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Abstract

We propose a local heating method via molecular dynamic simulation to investigate the charge transport efficiency alonc
polypeptide chain in the gas phase. In the protein charge transfer process, the carbonyl groupsekingacollide with
each other. Within a critical contact distance between O—O atoms, charge starts to transfer otherwise the charge being at |
This is termed a bifunctional model. In the gas phase and in the low temperature limit, the rotational energy can be transferr
with very high efficiency and hence one obtains high charge transport efficiency. (Int J Mass Spectrom 219 (2002) 73-77)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction hopping model for electron transfer through sequen-
tially bonded sites. In aqueous system, we find a barrel
effect around the protein, which produces lower charge
transport efficiency than for the isolated structure.

For a polypeptide chain, ea€l,-atom contains an
N-side and a C-side. The torsional angles around the
Cq-hinge are confined in a subregion inside the phase

Signal transport in proteins is a topic of general in-
terest in biological systems. The transport of charge
within the protein structure can be one of the impor-
tant ingredients of such a process. A second process
is the eventual conversion of this signal into a chem-

'Cs_l r.eact]ion to genelrate the s.peC|e.s IOf ,'m?mﬂ spacep andy defined by the Ramachandran plot, such
T I,S s a undamentq processlln a bio oglc.:a system, as that found for thex-helix and3-sheet. When the
which engenders a distal reaction—a reaction at a dis- residue number of a polypeptide chain is larger than

tance[2]..The charge.transport in a real protel.n, like four, then the secondary structure of protein is formed
the o-helix (myoglobin) and thes-sheet (azurine), o4 jt is now important to define the motion of the

have been studied, for example, in Gray’s experiments torsional angles. To consider the charge transfer pro-

[3] which showepl that ir! Water the proteB}shget cess, our moddb] suggests that the charge is locally
has somewhat higher efficiency than for thdelix. excited at the C-side of one of ti@,-atom. it could

'(;'he e.z;hc(;e.ncy of chargel transEprrt] glong protein is propagate between two connected amino acids through
escribed in terms of-value, which is a parameter O-0 atoms collision around th€,-hinge within a

derived from the super-exchange mo@l that is a certain contact distance or ang.
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can be mapped into a virtual Brownian particle mov- we not only adopted molecular dynamic (MD) simu-
ing inside the Ramachandran plot with a gate. This lations and demonstrated the concept of the BS box,
subregion with a gate part is considered by Baranov but also calculated the first passage time (fpt) dis-
and Schlad6] and is abbreviated as BS box. Hence, tribution of (Gly), polypeptide chain at temperature
the dynamic behavior of charge transport along a 2000K. This is a global heating procedure and the
polypeptide chain is described by a sequential hop- thermal energy corresponds to the charge energy. In
ping between several connected BS bo@s|n this our MD simulation work, we allow the entire small
case, the escape process inside the BS box is a waitingpolypeptide chain to be globally heated at 2000K,
(or rest) process. When the virtual Brownian parti- and hence many of phonon modes are pumped and
cle reaches the gate part, the nearby carbonyl groupsmake for large-scale fluctuationig. 3 of ref. [5]).
contact each other, i.e., charge starts to transfer (or In the present paper, we perform a special local
fire). This “rest” and “fire” mechanism is called a heating method. By using this method, not only can
bifunctional model. In this respect, the corresponding the extra phonon modes created by global heating
rotational motion of the carbonyl group along tBgN simulation be removed, but most importantly the
and C,C axes of theC,-hinge dominates the charge concept of Brownian motion inside the BS box can

transport process. Note that the vibrational mode is
not affected at such short time, say on a 150fs scale.
In this paper, we employ our bifunctional model
further to explicitly explain the physical mechanism of
the high efficiency observed by Schlag and coworkers
for charge transport along a polypeptide chain in the
gas phas@—12]. In their work, laser pulse is applied
to excite the C-terminus of the polypeptide chain, af-
ter which the charge could migrate to the N-terminus

be kept intact. In this section, we briefly summarize
our local heating method, and calculate the first pas-
sage time distribution without including extra phonon
modes.

