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ABSTRACT

Using a tight-binding model, we investigate the
influence of intra- and interstand coupling pa-
rameters on the charge transport properties in a
G-(T);-GGG DNA sequence and its (G:C)-(T:A)-
(G:C); duplex attached to four electrodes. De-
pendences of the transmission function and of
the corresponding conductance of the system
on the number of bridging sites were obtained.
Simulation results of a recently proposed two-
strand superexchange (tunneling) model were
reproduced and extended. It is demonstrated
that the crossover from strong to weak dis-
tance-dependent charge transport is elucidated
by a transition from under-barrier tunneling
mechanism to free over-barrier propagation in
the coherent regime, controlled by temperature
and coupling parameters. The role of DNA-
electrode coupling has been also considered. It
was found that an asymmetry in the DNA-elec-
trode coupling has a drastic effect on the con-
ductance leading to an increase in delocaliza-
tion of the electronic states in the DNA duplex.

Keywords: DNA, Electron Transport; Modeling of
DNA; Electronic Structure of DNA

1. INTRODUCTION

The discovery of charge migration in deoxyribonucleic
acid (DNA) stimulated intensive investigations of the
electronic properties of DNA due to their significance in
biosynthesis and radiation-induced damage and repair
processes [1-3]. Furthermore, considerable interest in
nanodimensional structures of DNA possessing unique

This work was funded by the Deutsche Forschungsgemeinschaft (SPP
1243) and Collaborative Research Center SFB 689.
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self-assembling and self-recognition properties has in-
creased the last decade in connection with the possibility
of the development of molecular nanoelectronic devices
which are expected to provide high storage of informa-
tion and high-speed signal processing within a wide
temperature range [4-6]. In fact, DNA molecules can be
well combined with silicon technology transcending the
potential of the present quantum wires and are supposed
to be used in modern computer technology as a binary
data structure by applying a programmable linear self-
assembly of the sequence of complementary nucleic
base pairs of DNA [7,8].

Until now numerous experimental and theoretical data
on charge migration through DNA molecules show an
apparently contradictory behavior which can be eluci-
dated by supposing two primary mechanisms. They in-
clude the single-step superexchange (tunneling) charge
transfer that is strongly dependent on length of a mo-
lecular chain, and the multi-step hopping mechanism
that is characterized by a weak change in the charge
transfer efficiency (CTE) with increasing of the donor-
acceptor distance in the double helix [9-11]. However,
experimental measurements of DNA molecule do not
give any unequivocal evidence in favor of one or other
mechanism of charge transfer in DNA. Many of them
demonstrate a combined hopping-superexchange mech-
anism with a transition from the coherent superexchange
to the thermally induced incoherent hopping process.

Beside electron transfer experiments, also transport
experiments became an important field of modern re-
search. In transport measurements a molecule is placed
between metallic leads and steady-state current can be
produced by finite voltage. A direct measurement of
electrical transport through single biological molecules,
such as DNA and peptides [12,13], is a very appealing,
although challenging, issue in molecular electronics be-
cause of the potential peculiar capabilities of forming self-
assembled nanodevices at the molecular scale. Quantum
transport experiments through single DNA oligomers
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can be performed in both molecular junction configura-
tions [14-17] and STM setups [18]. These enable the
investigation of charge migration in both longitudinal
and transverse configurations and stimulate theoretical
interpretations.

Theoretically, single-step superexchange and multi-
step hopping models have been considered within vari-
ous approaches such as variable range hopping [19,20],
one-dimensional quantum mechanical tight-binding
models [21-24], and nonlinear methods [25,26]. Re-
cently, Wang and Chakraborty [27] have proposed a
ladder model to describe charge transfer via DNA bri-
dges and applied this model to the (G:C)-(T-A)y-(G:C)s
sequence studied experimentally by Giese et al. [28].
There, the presence of both transfer mechanisms was
obtained by analyzing strand cleavage efficiencies that
are caused by oxidized guanines. It has been shown that
the superexchange mechanism exponentially decreased
with distance and predominated for short bridges (n < 3)
consisting of A:T base pairs. For long bridges (n > 3),
the CTE showed an almost distance-independent behav-
ior. This distance dependence was further proved ex-
perimentally by Lewis and co-workers [29], who clari-
fied the rates of photoinduced charge transfer in short
DNA hairpins. The theoretical analysis in [27], which
addresses the conductance of the same sequence rather
than the CTE, rests on Landauer theory and implicitly
assumes purely coherent charge propagation upon injec-
tion. As shown by the authors, by tuning the inter-strand
coupling the experimentally observed [28,29] length
dependence vs. n can be reproduced. Wang and Chak-
raborty interpreted the crossover between strong and
weak length dependencies as a transition to a quasitwo
dimensional behavior characterized by a topological
effect. While there is a consensus that the exponential
decrease of CTE with number of A:T base pair for short
bridges is related to a superexchange tunneling process
between the distant G-bases, the saturation of CTE for
large n seems more difficult to understand.

In this paper, we consider a ladder model within a near-
est-neighbor tight-binding picture to describe the distance
dependent charge transport in DNA. We introduce the
model Hamiltonian and discuss the transmission func-
tion which is required to calculate the conductance in
DNA in order to reproduce and to extend the Wang-
Chakraborty model [27]. We show that different electro-
nic coupling regimes of nucleobases in DNA within its
single- and double-stranded configurations can determi-
ne the crossover point from exponential distance depen-
dence of charge transfer to length-independent behavior.

2. MODEL

The DNA molecules under study are considered to consist

Copyright © 2010 SciRes.

of repeated stacks of nucleobases formed by either
A-T/T-A or G-C/C-G pairs located along a sugar-phos-
phate frame, as shown schematically in Figure 1. Hy-
drogen bonds between basic and acid centers of the
complementary bases and also their stacking interaction
stabilize the spiral structure of the molecule and do not
participate in the charge carrier transport. It has deter-
mined that a @ — 7 orbital overlapping of neighboring
nucleobases forms the basis of charge transfer mecha-
nism in DNA [30] allowing the basic charge carriers
(holes) to jump from one base to another with increasing
their transfer rate for the sequence of identical nucleo-
tides. Since the guanine has the lowest oxidation poten-
tial [31], holes are effectively trapped at the sites of gua-
nines in the DNA duplex, where (5'-G) segment sup-
posed to be a donor and (GGG-3') site performs an ac-
ceptor function (see red regions in Figure 1). We assume
that charge carriers are moving along the base-pair stack
in the direction of an applied electric field, thus neglect-
ing the slow migration of holes in the opposite direction.
In the model we do not take into account environmental
effects and helical impact arising from the real structure
of the DNA.

Along the lines of [21] and [32], we represent the DNA
molecule with N-base-pair nucleic chains, attached to
four semi-infinite electrodes by the following tight-
binding Hamiltonian (Figure 1):

H = I—A|51+I-A|SZ+I—AISl_Sz+I-A|L+I-A|R +HD+AD (1)

Hamiltonians for the first 7, second Ay, DNA strands
and the coupling between them A, , are described as:
A n j+1
He, = &b/b, + Z gsb'b, +Z:gib:bi +
i=2

i=n-2

O]

i i+l

n-1
+t,> [ bb, +h.c.]
i-1
A T N t n+j+1 ‘
Hs, = &cChiaCrin + Z &G G+ Z &G G +
i=N-2 i=n+2
- 3)

+1, [cTc, + h.c]

i i+l
i=n+1

Hep o :tizn:[bfcgrh.c.}, @)
i=1

where b;'(b;) is the creation (annihilation) operator of hole
on ith site in the first DNA strand (1 <i <n) and ¢;'(c;) is
the same operator in the second molecular strand (n + 1 <
i <N). The on-site energies ¢; are evaluated by ionization
potentials of the respective nucleobases as the HOMO
hole energies given in [10,33]: g = 7.75 eV, ¢, = 8.87 &V,
er =9.14eVand ¢, = 8.24 eV. The coupling parameter t,
is the corresponding nearest-neighbor electronic hopping
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Figure 1. Upper panel: Schematic representation of the double-strand DNA attached
to four semi-infinite left (L, ) and right (R, ,) electrodes. A nucleobase-pair sequence
with the donor (5'-G) and acceptor (GGG-3') segments is placed between two sug-
ar-phosphate backbones. Lower panel: A two-leg ladder model of the DNA with the
(G:C)-(T:A);-(G:C); configuration used to imitate the double-strand structure of a
DNA molecule. Charge carriers are moved along the 5'-G-(T);-GGG-3' chain from the
emitter electrode L to the collector electrode R;.

integral along the two strands while t, describes the in-
ter-strand hopping.

The Hamiltonians of the left and right electrodes rep-
resented by the terms A, and Hy in (1) and their contact
Hamiltonians with the DNA duplex 4, and A, are
given as:

Hig= > [ aala +hc] (5)
keL,R
l:||(_T) :7le[a:b1+h'c']+7u Z[al:rcn+l+h'c'] (6)
kely kel,
HAI(?T) =7R12[aibn+h-c-]+7m Z[a‘zc’\‘ +h.C.] )
keRy keR,

Here, & is the energy of electrons in the leads, a,'(a) is
the creation (annihilation) operator of hole in the state k,
Yz @nd ygiry are the coupling terms to the left and
right electrodes, respectively (Figure 1).

Studying the injected hole transport along the 5'-G-
(T)GGG-3' DNA chain located between the emitter
electrode L, and the collector electrode R; as in [27], the
choice of the intra- and inter-strand electronic transfer
integrals is of considerable importance. The least change
in their values can lead to quite different quantum transfer

Copyright © 2010 SciRes.

properties in DNA duplexes because the coupling pa-
rameters are rather sensitive to the relative position of two
neighboring nucleobases due to their highly anisotropic
n-bonds [34]. In order to reduce the number of model
parameters and to simplify our computation we have
adopted a simple parameterization taking a homogenous
hopping along both legs in a range of 0.1 — 0.5 eV for the
coupling parameter t; and 0.01 - 0.07 eV for inter-strand
hopping integral t;. While in [35] has been shown that
hopping integral values are different for each combina-
tion of nucleotide pairs and the inter-strand hopping is
usually very small, ~ few meV [36], we do not consider
the hopping integrals as bare tight-binding parameters but
as effective ones, thus keeping some freedom in the
choice of their specific values.

To diminish contact effects on quantum tunnel-
ing-transport process in the DNA molecule, the contact
strength with the left and the right DNA chain ends is
kept constant and the coupling parameter y, , supposed
to be much larger than the coupling parameter between
the nucleobases in the DNA sequence [27]. We choose
equal couplings to all electrodes (y,;= y,= Yri= 7= 1.5 €V)
that provides a decrease in the influence of interference

Openly accessible at http://www.scirp.org/journal/JBPC/
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effects at the electrode-DNA interface [37] and allows
to ascertain the veritable conduction properties of the
DNA.

The Green’s function theory is used to calculate the
transmission coefficient in the open system “electrode-
DNA-electrode” by the expression

t(E) :Tr{ I GE)LG (E )} (8)

with the Green function, é(E):[EI -H -], Here
the self-energy X = %, + X; is introduced due to the con-
tacts of the DNA molecules to the left and the right me-
tallic electrodes, and the corresponding coupling matrices
are related to the self-energies as ' g) = IM(Z_g) — X' g)-
Then the N x N ladder-lead energy-independent coupling
matrices within the wide-band limit in the electrodes
spectral densities are given by

(FL)mI = 7L15m,15|,1 + 7L25m,n+15|,n+1

©)
TR)m = 7R15m,n5|,n + 7R25m,N 5|,N

Finally, the conductance of the DNA molecule in the
coherent regime is defined as

2e* 7 of (E)

g(E) . _wt(E)( F jdE, (10)
where f (E) = (exp[(E — Eg)/ksT ] +1) is the Fermi func-
tion at the room temperature T. As an essential physical
factor controlling the injection efficiency of holes onto
the stack of nucleobases is the local position of the elec-
trode Fermi level Ef relative to the unoccupied molecular
orbitals, we assume the energy coincides with the on-site
energy of guanine in the chain at the fixed voltage
threshold. In this case the conductance of the DNA
molecule starts to be governed by the ability of the base
pair sequence to transport a charge rather than by the
injection process.

3. SIMULATION RESULTS AND
DISCUSSION

We evaluated the transmission coefficient t(Er) at the
Fermi energy and the corresponding conductance g(E) as
functions of number j (T:A) nucleobase pairs that com-
pose the molecular bridge and determine the length of the
(G:C)-(T:A);-(G:C); DNA duplex (Figure 2). At first the
calculations have been carried out for different values of
intrastrand hopping integral t, in the single-stranded
5-G-(T)-GGG-3' DNA sequence when t;= 0 (1-4 lines in
Figure 2(a)). For this case the simulation results show a
typical exponential distance-dependent behavior of sin-
gle-step hole-transfer process in DNA with increasing
T-bases as has been found for the current through the
same DNA chain in [27]. A temperature contribution to a
conduction mechanism of the one-leg DNA configuration

Copyright © 2010 SciRes.
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Figure 2. (a) Transmission coefficient t(Ef) and (b) corre-
sponding conductance g(E) vs. number of j (T:A) base pairs at
T =300 K for different intrastrand hopping integrals t, (1 - 0.1
eV,2-03¢eV,3-04¢eV,4-05eV) in the single-strand
structure of 5'-G-(T);-GGG-3' DNA (equivalent to t;=0) and
for various values of the interstrand hopping t, (5 - 0.01 eV, 6
- 003 eV, 7 - 0.07 eV) at fixed t;=0.5 eV in the dou-
ble-stranded (G:C)-(T:A);-(G:C); molecule. Coupling to the
electrodes are y, ;= y,,= v, = 7p,= 1.5 V.

results in modification of the distance dependence when
the overlapping of adjacent nucleobases becomes rather
big. In Figure 2(b) it is seen a transition from the strong to
the weak distance dependence of the conductance g(E) at
the intrastrand hopping integral t; = 0.5 eV (curve 4). The
presence of such the crossover was obtained to appear
only for the two-stranded DNA in the Wang-Chakraborty
model [27]. The point is that the T-bridge forms an energy
barrier for charge carries, propagating free through elec-
tronic states of G-bases, which have the on-site energies
close to the Fermi energy in the electrodes (Figure 3,
mechanism 1). This barrier is lower for longer bridges
since the splitting between the bridge states of the iden-
tical bases is larger for longer bridge lengths leading to a

Openly accessible at http://www.scirp.org/journal/JBPC/
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Figure 3. An approximate energetic scheme for hole transport in the 5'-G-(T);-GGG-3' DNA
strand: 1 — under-barrier tunneling mechanism between G-base and GGG-triplet connected
to the metal leads; 2 — free over-barrier propagation along the T-bridge with a hole energy AE
in the emitter electrode comparable with the energy level of T-nucleotide at finite temperature

(see text).

strong overlap between orbitals in the linear T-chain [20].
At finite temperature the holes in the leads exist also at
energies, sufficient for their capture by the first T-nucleo-
tide in the bridge, and can coherently tunnel through the
extended electronic states of T-bases resulting in dis-
tance-independent conductance while the number of the
bridging sites rises (Figure 3, mechanism 2). The next
curves (5-7) in Figure 2 were obtained for the dou-
ble-stranded (G:C)-(T:A);-(G:C); molecule at fixed t, =
0.5 eV along both legs when the interstrand coupling
parameter t, is variable. An increase in the number of
periodic nucleotides, which constitute the (T:A) molecu-
lar bridge, leads to a formation of an energy gap due to
the high degree of their w-orbital overlap and the large
interstrand coupling between them. In what follows, the
hole migration through the set of (T:A) base pairs has a
band-like behavior with preservation of hole energy
during the transport process in the DNA. A crossover
region is characterized by an appearance of oscillations
for larger number of (T:A) dinucleotides when the over-
barrier charge propagation through the (T:A) bridge
preponderates over the under-barrier tunneling mecha-
nism from the donor G-site to the acceptor GGG and
shifts toward smaller j with increasing t,. However, it has
a smoother behavior in comparison with the result of the
work [27] and the experimental findings [28,38,39]. We
suppose that these oscillations are to be a consequence of
neglecting the environmental effects and the electron-
phonon interaction in the system, and smaller for the
dependence of g(E) on j due to temperature effect.

To reach a clearer understanding of the transport
mechanisms we investigated the energy dependent
transmission t(E) for different length of the molecular
bridge in the 5'-G-(T);-GGG-3' DNA configuration and its

Copyright © 2010 SciRes.

(G:C)-(T:A)-(G:C); duplex. The results are displayed in
Figure 4. The transmission spectrum consists of peaks
related to the energetic states of the corresponding nu-
cleobases, which take part in the hole transport. At the
same time in the strong coupling regime (in this case t, =
0.5 eV) some peaks are merged due to an increase in the
hybridization between the & orbitals of the bases giving a
broadening of the electronic manifolds. An inset in Fig-
ure 4(a) used to show the transmission t(E) around the
Fermi energy for j = 2, 3, 6, 10 and 12. An extension of
the bridge does not modify the charge propagation
mechanism by the primary unistep model and just leads to
exponential decreasing of the charge transfer rate in the
5'-G-(T);-GGG-3' DNA strand. However, in the analogi-
cal inset of Figure 4(b) we observe that the t(E) picks
have a steady spectral level for the (G:C)-(T:A);-(G:C)s
duplex when j is more than 6, in that way demonstrating
the crossover from the unistep transport through guanine
sites to the coherent tunneling through the long (T:A)
bridge. The obtained displacement of the picks can be
explained by an energy alteration of the charge transport
pathways [27].

In view of the fact that the hopping integral between
the bases along the DNA chain has been determined not to
exceed 0.4 eV [23,35,40], we calculated the transmission
coefficient t(Er) (Figure 5) and the conductance g(E)
(inset in Figure 5) for the (G:C)-(T:A)-(G:C); DNA
molecule with increased bridge length in a weak-coupling
regime, viz. at t, = 0.1 eV. As in Figure 2(b), the in-
trastrand hopping integral is variable. It was obtained that
the magnitude of the g(E) at these conditions is noticeably
less than the one in case of the stronger hopping coupling
between the nucleobases, while the conductance in DNA
molecules has been found to be higher in the recent stud-
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@

(b)

Figure 4. (a) Electronic transmission t(E) as a function of the energy E for j = 6 and j = 10 in 5'-G-(T);-GGG-3' sequence of the
DNA molecule. Inset: blow-up of the transmission in an energy window around the Fermi energy Er= 7.75 eV for j = 2 (solid
line), 3 (shot dotted line), 6 (dashed line), 10 (solid red line), and 12 (dot-dashed line). Parameters: t, = 0.5 eV,

Y= V2= Yri= Yro= 1.5 €V. (b) Same as in (a) for the DNA molecule with (G:C)-(T:A);-(G:C); configuration at t; = 0.07 eV.

Figure 5. Transmission coefficient t(Eg) vs. number of j
(T:A) base pairs for different interstrand hopping integrals
t, (1-0.01eV,2-0.03eV,3-0.07eV)at fixed t; = 0.1 eV
in the double-stranded (G:C)-(T:A);-(G:C); molecule, when
Y= Vo= Yri= Yro= 1.5 eV. Inset: the corresponding con-
ductance at T = 300 K at the same parameters.

ies [41-43]. Nevertheless, the crossover point is shifted to
6 (T:A) base pairs in that regime that is closer to the ex-
perimental results [28,41].

We find that reducing the parameter t, for the two-leg
DNA leads to a shift and change in width of the trans-
mission resonances (Figure 6). Energetically, the trans-
mission window moves towards larger energies with
exponentially decreasing in the peak intensities. There is
no much distinction in the transmission spectrum nearby
the Fermi energy, where just two principal peaks are seen
for j =1 as well as for j = 10 (inset in Figure 6). Conse-
quently, when the number of the (T:A) di-nucleotides is
not more than 6, the single-step coherent tunneling
through G-nucleotides in the duplex is the dominating

Copyright © 2010 SciRes.

Figure 6. Energy dependent electronic transmission for j = 6
and j = 10 in the (G:C)-(T:A);-(G:C); ladder structure of DNA.
Inset: blow-up of the transmission in an energy window around
the Fermi energy Er= 7.75 eV for j = 2 (solid line), 3 (shot
dotted line), 6 (dashed line), and 10 (solid red line). Parame-
ters:t, = 0.1eV,t,=0.07 eV, y;= 7, Yri= Pre = 1.5 €V.

transport mechanism. However, we suppose that the de-
rived transition in the distance dependence of CTE can
be distinctly modified by taking into account dynamic
effects in the transmission [44] and environment. These
factors and also the equalization of the Fermi energy of
the DNA and the electrodes have an impact on the
charge propagation pathways through DNA bridges
changing significantly the energy levels of the bridging
states [16].

