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Abstract: The charge-transfer transition energies and the electronic-coupling matrix element, |Hpa|, for
electron transfer from aminopyridine (ap) to the 4-carbonyl-2,2'-bipyridine (cbpy) in cbpy-(gly)--ap (gly =
glycine, n= 0—6) molecules were calculated using the Zerner's INDO/S, together with the Cave and Newton
methods. The oligopeptide linkages used were those of the idealized protein secondary structures, the
o-helix, 310-helix, B-strand, and polyproline I- and ll-helices. The charge-transfer transition energies are
influenced by the magnitude and direction of the dipole generated by the peptide secondary structure. The
electronic coupling |Hpa| between (cbpy) and (ap) is also dependent on the nature of the secondary structure
of the peptide. A plot of 2-In|Hpa| versus the charge-transfer distance (assumed to be the dipole moment
change between the ground state and the charge-transfer states) showed that the polyproline Il structure
is a more efficient bridge for long-distance electron-transfer reactions (8 = 0.7 A1) than the other secondary
structures (8 ~ 1.3 A-2). Similar calculations on charged dipeptide derivatives, [CH;CONHCH,CONHCH3] "~
showed that peptide—peptide interaction is more dependent on conformation in the cationic than in the
anionic dipeptides. The a-helix and polyproline lI-helix both have large peptide—peptide interactions (| Hpa|
> 800 cm™1) which arise from the angular dependence of their s-orbitals. Such an interaction is much
weaker than in the g-strand peptides. These combined results were found to be consistent with electron-
transfer rates experimentally observed across short peptide bridges in polyproline Il (n = 1-3). These
results can also account for directional electron transfer observed in an o-helical structure (different ET
rates versus the direction of the molecular dipole).

The role of peptide-bridging groups in long-range electron-

transfer (ET) reactions in donoacceptor complexes and in
proteins has been the subject of many theorétiéaland

experimentdf 15 investigations. In proteins, ET reactions occur
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across multiple peptide chains which separate the donor from
the acceptor. Multiple pathways for these reactions have been
defined; these include covalently connected atoms, H-bonded
atoms, and other nonbonded interactions or combinations
thereof!216-21 Systematic studies of simple and well defined

donor—peptide-acceptor molecules have the potential to sim-

plify the analysis of protein ET pathways by separating covalent
from H-bonding and medium-mediated pathways. Furthermore,
studies of ET reactions across controlled peptide bridges are
amenable to theoretical calculation of peptide energetics and
electronic coupling. Such studies allow the exploration of
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The electronic coupling between adjacent or nearby amide
linkages in proteins is also of interest to compare with saturated
and unsaturated hydrocarboi#s?®> Such comparisons will lead
to a better understanding of the nature of the peptide orbitals

involved in the ET reactions, thus contributing to the ultimate

goal of a more detailed understanding of the rates and mech-

anisms of ET reactions in proteins.

Important questions concerning the distance dependence of
ET rates across bridging peptides arose in studies of the

intramolecular reactions for the series of donpeptide-
acceptor molecules with different bridging peptides, [(bRyl -
cbpy-peptide-M(NH)s] and [(bpy}Ru'-cbpy-peptide-apRti-
(NH3)s] (cbpy = 4-methyl-4-carboxy-2,2bipyridine; M =
Cd'", Ru"; ap= 4-aminopyridine}>26and in a number of other
recent studied’34 In a different study, rates for ET reactions
in peptides aligned with or against the direction of the peptide
dipole in ana-helix were found to diffe> Such directional
rate differences were not present in polyproline Il or other
random coil structuré8 where only weak dipoles exist.

(c)

R

To explore these issues, we have selected a series of peptide£9ure 1. (@) cbpy-(glyj-ap, acceptor peptide-donor molecule with the
al

bridged donoracceptor molecules, cbpy-(glyap for com-
putational studies using the MulliketHush37:38 Cave-

mino terminal of the first amino acid bound to the carboxy group of the
bipyridine acceptor. (b) Structure of a trans peptide residue (taken from ref
41). (c) Peptide conformation showing th¢18C), 3 (18C°), andw (180C°)

Newtor?® methods. These molecules represent the organic dihedral angles.

fragment of the molecules assembled by Isied and co-workers ;. 1.

Dihedral Angles for Peptides with Different Secondary

for the studies of the distance dependence of ET acrosssStructures3435

polypeptides?26 The bridging peptide was constrained to
different protein secondary structureshelix, 3ic-helix, 5-sheets,
and polyproline helical structures. The lowest electronic transi-
tion energiesAE, leading to charge separated states in these
molecules were calculated using ZINDO/S method for both the
cbpy-to-ap and ap-to-cbpy directions in molecules with different
numbers of glycine residues (eqs 1 and 2). The sensitivity of

structure o (deg) ¢ (deg) Y (deg)
a-helix 180 —67 —60
polypro Il 180 —64 126
3io-helix 180 —43 —24
polypro | 0 —-95 160
p-strand 180 -117 113

these charge-transfer transition energies to specific secondaryresults of different long-range ET experiments in peptide-bridged
structures will be presented, as well as the changes in thedonor-acceptor complexes and to extrapolate to more complex

electronic coupling matrix elementsipa| between the donor

protein systems.

and the acceptor in peptides with different secondary structures.

In a separate calculation, the charge-shift reaction in cationic
and anionic dipeptides ([GEONHCH,CONHCHs]™~) was

also studied for different peptide secondary structures. The
insights from these studies were then used to rationalize the
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cbpy—(gly),—ap M cbpy™—(gly) n_ap+ (eq. 1)
AE (cbpy-to-
cbpy—~(gly),-ap _AE (chpyto-ap) cbpy*—(gly),—ap™ (eq.2)

o,
o
hpy= =\ g E
W

Construction of cbpy-(gly),-ap Molecules and Computa-
tional Parameters. The donor-peptide-acceptor molecules
with different number of glycine units were constructed using
the average structure of the peptide group with specific dihedral
angles corresponding to the different peptide secondary struc-
tures (Figure 1, Table ¥§*1The sign convention for the helical
axis is shown without reference to the sign of the dipole, because
the sign of the dipole is seen to change with the different types
of secondary structures (Figure 2). The twist angle between the
two pyridine rings for the bpy moiety (6°pis taken from the
Ru'(bpy)s structure??2 The connection from the-€0 group of
the cbpy ring to the N-terminals of the peptide bridge and the
twist angle for the ap to the peptide bridge were assumed to