Firstly, we assume that the angular velocity
of the rotational axis alongﬁO,N vector isw =
(E’a N/|5aN|) x w, where a rotational energy' 2/ »?
(in unit of thermal energy) is provided to the atoms
attached to the/-axis, i.e., C, O, and H atoms, ahd

of the polypeptide chain with high efficiency, pro- is the inertial moment. Here the unit efis converted
vided the energetics are satisfied. The experimentalinto MD velocity. In our MD simulation, we provide
temperature is 50-100 K. Under such low temperature a charge energyf = 1/2? to the atoms attached
condition, the conformational change of the polypep- to the y-axis. Here the charge energy or excitation
tide chain is quite small and the degrees of freedom energyE is expressed in units of thermal energy. The
involved are few. In this regime, since the vibrational remaining atoms in the polypeptide chain are kept at
modes are not turned on yet, only the motion of the 300K the same as the background temperature. We
¢ andr torsional angles are of interest. The motion employ more than 3000 configurations to calculate
of the torsional angles in BS box is then ballistic. We the first passage time distribution. When the distance
apply our bifunctional model and show that a sequen- of O and O atoms between two connecting amino
tial transfer of energy through polypeptide chain has acids is close to a crucial value of about 2.8 A, we calll
very high efficiency. this a successful collision, in other words, the charge
transfer occurs. This critical distance is obtained by an
ab initio computation ir[6]. Note that we define the
efficiency as the ratio of the successful configurations
to the number of total configurations before the vi-
brational modes set in. The simulation time is within
In our previous work[7], we have studied the 1ps.
escape time of the Brownian particle inside a two-  In our simulation, a modified CHARMM 24 pro-
dimensional finite box with a static gate. Meanwhile, gram[13] has been employed and implementing the

2. Molecular dynamic simulation method: local
heating



S-Y. Sheu, EW. Schlag/ International Journal of Mass Spectrometry 219 (2002) 73-77 75

. 0.06
v A

0.04

pathway 2 pathway 1 G,
0.02
0.00 -
B
H 0.04 -
H C Alag
C 0.02

Fig. 1. A scheme for the local heating rotational direction along |
the yr-axis of aC,-hinge. 0.00 4 | Al [
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C
local heating method already described. The force 0.04 0025 ol
field is based on CHARMM and includes the all-atom 4
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interaction. We employ an instantaneous heating 0.02 0 200 400 600 800 1000 1200
up procedure in about 3fs or within three molecu- M
lar dynamic steps. Energy is propagated along the 0.00

0.04

polypeptide chain down to the next near®y-hinge.

Three different kinds of rotational directioRig. 1) 0.041 0.02 Mets,
have been chosen such as positive (pathway 1), nega- OOOJ ﬂ
0.02 1 J ‘ 0
f

first passage time distribution

tive (pathway 2) and mixed (or random) pathway 2 40 80 120
rotation around they-angle. For a random polypep-
tide chain, the direction of rotation does not show any

IR il .

0.00

effect. However, for a native initial configuration, the 0.04 E
rotational direction or pathway determines the mean Lysg
free path or mean free tinjé4]. 0.02 1

The virtual particle motion inside the BS box fol-
lows a stochastic process. Our global heating method 0.00 _,I\.JML ; il
reveals a large-scale fluctuation of the polypeptide .
chain and a vast number of vibrational modes are ex- 0.04
cited. The first passage time distribution of the O-O Aaz
atoms collision contains the escape process and the  0.02
vibrational motion at the high temperature. However,
the newly developed local heating method depresses  0.00- S 1000 1200

the vibrational modes and keeps only the escape pro-
cess in the Ramachandran plot. For a escape process
inside a two-dimensional box with a static gate, the Fig. 2. Plot of first passage time distribution vs. time. In this