We now consider the charge transport in the (G:C)-
(T:A);-(G:C); ladder that is coupled asymmetrically to the
electrodes, when only the 5'-ends of the duplex are con-
tacted. Figure 7 shows the dependence of the transmis-
sion function and conductance on the number of j (T:A)
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Figure 7. Transmission function t(Eg) (curve 1) and conduc-
tance g(E) (curve 2) vs. number of j (T:A) base pair at T = 300
K and t” =0.5eV, t,=0.07 eV for the case of asymmetric cou-
pling of the (G:C)-(T:A)-(G:C); ladder to the electrodes:
Y11= 7ro= 1.5 €V, 95= 7= 0.

pairs for this contact geometry (y, ;= yg,= 1.5V, y,,= yr;=
0). Now there is a single pathway for an electronic tun-
neling from the electrodes into the ladder. That results in
increasing the delocalization of the electronic states in the
DNA chains leading to a drastic effect on the transport
characteristics. This effect is evidently displayed in Fig-
ure 8(a), where new transmission peaks appear irrespec-
tive of the number of the bridging sites and the spectrum
becomes more fragmented. Thus the transmission and
conductance of the duplex are characterized by large
oscillations and do not practically depend on the bridge
length. In Figure 8(b) the spectrum of the electronic
transmission around the Fermi energy gives an apt illus-
tration that the holes propagate through the set of the
nucleobases choosing optimal pathways to move in the
structure not following the well-defined transport mech-
anism. Meanwhile, in a case of the asymmetric contact
coupling to the 3'-end molecular sites the conductance
properties do not undergo any changes, while in [45],
where electron-vibron coupling has been taken into ac-
count, the absolute values of the current considerably
depends on the way the two strands are contacted to the
electrodes. So, the model of the charge transport in the
DNA duplex, proposed in [27] and extended here, is very
sensitive to the DNA-metal contact topology.

The transport mechanism based on a fully coherent
picture of charge propagation through the bridge seems
to be questionable in the case of DNA. For instance, the
inclusion of dynamical effects into our model may quali-
tatively modify the calculated length dependence. Fur-
thermore, temperature effects in this model are only as-
sociated with the electrode Fermi functions; more in-
volved temperature dependencies — observed in the case
where charge motion is coupled to dynamical degrees of
freedom [20] — may therefore not be adequately described.

Copyright © 2010 SciRes.
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(b)
Figure 8. (a) Electronic transmission vs. energy E for j = 6 and
j =10 in (G:C)-(T:A);-(G:C); sequence of the DNA molecule
attached asymmetrically to the electrodes: y, ,=yg,= 1.5 eV,
2= Y= 0, (= 0.5 eV, t,= 0.07 eV); (b) Electronic transmis-
sion in an energy window around the Fermi energy Er = 7.75
eV at the same parameters.

Thus different mechanisms of charge motion in DNA
cannot be distinguished only on the basis of the meas-
ured length dependence of CTE. To decide what par-
ticular mechanism dominates under given experimental
conditions, the whole range of experimental data in-
cluding information on the hole mobility and diffusion
coefficients should be considered.

4. CONCLUSIONS

We reproduced and extended the simulation results, ob-
tained in [27], applying a tight-binding model to a sys-
tem “electrode-DNA-electrode”, with standard transfer
matrix formalism. It has been shown that the almost zero
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distance dependence of the charge transport cannot be a
result of solely the interstrand coupling in DNA, but it is
a consequence of a transition from under-barrier tunnel-
ing mechanism to over-barrier propagation when the
nearest neighbor hopping is chosen large enough. It was
demonstrated that the crossover from the strong to the
weak distance-dependent charge transport in DNA can
be controlled by the electronic coupling between the
complementary nucleobases within a chain as well as by
their coupling between two strands. Within the proposed
model, we establish that the DNA-electrode coupling
governs the conductance in the molecule. An asymmetry
in the contact of the DNA duplex with the electrodes has
a drastic effect on the conducting properties of the sys-
tem, leading to a lessening in the localization length of
the positive charges along the structure.

REFERENCES

[1] Arkin, M.R., Stemp, E.D.A., Holmlin, R.E., Barton, J.K.,
Hoérmann, A., Olson, E.J.C. and Barbara, P.F. (1996) Rates
of DNA-mediated electron transfer between metallointer-
calators. Science, 273(5274), 475-480.

[2] Dandliker, PJ., Nufiez, M.E. and Barton, J.K. (1998)
Oxidative charge transfer to repair thymine dimers and
damage guanine bases in DNA assemblies containing
tethered metallointercalators. Biochemistry, 37(18), 6491-
6502.

[3] Rajski, S.R., Jackson, B.A. and Barton, J.K. (2000) DNA
repair: models for damage and mismatch recognition.
Mutation Research, 447(1), 49-72.

[4] Grib, N.V,, Berashevich, J.A. and Borisenko, V.E. (2006)
Equivalent electrical network of the DNA molecule.
Russian Microelectronics, 35(6), 398-404.

[5] Bhalla, V., Bajpai, R.P. and Bharadwaj, L.M. (2003) DNA
electronics. European Molecular Biology Organization
Reports, 4(5), 442-445.

[6] Niemeyer, C.M. and Adler, M. (2002) Nanomechanical
devices based on DNA. Angewandte Chemie Interna-
tional Edition, 41(20), 3779-3783.

[7] Parker, J. (2003) Computing with DNA. European Mole-
cular Biology Organization Reports, 4(1), 7-10.

[8] Rauhe, H., Vopper, G., Feldkamp, U., Banzhaf, W. and
Howard, J.C. (2000) Digital DNA molecules. Proceedings
of 6th DIMACS Workshop on DNA Based Computers,
Leiden, 13-17 June 2000, 1-10.

[9] Jortner, J., Bixon, M., Langenbacher, T. and Michel-
Beyerle, M.E. (1998) Charge transfer and transport in
DNA.. Proceedings of the National Academy of Sciences
of the United States of America, 95(22), 12759-12765.

[10] Berlin, Y.A., Burin, A.L. and Ranter, M.A. (2000) On the
long-range charge transfer in DNA. Journal of Physical
Chemistry A, 104(3), 443-445.

[11] Lewis, F.D., Wu, T., Zhang, Y., Letsinger, R.L., Gree-
nfield, S.R. and Wasielewski, M.R. (1997) Distance-
dependent electron transfer in DNA hairpins. Science,
277(5326), 673-676.

[12] Porath, D., Cuniberti, G. and Di Felice, R. (2004) Charge

Copyright © 2010 SciRes.

transport in DNA-based devices. Topics in Current Che-
mistry, 237, 183-227.

[13] Gutierrez, R., Porath, D., Cuniberti, G. and Baranowski,
S. (2006) Charge transport in disordered solids with app-
lications in electronics. John Wiley & Sons Inc., Hoboken.

[14] Porath, D., Bezryadin, A., De Vries, S. and Dekker, C.
(2000) Direct measurement of electrical transport through
DNA molecules. Nature, 403(6670), 635-638.

[15] Xu, B., Zhang, P., Li, X. and Tao, N. (2004) Direct
conductance measurement of single DNA molecules in
aqueous solution. Nano Letters, 4(6), 1105-1108.

[16] Cohen, H., Nogues, C., Naaman, R. and Porath, D. (2005)
Direct measurement of electrical transport through single
DNA molecules of complex sequence. Proceedings of the
National Academy of Sciences of the United States of
America, 102(33), 11589-11593.

[17] Cohen, H., Nogues, C., Ullien, D., Daube, S., Naaman, R.
and Porath, D. (2006) Electrical characterization of self-
assembled single- and double-stranded DNA monolayers
using conductive AFM. Faraday Discussions, 131, 367-
376.

[18] Shapir, E., Cohen, H., Calzolari, A., Cavazzoni, C., Ryn-
dyk, D.A., Cuniberti, G., Kotlyar, A.B., Di Felice, R. and
Porath, D. (2008) Electronic structure of single DNA mo-
lecules resolved by transverse scanning tunnelling spec-
troscopy. Nature Materials, 7(1), 68-74.

[19] Yu, Z.G. and Song, X. (2001) Variable range hopping and
electrical conductivity along the DNA double helix. Phy-
sical Review Letters, 86(26), 6018-6021.

[20] Renger, T. and Marcus, R.A. (2003) Variable-range hop-
ping electron transfer through disordered bridge states:
Application to DNA. Journal of Physical Chemistry A,
107(41), 8404-8419.

[21] Cuniberti, G, Craco, L., Porath, D. and Dekker, C. (2002)
Backbone-induced semiconducting behavior in short DNA
wires. Physical Review B, 65(24), (241314)1-4.

[22] Roche, S. (2003) Sequence dependent DNA-mediated
conduction. Physical Review Letters, 91(10), (108101)1-4.

[23] Wang, H., Lewis, J.P. and Sankey, O.F. (2004) Band-gap
tunneling states in DNA. Physical Review Letters, 93(1),
(016401)1-4.

[24] Zhang, W. and Ulloa, S.E. (2004) Extended states in
disordered systems: Role of off-diagonal correlations.
Physical Review B, 69(15), (153203)1-4.

[25] Cuenda, S. and Sanchez, A. (2004) Disorder and fluc-
tuations in nonlinear excitations in DNA. Fluctuation
and Noise Letters, 4(3), L491-L504.

[26] Fialko, N.S. and Lakhno, V.D. (2000) Nonlinear dyna-
mics of excitations in DNA. Physical Letters A, 278(2),
108-111.

[27] Wang, X.F. and Chakraborty, T. (2006) Charge transfer
via a two-strand superexchange bridge in DNA. Physical
Review Letters, 97(10), (106602)1-4.

[28] Giese, B., Amaudrut, J., Kéhler, A.-K., Spormann, M. and
Wessely, S. (2001) Direct observation of hole transfer
through DNA by hopping between adenine bases and by
tunnelling. Nature, 412(6844), 318-320.

[29] Lewis, F.D., Zhu, H., Daublain, P., Cohen, B. and Was-
ielewski, M.R. (2006) Hole mobility in DNA A tracts.
Angewandte Chemie International Edition, 45(47), 7982-
7985.

[30] Treadway, C.R., Hill, M.G. and Barton, J.K. (2002) Charge

Openly accessible at http://www.scirp.org/journal/JBPC/




[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

N. V. Grib et al. / Journal of Biophysical Chemistry 1 (2010) 77-85 85

transport through a molecular zn-stack: Double helical
DNA. Chemical Physics, 281(2-3), 409-428.

Seidel, A.M., Schulz, A. and Sauer, H.M. (1996) Nucl-
eobase-specific quenching of fluorescent dyes. 1. Nucl-
eobase one-electron redox potentials and their correlation
with static and dynamic quenching efficiencies. Journal
of Physical Chemistry, 100(13), 5541-5553.

Gutiérrez, R., Mandal, S. and Cuniberti, G. (2005) Dis-
sipative effects in the electronic transport through DNA
molecular wires. Physical Review B, 71(23), (235116)1-9.
Sugiyama, H. and Saito, 1. (1996) Theoretical studies of
GG-specific photocleavage of DNA via electron transfer:
significant lowering of ionization potential and 5’-local-
ization of HOMO of stacked GG bases in B-form DNA.
Journal of the American Chemical Society, 118(30), 7063-
7068.

Endres, R.G,, Cox, D.L. and Singh, R.R.P. (2004) Collo-
quium: The quest for high-conductance DNA. Reviews of
Modern Physics, 76(1), 195-214.

Senthilkumar, K., Grozema, F.C., Guerra, C.F, Bickel-
haupt, F.M., Lewis, F.D., Berlin, Y.A., Ratner, M.A. and
Siebbeles, L.D.A. (2005) Absolute rates of hole transfer
in DNA. Journal of the American Chemical Society,
127(42), 14894-14903.

Nitzan, A., Jortner, J., Wilkie, J., Burin, A.L. and Ratner,
M.A. (2000) Tunneling time for electron transfer reactions.
Journal of Physical Chemistry B, 104(24), 5661-5665.
Macia, E., Triozon, F. and Roche, S. (2005) Contact-
dependent effects and tunneling currents in DNA mole-
cules. Physical Review B, 71(11), (113106)1-4.

Williams, T.T., Odon, D.T. and Barton, J.K. (2000) Vari-
ations in DNA charge transport with nucleotide compo-

Copyright © 2010 SciRes.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

sition and sequence. Journal of the American Chemical
Society, 122(37), 9048-9049.

Sartor, V., Boone, E. and Schuster, G.B. (2001) Long-
distance radical cation migration through A/T base pairs
in DNA: An experimental test of theory. Journal of Phy-
sical Chemistry B, 105(45), 11057-11059.

De Pablo, P.J., Moreno-Herrero, F., Colchero, J., Gomez-
Herrero, J., Herrero, P., Baro, A.M., Ordejon, P., Soler,
J.M. and Artacho, E. (2000) Absence of dc-conductivity
in 2-DNA. Physical Review Letters, 85(23), 4992-4995.
Segal, D., Nitzan, A., Davis, W.B., Wasielewski, M.R. and
Ratner, M.A. (2000) Electron transfer rates in bridged
molecular systems 2. A steady-state analysis of coherent
tunneling and thermal transitions. Journal of Physical
Chemistry B, 104(16), 3817-3829.

Valis, L., Wang, Q., Raytchev, M., Buchvarov, I., Wagen-
knecth, H.A. and Fiebig, T. (2006) Base pair motions
control the rates and distance dependencies of reductive
and oxidative DNA charge transfer. Proceedings of the
National Academy of Sciences of the United States of
America, 103(27), 10192-10195.

\Woityuk, A.A. (2005) Charge transfer in DNA: Hole charge
is confined to a single base pair due to solvation effects.
Journal of Chemical Physics, 122(20), (204904)1-4.
Davies, O.R. and Inglesfield, J.E. (2004) Embedding me-
thod for conductance of DNA. Physical Review B, 69,
(195110)1-4.

Gutierrez, R., Mohapatra, S., Cohen, H., Porath, D. and
Cuniberti, G. (2006) Inelastic quantum transport in a lad-
der model: Implications for DNA conduction and com-
parison to experiments on suspended DNA oligomers.
Physical Review B, 74(23), (235105)1-10.

Openly accessible at http://www.scirp.org/journal/JBPC/




Vol.1, No.2, 86-95 (2010)
doi:10.4236/jbpc.2010.12011

Journal of Biophysical Chemistry

Curvature-driven lipid sorting: coarse-grained dynamics
simulations of a membrane mimicking a hemifusion

Intermediate

Manami Nishizawa, Kazuhisa Nishizawa’

Department of Laboratory Medicine, Teikyo University School of Medical Technology, Tokyo, Japan; *Corresponding Author:

kazunet@med.teikyo-u.ac.jp

Received 26 May 2010; revised 29 June 2010; accepted 5 July 2010.

ABSTRACT

How membrane curvature influences lipid dis-
tribution is under intensive research. In this
short report, after a brief review of recent stud-
ies, the results of our coarse-grained (CG) mo-
lecular dynamics simulations of membranes
with “hemifused ribbons” geometry are dis-
cussed. When membranes of a binary mixture of
(dipalmitoyl-phosphatidylcholine (DPPC) / diol-
eoyl-phosphatidylethanolamine (DOPE) were
used, DOPE accumulated in the negatively
curved region of the monolayer that formed as
the proximal monolayers fused (i.e., cis leaflets).
However, the enrichment was dependent on the
presence of tethering molecules which kept the
curvature high (the curvature radius of ~1 nm),
placing the cis monolayers ~2-2.5 nm from each
other. Simulations in which DOPE was replaced
with dioleoyl-phosphatidylcholine (DOPC) sh-
owed an insignificant degree of DOPC accumu-
lation, suggesting the importance of lateral in-
teraction among DOPE molecules for the cur-
vature sorting. The above compaosition was not
close to a demixing point and our radial distri-
bution function analysis suggested that the
DOPE accumulation was not assisted by the
lipid phase separation which has been shown to
promote curvature-driven lipid sorting. Rele-
vance of curvature-driven lipid sorting to bio-
logical membrane fusion is discussed.

Keywords: Membrane Fusion; Raft; Membrane
Domain; Cholesterol; Lipid Phase Separation

1. INTRODUCTION

Inhomogeneous distribution of lipids within a lipid bi-

Copyright © 2010 SciRes.

layer has been implicated in many biological activities.
Lipid composition is different among organelles and
membranous structures, implying the presence of
mechanisms for lipid sorting (e.g., [1-3]). Several studies
utilizing lipid-like dyes provide direct evidence for non-
homogenous intracellular lipid distribution. Mukherjee
et al [4] analyzed intracelluar distribution of three dif-
ferent Dil (dialkylindocarbocyanine) molecules that
have the same headgroup but different acyl chains (in
length or unsaturation) and showed that these display
remarkably different sorting in cells. In several studies,
the regions in which lipid inhomogeneity was observed
often corresponded to highly curved membrane regions,
suggesting that lipids are sorted primarily by curvature
of the membrane. For example, when a membrane buds
off during secretory and endocytic vesicle formation,
some lipids are incorporated into vesicles while others
are excluded [5]. In a study of Tetrahymena membrane
[6], enrichment in cone-shaped 2-aminoethylphospholipids
was shown in pore-containing membrane regions during
mating when the regions become highly negatively
curved. One possible mechanism for the inhomogeneous
distribution is curvature-driven lipid sorting, where the
lipids with intrinsic (spontaneous) curvature (due to the
imbalanced size of the polar headgroups relative to the
hydrophobic tail) are sorted laterally in the membrane
such that the spontaneous curvature of each lipid fits
better to the local membrane curvature. If the curvature-
sorting works, cone-shaped lipid molecules like phos-
phatidylethanolamine (PE) and phosphatidylglycerol (PG)
accumulate in the negatively curved region. In general,
theoretical studies have suggested the possibility of lat-
eral segregation of lipids based on the local curvature.
On the other hand, the lipid accumulation at curved
membrane regions is often associated with accumulation
of specific proteins in the cellular environment. For ex-
ample, the yeast vertex microdomain, which occurs
around the periphery of the two apposed membranes on
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vacuole docking, is enriched in Rab GTPase and the
fusion protein as well as ergosterol, diacylglycerol and
3- and 4-phosphoinositides (e.g., [7]). This implies the
difficulty in evaluating the relative importance of curva-
ture-sorting and protein-mediated sorting of molecules in
a physiological environment.

After Helfrich formulated curvature energy [8], theo-
retical frameworks for lateral segregation based on the
lipid spontaneous curvature were proposed [9-11].
Markin [9] considered the composition dependence of
spontaneous curvature and the bending stiffness of
membranes. Kozlov and Helfrich [10] developed a
framework for thermodynamic analyses of lipid distribu-
tion, bending stiffness and curvature. Curvature-induced
phase segregation was also analyzed in a phenomenol-
ogical continuum theory [11]. Curvature-driven lateral
segregation of lipid was also computed in more recent
works such as [12,13].

Experimental studies have significantly advanced the
understanding of the curvature sorting of lipids. Using
giant unilamellar vesicles (GUVs) formed from a ternary
mixture of sphingomyelin, dioleoylphosphatidylcholine
(DOPC) and cholesterol, in which L, (liquid-ordered)
and Ly (liquid-disordered) phases coexist, Baumgart et al
[14] showed a correlation between domain composition
and local membrane curvature. (At temperatures where
single component PC bilayers would be in the fluid L,
phase, cholesterol gives rise to an intermediate degree of
organization in PC membranes known as the L, phase
(e.g., [15]). Using microfabricated surfaces, Parthasara-
thy et al [16] showed that the L, domains formed in
DOPC/DPPC/cholesterol membranes, are preferentially
localized at regions of low curvature. Several recent
studies adopted a well-studied approach; tube-
pulling from vesicles. With this method, very thin mem-
brane tubes with a diameter of several tens of nanome-
ters are formed by pulling a small portion of the mem-
brane from GUVs (e.g., [17]). When applied to vesicles
prepared from sphingomyelin, PC and cholesterol, this
method showed that the tubes are essentially composed
of membranes in the Ly phase enriched in DOPC,
whereas GM1, which is known to segregate into the L,
phase, was excluded from tubes [18]. Lipid sorting by
membrane curvature in these studies was therefore asso-
ciated with phase separation (L, and L), which is a col-
lective behavior of lipids.