H " /

N C =nN7 N

7NN Pp=EN_ ”
Hz
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40 The CT distanceAupa, and the corresponding electronic
coupling matrix elementHpa|, were determined using eqs 3
and 4. The CT transition studied is that from the ground
(diamagnetic) state to the charge-separated (diradical) state in
the direction of ap-to-bpy as shown in eq 1. This reaction is
related to the oligoproline electron-transfer experiments studied
by Isied and co-worker¥:21.45The electronic coupling element,
[Hpal, between the diabetic ground and charge-separated excited
states was calculated using pure adiabatic quantities, i.e.,

20

10 1 transition energy AE), dipole-moment change upon charge-
°__ transfer transition4u12), and the transition dipole moment in
= the direction ofAu1z (112).

O -
/
Atipa = [(Au1)* + A1) 3)
10 1 AE HiAE
IHpal = Au . 2 21172 (4)
@ o-helix Upa  [(Augp)” T 4]
-20 + W 3yg-helix
: E‘;;r?:;ne I Charge-shift reactions in model [GEONHCHCONHCH;] /-
X Polyproline T cationic and anionic dipeptides corresponding to the electron-
-30 . . : . ! : : and hole-transfer superexchange mecharfismese separately
0 1 2 3 4 5 6 7 8 studied to determine the dependence |dba| on peptide
number of glycine residues conformations and peptide secondary structure (Figupé®y.

Figure 2. Ground-state molecular dipoles in the direction of helical axes The dipeptide structures were taken from the cbpy-(gho
(N-terminal to C-terminal) plotted against the number of gly residues in  structures and the N- and C-terminals were capped with methyl
cbpy-(glyh-ap molecules wherg the (glyresidues represent different groups to form the dipeptide derivative, GEDNHCH-
secondary structural conformations. CONHCHs

Table 2. Orientation of C=0 Group with Respect to the Helical . .
Axis and Its Effect on the Molecular Dipole Moment in Different Results and Discussion

Peptide Secondary Structures . .
P Y I. Charge-Transfer Energetics and Peptide Secondary

structure directional cosine? angle (deg) dipole/residue (D)° Structure. Ground-State Molecular Dipoles and Peptide
a-helix 0.974 13 5.16 Secondary Structures.In helical peptides, the ground-state
gfo'ﬁgl‘i’)'('”e . 8'§g§ Zg i‘?é’ molecular dipolegy, in the direction from the C- to N-terminal
polyproline | —0.806 144 —4.10 axis calculated by the INDO method (Figure 1a) is a linear
B-strand 0.215 78 0.25 function of the number of gly residues in the peptide (Figure

aThe directional cosine is between the=O group and the helical axis 2). The magnitude and direction of the molecular dipole in these
bIncrease in molecular dipole per residue (the slope of the ground-étate donor-peptide-acceptor mOIeC_L“eS d_epends on th_e secondary
molecular dipolex, vs number of glycine residues shown in Figure 2).  Structure adopted by the peptide (Figure 2). The intercept of

Figure 2 corresponds to the ground-state dipalefor cbpy-

conform to the peptide secondary structure of the bridge underap (i.e., (2,2bipyridine)-CO-NH-(4-aminopyridine)) with the
consideration (Table 1). ¢ and y dihedral angles for the different peptide secondary

All semiempirical electronic structure calculations were Structures (Figure 2 The molecular dipole increment per
carried out using the spectroscopic INDO model of Zerner and dlycine residue correlates well (Table R,= 0.99) with the
co-workers (ZINDO/SY3 using the default energy parameters directional cosine for the orientation of the carbonyl groups with
(i.e., scaling parameteis,, = 1.267,k,, = 0.585; resonance respect to the corresponding helical axes. Thus, the molecular
integral parameters for G§(2s) = A(2p) = —54.0 eV). Self- dipole for these peptide secondary structures can be ap-
consistent-field (SCF) molecular orbitals (MOs) were obtained Proximated as the sum of the local dipoles of thre@groups
at the restricted Hartree=ock level for the closed-shell ground ~ ©f the chain (Figure 3).
state in the cbpy-(gly)ap molecule with a SCF tolerance of For theS-strand and the polyproline 1l structures (Table 2,
0.00001. All the singlet configurations generated by single Figure 3), only a small increase in the molecular dipole occurs
electron excitations from the highest 30 occupied MOs to the @S the number of peptide residues increases. In the polyproline
lowest 30 unoccupied MOs were subjected to the Cl routine to !I-helix and the j-strand structures, the molecular dipole
obtain the spectroscopic quantities used here.ATHs for the increases by 1.5 and 0.25 D per residue, respectively (Table 2,
lowest-energy charge-transfer (CT) transittdns both the Figure 3). The molecular dipole for the-helix and the 3-
cbpy-to-ap and ap-to-cbpy directions obtained from these

(45) Isied, S. S. InLong-Range Intramolecular Electron-Transfer Reactions

calculations are summarized in Table 2. Across Simple Organic Bridges, Peptides, and Protelsisd, S. S., Ed.;
American Chemical Society: Washington, DC, 1997; Vol. 253, pp-331
347.
(43) Zerner, M. C.The ZINDO Quantum Chemistry Packadéniversity of (46) Curtiss, L. A.; Naleway, C. A.; Miller, J. RChem. Phys1993 176, 387—
Florida: Gainesville, FL. 405

(44) TheAE was plotted againskupa only if the interested transition is found (47) Lopéz-Castello, J.-M.; Filali-Mouhim, A.; Plante, I. L.; Jay-Gerin, J}P.
within the lowest 150 transition. Phys. Chem1995 99, 6864-6875.
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(a)

(b)

(c)

(d)

(©

N-terminal C-terminal

Figure 3. Structures and the local dipole moments for the (ghgsidues in the (aj-helix, (b) 3ig-helix, (c) polyproline I-helix, (d)s-strand, and (e)
polyproline II-helix conformations. The arrow head represents the positive end of the dipole. The number of carbonyl dipoles used is six, ire.{r@re mo
the number of residue carbonyl groups. The@ group next to the bipyridine group connects the peptide to the terminal and was included in the electrostatic
model.

