are not applicable to real protein
chains where no restrictions exist neither in the values for
the different hopping frequencies, nor the conformation
and relative orientation of the different subunits (different
amino acid residues).

IV. DISCUSSION AND CONCLUSIONS

The ac conductivity calculated for molecule II of pig
insulin that forms a dimer with molecule I in the single
crystal was presented. The results confirm the con-
clusions of our previous papers that native proteins are
good amorphous conductors along their main chains if
they possess external electrons due to doping because the
absolute value of the conductivity at a given frequency
lies in the range of some typical good inorganic amor-
phous semiconductors. It has been found that the con-
formational differences between the two molecules of pig
insulin strongly influence their ac conductivity in the
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high-frequency range, especially if the frequency corre-
sponds to the time period of chemical reactions. This
change is caused by the alterations in the distribution of
hopping centers and of hopping frequencies, which are
sensitive to conformational changes.

The biological action of insulin is somewhat complicat-
ed.'12 Many details remain unknown. Up to now, it is
certain that pig insulin binds to a special receptor that is
in the cell membrane and consists of three parts (external
side of membrane, transmembrane, and internal mem-
brane side parts, see Refs. 11 and 12). The insulin mole-
cule binds to the external part of the receptor and then
the internal part of the receptor stimulates a series of
biochemical reactions. These reactions are stopped, if the
insulin molecule is removed from the external part of the
receptor. 11,12

The atoms that are involved in the biochemical reac-
tions change their positions in a very short time period.
This time period corresponds to the high-frequency range
of conductivity (=10710 sec). The change of the posi-
tions 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.
This is the reason why our interests are focused on the
high-frequency range of ac conductivity.

It has been found also that the conformation of mole-
cule II is more close to the conformation of pig insulin in
aqueous solution.?! Further, it has been shown that pig
insulin in this conformation has a lower ac conductivity
by nearly two orders of magnitude in the frequency range
that corresponds to the time period of an elementary step
of the occurring biochemical reactions. This means that
pig insulin has a lower ac conductivity when it is in aque-
ous solution. Until now the conformation of pig insulin
bound to its receptor is unknown; therefore, its ac con-
ductivity in its reactive state cannot be computed. How-
ever, we can consider the dimer of insulin as two mole-
cules bound to each other. One molecule can be con-
sidered as a receptor of the other. It is known, at least,
that insulin changes its three-dimensional conformation
when it binds to its receptor.!»?? This implies that pig in-
sulin in aqueous solution has a lower ac conductivity in
the high-frequency range before it binds to another mole-
cule, which might be its receptor. To summarize the re-
sults of this paper and the previous ones,"? we can con-
clude that insulin would change the ac conductivity of it-
self and of its receptor in the frequency range corre-
sponding to the time period of chemical reactions when it
binds to its receptor. In this way, the electron transport
of the insulin receptor would change at the time when it
expresses its biological activity.
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