In both experiments and simulations, however, curva-
ture sorting of lipids based on spontaneous curvature (of
individual lipid molecule) has exhibited only a weak
effect, not leading to strong segregation of lipids. A
fluorescent-labeled lipid was used in the tube-pulling
system [19], showing that spontaneous curvature is not a

strong factor influencing partition of the fluorescent lipid.

Copyright © 2010 SciRes.

Intriguingly, in the same system, the Cholera toxin sub-
unit B, a protein that interacts with several lipid mole-
cules, showed a significant effect on curvature sorting,
suggesting the importance of a collective behavior of
lipids. Using fluorescence-labeled lipids and quenchers,
the distribution of the lipids between the outer and inner
monolayers of vesicles of various sizes was compared
[20]. The difference in lipid density between the mono-
layers was present but small, indicating that the curva-
ture sorting is weak [20]. In a simulation study using a
CG representation of lipid (three beads for one lipid)
[21], no significant sorting by curvature was observed.
Theoretical consideration [13] has also suggested the
weak effect of spontaneous curvature of individual lipids
on curvature sorting.

Collectively, these studies have led to the consensus
that lipid segregation is not significant when lipid sorting
is driven only by spontaneous curvature of individual
lipids. In most of the experimental settings, not only the
curvature, but also the propensity toward phase separa-
tion is important for curvature sorting. That is, for cur-
vature to induce strong lipid sorting, the lipid composi-
tion must be close to the demixing point. Thus, the en-
thalpy related to curvature fitness is not likely to be
enough to overcome the entropic penalty that prefers
good mixing.

One of the current models for membrane fusion pro-
poses formation of a stalk (Figures 1(a) and (b)) (i.e., an
hourglass-shaped structure) and subsequently hemifu-
sion intermediates (Figures 1(c) and (d)), leading to
fusion pore formation (Figure 1(e)) [22-24]. The hemi-
fusion intermediate is a state where contacting (proximal)
monolayers are fused but the distal monolayers stay in-
tact and therefore there is no content mixing. The model
suggests that, for membrane fusion, properties of the
monolayer are also important. The intrinsic curvature of
lipid monolayers as well as bilayers has been studied
[25,26]. However, the potential usefulness of their data
has not been fully explored possibly because it is diffi-
cult to study biologically relevant “monolayers”. With
interest in hemifusion, we applied molecular dynamics
simulation to a system mimicking a hemifusion interme-
diate. In this system, the curvature of a monolayer could
be higher than physiologically relevant curvatures formed
by bilayers. However, note that our system (i.e., hemi-
fused ribbon or ‘A’-system) has not yet been applied to
membranes containing cholesterol. Therefore, more ana-
lyses are necessary in order to consider the behavior of
physiological membranes in fusion intermediates.

2. SIMULATION DETAILS — HEMIFUSED
MEMBRANE SYSTEM

In the present study, CG simulations of membranes con-
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Figure 1.The stalk-hemifusion model (a-e) and the A-system (f,g). In the stalk-hemifusion model [24], two apposed bilayers (a)
initially form a stalk (b) and subsequently leads to hemifusion (c), which undergoes the hemifusion rupture (d) and finally ends
with the full fusion (e). The arrow from (b) to (e) indicates a direct transition from the stalk-like structure to fusion pore formation,
which has been observed in the CG-simulation studies [27,28]. (f) The A-system. The periodic boundary condition allows the
A-shaped (hemifused) bilayer ribbons to have an infinite length in the y-direction. For clarity, water is hidden. The definition of the
X,y and z directions is also shown. (g) The definition of the curvature strength. Shown are the angle between the two outer leaflets
and the zone boundaries. To determine them, first, C1, the circle that has the longest radius located inside the phosphorus atoms of
any lipid monolayers, is found. Two circles C2 and C3, which have the same center as that of C1 are drawn (in this study, the ra-
dius of C2 and C3 was set at 4 nm and 10 nm, respectively). C2 defines the curved region of the outer leaflet. The planar regions
of the outer leaflet are defined as the regions located between the two circles whose sizes are 8nm and 12nm (radius) and the cen-
ter is the same as C1. The com of each lipid molecule was used for reference. The points of intersection between C3 and the mid-
planes are used to define the angle 4. C4, the circle that best fits the phosphorus atoms belonging to the outer leaflet and located

inside of C2, is determined. The radius of C4 represents the curvature of the outer leaflet.

taining bend(s) were carried out. We mainly used “A-shaped”
membranes (Figure 1(f)). This structure consists of two
bilayer ribbons that are partly fused such that the cross
section of the ribbon has a A-like shape (Figures 1(f)
and (g)). This structure has 2D-curvature; i.e., the mem-
branes projected onto the xz-plane are curved whereas
they are basically flat along the y-axis (Figure 1(f)). For
A membranes, the “outer” leaflet refers to the monolayer
which is highly negatively curved in Figure 1(g), mim-
icking the fused cis monolayers. For the outer leaflet, the
planar and the curved regions are defined as described in
the legend for Figure 1. CG simulations were performed
using the MARTINI forcefield (version 2.0) as in Mar-
rink et al [29]. For example, for DPPC, the choline is
represented as Q, particle and the phosphate group as Q,,

Copyright © 2010 SciRes.

whereas the glycerol ester, which has intermediate hy-
drophilicity, is represented by two N, particles. (Figure
2(a)). Each of the lipid tails are modeled by four C,
particles. For DOPE, the topology provided by Marrink
et al (http://md.chem.rug.nl/~marrink/coarse-grain.html)
was used (Figure 2(b)). A membranes consisting of 350
DPPC and 184 (or DOPC molecules) were used making
the nominal DOPE (or DOPC) fraction was 34.5%, but
the higher density of DPPC at the membrane edges aug-
mented the effective fraction of DOPC (DOPC) in the
planar and curved regions. The leftmost part of the mem-
brane was capped with additional 48 DPPC molecules
(Figure 1(g)), the GL1 particles of which were harmoni-
cally restrained (with the coefficient of 100 kJ/nm?%mol)
so as to avoid the gross drift and deformation of the
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Figure 2. The CG model of lipids and representative snapshots of the simulations. (a) The CG model of DPPC; (b)
The CG model of DOPE; (c) The CG model of the tethering molecule. Shown here is LK3 along with DPPC. For
(a)-(c), particle name (e.g., NC3) and type (e.g., Q,) used are indicated; (d)-(g) Representative snapshots obtained from
the simulations. (d) Set 1, the simulations of DPPC/DOPE membrane without the tethering molecule; (e) Set 2, the
DPPC/DOPE membrane simulated with the tethering molecules restrained at 12nm from the center of the circle C1
defined in Figure 1; (f) Set 3, the DPPC/DOPE with the tethering molecules used at three different positions; (g) Set 4,
the DOPC/DPPC with the tethering molecules at the same positions as in (f). For (d)-(g) the leftmost part of the 4
membrnae is hidden; this part consists of the DPPC molecules whose com was restrained to reduce the large drift of
membranes. The representation scheme for (d)-(g): blue spheres, DPPC headgroup particles (from NC3 to GL2); light
blue spheres, DPPC hydrophobic tail particles; orange spheres, DOPE (or DOPC) headgroup particles; yellow spheres,
DOPE hydrophobic tail particles; gray spheres, particles representing the tethering molecules.

membrane. For the initial structure, a membrane of
DPPC was prepared and, subsequently, an appropriate
number of DPPC chosen randomly were replaced with
DOPE. Four water molecules were modeled by one par-
ticle as in [29]. For all A simulations 11423 water parti-
cles were used. A typical size of the simulation box was
31, 4.5, 16 (nm) in x-, y-, and z-direction respectively.
The artificial tethering (crosslinking) molecules that
tether the cis monolayers were CG-modeled peptides
consisting of three (“LK3”) or six (“LK6”) Ser residues
(Figure 2(c)). As in [30,31], the peptide backbone was
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represented by the P1 particle while the Ser sidechain
was represented by P5. Each tethering molecule was
attached to the PO4 particle of two DPPC molecules
each contained in each of the cis (fused) monolayers
(Figure 2(c)). When the tethering molecules were used
(i.e., set 2-4 in Table 1), their center of mass (com) posi-
tions were harmonically restrained; for example, for sets
3 and 4, the four LK3 were restrained at a position 4 nm
(along the x-direction) from the center of the circle C1
(see Figure 1(g)), whereas the two LK6 were restrained
at 6nm and two more LK6 were restrained at 8nm from
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Table 1. Outer leaflet curvature and DOPE (DOPC) distribution in the curved and planar regions.

DOPE fraction (%) +s.d
set 6 (degree) C4_radius (nm) n
curved region planar regions
1 130.4 +6.5 3.48 +0.36 38.2+2.15 34.6+0.10 2
2 82.6 £3.7 1.34 £ 0.07 37.8+0.45 39.1+2.05 2
3 73.3+0.6 0.99 +0.02 62.6 +5.50 37.8+5.10 4
DOPC fraction (%)
4 72.8 +3.68 1.01+0.07 425+6.59 35.1+274 4

Set 1-3 are DOPE/DPPC simulations, where the overall DOPE fraction, DOPE / (DOPE+DPPC) = 34.5%. For set 4, the DOPC content was also
34.5%. s.d was calculated from the n average values, each of which was computed from the last 400ns period of each trajectory; n is the number

of simulation runs (i.e., trajectories).

the C1 center. For the remaining part of the A-membrane,
a harmonic restraint was applied to the com of each teth-
ering molecule.

Nonbonded interactions are described by a Lennard-
Jones potential [29]. In addition, the charged particles
interact via a Coulombic energy function with a relative
dielectric constant = 15, which represents screening effect.
The cut-off lengths and the switching function were set as
in [29]. Gromacs (ver 3.3) was used [32] for 500 ns simu-
lations performed at 323 K with the time step of 20 fs and
with semi-isotropic pressure coupling at 1bar. Due to the
increased diffusion rate of molecules with the CG system
[29], in the following we show the time after the 4-fold
multiplication. The pressure coupling time constant was
0.2 ps and the compressibility set at 3 x 10°bar™.

3. RESULTS

Four sets of simulations, each consisting of two to five
independent 2000ns simulations, were performed (Table
1). For sets 1-3, the DOPE/DPPC membranes were used,
whereas for set 4 the DOPC/DPPC membrane was used.
Table 1 shows the average (+ s.d.) of the mean values
(each obtained from the final 400 ns of each trajectory)
of 6, the C4 radius and the DOPE (or DOPC) density in
the curved region and planar regions. For all these re-
sults the s.d. was small, which was not surprising be-
cause the 1600 ns pre-run allowed sufficient equilibration
time. When no tethering molecule was used (set 1), the
three bilayers quickly became equivalent (at ~400 ns);
the angle between any two bilayers equally approached
120 degree (Figure 2(d)). The DOPE density relative to

Copyright © 2010 SciRes.

DPPC became similar between the curved and the planar
regions (Table 1, set 1). Note that the enrichment of
DPPC at the edge, generally increased the DOPE frac-
tion above the nominal 34.5%.

When two LK3 molecules were used for tethering at
12nm from the C1 center, and the C4 radius decreased,
indicating negative curvature. However, the outer leaflet
had horseshoe-like roundness (Figure 2(e)). In this case,
the DOPE accumulation in the negatively curved region
was not significant (Table 1).

When the number of tethering molecules was in-
creased and some positioned close to the junction (as
described in the above section), the higher curvature was
maintained (Figure 2(f)). Then, the significant enrich-
ment in DOPE was observed for the negatively curved
region compared to the planar region (set 3) (p < 0.01;
t-test). In contrast, when the DOPE molecules of the
DOPE/DPPC membrane (set 3) were all replaced with
DOPC (set 4, Figure 2(g)), the DOPC density in the
negatively curved region was lower than the density of
DOPE of set 3 simulations (p < 0.05).

6000 ns simulations of simple planar bilayers of the
same compositions as above were performed as a pilot
analysis and, for the final 400ns, the radial distribution
function (rdf) of the lipids were examined. The planar
bilayers made up of 512 lipid molecules in total were
used. The DOPE density in the proximity (~0.5-1 nm) of
each DOPE molecule was high, indicating that the
DOPE-DOPE interaction was stronger than DOPE-
DPPC interaction, which, in turn was slightly stronger
than DPPC-DPPC interaction (Figures 3(a) and (b)). The
DOPC-DOPC interaction was as weak as the DOPC-
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@
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(b)

(d)

Figure 3. Radial distribution function (rdf) analyses of the CG lipids used in this study. 6000ns
pilot simulations with planar bilayers composed of 512 lipid molecules were performed and the
last 400ns data were used for this analysis. (a) DOPE/DPPC 1:1 membrane; (b) Same as (a) but
the cumulative rdf is shown; (c) DOPC/DPPC 1:1 membrane; (d) Same as (c) but the cumulative
rdf is shown. For example, the “DOPE-DOPE” curve shows the density (relative to the density
over the whole system) of the DOPE NH3 particle at the indicated distance from each DOPE
NH3 particle. Similarly, the DOPE-DPPC curve shows the density of DPPC NC3 around DOPE
NH3, whereas DOPC-DPPC shows the DPPC NC3 density around DOPC NC3.

DPPC interaction and the DPPC-DPPC interaction (Fig-
ures 3(c) and (d)). Therefore, for the CG model used,
the between-headgroups interaction determines the lat-
eral distribution in planar bilayers, whereas the be-
tween-acyl chains interaction is not important. We also
note that the DOPE-DOPE interaction is very local and
there is no lipid clustering on scales greater than ~1 nm;
in fact, at >2 nm from each DOPE molecule the density
of DOPE is the same as that of DPPC (Figure 3(a)).
Therefore, the DOPE and DPPC membrane is not
demixed; only subtle enrichment in DOPE occurs in the
close proximity (~0.5-1 nm) of each DOPE molecule.
While we cannot rule out the possibility that further
demixing of DOPE from DPPC could take place in
longer simulations, there was no significant difference in
the rdf results between the ~1000 ns and ~5600 ns data
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(details not shown), suggesting that the DOPE/DPPC
planar bilayer was equilibrated earlier than 5600 ns.

4. DISCUSSION AND PERSPECTIVES

Above we showed that with the use of tethering mole-
cules that maintain highly negative curvature, DOPE
accumulates in the negatively curved monolayer region
of the DOPE/DPPC membranes. Accumulation was sig-
nificantly less when DOPC molecules were used in place
of DOPE. Radial distribution function of a pilot analysis
using a planar bilayer showed a modest level (~1.3 fold
compared with DPPC) of enrichment in DOPE ~0.5 nm
from each DOPE molecule (Figure 3(a)), which repre-
sents the direct contact of DOPE headgroups with each
other. No phase separation was observed in the planar
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DOPE/DPPC membrane until the end of the simulation
(6000 ns).

While these results may be of physicochemical rele-
vance, several questions remain in terms of membrane
physiology. First, biological relevance of the tethering
molecules is unclear; in the real fusion, proteins are gen-
erally large, likely making the curvature of the fused
monolayers lower than our setting (e.g., [33,34]; and
references cited therein). However, in a cell fusion study
using SNARE proteins expressed on the cell surface, it
has been shown that GPI (glycerophosphatidylinosi-
tol)-anchored EYFP (Enhanced Yellow Fluorescent
Protein consisting of 239 amino acid residues) does not
diffuse between hemifused cells whereas GPI-anchored
short peptide (hamed GPI-AU1) does (Figure 7 of [35]).
In the latter case, the negative curvature between the
fused monolayers may be so high that membrane pro-
teins with a large ectodomain are excluded from the be-
tween-cell diffusion.

Second, results with the 2D-curvature system have to
be carefully interpreted; our 2D-curvature system is ob-
viously different from a small hemifusion diaphragm
having a saddle-like (i.e., high Gaussian) curvature be-
tween the fused monolayers [24]. It should also be re-
membered that, while a large hemifusion diaphragm is
observed especially with a high PE fraction, it is possible
that the hemifusion diaphragm may not be a major in-
termediate in the fusion pathway of physiologic mem-
branes [36,37].

It still seems relevant to ask why theoretical and in vi-
tro experimental studies show only a weak degree of
curvature sorting of lipids, despite in vivo evidence ar-
guing for the curvature sorting effects that support cel-
lular activities [5,6,38]. As several authors have sug-
gested, the lateral interaction between lipids may have a
profound impact on the efficacy of curvature sorting.
The question arises then, how such lipid-lipid interac-
tions modulate the lipid partitioning into differently
curved membrane portions. This question may be con-
sidered based on two scenarios. First, a strong lipid-lipid
interaction increases the effective area of the lipid
molecule. For example, if DOPE favors interaction with
DOPE, but not with DPPC, this leads to lipid sorting and
can be regarded as an increase in the effective molecule
area of both DOPE and DPPC. The second scenario is
that the sorting can be based on the bending stiffness
[19,39]. Once the curvature facilitates phase segregation
in the membrane close to a demixing point, relatively
soft and rigid domains may be generated. While soft
domains can move into highly curved regions, rigid do-
mains favor locations in the relatively flat regions.

Consider the first scenario. How does the increase in
molecule area (surface area per molecule) influence
curvature sorting. In the study employing tube pulling, a
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model considering individual molecule curvature sorting
based on spontaneous curvature has been proposed
[19,39]. For a membrane consisting of lipids « and g,
based on the assumption of equal chemical potentials of
molecule o (and f), on tether and vesicle, the authors
have derived the following relationship:

I(c a (C - Cst + Csv) (C/?_ Ca)

= KT In (doov! Peo) + KT IN (Spot | Fov), ()
where, k. is the bending stiffness, a is the molecule area,
C = 1/R; is the tube curvature (with R; being the tube
radius), Cy and Cg, are the spontaneous curvature of the
outer monolayer of the tube and the vesicle, respectively,
k is the Bolzmann constant, @,oy, for example, is the
mole fraction of molecule in the outer leaflet of the vesi-
cle. Eq.1 is derived via the partial differentiation of the
total energy function by N, which is the number of
molecule in the outer monolayer of the tube. The left
side of Eq.1 corresponds to the potential regarding the
bending energy, whereas the right side corresponds to
the entropy term. The weighted average spontaneous
curvature is assumed to be Cs = (CoNyot + CoNgor) / Noy,
where C, is the spontaneous curvature of molecule a.
Our A system can be considered similarly; the curved
region corresponds to the tube, while the planar regions
correspond to the vesicle. Let a represent DOPE and
represent DPPC. Let @,o = 0.38, @0t = 0.63 (set 3), C, =
— 0.3 nm™ [25]. The remaining terms may be approxi-
mated as: k. =4 x 10 J [25]; C = - 1.0 nm™; Cy = —
0.19 nm™; Cy, = - 0.11 nm™; Cp = ~0 nm'™; KT = ~4 x
102" J. These values lead to a = ~0.4 nm?, smaller than
the real value for the CG system (0.64 nm* and 0.66 nm?
for DPPC and DOPE respectively). This may be because
C. and Cg for the CG-model of DOPE and DPPC are not
known and also our definition of C and the curved re-
gion may not be suitable.

The above relationship helps to infer the impact of
molecule area. For example, if the DOPE-DOPE interac-
tion and the DPPC-DPPC interaction are greater than the
DOPE-DPPC interaction so that DOPE and DPPC be-
have, on average, as a particle with a 1.5-fold effective
molecular area, then this would increase the fraction of
DOPE in the curved region from 0.63 to ~0.75. (Here,
Nov>> Ny was assumed.) The reality should be far more
complex, yet this notion supports the view [20] that in-
dividual lipids have a small molecular area compared
with transmembrane proteins or lipid clusters, and
therefore, although some lipids have high spontaneous
curvatures, the membrane curvature preference of these
lipids is weak.

In the second scenario, where lipid sorting is based on
rigidity or bending stiffness, the effect of cholesterol on
membrane properties is likely to be important. After the
detergent resistant membrane domains known as rafts
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were identified as important membrane structural com-
ponents in signal transduction and in the sorting of pro-
teins and lipids [40,41], the effects of cholesterol on the
phase properties of phospholipid bilayers were studied
[42]. The cholesterol/saturated/unsaturated lipid mixture
has a dramatically strong tendency toward phase separa-
tion compared with the binary mixture lacking choles-
terol [15]. In addition, different fluid phases may have
different bending stiffness. The L4 region (consisting of
sphingomyelin and cholesterol) has a higher bending
stiffness k. value compared with the L, phase [14].
While our analyses do not take into account the k. dif-
ference between the membrane regions, this difference
may be important in the case of cholesterol-containing
mixtures as considered in [19,39]. Another intriguing
finding regarding cholesterol segregation is that choles-
terol accumulates in high curvature regions in a mem-
brane composed of brominated di18:0 PC/cholesterol 2:1
[43].