helix increases by 5.0 and 4.5 D per additional residue, electron from the donor to the acceptor is at least 2000'cm
respectively, in the opposite direction of the helical axis (Figure higher in energy. The electronic coupling matrix elements
1a, Table 2, Figure 2). The dipole moment of an isolated peptide (|Hpa|) were calculated for peptides with different secondary
unit is estimated to be 3.5 D. If one includes polarization effects structures from the electronic transition energy between the
due to hydrogen bonding, the dipole moment per residue ground state and the charge-separated st&E, the associated
increases to 5.0 D for the-helix*#4% In the polyproline I transition dipole momentug), and the change in molecular
structures, where the peptide bonds are in the cis configuration,dip0|e moment between the ground state and the charge-
thgir mqlecglar dipoles i'ncrease in the direc.tion of t.he helical separated state in the direction of charge transfer (eq 4 and
axis which is the opposite to that observed in theelix and Figure 7). The nature of the CT transition was further confirmed
the Jchelix with an increase of 3.9 D per residue (Figure 2, oy amination of the molecular orbitals involved in the single-
Table 2). electron promoted states that make up the CT configuration.

Charge-Trgnsfer T_rgnsmon apd Dipole Momen_t Change. The distance for charge-separation was estimated thbg
The electronic transitions obtained for the peptide molecules (eq 3)

(as described in egs 1 and 2) are those leading to the lowest- ) ) ]
energy charge-separated states. In all molecules studied, a single TNe interaction between the ground and CT states is expected
electronic transition was identified to be associated with the t0 be in the nonadiabatic regime, because the transition dipole
ET excitation, and it corresponds mostly to a single configu- Moment., is small compared to the change in dipole moment
ration (over>90%). The next lowest transition that takes the upon charge transfefui,. The difference betweefu:, and
Aupa is less than 0.1 D (i.eAupa ~ Auip); thus, the mixing

Ejgg wgfjs\'/fé/fdf_-; \%%pl%sij'r%grz,aP?’Tl.;_ggr endsen. H. INAfUre 1978 273 between the zero-order ground state and charge-separated state

443-446. is very small. As expected, the CT distances increase as the

J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003 3725
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Figure 4. Lowest charge-transfer transition energies plotted against the change in dipole moment in the direction of the ground state molecular dipole for
the charge transfer transition in cbpy-(ghgp molecules (complete data for the above plots are presented in Supporting Information). ap-to-cbpy data are
also shown in Table 4: (a)-helix, (b) 3i0-helix, (c) polyproline I-helix, (d)3-strand, and (e) polyproline lI-helix conformations. Data were collected only

when the charge-transfer transition is found within the first 200 ClI states. The open legends (with prime notation) are for cbpy-to-ap tramksitiens, a

filled legends are for ap-to-cbpy transitions. Each data point is labeled with the number of gly residues in the peptide bridge.

separation between cbpy and ap groups increases. In smalklectron from the HOMO of cbpy to the LUMO of ap (eq 2) is
peptides i = 1, 2 residues) where the diameter of the helix is increased. Therefore, as the size of the bridging peptide
larger than its pitch, the number of gly residues between the increase$? the transition energyAE, for the cbpy-to-ap
donor and the acceptor may not correctly represent the CT transition increases, whilAE for the ap-to-cbpy transition
distance. decreases (Figure 4, a and b).

Charge-Transfer Transition Energy: Trends as a Func- In the polyproline | structure, the direction of the molecular
tion of Peptide Secondary Structures.The CT transition dipole is opposite to that of the- and 3¢-helices. Thus, the
energy through a peptide depends on the distance of chargeenergy needed for transferring an electron in polyproline | shows
separation and the direction of the molecular dipole relative to the reverse trend (Figure 4c) to that observed inthand 3¢-
the direction of the CT. Depending on the bridging peptide helices (i.e., the transition energpE, for the cbpy-to-ap
secondary structure, two distinct trends are observed for egs ltransition slightly decreases, WhilAE for the ap-to-chpy
and 2, when their lowest CT energies are plotted vs the dipole transition increases as the number of gly residues increases).
moment changeAupa| (Figure 4). If the secondary structure  The smaller molecular dipole generated by the polyproline |
of the intervening peptide generates a large molecular dipole, strycture (as compared to tehelix or the 3¢-helix) results

the CT transition energy through such a peptide changesin a smallerAE deviations from the pure Coubombic contribu-
depending on the alignment of the molecular dipole with the tjon in both CT directions (Figure 4c).

direction of the charge transfer. If a molecular dipole for a

- i ) For thes-strand (Figure 4d) and the polyproline Il secondary
specific structure is small (e.g3-strand and polyproline II),

" \ e structures (Figure 4e), the peptide dipole has little or no effect
the CT transition energy in both directions of eq 1 and 2, the CT energieg\E (see following section). A small increase
increases only slightly as the CT distance increases. in AE with the number of residues is observed regardless of

In the a-helix and _the grhelix, the electric field gene_rated the direction of the CT transition for both th&strand and
by these molecular dipoles decreases the molecular orbital (Mo)polyproline Il structures (for both eqs 1 and 2). Similar results

energies of cbpy, but increases the MO energies of the ap. The, . ghserved for the hydrocarbon bridges cbpy-gFap where
energy required to transfer an electron from the HOMO of ap

_to the LUMO of chpy _(qu 1) is th_erefore decreased under the (50) When the D and A groups are placed around dheelix, the physical
influence of the electric field, while the energy to transfer an separation between D and A does not increase linearly mith

3726 J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003
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no molecular dipole formation is possible by the bridging Table 3. Charge-Transfer Transition Energies and Related
-(CHg)3- group5? Parameters for the Electrostatic Model in cbpy-(gly),-ap Molecules
n .