: ; MD simulation, we provideE energy to the C-side of Glu
mean first passage time for the escape process, e - -Le67K . ) \
P 9 PE P (local heating site) and pick up 3000 configurations to obtain the

V229, is obtained by solving the two-dimensional fpt distribution curve. Since the direction of the rotational motion
Smoluchowski equation with radiation boundary con- is along the Pep7 chain from its C-side to N-side, the energy
ditions where the gate part is situated at the perimeter prgpaga’[es forward to Afa At the initial local ‘heating_ site, there

. . . . exist a strong sharp peak C. The successive residues show the
of the two-dimensional disk and is expressed by the existence of the peaks in (D—F). The shifting of the peaks in (D-F)
ratio of the gate to the total perimeter lengjth. Here confirm the energy transfer.

Time (fs)
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0 is the maximum gate-opening angle. Moreover, the “1mbd” from the protein data bank; National Institute
distance decay factor gi-value can be expressed in of Standard and Technology). In the MD simulation,
terms of the efficiency ag = —In(efficiency)/3.7 as-  the initial configuration of the Pep7 is minimized first
suming an inter-peptide linkage at 3.7 A. (Fig. 3. The local heating excitation energy is about
Our local heating MD simulation result shows that 150 meV &Ejge7k). In order to resolve the energy
a decreasing efficiency is obtained at intermediate flow, the polypeptide chain temperature is not renor-
residues away from the excited residue at 300 K. malized. We study the energy flow along the chain by
Most importantly, we observe that the charge transfers examining the first passage time distribution. Mean-
efficiently before the energy is dissipated. while the high efficiency of the successful O-O colli-
sion at each residue after local heating is observed.
In Table 1 we list the efficiency at each site.
3. Result and discussion Along the pathway 1 inFig. 1, the efficiency is
high. The detailed physics is clearly shown in the fpt
In order to demonstrate the energy flow along the distribution curve inFig. 2 where we locally excite
polypeptide chain, we pick up a small polypeptide the C-side of theC,-hinge at Gly. Its efficiency
chain with seven amino acids (Pep7: THBIu— decreases at intermediate residues away from the lo-
Alaz—-Glw—Mets—Lyss—Ala;—OH) extracted from a  cal heating site. Since we locally heat Gliom its
myoglobin (D-helix) crystal structure (protein code C-side to its N-side along the peptide chain Pep7,

Met 5

Fig. 3. The initial conformation of the polypeptide chain Pep7 cut from myoglebirelix structure.
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Table 1

Efficiency at each site away from the local heating site
Residue no. Efficiendy

2 0.13349

3 0.07901

4 0.8668

5 0.3919

6 0.46805

7 0.27867

2L ocal heating site: Glu Local heating energy= E1e67k-
Background temperature 300K. Pep7: Thi—Glup—Alaz—Glu—
Mets—Lyss—Ala;—OH.

the fpt distribution curve has very sharp peak at ini-
tial time, which corresponds to the driven motion

7

the polypeptide chain shows a high efficiency in its
charge transport behavior. Our molecular dynamic
simulation results again confirm the bifunctional be-
havior of the charge transport process in gas phase as
a ballistic process.
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of the carbonyl group. The successive groups such References

as Met, Lyss and Alg also show peaks after the
propagation of the peak at Gluln other words, the
peaks position irFig. 2D—Fare shifted to the right.
This strongly supports the notion of energy transfer

along the polypeptide chain. Other residues such as

Alaz and Gly are not along the excitation direction
and only receive the bouncing effect after ghav-
ing been excited. Moreover, Ala has a very small
side group, its behavior differs from other amino
acid and its fpt distribution curve contains no sharp
peak.

4. Conclusion

In summary, we have studied the charge transport

and energy transfer in polypeptide with a special
version of a MD program, which permits local heat-
ing. This confirms the distal reaction scheme. This
interesting behavior is a direct result of the intrinsic

charge transport process within a polypeptide as rep-
resented by our bifunctional model. In the gas phase,
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