Characterization of cholesterol-containing membranes
is a topic of computational research. Several groups
conducted atomistic simulations and showed several
features such as hydrogen bond formation between cho-
lesterol and phospholipids, which are consistent with
experimental findings [44,45]. In general, the simula-
tions supported the consensus that cholesterol interacts
with phospholipid molecules and gives rise to the inter-
mediate level of organization in lipid membranes, L,
[46]. (In the L, phase, lipid hydrocarbon chains are or-
dered as in a L. gel state, but phospholipid molecules are
nearly as mobile as in a L, fluid phase [47], for review
see [41]). In terms of domain formation, Vattulainen and
coworkers used a coarse-grained model and showed the
formation of cholesterol-rich and cholesterol-poor do-
mains at intermediate cholesterol concentrations [48,49].
Recently, Risselada and Marrink [50] showed that the
CG model can reproduce the experimental findings on
the formation of distinct phases (L, and L4 (liquid-dis-
ordered) phase). The lateral organization of cholesterol
of the raft-like structure in [50] resembles that derived
from the atomistic preassembled raft-like mixtures [51].
The necessity of cholesterol for the phase separation has
also been shown in [50]; in the absence of cholesterol,
the DPPC/diC18:2-PC 3:1 mixture exhibited nonrandom
(nonideal) mixing, yet macroscopic phase separation did
not occur. From this finding, and also considering the
choice of 323K in our system, it seems unlikely that the
phase separation occurs in our DOPE/DPPC planar bi-
layer even when the simulation is extended longer than
6000ns. Future simulation analyses could focus on the
phase separation in curved regions, especially those
containing the stalk or the rim of the hemifusion dia-
phragm. As stated above, curvature sorting is significant
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only when the lipid mixture is close to the demixing
point and therefore the ternary complex (cholesterol/
saturated lipid/unsaturated lipid) may well be examined.

Computational lipid sorting analyses also have impli-
cations in peptide-lipid interaction. Although our atom-
istic simulations have recently shown that an influenza
virus HA2 fusion peptide enhances the rate of stalk for-
mation [52], it is yet unknown whether such fusion pep-
tides associate with and stabilize a particular lipid do-
main or, more positively, draw particular types of lipid,
creating a domain in the proximity of the peptide,
thereby modulating the fusion rate. (The fusion peptide
was also studied in recent atomistic simulations of vesi-
cle fusion [53]). One difficulty is the limitation in the
simulation time; atomistic simulations typically cover
10-100ns and therefore very subtle lipid sorting cannot
be studied with this approach.. This problem may be
partially remedied by using initial structures based on
the ones obtained from well equilibrated CG simulations.
Phase separation simulation in [50] may provide an im-
portant framework for analyses of interactions between
peptides and lipid domains.

Another interesting problem in membrane fusion is
the mechanism by which transmembrane (TM) peptide
domains control the fusion. Findings from Langosch and
other researchers ([54] and references cited therein) gen-
erally argue that, while the ectodomains (hydrophilic
domains located between the cis membranes) of fusion
proteins are important in stalk formation and/or in the
hemifusion intermediate, TM domains play a crucial role
in later steps of fusion, such as, the rupture of the hemi-
fusion diaphragm and/or pore formation. Considering
the practical difficulties in computation (i.e., system size
and simulation time), it is hoped that 2D-curved mem-
brane systems such as ours will provide a useful starting
point for such peptide analyses.

5. CONCLUSIONS

DOPE enrichment in a negatively curved region was
observed in the CG models of the DOPE/DPPC mo-
nolayer mimicking the monolayer that would occur upon
the fusion of the proximal monolayers. Enrichment was
insignificant for DOPC in the DOPC/DPPC monolayer
simulated similarly, suggesting the promoting effect of
headgroup interaction between DOPE molecules on
curvature sorting. Artificial tethering molecules that kept
the negative curvature high (R = ~1 nm) were necessary
for significant accumulation of DOPE. No phase separa-
tion was observed in the DOPE/DPPC membrane simu-
lated as a planar bilayer. It is envisaged that, in a more
physiological environment in which cholesterol is con-
tained and is close to a demixing point, the membrane
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curvature could exert more pronounced lipid sorting than
the one shown in this study.
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ABSTRACT

Transketolase, the most critical enzyme of the
non-oxidative branch of the pentose phosphate
pathway, has been reported as a novel target in
Plasmodium falciparum as it has least homol-
ogy with the human host. Homology model of P.
falciparum transketolase (PfTk) was constru-
cted using the crystal structure of S. cervisiae
transketolase as a template, and used for the
identification and prioritization of potential com-
pounds targeted against Plasmodium falciparum
transketolase. The docking studies with fruc-
tose-6-phosphate and thiamine pyrophosphate
showed that His*!, Asp*”, ser’®®, Arg®**' and
His*®® formed hydrogen bonds with fructose-6-
phosphate while pyrimidine ring of coenzyme
interacted with conserved residues of protein
viz., Leu™, GIu*®, Gly*®. The major interacting
residues involved in binding of oxythiamine py-
rophosphate were similar to cofactor binding
site of PfTk. An integrated pharmacophore,
co-factor ThDP and substrate fructose-6-pho-
sphate, based virtual screening of a small mo-
lecule database retrieved eight and thirteen
compounds respectively. When screened for
their activity against P. falciparum transketolase,
one compound in case of ThDP and three com-
pounds in case of fructose-6-phosphate based
screening were found active against PfTk. Iden-
tification of these novel and chemically diverse
inhibitors provides initial leads for optimization
of more potent and efficacious drug candidates
to treat malarial infection.

Keywords: Plasmodium Falciparum Transketolase;
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Thiamine Pyrophosphate; Fructose-6-Phosphate;
Docking; Virtual Screening; Pharmacophore

1. INTRODUCTION

The thiamine diphosphate (ThDP) dependent enzyme
transketolase (Tk; D-sedoheptulose-7-phosphate: D-gly-

ceraldehyde-3-phosphate glycolaldehydetransferase, EC
2.2.1.1.) catalyzes the cleavage of a carbon-carbon bond
adjacent to a carbonyl group in keto sugars and transfers
a ketol moiety to aldosugar. Transketolase is the most
critical enzyme of the non-oxidative branch of the pen-
tose phosphate pathway (PPP) which provides ribose
molecule, an essential metabolite in nucleic acid produc-
tion. In addition, the ribose necessary for the abnormal
proliferation of tumor cells is provided via the nonoxi-
dative branch of the pentose phosphate pathway [1].
Transketolase plays a key role in tumor cell proliferation,
neurodegenerative diseases, diabetes and cancer [1-3].
The inhibitors of transketolase are also used in the treat-
ment of cancer [4].

The mechanism of action of transketolase has been
mediated by its cofactor thiamine pyrophosphate (ThDP),
which is coordinated to divalent metal ions [5,6]. How-
ever, drugs targeting the active site of transketolase, by
acting as cofactor analogs, have poor activity and low
selectivity over other thiamine dependent enzymes such
as pyruvate dehydrogenase. Oxythiamine [7] or thiamine
thiazolone diphosphate [8] are typical examples of this
kind of inhibitor and thus they do not have any pharma-
cological application.

A lot of work has been devoted on the yeast (Sac-
charomyces cerevisiae), Escherichia coli and maize
transketolases and their structures have been solved by
X-ray diffraction [9-13] revealing important aspects of
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the functional flexibility, metabolic profile and substrate
binding. The homodimeric yeast transketolase is com-
posed of three distinct domains: the N-terminal, middle
and C-terminal domains [10,11]. Recently, Cristian et al.
[14] reported the homology model of human transketo-
lase and proposed that five critical sites containing ar-
ginines contribute to dimer stability.

However, scant attention has been focused on the
Plasmodium falciparum transketolase protein. This en-
zyme in P. falciparum is a novel drug target as it shows
least homology with the human host. Recently we have
cloned, expressed and characterized transketolase from P.
falciparum [15]. We have also identified two potent in-
hibitors of PfTk, i.e, p-hydroxyphenyl pyruvate and
oxythiamine pyrophosphate, which have shown good
in-vivo anti-malarial activity against the rodent malarial
parasite P. yoelii (unpublished data). In this regard, it
would be useful to determine the structure of P. falcipa-
rum transketolase in order to conduct further research
into structure-based drug design. In our previous studies,
we have proposed the model of P. falciparum transketo-
lase, using the 3D structure of the yeast variant as a tem-
plate and then performing a homology modelling which
is subsequently refined through molecular dynamic
simulations [15]. In the present study, this homology
model of PfTk was used to study the binding properties
of cofactor, substrate and inhibitors by docking these
ligands in the cofactor and substrate binding sites of
PfTk model. The information obtained on optimization
of binding of substrate and cofactor was utilized in
pharmacophore search of CDRI’s 3D compound data-
base to identify a new compound with similar geometry.

2. MATERIALS AND METHODS

2.1. Construction of P. Falciparum
Transketolase Homodimer

The structure of PfTk was constructed by homology
modelling using the Modeller program [16] interfaced
with Insight Il 2000.1 [17]. MODELLER is a general
program that implements comparative protein structure
modelling by satisfying spatial restraints in terms of
probability density functions [16,18]. To this end, the
homodimer crystal structure of the S. cerevisiae yeast
transketolase (pdb code 1TRK) was used as a 3D tem-
plate. Although the other variants, such as the E. coli
transketolase or the maize transketolase, show similar
sequence identity to the P. falciparum protein, but the
yeast variant was chosen because more information is
available about its structure and properties. Finally, the
stereochemical evaluations of the model were performed
with the program PROCHECK v 3.4.4 [19].
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2.2. Molecular Docking

Three-dimensional structure of fructose-6-phosphate,
thiamine pyrophosphate (ThDP) and oxythiamine pyro-
phosphate (OP) were constructed using the SYBYL7.1
suite of programs (TRIPOS Inc. 1699; South Hanley
Road, St. Louis, M.O., 63144, USA) running under Irix
6.5. These ligands were docked into the active site of
PfTk using the FlexX program interfaced with SY-
BYLT7.1. FlexX program is a fast algorithm for the flexi-
ble docking of small ligands into fixed protein binding
sites using an incremental construction process that con-
siders ligand conformational flexibility (FlexX version
1.13.5, Saint Augustin, Germany, Bioselvel T, GmbH).
The binding site regions for the Flex docking simula-
tions of these ligands were specified based on the previ-
ously reported structure information of S. cerevisiae Tk
and E. coli Tk [11,20,21]. The proposed interaction
modes of fructose-6-phosphate with substrate binding
site, and thiamine pyrophosphate & oxythiamine pyro-
phosphate with ThDP binding site were determined with
FlexX score.

2.3. Virtual Screening

Binding property of fructose-6-phosphate to substrate
binding site and thiamine pyrophosphate to ThDP bind-
ing site of PfTk was used for the generation of pharma-
cophore model. The pharmacophore model was derived
by means of a feature based query derived on the basis
of critical binding interactions of the ligands. This
pharmacophore model was used to perform a flexible
pharmacophore search of a subset of inhouse 3D com-
pound database (5784 compounds) of Central Drug Re-
search Institute (C.D.R.1.) to identify hits that satisfy the
chemical and geometrical requirements using UNITY
module of SYBYL7.1.

2.4. Purification of PfTk

The expression and purification of recombinant PfTk
was carried out as described earlier [15]. PfTk was
over-expressed in E. coli strain Rosetta (DE3) harboring
the plasmid TOPOT7-PfTk. Cells were grown in Luria
Bertani (L.B.) broth with 40 pg/ml chloramphenicol and
100 pg/ml ampicillin and induced with 1 mM isopropyl
p-thiogalactopyranoside (IPTG). Cultures were then grown
at 18°C for 20 h before harvest. Cells were harvested by
centrifugation at 8000 x g for 10 min at 4°C. Protein was
purified using Ni-nitrilotriacetic acid agarose affinity
chromatography and ammonium sulphate precipita-
tion. For the preparation of apo-PfTk the purified PfTk
was extensively dialyzed against the buffer (50 mM
NaH,PO, and 300 mM NaCl) containing 10 mM EDTA
[22].
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2.5. Biological Screening

Activity was measured spectrophotometrically according
to the method of Kochetov [23]. For the screening of
compounds having homology with fructose-6-phosphate,
the reaction mixture in 1 ml contained, 50 mM gly-
cyl-glycine buffer (pH 7.6), 2 mM magnesium chloride
0.1 mM thiamine pyrophosphate (ThDP), 0.5 mM potas-
sium ferricyanide, 3 mM fructose-6-phosphate (F6P) and
0.24 mg enzyme protein in the absence and presence of
200 pM concentration of compound to be screened.
For screening of compounds, having homology with
thiamine pyrophosphate, apo-PfTk was incubated with
the compound (200 pM) at room temperature in the
presence of all constituents (50 mM glycyl-glycine
buffer pH 7.6, 2 mM magnesium chloride, 3 mM fruc-
tose-6-phosphate) except the coenzyme i.e., thiamine
pyrophosphate (ThDP). After incubation for 20 min,
ThDP (0.01 mM) was added and initial activities were
measured.

3. RESULTS

3.1. Homology Model of P. Falciparum
Transketolase

S. cerevisiae Tk sequence having highest sequence ho-
mology of 50 % with PfTk sequence was used as a tem-
plate for modeling of PfTk. The constructed model was
in silico dimerized using the dimeric variant of yeast
transketolase for further docking and virtual screening
studies. The PfTk model is an average structure based on
restraints derived from the coordinate sets of the tem-
plate (Figure 1(a)). In our previous studies, we have al-
ready reported that similar to the S. cereviseae transke-
tolase, PfTk model can also be divided into N-terminal,
middle and C-terminal domains [15]. The superposition
of PfTk homology model on template also revealed close
structural resemblance of modelled PfTk (Figure 1(b)).
Refinement of the homology model removed the steric
constraints and obtained stable conformation by energy
minimization of 1000 iterations. After the refinement
process, the model was validated using PROCHECK
program [19]. The Ramachandran plot [24] showed
normal distribution of points with phi (®) values and psi
(w) values clustered in a few distinct regions with 87.5
and 11.7 % of residues occupying core and allowed re-
gions, respectively. Only a few residues (0.2 %) were in
the disallowed regions (data not shown).

3.2. Docking Studies

Docking studies not only provide an understanding of
the binding mode of the ligands but are also employed to
validate homology models. The molecular models for

Copyright © 2010 SciRes.

(b)
Figure 1. (a) Dimeric model structure of PfTk. Model
structure of PfTk built on the basis of homologue tran-
sketolase of S. cerevisiae (ID: 1TRK, 2.0 A resolution)
[11]. In the model, (a) chain is colored red and (b) chain
is colored blue; (b) Superposition of PfTk (cyan) with S.
cereviseae model (magenta).

fructose-6-phosphate, thiamine pyrophosphate and oxy-
thiamine pyrophosphate with PfTk were generated by
SYBYL7.0/FlexX docking module. Among the 30 doc-
ked poses for each ligand, one with the highest dock
score was chosen as the final conformation.

3.2.1. Docking of Fructose-6-Phosphate

Most of the residues in the PfTk binding pocket are polar
in nature and hence make several hydrogen binding in-
teractions with the ligand. Hence, when fructose-6-
phosphate was docked into substrate binding site of PfTk,
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most of the important active site residues like His™,
Asp?”, Ser®® Arg®* and His*®®showed hydrogen bind-
ing interactions with fructose-6-phosphate (Figure 2(a)).

(@

(b)

(©)
Figure 2. Docking of ligands into active site of PfTk: (a)
Docking of fructose-6-phosphate into substrate binding site of
PfTk; (b) & (c) represents the docking of thiamine pyrophos-
phate and oxythiamine pyrophosphate into ThDP binding site
of PfTk. These ligands were docked in to their respective sites
using the FlexX program interfaced with SYBYL7.1.

Copyright © 2010 SciRes.

The total docking energy in the form of FlexX score was
calculated to be —34.36 KJ/mole.

3.2.2. Docking of Thiamine Pyrophosphate

When thiamine pyrophosphate was docked into ThDP
binding site of PfTk, the pyrimidine ring of the coen-
zyme interacts with the conserved residues of the protein,
e.g. N3’ of coenzyme with Leu'®, N-1’ with Glu*>;
4’NH, with Gly*® (Figure 2(b)). The binding site for
TPP is characterized by a number of hydrophobic inter-
actions including the pi-pi stacking interactions with
Phe**!, Phe** and the phenyl ring of ThDP were impor-
tant for ligand binding. The total FlexX dock score was
calculated as —25.37 KJ/mole.

3.2.3. Docking of Oxythiamine Pyrophosphate
When oxythiamine pyrophosphate was docked into
ThDP binding site of PfTk, the major interacting resi-
dues were found to be similar as observed for thiamine
pyrophosphate. Similar to ThDP, the N3’ of pyrimidine
ring of OP interacts with Leu®, N-1’ with GIu**® and
4’NH, with Gly*® (Figure 2(c)). Being a homolog of
thiamine pyrophosphate, oxythiamine pyrophosphate,
also displays similar mode of binding in terms of hy-
drophobic interactions involved. Similarly, no difference
was observed in the binding energy of OP as compared
to ThDP which is —25.29 KJ/mole.

3.3. Virtual Screening

A subset of CDRI repository comprising of 5784 were
selected on the basis of their activity in enzyme based
and cell based assay under various drug discovery pro-
grams. We have employed a virtual screening protocol
based on two 3D database screening approaches: 1)
pharmacophore hypothesis based 3-D database search
and 2) protein structure based docking approach. Firstly,
a simple ligand based pharmacophore model on the basis
of binding property of fructose-6-phosphate with sub-
strate binding site of PfTk and thiamine pyrophosphate
with ThDP binding site of PfTk was developed. The
model obtained from query based on critical binding
interactions of the ligands was used to perform a phar-
macophore search of 3D compound database to identify
hits that satisfy the chemical and geometrical require-
ments using UNITY module of SYBYL7.1. The phar-
macophore query used for fructose-6-phosphate consists
of five acceptor points, one donor atom with distance as
well as spatial constraints (Figure 3(a)). While the ThDP
pharmacophore query consists of five acceptor atoms,
one donor atom and hydrophobic feature with distance
constraints (Figure 3(b)).

In the first step of virtual screening, the compound
with unfavorable physicochemical and pharmacokinetic
properties was filtered out, based on a modified Lipin-
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@

Figure 3. Diagramatic representation of pharmacophore query
based on (a) fructose-6-phosphate and (b) thiamine pyrophos-
phate.

ski’s rule of 5 [25]. Virtual screening with UNITY using
ligand based pharmacophore model and employing Lip-
inski’s rule of 5 yielded 42 hits in case of virtual screen-
ing based on ThDP while 36 hits were obtained on the
basis of fructose-6-phosphate based virtual screening.
Finally, protein structure based molecular docking was
used to dock each hit into the active site of PfTk and to
rank the binding affinities. FlexX [26] based molecular
docking study was carried out to perform scoring and
ranking of the hits obtained in database searching. All
the hits obtained in database searching and FlexX score
[27], were visually analyzed for their associations with

Copyright © 2010 SciRes.

the active site of PfTk and the capability to form hydro-
gen bond interaction with catalytic residues. At the final
stage, 8 molecules in case of ThDP docking and 13
molecules in case of F6P docking which showed prom-
ising docking affinities in scoring method and a good
binding mode in accordance with our pharmacophoric
definition were retrieved from CDRI small molecule
repository. These molecules were then subjected to bio-
logical evaluation. The flow chart of virtual screening
based on fructose-6-phosphate and thiamine pyrophos-
phate is shown in Figures 4(a) & (b) respectively.

3.4. Biological Screening of Active
Compounds

The eight compounds selected after virtual screening on
the basis of ThDP and thirteen compounds obtained after
screening on the basis of fructose-6-phosphate were fur-
ther screened biologically as described in Materials and
Methods. Our results indicated that one compound in
case of ThDP based screening and three compounds in
case of fructose-6-phosphate based screening were found
active against PfTk (Tables 1 & 2). Maximum inhibition
was achieved in presence of compound | and I, which
showed 45% and 41% inhibition, respectively at 200 uM
concentrations.

3.5. Docking of Active Compounds

The three virtual screening hits retrieved by the pharma-

(@)

(b)
Figure 4. Flow chart indicated the results obtained from virtual
screening of a CDRI small molecules database. (a) represents
the virtual screening based on fructose-6-phosphate; (b) repre-
sents the virtual screening based on ThDP. The numbers given
in figure represent the number of molecules selected after each
stage.
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cophoric query based on fructose-6-phosphate, showed
almost all the major interactions as observed for F6P,
like Asp*”®, Arg®®, Ser®® Arg®*" etc (Figures 5(a)-(c)).