. . in the a-helix and Polyproline 1l Helix Conformations
Factors Governing the Charge-Transfer Transition Ener-

gies in Different Peptide Secondary Structuresln calculating "Ziyf’f (‘}j;) (pE:L;mb (2’; :’; ((ﬁ 3) Aégég‘l’;bﬂg)d Aégégb:nﬁ’;)e
the electrostatic potential generated by the Coulombic interaction ol
and the ground-state molecular_dipole, the foIIc_)\_Ning gdditional 1 54 0097 0.052 &« 8_8(017 58 55
assumptions were also made. (i) The CT transition will transfer 2 50 0.11 0.063 —0.028 47 62
one electron. (i) The distance for charge separatigg, is the 2 g-é 8-822 8-8;2 —8-822 gg gg
sepa}ratlon. betwgen the carbon atoms that are copnected to the 5 99 0053 0087 —0096 38 93
peptide-bridge, i.e., 4-C of cbpy and 4-C of ap (Figure 3). 6 105 0.050 0.091 —0.10 36 97
The CT transition energies (eqs 1 and 2) are a function of 7 121 0.044 0.094 —-0.11 36 100
the charge separation distance as described by the Coulombic g ig'g 8'822 8'833 :8'5 gg 182
interaction between the positive charge on the donor and the 19 161 0033 010 -012 34 106
negative charge on the acceptor. This Coulombic potential is Polyproline Il

inversely proportional to the doneacceptor separation dis-
tance; thus, the CT transition energy will increase as this

6.1 0.087 0.037 —0.012 60 57
8.3 0.064 0.042 —-0.016 63 64

AWN R
=
[
n
o
o
=
o

) . . S 0.044 —0.018 66 68
separation distance increases, regardless of the CT d|re(_:t|on. 142 0037 0045 —0020 68 7
In the S-strand or polyproline Il structures, where the peptide 5 16,7 0.032 0.046 —0.021 68 73
generates only small ground-state molecular dipoles, the Cou- 6 19.7 0.027 0.046 —0.021 69 74
lombic contribution is the dominant factor in determining the 7225 00240047 —0.022 70 s

" 8 250 0.021 0.047 —0.022 70 76
CT transition energ¥y? In other secondary structures, the CT 9 278 0019 0.048 —0.023 70 76
transition energy is determined by both the Coulombic potential 10 30.8 0.017 0.048 —0.023 71 7

(of the interaction between the'Tand A”) and the local &0 ]
a Distance between the four-carbon atom of cbpy and four-carbon atom

dipolgs. The ele_CtrOStatiC potential due to all _the Carbor_‘yl of ap.? The potential at the four-carbon atom of the cbpydetermined by
(peptide bond) dipoles can be calculated by using the point- adding the potentials generated by the resideeOQyroups and the cbpy
dipole approximatior? C=0. ¢ The potential at the four-carbon atom of the apdetermined by adding

. . the potentials generated by the residue@ groups and the cbpy=€0.
To assess the effect of local dipoles on the potential of the d gpergy difference between cbpap™ and cbpy-ap states. A value of 90

donor and acceptor, a point dipolé ® D is placed at the O kK was added taAAE to compensate for the energy gap between HOMO

Han i i i i of ap and LUMO of cbpy® Energy difference between cbpyap™ and cbhpy-
atom position in the direction of SC group. The potential due ap states. A value of 65 kK was addedNAE to compensate for the energy

to a point dipole is then calculated to B ra—m/Ir a-um)® gap between HOMO of cbpy and LUMO of ap.
whereu is the local dipole of the €0 group (5 D),r a—u),

I'b—u(n are distances from ap, cbpy to theh dipole, andh is acceptor orbitalsAE®, 90 kK to the ap-to-cbpy transition; 65

the number of €O groups used in the structure (i.e. the number kK to the cbpy-to-ap transition) was added. Results of these
of residue G=O's and the cbpy €0). The potentials at the ap  calculations show that, the Coulombic interaction increases the
(92) and cbpy §1), and the transition energAQAE) for charge transition energy as the charge-separation distance increases

separation can then be calculated as follows: (Table 3), while the contribution of the molecular dipole moment
. is dependent on the direction of charge transfer vs the direction
At 4-C of ap Q= Z|y-ra,ﬂ(n)|l|ra,u(n)| of the dipole.
n For thea-helical structures, the magnitudes of the Coulombic
At 4-C of cb _ PR | TEPRE contributions are comparable to the dipole contributions. The
Y ¢ ZI# b/ 7 b—su(ry| CT transition energy is found to increase in the chpy-to-ap

direction as the number of residues increases (eq 1), whereas
in the reverse direction, ap-to-cbpy the CT transition is not
affected by the change in the number of gly residues. For the
polyproline Il structure, similar analysis shows that contribution
due to peptide dipoles is smaller than that due to Coulombic
effects (Table 3, Figure 5). Linear correlation was obtained in
the plot of the CT transition energyAE) (obtained from the
INDO calculations) with that of the electrostatic energy

(51) A series of cbpy-(Chsrap molecules were generated in two different ~ €Stimated from the above electrostatic modeAE) (Table 3

conformationsd- and polyproline ll-helices) by replacing the gly residues  and Figure 5)_

f the chpy-(gly)- lecule with -(Ch)sn- . The €0 and NH . . - . . .
gmugso%é?,g? gﬁdmg’c‘ég‘;{i,,vg,ougs%grgrg.‘;‘;ihafged g%r%mps_ Since the changes in transition energies associated with the

The transition energies for the molecules with -gid hydrocarbon bridges  dipole rapidly decrease with increasing distance, the electrostatic
were found to be independent of the conformation and direction of charge- _. - .

transfer (Supporting Information S1). A small increaseARE with the field at the termini of a helix should eventually become
"Ug‘b61 of -(|'CH)3|"|- groups was ?'Sot‘)bsefve‘j similar to that in/thetrand independent of the length of the helix (experimentally deter-
and polyproline Il secondary structures. . . - .

(52) Similarly, in hydrocarbon-bridged reference molecules small increases in mined for a-helical peptides to be longer than 20 residiés).
the transition energies are observed regardiess of the direction of CT Therefore, the limiting behavior of the CT transition energy at
transition. The slight increase in the CT transition energy with the longer . .
~(CHz)-- bridge can only be due to the Coulombic effects since no carbonyl very long distances for both egs 1 and 2 is expected to
g:gﬂﬁé_g{;gﬁ;gg;“ the hydrocarbon bridges to give rise to additional correspond to the Coulombic energy with a constant contribution

(53) Jackson, J. DClassical Electrodynamics3rd ed.; John Wiley and Sons:
New York, 1975; p 138. (54) Lockhart, D. J.; Kim, P. SSciencel992 257, 947-951.