©

@
(d)
Figure 5. Binding mode of potential hits in PfTk model.
) (a) Compound I; (b) Compound II; (c) Compound I1I; (d)

Compound IV.

Table 1. Inhibition of PfTk by compound obtained after screening on the basis of Thiamine pyrophosphate.

Compound M.W. Structure Concentration % Inhibition

iami 50 M 40£1.2
e (o338 H3CT% 7S, tete MM 100 uM 59+2.7
N é‘\% AR 200 uM 74+31
CHg
50 uM N.I.
2. Compound 1V 437 100 uM 22+18
200 uM 37422
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Table 2. Inhibition of PfTk by compounds obtained after screening on the basis of Fructose-6-phosphate.

Compound M. W. Structure Concentration % Inhibition

50 uM 2519
1. p-hydroxyphenylpyruvate (control) 180 100 uM 42+2.3
200 mM 56+2.9
50 uM 22+08
2. Compound | 358 100 uM 37+11
200 uM 45+3.2
50 pM 14+1.6
3. Compound I1 466 100 uM 33+1.3
200 uM 41+26

50 uM N.I.
4. Compound Il 311 100 uM 14+22
200 uM 34+25

Similarly compound 1V, the finally selected com-
pound from virtual screening hits based on cofactor
ThDP, though did not show some of the H-bond interac-
tions but due to the presence of various hydrophobic
(Gly™, Gly*®) and n- = stacking interactions (Phe**,
Phe**) has acquired a stable conformation within the

binding site (Figure 5(d)).
4. DISCUSSION

Virtual screening is an emerging technology that is
gaining an increased role in the drug discovery process
[28,29]. The technology involves analyzing large collec-
tion of compounds and leading it to smaller subsets for
biological testing. It is now perceived as a complemen-
tary approach to experimental screening (High-through-
put screening) and when coupled with structural biology
promises to enhance the probability of success in the
lead identification stage of drug discovery process.
Structure based virtual screening requires computational
fitting of compound into an active site of a receptor by
use of sophisticated algorithm, followed by scoring and
ranking to these compounds to identify potential leads.

In the present study, a homology model of PfTk was
built on the basis of crystal structure of transketolase of
S. cereviseae [11]. This homology model was then used
for docking studies which not only provided an under-
standing of the binding mode of ligands but also vali-
dated homology model. When fructose-6-phosphate was
docked into substrate binding site of PfTk the major in-
teracting residues were similar to that obtained in case of

Copyright © 2010 SciRes.

crystal structure of E. coli transketolase complexed with
fructose-6-phosphate [21]. The docking of thiamine py-
rophosphate into ThDP binding site showed similar in-
teractions as observed in case of S. cereviseae [11]. The
docking of oxythiamine pyrophosphate in to the ThDP
binding site of PfTk revealed its similar mode of binding
as that of ThDP.

Virtual screening is a computational technique used in
drug discovery research involving the rapid in silico
assessment of large libraries of chemical structures in
order to identify those structures most likely to bind a
drug target, typically a protein receptor or enzyme
[30,31]. The available CDRI compound library com-
prising nearly 5784 compounds were screened in silico
for homology model of PfTk to identify structurally di-
verse Plasmodium falciparum transketolase inhibitors.
The report provides an example of optimum utilization
of computational resources implementing stepwise
docking strategy for virtual screening. Out of which, 8
compounds from ThDP based screening and 13 com-
pounds obtained from F6P based screening were finally
screened biologically. Among these, 4 compounds were
identified as inhibitors of PfTk. All four compounds in-
hibited the enzyme activity at 200 uM concentration.
Among these, compounds | and Il were found to be spe-
cific as they showed 45 and 41% inhibition, respectively.
Identification of these novel and chemically diverse in-
hibitors provides initial leads for optimization into more
potent and efficacious drug candidates to treat malarial
infection. Further in vitro screening of these inhibitors,
design and synthesis of their analogs is in progress.
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ABSTRACT

The design of any antagonist or inhibitor for any
enzyme requires the knowledge of structure-
function relationship of the protein and the op-
timum conformational states for maximum and
minimum activities. Furthermore, designing of
the inhibitors or drugs against an enzyme be-
comes easier if there is information available
about various well characterized intermediate
conformation of the molecule. In vivo folding
pathway of any recombinant protein is an im-
portant parameter for understanding its ability
to fold by itself inside the cell, which always
dictates the downstream processing for the pu-
rification. In the present manuscript we have
discussed about the in vivo and in vitro folding,
and structure-function relationship of Dihydro-
folate reductase enzyme. This is an important
enzyme involved in the cell growth and hence
inhibition or inactivation of the enzyme may
reduce the cell growth. It was observed that the
equilibrium unfolding transition of DHFR pro-
ceeds through the formation of intermediates
having higher exposed surface hydrophobicity,
unchanged enzymatic activity and minimum
changes in the secondary structural elements.
Because of enhanced surface hydrophobicity,
and unchanged enzymatic activity, these inter-
mediates could be a nice target for designing
drugs against DHFR.

Keywords: Cellular Folding of E. coli DHFR;
Structure-Function Relationship; Conformational
Properties; Equilibrium Unfolding Transitions;
Pathways for Denaturation and Renaturation

Copyright © 2010 SciRes.

1. INTRODUCTION

Proteins are one of the most common and important cel-
lular macromolecules, which control almost all biologi-
cal processes. Every protein acquires a unique three-
dimensional conformation in order to be functionally
effective. As unfolded polypeptides contain many more
exposed hydrophobic residues than the polypeptide in
their native state, they are exquisitely susceptible to ag-
gregation. Also any small error in the process of folding
produces misfolded structure, which becomes a cellular
burden and is responsible for several misfolding disor-
ders such as Alzheimer’s disease, Type Il Diabetes,
Parkinson’s disease and several others that are threaten-
ing human lives [1].

It is quite common that majority of over expressed
recombinant proteins fail to reach a correct conformation
and undergo proteolytic degradation or associate with
each other to form insoluble aggregates of non native
proteins known as inclusion bodies. Hence, there is a
growing interest in developing strategies to prevent pro-
tein aggregation, to enhance protein refolding yields.

Dihydrofolatereductase (DHFR; 5,6,7,8-tetrahydro-
folate: NADP+ oxidoreductase) (a 24 kDa protein) cata-
lyzes the NADPH-dependent reduction of dihydrofolate
(H,folate) or folic acid to tetrahydrofolate (H,folate) and
is considered to be a key enzyme in folate metabolism.
H,folate is the product of thymidylate synthetase and
must be recycled to H,folate in order to be incorporated
into tetrahydrofolate metabolic pool. After reduction of
H.folate, H,folate receives one carbon unit and acts as a
one-carbon donor in the biosynthesis of purines and
pyrimidines and in the interconversion of amino acids
[2]. Tetrahydrofolate acts as a methyl group shuttle re-
quired for the de novo synthesis of purines, thymidylic
acid, and certain amino acids.
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As tetrahydrofolate, the product of this reaction is the
active form of folate in humans, inhibition of DHFR can
cause functional folate deficiency. Folate is needed by
rapidly dividing cells to make thymine, this effect may
be therapeutic. For example, methotrexate is used in
cancer chemotherapy because it can prevent neoplastic
cells from dividing.

So, DHFR has become very important nowadays in
making anti-cancer drugs due to its inhibition by meth-
otrexate. Its binding to methotrexate depends on its con-
formation, so it is very necessary that it should be pre-
sent in its correctly folded form.

In the present manuscript, cellular folding of E. coli
DihydrofolateReductase (DHFR), unfolding and refold-
ing pathways, and structure activity relationship of the
protein have been demonstrated with the help of experi-
mental findings using biochemical and biophysical ap-
proaches.

2. MATERIALS AND METHODS

2.1. Reagents and Chemicals

The gene for E. coli DihydrofolateReductase (DHFR),
cloned in the pET16b vector was obtained from Taguchi
and UEDA group, The University of Tokyo, Japan.
PET16b vector contains T7 promoter region and genes
for ampicillin resistance, so specially engineered E. coli
strain, BL21(DE3) was used for transformation of plas-
mid, expressing DHFR. BL21(DE3) cells contain the
machinery for production of T7 RNA polymerase. Iso-
propyl S-D-1-thiogalactopyranoside (IPTG) was used as
the inducer, as genes for T7 RNA polymerase were un-
der lac promoter in BL21 DE3 strain. The ampicillin
concentration used for optimum growth of the cells was
80 pg/ml. 1sopropy! p-D-1-thiogalactopyranoside (IPTG),
ampicillin, Luria broth media from Himedia (India),
Dihydro folic acid, NaDH, Imidazole are from Sigma
chemical company (USA), Hitrap chelating column from
GE Health care (USA). All other reagents were of mo-
lecular Biology grade.

2.2. Over-Expression of DHFR

Competent E. coli BL21 DE3 cells were prepared ac-
cording to the CaCl, method given by Sambrook and
Russell [3]. The cells were transformed with pET16b
vector containing DHFR and spread on a LB agar plate
containing ampicillin. The culture of the selected trans-
formed E. coli colonies was grown at 37°C, with agita-
tion at 200 rpm and induced with IPTG (final concentra-
tion 1 mM) at ODgyo Of 0.85. The cells were further in-
cubated for 12-14 h for DHFR expression. About 200 ul
of culture was centrifuged and the pellet was re-suspen-
ded in SDS loading dye [3,4], boiled at 100°C for five
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minutes and loaded on a 12 % SDS-PAGE for confirm-
ing DHFR expression.

BL21 (DE3) cells transformed with pDHFR plasmid
were induced by 1 mM IPTG and different samples were
collected after incubation of 3 hrs, 6 hrs, 9 hrs and 12hrs.
The samples were denatured by boiling with SDS sam-
ple buffer and were run into SDS-PAGE and over-expr-
ession of the protein was judged from the band intensity
in the gel.

2.3. In Vivo Folding of DHFR

Amount of folded protein in a cell can be estimated
based on the principle that the proteins with correctly
folded structure are soluble in the cytoplasm and in
aqueous buffer, however, denatured proteins are insolu-
ble and occur as aggregates [5]. Thus, to estimate the
extent of correct folding of DHFR in vivo, culture broth
of transformed strain expressing DHFR were harvested
and resuspended in lysis buffer containing 20mM so-
dium phosphate (pH 7.0), 500mM NaCl. Normalization
of the cell culture was done such that the same number
of cells was taken for the analysis of each sample along
with the control (un-induced cells). These cells were
disrupted using ultrasonicator, followed by centrifuga-
tion at 10,000 rpm for 30 min. The supernatants and
pellets were separated and were resuspended in the SDS
loading dye, heated at 100°C for 5 minutes and analyzed
by SDS-PAGE.

2.4. Purification of DHFR Using
Immobilized Metal lon Affinity
Chromatography (IMAC)

Purification of DHFR was carried out by Immobilized
Metal lon Affinity Chromatography (IMAC) using che-
lating column charged with nickel ions as recombinant
DHFR contained six Histidine residues on the N termi-
nal. Plasmid pET16b containing DHFR gene was used
for over-expression of DHFR. Cells were grown at 37°C
and induced with 1 mM IPTG at ODgy = 0.90. After
induction, further incubation was carried out at 37°C for
12 hr and the cells were harvested by centrifugation at
10,000 rpm for 30 min. Expression of DHFR was con-
firmed by analysis on 12% SDS-PAGE. Harvested cells
were re-suspended in lysis buffer containing 20 mM
sodium phosphate (pH 7.0), 500mM NaCl and 5ul of
DNAse I, PMSF (final concentration, 1 mM) and 5 pl of
0.01 M MgCI;, were added followed by incubation for
30 min on ice. The re-suspended cells were disrupted by
3 passes through French press at 13000 psi. Cell debris
was removed by centrifugation in Beckman ultracentri-
fuge at 13,000 rpm for 40 min at 4°C. The supernatant
was collected and filtered through a 0.22 micron filter.
Nickel chelating column (Histrap, 5 ml, GE Health Care,
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USA) was cleaned and pre-treated according to the
manufacturer’s instructions. The column was then equi-
librated with buffer A1 (20 mM sodium phosphate (pH 7.0),
500 mM NacCl). The clear lysate was applied for chro-
matographic process by AKTA FPLC system (GE Health
care, USA). Buffer A1 was passed through the system
for three column volumes. Then the column was washed
with 2% buffer B1 for two column volumes. Elution of
DHFR was done by passing buffer B1 (500 mM imida-
zole in buffer Al). The fractions corresponding to the
peaks for DHFR were analysed by SDS PAGE. These
fractions were pooled and concentrated by Amicon cen-
trifugation kit, 10 kDa cut-off membranes (Millipore).
Concentrated DHFR solution was divided in aliquots,
frozen in liquid nitrogen and stored at —80°C.

2.5. Protein Estimation Using Bradford’s
Reagent

Protein was estimated by the Bradford’s dye binding
method using bovine serum albumin as the standard
protein. 500 ul of appropriately diluted protein was
taken in a test tube. 4.5 ml of Bradford’s reagent was
added to it. The mixture was incubated at room tem-
perature for 10 min and the concentration of the protein
was determined from the colour development, measured
spectro-photometrically at 595 nm.

2.6. Enzymatic Activity Assay of DHFR

DHFR activity was determined by the fact that it cataly-
ses the following reaction:

DHF + NADPH + H* > THF + NADP* [6]

where, DHF and THF are dihydrofolate and tetrahydro-
folate, repectively. The decrease in NADPH was moni-
tored by measuring its absorbance at 340 nm at 37°C.
The reaction was initiated by DHFR. The standard assay
mixture (1.0 ml) contained 3 M KCI in phosphate/Cit.
(25 mM citrate, 25 mM phosphate titrated to pH 6 by
KOH), 0.05 mM dihydrofolic acid and 0.08 mM
NADPH. An enzyme unit is defined as the amount of
enzyme that catalyzes the oxidation of 1 mol NADPH/
min. This value was calculated from the changes with
time in the optical absorption at 340 nm, using the value
12300 M em™ [7] as combined molar absorption coeffi-
cients for the oxidation of the NADPH and the subse-
quent reduction of the dihydrofolate.

2.7. Equilibrium Unfolding Studies by
Intrinsic Tryptophan Fluorescence
Spectroscopy

For equilibrium unfolding studies, intrinsic fluorescence
measurements were performed using Perkin-Elmer LS
55 spectrofluorimeter using an optical cuvette of path-
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lengthlcm. Samples were prepared by incubating DHFR
(final conc. 1 pM) with different concentrations of
GdnHCI (0-4 M) at 25°C for 30 min in 10mM sodium
cacodylate, 50 mM NaCl buffer, pH 7.4. The samples
were excited at 295 nm and emission spectra were re-
corded between 310-500 nm with excitation and emis-
sion slit width 5 nm each. The quantity ‘relative fluores-
cence’ was calculated accordingly:

FR: (F' Fo)/Fo
where, F is the fluorescence intensity of the protein at
various GdnHCI conc. Fy is the fluorescence intensity of

the native protein. Fg was plotted against GdnHCI con-
centration.

2.8. Equilibrium Unfolding Studies by
Circular Dichroism

Far-UV CD spectra were recorded on JASCO J-810 CD
polarimeter (JASCO, Japan), flashed with nitrogen gas,
using an optical cuvette of pathlength 2 mm. Samples
were prepared by incubating DHFR (final conc. 10uM)
with different concentrations of GdnHCI (0-4M) at 25 °C
for 30 min in 10 mM sodium cacodylate, 50mM NaCl
buffer, pH 7.4. Each spectrum was corrected for contri-
butions from buffer solutions, containing increasing
concentration of GdnHCI (0-4M). The emission spectra
were recorded between 250- 205 nm for far-UV CD. The
Molar Residue ellipticity (MRE) was calculated using
the formula:

[6]= (Bops in mdeg)/ (Molar conc. of the protein x path
length in mm x Number of amino acids residue present
in the protein) [8].

2.9. Equilibrium Unfolding Studies by
Extrinsic Fluorophore ANS

Protein bound ANS spectra were recorded on lumines-
cence spectrometer LS 55 (Perkeinelmer Life sciences,
USA), using an optical cuvette of pathlength 1 cm.
Samples were prepared by incubating DHFR (final conc.
1 uM) and ANS (final concentration 40 uM) with dif-
ferent concentrations of GdnHCI (0-4 M) at 25°C for
30 min in 10 mM sodium cacodylate, 50 mM NaCl
buffer, pH 7.4. Each spectrum was corrected for contri-
butions from buffer solutions, containing increasing
concentration of GdnHCI (0-4 M) and constant concen-
tration of ANS (40 uM). The samples were excited at
370 nm and emission spectra were recorded in the
wavelength range of 400-600 nm with excitation and
emission slit width of 5 nm each.

2.10. Equilibrium Unfolding Studies by
Enzymatic Assay

Activity of DHFR samples (final protein concentration
10 uM) containing different concentrations of GdnHCI
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(0-4 M) in 10 mM sodium cacodylate, 50 mM NaCl
buffer, pH 7.4 was measured according to the method
described in section 2.6. The activity of the enzyme was
then analyzed against the concentration of GdnCl.

2.11. Spontaneous Refolding Studies on
DHFR by Intrinsic Tryptophan
Fluorescence Spectroscopy

DHFR (40 pM) was unfolded with 3 M concentration of
GdnHCI at 25°C for 1 hr. Denaturation was confirmed
by the loss of enzymatic activity as well as change of
conformational parameters. The denatured protein was
diluted to different concentrations of GAnHCI (2 M, 1 M,
0.5 M, 0.25 M, 0.1 M and 0.01 M) with refolding buffer,
10 mM sodium Cacodylate, 50 mM NaCl, pH 7.4 and
allowed to refold at 25°C for 2 hrs. Intrinsic fluores-
cence was measured for all the samples according to the
method mentioned in Subsection 2.7.

2.12. Spontaneous Refolding Studies on
DHFR by Enzymatic Assay

DHFR (40 pM) was unfolded with 3 M concentration of
GdnHCI at 25°C for 1 hr. Denaturation was confirmed
by the loss of enzymatic activity as well as change of
conformational parameters. The denatured protein was
diluted to different concentrations of GdnHCI (2 M, 1 M,
0.5 M, 0.25 M, 0.1 M and 0.01 M) with refolding buffer,
10 mM sodium Cacodylate, 50 mMNaCl, pH 7.4 and
allowed to refold at 25°C for 2 hrs. Activity was checked
for all the samples by performing assay for the enzyme
according to the method described in Subsection 2.6.

3. RESULTS

3.1. Optimization of Time for
Over-Expression of DHFR

BL21 DE3 E. coli cells were transformed with pET16b
vector containing DHFR plasmid and induced with
IPTG to its final concentration of 1mM and kept for in-
cubation at 37°C. Maximum expression for DHFR was
obtained after incubating the culture for 12 hrs (Figure 1).

3.2. In Vivo Folding of DHFR

When the induced cells were sonicated, centrifuged and
pellet & supernatant were separated and analyzed on
12% SDS PAGE against un-induced cells and non-
transformed cells, the result showed that DHFR was
expressed only after induction and most of the protein
was in the supernatant only (Figure 2). However pellet
also contained some of the protein but the amount was
very less as compared to the supernatant part.

Copyright © 2010 SciRes.

Figure 1. SDS-PAGE shows optimization of time for DHFR
expression. Lane L1, marker; lane L2, sample after 3 hr in-
cubation; lane L3 sample after 6 hr incubation; lane L4 sam-
ple after 9 hr incubation; lane L5 sample after 12 hr incuba-
tion.

Figure 2. SDS-PAGE shows in-vivo folding of DHFR. Lane
L1, marker; lane L2, non-transformed cells; lane L3, super-
natant of control (un-induced sample); lane L4, pellet of con-
trol (un-induced sample); lane L5, supernatant of induced
sample; lane L6, pellet of induced sample. The result shows
that most of the protein is in folded form.