Transition energy AAE = AE°® + q,0/pa + 0a®a + Gu®p

whererpa is the distance between 4-C of ap and 4-C of cbpy.
The effect of the electrostatic interaction is calculated by placing
unit chargesy, = +1, g, = —1 for the ap-to-cbpy transition,
andg, = —1, g, = +1 for cbpy-to-ap transition. To predict the
transition energy, the initial energy gap between the donor and
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A B Table 4. Electronic Coupling Matrix Elements and Other
70 ap-to-cbpy = R Electronic Structure Parameters Obtained for ap to cbpy
polypro 11 ;nf\-‘_pl_‘n i Charge-Transfer Transition in cbpy-(gly),-ap Where (gly), Units
. Are in Different Protein Secondary Structural Conformations
n AE (kK) [Autzz| (D) |t412] (D) [Hoal (cm™?)
BT BT a-Helix
1 48.5 155 0.669 2040
2 44.7 17.6 0.570 1450
3 41.0 26.9 0.204 310
~ 60 . , I . 4 42.0 37.9 0.446 494
- é 48 53 58 55 &0 65 70 5 42.4 46.2 0.209 191
o B 6 43.7 48.0 0.087 79.0
3 & ¢ D Polyproline Il
= | ap-to-cbpy o0 1 Cbpy-to-ap o 1 485 17.8 0.845 2291
55  O-helix o-helix 2 51.7 38.6 0.357 478
3 54.2 42.1 0.347 447
4 55.7 66.5 0.053 44
704 5 56.3 82.5 0.103 70.4
a7 6 57.4 99.8 0.0073 35
o 7 57.9 112.5 0.0016 0.82
=] 310-Helix
35 t 50 } } ' 1 43.4 18.2 1.481 3481
40.0 45.0 50.0 500 55.0 6.0 650 700 2 41.6 29.7 0.121 169
AE; . kK 3 43.3 42.9 0.089 90
(INDO) 4 43.0 51.1 0.106 89
. . . 5 43.6 62.3 0.009 6.3
Figure 5. Correlatlc_)n between the transition energy calculated for th_e 6 43.6 74.6 0.002 1.2
o-helix and polyproline Il structures using the INDO and the electrostatic .
models. A value of 90 kK was added A\E to compensate for the energy Polyproline |
gap between the HOMO of ap and the LUMO of cbpy (A, C). Similarly a 1 48.2 12.8 1.035 3843
value of 65 kK was added tWAE to compensate for the energy gap between 2 60.3 21.8 0.156 431
the HOMO of cbpy and the LUMO of ap. Note that the transition energies 3 62.1 26.1 0.002 4.8
are not only affected by the peptide dipoles but also by the dipoles of the 4 66.7 40.6 0.026 43
end groups. Since the electrostatic model did not consider the pyridine and 5 68.0 54.5 0.028 37
the bipyridine dipoles, the difference between the INDO and the electrostatic p-Sheet
models becomes noticeable in the first and second points in the “compact” 1 53.6 28.4 0.401 756
a-helix structure. 2 58.3 38.7 0.118 176
, , . , 3 60.6 64.3 0.028 25.0
from the local dipoles of the intervening peptides. Thus, when 4 62.3 86.1 0.0001 0.11
the length of the peptide-bridge is more than 20 amino acids, 5 63.1 98.6 0.00005 0.03

the two transitions (eq 1 and eq 2) should have the same distance

dependence. i.e. resulting in two parallel lines as seen in the
AE vs Aupa plot for g-strand in Figure 4d.

1. Electronic Coupling Matrix Element between Peptide
Bonds. In this section, calculation of the electronic coupling
matrix element|Hpal, of cbpy-(glyh-ap and its implication for
different protein secondary structures will be presented. The

obtained from the semiempirical electronic structure calcula-
tions*? Relative electronic coupling for different peptide
structures (obtained from the calculation ipal) for the
molecules in different conformations will also be presented.

a2 The analysis employs a two-state model based on the two lowest ClI

(configuration interaction) states dominated by the local D and A orbitals
of the ap and cbpy groups, respectively. In each case, the pair of relevant
Cl states for the ground state and one excited state (the ordinal label, defined
by energy ordering) ranging from number-120 (a-helix and 3¢-helix)

to 18-50 (polyproline Il), 29-87 (3-strand), and 17193 (polyproline 1).

b The corresponding diabatic dipole moment shiftgifa) are calculated

to be within 0.1% of the corresponding adiabatic valuAgi6). ¢ The

. . calculatedHpa| for this structure is based on high CI states (164 and 193)
IHoa| values were calculated using the spectroscopic parametersyhere the Mulliker-Hush approach may not be applicable.

structureg%41.56.5amelya-, 3;¢-, polyproline I- and Il-helices,

and s-strand.
Electronic coupling matrix elements were calculated only for

Finally, ET mechanisms across polypeptides that are consistenthe charge separation step given in eq 1. The calculiiggl

with the experimental and theoretical results will be proposed. (Table 4) are plotted as:[a(|Hpal) vs the change in dipole

Calculation of Electronic Coupling Matrix Elements in
Donor—Peptide—acceptor MoleculesThe cbpy-(gly)-ap mol-

moment Aupa) between the ground state and the charge-
separated state (Figure 6). The distance of charge transfer for

ecules were constructed to show strong resemblance to the(ss) I additon 1o those for the cb o oo . out
. p - 24145 n addition to those for the chpy-peptide-ap molecules, we carried ou
molecules synthe5|zgd and studied by Isied, ét&k: n eq calculations on the metallo-substituted cpy-peptide molecules 1, 2, 3;
2. In these computational analogues, the two transition metal polyproline) reported in refs 12, 21. The computational method for these
. . calculations was described in ref 58. The result showed similar trends in
centers are removed, leaving the organic ligands cbpy and ap electronic coupling decays with the charge-transfer distghiee@.7 A-2).
as the new donor and acceptor, and the glycine (-NH-CHR- This is expected because of the small perturbation introduced by the metal
. . . . . ions. However, it should be mentioned that if the orbital energies of donor
CO-: R= H) residue is used in place of the proline peptide and acceptor are in the proximity of the peptideandsr*-orbitals, f-values
for simplicity. Elimination of the transition metal centers reduces will change. Such systems are not the subject of this work. Effect of specific
the number of orbitals used in the calculations and eliminates hydration onS-values was carried out using the method described in ref
uncertainties in the parameters of the second-row transition metal
ions>® Replacement of proline with glycine also allows the
variation of the peptide conformation using different dihedral

58 where specific water molecules around metal ions were introduced. The
results here again show no significant change on fhealues. More
anglesg andy, corresponding to the different protein secondary

extensive calculations involving solvents as a continuum are underway and
may lead to a further refinement of these conclusions.