3.3. Purification of DHFR Using Immobilized
Metal lon Affinity Chromatography
(IMAC)

The elution profile of immobilized metal affinity chro-
matography showed three distinct peaks (data not
shown).The third peak appeared during the elution with
higher concentration of imidazole, about 225 mM. Frac-
tions corresponding to peak 3 was analysed through 12%
SDS PAGE. Dense band at the position of 24 kDa cor-
responding to DHFR was observed, indicating the pres-
ence of DHFR in the solution. No other band in the gel
indicated that the solution contained purified DHFR and
no other proteins were present in that solution (Figure 3).
Fractions corresponding to peak 3 were pooled together,
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Figure 3. SDS-PAGE shows purified protein in the
fraction collected during purification of DHFR corre-
sponding to peak 3 in the chromatogram (not shown).
Lane L1, marker; lane L2, fraction corresponding to
peak 3 in the chromatogram.

concentrated and stored at 4°C for further in vitro studies.

The concentration of imidazole in the protein solution
was reduced to as low as 0.8 mM by buffer exchange
method using Amicon centrifugation kit, using 10 kDa
molecular weight cut-off (Millipore) membranes. The
concentration of the protein in the concentrated solution
was determined through Bradford protein estimation
method using BSA as a standard. Pure DHFR concentra-
tion was found to be 1 mg/ml (40 uM). Substantial ac-
tivity of the purified protein was observed according to
the protocol discussed in Subsection 2.6. This suggested
that good amount of protein was present in its active
conformation.

3.4. Equilibrium Unfolding and Refolding
Studies on DHFR by Intrinsic
Tryptophan Fluorescence
Spectroscopy

The results obtained for GdnHCI induced conforma-
tional transitions of DHFR in 10mM Sodium Cacodylate,
50 mM NaCl, at pH 7.4 and 25°C, studied by intrinsic
tryptophan fluorescence are shown in Figure 4 (shown
by dots). It is quite evident from the figure 4, that up to
0.75 M of GdnHCI concentration, emission intensity is
almost constant. There is not much change in the intrin-
sic fluorescence. Thereafter, the emission intensity de-
creased gradually from 1 M to 2.5 M of GdnHCI con-
centration, from where it became flat. During the re-
folding studies of denatured DHFR by dilution method,
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monitored by intrinsic tryptophan fluorescence (shown
in Figure 4 by triangles), it was clear that almost all of
the protein had refolded by itself on removal of the de-
naturant. When the sample was diluted to final GdnHCI
concentration of 0.01 M, the relative fluorescence inten-
sity of the protein sample was measured to be 0.96. This
showed that protein had refolded almost completely
upon removal of GdnHCI.

3.5. Equilibrium Unfolding Studies
Monitored By Circular Dichroism

Changes in secondary structure of DHFR, induced by
GdnHCI (0-4 M) was monitored by far-UV CD spec-
troscopy. Figure 5 shows the unfolding transition curve
for the series of GAnHCI concentration, measured by CD
ellipticities at 222 nm, expressed by molar residual ellip-
ticities (deg cm? dmol™). No appreciable change was
observed in ellipticity until a concentration of 1 M
GdnHCI. This suggests that there is not much loss of
secondary structure up till this concentration of GdnHCI.
Beyond 1M concentration of GdnHCI, there was gradual
decrease in the ellipticity upto 3 M concentration and
then it got flattened. This study showed that the protein
got completely unfolded at about 3 M concentration of
GdnHCI.

3.6. Equilibrium Unfolding and Refolding
Studies Monitored by Enzymatic Assay

Unfolding and refolding of DHFR was studied by per-
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Figure 4. Intrinsic trytophan fluorescence: Effect of GdnHCI
on equilibrium unfolding of DHFR. Change in tryptophan
fluorescence at 350 nm for 1 uM of native protein (pH 7.4, 25°C)
denatured by increasing concentration of GdnHCI (0-4 M). It is
observed that the Relative fluorescence intensity value ()
becomes nearly constant after 3 M of GdnHCI concentration.
(&) shows spontaneous refolding of DHFR when the com-
pletely unfolded protein sample is diluted to different concen-
trations of GdnHCI (2-0.01 M).
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Figure 5. Equilibrium unfolding transition of DHFR monitored
by Far-UV CD. Molar residue ellipticity at 222 nm, for 10 uM
of native protein, denatured by increasing concentration of
GdnHCI, is plotted against GdnHCI conc. (0-4 M). It is ob-
served that MRE value becomes nearly constant after 3 M of
GdnHCI concentration.

forming the functional assay for the denatured enzyme and
the percentage activity of the denatured enzyme (calcu-
lated as compared to activity of native enzyme) was plot-
ted against the GdnHCI concentration as shown in Figure
6. During the unfolding process (shown by filled squares
in the figure), the activity of the enzyme was lost at 3 M of
GdnHCI concentration. On diluting the sample to reduce
GdnHCI concentration, the activity of the enzyme was
regained. At 0.01 M GdnHCI, almost 95% of the enzy-
matic activity was regained (filled triangle). This showed
that the enzyme had come to its active form after removal
of denaturant, confirming its spontaneous refolding.

3.7. Equilibrium Unfolding Studies
Monitored by Extrinsic Fluorescence
Spectroscopy Using ANS as External
Fluorescent Probe

Conformational changes in DHFR, induced by GdnHClI,
have also been studied by binding of external fluores-
cence probe ANS, as shown in Figure 7. A steep in-
crease in fluorescence intensity was observed between
0.1-0.3 M of GdnHCI concentration. Maximum fluores-
cence intensity was observed at 0.3M and it finally de-
creased to minimum at 3.5 M of GdnHCI, where free
ANS molecules are quenched by water and other polar
molecules. From our observation, it is quite clear that at
0.3 M of GdnHCI concentration the protein achieved
such a conformation, where hydrophobic patches are
exposed on the surface much more than native and de-
natured state. This signifies towards a formation of in-
termediate at this concentration of GdnHCI.

4. DISCUSSION

In the present study, the pET16b vector containing
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Figure 6. Equilibrium unfolding and refolding of DHFR moni-
tored by change of enzyme activity. (®) shows equilibrium
unfolding and refolding of DHFR (protein conc. 1 uM) for
increasing GAnHCI (0-4 M). It is clear that the enzyme loses its
activity after 2.5 M of GdnHCI. (&) shows refolding of com-
pletely unfolded enzyme by diluting it to different concentra-
tions of GdnHCI (0.01-2 M). It is clear that enzyme regains
95% of its activity on diluting GdnHCI to 0.01 M.
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Figure 7. Effect of GAnHCI on extrinsic protein bound ANS
fluorescence. Change in ANS fluorescence at 471 nm for 1 pm
of native protein and 40uM of ANS, denatured by increasing
concentration of GdnHCI (0-4 M). It is observed that the rela-
tive fluorescence intensity value becomes maximum at 0.3 M,
signifying maximum hydrophobicity at this concentration of
GdnHCI.

DHFR gene under control of T7 promoter, was used for
over-expression of DHFR in E. coli strain that has ma-
chinery for T7 RNA polymerase under control of Lac
promoter. The chemical induction of the Lac promoter
was accomplished by the addition of the non-hydroly-
sable analogue of lactose, IPTG. While larger biomass
content before induction is necessary for enhanced ex-
pression of the recombinant protein, the cells over-pro-
ducing recombinant protein should also be sufficiently
active at the time of induction. Thus, pre-induction cell
concentration (ODgy) plays a crucial role for over-ex-
pression of recombinant proteins. Expression of DHFR
was obtained when induction was carried out in the
mid-exponential phase. The protein was purified from
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soluble fraction of the over expressed protein, using
IMAC Ni*2-chelating chromatography.

The spectroscopy based studies of the unfolding of
DHFR with varying concentrations of denaturant gives a
close insight into the change in secondary and tertiary
structural elements upon denaturation. The equilibrium
unfolding studies of E.coli DHFR showed that DHFR
was completely unfolded above 3M concentration of
GdnHCI. The refolding studies monitored by intrinsic
tryptophan fluorescence spectroscopy and enzymatic
assay of DHFR showed that almost all of the protein
folded by itself, without any external assistance.

The tryptophan fluorescence emission intensity gives
the clue about the changes in the tertiary structure of the
protein. Figure 4 shows that there was not much change
in intrinsic tryptophan fluorescence intensity of the pro-
tein up to 0.75 M concentration of GdnHCI. Beyond this
concentration there is a sharp fall in intensity until it
attains almost constant value and also the Ay Shifts to
higher wavelengths. This suggests a considerable loss in
tertiary structure with increasing concentration of dena-
turant.

In far-UV CD spectrum also MRE values at 222 nm
remain constant up to 0.5 M GdnHCI concentration, and
then there is a sharp decrease in the value of ellipticity
beyond this concentration of denaturant which continues
up to about 3M after which it remains almost constant
(Figure 5). This trend in the change of ellipticity of
DHFR with gradually increasing concentration of dena-
turant suggests that complete denaturation of the protein
took place at about 3 M GdnHCI concentration and the
protein lost its secondary structural elements. Similar
results were observed when the denaturation was moni-
tored by assaying the enzymatic activity as well as
through measuring ANS-bound extrinsic fluorescence
intensity of the protein (Figures 6 & 7).

However, when the equilibrium unfolding process of
DHFR was monitored by extrinsic fluorescence spec-
troscopy using ANS as the fluorescent probe, distinct
intermediate species were observed. It was seen from
Figure 7 that, with increasing denaturant concentration,
protein bound ANS fluorescence increased rapidly up to
0.3 M GdnHCI concentration range, which signified the
exposure of hydrophobic pockets of DHFR molecule
that were otherwise buried inside the core of the native
molecule. This phenomenon typically revealed the pres-
ence of stable intermediates during the equilibrium un-
folding of DHFR. The possibility of salt induced con-
formational changes of DHFR was nullified by re-
cording ANS-bound DHFR fluorescence emission in
presence of gradually higher concentration of NaCl (data
not shown). The characteristic features of the equilib-
rium unfolding intermediate were determined from far-
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UV CD, intrinsic tryptophan fluorescence spectroscopy,
and enzymatic assay. It was observed that the intermedi-
ate contains almost identical secondary structural ele-
ments, conformation around tryptophan residues were
the same and having almost unchanged enzymatic activ-
ity. It may resemble a molten-globule like intermediate
species in the unfolding pathway of E. coli DHFR.

5. CONCLUSIONS

In the present study we have reported that Gdn-HCI de-
natured E.coli DHFR refolded spontaneously after re-
moval of the denaturant through dilution. Hence, the
protein does not require any assistance from chaperones
for its correct folding. DHFR forms equilibrium unfold-
ing intermediates at around 0.3 M concentration of
GdnHCI. The intermediates are having higher exposed
surface hydrophobicity, although there were no substan-
tial changes in secondary structural elements and enzy-
matic activity of the protein. It is worthwhile to study the
role of chaperonin GroEL/GroES in accelerating or
slowing down the rate of refolding. The reported infor-
mation also paves the way for designing drugs against
the non-native intermediates of DHFR molecules.
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ABSTRACT

Enterovirus 71 (EV71) can cause serious nerv-
ous system lesions but to date the pathogene-
sis has been unclear. Our results show that
EV71 proliferates in the neural cells and leads to
neural cell lesions. The study of the pathology
of EV71 infection in neonatal rat brains shows
that the invasive ability of EV71 to the nervous
system in vivo may depend on many unknown
factors.

Keywords: EV71; Neural Cell; Infection; Biological
Effects

1. INTRODUCTION

EV71 shares many structural characteristics with Picorna
virus and is also a member of the Enterovirus family.
Additionally [1], EV71 has been defined as the major
pathogen of the hand-foot and mouth disease (HFMD)
[2]. The clinical features of HFMD caused by EV71 in-
fection have drawn increased attention [3]. The clinical
features of EV71 infection are different from other en-
teroviruses such as the CoxAl16 and CoxB3 that also
cause HFMD [4]. A number of severe clinical cases that
occurred in an epidemic in the Taiwan and Fuyang re-
gions in China [5,6]suggest that EV71 infection may
cause nervous system lesions and lead to a responsive
heart and lung failure in some infected patients [7]. The
clinical features indicate that the biological significance
of EV71 infection in neural cells may affect the epide-
miology and clinical consequences of HFMD. Thus, in
addition to the study of the pathogenesis of EV71 infec-
tion and the epidemiological detection, the study of the
biological effects of EV71 infection in neural cells is of

“Foundation item: This work supported by National Natural Science
Funds for Young Scholar. (No. 30700205); supported by the Ph.D.
Programs Foundation of Ministry of Education of China (No. 200600
23008).
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great importance. A number of studies have reported the
development of a mouse-adapted HEV71 strain and new-
born mice infected with mouse-adapted HEV71 [8-10].
These evidence suggests that rodents are not resistant to
EV71 infection. Etiological studies of EV71 have so far
not provided a good explanation of how EV71 infects
neural cells, mainly because there is no established neu-
ral cell tissue culture model. In our work, we used a
primary rat nerve cell line to examine the basic biologi-
cal characteristics of the process of EV71 infection in
neural cells, as well as the pathological changes caused by
EV71 infection in rats. Thus, a basic biological study of
EV71 infection in neural cells is provided in this article.

2. MATERIALS AND METHODS
2.1. Viruses and Cells

The EV71-23 isolated strain was provided by the Dept.
of Viral Immunology, the Institute of Medical Biology,
Chinese Academy of Medical Sciences, which was re-
produced and harvested in Vero cells with a titer of
10’CCID50/ml.

2.2. Rat Cortex Neural Cell Cultures and
Phenotype Identification

Four SD neonatal rats were soaked in 75% cold ethanol
for 3-5 min before being sacrificed by decapitation under
sterile conditions. The rat brains were placed into pre-
cooling D-Hanks balanced salt solution. The cerebral
cortex was separated by careful removal of the meninges
and blood vessels and shredded into a size of about 1
mm?. The tissues were digested with 0.25% trypsin to a
single cell suspension in DF12 complete medium con-
taining 10% FBS, inoculated into culture bottles treated
with PLL to a density of 1 x 10°, and cultured in relative
volume fractions in a 5% CO, incubator at 37°C. After
12 h the original culture mediums were replaced with
Neurobasal culture media containing 2% B27 for main-
tenance culture, then one-half of the medium was re-
placed with Neurobasal/B27 every three days. Culture
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bottle coating methods: 0.01 mg/ml of PLL was used for
coating for 1 h at 37°C, and bottles were ready for in-
oculation after washing two times with sterile distilled
water. After ten days, the culture medium was discarded,
and the neurons were fixed in cold 4% paraformalde-
hyde for 20 min. Next, 3% H,O, was added to block
endogenous peroxidase. The cells were incubated with
the primary anti-NSE polyclonal antibody (1:150) at 4°C
overnight, and then the secondary antibody (biotin-
labeled goat IgG) was added at room temperature for 30
min. The results were observed under an electron mi-
croscope after chromogenic freezing in DAB. In the ne-
gative control samples, the primary antibody was re-
placed with the 0.01 mol/L PBS. All animal care and
handling were performed in accordance with the guide-
lines specified by the Institutes of Health Guide for the
Care and Use of Laboratory Animals of Yunnan. During
the entire experiment, the animals were monitored online
to avoid any unnecessary suffering and to ensure com-
plete anaesthesia.

2.3. Virus Titration

Rat cortex neurons were cultured in 6-well plates for 10
days. The medium was aspirated, and 200 ul of 10°CC-
ID50/ml virus was added to the cells for 1 h at 37°C for
adsorption. Cell maintenance medium containing 1.0%
fetal calf serum was added and cells were incubated in
5% CO, at 37°C. For the control group the cell mainte-
nance media was added directly and cultured under the
same conditions. The cells were harvested and diluted 10-
fold at 24 h and 48 h. The infectious titer was determined
to be 5.5 at 10 diluent degree by the micro-titration test.

2.4. Immunofluorescence Analysis

The coverslip of 10-day cultured cortex neurons (1.0 x
1.0 cm?) was washed lightly three times in cold 0.01
mol/L PBS (pH 7.4) and fixed with 4% paraformalde-
hyde for 30 min. The fixed coverslip was washed three
times with PBS, 5 min each time, incubated at room
temperature for 10 min in 1% H,0,, washed two times
with PBS for 5 min each wash, and the coverslip was
blocked with 1% bovine serum albumin at 37°C for 30
min. The bovine serum albumin was discarded, and
anti-EV71-FY23 polyclonal mouse antibody (1:100) was
added and incubated at 4°C overnight. Next, the cover-
slip was washed three times with PBS and incubated
with FITC labeled goat anti-mouse 1gG (1:300) for 2
hours. Finally, the coverslip was washed with PBS three
times and photographed under a fluorescence micro-
scope. In the negative control group, the primary anti-
body was replaced with 0.01 mol/L PBS.

2.5. Electron Microscopy of Infected Cells

The cells were collected after digestion and separation
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with trypsin 24 hours after virus inoculation and placed
into electron microscopy fixing solution mixed with 3%
glutaraldehyde plus 1.5% paraformaldehyde, followed
by fixation with 1% osmium tetroxide, dehydration with
gradient alcohol and embedding with epoxy resin. The
neuron ultrastructure was observed through ultrathin
sections under electron microscopy.

2.6. Quantitative Detection of the EV71
Viral Load by Real-Time PCR

Cells infected with EVV71-23 at different were collected
at varying time-points. RNA (TRI REAGENT-BD) was
extracted by the Trizol method. Real-time PCR was
performed with a one-step PrimescriptTM RT-PCR
(TaKaRa) kit. The primer sequences for EV71-23 (gene
sequence number is eu812515) are FW primer: 5'-ccacc-
tggagcccctaagecag-3', RV primer: 5'-cattgataagcactcgca-
gg-3'; and probe primer: 5'-FAM-agcgcaggtttcagtgccatt-
cat-TAMRA3-3'. A volume of 2 ul of total RNA tem-
plate, 0.5 ul of 10 uM upstream and downstream primers,
and 1 ul of Tag man probe solution were used for the
reaction for 40 cycles at 42°C for 5 min, at 95°C for 10 s,
at 95°C for 5 min. and 60°C for 40 s.

2.7. Pathological Detection of EV71
Infection in the Nervous System of Rats

0.4 um thick paraffin sections of the brain of neonatal
rats infected by EV71 for five days were used to perform
the high-pressure antigen retrieval after deparaffin and
dehydration with a gradient ethanol. A volume of 50pul
of the primary antibody (VEGF, HO-1 antibody) was
added to each slice and incubated in 4°C overnight. The
secondary enzyme-labeled rabbit anti-mouse conjugate
antibody was incubated with each slice at room tem-
perature. DAB showed color after 15 minutes. The slices
were observed under a microscope for 3-5 minutes, dif-
ferentiated with 0.1% HCI, washed with tap water to
blue, dehydrated and dried with a gradient ethanol,
transparencied with xylene, and sealed with neutral gum.

3. RESULTS

3.1. The Primary Passage Culture of Rat
Neural Cells and the Phenotype
Identification

The neural cortex of neonatal rats were collected, dis-
persed, screened and cultured in 6-well plates. After 10
days, the cells grew in a monolayer indicating that the
networks between neurons are very rich, which is a fea-
ture of neurons. Some neural cells assembled into a
group (Figure 1(a)). To confirm that the cells were neu-
ral cells, rather than supporting cells, an immunohisto-
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Figure 1. Primary neuron culture and phenotype identification
of neonate rat. (2) Neuron at culture day 10 (x200); (b) NSE
labeled neuron (x200).

chemistry staining test was performed using anti-NSE
polyclonal antibody. The result showed that the cells had
a clear neuronal phenotype (Figure 1(b)). Data indicate
that neuron-specific enolase (NSE) is a specific marker
of neuronal differentiation and maturation. NSE is a cy-
toplasmic protein and a dimer isozyme involved in the
process of glycolysis, which is expressed mainly in neu-
rons and located in neuronal cell bodies, axons and den-
drites [11]. The chemical staining method using NSE-
specific antibody to immune cells in our test identifies
neurons in vitro and allows the analysis of the growth
and development of neurons. Our cultured neural cells
established a primary neural cell culture while maintain-
ing their phenotypic characteristics.

3.2. Infectious Proliferation of EV71
Cultured in Primary Neural Cells

A monolayer of neural cells were inoculated with virus
at an MOI of 0.01. Immunofluorescence analysis of
neural cells that had been infected for 8 hours demon-
strated EV71 antigen synthesis in the neural cells (Fig-
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ure 2(a)). Examination by light microscopy of neural
cells that had been infected for 24 hours showed no
pathological features but cells were observed to be round
and shrinking (data not shown). However, the electron
microscope examination of these cells demonstrated that
EV71 infection of neuronal cells led to the typically ob-
served cell lesions, cell degeneration and necrosis, and
rupture of cell membrane. In addition, organelles with
membrane structures in the cytoplasm were ruptured and
dissolved (Figure 2(b)). There was no remarkable im-
pact found in red blood cells.