(56) Traub, W.; Shmueli, UNature 1963 195 1165-1166.

(57) Burge, R. E.; Harrison, P. M.; McGavin, &cta Crystallogr.1962 15,
914-915.
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& alpha-helix
—R=1.17

m  polyproll
—R=0.69

¥ beta-sheet
—R=1.39

+ polypro|
(=1.49
©  310-helix
R=1.26

Appy (A)

Figure 6. Electronic coupling matrix element«8 |Hpa|) plotted against
the dipole moment change for the charge transfer transit\aA) in the
helical direction in cbpy-(glyrap molecules with different peptide secondary
structures (data taken from Table 4).

the electronic transition is represented by thea rather than
an arbitrarily chosen physical distance of separatign, This

plot allows the direct comparison of the relative electronic

consider the gly-gly electronic coupling|Hgg|) in cationic and
anionic charge-shift reactions involving the dipeptide model,
[CH;CONHCH,CONHCH,] */~, in different secondary struc-
tures. These cationic and anionic dipeptides are used as models
for hole-transfer and electron-transfer mechanisms, respec-
tively.#647 A schematic energy level diagram for these two cases
is given in Figure 8.

The electronic coupling matrix elementHgg|) was deter-
mined for the electronic transition responsible for transferring
an electron from one peptide-orbital to the adjacent peptide
in the cationic dipeptide. Similar calculations using the
orbitals were carried out for the anionic dipeptide. Only one
orbital per bridge site is used in the superexchange model. This
is valid because the orbitals responsible for the lowest-energy
ET transition are well separated from the next-higher energy
orbitals. The orbitals that were used to calculate |thga| Of
cationic dipeptides are those presented in Figure 9. The results
of these calculations showed that thigg| values for the anionic
dipeptides vary only slightly with peptide secondary structure,
while |Hgg| values for the cationic dipeptides are substantially
more sensitive to peptide secondary structure. Recent reports
have emphasized the effect of protein thermal nuclear motions
on electronic coupling matrix elemefts®> and that singléHpa|
values for one structure could lead to erroneous conclusions.
Since our|Hgg| values refer to single structures, we addressed
this point by making modest changes in bgthndy dihedral
angles £5°) around the conformations of the stable secondary
structures in both the cationic and anionielical dipeptides
and recalculatedHpa| for these different conformations. The
results show only minor changes|ipa| values ¢-10%) occur
within a small structural change.

Since the rate constant for ET depends on the squakngf,

coupling in ET reactions for a series of peptides with different heqe charge shift reactions would be significantly more sensitive

secondary structures.
When the bridging (gly)groups in cbpy-(glyap are in the

to peptide secondary structure in a hole-transfer rather than an
electron-transfer mechanism (Table 5). Thus, experiments for

polyproline Il secondary structure, the distance dependenceprobing the effect of peptide secondary structure are most

parameterj; (negative slope for the plot of A (|Hpal) VS Aupa,
Figure 6), was calculated to be 0.69°A For all the other
secondary structures studied, the calculgtedlues are about
twice that obtained in the polyproline Il structue-felix, 1.17
A-% p-strand, 1.39 A%; 3,¢-helix, 1.26 A%, polyproline I, 1.49

A~1). This result clearly distinguishes the polyproline Il structure
from the other secondary structures as one with lower distance
dependence for ET coupling (Figures 6 and 7). Results of these,yq\mo -

calculations fom = 5 peptide units are shown along with their

suitable with donors and acceptors undergoing hole-transfer
mechanisms.

Electronic Coupling between Next-Neighbor Peptide Units.
The interaction between two adjacent peptides can occur through
the o-bonding framework of adjacent atoms, or through the
7-MOs between two nearest neighboring peptides (i.e., bypass-
ing the connecting -CHR- group). The contour diagram for two
orbitals for the cationic dipeptides shows that the
interaction between peptideorbitals depends on the secondary

representative structures as one example for this comparisong,cture (Figure 9). Partial double bond character of th&\C

(Figure 7). Similar calculations using [-cbpfproline)-
apRU' (NHg)s] (for n=0, 1, 2) show no significant differences
in B-values (0.7 A~1) than the chpy-(glyyap which leads us
to conclude that thgs-values obtained here are not system
specific55:58

Dipeptide Cationic and Anionic Orbitals. Using the super-
exchange formalism for E3%61 electronic coupling in
donor-(gly),—acceptor complexegHpa|, can be separated
into three different components: dorayly (|Hps|), gly—gly
(IHeg|), and gly—acceptor (Hgal). In this section, we only

(58) Shin, Y.-g. K.; Brunschwig, B. S.; Creutz, C.; Newton, M.; Sutin,JN.
Phys. Chem1996 100, 1104-1110.

(59) Sutin, N. In Nuclear and Electronic Factors in Electron Transfer:
Distance dependence of Electron-Transfer RaBdton, J. R., Mataga,
N., McLendon, G., Eds.; American Chemical Society: Washington, DC,
1991; Vol. 228, pp 2543.

was proposed earlier by Pauling from work on peptide and
protein crystal structure®8. The peptide bond can be therefore
described as a 3-centered-4-electron boid.The |Hpa| for
these dipeptides would be sensitive to tiénteraction con-
trolled by the¢ andy dihedral angles between the peptide

(60) Creutz, C.; Newton, M. D.; Sutin, N. Photochem. Phtobiol., 2994 82,
47—-59.

(61) McConnell, H. M.J. Chem. Phys1961, 35, 508.