3.3. Analysis of the Growing Dynamics of
Infectious Proliferation of EV71 in
Infected Neural Cells

Each virus has its own particular growth dynamics in
susceptible cells. The proliferation of EV71 in other
cells, such as Vero cells and RD cells, shows that its
proliferation is similar to other enteroviruses [12]. An
analysis of absolute amounts of viral proliferation by an
infection at an MOI of 1 in 10* neural cells showed that
up to 10°CCID50 of virus were harvested in 24 h (Fig-
ure 3(a)). The amplification curve from RT-PCR data of
EV71 infection in neural cells demonstrates that the pro-
liferation peak occurred 12 h after infection and declined
soon after (Figure 3(b)).

3.4. Observation of the Infectious
Pathology of EV71 in the
Neonatal Rat Brain

Although EV71 is able to infect neural cells under tissue
culture conditions in vitro, its invasive ability of infec-
tion of the nervous system in vivo may depend on more
unknown factors. Therefore, we further explored in vivo
infection by inoculating EV71 into the nerve tissue of
neonatal rats by intracerebral injection to analyze infec-
tion using clinical and histopathological indicators. Ob-
servation of neonatal rats inoculated with 10°CCID50
EV71 by intracerebral injection for 10 days indicated
that EV71 did not cause the experimental neonatal rat
group to develop clinical symptoms (data not shown).
However, a histopathological observation of brain nerve
tissue of a neonatal rat, which was killed on the fifth day
of infection, indicated that the intracerebral injection of
EV71 did cause an apparent inflammatory reaction,
emergence of nerve glial cell aggregation, and a small
amount of nerve cell damage (Figures 4(a), (b), and (c)).

4. DISCUSSION
It is difficult to clinically distinguish HFMD caused by

EV71 infection from CoxA16 infection but EV71 can
cause nervous system lesions with higher mortality rates
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Figure 2. Cell biology change of EV71 infected
neuron. (a) EV71 antigen synthesis in the neural cells;
(b) Electron microscope examination of EV71 in-
fected neuron.
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Figure 3. Growth kinetics analysis of EV71 infected neuron. (a)
Proliferation of EV71 in neuron; (b) The amplification curve of
EV71 infection in neuron.
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Figure 4. EV71 virus transcranial inoculates and infects neo-
nate rats’ nervous tissue. (a) Normal neonate rat (x200); (b)
Infected EV71 for 5 days (x200), it is clear that glial cell dif-
fusely hyperplasy; (c) Infected EV71 for 5 days (x400) arrow-
head showed neuronophagia.

and is an extreme hazard in children with severe infec-
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tions. However, extensive research on EV71 infection of
the nervous system is lacking, and particularly there
have been no studies in primary neural cells, which
could have a great impact on understanding the epide-
miology and clinical consequences of HFMD. Thus,
analysis of the biological effects of EV71 infection in
neural cells will help to understand the pathogenesis of
EV71 infection and its clinical impact. As known before,
HEV71 has a limited host range, with humans and some
monkeys. Therefore, the high cost of monkeysand their
maintenance precludes their widespread use for studies
of viral pathogenesis. Thus, a small animal model would
provide a more cost-effective and practical tool for stud-
ies of HEV71 pathogenesis and for vaccine development.
A number of studies have suggested that rodents are not
resistant to EV71 infection. Since we think mouse-
adapted EV71 strains are imperfect, so we want to
search other cell lines which facility infected by EV71.
On the other hand, it is more convenient to observe the
pathological change in rat brain than that of mouse be-
cause the former is bigger that the latter. In our study,
immunofluorescence analysis of neural cells infected for
8 hours showed EV71 antigen synthesis, which was
concentrated in the cytoplasm and neural synapses. Al-
though no lesions were observed under the optical mi-
croscope in neural cells infected for 24 hours, subse-
quent electron microscopy showed that organelles were
dissolved and broken. The result showed that EV71 in-
fection affected the cytoplasm and synapses, as observed
by Immunofluorescence, as well as the nucleus. Electron
microscopy also confirmed the role of EV71 in causing
neural cells lesions. An analysis of the growth dynamics
of EV71 during infection of neural cells showed specific
growth dynamics associated with enterovirus prolifera-
tion, which demonstrates that neural cells are as suscep-
tible to infection as other cells. These results show that
EV71 could indeed infect and proliferate in neural cells
in vivo. To further understand the role of EV71 infection
in rats, we examined the pathology of infection in neo-
natal rat brains. A small amount of nerve cell damage,
obvious inflammation and glial cell proliferation were
found in the nerve tissue of neonatal rats that were in-
fected for 5 days. This indicated that infection of neona-
tal rats resulted in a certain degree of central nervous
system lesions. There were no obvious clinical symp-
toms observed among neonatal rats after 10 days infec-
tion. We speculate that this is because the nervous sys-
tem lesions were mild and were able to recover gradu-
ally. The result further indicates that there are a variety
of complex factors involved in EV71 infection in neural
cells in vivo. Therefore, complex pathways should be
considered in further studies of the mechanism of EV71
infection of the nervous system.
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ABSTRACT

We introduce an algebraic model to vibrations
of polyatomic Bio-molecules and present, as an
example, the vibrational analysis of C,-H, C,-C,
Cm-D, Cy-Cy, pyrrol breathing and Cy-C, stretch-
ing modes of Metalloporphyrins and its substi-
tuted forms. The excited energy levels of Cy-C,
pyrrol breathing stretching modes of Ni(OEP)
and Ni(OEP)-d, are calculated by using U(2) al-
gebraic mode Hamiltonian. The higher excited
energy levels of C,-H, C,-C, C,-D and C,-Cy
vibrational modes of Porphyrin and its substi-

tuted forms are predicted upto second overtone.

It shows that the energy levels are clustering at
the higher overtones. The results obtained by
this method are accuracy with experimental
data.

Keywords: Algebraic Model; Vibrational Spectra;
Energy Levels; Metalloporphyrins

1. INTRODUCTION

Recently measurement of highly-excited overtone-com-
bination spectra of molecules have renewed in a theo-
retical description and understanding of the observed
spectral properties. Two approaches have been mostly
used so far in an analysis of experimental data: 1) the
familiar Dunham like expansion of energy levels in
terms of rotations-vibrations quantum numbers and 2)
the solution of Schrodinger equation with potentials ob-
tained either by appropriately modifying ab-initio calcu-
lations or by more phenomenological methods. In this
article, we begin a systematic analysis of overtone-
combination spectra of molecules in terms of novel ap-

Copyright © 2010 SciRes.

proach: 3) Vibron model [1-4]. This model is a formula-
tion of the molecular spectral problem in terms of ele-
ments of Lie algebra and it contains the same physical
information of the Dunham and potential approach.
However, by making use of the powerful methods of
group theory, one is able to obtain the desired results in a
much faster and straightforward way.

In recent years, these polyatomic bio-molecules (i.e
Metalloporphyrins) have numerous importances in the
field of Chemical Physics. In case of polyatomic bio-
molecules the parameters play major role in the Vibron
model. Of course, we have explicitly described with few
parameters, the vibrational bands of the triatomic linear
molecules HCN, OCS, HCP [5-7] and tetratomic mole-
cules HCCF, HCCD by using an algebraic approach [8].
We have also reported the vibrational bands of tetrahe-
dral molecules CCl,, SnBr, and Propadiene [9-11] and
polyatomic bio-molecules like Nickel Octaethyl porphy-
rin, Nickel porphyrin molecules using U (2) Vibron
model respectively [12-18]. The advantage of the alge-
braic approach, as compared to that of Dunham or pho-
nological potential models, is that typically it requires
few parameters to obtain the same level of accuracy. It
also provides a simultaneous description of bending and
stretching modes [19-25].

In Section 2, review the theory of algebraic model to
polyatomic molecules is described. In Section 3, the
calculation procedure of Vibron number and the fitting
algebraic parameters corresponding to various Porphy-
rins and its substitute form molecule results are dis-
cussed. Finally, the conclusions are presented in Section 4.

2. THEORY: AN ALGEBRAIC
APPROACH

A complete description of the theoretical foundations
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needed to formulate the algebraic model for a vibrating
molecule. We apply the one-dimensional algebraic model,
consisting of a formal replacement of the interatomic,
bond coordinates with unitary algebras. To say it in dif-
ferent words, the second-quantization picture suited to
describe anharmonic vibrational modes, is specialized
through an extended use of Lie group theory and dy-
namical symmetries. By means of this formalism, one
can attain algebraic expressions for eigenvalues and ei-
genvectors of even complex Hamiltonian operators, in-
cluding intermode coupling terms as well expectation
values of any operator of interest (such as electric dipole
and quadrupole interactions). Algebraic model are not
ab-initio methods, as the Hamiltonian operator depends
on a certain number of a priori undetermined parameters.
As a consequence, algebraic techniques can be more
convincingly compared with semi-empirical approaches
making use of expansions over power and products of
vibrational quantum numbers, such as a Dunham-like
series. However, two noticeable advantages of algebraic
expansions over conventional ones are that 1) algebraic
modes lead to a (local) Hamiltonian formulation of the
physical problem at issue(thus permitting a direct calcu-
lation of eigenvectors in this same local basis) and 2)
algebraic expansions are intrinsically anharmonic at their
zero-order approximation. This fact allows one to reduce
drastically the number of arbitrary parameters in com-
parison to harmonic series, especially when facing me-
dium-or large- size molecules. However, it should also
be noticed that, as a possible drawback of purely local
Hamiltonian formulations (either algebraic or not) com-
pared with traditional perturbative approaches, the actual
eigenvectors of the physical system. Yet, for very local
situations, the aforementioned disadvantage is not a se-
rious one. A further point of import here is found in the
ease of accounting for proper symmetry adaptation of
vibrational wave functions. This can be a great help in
the systematic study of highly excited overtones of
not-so-small molecules, such as the present one. Last but
not least, the local mode picture of a molecule is en-
hanced from the very beginning within the algebraic
framework. This is an aspect perfectly lined up with the
current tendencies of privileging local over normal mode
pictures in the description of most topical situations.

2.1. Hamiltonian Operators

We address here the explicit problem of the construction
of the vibrational Hamiltonian operator for the Metal-
loporphyrin molecules. According to the general alge-
braic description for one-dimensional degrees of free-
dom, a dynamically-symmetric Hamiltonian operator for
n-interacting (not necessarily equivalent) oscillators can
be written as

Copyright © 2010 SciRes.

n n n

H= EO + Z AiCi + Z Aij Cij + z ﬂ/ij Mij (1)
i=1 i i

In this expresssion, one finds three different classes of

n
effective contributions. The first one, z AC; is devo-
i=1
ted to the description of n independent, anharmonic
sequences of vibrational levels (associted wih n inde-
pendent, local oscillator) in terms of the operators C;.

n

The second one, z Ajj Cj; leads to cross-anhar-
i

monicities between pairs of distinct local oscillators in

n

terms of the operators C;. The third one, 2 Aij Mij,
i
describes anharmonic, non-diagonal interactions involving
pairs of local oscillators in terms of the operators M;;.
The C;, C;; operators are invariant (Casimir) operators of
certain Lie algebras, whilst the M; are invariant (Ma-
jorana) operators associated with coupling schemes
involving algebras naturally arising from a systematic
study of the algebraic formulation of the one-dimen-
sional model for n interacting oscillators. We work in the
local (uncoupled oscillaators) vibrational basis written as

In which the aforementioned operators have the
following matrix elements

<V|Ci|V>=—4Vi(Ni—Vi)
<V|Cij|v>:—4(vi +V)(N; +N; —v, —v;)
<v!||\/|ij|v>:(viNi +v;N;=2wv;)8 , & ,

F v Tvivi

<V!|Mij|V> =—{(v, +D(N, _Vi)Vj (Nj -v, _,,_1)]1/25

vi!flvi vj!+lvj

<v’ |Mij |V> =—(v; +D(N; v, v;(N; -V, D25

vi +1v; VJ!*].VJ

We note, in particular, that the expressions above de-
pend on the numbers N; (Vibron numbers). Such num-
bers have to be seen as predetermined parameters of
well-defined physical meaning, as they relate to the in-
trinsic anharmonicity of a single, uncoupled oscillator
through the simple relation. We report in Table 4 & Ta-
ble 5 the values of the Vibron numbers used in the pre-
sent study.

The general Hamiltonian operator (1) can be adapted
to describe the internal, vibrational degrees of freedom
of any polyatomic molecule in two distinct steps. First,
we associate three mutually perpendicular one-dimen-
sional anharmonic oscillators to each atom. This proce-
dure eventually leads to a redundant picture of the whole
molecule, as it will include spurious (i.e transla-
tional/rotational) degrees of freedom. However, it is
possible to remove easily such spurious modes through
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different techniques. One is thus left with a Hamiltonian
operator dealing only with true vibrations. Such modes
are given in terms of coupled oscillators in the local ba-
sis (3). The coupling is induced by the Majorana opera-
tors. A sensible use of these operators is such that the
correct symmetries of vibrational wave functions are
properly taken into account. As a second step, the alge-
braic parameters A;, A;;, A of Eq.1 need to be calibrated
to reproduce the observed spectrum. Let us clarify the
actual meaning of these two steps by considering explic-
itly the Cy-H/C,,-D/C,-N stretches manifold of the
Nickel Metalloporphyrin molecule.

We limit ourselves to in-plane C-H/C,-D/C,-N
stretching motions i.e., without including possible cou-
pling terms with ring deformation. So, we can write for
these remaining four degrees of freedom the Hamilto-
nian operator,

4 4 . 4
Hewn ZZ;,AﬁCi +ZA'ijCij +Z/1|jMij
1= 1<) <]

The algebraic theory of polyatomic molecules consists
in the separate quantization of rotations and vibrations in
terms of vector coordinates rq, ry, ra....... quantized
through the algebra

G=U,(2)®U,(2)®U,(2)®..........

For the stretching vibrations of polyatomic molecules
correspond to the quantization of anharmonic Morse
oscillators, with classical Hamiltonian

H(ps, 8) = ps2u + D[L — exp(-ps)I’ )

For each oscillator i, states are characterized by rep-

resentations of

U2 > 0
! \ 3
N. m

With m; = N;, Nj— 2,.....,1 or 0 (N; - odd or even). The
Morse Hamiltonian (2) can be written, in the algebraic
approach, simply as

Hi =& + A C;, (4)
where C; is the invariant operator of O;(2), with eigen
values

& =eqrtA; (M = NP).

Introducing the vibrational quantum number v; =

(Ni-m;)/2, [26] one has
&i =eoi — A (N; vi = vi?). (5)
For non-interacting oscillators the total Hamiltonian is

H= > H,
With eigenvalues i
E= Y& =E- > 4ANvi—). (6)

2.2. Hamiltonian for Stretching Vibrations

The interaction potential can be written as
V(si, 5)=ki [1 — exp(-ai sHI[1 - exp(=o5 )1, (7)
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which reduces to the usual harmonic force field when
the displacements are small
V(Si, Sj) = kij SiSj.
Interaction of the type Eq.7 can be taken into account
in the algebraic approach by introducing two terms [26].
One of these terms is the Casimir operator, Cj, of the

combined O;(2)®0;(2) algebra. The matrix elements
of this operator in the basis Eq.3 are given by
(Ni, vi; Nj, v ICij | Ni, vi; N;, v ) = 4[(vi+ vy)* -
1+ (N + N)] ®)
The operator Cj; is diagonal and the vibrational quan-
tum numbers v; have been used instead of m;. In practical
calculations, it is sometime convenient to substract from
Cj a contribution that can be absorbed in the Casimir
operators of the individual modes i and j, thus consider-
ing an operator C;;” whose matrix elements are
(Ni, vis Nj, v |Cij' | Ni, vi; N, v ) =4[(vi + Vj)2
= i+ ) (Ni+ NDT + [(N;i + N)/NiJA(Nwi - vi?)
+ [(Ni+ N)/NJ4(Npy; = ). )
The second term is the Majorana operator, M. This
operator has both diagonal and off-diagonal matrix ele-
ments
< N;i, vi; Nj, Vi | Mij | N;i, vi; Nj,. Vj> = (NiVj + vai_ 2ViVj)
(N v+ 15 N v = 1M NG v NG, v
== [yi+ D(Ni— v)(Nj— v+ )]
(Ni, vi=L; N, v +1 | Mi; IN;, vi; N;,. vi)
== [+ DN - v)(Ni- v+ 1)]2 (10)
The Majorana operators M;; annihilates one quantum
of vibration in bond i and create one in bond j, or vice
versa.
The total Hamiltonian for n stretching vibrations is

n n n
H= E0+ z AiCi+ z Aij Cij + z ﬂfij Mij (11)
i=1 i i(]
If 2;; =0 the vibrations have local behavior. As the 7;; s
increase, one goes more and more into normal vibra-
tions.

2.3. Symmetry- Adapted Operators

In polyatomic molecules, the geometric point group
symmetry of the molecule plays an important role. States
must transform according to representations of the point
symmetry group. In the absence of the Majorana opera-
tors M, states are degenerate. The introduction of the
Majorana operators has two effects: 1) it splits the de-
generacies of figure and 2) in addition it generates states
with the appropriate transformation properties under the
point group. In order to achieve this result the 4; must be
chosen in an appropriate way that reflects the geometric
symmetry of the molecule. The total Majorana operator
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S= > M, (12)
i<j
is divided into subsets reflecting the symmetry of the
molecule
S=8 + 8" + - : (13)

The operators S', S”, ------ are the symmetry-adapted
operators. The construction of the symmetry-adapted
operators of any molecule become clear in the following
sections where the cases of Porphyrins (D) discussed.

2.4. Hamiltonian for Bending Vibrations

We emphasize once more that the quantization scheme
of bending vibrations in U(2) is rather different from
U(4) and implies a complete separation between rota-
tions and vibrations. If this separation applies, one can
quantize each bending oscillator i by means of an alge-
bra Ui(2) as in Eq.2. The Poschl-Teller Hamiltonian

H(ps, s) = ps2/2p - D/cosh?(as) (14)

Where we have absorbed the A(A — 1) part into D, can be
written, in the algebraic approach, as

Hi=e4i + A C;, (15)

This Hamiltonian is identical to that of stretching vib-
ration (Eqg.3). The only difference is that the coeffici-
ents A;in front of C; are related to the parameters of the
potential, D and a, in a way that is different for Morse
and Poschl-Teller potentials. The energy eigenvalues of
uncoupled Poschl-Teller oscillators are, however, still
given by

E= Y& =E- > 4ANivi-v?).  (16)

One can then'proceed to C(')uple the oscillators as done

previously and repeat the same treatment of Egs.2, 3,
and 4.

2.5. The Metalloporphyrin Molecule

The construction of the symmetry-adapted operators and
of the Hamiltonian operator of polyatomic molecule illu-
strated using the example of Metalloporphyrin. In order
to do the construction, draw a figure corresponding to
the geometric structure of the molecule (Figure 1).
Number of degree of freedom we wish to describe.

By inspection of the figure, one can see that two types
of interactions in Metalloporphyrin:

1) First-neighbor couplings (Adjacent interactions)

2) Second-neighbor couplings (Opposite interactions)

With D4, symmetry here, the operators (on the basis of
the considerations mentioned above) are

n n n
f— = (.. . "= (,.. .
S=YM;,8= > M S"= > ¢ M
i<j i<j i<j
C'1p=C'3=C'3=Clgs=--- -~ =1,C'13=C'24=C'35= C'gg
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Figure 1. The structure of Metalloporphyrin.
Ni (OEP) — X=H, Y = Ethyl,
Ni (OEP)-d, —» X =D, Y = Ethyl.
Ni (TPP) — X=Phenyl,  Y=H,
Cu(TMP) — X=Mesityl, Y=H.
Ni Por — X =H, Y=H.
= -- =0,
C'12=C"3=C"3y=C"g5=--- - - =0,¢"13=C"24=C"35

= C”46: """ = 1, (17)

Diagonalization of S’ produces states that carry repre-
sentations transform according to the representations Ay,
Big, Azg, Bag, and Ey, 0f Dan. The S’ operator is thus the
“symmetry adapter” operator. This result, which, at first
sight, appears to be surprising, can be easily verified by
computing the characters of the representations carried
by the eigenstates of S’ in the usual way. Here, in this
case the value of niseither4 (j=4,i=3)or8(j=8,i=
7).