(62) Kawatsu, T.; Kakitani, T.; Yamato, J. Phys. Chem. B002 106, 11356~
11366.

(63) Balabin, I. A.; Onuchic, J. NScience200Q 290, 114.

(64) Wolfgang, J.; Risser, S. M. Phys. Chem. B997, 101, 2986-2991.

(65) Balabin, I. A.; Onuchic, J. NJ. Phys. Chem1996 100, 11573-11580.

(66) Pauling, LThe Nature of the Chemical Bond and the Structure of Molecules
and Crystals: An Introduction to Modern Structural Chemist8yd ed;
Cornell University Press: Ithaca, NY, 1960.

(67) Wiberg, K. B.; Laidig, K. EJ. Am. Chem. S0d.987 109, 5935-5943.

(68) Wiberg, K. B.; Breneman, C. Ml. Am. Chem. S0d.992 114, 831-840.
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Structure a-helix 31ghelix pro II-helix B-sheet
rpa.A 9.6 12.6 17.8 20.5
[Hpy], e 190 12 70.4 0.03
[Hpa¥?/[HpaT™? 7.3 29x10% 1.0 1.8x 107

Figure 7. Comparison of the spacial donreacceptor separation in cbpy-(aiy@p peptides resulting from different secondary-structure conformations. The
change in dipole momentr,) and the corresponding calculated electronic coupling matrix elenidpss are also tabulated. THelpa*|%/|HpaP™"2 ratios
gives a relative ordering of electronic prefactors for all the secondary structures] compared to the polyproline Il structure.

(@ — = ) — 7 (a) (b)

Tk —1— = —

o-helix

T — T —
peptide unit 1 peptide unit 2 peptide unit 1 peptide unit 2

o - o * Polyproline 11 heli

H H H H olyproline elix
1% I
- -
CH; \’;‘/ \ﬁ/ \CH3 CH; \’I‘/ \ﬁ/ \CH3
H 0 H 0

Figure 8. Schematic molecular orbital diagrams for the charge-shift
reactions in (a) anionic (electron transfer) and (b) (hole transfer) dipeptides.

residues. Thus the andy dihedral angles which control the f-strand

orientation between two adjacent peptide residues in different
secondary structures can control the electronic coupling between
neighboring peptides.
I1l. Comparison of Theory with Experiments. This theo-

retical work was initiated to better understand the experimental _ N . .

lts of ET across oligoproline residues= 1-9. In the Figure 9. (a) Dipeptide structures and (b) contour diagrams of the highest-
resu . _ gop I occuped MO in each of the radical cations reflecting the interaction between
reactions carried out, a large decrease of rate with distance washe localizedr-orbitals of the two adjacent peptide residues. The polyproline
observed for the first three proline residues followed by a modest I peptide—peptide interaction is intermediate between the strong interaction
decrease for the longer ones beginning from 3 and continued in the a-helix and the weaker interaction in tifestrand (Table 5).
up ton = 9. Other studies also reported this small distance  Forn = 1—-3 prolines, agreement in the rate vs distance plots
dependence for oligoproline Eff:2145 for theory and experiment were obtained, where the structures
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Table 5. Electronic Coupling Matrix Element for 7z-Orbitals in local dipoles of the individual peptide residues. This solvation
Adjacent Dipeptide Derivatives® effect becomes very important when the CT reaction is between
structure AE (kK) |Auz| (D) ltzal (D) [Hoa| (cm™) the surface (solvent accessible) and protein interior (solvent
Monoanionic Dipeptide’s inaccessible). In such cases, the structure and solvent effects of
“‘hte“xd 1%% 112574 %9522% 787573 the peptide bridge as well as the direction of the CT process
gosl;;g I 9.8 12.3 1.004 769 need to be considered.
3i0-helix 12.7 12.2 0.219 185 Comparison of the Present Model with Other Theoretical
Monocationic Dipeptides Models for Long-Range ET ReactionsA general theory for
a-helix 17.2 11.6 0.936 1324 estimating the rate of ET reaction assisted by protein matrices
p-strand 16.5 18.4 0.157 50 has been proposed by Baratan and Onuthi®. The suggested
gfol_ﬁgﬁ)xu ﬁ:g 15_‘2 8_‘338 gg(l) coupling decay of 0.6 for a-bond corresponds to an exponential

decay constang of 1.0 per bond. This theory was used to
2 Two-state analysis based on the pair of Cl states dominated by the successfully interpret the distance dependence of ET rates

localz* (monoanion) orr (monocation) orbitals of the two peptide residues. im-
b Corresponding diabatic dipole moment shiftg:s,) are calculated to be between the heme center of cytochromeand ruthenium

within 0.1% of the corresponding adiabatic valudg{»). ¢ For the Cl state modified surface histidine sité$3°A -value ranging from 1.1
dominated by 1-electron transition from the MO 27 (HOMO) to MO 28. to 1.4 A1 was used to describe the distance dependence of the
dFor the ClI state dominated by 1-electron transition from MO 24 to MO ET rates in these F&'l@bpy)z—modified proteiné_,l6,8k83 Eur-

26 (LUMO). ) .
( ) thermore, it was suggested that the decay congt@msmaller

of these short peptide complexes in solution correspond to thefor a f-sheet than for am-helix.#161782This conclusion is
polyproline Il structuré® An example for such agreement isin primarily based on the fact that the-strand covers more
the series (NB)sOS'-Isn-(Pro)-Ru'' (NHs)s] n = 1—3; Isn= through-space distance per peptide residue than doestkeéx
isonicotinyl group/3 (experimentaly= 0.68 A1 after corrections  (Figures 3, 7). The results obtained in our study forfrstrand
were made for the distance dependence of reorganizationanda-helix show similars-values. In thea-helix, the strong
energy?in agreement with the charge-transfer analysis provided interaction existing between two adjacent peptides results in a
here @ (theoretical)= 0.69 AL, small through-space distance (Figure 7), while infhstrand,