3. RESULTS AND DISCUSSIONS

We have used U (2) algebraic model to study vibrational
spectra of the Porphyrin and its substituted form mole-
cules. The fitting algebraic parameters are A, A’, 4, 1’
and N (Vibron number). The values of Vibron number (N)
can be determined by the relation

N =-"2 "1 (=1 2...) (18)

@, X,

where @, and @ex. are the spectroscopic constants of
diatomic molecules [27]. This numerical value must be
seen as initial guess; depending on the specific molecu-
lar structure, one can expect changes in such an estimate,
which, however, should not be larger than + 20% of the
original value (EQ.18). The Vibron number N between
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the diatomic molecule C-C, C-H and C-D are 140, 44
and 59 respectively. From the figure 1, it is noticed that
some of the bonds are equivalent. It may be noted that
during the calculation of the vibrational frequencies of
Porphyrins and substituted forms, the value of N is kept
fixed and not used as free parameter.

The second step is to obtain a starting guess for the
parameter A. As such, the expression for the single-
oscillator fundamental mode as

Ewv=1)=-4A(N-1). (19)

In the present case we have three different energies,
corresponding to symmetric and antisymmetric combi-
nations of the different local modes. A possible strategy
is to use the center of gravity of these modes, so the
guess for

E
4(1-N)

The third step is to obtain an initial guess for A. Its
role is to split the initially degenerate local modes,
placed here at the common value E used in EqQ.19. Such

an estimate is obtained by considering the simple matrix
structure, we can find

_ |EEu _EAlg |
- 2N

A:

(20)

(21)

& ) =M (22)
4N

Finally a numerical fitting procedure is to be carried
to adjust (in a least- square sense, for example) the para-
meters A and A starting from values Eq.20 and Eq.21,
and A" (whose initial guess can be zero).

Using the EQs.20, 21 and 22, A, 4 and A’ are calcu-
lated [4,5-7,27] using the available data points. We have
taken A" = 0 (In this case, the next nearest neighbor
couplings are omitted). As one can see from Table 1 &
Table 2, the agreement with experiment is good and thus
we think that the parameter set of Table 4 & Table 5 can
be used reliably to compute energies of highly excited
overtones. We note that in Table 2 & Table 3, there are
many predicted overtones that have not been studied
experimentally. We have explicit calculations up to the
second overtone (energy up to ~ 10000 cm™).

We have used the algebraic Hamiltonian to study the
highly excited vibrational levels of the molecule Ni
(TPP), Cu (OEP), Mg (OEP), Cu (TPP), Cu (TMP), Ni
Porphyrin, Ni (OEP) and its substitution form Ni
(OEP)-d,. Eight bands are studied, which can be labeled
the C.-H, C,-C,, and only for Ni (OEP)-d, the bands
labeled are C,-D, Cy-C,, respectively. The highly excited
vibrational levels, calculated by using the algebraic
Hamiltonian Eq.11, are shown in Figures 2, 3, 4, and 5
(The detail calculated vibrational energy levels are listed
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in Tables 3). Figures 2 and 3 gives the levels corre-
sponding to the C,,-H, Cy-Cy, of Ni (TPP). Figures 4 and
5 gives the levels corresponding to the C-H, C,-C, of
Cu (TPP). Figures 6 and 7 gives the levels correspond-
ing to the C,-H, C,-C, of Cu (TMP). Figures 8 and 9
gives the levels corresponding to the C,-D, Cy-Cy, of Ni
(OEP)-ds. When the quantum number v increases in a
fixed band, the numbers of energy levels increase rapidly.
Usually, the degeneracy or quanti-degeneracy of energy
levels is called clustering. It may be seen from Figures 2,
3,4,5,6,7,8and 9 that the vibrational energy levels of
Porphyrin and its substituted form make up clusters.

4. CONCLUSIONS

In this paper, we have presented a systematic analysis of
vibrational spectra of Porphyrin and its substituted
forms in the algebraic framework making use of the
one-dimensional Vibron model i.e. U (2) Vibron model.

Using the U (2) algebraic model Hamiltonian, the
stretching frequencies of C,-C and Pyrrol breathing up to
Second overtone (v = 2), the combinational bands of
Nickel Octaethyl Porphyrin [Ni(OEP)] and its substitu-
ted form Ni(OEP)-d, molecules are given in Table 2.
However, due to lack of sufficient data base, we could
not compare the calculated vibrational frequencies with
that of observed data of Nickel Metalloporphyrin and its
substituted forms at higher overtones. This study is use-
ful to the experimentalist to analyze the predicted vibra-
tional frequencies with the observed data. The model pre
sented here describes the splitting of local stretch-
ing/bending modes due to residual interbond interactions.
The splitting pattern determines the nature of interaction
(Parameter4 A'). Once we get the parameter, we predict
the splitting pattern of overtones. It is worth to point out
that most applications of previous algebraic models
available in literature [28-33] are restricted to vibrations
of Bio-molecules.

The importance of the method is that it allows one to
do a global analysis of all molecular species in terms of
few algebraic parameters. In turn provides a way to
make assignments of unknown levels or to check as-
signments of known levels. The study of vibrational ex-
citations of these bio-molecules (proteins) has numerous
importance not only in human life but also in scientific
research.
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Table 1. Comparison between the Observed and Calculated frequencies of the fundamental vibrations of Porphyrin and its
substitution forms.

Sym Eons(cm™) Ecac(cm™) A (Obs-Calc) (cm™) Eons(cm™) Ecac(cm™) A (Obs-Calc)(cm™)

Ni (OEP) Molecule Ni Porphyrin Molecule

Cn-H vibrational mode

Aqy(vi) 3041 3041.9321 -0.9321 3042 3042.0322 -0.0322
Bag(v27) 3041 3040.8903 +0.1103 3041 3041.0420 -0.0420
E1u(v3e) 3040 3040.0189 -0.0189 3041 3041.4001 -0.4001

C,,-C,, vibrational mode

Big(v2) 1602 1602.0445 -0.0445 1579 1579.0590 -0.0590

Agg(vir) 1577 1577.9601 -0.9601 1509 1509.0589 -0.0589

E1u(vas) 1604 1604.2822 -0.2822 1547 1548.9754 -1.9754
Cu (OEP) Molecule Mg (OEP) Molecule

Cn-H vibrational mode

Agg(v1) 3041 3042.3001 -1.3001 3041 3039.3000 +1.7000
Bag(var) 3052.3226 . 3052.3207 ...
Ew(vss) 3062.2923 L. 3062.2910 ...

Cp-Cy, vibrational mode

Big(v2) 1592 1594.6856 -2.685%6 .. 1596.8243 ...

Aig(vi) 1568 1575.6450 -7.6450 1578 1578.0634 -0.0634

En(vse) 1613.7239 L. 161558 ...
Ni (TPP) Molecule Cu (TPP) Molecule

C-C vibrational mode

Aug(v1) 1235 1234.4200 +0.5800 1234 1235.6438 -1.6438
Bag(var) 1269 1270.6832 -1.6832 L 1245.0709 ...
Ew(vss) 1306.9467 L. . 12711534 ...

Cy-Cy, vibrational mode

Bug(v2) 1572 1571.9300 +0.0700 1530  1532.5800 -2.5200
Aig(vi) 1504 1504.6540 -0.6540 L 15247402 ...
Ew(vse) e 1639.2243 e 1626.8234 ...
Ni (OEP)-d, Cu (TMP)
Cn-D vibrational mode Cn-C vibrational mode
Ag(vi1) 3041 3038.6800 +2.3200 1235 1236.8843 -1.8843
Bag(V27) 3041 3040.4000 +0.6000 ... 1246.3940 ...
E1u(vss) 3041 3042.1219 -1.1219 1256 1256.7238 -0.7238

Cy-C,, vibrational mode

Biy(v2) 1602 1602.0484 -0.0484 1567 1567.5587 -0.5587
Agg(vi) 1576 1577.9629 -1.9629 1495 1495.2902 -0.2902
E1u(vas) 1604 1604.2889 -0.2889 - 1639.7793 ...
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Table 2. Comparison between the Observed and Calculated frequencies of Cy-C stretching vibrations of Nickel Octaethyl Por-
phyrin [Ni(OEP)] and its substituted form i.e Ni(OEP)-d,,

n species Eobs(cm™) Ecac(cm™) (Obs-Calc) (cm™) Eobs(cm™) Ecaccm™) A(Obs-Calc)(cm™)
Ni(OEP) Molecule Ni(OEP)-d4 Molecule
Cy-C vibrational mode
Ay (vs) 1025 1043.3471 -18.3471 1026 1024.1729 1.8271
Big (V1) 1151 1134.4480 16.5520 1187 1168.2545 18.7455
Agg (V23) 1022 1045.5548 -23.5548 1029 1026.7901 2.2099
Bag (Va1) 1019 1010.5280 8.4720 999 1006.2923 -7.2923
[ 77%) 1159.4680 ... 1165.7804
Bu(vas) . 994.4080 ... 978.6798
First Overtone
Asg(Vst+ve) 1831 1837.3438 -6.3438 1828 1823.6649 4.3351
E, 1981.8380 1924.4935
Big 2039.4881 1948.6704
Agy 2040.7594 2019.2772
E, 2089.0281 2088.5504
E, 2126.0643 2189.3792
Asg(vartvas) 2135 2145.5906 -10.5906 2216 2246.3847 -30.3847
E, 2190.3683 2289.3098
E, 2261.3456 2293.3070
Big 2289.6720 2309.3572
E, 2324.6758 2365.8686
Ey 2356.7683 2371.8268
E, 2454.6856 2398.7437
E, 2488.9103 2404.7578
Asg(Vostva) 2494 2490.1380 3.8610 2460 2452.6969 7.3031
By 2497.4836 2479.8699
Second Overtone
Ay 2502.3920 2529.2334
Ey 2519.2033 2530.8538
Asg(Vatvas) 2541 2537.2890 3.7110 2539 2541.9693 -2.9693
Asg(V1a+vag) 2568 2569.3040 -1.3040 2607 2609.5773 -2.5773
E, 2582.2093 2601.3572
Asg(Vigtvas) 2614 2606.4803 7.5197 2604 2599.9575 4.0425
Big(Vatvia) 2670 2689.3094 -19.3094 2710 2703.3547 6.6453
E, 2730.3802 2734.8643
Ay 2772.9689 2767.8346
E, 2826.3283 2798.3468
Pyr breathing vibrational mode
Asq (Ve) 806 804.1759 1.8241 802 801.6378 0.3622
Big (Vis) 761 751.2534 9.7466 758 759.7356 -1.7356
Eu(var) ... 765.7932 783.3495
First Overtone
A 1496.0304 1398.7654
E, 1524.7395 1404.8475
E, 1548.6704 1439.8364
Big(Vetvie) 1557 1559.2772 -2.2772 1481 1476.8364 4.1636
E, 1668.5904 1558.8239
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E, 1782.3804 1702.7529
Asg(Vst+ve) 1831 1864.0326 -33.0326 1828 1825.4704 2.5296

E, 1893.4056 1870.7354

E, 1899.0328 1892.7253

Second Overtone

Agg(Vet+var) 2109 2131.9844 -22.9844 2114 2103.7364 10.2636
B1g(Vet+vao) 2144 2148.4379 -4.4379 2148 2152.7856 -4.7856
Aig(vatve) 2184 2231.9844 -47.9844 2189 2190.4356 -1.4356

E, 2260.5412 2237.2455

Ey 2339.6766 2290.5472

Ay 2310.9441 2367.3864

E, 2363.5840 2443.9763

E, 2417.2044 2489.8322

E, 2481.1734 2547.3453

Big 2542.5424 2601.3643
Azg(Vstvie) 2626 2616.8038 9.1962 2628 2629.7439 -1.7439

E, 2683.3023 2668.5233

Observed values taken from the reference [34-36]

Table 3. Calculated excited vibrational frequencies of C,,-H stretching vibrations of Porphyrins & its substituted forms (Cm™).

Sym Bors  Ecalc Eovs  Ecalc Bors  Ecac Eobs  Ecak
Ni (OEP) Ni Porphyrin Cu (OEP) Mg (OEP)
Agg(v1) 3041 3041.93 3042 3042.03 3041 3042.30 3041 3042.30
n=1 Bag(v27) 3041 3040.89 3041 3041.04 ... 305232 ... 3052.32
E1u(vse) 3040 3040.01 3041 304140 ... 3062.29 ... 3062.29
Ew 5941.47 5951.92 5945.15 5922.78
Big 5942.44 5951.37 5946.23 5923.63
Ayy 5944.38 5951.73 5947.14 5924.36
n=2 Euw 5945.16 5952.00 5948.14 5924.89
Ew 5946.84 5953.35 5986.70 5924.65
Ew 5947.29 5953.72 5994.28 5925.15
Ew 5948.07 5954.35 6007.48 5925.94
Ay 8707.29 8730.98 8708.54 8676.16
Ew 8708.52 8731.73 8709.53 8676.95
Ew 8708.97 8731.97 8709.90 8677.24
Ew 8709.75 8732.33 8712.60 8679.38
Byg 8712.30 8731.90 8713.53 8680.12
n=3 Ew 8713.45 8732.96 8812.42 8681.44
Ew 8715.91 8735.95 8853.97 8683.71
Ay 8716.09 8735.02 8858.35 8683.79
Ew 8703.35 8737.94 8874.75 8684.60
Ew 8717.14 8737.94 8899.68 8685.87
Big 8712.13 8738.08 8904.67 8691.29
Ew 8719.56 8738.93 8921.42 8695.86
Calculated excited vibrational frequencies of Cy,- C, stretching vibrations of Porphyrins & its substituted forms
Sym Eobs  Ecalc Eobs  Ecalc Eobs Ecac Eobs Ecalc
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Ni (OEP) Ni Por Cu (OEP) Mg (OEP)
Big(v2) 1602 1602.04 1579 1579.05 1592 1594.68 1596.82
n=1 Asg(vir) 1577 1577.96 1509 1509.05 1568 1575.64 1578 1578.06
E1u(vas) 1604 1604.28 1547 1548.97 1613.72 1615.58
Az 3143.88 3021.25 3138.57 3137.07
Ew 3159.17 3033.88 3157.61 3142.67
Byg 3170.90 3061.13 3164.55 314471
n=2 Ew 3183.36 3161.24 3176.65 3148.27
Ew 3192.04 3081.13 3190.09 317459
Ew 3200.82 3231.24 3195.69 3181.43
Ew 3216.12 3068.45 3215.85 3193.35
Ay 4696.54 4539.77 4688.79 4689.66
Ew 4720.62 4559.73 4707.83 4695.26
Ew 4729.40 4567.02 4714.77 4697.30
Euw 474470 4579.69 4766.28 4712.45
Byg 4794.54 4621.02 4783.99 4717.66
n=3 Eu 4816.94 4639.59 4869.11 4820.98
Euw 4865.10 4679.51 4878.12 4827.54
Ay 4868.71 4682.52 4894.87 4839.74
Eu 4817.61 5183.77 4925.89 4862.25
Ew 4889.18 4699.48 4927.63 4867.88
Byg 4762.34 4889.77 4933.51 4872.57
Euw 4895.60 4939.95 4874.32
Calculated excited vibrational frequencies of C,,-C & C-D stretching vibrations of Porphyrins & its substituted forms
Sym Eobs  Ecalc Eobs Ecalc Eobs Ecaic Eobs  Ecalc
Ni (TPP) Cu (TPP) Cu (TMP Ni (OEP)-d; (Cn-D)
Aug(v1) 1235 1234.42 1234 1235.64 1235 1236.88 3041 3038.68
n=1 Bag(var) 1269 1270.68 1245.07 1246.39 3041 3040.40
E1u(vse) 1306.94 1271.15 1256 1256.72 3041 3042.12
Ew 2459.13 2417.34 2464.18 5952.05
Byg 2495.39 2427.57 247451 5953.77
Ay 2508.62 2436.20 2475.39 5953.91
n=2 Eu 2531.65 2452.85 2484.84 5955.49
Ew 2777.49 2459.33 2524.26 6007.76
Ew 2835.59 2470.61 2535.23 6017.93
Ew 2936.67 2445.64 2554.31 6035.62
Ay 3674.12 3545.08 3681.89 8774.90
Eu 3713.46 3554.51 3692.22 8776.62
Ew 3710.38 3557.95 3695.99 8777.25
Ew 3821.69 3583.47 3702.55 8778.34
Byg 4321.98 3633.87 3723.94 8781.91
n=3 Ew 3855.42 3669.38 3804.16 8888.28
Euw 4470.02 3675.60 3832.11 8914.19
Ay 4788.38 3687.14 3892.19 8969.91
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Ew 4812.25 3704.90 3902.71 8979.66
Ew 4947.56 3708.45 3922.24 8997.77
Big 5138.57 3617.35 3952.28 9025.63
Ew 5187.30 3718.93 3958.29 9031.21
Calculated excited vibrational frequencies of C,-Cy, stretching vibrations of Porphyrins & its substituted forms
Sym Eobs  Ecalc Eobs Ecac Eobs Ecaic Eobs  Ecarc
Ni (TPP) Cu (TPP) Cu (TMP) Ni (OEP)-d,
Aig(v1) 1572 1571.93 1530 1532.58 1567 1567.55 1602 1602.04
n=1 Bag(v27) 1504 1504.65 1524.74 1495 1495.29 1576 1577.96
E1u(vss) 1639.22 1626.82 1639.77 1604 1604.28
Ew 3035.20 3018.75 3201.84 3143.88
Big 3062.66 3027.25 3229.30 3159.17
Agy 3065.00 3034.43 3231.64 3170.90
Ew 3090.13 3042.27 3256.77 3183.36
Ew 3169.76 3120.83 3346.37 3192.04
Ew 3194.32 3139.46 3372.75 3200.82
Ew 3237.05 3171.88 3418.64 3216.12
Agg 4543.99 4471.00 4782.85 4696.54
Ew 4571.45 4478.84 4810.31 4720.62
Ew 4581.48 4481.70 4820.34 4729.40
Ew 4598.92 4502.90 4837.78 4744.70
Big 4655.78 4678.74 4894.64 4794.54
Ew 4817.83 4726.22 5076.98 4816.94
n=3 Ew 4880.41 4828.30 5144.19 4865.10
Agg 5014.97 4846.17 5288.72 4868.71
Ew 5038.52 4879.35 5314.01 4817.61
Ew 5082.26 4930.39 5360.99 4889.18
Big 5149.54 4940.60 5433.26 4762.34
Ew 5163.00 4945.56 5447.71 4895.60

Table 4. Values @ of Algebraic Parameters Used in the calculation of Cy-H, C-D Stretching Modes of Porphyrins and its substi-
tuted forms.

Ni(OEP) Cu(OEP) Mg(OEP)  Ni(TPP) Cu(TPP)  Cu(TMP) Ni Por Ni(OEP)-d,
(Cm-D)
N 44 44 44 44 44 44 44 59
A -17.6802 -17.6820 -17.614 -2.213 -7.1740 -2.2173 -17.65 -13.043
A’ -0.24 -0.25 -0.28 -0.9985 -0.4302 -1.0182 -1.3108 -0.2782
) 0.014 0.01136 0.009 0.1295 0.1072 0.0369 0.0113 0.0146
2 0.011 0.012 0.012 0.5685 0.2018 0.1073 0.0021 0.2361

@ All values in cm™ except N, which is dimensionless.
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Table 5. Values @ of Algebraic Parameters Used in the calculation of C,-C,, Stretching Modes of Porphyrins and its substituted forms.

Ni(OEP) Cu(OEP) Mg(OEP) Ni(TPP) Cu(TPP) Cu(TMP) Ni Por Ni(OEP)-d,
N 140 140 140 140 140 140 140 140
A -2.83 -2.825 -2.835 -2.7205 -2.7502 -2.8825 -2.691 -2.83
A’ -1.223 -1.286 -0.452 -1.986 1.0921 -1.223 -3.216 -1.223
) 0.086 0.068 0.067 0.2403 0.028 0.2581 0.0713 0.086
» 0.047 0.092 0.020 0.0981 0.1823 0.0981 0.25 0.047

@ All values in cm™ except N, which is dimensionless.

Figure 2. C.,-H band vibrational energy level of Ni(TPP).

Figure 3. C,-C,, band vibrational energy level of Ni(TPP).
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Figure 4. C.,-H band vibrational energy level of Cu(TPP).
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Figure 5. C,-C,, band vibrational energy level of Cu(TPP).

Figure 6. C.,-H band vibrational energy level of Cu(TMP).
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Figure 7. C,-C,, band vibrational energy level of Cu(TMP).

Figure 8. C.,-H band vibrational energy level of Ni(OEP)-d,.
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Figure 9. C,-C,, band vibrational energy level of Ni(OEP)-d,.
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