To account for the results of the longer peptides; 4, one the peptide structure is more extended, with fewer peptide
has to consider other mechanisms such as electron- and holetesidues covering larger distances. The overall similar distance
hopping mechanisntstl’172For such an ET mechanism, the dependence of ET for both secondary structures is a result of
rate-limiting step is ET from the reduced bpy to the first empty the small distance covered with strong interactiarhglix) as
peptidesr* residue, (injection into the peptide bridge) followed compared to the weaker interaction in the more extended
by rapid ET between adjacent peptide anions, and finally a rapid structure g-strand). TheHpa for the a-helix and af-strand
peptide to acceptor exothermic step. The computed electronicstructures in the dipeptide radical cation (Table 5) shows a large
couplings Hpa) for adjacent peptidepeptide couplings in difference in magnitude. Future calculations using additional

cationic and anionic peptides are large enough to support rapidhydrogen-bonding interactions to form /asheet (from two
multistep reactions at long distances. p-strands) may provide more insight into other differences in

In a recent experiment reported using arhelical struc- electronic structures between these two secondary structures.
ture35:36.73the influence of the ground state on the molecular ~ General agreement is observed between the calculations
dipole in the direction of the ET process was reported. When presented here and those of the Berat@nuchic theory?84
the ET direction is aligned with the field to generate a molecular The results presented here are complimentary to that of
dipole, the observed rates were 5 to 27 times faster, depending<urnikov and Beratan who employedtype donor and acceptor
on the solvent, than the ET rate for the direction against the orbitals to describe the interaction through the peptide backbone.
molecular dipole. No directional dependence of ET rates was In this work, the nonbonded interactions occurring in peptide
observed across the polyproline 1l struct&té®in agreement — —

(75) The driving force for the reaction is reported to b8.4 V, and the

with the small dipole generated by the polyproline Il structure reorganization energy is also reported-a.2 V (using the two-sphere

and the analysis reported above. Using the simple electrostatic model). Thus, these reactions occur in the normal Marcus regime. For our
calculations, the reorganization energy was not needed. We estimated the

model, the ratio of the ET rates in the direction of the dipole vs perturbation of molecular orbital energy at the D and A SIRAE) due
against the dipole are calculated to be’875for the a-helix to the point dipole generated by=D groups. For the six-peptide bridge
. . . in thea-helical structure comparable to the compound used in Galoppini's
and only 1.1 for the polyproline Il structure, both estimated in experiment AAE was 24.4 kK in a vacuum or 0.082 V in acetonitrile.
an acetonitrile solutione(% 39)76 The reported experimental From this value, the ratio for the electron transfer in the direction of the
. . . . molecular dipole vs that against the molecular dipole can be calculated
ET rate ratios for thex-helix and polyproline Il-helices are 7 using the equatiok(f)/k(r) = exp(— AAE/2RT). Note that if the reaction is
i i i . activationless, directional dependence will be very small and hard to detect.
to 1, respectively. Solvation of these peptidnor—acceptor (76) The Merck IndexL1th ed: Merck & Co.: Rahway, NJ. 1989: p 63,
molecules would be expected to dampen the effects of the (77) Beratan, D. N.; Onuchic, J. N.; Hopfield, J.JJ.Chem. Phys1987, 86,
H iati i 4488-4498.
molecular dipoles by the association of solvent molecules with (78) Beratan, D. N.; Onuchic, J. N.: Winkler, J. R.: Gray, H Stience1992
258 1740-1741.
(69) Vassilian, A.; Wishart, J. F.; van Hemelryck, B.; Schwarz, H. A.; Isied, S. (79) Skourtis, S. S.; Beratan, D. N. Biol. Inorg. Chem1997, 2, 378-386.
S.J. Am. Chem. Sod.99Q 112 7278-7286. (80) Wuttke, D. S.; Bjerrum, M. J.; Winkler, J. R.; Gray, H. 8ciencel992
(70) Isied, S. S.; Vassilian, A.; Wishart,J.Am. Chem. S0d988 110, 635~ 256, 1007-1009.
637. (81) Gray, H. B.; Winkler, J. RPure Appl. Chem1992 64, 1257-1262.
(71) Petrov, E. G.; Shevchenko, Y. V.; Teslenko, VJI.Chem. Phys2001, (82) Regan, J. J.; Di Bilio, A. J.; Langen, R.; Skov, L. K.; Winkler, J. R.; Gray,
115 7107~7122. H. B.; Onuchic, J. NChem. Biol.1995 2, 489-496.
(72) Okada, A.; Chernyak, V.; Mukamel, $.Phys. Chenml1998 102 1241- (83) Skov, L. K.; Pascher, T.; Winkler, J. R.; Gray, H. B.Am. Chem. Soc.
1251. 1998 120 1102-1103.
(73) Piotrowiak, PChem. Soc. Re 1999 28, 143-150. (84) Beratan, D. N.; Betts, J. N.; Onuchic, J. Sciencel991, 252 1285-
(74) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 265-322. 1288.
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secondary structures and their conformational dependence orsecondary structures. A stronger interaction in ¢thbelical
dihedral angles form the basis of the differences in the electronic secondary structure is less important because of the compactness
coupling. The use ofr-type donor/acceptor orbitals is more of theo-helical structure. For example, the five-residue through-
sensitive to ther-interactions between peptide groups. Such space distance for am-helix is 9.6 A compared to 16.4 A in
studies are models for the interactions of peptide orbitals with the polyproline Il-helix and 19.0 A for thg-strand structure
low-spin & and & metal complexes. The results presented here (Figure 7).
can therefore be used to rationalize differences in CT across These models are used to account for experimental ET rates
different peptide secondary structures and in designing ET across peptides especially in the oligoproline transition metal
reactions to take advantage of different peptide conformations complexes 1f = 0—3) where the ET mechanisms are the
as well as direction of ET relative the peptide dipoles. superexchange type. The effect of peptide dipole on the
directional ET rates im-helices, and proline peptides can also
be accounted for using the above analysis. Finally the deter-
In this contribution, we used bridging peptides between mination of peptide-peptide electronic couplingHgs) for
donors and acceptors to analyze the effects of CT transition peptide radical cations and anions may be useful for placing

energies and the electronic coupling matrix element on the rate|imits on the interaction between adjacent peptides in different
of ET. The CT transition energy is dependent on both peptide secondary structures.

dipole direction and the ET direction between the donor and
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in electronic coupling with distance than the other peptide JA020358Q
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